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PREFACE 

Symposium N, "Biological and Biomimetic Materials—Properties to Function," held 
April 2-5 at the 2002 MRS Spring Meeting in San Francisco, California, had sessions on 
natural biological tissues, imaging and characterization techniques, inorganic and organic 
biomaterials, biocompatibility, interface issues, tissue engineering, sensors, nanotechnology 
and materials for drug and gene delivery. Twenty-four invited talks, 47 contributed talks and 
43 posters were presented in this well-attended symposium. 

The symposium also had a Sunday tutorial entitled "In-situ and Ex-situ Characterization 
Techniques and Imaging of Biomaterials," presented by instructors James De Yoreo (LLNL), 
Alexander Chernov (Universities Space Research Association) and William Landis 
(Northeastern Ohio Universities College of Medicine).  The tutorial had a large audience and 
was well received. 

The organizers wish to thank the Lawrence Livermore National Laboratory for their 
generous fmancial support. 
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Extracellular Matrix Molecules Involved in Barnacle Shell Mineralization 

Maria S. Fernandez, Italo Vergara, Alejandro Oyarzun, Jose I. Arias, Renato Rodriguez, Juan P. 
Wiff, Victor M. Fuenzalida, Jose L. Arias 
Faculty of Veterinary Sciences and Center for Advanced Interdisciplinary Research in Ivfaterials, 
Universidad de Chile, Santiago, Chile. 

ABSTRACT 

Austromegabalanus psitfacus is a large (normally up to 30 cm high) sessile balanomorph 
barnacle from the coast of Chile and South Peru. Its hard shell is composed of twelve calcareous 
side plates, six parietes and six radii, joined in the form of a truncated cone opened at the top. 
Plates rest on a basal disk firmly cemented to the substratum. Although the crystalline 
microstructure of barnacle's shell has been studied to some extent, its organic composition and 
the mechanisms governing the biomineralization of such highly ordered nanocomposite have 
remained obscure. By using X-ray diffraction, infrared spectrometry, SEM and TEM electron 
microscopy, histochcmistry, immuno-histochemistry and -ultrastructure, biochemistry and a 
crystallization assay, we have studied the cell-shell interactions, the crystalline microstructure of 
the inorganic moiety and the localization of particular macromolecules, and tested their influence 
on crystallization.The mineral of the plates and basal disk was calcite showing a (104) 
preferential orientation. Plates were not solid but porous. While parietes have longitudinal canals 
(from the base to the apex), radii have transversal canals arranged parallel to the base. These 
canals are not in the center of the plates but displaced to the outside of the shell delimiting a 
thinner solid outer lamina and a thicker inner one. The inner lamina consisted of parallel calcified 
layers separated by organic sheets. These sheets showed autofluorescence and consisted of chitin 
surrounded by proteoglycans and other minor proteins, which seems to be responsible for the 
fluorescent behaviour. These organic sheets were also organized as several concentric rings 
around the canals. The shell matrix obtained after decalcification, which surrounded the crystals, 
also contained a loose net of such proteoglycans. Mantle epithelial cells covered the entire 
surface of the inner side of the inner-lamina and extend to the plate canals. While isolated chitin 
did not promote or alter calcite crystallization, the proteoglycan-rich fraction dramatically 
modified crystal morphology and size. As we have demonstrated in another model of 
biomineralization, such as the eggshell, hereby we suggest that these structured polyanionic 
proteoglycan moieties could also be part of the regulatory mechanisms of the barnacle shell 
mineralization. 

INTRODUCTION 

Fabrication of mineralized structures is a widespread phenomenon among living beings 
[1-3]. Although a great number of these structures arc mainly made out of calcium carbonate, 
they result in the formation of products of unique morphologies and properties. These naturally 
fabricated bioceramics are composites and are assembled from readily available materials, 
usually in aqueous solution, at ambient conditions, and to net shape [4]. These particular 
characteristics reflect the controlling activity of a relatively small repertoire and minute quantities 
of organic macromolecules which regulate the formation of these structures [5-10]. Some of these 
macromolecules, obtained from different biomineralization model such as moUusks, Crustacea, 



echinodcrms and avian eggshells, are well characterized, while their role on the control of crystal 
nucleation, growth and shape is still far from a full understanding [11-13]. While mollusk's shell 
grows continuously without any spatial restriction, Crustacea exoskeleton grows step by step 
between molting periods. Although being Crustacea, showing molting cycle, these Thoraceca 
barnacles build a quite stable and heavily mineralized wall made out of a series of thick plates 
that completely surround the animal, which is firmly cemented to the substratum. This makes 
bamacles an interesting model for studying processes of biomineralization. Since Darwin's 
pioneering studies [14], there have been several studies on barnacle's shell formation, general 
structure or microstructure [see 15], but only a few have been concerned with the chemical 
characterization of the organic matrix of its shell [ 16]. In this study we therefore examined the 
shell structure and chemical composition and spatial distribution of its organic matrix. 

MATERIALS AND METHODS 

For light microscopy, pieces of shells were polished to obtain thin sheets, mounted on 
slides and examined with an epifluorescent microscope. For SEM, pieces of shell were polished 
to obtain thin sheets, decalcified for 15 , 30 and 50 sec with 37 % orthophosphoric acid, 
dehydrated, coated with gold and observed in a Tesia BS 343 A scanning electron microscope. 
For TEM, samples were decalcified in 10% formic acid for 48 h at room temperature, 
dehydrated in a graded acetone series and embedded in Poly Bed 812 (Polysciences Inc., 
Warrington, PA). Uhrathin sections (70-90 nm) were cut with a Porter Bloom MT2-B 
ultramicrotomc. Bulk ultrastructural visualization of proteoglycans was done by using 
polyethylcneiminc [17]. For precise proteoglycan determination by immunogold localization, 
section were incubated with one of the primary monoclonal anti-glycosaminoglycan antibodies 
listed below and then incubated with gold conjugated second antibody (Ted Pella, CA). 
Observation were made with a Zeiss EM-109 electron microscope. 

Antibodies: 2B6 (IgG): recognize dermatan sulfate or chondroitin-4-sulfate after 
chondroitinase digestion [18]; 5D4 (IgG): recognize a hypersulfated hexasaccharide of keratan 
sulfate [19]. 

For organic matrix extraction and in vitro crystallization assays, pieces of shell were 
decalcified using Dowcx resin in a rotating glass tube [6] for 3 days at room temperature, 
dialyzed (Spcctra/Por membrane tubing MWCO 3,500) and lyophilized. Organic matrix (soluble 
and insoluble fractions) obtained was assayed for their crystallization properties. The 
crystallization experiment ^ere done using a chamber consisting of 85 mm plastic Petri dish 
having a central hole in its bottom glued to a plastic cylindrical vessel. Inside the chamber,   - 
microbridgcs were filled with 35 (il of 200 mM calcium chloride solution in 200 mM TRIS buffer 
pH 9. The cylindrical vessel contained 25 mM ammonium carbonate. Control samples contained 
only calcium chloride solution, while 64 (Xg/ml of organic matrix from shells were added to the 
experimental ones. All experiments were carried out inside the petri dish at 20° C for variable 
periods of time (6-24 h). Precipitation of calcium carbonate results from the difftision of carbon 
dioxide vapor into the buffered CaClj solution [20]. The crystals were observed in a TesIa BS 343 
A scanning electron microscope. The FTIR spectrum was obtained by using a 1% KBr pellet, in 
the 400- to 4000 cm'' region from crude organic matrix treated with 10% NaOH (standard 
method for obtaining pure deproteinized chitin) at room temperature compared to standard chitin. 
For X-ray diffraction analysis, pieces of shell were ground into fine powder, applied to a holder. 



and scanned at 6°C/min with a step size of 0.01°, with an operating voltage of 40KV and current 
of 35 mA in a Siemens D5000 diffractometer. 

RESULTS AND DISCUSSION 

Specimens of Austromegabalamispsittacus are seen in figure 1 a. Barnacle's shell is 
composed of twelve calcitic plates, six parietes and six radii, joined in the form of a truncated 
cone opened at the top, and resting on a basal disk (figure lb). While parietes have longitudinal 
canals (from the base to the apex), radii have transversal canals arranged parallel to the base 
(figure lb). These canals are displaced to the outside of the shell delimiting a thinner solid outer 
lamina and a thicker inner one. The inner lamina consists of parallel calcitic layers separated by 
organic sheets, which also organize as many concentric rings around the canals (figure 1 c and d). 
These sheets and rings showed autofluorescence (figure le and f) and consisted of P chitin (figure 
2a). This fluorescence disappeared after mild treatment with NaOH, indicating that some 
undefined proteins associated to chitin are involved in this phenomenon. Partially decalcified 
shells show numerous apparently disoriented planar aggregated fusiform calcite crystals located 
between chitin sheets intermixed with an organic material which eventually collapsed after 
complete decalcification remaining as a granular sheet (figures 2b and 3a). Chitin sheets showed 
a parallel fibrillar structure and a less electron-dense granular material between them was 
observed (figure 3b). A higher magnification of this granular material stained with a cationic dye 
(polyethyleneimine) showed the occurrence of a net-shape arrangement of proteoglycans (figure 
3b, insert). Immunogold studies of this organic matrix showed a positive reaction with anti- 
keratan sulfate antibody (5D4) around the chitin sheets (figure 3c), while the granular material 
between the chitin sheets showed a positive reaction with anti-dermatan sulfate antibody (2B6) 
(figure 3d). 

Figure 1. a) Live A. psittacus specimens from central coast of Chile, bar: 10 cm ; b) 
Schematic illustration of barnacle's shell wall showing parietes (?) and radii (R), and a 
longitudinal section of a radius showing canals (C), outer and inner lamina (OL and IL), 
and sheath (S); c) and d) Light microscopy of polished transversal section of a paries 
showing canals and inner lamina respectively, 400X; e) and f) Same as c) and d) but 
observed under the fluorescence microscopy, showing autofluorescent rings around canals 
and sheets layering the inner lamina, 400X. 
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Figure 2. a) FITR spectrum of the insoluble organic matrix extracted from barnacle's shell 
corresponding to (3 chitin; b) Powder XRD pattern showing preferred orientation of calcite 
crystals obtained from barnacle's shell 

Figure 3. a) SEM of partially decalcified shell showing elongated crystals associated to- 
granular organic material between chitin sheets (g); b) TEM of a decalcified shell 
showing laminated sheets of chitin and a granular material beUveen them (g). Insert: 
granular material positive to cationic dye indicating protcoglycan occurrence (g); c) 
immunogold positive reaction with anti-kcratan sulfate antibody around chitin fibers; d) 
immunogold positive reaction with anti-dermatan sulfate antibody on the granular 
material located between chitin sheets. 



When crystallization assays were carried out in the absence of any organic additive, 
regular calcite crystals showing the {104} faces were obtained (figure 4a). However, when a 
mixture of soluble and insoluble fractions of shell organic matrix containing chitin, proteoglycans 
and some proteins was added, a time-depending modification of the calcite morphology was 
observed. In the first 8 h, crystals seems to nucleate from the chitin fibers, and the comers of the 
rhombohedra became rough and started to develop curved faces (figure 4b). Between 8 to 20 h, 
helical aggregations of rounded crystals compacted each other (figure 4c), and after 20 h these 
rounded crystals appears to be composed of helically ordered planar aggregates of elongated 
crystals (figure 4d). 

Figure 4. SEM micrographs showing the morphology of calcite crystals grown in 
vitro with or without shell organic matrix soluble plus insoluble fractions at 
different incubations times: a) Control experiment showing the {104} faces; b) 
incubation with the fi-actions for 6-8 h; c) incubations with the fractions for 8-20 h; 
d) incubations with the fractions for 20-24 h. 

Although we can not discard the occurrence of undefined proteins in the barnacle's shell, we do 
show the occurrence and precise localization of particular proteoglycans. The same proteoglycans 
have been observed in the avian eggshell where a keratan sulfate-rich proteoglycan (mammillan) 
has a role in the nucleation of the first calcite crystals, and a dermatan sulfate-rich proteoglycan 
(ovoglycan) regulates the growth and orientation of the later forming crystals [21-22]. The 
proposed structure of the nacreous organic matrix of moUuks includes layers of chitin (with 
patches of associated anionic-rich proteins) separated by a silk fibroin gel [23]. Barnacle's shell 
appeared to have a similar general stracture, and here vi^e provide evidence of the occurrence of 
an additional kind of polyanionic, highly hydrophilic and gelatinous molecules, one closely 



associated to the chitin fibers (keratan sulfate proteoglycans) and other in the granular material 
located between them (dermatan sulfate proteoglycans), both localized where the calcite crystals 
were before decalcification. Foregoing experiments could answer the precise effect of these 
sulfated molecules in crystal nucleation and growth. However, the extracted barnacle shell 
organic matrix, containing these sulfated polymers, shows dramatic effects on the morphology of 
calcite crystals. We suggest that these sulfated macromolecules, because their acidic nature, could 
be also responsible for controlling the processes of biomineralization of barnacle shell. 
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ABSTRACT 

Nano-technology has been identified as an area which will bring about new evolutions in materials, 

devices and processes. The challenges of nano-biotechnology entail manufacturing more sophisticated and 

highly efficient biosensors and biomaterials at the nano-scale level for use in interdisciplinary fields. Here, 

we introduce a biomaterial produced by magnetic bacteria, bacterial magnetic particles (BMPs), and the 

molecular architecture technique we have used for its application. 

Magnetic bacteria synthesize intracellular magnets which are encapsulated by lipid bilayer 

membranes. Sizes of BMPs vary from 50 - 100 nm in diameter, and number over 10 per cell. BMPs are 

composed of magnetite (Fe.i04) with a single magnetic domain. Easy aqueous dispersion of BMPs enable 

development of highly sensitive chemiluminescence enzyme immunoassays by the chemical coupling of 

antibodies on BMP surfaces. BMPs can likewise be used as drug delivery systems employing 

magnetoliposomes with high capUirc volumes. We previously reported a technique for preparing 

recombinant BMPs on which proteins were displayed by gene-fifsion. We farthermore applied such 

recombinant BMPs to biotcchnologically-important issues, including novel bioassay platfonms for medicine 

and environmental management. We envisage the production of more refined chemicals and agents through 

expression on BMPs by gene-fusion followed by simple purification using magnet 



INTRODUCTION 

The use of magnetic particles in immunoassays enables the separation of bound and 

free analytes by applying a magnetic field. For example, proteins can be attaching covalently 

to solid supports, such as magnetic particles, preventing the desorption of antibodies during 

assaying. Because these particles disperse evenly throughout the reaction mixture, they allow 

rapid reaction kinetics without the need for continuous mixing or shaking, enable coupling 

antibodies, and facilitate ease of use. Magnetic particles serve as both solid supports and a 

means of separation in the assay system. 

Magnetic bacteria have been isolated from freshwater and marine sediments, and are 

known to produce magnetite particles which are aligned in chains of around 20 particles per 

cell [1-4]. Bacterial magnetic particles (BMPs) arc nano-sizc and disperse well in aqueous 

solution due to their stable lipid membranes [5]. On the basis of these properties, BMPs have 

been utilized in fluoroimmunoassays [6-8], mRNA recovery [9] and as DNA carriers [10]. 

Because of their fastidious characteristics and undefined metabolism, pure cultures of 

magnetic bacteria are very difficult to achieve. However, the successful isolation, cultivation 

and colony formation of the magnetic bacteria, MagnetospiriUum magneticiim AMB-1 [3] and 

MGT-1 [2], which are tolerant to oxygen, have allowed development of conjugative gene 

transfer and transposon mutagenesis systems [11]. Several recent findings and the mechanism 

of magnetite particle formation have been ascertained through studies with AMB-1. Thus, we 

describe here the molecular, genetic and biotechnological characteristics of magnetic bacteria 

and bacterial magnetic particles, revealed mainly from our recent studies with respect to the 



genetic engineering of magnetic bacteria and advanced applications of bacterial magnets 

based on molecular architecture. 

MAGNETIC BACTERIA 

Magnetic bacteria are a heterogeneous group of gram-negative prokaryotes with both 

diverse morphologies and habitats [12-20]. Various morphological types of magnetic bacteria 

including cocci, rods, vibrio, and spirilla have been isolated from sediments, e.g. marine, 

rivers, lakes, ponds, beaches, rice paddies, drains, wet soil [21], deep sea [22] and estuaries! 

Most magnetic bacteria produce nano-sized magnetite with species- or strain- specific 

morphologies [23-26]. The alignment of BMPs in chains confers a"magnetic dipole and 

magnetotaxis to cells allowing bacterial orientation along geomagnetic field lines. The 

successful isolation and cultivation of a facultative aerobic magnetic bacterium, 

MagnetospmUum magneticum AMB-1 (Fig.la), has enabled us to conduct genetic 

manipulations to elucidate the mechanism of BMP formation, and to optimize culturing for 

industrial-scale production of BMPs. We have also isolated a novel sulfate-reducing magnetic 

bacterium, Desulfovibrio magnelicus (sp. nov.) (Fig.lb), fomieriy known as. RS-1, which 

grows and synthesizes BMPs under strict anaerobic conditions [4]. 



(U) 

I" k. I       TransniKsion electron micrographs of Magncinspirillum magneliaim AMB-! (A) and 
Dt'siilfovibrio majfiKtiais RS-I (B). 

BACTERIAL MAGNETIC PARTICLES 

Transmission electron microscopy shows BMPs to be encapsulated by a biomembrane 

(Fig.2). The membrane is approximately 2-4 nm in thickness. Analysis of membrane 

components has been carried out mainly on strain AMB-1. Results indicate that BMP 

membrane consists of lipid containing phospholipids (comprising 58-65% of the total lipids) 

of which about 50% contains phosphatidylethanolamine [6, 27-28]. Moreover, the fatty acid 

make up of BMP membrane is similar to the 

cytoplasmic membrane in strain AMB-1. 

Almost all of the proteins expressed in the 

cytoplasmic membrane were also found in the 

BMP membrane. However, five proteins were 

shown to be specific to BMP membrane 

fi-actions. [29, 30]. 

Fig. 2    Bacterial magnetic particle from 
Magnetospirilhim magneticiim AMB-1. 



GENETIC ANALYSES OF MAGNETOSPIRILLUMMAGNETICUM AMB-1 

Isolation and characterization of the genes that mediate magnetite formation in 

bacteria are prerequisite for determining the mechanisms of magnetic particle biosynthesis. In 

order to identify specific genes involved in magnetite synthesis, transposon mutagenesis was 

conducted with strain AMB-1 [11]. Numerous non-magnetic mutants were successfiilly 

obtained and magA gene was subsequently isolated from one of the numerous mutants (strain 

NM5) by analyzing of the transposon disrupted gene (Fig. 3). The magA gene has homology 

with the Na* / H"^ antiporter, NapA, from Enterococcus hiraa. The iron up-take activity of 

MagA protein was determined using inverted vesicles prepared from fragmented membrane 

expressing MagA protein in Escherichia coli (Fig. 4). Addition of ATP initiated accumulation 
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Fig. 3    Tran.'ipospn mutagenesis of 
Magneto'pirilhim magncticiim AMB-1 and 
isolation of magA. 

Fig. 4      Iron uptake into inverted vesicles. Arrowhead 
indicated the point of addition of ATP or CCCP. 
•   ; the vesicles expressed MagA 
O   ; control 



of ferrous ion in vesicles and the ion was released by adding of carbonyl cyanide 

m-chlorophenylhydrazonc (CCCP) known as protnophore. Tlie activity was also observed 

under artificial proton gradient without ATP. These results suggests that MagA protein is a 

proton-driving H^ / Fe(n) antiporter [31]. Additionally, intracellular localization of the MagA 

protein was examined using a MagA-Luciferase fusion protein, indicating that MagA is 

localized on both the cytoplasmic and BMP membranes, where it appears to transport iron 

into BMP vesicles [32]. Therefore, MagA is considered to play an essential role in the 

bacterial formation of magnetite crystals. 

Presupposing that proteins expressed on BMP membranes play a direct role in 

regulating magnetite crystallization, a number of distinct BMP-specific proteins have since 

been identified. Protein fractions prepared from cellular and BMP membranes and cytopla.sm 

were separated by SDS-polyaciylamide gel electrophoresis, reveal five specific proteins in 

BMP membrane fractions (Fig. 5). Utilizing 2D-electrophoresis, 4 of these proteins were 

separated for amino acid sequencing. On the basis of 

the N-tcrminal amino acid sequences determined, 

oligonucleotide primers were designed to perform 

poljniierase chain reactions (PCR) to amplify DNA 

sequences of the target proteins. Subsequently, mpsA 

encoding a 36 kDa protein and mmsl6 encoding a 16 

kDa protein were isolated. DNA sequences of these 

Fig. 5  Protein profiles by SDS-PAGE. 
40(igof proiein from each fraciioi) was     two genes were analyzed and protein homology was 
applied. Ijnc l:BI^P membrane 
solubilysale; lane 2;mcmbnine 
soitihiiysaie: lane.1:cytoplasmic examined. The amino acid sequence of MpsA was 
fraelion ; M: .standard markers. 
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proven to be highly homologous with that of E. coli acetyl-CoA carboxylase [29], and the 

mmsl6 gene encodes for a GTPase [33]. Mms 16 protein was found to be the most abundantly 

expressed of the five BMP specific proteins. We hypothesize that Mms 16 is a GTPase with 

properties similar to eukaryotic small GTPases which control vesicle trafficking. Thus, we 

conducted inhibition experiments on GTPase by aluminum fluoride. AIF4" prevents BMP 

synthesis suggesting that GTPase activity is required for BMP synthesis [33]. Thus, we 

hypothesize that magnetosomes arise through invagination of the cytoplasmic membrane and 

processes similar to those of eukaryotic vesicle formation. 

PROPOSED MECANISM FOR MAGNETITE FORMATION 

We have hypothesized that the BMP membrane is derived from the cytoplasmic 

membrane and formed through the invagination process. Transmission electron microscopy of 

M. magnetotacticum MS-1 reveals that BMP envelopes appear prior to the crystallization of 

magnetite [28]. The mechanism of envelope formation, however, still remains unclear. 

Previous studies on vesicle formation by invagination of the cytoplasmic membrane have 

been performed using eukaryotes. It is possible that magnetic bacteria have similar 

mechanisms of vesicle formation. Wc propose that Mms16 mediates the priming of 

invagination and MpsA mediates the acylation of Mms 16 to anchor the BMP membrane. 

Moreover, MagA on BMP membranes, transfers Fe ions into intracellular vesicles. Various 

proteins associated with the BMP membrane may play functional roles involved in magnetite 



generation inside BMP envelopes. These 

include: 1) the accumulation of 

supersaturating iron concentrations and 

maintenance of reductive conditions; 

and 2) the oxidation of iron to induce 

mineralization, or the partial reduction 

and dehydration of fcrrihydritc to 

magnetite (Fig. 6). 

lVImsl6 

(B) 

wf Priming and invagination 

(C) i vesicle budding FUNCTIONAL   BMP   BASED   ON 

MOLECULAR ARCHITECTURE 

Fig. 6       Postulated mechanism of bacterial magnetic 
MagA, MpsA and Mmsl6 are all particlefomiation. 

localized on the membranes of BMPs. 

These proteins could therefore be utilized as anchor proteins, allowing a variety of functional 

proteins to function oji- BMPs, i.e., enzymes or antibodies can be displayed on BMP 

membrane surfaces. For instance, employing the firefly luciferase liic gene, a magA-luc fusion 

gene was cloned into plasmid pRK4l5 and introduced into M magneticum AMB-1 (Fig. 7) 

[32]. Extracted BMPs from recombinanl AMB-1 cells expressed luciferase activity. In such a 

way, MagA protein acts as a workable anchor for the site-specific display of functional 

foreign proteins. Similarly, immunoglobulin (IgG) binding cell wall protein and proteinA, 
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Protein A ^Z       w #••••■■ i"*!!* 
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bacterial magnetic particles 
(BMPs) 

Fig. 7    Display of protein A onto bacterial magnetic particle using niagA gene fusion. 

were introduced to BMP membranes, using a proteinA-magA hybrid gene [34]. Using 

antibody bound proteinA-BIVlP complexes together with a chemiluminescence enzyme 

immunoassay, we have developed a rapid and highly sensitive diagnostic method for detecting 

human immunoglobin G (IgG) [35]. Also, the feasibility of Mmsl6 as an anchor molecule 

was established by manifesting the estrogen receptor hormone binding domain (ERHBD) on 

BMP membranes. ERHBD-BMP complexes function as practical receptor binding assays for 

estrogen-like compounds. Upscale production of functionally active antibodies or enzymes 

expressed on BMP membranes is effectively accomplished by fcd-batch culturing techniques 

[36]. Further, we constructed a high copy number plasmid pUMG in AMB-1 for a more 

efficient display of functional foreign proteins on BMP. 

APPLICATIONS OF FUNCTIONAL BMP 

We have examined the functional uses of BMPs in immunoassay systems to detect 

various biological  markers.  A chief advantage of using  BMPs, compared with other 



conventional immunoassay methods, is the easy separation of membrane-bound and free 

fractions by applying a magnetic field. ProteinA-BMP complexes have viable applications in 

the detection of human IgG, insulin, HbAl and glycated albumin from scrum [37]. Antibodies 

conjugated with BMPs by chemical cross-linking methods are also valuable tools for 

detecting a wide variety of substances. 

We have investigated various environmental pollutants, including endocrine 

disniptors, alkylphenol ethoxylates (APE), bisphenol A (BPA), and linear alkylbenzene 

sulfonatcs (LAS), using monoclonal antibodies immobilized on BMP and a fully automated 

detection system. The automated sandwich immunoassay system developed (fig. 8) comprises 

a reaction station, a tip rack, and an automated eight-channel pipet bearing a retractable 

magnet mounted close to the pipet tip and conterminous with a microtiter plate (96 wells). A 

single rack holds 8X3 tips for reaction. Our data show that this fully-automated system 

provides rapid detection (in 15 min), and efficiently determines concentrations of APE, BPA, 

and LAS with detection limits of 6.6 ppb, 0.023 ppt, and 35 ppt, respectively. The advantages 

(sandwich immunoassay^ 

ProleinA 

i 
Anti-human 
insulin 
antibody 

AnIibody-BMPs    Antigen <i^ 
complexes ^ Ei 

human Insulin Alkaline phosphatase 
conjugated anti-human 
insulin antibody 

Fig. 8        Schomatic diagram of sandwich immunoassay using ProteinA-BMP complexes and alkaline 
plio.sphatasc-conjiigatcd anribody. 
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afforded by this automated detection system should be practicable to other assay systems 

utilizing functional BMP. 

CONCLUSION 

In conclusion, BMP formation has been examined at the molecular level, although 

further studies are required to elucidate the whole mechanism of BMP formation and its 

highly controlled biomineralization process. However, recent progress in molecular biology 

will help enable more highly organized and systematic studies toward the elucidation of 

bacterial magnetite formation. In addition, improved analysis and identification of BMP 

specific factors will facilitate the use of biomineralization as a biomimetic technique for in 

vitro production of highly controlled biocrystals. 
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ABSTRACT 

A mechanics approach is presented to study the intercellular delamination resistance and 
mechanical behavior of stratum comeum (SC) tissue in the direction normal to the skin surface. 
The effects of temperature and hydration on debonding behavior were also explored. Such 
understanding, which includes the relationship of mechanical behavior to the underlying SC 
cellular structure, is essential for emerging transdermal drug delivery technologies. Fracture 
mechanics-based cantilever-beam specimens were used to determine reproducibly the energy 
release rates to quantify the cohesive strength of human SC. The debond resistance of fully 
hydrated SC was found to decrease with increasing temperature, while dehydrated SC exhibited 
a more complex variation with temperature. Stress-separation tests showed that fracture energies 
and peak separation stresses decreased with increasing temperature and hydration, although the 
SC modulus varied only marginally with temperature and hydration. Results are described in 
terms of microstructural changes associated with hydrophilic regions and intercellular lipid phase 
transitions. 

INTRODUCTION 

As the most externally exposed organ in the human body, the skiii provides mechanical 
protection and a controlled permeable barrier to the external environment to maintain internal 
homeostasis. The layered construction of the skin represents a composite material in which the 
components possess specialized functionalities to accommodate a variety of conditions from 
mechanical stresses to variable ambient moisture and to resist the presence of toxic chemicals, 
pathogens, and radiation.' The top layer of the skin, the epidermis, consists of epithelial cells 
bound together via various cell-adhesion mechanisms including intercellular proteins and lipids. 
The top most layer of the epidermis, the stratum comeum (SC), consists of layered anucleated 
cells that mature and subsequently detach in a natural renewing process. The disk-shaped SC 
cellsr composed largely of aligned keratin filaments, create a regular interdigitating structure held 
together by lipid and protein structures as illustrated in Fig. 1. 

The SC is the first structure to provide resistance to abrasion and penetration of foreign 
objects and must provide this protection under highly variable temperature, humidity, and 
chemical conditions which bodily self-regularion or external environments may induce. In the 
case of emerging transdermal drug delivery technologies, the application and removal of 
adhesive drug delivery devices necessitates an appropriate balance between patch adhesive 
strength and SC cohesive strength in the direction normal to the skin surface.   While previous 
investigators have examined in-plane properties of SC to determine modulus and fracture 
phenomena and dependencies upon environmental conditions, surprisingly little quantitative 
work has examined properties of the SC in the direction normal to the skin surface.^''''''' The 
resistance of SC to delamination is not well characterized, and virtually no quantitative data or 
reproducible test methods are available. 
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In (he present study, a mechanics approach to examine the SC intercellular delamination 
resistance and oul-of-p!anc mechanical behavior and their relationship to SC cellular structure is 
presented. The delamination resistance of human SC was examined as a function of selecled 
testing and preconditioning temperature and moisture conditions and related to underlying 
structure. Fracture resistance was quantified in temis of the energy required to propagate a crack 
or debond and defined in terms of the strain energy release rate G. measured in units of J/m". 
Furthermore, stress-separation tests were performed to examine the out-of-plane mechanical 
behavior of the SC. 

EXPERIMENTAL 

Double-cantilever beam (DCB) 
The debond resistance of human cadaver SC tissue was examined using fracture 

mechanics techniques developed to measure the adhesive properties of highly viscoclastic 
pressure sensitive adhesives.   Similar techniques have been employed to measure the adhesive 
properties of polymer bone cements.^ The technique involves sandwiching the SC between two 
elastic polycarbonate sub.strates with cyanoacrylate adhesive to form fracture-mechanics based 
double-cantilever beam (DCB) specimens. The SC was separated from the underlying epidermis 
via a tiypsin enzymatic digest then stored at 4°C in a fully hydrated state on water-moistened 
filler paper. The transparent polycarbonate beams facilitated optical inspection of the inner 
sandwich structure during sample preparation and testing. Substrate dimensions were chosen to 
ensure purely elastic deformation of the substrates during testing to enable the use of linear 
clastic fracture mechanics to detemiine the strain energy release rates.""'' Two sets of DCB 
.specimens were prepared containing SC that was either fully hydrated (FH) or room-humidity 
dehydrated (DH) in 100% R.H. or 45% R.H. environments, respectively. 

To fabricate the specimens, a thin layer of cyanoacrylate adhesive was applied to the face 
of a 40 mm x 10 mm x 3.175 mm polycarbonate sub.stratc leaving a 7-10 mm region of the beam 
end uncoated. The sub.strate was pressed again.st the SC on the filter paper backing and a scalpel 
was used to cut around the substrate to detach the adhered SC from .surrounding tissue. Another 
substrate coated with adhesive in the same manner was pressed against the SC face on the 
complimentary beam with adhcsive-frcc ends aligned to form the final sandwich structure. 
Excess adhesive along the sandwich edges was removed with a .scalpel to ensure that only SC 
was binding the two halves of the sandwich structure together. 
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Figure 1. Schematic of the stratum comeiim 
showing cellular stnicliire including aligned 
keratin filaments as well as lipid intercellular 
space with corncosomcs. 

Figure 2. SC debond resistance values 
measured at selected temperatures nfler being 
fully hydrated or dehydrated. Error bars 
represent standard error of the mean. 
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Specimens were placed in an environmental chamber at selected temperature (10, 25, 
75°C) and relative humidity (45 and 85% RH) conditions and allowed to equilibrate for ~10 min. 
Subsequently, the samples were loaded, via attached loading tabs, to propagate a debond within 
the SC layer. The specimens were tested in a custom-built mechanical test system with a 
computer controlled DC ser\'oelectric actuator operated in displacement control. Tests were 
performed at a constant displacement rate of 2 \Jm/s. Corresponding loads were measured using 
a 222 N load cell and the debond length was determined using compliance techniques. Debond 
resistance was determined from critical values of the strain energy release rate, Gc."' 

Stress-separation (SS) 
Structures containing the SC sandwiched between polycarbonate substrates were 

fabricated in a similar manner to the DCB specimens. The substrate dimensions were 10 mm x 
10 mm X 3.175 mm. The specimens were loaded normal to the SC face via attached loading tabs 
in an environmental chamber with controlled temperature and humidity. Testing was conducted 
at a constant displacement rate of 1 jim/s, yielding a strain rate of-0.025 s'' in the SC for a SC 
thickness of 40 nm. The SS measurements were performed using the same apparatus as that for 
DCB experiments. The specimens were allowed to equilibrate for ~20 min. before testing. 

Scanning electron microscopy (SEM) 
Both DCB and SS samples were examined after mechanical testing using SEM to 

characterize the debond surface morphologies. Selected specimens were allowed to dry in a 
desiccator and then gold coated and examined in an SEM operating at 15 keV. Two specimens 
from each testing condition were inspected to ensure representative characterization. 

RESULTS 

Debond resistance values, Gc, for specimens containing DH and FH SC measured at 
selected temperatures are presented in Fig. 2. All reported results are from testing utilizing a 
single sheet of SC to avoid tissue variations. The specimens exhibited constant debond energy 
with debond extension suggesting that the varying strain rates obtained during debond extension 
did not significantly effect the debond fracture resistance. Such behavior was subsequently 
verified by varying the testing displacement rate from 2 to 8 \itn/s with no systematic effect on 
Gc values. The hydrated state of the SC had only a small effect on Gc values measured at 10°C 
where the average Gc value for the FH specimen was ~t J/jn^ (or 25%) higher than the DH 
specimen. At elevated temperatures, the FH specimens exhibited markedly lower debond energy 
with increasing test temperature. In contrast, the DH samples lacked a pronounced change with 
temperature although a marginal decrease was apparent at 75''C.   At the elevated temperatures, 
Gc values for the DH specimens were markedly higher than those of the FH specimens. 

Stress-separation tests performed on DH and FH specimens under the same 
environmental conditions as the DCB tests are shown in Fig. 3(a). The SS tests resulted in linear 
loading up to a peak stress after which the stress catastrophically dropped essentially to zero. 
Any residual stresses decayed to zero with continued displacement. For the FH specimens tested 
at 75°C, the SS curves do not show the marked drop in stress but rather decrease more gradually 
from the peak stresses toward zero. The area enclosed by the SS curve represents the total work 
required to cause failure of the SC and resulting fracture energy values calculated from the SS 
curves are presented in Fig. 3(b). Similar to the DCB results, the SS fracture energy values of 
the FH specimens decreased markedly with increasing temperature while the DH specimens 
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25'C 
Testing Temperature 

Figure 3. Slicss-scpnration measurements conducted at selected temperdturcs showing (a) 
representative stress-separation cur\'es, (b) fracture energy values determined from the area enclosed 
by llic curves, (c) peak stresses, and (d) the initial loading modulus. 

decreased less dramatically. Peak stress values obtained from the SS curves are shown in Fig. 
3(c). Similar to the facture energy values, both the peak stresses and corresponding .strains were 
observed to decrease with increasing hydration and testing temperature. 

The initial stiffnesses (or moduli) of the SC in the out-of-plane orientation for the 
selected testing conditions arc shown in Fig. 3(d). The SC modulus measured was ~0.7 MPa and 
was constant over the range of temperatures and hydrations tested with the exception of the FH 
specimens at 75°C where the modulus was ~ 0.4 MPa. 

Representative SEM micrographs of the fracture surfaces of tested DCB specimens 
containing 1"H and DH SC are shown in Fig. 4. Similar micrographs were obtained for all testing 
types and conditions. The FH specimens revealed coinparatively little surface morphology and 
individual SC cells were difficult to discern (Fig. 4(a)). The DH specimens all revealed partial 
pullout of individual SC cells to varying degrees producing more debond surface roughness. The 
SS tests reveal similar trends to tliose seen in the DCB specimens in which the DH specimens 
exhibit SC cell pullout while the FH specimens lack siinilar cellular features. 

DISCUSSION 

The marked decrease in fracture energy (Fig. 2) apparent with increasing temperature for 
the FH SC tissue arc most likely related to a corresponding decrease in the peak cohesive 
strength (Fig. 3(c)) measured using the SS tests. Other energy dissipation mechanisms such as 
plasticity in the SC arc also expected to scale with the peak cohesive strength. However, it 
should be noted that plastic defomiation will be restricted in these specimens due to the thin film 
nature of the samples and the plane strain constraint of the DCB test configuration. The 
similarly constrained SS test geometries also limit plasticity. With restricted plastic zone 
formation, the SS data primarily represent properties of the cohesive mechanisins operating in 

30 



the SC layers. The limited influence of plasticity-type effects is seen by the similar trends in 
both DCB and SS fi-acture energy measurements and plastic zone calculations of ~0.1-0.5 ^m. 
In the case of strong plasticity, one might expect to observe increasing G-values with hydration 
and temperature for the DCB tests. Therefore, the decreases in peak stresses and total work to 
failure with increasing temperature in SS tests correlate with lowered SC cohesive strength. 

In comparison to the FH specimens, the DH SC exhibited far smaller changes in fracture 
energy and peak cohesive strength with increasing temperature, suggesting that the cohesive 
strength is strongly hydration dependent and more weakly associated with testing temperature. 
One possible explanation is related to the microstructure of the SC layer itself. In a simplistic 
model of the SC structure proposed by Elias et al.'", the cells are viewed as highly keratinized 
bricks surrounded by a lipid mortar as represented in Fig. 1. In this model, behavior of the SC is 
presumed to be dominated by the properties of the lipids, particularly since the composition of 
the extracellular components are estimated to be at least 80 wt.% lipid. 

Examination of the SEM micrographs reveals little overall difference in the extent of 
cellular pullout for the DH SC tissue tested at different temperatures suggesting that this feature 
of the debonding process is temperature independent. The FH specimen surfaces consistently 
remained quite featureless throughout the range of testing temperatures despite a large decrease 
in Gc values with increasing temperatures. Clearly, cellular pullout during debonding is 
therefore dependent on the initial hydration of the SC tissue. However, the lack of any 
significant morphological changes on the fracture surfaces of the FH specimens despite a 
correspondingly strong decrease in debond energy suggests that temperature must affect 
underlying processes that control the peak cohesive strength. 

To better understand the possible effects of underlying SC structure upon the observed 
mechanical behavior, selected studies are briefly reviewed. X-ray diffraction (XRD) analysis of 
human SC revealed a crystalline structure associated with the lipids sheathing the keratin 
filaments that lie in the plane of the SC layer." These results together with m-plane dynamical 
mechanical analysis (DMA) revealed hydration independent transitions that are attributed to lipid 
conformational changes from a crystalline to more disordered state." Additionally, differential 
scanning calorimetry (DSC) analyses suggest that the presence of strong endothemiic dips in the 
gathered data indicate transitions in the SC due to variations in water content; the in-plane 
modulus was also observed to decrease with increased testing humidity.^ From the DSC analysis 
these changes were attributed to keratin fiber relaxation due to substitution of existing protein- 
protein hydrogen bonds with water-mediated bonding facilitating greater fiber mobility, as these 
bond substitutions would lead to a reduction in modulus with increasing hydration level. 

Figure 4. Scanning electron micrographs of DCB specimens. Fully hydrated (a) and 
Dehydrated (b) samples tested at 25°C. 



While the mechanisms responsible for the out-of-plane properties are different, some 
insight can be gathered from the analyses reported above. As suggested by Papir et al.^ the 
ability of water molecules to substitute for existing hydrogen bonds may lead to strength 
degradation. Thus, while the lipid transitions may be hydraf ion independent as indicated by 
XRD tests, mechanical degradation may require the presence of water to facilitate loss of 
structural integrity and cohesive strength; so, the proportionally smaller decreases in fracture 
energies and peak stresses in the DH samples may be explained by the lack of hydration 
available to mediate weakening mechanisms. Additionally, the decreases in fracture energy with 
increasing temperature may be a result of greater accessibility of hygroscopic sites to water 
molecules leading to bond substitution as the lipid structure becomes more disorganized. 

Furthermore, in contrast to in-plane modulus data, the moduli measured during SS testing 
reveal a behavior that is quite distinct from the changes observed during in-plane testing.'-'' The 
modulus values shown in Fig. 3 indicate little variation with hydration or temperature although 
the cohesive strengths of the samples decrease as seen in the reported total work to failure. 
While the abrupt decrease in out-of-plane modulus (Fig. 3(d)) may seem anomalous, the 
measured value can be explained upon closer examination of the SS curves. The SC exhibits an 
increase in stiffness for separations less than -10 |am, but due to sub.stantially decreased cohesive 
strength, the FH SC tested at 75°C begins to fail before stiffening occurs. 

Comparing in-plane with out-of-plane mechanical properties reveals that the simplistic 
model proposed by Elias et al.'" requires refinement to explain the results presented here. For 
example, the in-plane tensile tests performed by Papir et al.^ on newborn rat SC led to 
measurements of decreasing elastic moduli ranging from -8.87 GPa to 12 MPa with increasing 
humidity at constant temperature while similar tests by Wildnauer et al.'' upon human SC 
revealed moduli decreasing from -45 MPa to 10 MPa, assuming a SC thickness of 40 nm. 
Similar decreases in modulus with increasing temperature were observed as well.' These values 
are starkly different from the out-of-plane measurements of-0.7 MPa. Furthermore, only 
limited work to measure in-plane fracture properties of human SC as a ftmction of varying 
environmental conditions has been performed. Koutroupi and Barbenel' have measured mean 
fracture energies of 360O J/m^ for -76% RH conditioned SC samples in a tearing configuration, 
and subsequent work by Nieolopoulos et al.'' suggests that debond energy increases -with 
increasing hydration, a trend not generally observed in the DCB or SS specimens. Intuitively, 
the in-plane fracture energy is expected to be higher than that of the natural delamination mode. 
However, that the fracture energy is orders of magnitude greater than the -1-6 J/m^ measured in 
delamination tests is surprising. 

In the bricks-and-mortar model, the mechanical characteristics of the SC should be the 
same in both orientations provided the mortar is isotropic. However, the data discussed above " 
indicate that the SC exhibits much tougher in-plane mechanical characteristics as compared to 
those out-of-plane. While mechanical anisotropy is evident, the mechanisms causing the 
difTerenccs arc unclear but may be related to additional SC microstructure. In transmission 
electron microscope (TEM^ studies, remnants of dcsmosomal structures, or comcosomes, are 
evident between SC cells.'" Structurally important in the lower levels of the epidermis, these 
structures arc located where intermediate filaments such as keratin fibers terminate in one cell 
wall and bridge the intercellular space to connect to adjacent cells. Although the comeosomes 
are thought to be degraded desmosomes, these structures may facilitate the transmission of 
tensile forces between cells leading to the greater stiffnesses and higher fracture energies 
observed in this orientation. Furthermore, considering the alignment of the keratin fibers in the 
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plane of the SC layer, increased mobility of the fibers with increasing hydration as postulated by 
Papir et al.^ represents a reasonable mechanism leading to decreased modulus with increased 
fiber sliding. Further exploration remains necessary to determine the precise microstructural 
mechanisms that lead to the observed mechanical properties; however, the bricks and mortar 
model needs refinement (Fig. 1) in order to capture the true mechanical properties of the SC. 

CONCLUSION 

A fracture-mechanics based approach using DCB specimens was developed to examine 
quantitatively the delamination properties of stratum comeum. hi conjunction with out-of-plane 
stress-separation measurements, a decrease in debond energy with increasing temperature was 
observed in fully hydrated SC tissue. Little effect of testing temperature was observed for 
dehydrated SC tissue. The observed decrease in debond energy was associated with a reduction 
in SC cohesive strength due to hydration-mediated processes. While fi-acture energy decreases 
with increasing hydration for tests above 25°C, it remains unclear why G-values are higher for 
the fully hydrated samples at 10°C. Measurements of modulus obtained while varying 
temperature and hydration reveal that SC stiffness in this mode is much lower than that reported 
in-plane. The fracture energy and modulus data reveal that a simple bricks and mortal model 
requires refinement to explain the highly anisotropic mechanical behavior exhibited by the SC. 
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ABSTRACT 

We Itave developed polymers, which borrowing from biology, assemble into networks. 
The self-assembly regions of fibrinogen were cloned to form a scaffolding that either interacts 
with fibrin or assembles independently. Peptides consisting of a binding pocket (BP), ligand (L), 
and/or a Factor Xllla substrate were synthesized and conjugated to methaciwylated dextran or 
acrylated poly(ethylene glycol). Peptlde-conjugated dextran was added to polymerizing fibrin, 
and the resulting hydrogels were evaluated rheologically. These conjugates significantly 
affected the mechanical properties of fibrin while the addition of unconjugated dextran did not. 
The BP and L peptides were conjugated to PEG star polymer. Mixtures of conjugated PEG-BP 
and PEG-L were found to assemble. This work shows that peptides directing assembly can be 
designed using motifs found in proteins. The peptides in this study not only alter the mechanical 
properties of fibrin, but also allow a mechanism for creating a self-assembling network. 

INTRODUCTION 

As material scientists, we stand to learn a lot from nature as biological molecules form 
precise structures and geometries.   With respect to proteins, the primary structure defines the 
overall three-dimensional architecture. The resuhing secondary, tertiary and, in some cases, 
quaternary structures are necessary to affect intermolecular interactions and protein function. 
However, examples exist that suggest that short peptides also can be used to affect biological 
activity including self-assembly. 

Material assembly via peptide motifs has been demonstrated. Petka et al. showed how 
recoinbinant coiled-coils flanking a random coil polyelectrolyte induced gelation [I ]. Gelation 
was based on the self-assembly of the coiled-coil regions at a controlled pH or temperature. 
Wang et al. used coiled-coil homotetramers containing histidine tails, copolymers of methacrylic 
acid, acrylamide, and N-isopropyl acrylamide, and Ni** to form gels. By tailoring the amino 
acid sequence of the coiled-coil, they could control the gel response to temperature and pH [2]. 

We have taken another approach. Our goal was to use biological ligand and receptor 
interactions to guide the assembly of synthetic polymers. By synthesizing short peptide 
sequences from fibrinogen that are active in the assembly of fibrin from fibrinogen, we have 
developed molecules that either can assemble with fibrin or can self-assemble to form three- 
dimensional complexes. 

Fibrinogen is a plasma glycoprotein that participates in the coagulation cascade. The 
mature protein consists of a dimer of two identical subunits composed of a, P and yassociated 
chains; three chains associate through a coiled-coil trimer to form a subunit, and two of these 
subunits associate to form the mature dimer. The assembly of the three chains [3-4], the mature 
fibrinogen [5], and polymerization of fibrin from fibrinogen [6-8] have been well characterized. 

The crystal structure and essential amino acids of the binding pocket for the a-chain- 
ligand also have been characterized. Oxela and Budzynski found that amino acids 373-410 from 
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the y-chain inhibited fibrin polymerization by entrapping the a-chain-ligand; this y-chain pcptide 
is sufllcicnt to form the binding pocket for the a-chain with a ko = 1.45 x 10*' M for the pcptide 
verses I x 10" M for the intact molecule [9]. Horwitz et al. studied a shorter peptide consisting 
of amino acids 374-3% of the y-chain and found that this domain docs not contain the platelet 
binding peptide. In addition, this shorter pcptide bound to the N-temiinal ligand of the a-chain 
and was sufficient for formation of the binding pocket [7]. 

Lorand ct al. synthesized a double-headed glycine-prolinc-arginine-proline, (part of the 
a-chain ligand) PEG molecule; they found that this molecule induced dimcrization of the D 
protcolytic fragment, which contains the binding pocket, of fibrinogen [10]. This result indicates 
that PEG molecules containing this tetrapcptide will associate with the binding pocket. 

Wc describe pcptide-conjugated polymers that contain blocks of ligand pcptide or 
binding-pocket pcptide. These polymers assemble with ligand and binding pocket on fibrinogen 
or with ligand and binding pocket pcptidcs coupled to other synthetic polymers.   Figure I shows 
a schematic of the proposed artificial protein assembly. 

MATERIALS AND METHODS 

Mcthacroylation of dcxtran 

Methacroylated dextran was synthesized using published methods [II]. Dcxtran (MW 
40kD) and dimcthylaminopyridinine (Sigma) were dissolved in dimcthylsulfoxidc (Sigma) under 
nitrogen at room temperature. Glycidyl mcthacrylate (GMA) (Sigma) was added to the mixture 
to produce OMA-derivatizcd dcxtran (dcx-GMA). The product was purified by solvent removal 
and size exclusion chromatography. Aqueous solutions of methacroylated dextran were frozen, 
lyophilizcd, and stored at -80°C. The degree of substitution of the purified product was 
determined by NMR. 

-A Multiamn PEG 

^ Ligand 

ff* Binding Pocket 

Figure 1. A schematic representation of self-assembly using peptide motifs found within 
fibrinogen. Multifunctional polymers, such as 4-arm poly(ethylcnc glycol) can be covalently 
coupled to ligand or binding pocket pcptidcs inspired by motifs in fibrinogen. A combination of 
PEG-ligand and PEG-binding pocket will form a three-dimensional physical gel that self- 
assembles in a manner that mimics fibrinogen to fibrin assembly. 
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Peptide synthesis 

Peptides encoding the binding pocket (BP) from the y-chain and the ligand from the a- 
chain of human fibrinogen as well as substrates for factor Xllla (Fa XIHa) (Table I) were 
synthesized using solid-state Fmoc chemistry in the Arizona State University Protein Chemistry 
Laboratory. All peptides were purified with a C4 reverse phase preparatory column on an 
ATKA FPLC using a water/acetonitrile gradient. Following elution, the peptides were 
lyophilized and stored at -80°C. Peptide identity was confirmed using MALDI-TOF mass 
spectrometry (Vestec PcrSeptive Biosyslems). 

Conjugation of peptides to dextran 

The following procedure was used to conjugate cysteine-terminated peptide to 
methacroylated dextran via Michael addition. In separate reactions, a 10 molar excess of each of 
these peptides was coupled to methacroylated dextran (31 % degree of substitution; 40 kD M W) 
under the following conditions: A solution of dextran was prepared in phosphate buffered saline, 
1.5 mM EDTA, pH 7.4. A 10 molar excess of peptide was added to the dextran to create a 20% ' 
(w/v) solution. Due to the solubility of the BP peptide, 6 M urea was added to the buffer to 
allow coupling of BP to dextran. The conjugation reaction proceeded for 2 hours at 37 "C. 
Then, the reaction mixture was dialyzed in 8,000 MWCO dialysis tubing (Spectrum) against 
MilliQ purified water for 24 hours to remove urea. 

Fibrin gel studies 

Bovine fibrinogen (Sigma) was dissolved in deionized water and dialyzed against Tris- 
buffered saline, pH 7.4. A Bradford assay was used to determine the concentration of the 
fibrinogen solution. Fibrin gels were made to a final volume of 500 pi, and the final fibrinogen 
concentration of each gel vk-as 0.6%. BP-conjugated dextran was added to 0.5, 1 or 2%. 
Dextran-LFaXlIIa and dextran-iLFaXIIIa each were added to a final concentration of 2%. For 
each gel, CaCb to 2.5 mM, 1 unit thrombin (Sigma), and 6 ng of factor Xllla (Enzyme Research 
Laboratories) were added, and the gels polymerized for 15 minutes at 37 °C. Control gels 
consisted of unmodified 0.6% fibrin gels and 0.6% fibrin gels containing 2% methacroylated 
dextran that had not been conjugated to peptide. Dynamic mechanical properties were measured 
using a 20 mm acrylic parallel plate geometry on a TA Instruments AR 1000 rheometer under a 
1 Pa stress throughout a 0.1-100 rad/s frequency sweep [12-13]. The mechanical properties of 
four gels of each type were compared to determine statistical significance using a = O.Df. 

Table I. Fibrinogen derived peptides for assembly. 
Peptide Function         Amino AcidSequence* 
Binding Pocket (BP) CGTATWKPGSTRWYSMKKTTMKIIPFNRLTIGE 
Ligand (L) GPRPGGC 
Ligand + FaXIlIa (LFaXlIla) EGGGVKGfRPNQEQVSPLPC 
Inactive Ligand+FaXnia (iLFaXIIIa)   CGA^g£C>K5PZ,GPRPEGGVR 
* Bold letters represent binding pocket or ligand motifs from humanfibrinogen. Italicized letters 
show an amino acid sequence that acts as a substrate for Fa Xllla. Underlined amino acids 
indicate a sequence serving as a protective cap (cleaved by thrombin) for the ligand domain. 
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Acrvlation of polvfethylenc glycol) 

Poly(ethylcnc glycoI)-tctraacrylatc was prepared from PEG 4-ami star polymer 
(Shearwater, Inc., M« = 10,000) using published methods [14]. Briefly, 25 g 4-arm PEG was 
dried by azcotropic distillation in 100 mL toluene for 4 hours using a Dean-Stark trap. After 
cooling, the PEG was rcsuspended in 25 mL dry dichloromcthane (Aldrich). The mixture was 
placed in an ice bath, and 2 equiv. of triethylamine (Aldrich) was added. Then, 1.7 equiv. of 
acryloyl chloride (Aldrich) was added to initiate the reaction. The reaction continued with 
stirring overnight in the dark under nitrogen. The resulting solution was extracted twice with O.l 
N HCl, and the organic phase was precipitated by dropwise addition to dicthyl ether (ECM) in an 
ice bath. After recovery by filtration, the precipitate was dried in vacua and stored under 
nitrogen at -80°C. NMR analysis confirmed complete dcrivativization of the 4-arm PEG. 

PEG-pcptidc studies 

The synthetic peptide L was combined with acrylated PEG in pho.sphate-buffered saline, 
1.5 mM EDTA, pH 8.0 in a 4:1 molar ratio of peptide to PEG to yield a 1:1 molar ratio of 
peptide to acrylate group. The peptide BP was conjugated to acrylated PEG in a similar manner; 
however, the reaction buffer required 6 M urea (Sigma). Each reaction proceeded for 2 hours at 
37°C and then was dialyzcd against MilliQ water in 8 kD MWCO membrane to remove any 
unreactcd peptide. PEG-BP and PEG-L were coriibined to make a 5% (w/v) solution that 
contained equimolar amounts of the two molecules. 

RESULTS 

Fibrin gel studies 

Dynamic mechanical properties were measured on fibrin gels and fibrin gels containing 
dextran or peptide-conjugated dextran. Dextran alone did not significantly affect the 
mechanical properties of fibrin (Figure 2). For all concentrations studied, the addition of 
BP-eonjugated dextran significantly disrupted the integrity of the fibrin gels indicating 
association of the BP with the ligand in fibrin (Figure 2). Increasing the amount of BP- 
conjugated dextran decreased the storage modulus, G', of the gel in a dose-dependent 
manner. Similarly, at 2% concentration, dex-LFaXllla significantly disrupted the 
integrity of the fibrin gels indicating association of the ligand-eonjugated dextran with the 
binding pocket in fibrin (Figure 2). At 2%, dex-iLFaXllla significantly increased G' of 
the fibrin gels to 160% base value, indicating association of the"Fa Xllla substrate- 
conjugated dextran with the fibrin (Figure 2). The increase in G' with the addition of 
FaXllla substrate-conjugated dextran is expected based on results by Schensc and 
Hubbell demonstrating that synthetic peptidcs can be conjugated to fibrin via Fa Xllla 
[15]. Since the C-terminal protective cap of iLFaXIlla cannot be cleaved by thrombin, 
the ligand domain cannot associate with binding pocket in fibrin. Thus, the Fa Xllla 
substrate in dex-iLFaXllla serves as the only active domain within the peptide. Although 
dex-LFaXIIla contains a Fa XHIa substrate, the substrate appears not to be crosslinked 
into the fibrin gel suggesting that the ligand/binding pocket interaction dominates. The 
lack of Fa Xllla activity of LFaXlIIa may be due to spatial constraints within the peptide 
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Figure 2. The two plots show the elastic modulus, G', of the fibrin gels, with or without 
peptide-conjugate dextran, relative to fibrin as a function of angular frequency for the 
linear viscoelastic region of 0.6% fibrin gels. For both plots, A=0.6% Fibrin; B=2% 
Dextran; C=0.5% Dex-BP; D=l% Dex-BP; E=2% Dex-BP; F=2% Dex-LFaXIIIa; 0=2% 
Dex-iLFaXIlla. As shown in the panel on the left, the BP-conjugated dextran 
significantly decreased the modulus of fibrin in a dose dependent manner. Dextran alone 
did not significantly aher G'. In the panel on the right, the dex-LFaXIlIa significantly 
disrupted the fibrin gel by competitively binding to the native binding pocket in fibrin. 
The dex-iLFaXIIIa significantly increased the modulus of fibrin through chemical 
crosslinking via the transglutaminase activity of factor Xllla. 

limiting the ability of the Fa Xllla substrate to interact with complementary domains 
within fibrin. These results suggest that proper ratios of ligand-, BP- and Fa Xllla 
substrate-conjugated dextran will associate with and affect the mechanical properties of 
fibrin clots. 

PEG-peptide studies 

As seen in Figure 3, 5% solutions (w/v) containing only PEG-BP or PEG-L 
(image not shown) show no evidence of assembly, hi contrast, when a 5% solution (w/v) 
containing equimolar amounts of PEG-BP and PEG-L was observed on a glass 
microscope slide, the two materials interacted to create a cloudy, viscous suspension. 
These results suggest a physical self-assembly of the PEG-BP and PEG-L through 
receptor-ligand. interactions. Complete characterization of the association between PEG- 
BP and PEG-L is ongoing. 

CONCLUSIONS 

This work provides the first demonstration that peptide sequent directing ligand- 
receptor interactions in nature can be used to direct assembly of synthetic polymers. We have 
shown that synthetic polymers can assembly with other synthetic polymers and biologically- 
derived macromolecules. Future work will involve the optimization of polymer and peptide 
content to achieve assembly into hydrogels and other useful motifs. 
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Figure 3. Two slcrcoscopic images of PEG-pcptidc solutions on a glass slide. Pane! A depicts 
an image of a 5% PEO-BP solution, and panel B shows an image of a 5% solution containing 
equimolar amounts of PEG-BP and PEG-L. In both A and B, the while circular rings, denoted 
by the white arrows, are optical artifacts created by the light source of the stereoscope. As panel 
B .shows, a mixture of PEG-BP and PEG-L results in a physical association. 
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Self-Assembly of a Modular Polypeptide based on Blocks of Silk-Mimetic and Elastin- 
Mimetic Sequences 

Chrystelle S. Cazalis, and Vincent P. Conticello* 
Department of Chemistry, Emory University, Atlanta, GA 30322 

ABSTRACT 

Spider dragline silk fiber displays a unique and technologically significant combination 
of high tensile and compressive strength. The stmctural origin of these properties arises from the 
alternating sequence of crystalline alanine-rich domains and amoiphous glycine-rich domains, 
which undergo microscopic phase separation in the silk fiber. We previously reported the 
synthesis and the self-assembly of a novel polypeptide 1, w^hich emulates the modular structure 
of crystalline and amorphous elastomeric domains in dragline silk proteins. The sequence of this 
polypeptide comprises an alternating arrangement of a self-complementary, amphiphilic silk- 
mimctic oligopcptide (Ala-Glu-Ala-Glu-Ala-Lys-Ala-Lys) and environmentally-responsive 
elastm-mimetic segment (Val-Pro-Gly-Val-Gly). We report herein the synthesis and the self- 
assembly of an analogous polypeptide (2) with an higher content of elastin mimetic 
pentapeptides. A synthetic gene encoding four repeats of the alternating sequence was expressed 
m E. coli strain BL21(DE3) as a C-terminal fusion to a decahistidine leader sequence to afford a 
polypeptide with a molar mass of approximately 39 kDa. The regularly alternating pattern of 
elastm-mimetic and silk-mimetic blocks within the protein allowed the copolymer to 
spontaneously self-assemble upon heating above the phase transition of the elastin-mimetic 
block. The self-assembly process was studied using a combination of CD and solid-state NMR 
spectroscopy, which suggested that the alaninc-rich domains undergo a conformational 
rearrangement from a-helix to p-sheet. This rearrangemem coincides with the macromolecular 
phase transition of the elastin-mimetic domains, which resulted in irreversible aggregation of the 
polypeptide above the T, of the elastin-mimetic domains. 

INTRODUCTION "---   _^ 

Spider dragline silk fiber has attracted much scientific interest due to its unique and 
technologically significant combination of high tensile and compressive strength'. Dragline silk 
proteins are composed of alternating sequences of conservatively substituted alaninc-rich and 
glycine-nch oligopcptide segments^ Recent spectroscopic^''and X-ray diffraction' studies of M 
clavipes dragline fiber suggest that individual chain segments of the silk fibroins segregate into 
conformationally asymmetric domains and that this mosaic stnicture underlies the tensile 
properties of the fiber^ The alanine-rich domains adopt a p-strand*' confonnation that may 
aggregate into either weakly oriented individual sheets or highly oriented crystallites within the 
fiber. In contrast, the glycine-rich domains form a flexible, amorphous matrix that is responsible 
for the elasticity of the fiber'. The well-defined modular stmcture of these proteins' suggests 
potential opportunities for engineering of novel protein polymers based on dragline silk 
sequences that emulate the properties of natural materials while enhancing the //; vitro processing 
characteristics. We have previously reported the design and biosynthesis of a hybrid silk in 
which the native alanine-rich domain of A. diadematus fibroin 3 was replaced with the 
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amphiphilic oligopeptide sequence [(Ala-Glu-Ala-Glu-Ala-Lys-Ala-Lys)2] . This oligopeptide 
segment undergoes an irreversible rearrangement from a-helix to p-strand, which drives the self- 
assembly of the polypeptidc into a macroscopic membrane. Later we reported the synthesis and 
self-assembly of a copolymcr incorporating this cross-linkable module (HB) into an elastin- 
mimetic polypeptide sequence (SB) . We describe herein the synthesis of a analogous block 
copolymcr (2) with a molar mass of approximately 39 kDa, using recombinant DNA techniques 
and bacterial protein expression, that self-assembles through formation of [J-sheet segments 
mediated by the amphiphilic peptidcs. This polypeptide differs from the previously reported 
material in that the ratio of elastin-mimetic domains to silk-mimetic domains within the repeat 
sequence has been increased in order to assess tlie effect of relative composition on the self- 
assembly process. 

EXPERIMENTAL DETAILS 

All chemical reagents were purchased from either Fisher Scientific (Pittsburgh, PA) or 
Sigma Chemical Corporation (St. Louis, MO) unless otherwise specified. All enzymes were 
obtained from New England Biolabs, Inc. (Beverly, MA). Plasmid pZErO'''-l.l, E.coli strain 
TOPI OF' and Zcocin"" were purchased from Invitrogcn Corporation (Carlsbad, CA). Plasmid 
pET-19b and E.coli strain BL21 (DE3) were obtained from Novagen (Madison, WI). Synthetic 
oligonucleotides were from Genosys Biotechnologies, Inc. (The Woodlands, TX). TALON metal 
affinity resin was purchased from CLONTECH Inc. (Palo Aho, CA). The isotopically labeled 
amino acid [l-'-'C]alanine was obtained from Cambridge Isotope Laboratories, Inc. (Andover, 
MA). 

DNA sequences analyses were performed on a Perkin-Elmer ABI Prism model 377 DNA 
sequencer. Amino acid compositional analyses were obtained from the Microchemical Facility of 
the Winship Cancer Center at Emory University. MALDI-TOF mass spectrometry data were 
performed on an Applied Biosystem Voyagcr-DpJ''^ STR Biospectrometry"^"' Workstation 
MALDI-TOF Mass Spectrometer. Protein cicctrophoresis was performed on 10-15% gradient 
discontinuous SDS polyacrylamide gels on a PhastSystem from Amersham Pharmacia Biotech 
and visualized via a silver staining procedure. 

Circular dichroism (CD) spectra were recorded on a Jasco J-715 spectropolarimeter. 
Protein samples were dissolved in .sterile water at a concentration of 0.6 mg/mL. Spectra were 
obtained from 260 nm to 180 nnrat a scanning rate of 20 nm/min with a resolution of 0.1 nm and 
a path length of 0.05 cm. 

Solid-state CP/MAS "C spectra were recorded on a Brukcr DSX 400 spectrometer 
(100.6 MHz, "C). Solid-state "C chemical shifts were referenced to the methylene carbons of 
external adamantane (31.26 ppm) and reported relative to the methyl resonances of an external 
sample of aqueous 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) (0 ppm). 

DISCUSSION 

Biosynthesis of the protein coDolvmer 

The protein copolymcr was biologically synthesized as previously described  . Briefly, 
sclf-ligation of DNA encoding for clastin-mimctic block (Figure Id) afforded a population of 



concatemeric genes, encoding ftagments with termini that were compatible with the proximal 
(Figure lb) and distal (Figure Ic) HB fragments. The concatemers were joined together with the 
HB fragments and inserted into the plasmid pZErO-1.1. A recombinant clone was isolated that 
encoded three repeats of the SB sequence between the HB segments, which was verified by 
DNA sequence analysis. The DNA monomer cassette was excised by restriction digestion with 
endonuclease Sap I. Self-ligation of the monomer afforded a population of concatemers, which 
were inserted between the Sap I sites of a modified polylinker (Figure le) introduced into 
expression plasmid pET-19b. A recombinant clone was isolated that encoded four repeats of the 
monomer, which was verified by DNA sequence analysis. The plasmid encoding the copolymer 
gene was introduced into competent cells ofE. coli strain BL21(DE3). Expression under the 
induction of 1 mM IPTG in LB medium afforded the target protein as a C-terminal fusion to a 
short leader sequence containing a decahistidine tag. Electrophoretic analysis of the whole cell 
lysate as a function of time indicated the gradual accumulation of new protein during a 3 hr 
induction period. The fiision protein was isolated from the bacterial cell lysate by immobilized 
metal affinity chromatography and the homogeneity of the protein was confirmed via 10-15% 
gradient discontinuous SDS polyacrylamide gel electrophoresis. The yield of lyophilized protein 
is 35 mg per liter cell culture. Amino acid compositional analysis and MALDI-TOF mass 
spectrometry were consistent with the expected sequence of the protein polymer. 

a 
Ala-GIu-Ala-GlurAla-Lys-Ala-Lys-{Ser-Glu-Ala-Glu-AIa-Lys-Ala-Lys-Ala-Gly-GIy-Val- 

[Pro-Gl>^Vat-Gl)tVal-Pro-Gly.Val-GIy-Ile-Pro-Gly-Phe<}l)^Val-{Pro<!Iy-Val-GIy-Vai:(j]3- 
ProGl)^Val-Gly-GIy-Ala-Glu-AIa-Gl^]-Ala-Lys-Ala-Lys}-Ser-GIu-Ala-GIu-Ala•Lys-Ala-Lys^AIa 

b ^ 
Ser Glu   Ala   Glu  Ala   Lvs   Ala   Lys   Ala   Gly   Gly   Val 
AGCCTC CGACTT CGATTC CGC TIT CGACCGCCACAT 
TCGGAGGCT GAAGCT AAGGCG AAAGCT GGC GGT GTA 

c 
Pro Gly   Val   Gly   Gly   Ala   Glu   Ala   Glu   Ala   Lys   Ala   Lys 
CCT GGT GTT GGC GGT GCA GAA GCT GAA GCC AAG GCT AAG 
GGACCA CAA CCG CCA CGTCTT CGA CTT CGG TTC CGA TTC 

A 
//»   Gly   Val   Gly   Val   Pro   Gly   Val   Gly   lie    Pro   Gly 
CCT GGT GTT GGC GAT CCGGGT GTT GGC ATC CCA GGC 
GGA CCA CAA CCG CTA GGC CCA CAA CCG TAG GGT CCG 
Phe  Gly   Val   Pro   Gly   Val   Gly   Val   Pro   Gly  Val   Gly   Val 
TTC GGT GTT CCG GGT GTA GGT GTA CCA GGC GTT GGC GTA. 
AAG CCA CAA GGC CCA CAT CCA CAT GGT CCG CAA CCG CAT 

Ndel site * 
5'- CAI/gra GCA    GAA   GCT    GAA   GCC    AAG   GCT    AAG   TCG 

TA^TAC CGT    CTT    CGA    CTT    CGG    TTC    CGA   TTC    ACT 
„ Ala Glu     Ala      Glu     Ala      Lys      Ala      Lys      Ser 
Sap 1 sue Sap! site 

T1"A- t^t '^9P ^'^'^ CCA lOf^ TCT TCA TCG GAG GCT GAA 
ACT TCT CGC CAT GGT ACG AGA ACT AGC CTC CGA CTT 
Stop    Arg     Ala      Asp     Pro      Cys     Ser      Ser      Ser      Glu     Ala      Gin 
  BamH I site 
GCT AAG GCG AAA GCT TGA GGA   TCC-3' 

CGA    TTG CGC TTT CGA ACT "CCT   "AG" 
Ala      Lys Ala Lys Ala Stop 

Figure L Amino acid sequence of protein 2 (a), and the double stranded DNA sequences of silk- 
mimetic HB blocks (b and c), elastin-mimetic SB block (d), and the adaptor gene (e). 

45 



Temperature-Dependent Phase Behavior 
Elastin-miinctic protein polymers [(VaI-Pro-Gly-Xaa-Gly)„] in aqueous solution display 

reversible phase separation above a lower critical solution temperature T,. This process coincides 
with a conformational rearrangement of the pentapeplide segments from random coil to type II 
^tum. The turbidimetric profiles of the protein 2 in aqueous solution at 400 nm (3°C/min) show 
that the protein is soluble at 25°C, but aggregated as the temperature was raised (Figure 2). The 
development of turbidity depended on the concentration of 2 as was observed for elastin-mimetic 
protein polymers (Figure 3) '. A linear dependence between T„mvt and the logarithm of the 
concentration was observed, which indicated that the transition involves more than one 
polypcptidc chain'" (Figure 3). These results suggested that the elastin-mimetic segments of 
protein polymer 2 undergo conformational rearrangement upon heating above T,. However, the 
inverse temperature transition is irreversible since the precipitated polymer does not redissolve at 
temperatures below 7",. The hydrophobic collapse of the elastin-mimetic blocks above 7", 
apparently drives an irreversible conformational modification within the silk-mimetic blocks. 
The overall transition temperature of protein 2 is much higher than that observed for protein 1 "*. 
For example, at a concentration of Img/ml, tlie onset of phase separation occurs at 38°C for 
protein 1 but at 50°C for protein 2. This difference may be due to the lower molar mass of 2, 
which corresponds to a lower total content of elastin-mimetic pentapeptides in comparison to 1 
(61 pentapeptides per chain versus 111 pentapeptides per chain). 

30 40 50 
Tcmpcrauirc (''O ' polymer (mg/ml) 

Figure 2. Temperature-dependent turbidity 
profiles for solutions of protein 2 in water at 
400 nm (3°C/min) at different concentration: (a) 
0.25 mg/ml, (b) 0.50 mg/ml, (c) 0.66 mg/ml, (d) 
1.00 mg/ml, (e) 2.00 mg/ml, (0 3.40 mg/ml. 

Figure 3. Correlation of the 7" „„,,., with the 
concentration of protein 2 in water (Cpoiymcr 
(msmi))- Turbidimetry experiments were 
recorded at 400nm with a scan rate of 
3°C/min. 

Conformational behavior of polvpeptide 2 
1M situ CD studies were performed on a solution of the protein polymer 2 in water at 

various tempcramres to interrogate the conformational behavior of the polypeptide as the 
tcmpcramrc is raised through the phase transition (Figure 4). The CD spectram initially 
displayed absorptions that corresponded to those that are typically observed in the spectra of a- 
helical proteins". As the temperature was raised to 65°C, the CD spectra changed significantly in 
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a manner that was consistent with formation of/?-sheet stnicture''*. Moreover, specimen did not 
revert back to the original spectrum upon cooling to ambient temperature, but remained in theyfl^ 
sheet conformation that was characteristic of the CD spectra at higher temperatures (58°C and 
65°C). These data suggest that segments with polypeptide 2 undergo an irreversible a-helix Xo p- 
sheet transition that coincides with the phase transition in the elastin-mimetic domains. 

■S -10 

200 220 240 
W avelength (nm ) 

260 

Figure 4. Circular dichroism spectra of protein 2 in water (0.6 mg/ml) as a function of 
temperature. 

190 180 170 160 

Figure 5. Expansion of the amide carbonyl region within the soUd state '^C CP/MAS NMR 
spectra of lyophilized specimen of 2 (a) and the corresponding heat-treated material (b). 

CP/MAS NMR spectroscopy was employed to study the conformation of structural 
domains within 2 that were site-specifically labeled with NMR-active isotopes. Protein 2 was 
labeled with the "C isotope at carbonyl positions of the alanine residues using a procedure 
similar to that employed for the unlabeled polypeptides. The solid-state "C NMR spectrum of a 
nascent specimen of protein 2 revealed a resonance at 176.2 ppm (Figure 5), which is within the 
expected range for an c-helical conformation for the alanine residues within the silk-mimetic 
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domains (cf. a-polyalanine, 176.4 ppm)''*''. This result was consistent with the previous CD 
spectroscopic results, which indicated the presence of a-helices prior to self-assembly. The 
upfield shoulder of this resonance may reflect the contribution of lyophilization-induced y3-sheet 
formation, which has been observed for similarly treated dragline silk proteins'*. The ''C 
CP/MAS NMR spectmm of a specimen of protein 2 heated above the phase transition of the 
clastin-mimctic domain indicated that the alaninc carbonyl resonance had shifted upfield to 
172.6 ppm, which is within the expected range for a y5-sheet confonnation (cf polyalanine 171.8 
ppm)' . These data suggested that the alanine rich block experienced on the a-to-^ transition, as 
consequence of the phase transition of the clastin-mimetic domains. 

CONCLUSIONS 

A polypcptidc multiblock copolymer 2 based on elastin- and silk-mimetic peptide 
sequences was successfully synthesized via genetic engineering methodology. The elastin- 
mimetic domains undergo a phase transition in aqueous solution as the temperature is increased. 
The onset of the phase transition depends on the concentration of the polypeptide. The phase 
separation of the elastin-mimctic domains Induces a conformational transition in the silk-mimetic 
domains, which results in irreversible aggregation of the polypeptide. 
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ABSTRACT 

The objective of the present in vitro study was to detennine vascular endothelial and 
smooth muscle eel! responses to poly(lactic-co-glycolic acid) (PLGA) films that were exposed 
apriori to various degrees of alkaline degradation. To model the alkaline environment of blood in 
arteries, PLGA films were separately soaked in select concentrations (from 0.1 - 10 N) of NaOH 
for various periods of time (firom 10 minutes to 1 hour). Vascular endothelial and smooth 
muscle cells were then separately allowed to adhere and/or proliferate on the different PLGA 
degraded surfaces. Results provided the first evidence that smooth muscle adhesion and 
proliferation increased with larger amounts of alkaline PLGA degradation. In contrast, 
endothelial cell adhesion and proliferation decreased with increasing amounts of alkaline PLGA 
degradation. In this manner, the present in vitro study suggests a possible mechanism for 
insufficient endothelialization on PLGA vascular implants in vivo. 

INTRODUCTION 

Biodegradable polymers (such as poly(lactic acid), poly(glycoIic acid), and poly(lactic- 
co-glycolic acid)) have become attractive candidates in vascular tissue engineering [1-4]. Such 
polymeric scaffolds can be easily shaped into grafts to serve as three-dimensional substrates 
capable of promoting vascular tissue ingrowth. Moreover, it is hoped that these biologically 
resorbable scaffolds will dissolve in situ and leave behind a regenerated neo-vascular conduit. 
Unfortunately, to date, polymer scaffolds containing poly(lactic acid>have not lived up to their 
potential [1,2]. Formation of fibrovascular tissue in the intima of implanted grafts often leads to 
intimal hyperplasia which has resulted in occlusion of the regenerated vascular tissue [1,2]. 
Since an endothelial cell lining often fails to develop on the luminal surface of polymers'that 
contain poly(lactic acid), no regulatory mechanisms exist to minimize fibrovascular tissue 
ingrowth [1]. Cleariy, the inability of poly(lactic acid) containing polymers to promote sufficient 
endothelialization presents serious limitations for this polymer as a successfiil vascular prosthetic 
material [1,2]. The goal of this research was to determine, for the first time, in vitro vascular 
endothelial and smooth muscle cell responses (specifically, adhesion and proliferation) to 
poly(lactic-co-glycolic acid) at various stages of alkaline degradation, similar to the degradation 
which would be experienced in vivo, in order to better understand cellular events that lead to 
previously obser\'ed [2] insufficient endothelialization. 
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MATERIALS AND METHODS 

Substrates 

PoIyOactic-co-glycolic acid) (PLGA) 
PLGA (50/50 weight % poly(lactic acici)/poly(glycolic acid), Polysciences, Inc.) samples 

were prepared by dissolving (at 50-60 °C) 0.5g of PLGA in Snil chloroform. This solution was 
poured into glass petri dishes, allowed to sit overnight, and then transferred to a vacuum (15mm 
Hg) oven for 2 days at room temperature. The resulting film was cut into either 0.5 cm x I cm or 
1 cm X I cm strips. The polymer strips were treated in three ways to simulate various stages of 
biodegradation: untreated (non-degraded); 0.1 N NaOH for 10 minutes (partially degraded); and 
10 N NaOU for I hour (extensively degraded). Polymer strips were sterilized by exposure to UV 
light for 2 hours followed by soaking in ethanol for 24 hours. 

Glass 
Borosilicate glass covcrslips (Fisher) were used as a reference substrate in experiments 

with cells. Covcrslips were degreased in acetone and ethanol, etched in 10 N NaOH for 1 hr, and 
sterilized in an autoclave before use [5]. 

Cells 
Rat aortic smooth muscle cells and rat aortic endothclial cells were purchased from VEC 

Technologies and used without fijrthcr characterization. Smooth muscle cells were cultured in 
Dulbecco's Modified Eagle's Medium (DMEM, Hyclone) supplemented with 10% Fetal Bovine 
Serum (FBS, Hyclone) and 1% Penicillin/Streptomycin (P/S, Hyclone), while endothelial cells 
were cultured in MCDB-131 Complete Medium (VEC Technologies). All cells were maintained 
under standard cell culture conditions (that is, a sterile, humidified, 95% air, 5% COj, 37 °C 
environment). Population numbers (for both cell lines) used in experiments were between 6 and 
10. 

Experiments 

Adhesion on Polymer Suhstraies 
Endothclial and smooth muscle cells were seeded separately (3500 cells/cm" in either 

MCDB-131 Complete Medium or DMEM supplemented with 10% FBS and 1% P/S, 
respectively) onto various PLGA films and were: a[lowed to adhere for 4 hours under standard 
cell culture conditions: Non-degraded (untreated) polymer substrates were used as controls. 

Proliferation on Polymer Substrates 
Endothelial and smooth muscle cells were seeded separately (3500 cells/cm" in either 

MCDB-131 Complete Medium or DMEM supplemented with 10% FBS and 1% P/S, 
respectively) onto various PLGA films and were allowed to proliferate for 1, 3, and 5 days under 
standard cell culture conditions. Non-degraded (untreated) polymer substrates were used as 
controls. 
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Staining and Counting 
At the end of the prescribed time periods, all substrates were rinsed in phosphate buffered 

saline to remove non-adherent cells, fixed in 10% formalin, and stained with 0.1% Coomassie 
Brilliant Blue. The number of cells in each of five random fields per substrate were counted 
using a light microscope, averaged, and recorded as cell density (cells/cm^). Experiments were 
run in triplicate and repeated at least three separate times. 

RESULTS 

Adhesion on PLGA 
Compared to non-degraded (untreated) PLGA, vascular endothelial cell adhesion 

decreased significantly (p < 0.05) on the extensively degraded PLGA formulations after 4 hours 
(Figure 1). Specifically, endothelial cell density was two times less on the extensively degraded, 
compared to non-degraded, PLGA. In contrast, smooth muscle cell adhesion was significantly (p 
< 0.05) enhanced on extensively degraded PLGA compared to non-degraded PLGA after 4 hours 
(Figure 1). Cell density ranged from 1,036 cells/cm^ for the non-degraded PLGA to 1,433 
cells/cm^ for extensively degraded PLGA. 

Proliferation on PLGA 
Compared to non-degraded (untreated) PLGA, results provided evidence that endothelial 

cell proliferation decreased (p < 0.05) on extensively degraded PLGA compared to non-degraded 
PLGA at every time point tested in the present study (Figure 2). For example, after 5 days of 
culhire, the number of endothelial cells decreased by approximately one half on extensively 
degraded compared to non-degraded PLGA. In contrast, smooth muscle cell proliferation 
increased (p < O.Ol) on extensively degraded PLGA formulations after 3 and 5 days of culture 
(Figure 3). Specifically, the number of smooth muscle cells was two and four times greater on 
extensively degraded compared to non-degraded PLGA after 3 and 5 days, respectively. 
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Figure 1. Enhanced Smooth Muscle Cell and Decreased Endothelial Cell Adhesion on 
Extensively Degraded PLGA. Data arc mean +/- SEM; n = 3; */><0.05 (compared to respective 
adhesion on non-degraded, or untreated, PLCJA). 
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Figure 2. Decreased Endothclial Cell Proliferation on Extensively Degraded PLGA. Data are 
mean +/- SEM; n = 3; *;; < 0.01 (compared to proliferation on respective PLGA after ) day); ** 
p < 0.05 (compared to proliferation on non-degraded, or untreated, PLGA at respective day). 
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Figure 3. Enhanced Smooth Muscle Cell Proliferation on Extensively Degraded PLGA. Data are 
mean +/- SEM; n = 3; * p < 0.01 (compared to proliferation on respective PLGA after 1 day); 
**p< 0.05 (compared to proliferation on non-degraded, or untreated, PLGA at respective day). 

DISCUSSION AND CONCLUSIONS 

The present study sought to model alkaline degradation of PLGA as would be experienced 
by this polymer when exposed to blood in arteries [6]. This was accomplished by soaking PLGA 
in select concentrations of NaOH for specific periods of time, thereby developing a partially 
degraded and extensively degraded PLGA film. Gao et al. [4] previously described the 
hydrolysis procedure by which poly(glycolic) acid (PGA) meshes degrade in an alkaline 
environment. Briefly, hydroxide anions from NaOH hydrolyze the ester bond on the surface of 
the PGA mesh, thereby exposing carboxylic acid and hydroxyl groups by breaking the polymer 
chain. This process happens at various locations in the polymer leading to multiple-chain 
hydrolysis depending upon access of hydroxide ions to the polymer chains. Such hydrolysis may 
result in degradation of the polymer into oligomeric or monomeric fornis whereby NaOH is able 
to further dissolve portions ofthe polymer fibers. ' .    ■    " 

Since PLGA is also a poly (ester), we expected to observe similar interactions between 
the hydroxide ions of NaOH and the ester bonds of this polymer during the alkaline degradation 
events used in the present study. Results of endothelial cell experiments demonstrated, for the 
first time, that these cells adhere and proliferate better on non-degraded, compared to degraded, 
PLGA. In contrast, smooth muscle cells adhere and proliferate to a greater extent on degraded ' 
rather than non-degraded PLGA. Increased spreading of vascular smooth muscle cells have been 
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previously observed on PGA treated with NaOH [4]. However, this is the first study to report 
increased vascular smooth muscle cell adhesion and proliferation, as well as decreased functions 
of cndothelial cells, on PLGA polymers treated with increasing concentrations of and exposure 
to NaOH. This information suggests that as PLGA degrades under alkaline blood conditions in 
tlie artery, smooth muscle cell functions will be enhanced while endothelial cell functions will be 
inhibited. Although it is not clear at the time whether altered vascular cell function is due to 
topographical or chemical changes in PLGA as alkaline degradation occurs, it is clear that 
succes.sful endothelialization of degrading PLGA will require use of different polymer 
formulations. 
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ABSTRACT 

Rat Basophilic Leukemia (RBL) cells arc immobilized and stimulated on micro- and 
nanometer scale patterns of supported lipid bilayers. The patterns are realized as the 
photolithographically patterned polymer is mechanically peeled away in one contiguous piece in 
solution. The 0.36 \im^ to 4,489 \im^ patches can contain both fluorescent lipids and lipid-linked 
antigen and provide a synthetic biological substrate for analysis of cell surface receptor-mediated 
events. 100-nm unilamellar lipid vesicles spread to form a supported lipid bilayer on a thermally 
oxidized silicon surface as confirmed by fluorescence recovery after photobleaching (FRAP). 
Aggregation of fluorescently labeled receptors is observed as their coincidence with the patterned 
antigen. Cell morphology is analyzed with scanning electron microscopy (SEM). Thus, a novel 
method has been developed for patterning antigen, capturing and immobilizing cells via specific 
receptors, and spatially controlling antigenic stimulus on the nanoscale. 

INTRODUCTION 

Dinitrophenyl-conjugated lipids have been patterned on the micro- and nanometer scale to 
spatially control the stimulation of specific immunoreceptors on RBL mast cells. This work was 
motivated by previous research to elucidate the cascade of events fi-om the initial receptor ligand 
interaction through cellular activation. Typically, many membrane-bound molecules work 
collectively to achieve specific cell-cell and cell-substrate recognition. The immunological 
synapse formation between antigen receptors on T cells (TCR) and antigen presenting cells is an 
example of the complex interaction initiating T cell activation in many immune responses [1]. 

IgE receptors (IgE-FceRI) on nia.st cells are structurally and functionally similar to TCR and 
they are mainly involved in the allergic immune response and related inflammatory diseases. IgE 
are soluble, Y-shapcd antibodies with binding sites for antigen in each of two segments. The 
third segment binds tightly to FceRl on the mast cell surface, thereby becoming part of the 
receptor and effectively sensitizing the cell to the specific antigen. Cross-linking of IgE-FceRI 
by bi- or multivalent antigens initiates transmembranc signaling which leads to exocytosis of 
secretory granules containing histamine and other inflammatory mediators. Mast cells arc long- 
term residents of vascularized tissues and have specific roles in acute, 'late phase' and chronic 
aspects of adaptive or pathological IgE-associated acquired immune responses [2]. 

Recent research on immunoreceptor signaling has begun to focus on the initial stages 
involving specialized membrane domains, commonly called lipid rafts. In the mast cell system, 
for example, coalesced lipid rafts facilitate functional coupling of antigen-crosslinked IgE-FcsRI 
with the first signaling component on the cytoplasmic side of the membrane, the Lyn tyrosinc 
kinase. Similar observations have been made for T cells and B cells operating in other immune 
responses [3]. Assembly of the signaling complex of enzymes and scaffolding proteins occurs 
with localization provided by the plasma membrane that is organized around the cross-linked 
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receptors. Interplay between these domains and the actin-cytoskeleton affects the localization and 
thereby the manner in which signaling proceeds. Such structural localization allows the cell to 
respond rapidly to a variety of stimuli with a limited number of targeted signaling components. 
Although this view is supported with a large accumulation of data, important details of the 
localized assembly remain to be elucidated. Systematic examination requires spatial and 
ultimately temporal control over the initial stimuli that can be exerted with appropriately 
engineered molecules and surfaces. 

Microfabrication advances have enabled subcellular biomaterials patterning. These methods 
have enabled enzymes, antibodies, and nucleic acids to be spatially distributed on silicon, glass, 
and plastic substrates [4]. Recent lipid patterning techniques using microfabrication offer new 
methods for analyzing lipid characteristics including the formation, stability, and sensitivity of 
lipid bilayers on solid substrates [5-7]. Microcontact printing [8,9] has been used to study 
supported lipid bilayer lateral diffusion [10], mobility within confined barriers [11], and 
formation of concentration gradients during electrophoresis [12]. Barriers to lipid bilayers were 
fonned on silicon with 10-nm thick gold cori'als [13] and mechanical scratches [14]. Cell studies 
involving micropattemcd biomaterials on solid substrates include microcontact printing anti- 
iE'.co//OI57:H7 IgG to capture £.co//"0157:H7 cells from solution [15], patterning neuronal cells 
using light-assisted functionalizcd photoresists [16], and culluring differentiated B104 
neuroblastoma cells on four substrates to detenriinc the prcfeiTcd support substrate [17]. 

This paper presents a method for spatially patterning an antigcnizcd (haptcnatcd), supported 
lipid bilayer at sub-micron resolution for mast cell immobilization and activation leading to 
degranulation. This provides a system to study localized initiation of signal transduction that 
occurs in mast cells and is a model for the immunological synapse that occurs between T cells 
and antigen presenting cells. By these means cell surface receptors can be clustered by mobile, 
specific antigen at natural length scales in the micron and submicron range. Moreover, the size 
of the patch and the density of the antigen can be systemicaliy tested for functional effects. The 
patterned, antigen rich surface is created using a polymer lift-off method [ 18,19]. In this method, 
the Parylene C, di-para-xylylcnc, dimer is conformally vapor polymer deposited and photoresist 
is spun over the Ihcmialiy oxidized silicon substrate (Figure 1 A). Conventional photolithography 
and reactive ion etching (RIB) patlern the polymer (Figure IB). Lipid vesicles are applied 
(Figure IC). Parylene is removed with a one-step mechanical lift-off (Figure ID) leaving 
patterned supported lipid bilayers.    RBL cells are sensitized with Alcxa-488 labeled IgE 
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C Wi%:,r.;!'P'%r<:,,fii''y'. 

Fii] ^.. 
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Figure. 1. Fabrication process flow schematic [19]. (A) Photolithography. (B) Reactive ion 
etching. (C) POPC lipid immobilization. (D) Peeling of Parylene. (E) Schematic of the lipid 
pattern illustrated in figures 2A and 2B. (F) Dinitrophcnyl-phosphoethanolamine structure [20]. 
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and subsequently applied to the hapten-pattemed substrate. Confocal and epifluorcscence 
microscopy allow the cell morphology and surface aggregation of IgE-FcsRl with respect to the 
pattern features to be visualized. SEM imaging provides high-resolution morphological images. 

EXPERIMENTAL DETAILS 

Reagents. Milli-Q water (18.2 Mohm-cm) was used for rinsing. The OCG_OiR 897-121 
photoresist was developed in Microposit MIF 300 (Shipley, Marlboro, MA). N-[2- 
Hydroxyethyl]piperazine-N'-[2-ethanesulfonic acid]) (HEPES), sodium chloride (NaCl), and 
phosphate buffered saline (PBS) (Aldrich, Milwaukee, Wl) formed the buffer solution. 

Silicon Wafer Preparation and Parvlene Deposition. 3-inch <l-0-0> N/phos type wafers 
(Silicon Qwest, Int'l, Santa Clara, CA) were cleaned in base and acid baths to remove surface 
contamitrants and baked at 1 lOO'C for 50 minutes in a wet oxide furnace to grow a 500-nm   " 
thermal oxide layer. A pinhole-free conformal layer of Parylene C was deposited using the PDS- 
2010 Labcoater 2 Parylene deposition system (Specialty Coating Systems, Indianapolis, IN). 1.5 
g of Parylene dimer was used to deposit a l-jim thick Parylene film on 5 3-inch silicon wafere. 

Photolithography. 1.5 urn of photoresist was applied to the Parylene-coated silicon wafers 
and patterned using standard photolithographic techniques. The samples were subjected to an 
oxygen-based RIE etch, rinsed with acetone and isopropyl alcohol, and dried with a nitrogen gas. 

Lipid Preparation. The lipids used include Dinitrophenyl-Phosphoethanolamine (DNP-PE), 
Di-I-conjugated Dioleoylephosphatidylethanolamine (Di-I-DPPC), and Di-I-conjugated 1 - 
Palmatoyl-2-5A^-Glycero-3-Phosphocholine ((Di-I-POPC) (Avanti Polar Lipids, Alabaster, 
Alabama). The POPC:Di-I:DNP (99:1 molar ratio) solution was prepared in chloroform. 5 
Hmoles of total lipid was transferred to 13x100 mm glass test tubes, dried with nitrogen gas and 
placed under a 10"' torr vacuum. The solution was rehydrated to a final lipid content of 2 mM 
using 150 mM NaCl, 10 mM HEPES, pH 7.4. The solutions were vortexed and subjected to 10 
freeze-thaw cycles (liquid nitrogen/room temperature water). The vesicle solution was extruded 
10 times with a high pressure 10 mL Thermobarrel Extruder (Northern Lipids, Vancouver, 
British Columbia) as described by Mayer [21 ] using two stacked 0.1 (im Nucleopore 
polycarbonate filters (Whatman, Inc., Clifton, NJ) to create 100 nm unilamellar lipid vesicles. 

Lipid Application. 10 jil of a 2 mM lipid solution were bath-applied onto the Parylene- 
pattemed polymer substrate. After a 5-minute lipid application, the sample was immersed in 
water (18-Mn-cm). 3'he Parylene was mechanically peeled from the surface and rinsed. 

Mast Ceil Preparation-ahd Application. The monoclonal IgE specific for DNP was labeled' 
with Alexa 488 (Molecular Probes, Eugene, OR) according to standard procedures. RBL-2H3 - 
cells were maintained in monolayer cultures and harvested with tiypsin-EDTA (Life 
Technologies, Rockville, MD) 3-5 days after passage, as described previously [22] and 
preincubated with this anti-DNP IgE and washed as previously reported [23]. The sensitized 
cells were incubated with the lipid-pattcmed surface at 37°C for 1 hour in TYRODES buffer (in 
mM: 140 NaCl, 6 KCl, 1 MgCl2,2 CaCb, 10 glucose, 2 pyruvate, Aldrich, Milwaukee, Wl). 

MicroscopY. Epifluorcscence microscopy was performed with an Olympus AX 70 upright 
microscope, water immersion objectives. Omega Optical filter sets, and Spot CCD camera. 
Rhodamine and Di-I fluorescent dyes were observed with a 510-590-nm excitation/590-nm 
emission filter set and an Alexa 488 fluorescent dye was observed with a 450-490-nm 
excitation/520-nm emission filter set. SEM imaging was performed with a LEO SEM. A 
BioRad confocal head stage and an Olympus AX 70 inverted microscope were used for confocal 
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microscopy and FRAP photobleaching, the latter with a lOOX objective and lOX digital zoom 
(100% power) for 1-minute exposures. Time series images were taken with 10-second intervals. 

RESULTS 

In this investigation, the aim was to create a micro- and nanometer scale array of patterned 
haptcn-conjugated lipids for sub-cellular stimulation, test specific binding of IgE-FccRI on 
sensitized RBL cells, confirm the presence of a supported lipid bilayer, investigate cell surface 
aggregation of IgE-FceRI, and examine morphological changes following cellular encounter with 
the patterned features of squares or stripes. 

An array of DI-I-POPC conjugated IgE patterns were created with sub 600-nm to 67-^ni 
square edge widths and 0.36 nm" to 4,489 ^m" surface area, respectively. The sub 600nm pattern 
is approximately the 500 nm threshold attainable with the lOX stepper used in this experiment. 
Pattern unifomiity relics upon an optimized photoresist thickness of 1.5 (im and a Parylene 
thickness 1.0 |.im, photolithography precision, optimized RIE duration to prevent underetching, 
and sufficient biomatcrial incubation time. Application of 1 ]xm of Parylene and 1.5 nm of 
photoresist provide optimal conditions for polymer removal and patterning resolution. 

Anti-DNP IgE are labeled with an Alexa-488 to monitor their binding to the DNP-conjugaled 
lipid patterns. This binding to the DNP-conjugated lipid patterns confirms the specificity 
attainable with the patterned antigen target. Non-DNP-conjugated lipid bilayer surfaces 
demonstrate negligible fluorescence over the background fluorescence intensity. Figure 1E 
illustrates layering of the molecules in this patterning process. Figure IF illustrates the structure 
of the DNP-conjugaled POPC. The surface area of each pattern ranges from 0.283 ^lm' for the 
600 nm circles to 4,489 ^m" for the 67 jam squares. By comparison, these cells are commonly 
tested for 96 well plates with each well having a surface area of 44.78 mm"! 

The continuity of the supported lipid bilayer is examined with a FRAP experiment. The 
POPC-Di-l lipids formed a unifonn supported lipid bilayer after the five-minute incubation. A 5 
nm X 5 nm patch was photoblcachcd for one minute. The photobleaching recovers within 30-120 
seconds. Supported lipid bilayer formation offers a method for creating a model cell membrane 
template for immobilization and stimulation. A thin film of water exists between the membrane 
and the substrate, as demonstrated by NMR [24] on glass beads. 100-nm vesicles appear to fuse 
onto silicon surfaces and form supported bilayer membranes. 

RBL cells are fully immobilized on the patterned surface after one-hour incubation. The 
fluorescent IgE bound to FceRl on the cell surface show the cells flattening and spreading 
response to stimulation. When a cell approaches a pattern edge, the ccUs'prefercntially remain in 
contact with the silicon substrate while still aggregating their IgE-FcsRI toward the haptenated 
contact interface (Figures 2A-B). When the pattern spacing is too small for a cell to squeeze 
between patterns, the cell rests on top of the pattern (Figure 2C). In this case, the aggregation can 
be observed in discrete circles around the underlying pattern. This result demonstrates that cells 
bind to multiple spatially separated regions on the patterned surface. In contrast, cells off the 
pattern remain unstimiilated, rounded and not stably attached such that the majority could easily 
be removed in a wash step. Because the aggregated IgE-FceRI cause coalescence of lipid rafts, 
there appears to be lipid raft mobility in RBL cells toward the patterned antigen. 

SEM images arc taken of cells immobilized and stimulated by the micro- and nanometer scale 
pattern. These images complement the fluorescent antibody staining images and provide clear 
images of the antigen stimulated, eytoskeleton-directed morphological changes. The cells extend 
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Figure 2. BioRad Confocal micrograph of RBL cells sensitized with Alexa-488 labeled IgE 
(green) on DNP-conjugated Di-I-DPPC patterns (red). (A) 2 urn pattern, 8 ^nl period, 15 urn 
scalcbar. (B) 3-8 |.im pattern, 30 urn scalebar. (C) 5 urn pattern, 15 ^m period, 15 nm scalebar. 

their pseudopodia along the patterned antigen forming finger-like patterns to maximize contact 
area (Figures 3A and 3B). Cells attempt to surround small square features (Figure 3C). 

CONCLUSIONS 

This procedure provides a method for analyzing cellular responses to different spatially isolated 
patterned antigen and controlling the antigenic surface density, the surface area covered by 
antigen, the spacing between features, and the actual feature dimensions. The Parylene lift-off 
technique offers a rapid and precise way to create supported micro- and nanometer-scale patterns 
of biologically active compounds. The haptenated lipid surface serves as a model of interaction 
of immune cells and their surroundings. The purpose of studying mast cell response is to 
understand localized signal transduction components, to develop a novel model system for 
studying cell-cell interactions such as those occurring in the immunological synapse, and to lay 
the groundwork for more general studies of cellular receptors and responses at interfaces. 

Figure 3. SEM images of stimulated RBL cells over DNP-conjugated Di-I-DPPC. (A) ~2 ^m 
antigen lines, -13 ^m scalebar. (B) ~4 ).im antigen lines, ~4 urn scalebar. (C) 4 adjacent ~4 urn 
antigen squares, ~4 urn scalebar. 
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ABSTRACT 

We report a method for generating tri(ethylene glycol)-tenninated-n-alkyItrichlorosiloxane 
monolayers on SiOj surfaces. These chemisorbed films, with a thickess of-2-3 nm, provide an 
oligo(ethylene glycol) surface that reduces the nonspecific adsorption of proteins and hydroxyl 
attachment sites for covalently immobilizing biomolecules to the substrate. These mono- 
molecular films were formed by adsorbing an ace1oxy-tri(ethylene glycol)-terminated n-alkyl- 
trichlorosilane, CH3(C=O)0(CH2CH2O)3(CH2), iSiCl,, onto glass and Si/SiOj substrates, where 
the terminal acetate provided a protecting group for the hydroxyl functionality during self- 
assembly of the film. After formation of the monolayer, the acetate functionality was reduced 
chemically to form films exposing a covalently attached -(OCH2CH2)30H terminus at a density 
of ~3xl O'* molecules/cml Protein adsorption shidies verified that the films exhibited notable 
resistances against the non-specific adsorption of various proteins. Chemical modification of the 
-(OCH2CH2)30H surface with protein A provided a non-adsorbing surface for selective 
immobilization of immunoglobiilins. 

INTRODUCTION 

The construction of a variety of solid-state devices that interface fabricated systems with 
biological components or systems requires methods for assembling biomolecules on their surface 
in controlled ways. Examples include biosensors, chip-based diagnostic assays, and bibmaterials 
used for implants and tissue engineering.'"" A key issue in the design of analytical devices that 
contact biomolecules is that the non-specific adsorption of biological species, particularly 
proteins, can hinder their performance.- For example, the unwanted adsorption of proteins and 
other species can hinder or alter the selective adsorption of agents to be analyzed, disturb the 
binding characteristics of immobilized receptor agents used in sensing, and introduce defects in 
patterned surfaces used in array-based assays. The structural integrity of immobilized biological 
species are greatly affected by their interactions with the underlying surface, where effects that 
cause non-specific adsorption can alter their activity and binding abilities as a result of structural 
changes effected by surface effects. A key need is the ability to have "inert" surfaces that 
minimize unwanted adsorption events and allow the immobilization of biomolecules. 

In a previous paper, we detailed the preparation of self-assembled monolayer coatings by the 
adsorption of CH30(CH2CH20)2.3(CH2)i iSiCl, onto glass and Si/SiOa substrates,^ The resulting 
chemisorbed films, approximately 2-3 nm in thickness, expressed a densely packed methoxy- 
capped oligo(ethylene glycol) surface that dramatically retards the non-specific adsorption of 
various proteins. The methoxy cap provides a chemically inert surface that does not allow 
subsequent chemical modification as may be wanted for immobilizing a receptor agent onto the 
surface of a transducer for generation of a biosensor. A target would be a monolayer film that 
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expressed a terminus that replaced the methoxy cap with a hydroxyl functionality that could be 
used as a reactive site for subsequent chemical modification. 

In this paper, we generate self-assembled monolayers on SiOi surfaces that provide the 
following: (1) a terminal hydroxyl group for possible subsequent on-surface modification, (2) a 
tri(ethylcne glycol) surface for non-fouling characteristics, and (3) an underlying alkyl domain 
for dense packing within the film. Wc detail their preparation and characteristics through use as 
a support for immobilization, here using a binding protein and an immunoglobulin. 

EXPERIMENTAL 

Formation of self-assembled monolayers 

Acctyl[(l l-trichlorosilyl)-undccyl]tri(ethylenc glycol) (EG.iOAc) {3) was prepared by the 
three-slep synthesis shown in Figure 1. Silicon wafers were cleaned in 2:8 mixture (v/v) of 

H2C=CH(CHj)gBr+ H(OCH2CH2)30H   50% KOH (aq^   H2C=CH(CH2)3(0CH2CH2)30H       (A) 

17 h f 

(B) 

V pyridine T 
"■        ^'        inCHCI   17 h'     H2C=CH(CH2)9(OCH2CH2)30CCH3 

2   2. 2 

H PtCI /THF '' 
2 +  HSiOj        '■       6 ^     Cl3Si(CH2)„(OCH2CH2)30CCH3 ,C) 

4h 3 

Figure 1. Synthesis of acetyl[(ll-trichlorosilyl)undccyl]tri(cthylenc glycol) (i). 

30% Hi02(aq)/98% H^SO^Caq) for 10 min, rinsed with distilled water, and blown dried by a N2 
stream. The wafers were immersed into 2-5 niM solution of J in anhydrous toluene for 24-48 h, 
rinsed with toluene, and dried under Nj. HO-terminated EGJCCH:)] I films were formed by 
immersion of the EGjOAc films in LiAlH4/ether solutions (see text). 

Protein resistance of EG^OH surfaces 

Proteins were obtained from Sigma and dissolved in phosphate buffer saline (PBS) solution' 
(10 mM phosphate buffer at pH 7.4,2.7 mM KCl, and 137 mM NaCl) at 0.25 mg/mL. Samples 
were immersed in the protein solutions for 24 h, rinsed with deionized water, and dried under N2. 
Amounts of adsorbed protein were detemiined by ellipsometry using a refractive index of 1.45. 

Subsequent imobilization of biomolcculcs onto EG1OH surfaces 

EGjOH coated surfaces were immersed in a 0.5 M 1,1-carbonyldiimidazole (GDI) (Aldrich) 
solution in anhydrous acctonitrilc for 1 h, rinsed with acetonitrilc, and dried under N2. The GDI- 
reacted surfaces were contacted with a Protein A (Sigma) solution (0.5 mg/mL) in 50 mM 
carbonate buffer at pH 9.0 at 4 °C for 24 h. The activity of the resulting protein A surfaces were 
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examined by contacting the surface with a PBS solution containing a model IgG for 30 min and 
measuring the nitrogen signals fi-om the sample by x-ray photoelectron spectroscopy. 

RESULTS AND DISCUSSION 

Synthesis of the silanating reagent (3) 

Acetyl[(l l-trichIorosilyl)-undecyl]tri(ethylene glycol) (EGjOAc) was prepared by the three- 
step synthesis shown in Figure 1. Each step was a direct modification of previously reported 
procedures. The reaction of ] 1-bromo-undecene and an excess of triethylene glycol and KOH 
produced 7 in a yield of-70% as reported previously.''' The hydroxyl group in 1 was protected 
from reaction with the target -SiClj functionality in the final product by conversion to the acetate 
2 (step B). Conversion of 2 to the final silanating product 3 used an excess of HSiClj and 
H2PtCl6 as a catalyst. Purification of 5 was perfonmed by vacuum distillation. 

Formation of self-assembled monolavers from 3 

Figure 2 shows thickness data for the formation of EGjOAc films onto Si/Si02 surfaces at 
room temperature and 60 "C. At room temperature, the maximum film thickness, as determined 
ex situ by ellipsometry, was achieved after ~2 days of reaction. At the higher temperature, the 
reaction achieved its final thickness after only ~8 h, with these conditions generating thicker 
fihns than possible by extended reactions at room temperature. The thicker films exhibited 
lower water contact angles and contact angle hysteresis than the thinner films. The thickest fihns 
in Figure 2 (and those presumably the most densely packed) exhibited water contact angles of 
70-75° and contact angle hysteresis of ~20°. 

10       20       30 

Immersion Time (h) 

Figure 2. Kinetics of mono layer formation for reaction of ~4 mM solutions of 
Cl3Si(CH2), ,(OCH2CH2)30C(=0)CH3 (3) in anhydrous toluene onto Si/Si02 surfaces. 
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The terminal acetate groups in monolayer films prepared from 3 were converted to hydroxyl 
variants by reduction of these surface acetates with LiAlHj. An optimization of reaction 
conditions determined that the exposure of the acetate-terminated film to 1.0 M LiAlH:i in ether 
for ~10 min at room temperature produced the best results. Under these reaction conditions, the 
reduction of the acetate caused a decrease in the ellipsomctric thickness of the film by ~4 A, a 
decrease in the advancing contact angle of water from 70-75° to 62-65°, and evidence for the 
quantitative conversion of the tenninal acetate groups to hydroxyl groups. 

Figure 3 shows representative infrared spectra for the film obtained by attenuated total 
reflection (ATR) for films prepared from 3 before and after reaction with LiAlH.^. The spectra 
were taken on an ATR silicon crystal that had been derivatized with 3. In Figure 3a, the 
absorption peak at ~1745 cm"' corresponds to the stretching band for the ester functionality 
comprising the terminal acetate group of the EGjOAc SAM on the ATR crystal. Figure 3(b) 
shows the same spectral region after reacting the SAM with LiAlH4, and shows a complete loss 
of the ester peak. Complementary experiments using trifluoroacetic anhydride were performed 
to confirm the conversion of the tenninal acetates to reactive hydroxyl groups by quantification 
of fluorine signals from the film by x-ray photoelcctron spectroscopy (XPS). This analysis 
determined a site density of ~3xlO''' molecules/cm" for the EGjOH surface. 

2000     1900    1800   .1700     1600     1500 
Wavenumbers (cnr^) 

Figure 3. ATR/FT-IR spectra of Cl^SKCH.), ,(OCH,CH,)pC(=0)CH, (ij^AM 
on Si/SiOi. (a) before deprotection and (b) after dcprotection. 

Protein resistance of EGiOH SAM 

Protein adsorption experiments on the EG.iOII-modified SiO: wafers showed that the coating 
resulted in significant reductions in the non-specific protein adsorption compared to silanating 
procedures that hydrophobize the surface by reaction with n-ocfadecyltrichloi-osilane 
[CH3(CH2)i7SiCl,i]. The EGjOH-terminated films showed no change in film thickness after 
contact with a 0.25 mg/niL lysozynie solution for 24 h. Similar results with obtained with other 
proteins, including albumin and insulin. As an example of when the films were not fully able to 
suppress the non-specific adsorption of a protein. Figure 4 shows data for fibrinogen, where the 
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prevention of adsorption was not possible. We note, however, that the adsorbed amount of 
fibnnogen was reduced by -70% as compared to the characteristics of hydrophobized 
octadecyltrichlorosilane (OTS)-treatments (Figure 4). 

_   50 

CH3(CHj),7SiOic/Si02/Si 

HO(CH2CH20)3(CH2)„SiO!«/Si02/Si 

Fibrinogen Lysozyme 
Protein 

Figure 4. Ellipsometric thiclcnesses of adsorbed fibrinogen and lyzozyme onto EG.,OH and CH, 
surfaces after contact with 0.25 mg/mL protein solutions for 24 h. 

Subsequent modificafion of EG,OH SAM surface for iitimohilization of hit>mnl^r..l>c 

We used the EG3OH surface as a platform for attaching agents to these thin films  Figure 5 
shows N(ls) peak intensities taken from XPS spectra of the EG3OH surface through its exposure 
to various agents to develop covalent attachments. We used carbonyl diimidazole (GDI) 
chemistry to deri vatize and activate the hydroxyl-surface for the immobilization of Protein A  In 
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Figure 5. N(ls) peak intensities of the XPS spectra of EG3OH surfaces after subsequent 
sequential modificatbn steps to immobilize Protein A and an IgG. The rightmost data point 
Illustrates the lack of attachment and adsorption of Protein A onto the native EG3OH surfece 
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Figure 5, the initial EGjOII surface displayed no N(ls) intensity. Treatment with CDl resulted 
in a N( 1 s) signal that increased in intensity when this surface was further treated with Protein A 
and then a model IgG that becomes bound by the immobilized Protein A. Figure 5 shows that 
treatment of the EGjOH surface with Protein A for 24 h in the absence of activation by CDI 
results in essentially no attachment of adsorption of Protein A to the surface, in contrast to the 
results when CDI is employed previously. The suggestion from the data is that the EGjOH film 
presents an "inert" surface towards unwanted non-specific protein adsorption; however, its 
hydroxyl-termination provides a means for immobilizing proteins and other species to this 
surface. Together, the EGjOM system provides characteristics that offer possibilities as a 
flexible platform for biosensor construction particularly those such as waveguide technologies 
that required immobilization and binding events extremely close (a few nanometers) from the 
transducer surface. 

CONCLUSIONS 

The self-assembly of CH3C(=0)0(CH:CH:0)j(CH2)iiSiCl3 (i) onto Si/SiO: substrates (and 
presumably onto related oxide surfaces) provides an ability to generate densely packed, 
hydroxyl-terminated, oligo(ethylcne glycol) surfaces, These chemisorbcd molecular films 
exhibit low levels of non-specific protein adsorption and allow subsequent chemical 
modification for attaching biomolecules onto these hydroxyl-terminated "inert" surfaces. The 
attachment of Protein A onto this surface and its binding to an immunoglobin provides new 
possibilities for immobilizing such species useful in the generation of biosensors and other 
diagnostic devices. 
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ABSTRACT 

Self-assembled monolayers (S AMs) of a series of linear thiols containing a 1 - 
thiaoligo(ethylene oxide) [TOEO] moiety, i.e., HSCCHjCHjOX^CH.-,, where x = 3 - 6, were 
prepared on polycrystalline gold (Au) and characterized by reflection absorption infrared 
spectroscopy (RAIRS)and specttoscopic ellipsometry (SE). Forx = 5 and 6, theRAIRS data 
show that the TOEO segment^ oriented normal to the substrate, adopts the highly ordered 7/2 
helical structure of the folded-chain crystal polymorph of poly(ethylene oxide). For x = 3 and 4, 
the RAIRS and SE data indicate disordered, "amorphous" SAMs with essentially no evidence of 
the helical conformation in the TOEO segment. These data suggest that, for SAMs with TOEO 
segments, a minimum of five ethylene oxide units is required to adopt a helical conformation. 

INTRODUCTION 

Biocompatible materials for biomedical devises and diagnostic technologies 
continue to be an area of intense interest.' A central issue for much of this activity is surfaces 
that are resistant to the adsorption of proteins.^ Protein resistant surfaces are desirable for 
implants (prostheses, pacemaker electrodes', etc.), contact lenses'* and inert matrices for 
chemical and biosensors.' Self-assembled monolayers (SAMs) of (0-oligo(ethylene oxide) [<o- 
OEO] alkylthiols or alkylsilanes, where OEO = (CH2CH20)xR, x = 3 - 6, ~ 17, or ~ 144 and R = 
H or CH3, assembled on Au*"" or SiO,"", respectively, have been found to be highly protein 
resistant. For the SAMs on Au with short OEO segments (x = 3 or 6), protein resistance was 
attributed to a film of water on helical OEO conformations.'' However, RAIRS data for these 
SAMs, is most consistent with the OEO segments as mixtures of helical and non-helical 
conformations. 

In contrast to the above to-OEO SAMs of mixed conformations, essentially all helical, 
near single phase OEO segments have been reported for the SAMs of HS(CH2CH20)(,R, where 
R - CH3, C10H21 and CKH,,.'"''-^ The RAIRS spectra of these alkylated I-thiahexa(ethylene 
oxide) [THEO] SAMs, which position the OEO segments closer to the Au, neariy exactly match 
the spectral characteristics of the 7/2 helix of the folded-chain crystal polymorph of crystalline 
poly(ethylene oxide).'' In addition, the RAIRS spectra of these SAMs do not show bands at ~ 
1130 cm" and ~ 1145 cm'' indicative of OEO segments in amorphous" and/or aW-trans 
conformations , respectively. The THEO segments in these SAMs likely adopt the highly 
ordered, helical conformation because of a nearly perfect match between the cross-sectional area 
of the helix, 21.38 A , and the packing density, 21.4 A'/thiolate'", ofa(S x^f3 )R20'' adiayer 
on Au [assuming predominantly (I 1 l)AuwithS—SsO.SOnm]. 
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This paper compares the structures for the SAMs of HSCCH^CH^OxCHj, where x = 3 - 6. 
Our interest in this homologous series is based on two very different ideas. On the one hand, 
SAMs with X < 6 that have the TOEO segments identical with x = 6 (ordered, helical) would be 
potential standard ultrathin films in the 1 - 2 nm range. As discussed previously, SAMs of 
increasing OEO length that have the OEO segments in the 7/2 helix would be isostnictural and 
film thickness would increase in a predictable manner.''^'" Alternatively, if the SAMs with x < 6 
do not have helical TOEO segments, then these surfaces would be candidates for protein 
resistant surfaces because ordered, helical SAMs were found not to be protein resistant.''' 

EXPERIMENTAL DETAILS'' 

Synthesis. The compounds HS(CH2CH20)vCH3 [hereafter referred to as (E0)xCH3], where x = 
3-6, were prepared by conversion of the corresponding oligo(ethylene oxide) monomethyl ether 
(TCI America, Inc., Portland, OR) to the bromide [trifluoroacetic anhydride/tetrahydrofuran 
(THE)] followed by reaction with LiBr/THF-[hexamethylphosphoramide (HMPA)]. The thiols 
were then prepared by first converting the bromides to the thiol acetates (CH.iCOSNa/MeOH), 
followed by hydrolysis (H.iOVMeOH). Structural assignments were made from proton nuclear 
magnetic resonance and high resolution mass spectrometry data.^* Sample purity (>98%) was 
determined from thin-layer chromatography (TLC) analysis (one spot by TLC). All chemicals, 
except THE, were purchased from Aldrich Chemical Co., (Milwaukee, Wl). THE (Mallinckrodt 
AR) was purchased from North Strong Scientific (Phillipsburg, NJ). THE and HMPA were 
di.stilled from calcium hydride. The THE was di.stilled under Nj immediately before use; 
whereas the HMPA was distilled and stored under Ni over 0.3 nin molecular sieves. 
Sample Preparation. Silicon (10 0) wafers (Virginia Semiconductor, Eredricksburg, VA) were 
initially coated with chromium (~ 2 nm) and then with gold (- 200 nm) by magnetron sputtering 
(Edwards Auto 306, UK) at a base pressure of ~ 1.3 x 10"'' mbar as described previously." The 
monolayers were prepared by immediately immersing the gold substrates in ~ 0.5 x 10'' mol/L 
solutions oflhc corresponding thiol in di.stillcd 95% ethanol for at least 18 h, unless otherwise 
stated. 
Visible Spcctroscopic Ellipsomctry (SE). Multiple wavelength ellipsometric measurements 
were performed on a J. A. Woollam Co., Inc. (Lincoln, NE) M-44 spcctroscopic ellipsometer 
aligned at a nominal incidence angle of ~70° as described elsewhere."" 
Reflection-Absorption Infrared Spcctroscopy (RAIRSJ. The RAIRS data were obtained 
using a Nicolet Magna-IR model 570 Series II spectrometerXThsraio Nicolet, Madison, WI) 
with a model FT-85 (85" grazing angle) Spectra-Tech external reflection accessory (Thermo 
Spectra-Tech, Shelton CT) as described elsewhere.'*' 

RESULTS AND DISCUSSION 

The SAMs of (EO)(,CH.i were described previously.''' For direct comparison, SAMs of x = 6 
were prepared along with the x < 6 SAMs. Some of the data presented here, for x = 6, are new 
observations not in the previous report. Figures I and 2 show the RAIRS data between 1440 - 
920 cm'' and from 3120 - 2640 cm"', respectively, for the (EO).iCH., - (EO)„CH., SAMs. The  . 
bands at 1347, 1243, 1119, and 965 cm'' (Figure 1). assigned as the symmetry designated A2 (4) 



to ^: (7) bands, respectively, of the 7/2 helix of the folded-chain crystal polyniotph of crystalline 
PEO, are found m the spectra of both the (EO)5CH3 and (EO),CH, SAMs. The absence of 
additional spectral bands in this region, other than the expected OCH3 rocking mode' at 1202 
cm , indicates other OEO conformations are not present. In Figure 2, the prominent CH2 
symmetric stretch at ~ 2894 cm"', characteristic of a helical OEO segment'"»•", is also found in 
the spectra of both the (E0)5CH, and (EO)6CH3 SAMs. Thus, within the limits of the RAIRS 
measurements, the TQEO segments of these SAMs are identical and essentially all in the helical 
conformation. 

Figure 1: RAIRS spectra of (EOb-sCH, from 1420 cm'' - 920 ( 
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Figure 2: RAIRS spectra of (EO)3.,CH3 from 3120 cm' - 2680 cm' 



In contrast, the RAIRS spectra of the (EO):\CH3 and (E0)4CH., SAMs (Figures I and 2) are 
significantly different from those of (E0)5CH., and (EO),,CH.i SAMs. The A2 bands found in 
RAIRS spectra of tlic (EO)5CH, and (EO),,CH,, SAMs are absent (Figure 1). The broad C-O 
absorption band at ~ 1328 cm"' is similar to that obtained for the HS(CH2)IIO(EO)3CH.T SAMS' 
and corresponds more closely to the C-O stretch of amorphous PEO." In Figure 2 the spectra 
for the (EO).iCH? and (EO)4CH,\ SAMs show a broad ensemble of bands with two maxima in the 
C-H stretching region at ~ 2923 cm"' and ~ 2878 cm'. These maxima more clo.sely resemble the 
CHj asymmetric and symmetric stretch at 2930 and 2865 cm"', respectively, of molten PEO.^'' 
Thus, the RAIRS data indicate that these SAMs consist of di.sordercd OEO segments. 

The (E0)5CHj SAMs .showed variability. Figure 3 shows a compari.son of the ordered, 
helical (EOX'iCH.i SAM (top spectrum) with spectra from other samples which, in all cases, 
exhibited attenuation of the four A2 bands accompanied with the appearance of a higher 
wavenumbcr shoulder on the A2 (6) [1118 cm"'] band. Similar asymmetry in the Ai (6) band was 
observed for HS(EO),R SAMs, where x = 5 and 7 and R = CioH2|-''. as well as in the (EO),,CH., 
SAMs after exposure to protein'". The position of this shoulder at ~ 1130 cm"' is evidence of 
less ordered SAMs with the TOEO segments containing non-helical conformations.' 
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Figure 3: RAIRS spectra of three different (EO)5CHj samples on Au. Spectrum (a) .shows 
helical SAM. Spectra (b) and (c) show samples with small and larger amounts of non-helical 
OEO segments, respectively. 

The cause for the variability of the (OO^sCH? SAMs is unclear and is currently being 
investigated. Variability in SAMs with (O-OEO segments has been previously reported.' SAM 
assembly parameters were varied but none afforded helical (EOjsCH.i SAMs with any increased 
consistency. In addition, the kinetics of formation of helical (EOjsCHj and (EOJaCHj SAMs 
were different (Table 1). Whereas SE data indicates that the (EO)(,CH,i SAMs reached the 
expected thickness for a helical SAM after ~ 17 h, the (EOjCH., SAMs required significantly 
longer time. 
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Table 1. Calculated Thicknesses and SE Data for the HS(EO)3.6CH3 SAMs 

Compound Thickness, Calculated" (nm) Th ckness, Measured fnm + 0.2 nm"! 
AW-trans 
Extended Helical Disordered 17h 28 h 2d 6d 8d 

HS(EO),CHj 1.44 1.15 <1.15 - 0.81 0.88 0.86 0.89 

HS(EO)4CH3 1.79 1.43 < 1.43 - 1.13 1.26 1.26 1.29 

HS(EO)5CH3 2.14 1.71 <1.71 - 1.44 1.52 1.51 1.70 

HS{EO)6CH3 2.49 1.99 <1.99 1.97 - 1.94 - - 

"Film thickness cal 
Tluckiicss dccrcas 

culations. (E0J(,CH, SAMs: helical = 1.99 nm; all-/ran.v extended confornution = 2.49 
c/EO unit: helical = 0.28 nm"; all-/rnm extended = 0.35 nm'. 

nm.'- 

CONCLUSIOr « 

Highly ordered (EOsCHj, SAMs, with the TOEO segments in the helical conformation, are 
obtained and, within the limits of the RAIRS measurements, appear to be isostructural with the 
{EO)6CH3 SAMs, reported earlier.'" The highly ordered (EO)5CH3 SAMs take longer to form 
and -showed variation in their molecular conformation. Many of the (EO)5CH3 SAMs remained 
less ordered, with the TOEO segments consisting of mixtures of helical and non-helical 
conformations. For the shorter (E0),CH3 and (EO)4CH3 SAMs, the RAIRS spectia show bands 
consistent with a much more disordered, "amorphous" structure with no indication of the helical 
conformation. We conclude that there is no isostructural series for x = 3 - 6, due to the variability 
of the (EO)5CH3 SAMs. Also, the significant change in tlie TOEO conformation that occurs 
from X = 5 to 4 suggesting a minimum of five ethylene oxide units are necessary for a TOEO 
segment to adopt a helical conformation. 
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ABSTRACT 

We present new computational methodology for designing polymers such as 
polypeptides and polyelectrolytes, which can selectively recognize nanostructured substrates 
The methodology applies to polymers which might be used to: control placement and assembly 
tor electronic devices, template structure during materials synthesis, as well as add new 
biological and chemical functionality to surfaces. Optimization of the polymer configurational 
sequence permits enhancement of both binding energy on and binding selectivity between one or 
more atomistic surfaces. A novel Continuous Rotational Isomeric State (CRIS) method permits 
continuous backbone torsion sampling and is seen to be critical in binding optimization problems 
where chain flexibility is important. We illustrate selective polypeptide binding between either 
analytic, uniformly charged surfaces or atomistic GaAs(lOO), GaAs(110) and GaAsfl 11) 
surfaces. Computational results compare very favorably with prior experimental phage display 
observations [S.R. Whaley et al. Nature, 405, 665 (2000)] for GaAs substrates. Further 
investigation mdicates that chain flexibility is important to exhibit selective binding between 
surfaces of similar charge density. Such chains begin with sequences which repel the surfaces 
continue with sequences that attract the surface and end with sequences that neither attract nor' 
repel strongly. 

INTRODUCTION 

We present new computational methodology for designing polymers such as 
polypeptides and polyelectrolytes, which can selectively recognize nanostructured substrates 
The methodology applies to polymer^which might be used to: control placement and assembly 
tor electronic devices, template structure during materials synthesis, as well as add new 
biological and chemical fiinctionality to surfaces. Optimization of the polymer configurational 
sequence permits enhancement of both binding energy on and binding selectivity between one or 
more atomistic surfaces. This optimization is enabled by combining highly-efficient, atomistic 
modeling of the polymer and surfaces with genetic mutation of the polymer configuration The 
atomistic modeling permits the calculation of macromolecular statistics and thermodynamics of 
substrate binding, while genetic sequence mutation enables the search and enhancement of the 
desired polymer-surface interactions. 

Previous experimental works have demonstrated polypeptides with selectivity for binding 
to surfaces of metals and metal oxides [1-8] as well as a range of semiconductor surfaces 191 
Poypcptides which can recognize desired surfaces are typically selected from a library of several 
m, lion candidates using either bare proteins or phages, often in the presence of surfactants or 
salts These methods are often both practical and useftil. There still exist several issues First it is 
not always clear whether the selected polypeptides will retain their binding and selectivity once 
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removed from the parent protein orphage body. Second, practical experimental libraries of even 
lO" candidates might not well represent the complete range of functionalities present in the >10 ' 
possibilities from natural residues. Third, experimental screening does not typically teach why 
particular consen-sus sequences emerge. Hence we might not always be able to predict new and 
better binding sequences. Finally, we ask if it is possible to design better polymer sequences and 
compositions than those available from natural sources and residues. 

If theoretical and computational methods are to be as practical and useful, they will 
surely need to contain the salient physics and chemistries of polymers and surfaces while 
remaining both accurate and quickly solvable. Toward this end, we illustrate methodology for 
selective polypcptidc binding between either analytic, uniformly-charged surfaces or atomistic 
model surfaces. Here we compare our preliminaiy findings to recent pioneering, experimental 
results [9]. Further, we ask how to find optimal sequences which selective a target surface over 
closely similar surfaces. 

COMPUTATIONAL METHODS 

Polypeptides are described as rotational isomeric state ehains in which bond lengths and 
bond angles arc frozen at equilibrium values while torsional rotations remain degrees of freedom. 
In applying discrete Rotational Isomeric State, RIS, theory [sec e.g. 10-12], we select discrete 
energy states at the minima in a potential energy surface from mapping pairwise-conditional, 

rotational angles around neighboring N-Cn and CR-C bonds for each natural aniino acid residue. 
In applying our new Continuous Rotational Isomeric State, CRJS, method, the torsional angles 
may be selected within a continuous range from rectangular tiles around minima in the potential 
energy surface. The tiles arc defined from energy minima bounded by a preset, maximum well 
height, typically 1 kcal/mol. If a local potential energy surface exhibits a relative maximum 
before reaching the preset height, then the tile boundary is defined at the relative maximum. Tile 
boundaries arc combined by overall union if the tile definitions create overlapping regions from 
multiple energy minima. A chain backbone conformation is completely defined from the fixed 
bond lengths, fixed bond angles and selected torsions. Non-backbone atom positions are 
described as "pendtors", i.e. pendant vectors. Amide hydrogens and oxygens are placed on the 
backbone from constant vectorial components using a basis set generated from the [C'-N], [N- 
CJ bond vectors and their cross-product. Likewise each residue's pendant atoms are placed from 
constant vectorial components using a basis set generated fi:om the [N-CJ, [Ca -C] bond vectors 
and their cross-product. The various rotational state's within each residue's pendant group can be 
represented by sets of their atomic pendtors. A rotational potential energy surface and the 
aforementioned fixed geometrical parameters for each amino acid residue with amide 
terminations was created using the PCFF forcefield [13,14]. Wlicn implementing RIS, a table of 
discrete rotational states (each state comprising the conditional pair of torsion angles and the 
associated energy value) for each residue is stored in memory during a simulation to look-up the 
rotational energy. When implementing CRIS the entire pairwise-conditional torsional energy 
surface for each residue is simply stored in memory during a simulation to look-up and 
interpolate the rotational energy. 

The polypeptide potential energy includes additional interatomic contributions. Self- 
avoidance is ensured by assigning hard-sphere radius, typically O.SA, for each atom. The 
hydrophobic effect is approximated by contributing a fixed energy decrement, typically -0.25 
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kcal/mol, when two hydrophobic groups reach a minimum separation, typically 5A. Electrostatic 
potential energy between atoms arises from partial charges for each atom assigned by the 
COMPASS forcefield [15]. Since the polypeptide is ensconced in an effective solvent medium 
atoms expenence diminished electrostatic potentials, K, through the Debye-Huckel potential   ' 

K = |i:flTAai]exp(-r .) (1) 

where the first enclosed terni is the thermal Bjeirum length, q, is the partial charge on the ith 
atom, e is the solvent dielectric constant, K is the inverse electrostatic screening or Debye length 
which is dictated m acmal experiments by the concentration of dissolved ions and ru is the 
distance between the ith and Jth atoms. Equation (1) applies also between polymer and surface 
atoms. For infinite analytic surfaces with uniform charge, we compute the potcmial between 
atoms and the analytic surface using the integrated form of Equation {l)below- 

y = i^m-^-"^^ (2) 

where o is the surface charge density and zi is the height above the surface of the ith atom 
Our simulations utilize an unusual methodology to sample the polymer degrees of 

freedom (sometimes referred as "simple sampling Monte Carlo" [16] or direct phase-space 
integration) for computing molecular statistics and thermodynamics. The degrees of freedom 
consist of: the mtemal torsion states along the polymer backbone, the position of an end bond 
vector relative to the surface origin and a rigid-body rotation of the chain around the end bond 
vector. Torsional states are selected randomly such that each discrete state (for RIS) or position 
m a torsional tile state (for CRIS) is selectable with equal and uniform probability. Phage display 
and tumble chain sampling methods are used to integrate over the remaining spatial degrees of 
freedom. Phage display sampling always assigns the C'-terminus bond vector normal to the 
surface (with the penultimate bond vector toward the surface) and choses a random rigid-bodv 
rotation about the end bond vector. Note that the polypeptide C'-terminus is fixed so that the N- 
terminus can be displayed to the surface to emulate a phage peptide display. Tumble sampling 
conipnses selecting a random spatial orientation of an end bond vector and selecting a random 
ngid-body rotation about the end bond vector. For both sampling methods the absolute distance 
between the lowest atom in the polymer and the highest component of the surface is varied to 
sample a profile of important statistical quantities as a function of height above the surface Since 
all Monte Cario trials are always "accepted", statistical quantities are computed with each 
configuration being weighted by its appropriate thermal Boltzmann factor, expf-(E-Efo™)/kTl 
Here E is the total potential energy of a Monte Carlo trial and ER,™ is the energy of formation 
Statistical quantities of mterest include the well known polymer-surface binding free energy A 
internal energy, U, entropy, S, binding constant, K, as well as geometrical shape changes e e  ' 
sfrain, e, and squash, ^. &   >  -e- 
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Here wc define a strain in terms of the mean-squared end-to-end chain distance on the surface, 
<R">siiriHi.e, relative to free solvent, <R^>soivcni. The chain squash is defined in terms of the mean- 
squared, chain end-to-end vector components parallel to the surface (designated by horizontal 
arrows) and normal to the surface (designated by vertical arrows). 

RESULTS 

Figure 1 illustrates the typical convergence of a polypcptide-surface binding free energy 
as a function of the number of Monte Carlo samples. This example polypeptidc has over lO' 
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Figure 1. Polypeptide-surface binding free energy as a function of Monte Carlo samples using 
CRIS chain model. The test polypeptidc is presented a flat surface with uniform charge density 
0.1 dh?. Error bars indicate the standard deviation from 10 independent, replicated simulations. 

discrete torsional degrees of freedom yet the free energy has less than 1.5 kcal/mol uncertainty 
after lO'' phage samples and 10*^ tumble samples. Note that this particular chain is a very strong 
binder. Metropolis Monte Carlo methods typically do not converge as quickly [17] and require 
extensive equilibration to surmount chain conformation trapping in deep potential energy wells 
which is intrinsic to these .systems [18]. ' __ 

Our computational results compare favorably with previously-published, experimental 
phage display observations. Wc subjected model RIS chains to phage sampling over an atomistic 
GaAs(IOO) surface model. The residue sequences match the pill coat proteins of M13 coliphages 
reported in Figure 1 of reference [9] which were found to bind to GaAs(IOO) substrates. While 
these preliminary computations predict 8 of the 11 polypeptidcs have very favorable binding free 
energies (AA < 0), all chains arc predicted to bind significantly to the surface. The statistical 
binding constant, K, takes a value of unity for permanent surface binding and zero for no surface 
binding. Our computed values of K range from 0.4 to 0.9, which is consistent with elutable 
surface binding. Typically, we find that those chains with the lowest binding free energies also 
show the greatest tendency to spread across the surface (high values of e and ^). Most 
significantly, our computations do reproduce experimental observations that clone G1-3 exhibits 
preferential binding to GaAs(lOO), over both gallium and arsenic teoTiinated GaAs(l 11) faces. 
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TABLE I. Binding results for RIS chain models of phage display polypeptides (see Figure 1 of 
reference [9]) tested by phage sampling over atomic GaAs( 100) model. 

Phage [9]        AA AU ASxlO^ K e 
Gl-3 
Gl-4 
G7-4 
Gil-3 
G12-3 
G12-4 
G12-5 
G13-5 
G14-3 
G14-4 
G15-5 

-1.6 
-0.6 
0.3 
0.2 

-0.9 
-0.5 
0.3 

-1.0 
-1.0 
-0.4 
-0.8 

-1.9 -0.9 
0.5 3.8 

-0.6 -3.1 
1.0 2.6 
1.3 7.3 

-1.2 -5.6 
-0.6 -2.8 
1.1 7.0 
0.8 6.0 

-0.2 0.9 
0.2 3.5 

0.9 
0.7 
0.4 
0.4 
0.8 
0.7 
0.4 
0.8 
0.9 
0.7 
0.8 

2.19 
1.64 

-0.19 
-0.16 
0.26 

-0.18 
-0.27 
0.58 
1.62 
0.28 
0.20 

_L 
0.45 

-1.80 
-0.10 
-0.17 
0.94 
0.10 

-0.06 
1.66 
0.93 
1.41 

-0.14 

In a separate set of computational experirnents, we explore how to construct chains to 
bind selectively to only modestly, Lewis acidic surfaces. Sequences were limited to the residue- 
pair combinations of: KP (stiff base), KG (flexible base), DP (stiff acid), DG (flexible acid), GG 
(flexible neutral) and PP (stiff neutral). Furthermore we compare fiilly atomistic chain models to 
united-atom chain models (where each backbone entity possesses the net charge from all of its 
pendant atoms while preserving RIS properties for each residue). Not surprisingly, we find 
chains with high base residue content bind strongly to surfaces with increasing surface charge 
density, but this is only trivial selectivity. More interestingly, we found only chains with flexible 
residue pairs exhibit non-monotonic binding to surfaces with increasing surface charge density. 
Table II illustrates sequences with optimized binding constants for intermediate-valued surface 
charge densities. Such chains begin with base sequences which repel the surfaces, continue with 
acid sequences that attract the surface and end with neutral sequences that neither attract nor 
repel strongly. This suggest that several types of star polymers could exhibit interesting selective 
binding properties. 

TABLE II. Surface binding constant, K, for RIS united atom chain models on analytic surfaces. 
Surface Charge Density (e/A^) 

Sequence 

(KPh(DP)2(G)u 
(KG)2(DG),?G)i2 
(KG)2(DP)2(G)i2 
(KG)2(DG)2(P)i; 

0.20 0.16 0.12 0.08 0.04 
0.90 0.98 0.82 0.48 0.51 
0.92 1.00 0.69^ OJl 
0.96 

0.52 
0.96 0.46 0.55 0.51 

0.98 0.74 0.86 0.63 0.56 
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ABSTRACT 

Bone is the substantial unit of human skeletal system, which supports the body and Its 
movement. At the ultra-structure level, the bone matrix is a composite material consisting of 
bone mineral particles, which are mainly substituted, calcium-deficient hydroxyapatite, and 
collagen, which is a natural polymer. Bone serves as the template for developing bone 
replacement materials. Research on biomaterials analogous to bone was started in the early 
1980s by incoiporating bioacti ve particles into biocompatible polymers so as to produce bone 
substitutes. Over the last two decades, a variety of bioactive polymer matrix composites have 
been developed for tissue substitution and tissue regeneration. The bioactive phases in these 
composites are normally one of the calcium phosphates, especially synthetic hydroxyapatite 
(HA, Caio(P04)(,(OH)2) which closely resembles bone apatite and exhibits osteoconductivity. If 
enhanced bioactivity is required, bioceramics having higher bioactivity such as Bioglass® and 
A-W glass-ceramic can be used as the bioactive phase in the composites. For tissue replacement, 
bio-stable polymers such as polyethylene (PE) and polysulfone (PSU) are used as the matrix 
polymer. For tissue regeneration, natural, biodegradable polymers such as polyhydroxybutyrate 
(PHB) and chitin are used as matrices. Furthennore, mechanical as well as biological 
performance of a particular composite can be controlled by varying the amount of the bioactive 
phase in the composite, thus meeting specific clinical requirements. For bioactive ceramic- 
polymer composites, major influencing factors such as shape, size and size distribution of 
bioactive particles, mechanical properties and volume percentage of the bioactive phase, 
properties of the matrix polymer, distribution of bioactive particles in the matrix and the particle- 
matrix interfacial state should be controlled in order to obtain materials of desirable properties. 
Various techniques are used to evaluate the composites.  - 

INTRODUCTION 

Numerous materials have been used for bone substitution since the 19th century. In modem 
day orthopaedic surgery, metals such as stainless steel and titanium alloy and ceramics such as 
alumina and toughened zirconia are common in a variety of implants and devices. However, 
these materials, having been developed originally for other purposes rather than medical 
applications, are considerably stiffer than human bone. Tlie modulus mismatch between an 
implant material and the host tissue can cause bone to resorb at the bone-implant interface, which 
leads to implant instability and hence eventual failure [ I]. A long lasting bone replacement 
requires the establishment of a stable bone-implant interface, which necessitates the careful 
matching of the mechanical behaviour as well as properties of synthetic implant materials with 
the tissue [2]. Furthemiore, bone replacement materials must withstand any anticipated physical 
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loads imposed by body .nclions willioiit substanlial dimensional changes, catastrophic fracture, or 
failure due to impact, creep, or fatigue within their expected lifetime in the body. 

h is now generally recognised that the best material for replacing a body tissue is the one 
that is similar, if not identical, to that tissue [2]. The advances in composite technology have led 
to the production of new composites that mimic the structure and match properties of human 
tissues [3]. These novel materials may overcome problems that have been encountered with the 
use of conventional implant materials. 

STRUCTURE AND PROPERTIES OF BONE 

i$;\ 

\..;^ 

^mji: 
Figure I    Structural organisation 
in a human long bone [4] 

Bone is the substantial unit of human skeletal system, which supports the body and its 
movement. Bone, as a natural tissue, has a complex structure in which several levels of 
organization, from macro- lo micro-scale, can be identified [4]. Take a human long bone such as 
femur for an example {Figure 1). It consists of an outer load-bearing shell of cortical bone with a 
medullary cavity containing cancellous bone towards the bone ends. Cortical (or compact) bone 
as a material is anisotropic with ostcons (also known as "Haversian systems") being oriented 
parallel lo the long axis of the bone and interspersed in regions of non-oriented bone. Each 
ostcon (about 100 to 300|.im in diameter) has a central Haversian canal (20 to 40jjm in diameter) 
containing a blood vessel, which supplies the elements required for bone remodeling. Tlie 
Haversian canal is surrounded by 4 to 20 concentrically arranged lamellae with each lamella 
being 3 to 7\im thick. Each adjacent lamellar layer has a different orientation ofxollagen fibres. 
Circumscribing the outermost concentric lamella of the osteon is a narrow zone known as cement 
line, which contains calcified mucopolysaccharides and is devoid of collagen. The cement line is 
I to 2|jm thick and is the weakest part of bone. Tlie densely packed concentric lamellae in 
osteons are composed of two major components: fibrous collagen, which is a natural polymer, 
and bone mineral. The mineral cry.stallites that hinnan bone contains are structurally calcium- 
dcficicnl, carbonate-substituted hydroxyapatiie (HA). They are usually refereed lo as bone 
apatite, which nomially has dimensions of 5nmx5nmx50nm with a rod-like (or sometimes plate- 
like) habit and is embedded in collagen fibres. In mature bone, bone apatite occupies about 50% 
of the total volimie. The precise microstructural organization of bone is a function of age and 
varies between different bones and between diflerent locations of the same bone. Two levels of 
composite structure are considered when developing bone substitutes: first, the bone apatite 
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reinforced collagen forming individual lamella (on the nm to nm scale) and, second, osteon 
reinforced interstitial bone (on the fim to mm scale). It is the apatite-collagen composite at the 
microscopic level that provides the basis for producing bioceramic-polymer composites for bone 
replacement. 

Figure 2    Effect of drying on the 
behaviour of human cortical bone [5] 
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Table 1    Mechanical properties of bone and current implant materials [2] 

Material E (GPa) o (MPa) E(%)    I 
1-3 

C|(. (MN m-"2) 
Cortical bone 7-30 50-150 2-12 
Cancellous bone 0.05-0.5 10-20 5-7 
Co-Cr alloys 230 900-1540 10-30 -100 
Austenitic stainless steel 200 540-1000 6-70 -100 
Ti-6AI-4V alloy 106 900 12.5 -80 
Alumina 400 450 -0.5 -3 
Hydroxyapatite 30-100 60-190 -1 
Polyethylene 1 30 >300 

E; Yoiing',«: modulus o: tensile strength (in the case of alumina: flcxural strcnirtli'^ 
E; elongalion al fracture h r-: fracture toughness 

The mechanical behaviour of bone may be assessed on whole bones in vivo. But the results 
obtained are difficult to interpret due to irregular shapes of bones and the organizational 
hierarchy in bones. Normally, mechanical properties of bone (cortical or cancellous) are 
determined in vitro using standard or miniature specimens that conform to various standards 
originally designed for engineering materials such as metals and plastics. The conditions- 
required to prepare and test dead bone specimens so as to give meaningful results representative 
of living bone have been well established. It is very important to maintain water coritent of bone 
for mechanical assessment as the behaviour of bone in the "wet" condition significantly differs 
from that of bone in a dry state (Figure 2). In the quasi-static testing condition, a tensile test of 
"wet" cortical bone at ambient temperature gives a stress-strain curve exhibiting a small 
viscoelastic component and culminating in brittle fracture at a total strain of 0.5-3.0%. As a 
result of orientation, location and age, cortical bone has a range of associated properties rather 
than a unique set of values (Table 1). Young's modulus of bone ranges between 7 and 30GPa. It 
can also be seen from Table 1 that bone is significantly less stiff than the various alloys and 
ceramics currently utilized as prosthetic materials, but is stiflfer than biomedical polymers. 
Cortical bone fractures in a brittle fashion, with the ultimate tensile strength being 50 to 150MPa. 
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Il has been shown that fracture toughness, an important parameter for brittle solids, of bone is 
considerably lower than those of metallic implant materials. The structure and properties of 
cancellous (or spongy) bone are also well understood and documented [6]. 

A good understanding of the structure and properties of bone gives structural features and 
provides the range for approximating mechanical compatibility that is required of a bone 
analogue material for an exact structural replacement of bone with a stabilized bone-implant 
interface. It is iinportaiit to bear in mind, however, that bone is unlike any engineering material 
in that il can alter its properties and configuration in response to changes in mechanical demand. 

BIO-STABLE COMPOSITES 

As bone is an apatite-collagen composite material at the ultra-structural level, a polymer 
matrix composite containing a particulate, bioactive component appears a natural choice for 
substituting cortical bone. Bonlleld et al pioneered the use of hydroxyapatite (HA) particles as 
the bioactive and strengthening phase in polyiners to produce bone analogues [7]. 
Hydroxyapatite (HA, Cai()(POj)(,(OH):) closely resembles bone apatite and exhibits excellent 
bioactivity. Polyethylene (PE) is a proven biocompatible polymer and hence widely used in 
orthopaedics. It is therefore natural to combine the two materials to produce a composite that 
mimics the structure and matches mechanical properties of cortical bone. The ductile 
polyethylene allows the incorporation of relatively high volume percentages of HA particles in 
the polymer matrix, which is essential for obtaining bioactivity of the composite. As no other 
materials are u.sed, all components of the composites are biocompatible. 

H A/HDPE composites containing up to 45vol% (i.e. 73wt%) of HA can be routinely made 
through standardised procedures [8, 9]. The process for manufacturing HA/HDPE composites 
consists of compounding, powdering (or pelletising) and compression moulding (or injection 
moulding). Both cominercially available HA powders and particulate HA produced in-house 
have been used to produce HA/HDPE composites. Either a twin screw extruder [8] or an internal 
mixer [9] was used for compounding the materials efficiently. Powdering of compounded 
materials usually took place in a centrifugal mill at below -lOO^C. Compression or injection 
moulding could produce bulk materials for prostheses or some small medical devices. 
Composites plates as thick as 20mm could be made by compression inoulding. These plates were 
voids-free, as was revealed by X-ray radiographs. 

Rheological studies revealed that the incorporation of particulate HA into HDPE resulted in 
an increase in the viscosity of composites at their processing temperatures [9]. The presence of 
the HA particles restricted molecular mobility of HDPE under shear and hence resulted in higher 
viscosity. This increase in vi.scosily was more pronounced at low shear rate.C With an increase in 
shear rate, the viscosity of FTA/HDPE composites approached that of the unfilled HDPE. Both 
HDPE and HA/HDPE composites showed pronounced shear thinning behaviour. HA/HDPE 
composites at their processing teinpcratures exhibited discontinuity with a varying shear rate. As 
the HA content in the composites increased, the shear rates at which discontinuity occurred were 
reduced. The die swell ratio of HA/HDPE composites was reduced as the HA content was 
increased. It is possible that the presence of HA particles in the polymer matrix reduced the 
degree of recoiling of the HDPE molecular chains and hence led to the reduction in swelling of 
composites. Analysis of rheological behaviour of HA/HDPE composites is important for 
optimising coniposite processing conditions and for producing high quality net-shape (or near 
near-shape) devices. 
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SEM examinations of polished HA/HDPE surfaces showed that after the compounding 
process, HA particles were well dispersed, exhibiting a homogeneous distribution in the polymer 
matrix (Figure 3). Subsequent composite processing by compression moulding or injection 
moulding preser\'ed these characteristics. This uniform distribution of HA particles in 
composites is essential for mechanical as well as biological performance of implants. Using the 
image analysis technique and stereology, it was possible to calculate the average volume 
diameter of HA particles in composites from SEM micrographs (i.e., from two-dimensional 
images to three-dimensional projections). The calculations indicated that the high shear forces 
generated during the compounding process broke up HA particle agglomerates into unit particles 
in the polymer matrix [ 10]. The average volume diameter of HA particles in compounded 
HA/HDPE was nearly the same as the mean particle size of HA powder used for producing the 
composites. SEM examinations of tensile fracture surfaces suggested that in the composites there 
was only mechanical bond between HA particles and HOPE matrix resulting from the shrinkage 
of HOPE around individual HA particles during thermal processing [8,11]. 

Figure 3   Uniform distribution of HA 
particles in HA/HDPE composite 
containing 40vol% of HA [8] 

It was found that compounding caused slight decreases in the weight average molecular 
mass (Mw) of HDPE, with the decrease being dependent on the HA volume percentage [II]. 
Further thermal processing by compression or injection moulding also reduced Mw. Differential 
scanning calorimetry (DSC) results indicated that the addition of HA particles caused decreases 
in the degree of crystallinity of HDPE, with composites of higher HA contents having lower 
degrees of crystallinity for the polymer matrix [12]. 

Thermogravimetric analysis (TGA) was used to determine the real HA content in UA/¥iD?E 
composites. Calculations made from TGA curves showed that the difference between the actual 
mass percentages of HA in the composites produced and the "Rule of Mixtures (ROM)" values 
was negligible and hence the intended compositions had been achieved [9,12]. .   " 

By varying the amount of HA in the composites, a range of mechanical, properties of the 
composites could be obtained. An increase in the HA volume percentage led to increases in the 
Young's modulus, shear modulus and tensile strength of H/VHDPE, with a corresponding 
decrease in the strain to fracture [8, 13]. The particle morphology and average particle size of 
HA were found to affect mechanical properties of HA/HDPE composites [13]. HA/HDPE with 
45vol% of HA possessed a Young's modulus value of 5.54GPa, which approaches the lower 
bound for cortical bone (Table 2). HA/HDPE composites containing 40vol% or more of HA 
appeared to be suitable for bone substitution, with the actual composite to be used being 
dependent on the nature of bone being replaced and the applied physiological load. 
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Table 2    Mechanical properties of HA/HDRH composites and cortical bone 

HA Volume (%) E (GPa) G (GPa) CT(MPa) e (%) 
0 0.65+0.02 0.28+0.10 17.89+0.29 >360 

10 0.98+0.02 0.39+0.16 17.30+0.27 >200 
20 1.60+0.02 0.48+0.07 17.77+0.09 34.0+9.5 
30 2.73+0.10 0.71+0.17 19.55+0.20 6.4+0.5 
40 4.29+0.17 1.18+0.07 20.67+1.56 2.6+0.4 
45 5.54+0.62 1.46+0.26 18.98+2.11 1.9+0.2 

Cortical bone* 7-30 -3.2 50-150 1-3 

i:: Yourni's modulus     (i: .shear moduhi.s     a: lcn.sifc strength     f: cbngationai fracturv 

* I;. (I nnd r wiliics from Ri-f 2; G value frum Ref. 14. 

The creep behaviour of HA/HDPE composites \ras investigated using a three-station tensile 
creep machine [15, 16]. The inclusion of HA particles in HOPE improved the short-term creep 
resistance when specimens were subjected to similar stresses, and an increase in the HA volume 
percentage increased creep resistance. However, creep failure of composites could occur at long 
times due to debonding at the HA-HDPE interface. Tlie immersion in Ringer's solution reduced 
the creep resistance of HA/HDPE composites. The decrease in creep resistance was found to be a 
function of HA volume percentage [16]. This effect was due to the penetration of fluid into the 
composites. 

Biaxial (i.e., axial and torsional) fatigue tests were conducted for HA/HDPE composites 
[17). A fixed axial component of 50% of ultimate tensile strength (UTS) with the torsional 
component varying from 0% to 50% of ultimate shear strength (USS) was used for fatigue tests. 
Generally, the fatigue life of HDPE and the composites was reduced with an increasing shear 
stress in the biaxial stress condition. The addition of paniculate HA in HDPE led to shorter 
fatigue life in low shear stress conditions. In high shear stress conditions, the effects of shear 
stress became dominant and the fatigue life of both HDPE and HA/HDPE was about the same. 

Tribological properties of HA/HDPE composites were evaluated against duplex stainless 
steel under dry and lubricated conditions [ 18]. Lubricants used were distilled water and aqueous 
solutions of proteins (egg albumen or glucose). HA/HDPE composites appeared unsuitable for 
implants with articulating surfaces due to the formation of an abrasive slurry of HA in the 
lubricants. 

Tlie biological performance of implant materials can be evaluated by in vitro tests, using 
simulated body fluid or cell cultures, or by in vivo assessinents. In in vitro experiments using 

-human osleobla.st cell primary cultures, it was observed that the osteoblast cells attached to 
"islands" of HA in the composites and subsequently proliferated, which clearly showed the 
biocompatibility and bioactivity of HA/HDPE composites [19]. 

For in vivo experimcnt.s, following sterilization by y irradiation, machined pins 
(*2.4mmx5mm) of HA/HDPE composites were implanted in the lateral femoral condyle of adult 
New Zealand white rabbits [20]. It was demon.strated that cortical and cancellous bones 
responded positively to the presence of HA/HDPE implants by localized apposition adjacent to 
the implant surface. After six month implantation, the areas of direct bone apposition, as 
measured from histological sections, had reached 40% of the implant surface. The mechanical 
compatibility of the HA/HDPE composite with natural bone had resulted in the absence of 
significant relative movement at the bone-implant interface, thus encouraging bone growth 
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around the implant. Ultra-microtomed specimens were prepared for the TEM examination of the 
bone-implant interface [21 ]. At one month, the new bone was mainly seen adjacent to the 
interface where HA particles were present. At six months, the bone tissue was seen growing 
along the whole length of composite implant including exposed HA particles and polyethylene 
matrix. The image of lattice planes at the bone-implant interface after three months implantation 
is shown in Figure 4, exhibiting continuity across the interface and thus indicating epitaxial 
growth of apatite crystals from the implant. 

5nn; 

B.sX 

/ 

Figure 4   High resolution TEM 
image of the bone-implant interface 
for    a    HA/HDPE    implant    (The 
interface between the bone region B 
and  composite C is marked  with 
arrows.) [21] 

Since the late 1980s, subperiosteal orbital floor implants made from HA/HDPE composites 
have been used in the correction of volume deficient sockets and in orbital floor reconstruction 
following trauma [22, 23]. All the implants remained in position and no infection or extrusion 
occurred. Clinical examinations found the implants to feel stable. After six months implantation, 
computer tomography (CT) was unable to detect any gap between the implant and the bone, 
implying at least partial integration of the implant with the orbital floor, which accounted for the 
marked implant stability. More recently, middle ear implants were made from HA/HDPE 
composites and satisfactory clinical results have been obtained [24]. 

To improve mechanical properties of HA/HDPE composites for load bearing implant 
applications, hydrostatic extrusion of the composites was investigated [25]. It was found that 
higher extmsion ratios led to higher Young's modulus and tensile strength of HA/HDPE 
composites which are inside the bounds for mechanical properties of cortical bone. The fracture 
strain of HA/HDPE was also substantially increased by hydro.static extrusion. Hydrostatically 
extruded HA/HDPE containing 40vol% of HA possessed a strain to fracture which was far 
greater than that of human cortical bone (9.4% vs. 1-3%). Furthermore, the bioactivity of the 
composites was retained after extrusion. Therefore, HA/HDPE further processed via hydrostatic 
extrusion exhibits great potential for major load bearing applications. An alternative method to 
enhance mechanical properties of the composites, i.e., using coupling agents for the composites, 
was also investigated [26]. However, only marginal improvements were achieved. 

Apart from polyethylene, there are a few other biomedical polymers that could be used for 
producing bone analogue materials. Polysulfone (PSU) is an amorphous polymer which 
possesses high specific strength and modulus. To develop bioactive composites for load bearing 
prostheses, PSU may be a better choice for the matrix of a composite than HDPE as its strength 
and modulus are significantly higher [27], which can provide a higher baseline for composite 
properties. Other favourable properties of PSU are low creep rate, resistance to oxidation, 
excellent resistance to hydrolysis or reduction of molecular weight, stability in aqueous inorganic 
acids, alkalis and salt solutions, and bioinertness. Furthermore, PSU has high resistance to P-, y-, 
X- and IR-radiation and can be steam-sterilised. Therefore, HA/PSU composite has been 
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developed as a new tissue replacemenl material [28]. Tlie production of HA/PSU composite 
followed the same procedure as that for manufacturing HA/HDPE coinposiles [9]. HA/PSU 
composite containing up to 40vol% of HA was produced. HA particles were also well dispersed 
in the PSU matrix. Tliemiogravimetric analysis (TGA) verified the amount of HA in the 
composite. Density close to the theoretical value was achieved for the composite, indicating a 
void-free slniclinc. Rheologica! analysis revealed that PSU and the composite exhibited 
p.scudoplastic flow behavioural processing temperatures. With an increase in HA content, 
.stiffness of HA/PSU composite also increased. Mechanical properties of HA/PSU composite are 
within the lower bound for bone. Just as for the HA/HDPE composites, in biaxial fatigue testing, 
the lorsional stress significantly reduced the fatigue life of HA/PSU composite [17]. 

In order to establish a stronger implant-bone bond within a shorter period of time, glass or 
ceramics that are more bioactive than HA, such as Bioglass® and A-W glass-cerainic, could be 
used as the bioactive phase in composites. Bioglass® is a family of bioactive glasses that elicit 
specific physiological responses, including the provision of surface-reactive silica, calcium and 
pho.sphale groups, and alkaline pM levels, at interfaces with tissues. A particular advantage of 
Bioglass® is its ability to bond to both hard and soft tissues. A-W glass-ceramic has excellent 
mechanical properties while posses.sing good bioactivity. Using the technology for HA/HDPE 
composites, Bioglass® or A-W glass-ceramic reinforced polyethylene composites were produced 
|29, 30]. It was found that Bioglass® particles were well dispersed and a reasonably 
homogeneous distribution of the particles in the polymer matrix was achieved. Composite with 
up to M)vo\% of Bioglass® exhibited levels of ela.slie compliance, tensile strength and fracture 
strain comparable to those of .soft connective tissues. Composite with Bioglass® volumes in 
excess of 30vbl°/<. possessed mechanical properties comparable to cancellous bone. In in vitro 
experiments, o.sleoblast cells were found to attach to Bioglass® particles in the compo.site 
(Figure 5), indicating excellent biocompatibility and bioactivity of the composite. 

Figure 5   Osteoblast cells attaching 
to Bioglass® particles in the Bioglass® 
/HDPE composite 119] 

BIODEGRADABLE COMPOSITES 

In recent years, emphasis in biomaterials engineering has moved from materials that remain 
.stable in the biological environment to materials that can alter their properties (i.e.. "biodegrade") 
in response to the cellular environment. Biodegradable materials are designed to degrade 
gradually in the body and will be replaced eventually by newly formed tissues. After 
implantation in the body, a biodegradable bone substituting material will have gradual decrea.ses 
in strength and stiffness over a clinically detennined optimal period. As bone repairs itself, the 



external load will be transferred from the biodegrading implant to bone. This approach provides 
the best biomaterials solution to tissue replacement and regeneration, if requirements for the 
initial stiffness and strength and other short-term properties can be met. Polyhydrpxybutytate 
(PHB) is a natural polymer and is degradable in the body. Therefore, biodegradable composites 
based on PHB and Its co-polymers were produced [31,32] for potential clinical applications 
using the technology for making composites such as HA/HDPE and HA/PSU. 

With the established processing technology, particulate bioceramics (HA or TCP) could be 
homogeneously distributed in the PHB matrix for both HA/PHB and TCP/PHB composites 
containing up to 30vol% of thebioceramic. The stiffness of the composites increased with an 
increase inbioceramic content. In in WVTO experiments using a simulated body fluid (SBF), bone- 
like apatite formed on HA/PHB and TCP/PHB composites (Figure 6), which was indicative of 
bioactivity of these materials in vivo. The height of bone^like apatite peaks in thih-film XRD 
(TF-XRD) patterns increased with the increase in immersion time in SBF (Figure 7), indicating 
the growth of apatite in vitro. Dynamic mechanical analysis (DMA) results showed that the 
storage modulus of HA/PHB and TCP/PHB composites increased initially with ah increase in 
immersion time, which was due to the formation of the dense apatite layer on composite 
surfaces. However, with prolonged immersion in SBF (i.e., beyond 2 months), both HA/PHB 
and TCP/PHB composites exhibited decreases in storage modulus. These decreases indicated the 
degradation of composites in the simulated body environment. Both HA/PHB and TCP/PHB 
composites have the potential for tissue regeneration applications. 

Figure 6   Bone-like apatite layer 
formed in vitro on 30vol% HA/PHB 
composite after immersion in SBF for 
3 davs 
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Figure 7   TF-XRD patterns 
of 30vol% H/VPHB 
composite before and after 
immersion in SBF 

Chitin is another naturally occurring polymer that can be used for degradable composites. It 
is an important constituent of the exoskeleton of Crustacea, molluscs and insects. Chitin as a 
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natural polymer is biodegradable due to its p-1,4 glycosidic linkages being susceptible tolhc 
lyso/yme present in the human body. HA/chitin composite could be produced using the solution 
casting technique, with a homogeneous distribution of HA particles in the composites being 
achieved [33]. The solution ca.sting process did not change the crystalline structure of chitin. 
TGA resiilts indicated that intended compositions were achieved for the composite. Tensile 
testing results revealed that the strength and modulus of HA/chitin composite decreased with an 
increase in the amount of paniculate HA in the composite. SEM examination of fracture surfaces 
showed that HA particles were separated from the chitin matrix completely after tensile tests. 
These results suggested that there was no chemical bond between the two constituents of the 
composite, /H vitro mineralisation experiments showed that HA particles rendered the composite 
bioactivc and significantly improved the ability of composites to induce the formation of bone- 
like apatite on their surfaces. Degradation of chitin in the simulated body environment was 
observed. 

SUMMARY 

Using body tissues as templates, various bioactivc ceramic-polymer composites have been 
developed over the last two decades for tissue replacement and tis.sue regeneration. Each of these 
composites has its distinctive characteristics and may be used in specific clinical situations. Bio- 
stable composites have gained success for tissue replacement. Biodegradable composites appear 
lo provide the best biomatcrials .solution for tissue substitution and there is still a large scope for 
developing this type of composites. TIic advances in materials science and technology certainly 
aid in further research into bioactivc composites for medical applications. 
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ABSTRACT 

.r,ui!]'«,ni'l°'°^'*'^"'^''''''°''°^"°''""''^'' Ultra-high molecular weight polyethylene 
(UHMWPE) was compared to that of non-crosslinked UHMWPE, used as control sample A 
reciprocating pm-on-disk tribometer was used to determine the effects of countersurface ' 
roughness and conformity on wear mechanisms occurring during the initial stage of sliding Pin 
samples of two different radii of curvature were slid against medicaUgrade Co-Cr alloy disks 
with surface roughness ranging from 0.005 to 0.04 jim in a lubricant of bovine serum Normal 
loads were chosen to provide physiological contact stresses. The focus of this study was on the 
dependence of eariy wear mechanisms on surface roughness and conformity. Although a 
correlation tetween coefficient of friction data and dominam wear rriechanisms was not 
observed different wear mechanisms were found between control and crosslinked UHMWPE 
The results of this study provide insight into the differences of the initial wear behavior of non- 
crosslinked and crosslinked UHMWPE used in total joint replacements. 

INTRODUCTION 

Ultra-high molecular weight polyethylene (UHMWPE). articulating against a ceramic or 
metal counterface, is the prime load-bearing material system in most total joim replacements 
While the intrinsic mechanical properties of UHMWPE make this polymer well suited for this 
puipose, methods to further improve the in wVo mechanical behavior of UHMWPE are still 
under development, the principal objective being to reduce the amount of submicron-sized 
polymer wear particles generated through joim motion. Accumulation of such fine wear debris 
elicits a foreign body response leading to osteolysis, and eventually to loosening of the prosthesis 
necessitating revision surgery. Increasing the wear resistance of the polymer surface is thus a 
high pnonty m the area of orthopaedics research, as it can be correlated to an increase of the 
expected life of total joint replacements. 

UHMWPE is a semiciystalline polymer, fa its non-crosslinked form it is about 50% 
crystalline. The amorphous phase is well above its glass transition temperature, rendering the 
polymer susceptible to chain orientation or texture development under contact sliding conditions 
Polymer chains m bulk UHMWPE exhibit random orientation. Chain crosslinking through 
chemical means or radiation results in decreased ciystallinity (-20%) and inhibits polymir chain 
reorientation near the surface in a direction parallel to the direction of sliding. Since such chain 
re-arrangement is the precursor to wear in non-crosslinked polyethylene [1,2], restricting 
polymer chain movement should increase the wear resistance of the polymer surface Although 
the surface wear resistance of polyethylene can be improved by treatments inducing crosslinking 
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studies have shown that other bulk mechanical properties may be degraded, such as fracture 
toughness [3]. 

Variations in the wear behavior of crosslinked and noh-crbsslifiked polyethylene may be 
encountered due to significant microstructural differences. Insight into the micromechanics of 
crosslinked polyethylene may enhance more accurate prediction of in vivo behavior and perhaps 
also lead to improved treatments of the polymer. While several studies have been devoted to 
characterizing and comparing the wear rates of UHMWPE in both crosslinked and non- 
crosslinked conditions, very little is knbwn about the effect of roughness and conformity on tiie 
early stage of the wear process. Slight increases in surface roughness of the material articulating 
against the UHMWPE surface have been found to significantly increase the wear rate [4]. 
Therefore, the main objective of this study was to ihvcstigatc the initial wear mechanisms of 
medical-grade UHMWPE sliding against polished Co-Cr alloy disks in bovine serum under 
contact pressiires typical of knee joints. 

EXPERIMENTAL METHODS 

Specimens 

Two types of UHMWPE microstructures were examined in this study: non-crosslinked 
UHMWPE obtained from tibial inserts (Smith & Nephew, Memphis, TN) and crosslinked 
UHMWPE obtained from Durasul™ tibial components (Sulzer Orthopedics, Austin, TX). 
Crosslinking was performed at ~ 100 kGy of electron beam radiation at a temperature below 
melt, followed by melt annealing at 150 "C. Ethylcne oxide (EtO) gas was used to sterilize both 
polymer materials used in this study. A total of 15 pins of length 19.1 mm were machined from 
the tibial components of each material. To study the role of surface conformity in total joint 
replacements, the ends of seven pins from each group were machined to hemispherical shapes of 
radius equal to 3.2 mm, and those of the remaining eight pins to radius equal to 7,9 mm. The 
ends of each pin were then polished with fine polishing cloth to remove gross machining marks. 

Flat disks of diameter 63.5 mm and thickness equal to 7.9 mm, machined from F77 Co-Cr 
alloy (Depuy Orthopaedics, Warsaw, IN), were used as the counterface material. Tests were 
performed using two surface conditions. The first corresponded to an orthopaedic-grade surface 
finish, and the second represented a roughened surface, similar to those seen iii retrieved Co-Cr 
femoral components [5]. Four of the seven disks were mughencd using 600-grit SiC abrasive 
paper. This procedure created sharp surface features on the counterface that have been shown to 
be an important factor contributing to the increase of the wear rate of UHMWPE [6]. 

For each disk, the average surface roughness with respect to the mean profile line, /f„, and 
peak surface height above the mean line, Rp,,,,^, were measured using a DckTak IID mechanical 
stylus profilomctcr (Sloan Technology Co., Santa Barbara, CA), equipped with a 12.5-fim radius 
tip, having a vertical resolution of 0.5 nm. /?,,,„« gives statistical information about asperity 
heights above the zero-height plane. Measurements were obtained over 4 mm scan lengths at ten 
different locations of each disk surface, where reciprocating sliding with the pins occurred during 
subsequent wear testing. Mean and standard deviation values of the surface roughness 
parameters of each disk used in this study are given in Table I. The calculations were based on 
the assumption that tlie roughness data followed normal distributions. 
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Experimental Apparatus and Microsmpy 

_    A reciprocating prn-on-disk tribometer was used for wear testing. Previous studies have 
demonstrated that unidirectional sliding does not yield wear rates for UHMWPE relevant to 
those expected in VIVO [7]. In the tribometer used in this study, the direction of sliding was 
'^.'oH /v.   w ™'^'^°"-^^ fr*^ti°" fo"=« between the pin and disk surfaces was continuously 
recorded by strain gauges that measured the horizontal deflection of the arm holding the pin S 
rotational speed was chosen to produce a maximum linear velocity of 35 mm/s for all sp«;imens 
h order to keep the rotational speed constant throughout the study, the stroke length of different 
2 was vaned from 15 J to 37.68 mm. One sliding cycle corresponded to a total distenc^of 
sliding equal to 35 mm. The pin was held stationary above the rotating disk under a constant 

;S n   1'Jnf."^^ "^"T "^"^'" *'^ ^"''y *- Hyclone Alpha CaJf Fraction sLm 
2Wm   C- H ^^^'■!,"f 0» ^'0 ^«^'™ «-ide. resultingin ajr^tein concentration ol^ 
23 mg/mL. Sodium az.de was added to prevem degradation of the bovine serum, lie protein 
Ton!!!?.   " '°r'^°"^ T !^^^'^ *'°""<^ i" healthy synovial joints [8]. All tests were conducted 
at room temperature and relative humidity typically in the range of 40%-50%. 

Table I. Surface roughness of Co-Cr disk specimens 
Disk# 

1 
R, (urn) 

0.028 ±0.004 
0.029 ± 0.003 
0.042 ± 0.007 
0.031 ±0.002 
0.005 ±0.001 
0.031 ±0.003 
0.007 ±0.002 

itprakiU-in) 
0.167 ±0.099 
0.108 ± 0.028 
0.518 ±0.128 
0.377 ±0.079 
0.066 ±0.027 
0.372 ±0.044 
0.082 ±0.042 

The apparent mean contact pressure p between the pin and the disk surfaces was 
approximately determined using classical Hertz theory. For hemispherical pin and flat disk 
specimens, p is given by 

_    I 
P=- 

K 3R : (1) 

where P is the nomial load, ^ is the radius of curvature of the hemispherical end of the pin, and 

£• is the effective elastic modulus, given by t =[{\-yf)/E, +(l-v|)/£,]^'. where £ and v 
denote elastic modulus and Poisson's ratio and subscripts 1 and 2 refer to UHMWPE and Co-Cr 
niatenals,respectively. Assuming£,= 1 GPa, >'i = 0.45.£2=210GPa,and >^=03 the effective 
elastic modulus is found to be £* = 1.25 GPa. Based on these values, the apparent mean coS^ 
pressure obtained from Eq. (1) for pin radii of 3.2 and 7.9 mm is 44.98 and2442 MPa 
respectively, which is within the contact stress range of healthy synovial joints [9]. Since the 
polymer is expected to plastically deform under such pressure values, Eq (1) yields onlv an 
approximate estimate ofthe apparent mean pressure. ■   4 v ;y     !>oniyan 

After 2,6 and 8 h of testing, worn polymer surfaces were observed in an Electroscan E3 
environmental scanning electron microscope (ESEM) (FEI Company, Hillsboro, OR) in order to 
study the evolution of wear. The ESEM is an ideal instrument because UHMWPE can be 
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observed at electron microscope magnification levels without the need to coat the sample 
surfaces with a conductive layer that may alter the topography during observation. 

RESULTS AND DISCUSSION 

Coefficient of Friction 

Figures 1 and 2 show typical friction coefficient responses for four representative material 
cases. In all experiments, the coefficient of friction evolved to a steady-state value after a 
relatively short sliding distance (run-in period), thus allowing for the calculation of an average 
steady-state value after testing for~2 h. Mean and standard deviation values for the steady-state 
coefficient of friction (obtained assuming the data followed nomial distributions) are given in 
Table 11 for different pin radius (conformity) and counterface roughness. The data do not reveal a 
conformity effect on friction behavior. However, both polymer materials exhibit lower average 
steady-state friction coefficients when articulated against a smooth counterface than a rough 
counterface. Higher friction is expected with rough surfaces due to the greater contributions of 
asperity dcfomTation and plowing friction mechanisms, although adhesion may decrease due to 
the reduced real contact area in the presence of a rough surface. However, if the dominant 
process is surface fatigue, i-esulting from the differential plastic flow and toughness of crystalline 
and amorphous phases or non-crosslinked and crosslinked microdomains, then the roughness 
controls the intensity and number of secondary load (asperity) cycles accumulating in each 
passage of the pin (primary load cycle). Fewer secondary load cycles are produced with the 
rougher counterface, though the stress intensity at asperity microcontacts is higher. Thus, cycle- 
dependent mechanisms, such as surface pitting, could be impeded during articulation against a 
rougher surface. This may provide explanation for the less surface damage of both crosslinked 
and control pins articulated against the rougher Co-Cr disk surfaces: 

0*0-, 

1 ^^ 
O 03(1 

% 010 

8 up!) 

b 

cortroi R'=3.2mm: rough surface 
CoiUfOl R=3.2mm; smooth surface 

"■-■;..■ 

'-_-"-. ■inira' inJno tMMW 76^ 7r<6nD lonoo 

cyfites .  ■                '.'   . 

Figure 1. Coefficient of friction vs. sliding 
cycles for control UHMWPE. 

■      0*^1 

a  - xl R=3 2nim: rough surface 
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Figure 2. Coefficient of friction vs. 
sliding cycles for crosslinked UHMWPE. 

Table II. Steady-state coefficient of friction vs. Cp-Cr counterface roughness 
Polymer 
material 

Pin radius 
(mm) 

Smootli 
counterface 

Rough 
counterface 

Control 3.2 0.09 ± 0.02 0.14 ±0.02 
Control 7.9 0.10 + 0.05 0.16 + 0.06 
Crosslinked 3.2 0.09 ± 0.05 0.19 ± 0.07 
Crosslinked 7.9 0.11 ±0.07 0.17 + 0.05 
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Wear Mechanisms 

To study the evolution of wear during the initial stage of sliding, the pin surfaces were 
examined after 2,6, and 8 h of testing, corresponding to approximately 6,200,18,500 and 24,700 
sliding cycles. After 2 and 6 h of continuous sliding, the original machining and polishing marics 
(e.g., see Figs. 3(a) and 4(a)) were still visible, regardless of the counterface against which the 
pin was tested, for both cros-slinked and control materials. After 8 h of testing, the surfaces of the 
control and crosslinked pins with radius of curvature equal to 7.9 mm did not reveal any 
discernible changes; however, the surface topographies of the pins with the lower conformity 
exhibited noticeable differences. Control pins tested against the smooth counterface revealed 
surface features similar to those observed by Rostoker et al. [2]. That study showed regions of 
plastic deformation with a striated topography, sitnilar to those shown in Figs. 3(b)-3(d). Surface 
features observed in the present study, such as folding and rippling, could contribute to adhesive 
wear by creating regions more susceptible to rupture than the bulk material. The produced 
particles could then lead to third-body abrasive wear, thereby accelerating surface deterioration. 

Crosslinked pins tested against the same smooth counterface showed pitting simi lar to that 
observed in crosslinked retrievals [10]. Surface pitting can be considered to be a manifestation of 
adhesion arid surface rupture due to excessive localized plastic shearing. As discussed above, the 
roughness of the cotinterface may promote this wear mechanism. It is hypothesized that wear of 
the amorphous phase of UHMWPE occurs at a rate higher than that of the crystalline phase, 
leading to a surface consisting of protruding harder microdomains. These low-toughness surface 
features presumably undergo microfracture during repeated asperity sliding, leading to the 
surface topographies shown in Figs. 4(b>4(d). 

Neither material showed significant surface evolution against the rougher counterface. It is 
thought that the rougher counterface actually enhanced lubrication by providing serum paths at 
the contact region, thereby restilting in less wear in the eariy stages of sliding. 

(") (b) (c) (d) 
Figure 3. Representative ESEM micrographs of control UHMWPE surfaces obtained (a) before 
and (b)-(d) (representing three different rnagnifications) after testing for 21,300 sliding cycles 
against a smooth Co-Cr counterface. (Arrows denote direction of sliding.) 
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(a) (b) (c) (d) 
Figure 4. Representative ESEM micrographs of crosslinkcdUHMWPE surfaces obtained (a) 
before and after testing for (b) 27,000 (c) 26.200 and (d) 18,400 sliding cycles. (Sliding occurred 
against (b) smooth and {c);(d) rough Co-Cr counterfaees. Arrows denote direction of sliding.) 

CONCLUSIONS 

Surface damage of non-crosslinkcd and crosslinkcd UHMWPE was investigated in this 
study. Distinct differences in surface damage modes were observed between crosslinked and 
non-crossiinked polymers after continuous reciprocating sliding against orthopaedic-grade Co-Cr 
alloy surfaces immersed in alpha calf fraction serum. Surface rippling and folding were the 
dominant surface defonnalion features on the non-crosslinked material, while crosslinked 
UHMWPE showed evidence of pitting and cracking. The latter behavior may be attributed to the 
reduced modes of plasticity of the crosslinked material. Despite the lower wear rate of the 
crosslinked material (afforded by the resistance to orientation softening), erosslinking may yield 
damage modes not possible with untreated polyethylene. Differences in plasticity between 
adjacent crosslinked and non-crosslinked regions may promote localized excessive shearing, 
leading to micropitting due to the high shear strain gradients at the boundaries of different 
microdomains. This highlights the need for further investigation of wear mechanisms 
commencing at the micro- and nano-scale. Therefore, in addition to the wear rates of different 
types of UHMWPE used in total joint replacements, it is essential to obtain insight into the 
different modes of plasticity and wear micromechariisms encountered during the early stage of 
sliding, and to further examine the precursors of the steady-state wear process. 
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ABSTRACT 

This paper briefly reviews our recent studies, wiiich aimed to investigate the effects of I) the Ca2+ and PO43- ions 

flow and 2) amelogenins on the lengthwise growth of octacalcium phosphate (OCP), which is a potent precursor of 
enamel apatite crystal.  OCP crystals were grown at 37°C in a dual membrane system under various amount of ionic 
inflow into a reaction space, using 1) 5T30mM Ca and PO4 solutions as ionic sources and 2) extracted bovine 

amelogenin and recombinant murine amelogenins (rM 179, rM 166).  With an increase in the ainount of Ca2+ and/or 
PO43- ions flow, the length of OCP crystal increased, while the width decreased.  As a result, the length to width 
(L/W) ratio of crystal changed irom 3 to 95, while the width to thickness (W/T) ratio from 32 to 9.  Tlie effect of 
amelogenins was unique, regardless of the type of amelogenins : Rod-like and prism-like OCP crystals with large 
L/W (61~107) and small W/T (1.3~2.2) ratios were formed in 10% amelogenin gels. In contrast, characteristic 
ribbon-like OCP crystals grew without protein and with gelatin, albumin, polyacrylamidc gel and agaro.sc gel. 
Specific interaction of amelogenins with OCP crystal was ascribed to the self-assembly property of amelogenin 
molecules and their hydrophobic nature.  It was suggested that ionic flow and amelogenins play sonic critical roles 
in the elongated growth of enamel crystals. 

INTRODUCTION 

Enamel crystals of mammalian tooth are formed in an enamel matrix, which is abundant in amelogenins, imder 

regulated Ca2+ and PO43- ion supply from the layer of ameloblasts.   In the early stage of the enamel crystal 
formation, very long and thin crystallites deposit in an enamel matrix with their long axis parallel to each other.  In 
the later stage, crystals mainly increase their width and thickness, and grow into flat-hexagonal prisms [1,2]. The 
morphology is quite different firom the irregular shaped plate-like morphology of bone and dentin crystals.   We 
speculate that the uniqueness of enamel crystals relates to their growth condition: 1) lattice ions of enamel crystals, 

Ca2+andP043- ions.arctransportedfromthelayerofamcloblastsintptheenamelmatrix, which might cause 
ionic flow, and the mode of the ionic flow changes during the tooth enamel formation [3,4]; 2) molecules of 
amelogenin, which is major component of enamel proteins [5,6] and highly hydrophobic [7], assemble into 
nanosphcres and form gel [8-10] with unique property [II]. 

We have been studying the mechanism of the lengthwise and oriented growth of enamel crystals bascd.on a 
hypothesis that I) octacalcium phosphate (OCP)-like phase is initiated as a precursor of enamel apatite: 2) one 
directional supply of the lattice ions contribute to the lengthwise growth in the c-axis direction ; 3) amelogenin 
nanosphcres play roles as a scaffolding matrix in the highly organized growth of enamel crystals [reviewed in 
12.13]. To evaluate the hypothesis. OCP crystals were grown in a model system of tooth enamel formation, where 

Ca2+ and PO43- ions were supplied through membranes into amelogenin gels (a dual membrane system [14-16]). 
The present paper .shows how ionic flow and amelogenins affected the growth of OCP crystals. 

EXPERIMENTAL 

A dual membrane system 

Reactions were carried out at 37 °C and pH6.5 for 3days in a dual membrane system [ 14], where a cation 
selective membrane (CMW) {Asahi Glass Co.) and a dialysis membrane (Visking Cellulose Tubing ; Union 

Carbide Co.) were used to control diffusion of Ca    and P04^' ions.   Membranes (about 8mm in diameter) were 

103 



allachcd lo a Ca solution ( Ca(CH3COO)2 . H2O, 1.8ml) container.  The Ca solution container was put into a PO4 

solution ( NIl4ll2P04 + (Nll4)2llP04; 1:1 molarralio jOOmI).  Ca2+and PO43-ions diffuse into the reaction 
space between Ihc membranes (about 15^1 of volume) from mutually opposite sides respectively through the CMV 
and the dialysis membrane. Crystals deposited on the CMV or on the both membranes depending on the solution 
concentration. concentration. 

Effect of ionic fl<»v 

To evaluate the cflcet of ionic How on the growth mode, crystal growth was carried out tinder different amount of 

P04- "and Ca "•■ ions' ttux fl.5]. One of factors that determine the driving force of diffusion of ions through a 

membrane is the potential difference across it.  Therefore, amount of P04-^' and Ca^"^ ions' influx across the 

membrane was changed by changing concentration of phosphate solution and Ca solution used as P04^" andCa^"*" 
ionic sources.   5, 10, or 30mM of PO4 and Ca solutions were used in different combinations. 

Effects of amelogenins 

To evaluate the effect of amelogenins. crystal growth was carried out in 10% amclogenin gels, using I OmM Ca 
and PO4 solutions.  Three types of amelogenins were used : 1) extracted bovine amelogcnin and 2) rccombinant 
murinc amelogenins, rMI79 (M=20kDa) and rM166 (M= I fi.Rkna).   About 40% of the bovine amclogenin was 
20,7kDa fraction, which lack the liydrophilic C-temiinal residues of the full length amclogenin [17,18], and the rest 
was degraded fractions with the molecular weight of about 3-8, 13,16kDa [14].  rMI79 has the hydrophilic C- 
Icmimal residues and lacks an N-|emiinal melhionine and a phosphorylated serinc residue : rM 166 lacks the 
hydrophilic C-tenninal residues present in rM 179 [ 19].  Their purity was higher than 95% [ 16]. 10% amclogenin 
solution was put in the reaction space and lOniM of Ca and PO4 solutions were used as ionic sources. Some parallel 
reactions were carried out in 10% bovine .serum albumin, gelatin, polyacrylamide (PAA) gel and 1% agarose oel for 
a comparison. =-0 

Afler a reaction, the precipitates still fixed on the membrane were rinsed superficially with distilled water and air 
dried or lyophilized when organic materials were u.scd.   Crystals were identified by an X-ray diffractometer(XRD) 
(Rigakii, RINT 2500).   Morphology of crystals was observed by a scanning electron microscope (SEM) (Hitachi 
S4500).   Crystal size was measured on the SEM photographs, and their averages and standard deviations were 
calculated. 

RESULTS 

Effect of ionic flow 

Morphology of OCP crystal changed, depending on the concentration of Ca and PO4 solutions used as ionic 
sources (figure 1).   Plalc-like crysla!.s grew, when 5mM solutions, which were minimum concentration Jo form 
cry.stals in the present condition, were used.  Ungtli of OCP crystal increased from about 13i4 jim to 9l±7iim with 
an increase in concentration of Ca and/or PO4 solutions. Increase in length W'as smaller than expected, when the 
soKition concentration was higher than lOmM, because crystal grew on both CMV and dialysis membrane, while 
they grew only on the CMV when the concentrations were lower than lOmM.  The width decreased under a large 
amount of ionic (low.  Tlie drastic change of morphology from rectangle to long ribbon is figured by the length to 
width (L/W) and width to thickness (W/T) ratios (figure 2): The L/W ratio changed from 3 to 95, whereas the W/T 
ratio changed between 32 and 8, as the concentration of Ca and/or PO4 solutions increased. Thus, longer and 
narrower ribbon-like crystals grew, when the amount of flux across the membranes was large. 
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Figure I. MorphoIogyofOCPcrystalsgrownundervariousamountof PO4   andCa    ions'influx. 
Concentration of Ca and PO4 solutions used as ionic sources are (a) Ga 5mM, PO4 5mM ; (b) Ca 5mM, PO4 30mM 

;(c)CalOmM,PQ4 30mM. 
100 

[Ml 

WT 

w r^ 

5  10   30 mM 
30mM      - 

Figure 2.  Length to width (L/W) ratio and width to thickness (W/T) ratio of OCP crystals grown under various ion 
flows [15].  The scheme shows morphology and crystallographic axes of OCP crystal. 

Effects of amelogenins 

The effect of amelogenins on the crystal morphology was unique (figure 3): Ribbon-like crystals grew in the 
absence of organic materials (control) and in gelatin, albumin, PAA gel and agarose gel: In contrast, prism-like and 
rod-like crystals grew in 10% amelogenins, regardless the type of amelogenins.   The XRD indicated these products 
are OCP with good crystallinity. 

Drastic reduction in length and width of OCP crystal was cau.sed by organic materials with different efficiency 
(figure 3,4).   The length decreased from 90±8nm (control) to 6±2nm (bovine amelogenins) and 3.6±l(im 
(albumin), and the width from 2±0.5nm (control) to 94±35nm (bovine amelogenins) and 83±17nm (albumin).   The 
inhibitory activity of the bovine amelogenins in length was larger than that of rM 179 and rM 166.  Both rM 166 and 
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rM 179 had similar effect on the growth of OCT.   The inhibitory activity of amelogenins gels in length and width 
were larger thini that of PAA gel.   Whereas, the decrease in thickness caused by amelogenins gels was smaller than 
that caused by other materials.   The inhibitory effect of albumin was the largest.        ~ 

The degree ofcrystal size reduction in 10% amclogcniiis gels w-as in the order of width, length and thicikness. 
This mean.s that amelogenins supprcs-sed the gi-oMh of OCP in the order, b-axis > c-axis > a-axis direction and that 
the interaction of anielogenins with the crystal face of OCP was in the order of (010) > (001) > (100). 

Figure 3. Morphology ofcry.slals grown (a) without additives, in (b) 10% albumin, (e) lO'-i rMI79. and (d) 10% 
rM 166.   Note that both rod-like and prism-like crystals were obtained in three types of amelogenins. i.e.. bovine 
aniclogcnin. rM 17') and rM 166. 
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Figure 4.  Length (L), width (W), thickness (T), L/W ratio and W/T ratios of OCP crystals grown without proteins 
and in 10% bovine amelogenins, rM 179, rM 166, albumin and gelatin. 

The L/W and W/T ratios of the crystals (figure 4) show the unique effect of amelogenins on morphology. 
Bovine amclogenin, rMl 79 and rMl 66 resulted crystals with the L/W ratio larger than that of control crystals and 
with the smallest W/T ratio. In ease of rM166 and rM179, the L/W ratio was about 2.5 times larger than and the 
W/T ratio was about 1 /6 times smaller than those of control crystals.  Gelatin also caused the elongation as well as 
rMI66and rM179, but the W/T ratio was 1/2 of the control crystal. 

DISCUSSION 

The results of our in vitro experiments demonstrate that both ioiiic flow and amelogenin contributed to form OCP 
crystals with elongated morphology.   Under a larger amount of ionic flow, the lengthwise growth was enhanced, 
while the growth in the width direction was reduced.  OCP cry-stal grew preferentially in the e-axis direction, while 
grew less actively in the b-axis direction.  The (001) face o(OCP crystal was, presumably, the most active face on 
which ions and molecules of the lattice components were attached and subsequently OCP structure was quickly 
constructed in the c-axis direction.   As a result, the maximum L/W ratio of crystals was about 25 times larger than 
that of crystal grown under the smallest ionic flow (figure 2).  In the absence of organic materials, even when the 
ionic flow changed, crystal length and width were not reduced less than 13 and 4 pni, respectively.  When the ionic 
flow was further decreased, i.e., when the concentration of the ionic souiccs were lesii than 5mM, there was no 
precipitation on the membrane.    Drastic reduction in crystal size was caused by organic tnaterials with different 
efficiency (figure 4). 

Amelogenin gels caused a large decrease in width and small decrease in thickness of OCP crystitl. As a result, 
decrease in W/T ratio caused by 10% amelogenin gels was larger than those caused by other organic materials used 
(figure 4).  The W/T ratio, 1.3, was much smaller than that caused by the change in the amount of ion flow in the 
absence of amelogenins (figure 2). The effect of amelogenins on crystal morphology was common among bovine 
amelogenins. rMl 66 and rMl 79, regardless of the homogeneity of molecular weight and the existence of the 
hydrophilic C-temiinal. This indicates that the specific interaction of amelogenins with the crystal faces of OCP 
related to some common factors among these amelogenins.  That is hydrophobicity [14,16], because most part of 
amclogenin molecules are composed with hydrophobic amino acids, except the C-tenminal of rM 179 [20]. 
According to the crystal structure analysis [21 ], OCP has ten HjO molecules per one unit cell.  Amount of H2O 
molecules exposed in its crystal face is in the order of (100) > (001)»(010). Therefore, it is expected that the 
(100) and (001) faces are hydrophilic, while the (010) face is rather hydrophobic.  The ionic arrangement in its 
crystal face suggests that the (100) and (010) faces are positive, while the (001) face is slightly negative. The 
amount of the positive charge of the (100) is higher than that of the (001).  Amelogenin molecules are hydrophobic 
and positive at pH6.5, and they assemble into nanosphcres with hydrophobic property [8-10).   AFM imaging of the 
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10%, 30% and 35% iimelogenin gels revealed that those nanospheres were basic building block of the amelogenin 
gels (16,22.23 ].  On the other hand. PAA gel has the closed-cellular structure with the pore size of a few micron 
[24]. Due to the cell walls, the mechanical interference of the PAA gel TOS supposed to be larger than that of the 
amelogenin gels.   Nevertheless, the decrease in length by amelogenin gels was larger than that by PAA gel.  This 
also silpiwrl.s the inleraclion with amelogenin nanospheres with the (001) face ofOCP crystal.  The hydrophobic 
and positive nanosphcin;s would react with the hydrophobic (010) and negative (001) faces rather than with the 
hydrophilic and positive (100) face.  This coincides with the result that the degree ofthc interaction was in the order 
of(010)>(OO.I)>(IOO). 

During tooth enamel fomialion. Ca^"*" and P04'' ions arc transported from the layer of ameloblasts Into the 
cn:uiicl matrix and the mode of ionic transports change during enamel fonn.ition, accompanied with the changes in 
activily oflhcse ions and the Ca/ PO4 ratio [3,4]. Recent studies have postulated that amelogenin nanospheres play 
active roles in the elongation of enamel crystals [9,13].  In the dual membrane system, it was demonstrated that Ihe 
IVW ratio was increased about 2.Stimes by increasing Ihe amount of the ionic flow and it was increased in 10% 
amelogenin gels I .i-2.i times larger tliiin that of control crystals [14-16], thereby, indicating that the ionic flow and 
amelogenin gels played a key role in the lengthwise growlh of OCP crystal.   In a gelatin gel system, 1-2% 
ainelogenins eftectively elongiited OOP crystals, which have the L/W ratio 3-.'itimes larger than that of control 
crystals p."!]. The width and thickness of human enamel crystals in the early stage are ISnm and 1.5nm, 
respectively, and those in maturation stage are 68iim and 26nm. respectively [2J. Since enamel crystals arc long, not 
,slraighl and fragile, il is difficult to measure the length. It is rc|wrledlhal enamel crystals extend over an entire layer 
from Ihe dentino-cnamcl junction to Tomes" processes of ameloblasts [26] and they are at least lOOjim [27], which 
maybe the longest reported value. When the length and the width were lOOpm andlSnm, respectively, the L/W is 
6667.   When the length and width were lOOjim and 68nm. respcclivcly. the LAV is 1470. The extreriicly large L/W 
ralio ofchamcl cry.slals might still require other factors/mechanism lo be involved, which work 10 reduce the width 
(i.e.. Ihe growth in the b-axis direction) and lo increase the length (i.e., the growth in the c-axis direction) in 
combinalion with amelogenins and ionic (low. 

CONCLUSIONS 

The increase in the amount of calcium and phosphate ionic flow enhanced OCP er>'stal lo grow longer and 
narrower. Organic materials reduced crystal size. The effect ofamclogcnins on the morphology of OCP was 
unique, when it was compared wilh albumin, gelatin. PAA. and agarose.    Only 10% amelogenin gels changed the 
morphology from ribbon-like to prism-like with large L'W ralio and small WT ralio.  Amoiinl of water molecules 
and electric charge of Ihe (100). (010) and (001) face of OCP crystal reflecled the degree of interaction with 
amelogenins.  The present study .supported the view that the ionic tlow and amelogenin nanospheres play key roles 
in conu-olling Ihe lengthwise and oriented growth of enamel crystal. 
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ABSTRACT 

Honeybees are the most studied insects in the magnetic orientation research field. 
Experiments on the magnetic remanence of honeybees have shown the presence of magnetite 
nanoparticles, aligned transversely to the body axis on the anterodorsal abdomen horizontal 
plane. These results support the hypothesis of ferromagnetic sensors for the magnetoreception 
mechanism. An Electron Paramagnetic Resonance (EPR) study identified isolated magnetite 
nanoparticles and aggregates of these particles with a low temperature transition (52 K - 91 K). 
Hysteresis curves of Apis mellifera abdomens organized parallel and perpendicular to the 
applied magnetic field Avcrc obtained from 5K to 31 OK. At low temperatures, the hysteresis 
curves indicate a preferential orientation of the magnetic easy axis parallel to the body axis. The 
saturation (Js) and remanent (Jr) magnetizations, coercive field (He) and initial susceptibility (%) 
were obtained. Results weire interpreted based on the presence of magnetite nanoparticles with 
50 K and 120 K mean blocking temperatures. 

IlVfTRODUCTION 

The honeybee. Apis mellifera, is the most studied insect in the magnetic orientation research 
field. Different experiments aiming the localisation of sensory magnetic particles in honeybees 
were reviewed [1]. Studies of the magnetic properties of honeybee have shown the presence of 
magnetite superparamagnetic or single domain nanoparticles in the anterodorsal abdomen 
region. Remanence measurements-demonstrate that adult honeybees and older pupae possess 
magnetic material aligned transversely to the body axis on their horizontal plane while dead bees 
induced jemanence tends to be aligned with the magnetic applied field. The transverse 
horizontal orientation could be the result of crystals that are forced to grow aligned noith-south 
in the geomagnetic field, the most common comb natural orientation. Moreover, each honeybee 
showed different natural remanence [2-5]. 

Based on the ferromagnetic hypothesis for magnetoreception. Electron Paramagnetic 
Resonance (EPR) studies have contributed to the identification of magnetic material [6,7]. The 
presence of isolated magnetite nanoparticles of about 3 xlO" nm^ and lO' nm' depending on the 
hydration degree of the sample, and aggregates of these particles was proposed. A low 
temperature transition in the 52 K-91 K region was reported [6]. 
A lack of hysteresis data yield us to focus on the analysis of the temperature dependence of 
hysteresis curves of Apis mellifera abdomens oriented parallel and perpendicular to the applied 
magnetic field of the magnetometer. 
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EXPERIMENTAL DETAILS 

Natural dead bees found at the entrance of a hive in itaborai, Soutlicast of Brazil were 
collected and kept in 80%(v/v) ethanol. Bees were extensively washed with this solution. The 
three first segments of 16 bee abdomens were separated with stainless steel scalpel blades to 
avoid contamination. Two samples with eight abdomen segments each were oriented one with 
the axis body parallel and the other perpendicular to the magnetic field. 

Hysteresis curves were obtained using a SQUID magnetometer (Quantum Design) from 5 K 
to 310 K for fields up to 30 kOe in the first positive branch, and up to 500 Oe in the negative 
branch. A straight line dominates the curves with a negative or positive slope depending on the 
temperature range and orientation of the .sample. Linear fits from 10 kOe to 30 kGe were 
performed using Origin" software. The angular coefficient was taken as an effective dia- 
paramagnetic susceptibility and used to subtract the dia-paramagnetic contribution from the 
hysteresis curves. - 

RESlJLTS 

The hysteresis loop obtained at 50 K for the two sample orientations in the low field region 
are shown m Figure I. One branch of each curve including the saturation region is presented in 
the insert. The saturation (Js) and the rcmanent (Jr) magnetizations, the coercive field (H,.) and 
initial susceptibility (x) are obtained from these cur\'es. 

I '  I '  I 
-0,2   0,0   0,2   0,4   0,6   0,8   1,0 

H(l<Oe) H(kOe) 

Figure L (a) Low Field region of hysteresis curves at 50 K. (b) First branch of hysteresis 
curves. Abdomen segments of eight bees oriented peipendicular (full square) and parallel (open 
triangle). Lines are guides to the eyes. 
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Figure 2. Temperature dependence of magnetic parameters, (a) Saturation magnetization, Js. 
(b) Remanent magnetization, Jr, (c) Coercive field, H^ and (d) Initial susceptibility, %. Abdomen 
segments of eight bees oriented perpendicular (full square) and parallel (open triangle). Lines 
are guides to the eyes. 

The temperature dependence of these parameters from 5 K to 310 K is ■plotted in figure 2 for 
both orientations. From these data it is evident that the magnetic paratneters depend on the 
orientation of the magnetic field. This suggests that the magnetic particles in bee abdomens are 
preferentially aligned in specific directions rather than being arranged isotropically. The parallel 
and perpendicular Js values are in the same magnitude range for temperatures above 50 K, but 
with weak oscillations (not visible in the scale of figure 2a) not observed in the perpendicular 
direction. Below 50 K there is a splitting of the curves, and at 10 K Js in the perpendicular 
orientation is eight times larger than Jj in the parallel direction. Similar oscillations are also 
observed for x (Figure 2d) in the same temperature range with a 2.5 ratio between the two 
orientations at 10 K (even considering this parameter uncertainty), in contrast. He and Jr values 
are anisotropic for a wide range of temperatures (lower than about 200 K) shown in Figures 
2b,c). The slope changes (obtained from derivative curves) appear at around 120 K and 50 K. for 
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I Ic and Jr. Al 20-30K H^- curves present a maximum while J, curve behaviors are opposite with a 
minimum for the perpendicular orientation. 

CONCLUSIONS 

The almost indistinguishable Js values observed above 50 K are consistent with the previous 
results of dead bee magnetization tracking the applied magnetic field. At lower temperatures, 
the higher values for J^ when the magnetic field is applied perpendicular to the body axis 
suggests that magnetic moments are aligned perpendicular to the body axis as found for live 
bees [2]. 

The anomalous increase of Js and J, could be associated with supcrparamagnetic particles 
that stabilize with a low blocking temperature. This is supported by smooth changes on the Jr 
and He curves indicating mean blocking temperatures of about 50K and 120 K related to 20 nm 
and 26 nm particle diameters [8]. Low temperature transitions in smashed bee abdomens were 
also observed by RPR, 60-91 K for natural samples and 52-72 K for lyophilised ones. At 
temperatures lower than 25 K the background EPR component changes to an unexpected 
asymmetric line shape [6]. This result can be related to the peak at around 25 K shown in He 
curve which is possibly influenced by oxidized surface as observed in nanostruetured Fe grains 
[9]. These magnetic properties presenting several temperature range behaviors could be due to 
different magnetic nanoparticlc system arrangements. This paper present original results on the 
magnetic material in bee abdomens it points to the complexity of this system that requires 
complementary experiments and theoretical developments, especially with respect to 310 K, the 
bee body temperature. 
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ABSTRACT 

Textures of calcite crystals ftom ostrich (Struthio cfl»je/u.v) eggshells were examined with 
X ray dififrictometry (XRD), transmission and scanning electron microscopy (TEM, SEM), and 
the thermal stability by thermal expansion analysis (TEA). Results showed that textures vary 
through the thickness of the eggshell and that expansion properties and thermal behaviour are 
unusual. Crystals from ostrich eggshell are arranged in two main configurations oi- layers; the 
outer layer with thec-axis of crystals oriented perpendicular to the eggshell surface and the inner 
layer with the c-axes of the crystals arranged almost parallel to eggshell surface; thermal 
expansion analysis show high stability through a wide rangei of temperatures until a steep grovrth 
near 450-460 °C. These results show that the manipulation of crystal texture and properties is 
under biological control and a better understanding of this biological phenomenon will provide 
more and better data for improving new synthetic composite materials. 

INTRODUCTION 

Biominerals (or biocrystals) has long been the object of biomimetic study because of its 
characteristic structural arrangements and interesting mechanical properties [1,2]. Determining 
the structures of biological materials is the most important challenge to understand all this 
properties and mefihanisitis to design a new generation of biomimetic materials. The avian 
eggshell is an unusual kind of natural biomaterial because its formation process is extremely 
rapid (= 5.0 g of CaCOa deposited in 24 h [4]) and the structure features arrangement of calcium 
carbonate crystals (calcite) in different layers relative to a biological macromolecule. In turn 
among avian eggshells, ostrich is of particular interest because of its fine assembly and therefore 
excellent structural and mechanical properties [4]. However, information on the crystal 
distribution is not enough. Some authors have done microstructural analysis to determine 
qualitatively the crystal orientation relationship between the neighbouring crystals in ostrich 
eggshell, obtaining randomly distribution of crystals in inner layer. This information should be 
especially valuable for a complete understanding of biomineralization and particularly in 
controlling the organic framework role of crystal nucleation and orientation, assembly as well as 
preferred crystal growth [3]. As we know it is not the first descriprion of crystals orientation and 
their physico-chemical processes in biological nature [1,3-8] and in order to extend the 
understanding of biominerals properties and biomineralization as well, here we present the 
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niicrostructiiral characteriziition concerning to morphology, texture and structures of the two 
surfaces (inner and outer) by scanning and transmission electron microscopy and X-ray 
diffraction and inner mcinbranc by XRD. To our knowledge, it is the first report of a property 
(thermal expansion) related to crystal orientation and the first description of the organic 
amorphous related to a crystalline phase. 

EXPERIMENTAL DETAILS 

Ostrich eggshell samples (OE), obtained from Veterinary and Zootechnical Faculty, 
National Autonomous University of Mexico, were analyzed by powder X-ray diffraction 
method. Samples were prepared by cutting pieces of 1.0 cm^ area. Both inner and outer surfaces 
were analysed putting the piece in the .sample holdbr like a specimen having flat geometry and 
powdered eggshell was analy.scd as well. X-ray powder diffraction pattern was recorded with a 
step size of 0.02° over 22-90'' 2fl-range. The diffraction data were collected with a counting time 
of 10,s each step using a Siemens D5000 Diffractometcr CaKa radiation (35 k V, 25 mA), vertical 
goniometer, fixed diffracted beam graphite monochromator and scintillation counter. The slits 
configuration was an aperture slit of 2 mm, a .scattered radiation slit of 2 mm, a monochromator 
slit of 0.6 mm and detector slit of 0.6 mm. For SEM and TEM studies OE samples were sliced 
with a diamond wheel producing 03 x 0.3 cm slices 250 to 500 ftm thick. The slices were 
subsequently polished down to a thickness of approximately 100 jim with a No. 1000 silicon 
carbide paper and water. Aflerwards they were ground to the thickness of 10 urn using a 
Fischionc dimpler, with periodical reversals to make both surfaces as homogeneous as possible. 
The specimen was thinned in a Dual 600 Gatan Ion Mill machine until a small hole was 
observed at its center with edges thin enough for TEM observation. Finally, the specimens were 
covered with a carbon film 20 nm thick in order to minimize electron beam damage and 
electrical charging resulting from ion bombardment. For thermal expansion analysis, OE were 
cut in pieces of 8 x 3 mm parallel to longitudinal axis of eggshell and 8x3 mm for the 
perpendicular to longitudinal axis of eggshell, other sample was cut to expand in the thickness of 
cgg.shell and the data corresponding to thickness of .samples is the thickness of ostrich eggshell 
(2 mm). These .samples were analysed in a home-made thermal expansion device in accord with 
the international standard ASTM E 228-95 [10]; heating them from room temperature to 1000°C. 

DISCUSSION 

Tlie outer layer of ostrich eggshell is the mo.st crystalline and preferred orientation region 
comparing with inner layer, which is oriented in ii. tr- axis (sec figure 1) what seems in some 
areasamonocrystallinelayer(outerlaycr)by SEM (see figure 2). - "        " 
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Figure 1. Powder XRD pattern of outer (left) and inner (right) layer of the ostrich eggshell. Due 
to the peaks and its intensities we have dctemiincd a preferred orientation of crystallites. This 
orientation regards c -axis perpendicular to ostrich eggshell surface (left) and crystals oriented 
parallel to surface (inner). The figure shows the only mineral phase is calcite. 

Although some authors [4,11] identified minerals of apatite group in the outer egg-shell's 
layer, we did not find them in our samples. The results shown by other authors agree with ours 
and we include the crystallite average size in preferred orientation as well (See table 1). 

Table I. Average size of crystallites related to ostrich eggshell surface. 

Outer inner membrane 
Crystallite average size 558.77 A* (ooc,, 
Preferential orientation vector 001 

1000-3000 A** 
Perpendicular to 001 None 

By Sherrer's eqution and **By SEM 

.ifa.K.'is 

Figure 2. SEM image of outer layer of ostrich eggshell showing a region of a gaseous 
interchange pore. The smooth surface is due to compact arrarigemcnt of calcite nanocrystals. We 
regard this arrangement is a biological design directed by biopolymcric phase. Scale bar = 1.0 
Hm 
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Figure 3. SEM (left) and dark field TEM (right) micropholographs of inner layer of ostrich 
eggshell showing biopoiymcr fibres bound to a grains of caicite crystals. This unidentified 
biopolymer wc consider is the responsible for the thermal properties; Scale bar in SEM= 1 0 um 
Bigger grain measure in TEM is = 0.13 fim diameter. 

Calcitc crystals orientation resemble results obtained by other authors [4] but with some 
differences: those authors describe a non-preferred orientation in the inner crystal layer, whereas 
wc found a preferred orientation with respect to the a -crystal axis (sec XRD pattern shown in 
figure 1) and a large amount of unidentified fibrous biopolymer (Seen in figure 3). 

This biopolymer cluster is associated with calciic crystals (Figure 3 and 4) to 
biomincralizate and although it is not well known some authors have found signs of type I, V and 
X collagen [II]. The biopolymer-crystal interaction is not well understood as well. 
in this work the cry.stals arc regarded as needles due to the XRD spectra where only some peaks 
are seen. In other words, the c- axis of needle-like crystals is preferentially arranged in parallel to 
the eggshell surface, and through the equivalence in a an ft axes in caicite we distinguish a 
longitudinal arrangement to eggshell surface of c- axis in inner layer. 

Figure 4. Powder XRD pattern of inner membrane of the ostrich eggshell. The peaks are more 
diverse than the presented in figure 1 what seems randomly oriented crystals and by its 
intensities wc have determined a biggest sizx of crystallites than figure 1 cases. This figure is an 
approach to crystal-biopolyincr interaction. 
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Figure 5. Anisotropic thermal expansion of OE (left) and OE TG (right) where mass loss 
initiate near 460°C what is related to chemical reactions in TG. In left graph L means a slice 
parallel to longitudinal OE axis while T is transversal direction (or side view) to longitudinal axis 
ofOE. 

The average size of crystallite was measured through Scherrer's equation with full width 
at half maximium FWHM of a distinctive peak (006) and obtaining values presented in table 1. 
Scherrer's equation was useful only for outer layer because are colloidal crystals. 

On the basis of the experimental data the ostrich eggshell has an evident quantitative 
expansion starting at high temperatures near 450-460 °C (As presented in figure 5). Preferred 
expansion is in longitudinal axis of OE This temperature is related by a TGA with a reaction of 
mass loss of calcite phase in OE. 

We thiiik the anisotropical thermal expansion of OE is due to amorphous biopolymer- 
calcite interactions producing a phenomenon that resemble monocristalization and is possible the 
rearrangement from a to c-axis by heating samples on OE samples. The rearrangement of 
crystals can be inferred by anisotropic thermal expansion of calcite [11], changing the 
orientations it would change the expansion behaviour as well. Any way a detailed analysis is 
required to elucidate this behaviour. 

CONCLUSIONS ' 

The results reported here directly show a complex structure on OE which is related to 
anisotropical physicail properties (i.e. thermal expansion) independent of calcite properties what 
seems is related to biopolymer-crystal relationship. 
How the bioplymeric matrix is forming calcite crystals is until now an unresolved problem. 
Hovyever, it is tempting to speculate that the multiple interactions of amorphoiis biopolymer and 
calcite is the responsible of nucleation, growth control and orientation assembly, and preferred 
crystal growth performing ion-ion reactions that withdraw properties of biomineral from mineral 
structure. The knowledge of interactions and properties of biological structures will provide the 
opportunity to mimic these highly complex structures by the manipulation of the molecules to 
synthesize nanostructural materials or composites with special anisotropic physical properties 
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ABSTRACT 

The research about the structural stability of bone, as a composite material, compromises 
a complete understanding of the interaction between the mineral and organic phases, the thermal 
stability of human bone and type 1 collagen extracted from human bone by different methods was 
studied in order to understand the interactions between the mineral and organic phases when is 
affected by a degradation/combustion process. The experimental techniques employed were 
calorimetry and infrared spectroscopy (FTIR) techniques. The extracted type I cpllagens result to 
have a bigger thermal stability with a Tmax at 500 and 530 Celsius degrees compared with the 
collagen present in bone with Tmax at 350 Celsius degrees. The enthalpy value for the complete 
degradation/combustion process were similar for all the samples, being 8.4 +- 0.11 kJ/g for recent 
bones diminishing with the antiquity, while for extracted collagens were 8.9 +- 0.07 and 7.9 +- 
1.01 kJ/g. These findings demonstrate that the stability loss of type I collagen is due to its 
interactions with the mineral phase, namely carbonate hydroxyapatite. This cause a change in the 
molecular properties of the collagen during mineralization, specifically in its cross-links and 
other chemical interactions, which have a global effect over the fibers elasticity, but gaining 
tensile strength in bone as a whole tissue. We are applying this characterization to analyze the 
diagenetic process of bones with archaeological interest in order to idehtily how the 
environmental factors affect the molecular structure of type I collagen. In bone samples that 
proceed from an specific region with the same environmental conditions, the enthalpy value per 
unitfliass was found to diminish exponentially with respect to the bone antiquity. 

INTRODUCTION 

Bone is one of the biological structures that has been analyzed in different areas, as 
medicine, biology, archaeology, science materials, etc. by means of different techniques. It is 
compose of a mineral and an organic phase, which are hydroxyapatite and collagen respectively. 
This biomaterial properties are of main importance for developing new materials that mimics its 
structure and for other applications in which it plays a specific and transcending role. To 
understand its structural characteristics, as the collagen-hydroxyapatite relationship, the collagen 
thermal stability, the collagen degradation process, we have, in a recent work, address these 
problems by the use of different calorimetric, gas chromatography and FTIR techniques (6). 
These findings demonstrate that the stability loss of type I collagen is due to its interactions with 
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Ihc mineral phase, namely carbonate hydroxyapaiiic, since its enthalpy value for the complete 
degradation/combustion process oCmineralizcd collagen and bone extracted collagen are similar 
8.4 +- 0.1 land 8.9 +-0.07 k.l/g respectively, but their Tmax values differ, being bigger for the 
extracted collagen. This cause a change in the molecular properties of the collagen during 
mnieralization, specifically in its cross-links and other chemical interactions, possibly provoked 
by the hydroxyapatite crystals which acts as degradation centers accelerating the protein 
combustion. The changes in this biomatcrial structure properties, have a global effect over the ■ 
fibers elasticity, but gaining tensile strength in bone as a whole tissue. We pretend to apply these 
findings to the charactcri/ation of the collagen loss process (diagcnctic process) in archacolo"ical 
bone, to develop a calorimetric approach to the dating ofbone remains, that can be found in ° 
specific environmental conditions. 

Type I collagen Of archaeological bone has been a matter of several investigations mainly 
because it is a source of valuable information for understanding the diagenctic process 
[1,2,4,5,7,8,], which is variable from one environment to another, and depends on different 
physical, chemical and biological factors. It is well.known that both, the inorganic and organic 
phases ofbone, are altered during the time this material expends buried. Differential scanning 
ca orimctry has been used for investigating the deterioration of archacolouical and actual bone 
collagen by analysing the dcnaturation of the extracted protein [7]. Our approach consists in 
obtaining the AM of combustion of the collagen molecule present in the bone structure and 
companngit With remains of different antiquity, assuming that older bones will have less protein 
than younger ones because of the dcgiadation provoked by various factors [9] Studying the 
combiistioh process implies the use of a larger temperature range of analysis than with the protein 
dcnaturation proces.s, and it also has the outstanding benefit of obtaining satisfactoiy .signals and 
reproducible results for all the archaeological bones, which has been a difficulty in other studies 

Understanding the diagcnctic process may provide a better conceptual frameworlc to 
obtain a possible relationship between the antiquity and the collagen loss in archaeological bones 
Due to the fact that the diagenctic process is provoked by multiple factors and that there is no 
very clear consensus for the particular chemistry involved in any given diasenetic process [41 it 
turns very diHicult lo describe it meticulously. Then, the collagen mass of antique bones must be 
analizcd in a way that allows the obtainment of a realistic collagen loss and bone antiquity 
relationship. For achieving this, an initial prerequisite is to woric with bone samples from the 
same region to assure that the environmental conditions are nearly equal for all the remains. 

EXPERIMENTAL DETAILS 

Archaeological bone samples were suppTial from the Anthropological Research Institute 
at National Autonomous University of Mexico and Autonomous University of Baja California 
all were from the Mexico Valley, except Xciimbo and Bonampak from Yucatan and Chiapas  ' 
respectively. The samples were suitable to perform the different experiments. The archaeolo-ical 
bones were powdered in an agate mill and sieved through a 325 mesh. The paleontological bone 
sample was analyzed using a fragments of 10 mg. DSC measuniments were carried out in a 
Thermal Analysis System 9900, Du Pont 910 (DSC module). For DSC measurements the heating 
rate was constant and equal to 10°C/ min in air atmo.sphere. Tlic sample amount used was 2 0 me 
for all archaeological samples. The FT-IR analysis were carried out using a Nicolet 680 The 
bone samples were mixed with KBr powder (1:100 ratio) and then compressed into pellets IR 
spectra were obtained for dilTereni samples. 
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Table 1. Antiquity and enthalpy values of archaeological samples (femur bone). 
SAMPLE (origin) ENTHALPY (J/g) ANTIQUITY (years) BONE 

Tlatilco Ent. 27    : -688.1127.11 315O±150 ■ Femur 
TIatilcoEnt. 197 -1202.27 ±86.64 3150 ±150 Femur 
Cuicuiico A. -422.06 + 70.60 2250 ±350 Femur 
Cuicuitcol. -313.33 ±35.84 2250 ±356 Femur 
OztoyohualcoEnt. 14 -1586.86 + 27.90 1450 + 100 Femur 
Xcambo -688.34 ±31.29 1350 ±150 unknown 
Bonampak -315.06 ±37,29 1350 ±150 unknown 
Tlalocan Ent. 2 -471.61 ±124.91 1300 ±100 , Femur 
Xochimilco Ent. 17 -1613.16 1250+150 Femur 
TlatelolcoC6T8 -1431.14 ±197.70 614.5 ± 135.5 Humerus 
Xochimilco Ent. 14-A -1476.43 ±93041 614.5 ±135.5 Femur 
San Jeronimo 1 -2224.56 ±82.51 274.5 ±99.5 Femur 
San Jer6nimo3 -2522.86 ±14.11 274.5 ±99.5 Femur 
San Pedro San Pablo Ul Ent. 1 -2153.66+159.91 185 ±25 Femur 
San Pedro San Pablo U7 Ent. 5 -814.96 ±90.03 185 ±25 Femtir 
San Pedro San Pablo U7 Ent. 16 -1860.98 ±1.15.64 185+25 Fiemur 
San Pedro San Pablo U7 Ent. 18 -1596.79 + 27.14 185 ±25 Femur 

DISCLSSION 

The calorimetric cur\'es of the archaeological bone samples (fig 1, left graphic; table 1), 
show that all of them have a similar thermal stability, defined by the Tmax between 330 and 
345°C of the combustion process, which represents the temperature where the maximum value o 
heat flow intensity the process reach. In a previous work we found that the right shoulder in the 
calorimetric curve of the actual bones, changes if the sample experimental conditions are varied. 
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i.e. the U.SC of sman bone fragmcni.s rather than powdered bone; thi.s is explained by the fact that 
the DSC analy.'ii.'! is very .sensible to the sample conditions, taking this in account all samples 
were analyzed with the same conditions. The fact (hat the archaeological bones calorimetric 
curves gradually diminish is because the thcrmograms heat flow intensity variation depends on 
the collagen mass of the bone remains, and the overall process is then represented by smaller 
calorimetric curves when the collagen loss of the structure is bigger. 

The DSC curves shape is not very useful for a good comparison between the samples and 
their antiquity. This is best represented by the enthalpy values obtained for each bone. When 
these values varies in modern bones, the organic/mineral phase ratio may be altered, and so the 
slniclure properties, hi this study, we employ a different approach for interpreting these values, 
which, as shown in table I. are not in concordance with the respective antiquity of the bones 
under study, since we expt'eted to found that the older samples will have lower enthalpy values 
and vice versa. 

Fn fig. 1 (right graphic) the enthalpy values for all the bone samples arc placed against 
their antiquity and represents the global behavior of the analyzed bones, it also shows that a 
larger group of samples is needed to fulfill the complete range of antiquities. The enthalpy values 
for all the bone samples are placed against their antiquity, and an exponential decay curve is 
obtained which represents the collagen loss rate. Tlie archaeological bones came from the same 
region to a-ssurc that the environmental conditions thai act over the collagen molecules 
degradation is similar, this is not well represented, since some sample of the same antiquity have 
different enthalpy values, so thai the protein degradation process carry out by the soil 
characteristics (pH, humidity, temperature, etc.) may not be equal for all the bone remains. It is 
expected that some bone samples may not have the same collagen loss, but a general tendency of 
such loss rate must be represented by the exponential decay cur\'e in the range of antiquity 
analyzed. 

FTIR analysis also shows that archaeological bones have different collagen loss (fig.2). 
By comparing the amide I band (1650 cm'), which is as.signcd to the C=0 stretch, is observed 
that there arc dilTcrenl organic content for the samples. A collagen and a hydroxyapatite spectra 
arc compared with the archaeological bones, the mineralization of the later samples differs 

noo    4S0O   400O   3S09    MOO    2S0O    2000    two    1000    soo 
Wavenumi}er(cm'') 

Figure 2. FTIR spectra of bone extracted collagen, hydroxyapatite and archaeological bone 
samples of dilTcrcnt antiquity. The arrow shows the amide I band at 1650 cm'' that is assigned to 
the C=0 stretching. 
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TEMPERATURE CC) 

Figure 3. Calorimetric curve of a 73 millions old paleontological bone. Two exotemiic processes 
are evident at 330 and 420 °C. 

with their respective antiquity, this may be a consequence of the burial conditions in which the 
remains were found. The 1350 years old sample (Bonampak) is very similar to the 
hydroxyapatite spectra, suggesting that the degree of collagen loss is bigger and that the mineral 
phase does not suffers any kind of modification. 

We found that the calorimetric analysis have a greater sensibility for detecting the organic 
presence iii the bone material. To illustrate the sensitivity of the DSC module, let just notice that 
it was able to detect the presence of the organic phase in some paleontological bones of even 73 
million years old (fig.3). This fact confirms that the calorimetry approach is suitable for fossil 
samples. 

The present results may be considered as a first approach to the study of bone changes by 
the cornbustion process of the organic phase, it must be taken in consideration that collagen is the 
principal constituent of bone, so by analyzing the organic phase we are primarily characterizing 
this specific protein which by the way, is expected to be the unique organic remain in the older 
bones structure, when external contamination is negligible, because of his great stability. The 
improvement of the present research may be achieve by the use of a bigger set of bone samples 
with different antiquities, so that the exponential decay curves may represent in a more precise 
way the collagen loss rate. Tt is also very important to characterize this collagen loss rate in 
different burial conditions that may provoke an accelerated degradation process and loss of the 
organic content. 

CONCLUSION ' -- 

We have applied our recent findings on the thermal stability and degradation process of 
collagen, and its relationship with the hydroxyapatite phase in the bone structure, to the analysis 
of archaeological bone. By the use of DSC analysis, we obtain the collagen loss rate fi-om the 
enthalpy values of the combustion process of the organic phase present in bones. The enthalpy of 
the combustion process from the archaeological samples has in some cases, no direct 
concordance with their respective antiquities. By studying a bigger set of bone sample of 
different antiquities, this calorimetric approach could be employed, as an ahemative technique, 
for the analysis of bone remains of archaeological and paleontological interest. 
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Material science research may have dinerenl applications in areas where structural 
knowledge and the relationship between different phases in a material exist, and can give useful 
infonnalion to develop a more robust conceptual framework about specific processes. 
Paleontology and archaeology, arc two scientific areas where the characterization of the 
properties of an important biomatcrial are of trascendcnce to achieve a better understanding of 
the changes produced in bone by external factors. 

Calorimctry is, as shown by the present results, a very useful technique for biomaterials 
study. The organic content in bone tissues of millions years old. can be detected and correlated to 
their antiquity, these must be carefully interpreted with the burial context where the remains are 
found. The use of calorimctry with other commonly u.sed techniques may help in this aspect. 
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ABSTRACT 

The creation c>f an in vitro functional tendon construct will enable testing of the 
. influence of mechanics and nutrients on the development and remodeling of tendon under 
known controlled stimuli which is difficult to achieve ;n vivo. Tendon constructs were 
engineered in vitro via stress-mediated self organization of fibroblasts and ECM on a 
lamihin coated elastomer substrate. Varying the laminin density and the amount of fetal 
bovine serum on the substrate affected the ability of tendon fibroblasts to form a 
confluent cell layer atid the time to layer delamination. Understanding the factors that 
promote self-assembly of tendon constructs will enable theiir combination with already 
developed in vitro muscle constructs. 

INTRODUCTION 

Self-assembled hiiiscle constructs, termed myooids, have been formed without a 
sjrnthetic scaffold via stress-mediated self-organization [ 1 ].   Myooids can transmit force 
spontaneously and upon the application of an electrical stimulus. They display an 
immature phenotype both morphologically and mechanically however, which hinders 
their use as ia niodel of zw v/vo muscle function. Mechanical stress is one of the 
mechanisms that has been shown to facilitate muscle maturation [2], but the interface 
between the anchor, medical silk suture, and the myooid is not strong enough to 
withstand stress on the physiological scale. This problem may be ameliorated by 
creating, in vitro, the natural interface muscle lises to transmit generated force. (Figure 1) 
The myotendinous junction is highly infolded increasing the interfacial area between the 

Figure 1. TEM of a neonatal myotendinous junction from a 2 day old Fischer 344 rat 
(xl0,140). The muscle cell is coming out of the lower right hand comer and is outlined 
by dark, electron rich areas which demarcate areas of adhesion between the fibroblasts 
and collagen of the tendon and the muscle cell  Note the involuting membrane. These 
will become more pronounced during development as the unit is put under more stress. 
The wavy lines in the central portion of the picture represent collagen fibrils of the 
tendon. Photo: Krystyna Pasyk 
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tendon and muscle, allc)wing for the tension to be transmitted primarily via shear. A 
cntical step towards myotcndinous junction formation in vitro is the development of an 
independent tendon construct. After understanding the factors that facilitate tendon 
formation, myooids and tendon constructs can be combined by co-cuhuring tenoblasts 
and myoblasts or by growing the constructs independently of each other and inducing the 
two constructs to combine. 

EXPERIIMENTAL DETAILS 

Acquisition of tendon fibroblasts 

Primary rat tendon fibrobla.sts were obtained by surgically removing the Achilles 
tendon from a Fischer 344 rat and dissociated by placing in a 0.25% trypsin-EDTA 
solution (GIBCO BRL, Rockville, MD 25200-027) containing 100 units/mL type I 
collagcnasc (Worthington Biochemical Corporation, Lakewood, NJ 4196) at ZTC for 
several hours. After tissue was dissociated, the solution was centrifuged and the 
supernatant was suctioned off. The cells were reconstituted with growth medium (GM)- 
400 mL Ham F-12 (GIBCO BRL 11765-054), 100 mL fetal bovine scrum (FBS) (GIBCO 
BRL 10437-036), 100 units/mL antibiotic-anlimycotic (Sigma, St. Louis, MO A9909) 
and expanded in 100 mm diameter tissue culture dishes (Falcon, Becton Dickinson 
Labware, Franklin Lakes, NJ 353003). Cells were pa.ssaged at 60% confluence and kept 
in LNi until needed for experimentation. 

Preparation of culture dishos 

1.5 niL SYLGARD (Dow Chemical Coiporation, Midland, Ml type 184 silieone 
elastomer) was poured into each 35 mm diameter culture dish (Falcon 351008). After 
curing for at least 2 weeks, the dishes were rinsed with Dulbecco's Phosphate-Buffered 
Sahne (DPBS) (pH = 7.2 GIBCO BRL 14190-136) and coated with varying densities of 
natural mouse laminin (GIBCO BRL 23017-015) by diluting the laminin in ~3 mL DPBS 
and allowing the DPBS to evaporate overnight. The dishes were rinsed with DPBS and 
the anchors, 6 mm segments of sizc-0 silk suture (Ethicon, metric size 3.5), were dipped 
into 50 ng/mL solution of natural mouse laminin, then pinned 12 mm apart with 0.10 mm 
diameter stainless steel niinutien pins (Fine Science Tools, Foster City, CA, 26002-10). 
The sutures were allowed to dry and the plates were filled with -2 mL GM, enottgh to" 
cover the top of the sutures, and the plates were sterilized with ultraviolet irradiation 
(253.7 nm, bulb G30T8) in a biological safety hood for 90 minutes. The sterilized plates 
were placed in an incubator (5% CO2, 37"C) for 5-8 days. 

When the plates were ready, IxlO' cells were added to each plate and grown in 
2mLGM. Aftertwodays, IOO|ig/mLof ascorbic acid (GIBCO BRL 13080-023) was 
added to each dish. Fresh ascorbic acid was added to the dishes when the media was 
changed, every 2-3 days. After 2 or 5 days, the media was changed from GM to 
differentiation media (DM): 465 mL DMEM (GIBCO BRL 11995-065), 35 mL FBS 100 
units/mL A9909. 
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Preparation of anisotropic collagen constructs 

6 mL of 2 mg/mL collagen solution was made by combining 0.6 mL lOx MEM 
(GIBCO BRL 11430-030), 0.06 mL NaOH (1.0 N), 2.56 mL DI water and 2.78 mL type I 
rat tail collagen solution (BD Biosciences, Bedford, MA 354236 4.31 mg/mL) in that 
order. The pH was adjusted to 7.4 by the addition of 0.1 N acetic acid or NaOH. A cell 
solution was made by suspending tendon fibroblasts in GM at a concentration of 1x10' 
cells/mL. Gels were formed by mixing 1.0 mL cell solution with 1.0 mL collagen 
solution and poured into a UV treated 35 mm diameter plate with anchors but without 
laminin coating. 

DISCUSSION 

Self assembling tendon constructs 

Cells that have reached confluence before plating on prepared substrates do not 
form confluent layers, (Figure 2b) This is likely a result of contact inhibition in which the 
cells become quiescent, losing their ability to proliferate when dissociated and re-plated. 
Cells should not be allowed to become more than 60% confluent when expanding. 

Ascorbic acid is utilized during the synthesis of collagen [3], and it is necessary 
for the formation of confluent cell layers on the laminin coated substi^tes used in these 
studies. The extra collagen synthesized in cultures supplemented with ascorbic acid 
probably actis as scaffold, maintaining the integrity of the cell layer. Without the addition 
of ascorbic acid, the cells dissociate from the substrate in a spatially sporadic manner. 
(Figure 2c) 
When the fibroblasts are grown in 20% FBS, they will only dclaminatc when the 
substrate is coated with 2.0 mg/cm^ laminin. At lower laminin concentrations, the 
fibroblasts will not form a confluent monolayer and at concentrations higher than 2.0 
mg/cm^, the cell layer will not delaminate. But, when the cells arc initially grown in GM 
(20% FBS) then changed to DM (7% FBS), the cell layer delaminates for all laminin 
densities studied, 2.0-20.0 mg/cm^ 

Figure 2. Rat tendon fibroblasts grown under various conditions. A: Confluent 
fibroblast layer which was plated with cells less than 60% confluent arid supplemented 
with 100 |Ig/mL ascorbic acid. B: Cells that reached confluence before plated on laminin 
coated substrates could not form a confluent cell layer. C: Inability of cells to form 
confluent layer without addition of ascorbic acid. (lOOx magnification) 

131 



When the media was changed from GM to DM on day 3, the layer began to 
delaminate after 9 days. It formed a cylinder bounded by the anchors after 10-11 days, 
but the constmct was too fiagile and fractured. The extracellular matrix (ECM) secreted 
by the cells was not strong enough to maintain the integrity of the layer as the cells 
contracted or tried to adhere to one another. If the culture medium was changed to DM 
after 5 days instead, the cell layer started detaching after ~2.5 weeks and was much more 
stable. The higher percentage of FBS in GM, 20%, is hypothesized to facilitate the 
production of ECM significantly more than the 7% FBS in DM due to an increase in 
nutrients, creating a stronger cell layer. 

Fibroblasts arc believed to preferentially adhere to each other rather than the 
artificial substrate since there is only one adhesion ligand on the substrate and there are 
multiple adhesion proteins present on the cell membranes as well as the secreted ECM. 
When delamination starts, the fibroblast layer rolls up on itself and the fibroblasts 
preference for the cell layer acts as a catalyst for self assembly into a cylinder bounded by 
the anchors. 

Cell-coHagcn constructs 

The combination of cells and collagen as described in the experimental section is 
a simple and repcatablc way to create fibroblast constructs. This construct more closely 
mimics the physiology of adult tendons than pure tendon cell constructs since there is a 
larger initial ratiO|Of collagen to cells, and the fibroblast density can be easily controlled 
by varying the seeding density. Alternate anchor materials are being investigated for use 
with these collagen constructs since they do not adhere well to the silk suture (as seen in 
the top suture in figure 4). Porous polyethylene (PE) is an inert polymer currently used in 

Figure 3: A: 19 days after plating. The cell layer has started to detach from the substrate. 
B; 19 days after plating. This picture was taken 3 hours after the media was changed and 
there is considerably more detachment evident. Wliether or not this is a result of a fi^sh 
supply of FBS, which has been implicated in promoting fibroblast contraction [4], or a 
response to the mechanical stimulus of the addition of fluid to the plate is still unknown 
and an investigation of this phenomenon is planned. C: 21 days after plating. The 
increase in ECM allows for the contracted cell layer to maintain the connection between 
the anchors. 
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Figure 4. Anisotropic collagen-fibroblast constructs are easily formed over the course of 
aweek. A: 12 hours after plating. B: 3 days after plating. G: 8 days after plating. The 
force of contraction is causing the gel to pull up from the anchor at the top of C. 

medical applications. The inherent hydrophobic nature of PE can be overcome by 
introducing functional peroxide groups to the Surface.  These peroxides can then be 
reacted with chemicals that bind to collagen [5]. The use of plasma discharge treatment 
to create the desired interface that will bind with collagen is currently under investigation. 

CONCLUSION 

Self-assembled and collagen-based fibroblast constructs have been created. The 
knowledge gained from vaiying certain parameters (laminin density, % FBS, state of cell 
before plating, ascorbic acid concentration) will allow for control of the length of time it 
takes for delamination, as well as the collagen composition of the construct, to more 
closely mimic tendon physiology. One future direction is the combination of the self- 
assembled tendons with the collagen constmcts in which the collagen construct will form 
a relatively acellular core that the cell layer wraps around. 

It is anticipated that these constmcts will be able to combine with previously 
developed myooids. It has been shown that when myoblasts are cultured adjacent to a 
type I collagen gel, the developing myotubes invaginate the collagen creating a structure 
similar to that seen in a myotendinous junction [6]. Myooids are expected to form this 
type of interface with the three-dimensional tendon constmcts described above since 
tendon cells predominantly secrete type I collagen [7]. Further support comes from 
developmental smdies showing that tendon and muscle initially grow independent of 
each other and only in later development combine in a non-site specific way [8]. 
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Abstract 

The investigations of the preparation and physicochemical process of the HA nanostructured 

powder with high peiformance have been performed at present study. The HA preparation starts from 

the ethanol solution of calcium nitrate tetra-hydrate and phosphorous^ pentpxide as raw materials. The 

characterization of the effects of reacting temperatures on preparation, the ciystalline degrees (some 

amorphous HA formed at certain condition) of the reacting products are carried put in the meanwhile. 

The physicochemical processes and the conditions for different reactions stages of the HA preparation 

have been traced and characterized by the TG-DTA (thenhogravimetric and differential thermal 

analysis), the FTIR (Fourier-transformed infrared spectroscopy) and other methods. The investigations 

of the chemical reactions for the HA preparation show that the synthesis of HA is completely finished 

. at the temperature of 500 for hours. The grain sizes and shapes of the HA reacting products are 

observed arid characterized by the TEM and the XRD. The results show that the mean diameters of 

these product grains are as fine as 30-40nm at the temperature of 500 ■ .The XRD pattern of the 

present HA powders sintered at 500 for 2h coincided very well with the JCPDS standards showing 

its superior purity and therefore, with really high performance for later applications . 

I.   Introduction 

Hydroxyapatite, Caio(P04)6(OH),, commonly referred to as HA tr Hap, has attracted widespread 

interest because of its excellent biocompatibility and bioactivity. Being the major inorganic constituent 

of bone HA can provide a chemical bond to the bone and gradually replaced by bone. Hence, HA has 

become an attractive materials for hard tissue implants'. 

Conventionally, HA powers can be prepared by seVerat methods such as wet precipitation method', 

dr>" method', hydrothcrmal method*, sol-gel method'""', etc. " 

The advantages of sol-gel technique include: increase of the homogeneity due to mixing the 

reagents on the molecular scale; decrease of the heating temperature due to small particle size with 

high surface areas; ability to produce uniform fine-grained structures. 

■\^ious processes and reagents have beeii used to prepare the HA powder and coating. Plen^" et 

al. use calcium diethoxide(Ca(OEt)2) and orthophosphoric acid(H3P04)as the i«agents. Masuda' et al. 

and Chai CS et al. ' have prepared HA coating using Calcium diethoxide (Ca(0Et)2) and triethyl 

phosphate (PO(OEt)3). CM.Lopatin' et al. form the sol with a hydrated solution of N-butyl acid 

phosphate and calcium nitrate tetrahydrate dissolved in 2-mcthoxyethanol; The reagents such as 

calcium diethoxide and triethyl phosphate are expensive. It is necessary to find the cheaper reagents in 

order to produce nanosized HA powder in large quantities. Wenjian Weng'""" has ever used the ethanol 

solution of calcium nitrate tetrahydrate and phosphorus pentoxide to prepare the HA coating on the 

different substrate. The reagents are cheap but the process is complex because the mixed ethanol 

"' corresponding author Tel:   +86-531 -839569.1 
e-mail: yj_song (?5163.com 
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solution of calcium nilrale telrahydrale and phosphorus penloxide need to be refluxed for 24h. 

The aim of this paper is to prepare the nanosized HA powders with the cheap reactanl and simple 

process. The results would try to illustrate the physicochemical process of HA preparation with ethanol 

solution of calcium nitrate tetrahydrate and phosphorous pcntoxide. 

2.   Experimental procedures 

Reagent grade Ca(NO.()i-4lI3O and PjOj arc dissolved in ethanol solution according to Ca/P=l.67 

respectively. The ethanol solution of I'jO., is slowly dropped into the stirred Ca(NOj)2-4H20 ethanol 

solution and then the mixture turn into transparent sol after being continuously stirred for lOmin. The 

mixture is dried at 80'C' for 24h and turns yellow powder. Afterwards, it is ground into powder with a 

mortar and pestle. The powder is divided into three groups. The first group is used to perform the 

TG-DTA lest with the heating rate of lO'C/inin from room temperature to ISOOt". The second group is 

used to perform the HTIR test. After getting (he rc-sulls of TG-DTA, the exothermic and endolhermic 

peaks and their corresponding temperatures are obtained. In order to investigate the components of the 

powder, the second group is sintered on Nicolet Magna 750 spectrometer with the heating rate of lO'C 

/min. ITie FTIR spectra are obtained in situ at temperature to which the majn exothermic and 

endothemiic peiiks respond. 'Hie last group is sintered at different temperature and cooled to room 

temperature to be characleri/cd by XRD paltems(Model: D/inax, Japan). Data are collected over 2 0 

langc from 20° to 60". Identification of phases is carried out by comparing the diffraction data with 

JCI'DS standard!!. The morphology and size are obtained by TEM(Model: H800, Japan). The sample is 

dispersed by ultrd.sound in ethanol for 5min and then deposit on a copper grid for tran.smission electron 

microscopic observation. The crystal size is estimated from micrograph. 

3.Results and discussion 

}.I.    rC-DTA results 

Fig, I is the TO-DTA curves of the mixture. The TG curve includes two stages: in the first stage (0— 

600X^), tli'e weight decrease quickly and about total 64.92% weight loss is observed, weight loss is 

possibly due to evaporali(m of water and ethanol and bum of the residual solvent. In the .second 

stage(600-1400*C'), the weight decreases slowly and a total weight loss of is just only 3.83%. 

Figure I    TG-DTA curve of the HA powders 

The results of DTA are consistent with those of TG. The DTA ciirve shows Ihanhere are about four 

exothemiic peaks situated at 102.1,195.3,825.8,1047.8"C. The exothermic peaks at 102.1,195.3"C are 
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due to bum of organic. The exolhcnnic peaks at 825.8,1047.8'C indicate the onset of crystallization. 

There are also six endothermic peaks situated at 49,151,273.9,463.3,545,741.7,1138.9 "C. The 
endolhcnnic peaks at about 49,151,273.9,463.3,545'e arc attributed to (he evaporation of free water 

and ethartol or loss of structural water. The endothermic peak at 1138.9X; possibly shows that the HA 

decompose into [J-TCP and CaO. The HA prepared by wet precipitation method began to decompose at 

about 1300-1400^ the temperature of decomposition of HA prepared by sol-gel method is only 

1138.9X; due to the small size and big surface area of grains'". 
3.2   IRresuhs 

In order to investigate the composition of the mixture at 80,102,151,195,273,350,463'C{the main 
several exothermic and endothermic peaks are present at these temperature in TG-DTA curves), the IR 

spectra of the mixture sintered at different temperature arc obtained in situ. The results are shown in 
Figure 2 (a),(b),{c),(d),(e),(f),(g), respectively. 

Figure 2 FTIR curve of HA .samples heated at different temperatures 
In Figure 2, the bands at about 1363 and 835 cm"' are attributed to the NOj' ions. In Figure 2 (a), 

the strong peaks at 3458 and 1637cm"' are attributed to water from elhanol or Ca(N03)2-4H20. In 

Figure 2 (a),{b),(c),(d), the peaks at about 1236,1064,920,813,742 cm " ' assigned to 

PO(OH)3.,(OR)x"are present, suggesting that the mixture is mainly composed of Ca(N03)2 and 

PO(OH).,.,(OR), from 80 to 195^. In Figure 2 (e),(f),(g),the bands at abotit-il03l,I060, 603,563 cm"' 

are assigned to P04^, indicating the mixture maybe mainly consists of HA, CaCNOj)! and p-CaiPjO?. 

It can be seen from Figure 2 that the shapes of (a),(b),(c),(d) are similar and the shapes of (e),(0,(g) 

are also similar. But the shapes of the two groups are obviously different. On one hand, the peaks at 

about 1236,1064,920,813,742 cm"', present in Figure 2 (a),(b),(c),(d),disappear from Figure 2 

(e),(f).(B). indicating thai PO{OH)3.,(OR)x decomposes before 273t;.On the other hand, the intensity 

of peaks at about 1031 cm"' turn stronger in Figure 2 from (a) to (b), suggesting that the amount of HA 

increases with the elevated temperature. These results are consistent with the following results of XRD 
patterns. 

3.3   XRD results 

Fig.3(a),(b),(c),(d),(e),(f),(g) are the XRD patterns of mixture sinteicd at 200,300,400,500,800 and 
1200r. 
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Figure 3 The as-prcparcd powders healed al diflcrent lempcralurc for2h 

(ii)200f    (b)300r    (c)4(M)r    (alSOOr    (b)800-C    (c)l200'C 

•       IIA,   •-CaCNO,),,  ♦-o-Ca,P,07,   A-P-TCP,  ■-■CaO 

Al 2()0"C. Ilie mixlure consisis of Ca(NO.,); and a small amount of amorphous niatlcr(according lo 

IR analysis, Ihis kind of organic mailer is PO{OII)j.,(OR)0. At 300V and 400"CMhc peaks of HA and 

CaO is presenl. This shows thai Ihe mixlure is cornposed of ra(NO.,): .   « -Ca;P;07,HA and CaO. In 

addition, il can be seen Ihal the amount of HA increase while Ihc amount of CaCNO,); decrease with 

the increase of lemperaturc. Al 50<)"C, the peaks attributed to Ca(NO,b and  o -Ca^P^O, disappear 

completely. The XRD patterns arc identical lo HA. The results in table I also .showed that sample 

sinlercd at 500*C for 2h is pure HA compared with the JCPDS standards (JCPDS#'9-432>. The XRD 

patterns at 8(K)'C and 1200r are similar with Ihe pattern at 500t;. The slight differences are that 

XRD pattern of HA powders sintered al SOO'Cexhibit broad peaks and turned sharper al 800r and 

12(X)"C'. proving Ihal IIA cryslaliizc gradually with the increase of lempcralurc. Additionally, a trace 

amount of P-TCP(()-Ca,(POj):) and CaO arc detected in the pattern al 800 and 1200r 

Table 1. Conipari.son of HA samples values heated 

al soot: for 2h- with the JCPDS slandards(#9-432) 

number Observed 'JSPDS(#9-432) 
D(A)     inten.sity       D(A)      imensily hkl 

1 2.815 100 2.814 100 21.1 
2 2.719 66 2.720 60 300 
3 2.778 59 2.778 60 112 
4 3.443 . 39 3.44 40 002 
5 1.839 39 1.841 40 213 
6 1.943 37 1.943 30 222 
7 2.627 26 2.631 25 202 
8 2.263 27 2.262 20 310 
9 3.081 16 3.08 18 210 
10 1.890 17 1.890 16 212 

When the cthanol solution of calcium nitrate lelrdhydratc and phosphonis penloxide are mixed 

together. The reactions arc as follows": 

P205+.3H;0 ► 2II,P0^ {]) 

(S-XK'jHjOHUljPOj   -►  P0(011)x((K'2Hi),.x+(3-X)H,0 (2) 
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Ca(N03)2+2C,HjOH ——► Ca(C3H50)2 + 2HNOj (3) 

CaCNOjh+HjPO^ >■   CaHP04 + HN0., (4) 

from 200 to 500, The process can be described as Eq. (5),{6),(7),(8)': 

2CaHP04  ►HjOfCajPjO,       ' (5) 

Ca(OC,H5)2 + H20— ►CaO + 2C2H50H (6) 

3Ca2P2O7 + H2O+4Ca0 —► Cai„(P04V,(OH)2 (7) 

lOCa{NOj)2 + 6PO(OH)x(OC2Hs).,.x + (20-6X)H2O    ^ 
Ca,<,(PO4WOH)2+6(3-X)C2HsOH+20IINO3 (8) 

The results of Figure 3 have proved that the mixture are composed of Ca2P207 ,CaO, HA. The 

amount of HA increases with the increase of temperature. The reactions to prepare HA in Eq. (7),(8) 

arc finished at 500 

10 
A amount of HA begins to decompose over 800 as described in JEq. (9) 

Ca,o(P04MOH)2—.—^   3Ca, (PO4) 2+CaO+H20 (9) 

In short, the results from XRD patterns arc consistent vifilh the results of IR ana1y.scs and TG-DTA 

results. The mixture consists of CaCNOj),, HA, PO(OH)j.,(OR)v a -Ca2P207and CaO from 200 to 

soot;. At SOO^C, mixture is mainly compo.sed of HA. The morphology of the HA povi-der sintered at 

5O0'C for 2h is shown in Figure 4. The individual particles are uniform. The size is about as big as 

30-40nm. At 800"C,1200'C, the mixture is composed of HA , a trace amount of p-TCP and CaO. 

Figure 4 Transmi<!sion electron micrograph of HA grains hea'ed at 500*C for 2h 

4.Conclusion ~ _ ~   " 

NanosKcd HA powders can be prepared from cthanol solution of Ca(N03)2'4H20 and P2O5 by 

sol-gel method. The reactants are cheap and the process is simple without refluxing. The results are 

encouraging because the advantages offered by this process can make it possible to produce the 

nanosl7ed HA powder at low cost in large quantities. The size of hydroxyapatitc crystal sintered at 500 

X; for 2h is as fine as about 30-40nm. The synthesis of HA is finished until about 500X;. From 200 to 

soot .The mixture is composed of amorphous HA, CaCNOj),, P0(0H)3.,,( OR),, 0 -Ca2P207. A trace 

amount of (J-TCP and CaO are present due to the decomposition of HA after 800"C. 
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ABSTRACT 

We investigate the unsteady kinetics and the formation of spatio-temporal patterns during the 
ferritin Crystal growth, which is controlled by the rate of supply of material. For this, we apply a 
novel phase-shifting interferometry technique. We find that the growth rate and local slope 
fluctuate by up to 100% of their average values as a result of step bunching. The fluctuation 
amplitudes decrease with higher supersaturation and larger crystal size, as well as with 
increasing distance from the step sources; Since these are parameters that govern the protein 
supply field, we conclude that fluctuations are rooted in the coupling of the interfacial processes 
of growth to the bulk transport in the solution. Analysis of the step velocity dependence on local 
slope indicates a very weak interaction between the steps. Hence, in transport-controlled systems 
with non-interacting or weakly interacting steps the step bunches decay and step train tends 
towards its stable, equidistant state. 

INTRODUCTION 

The loss of stability of equidistant step trains leads to bunches of steps spreading along the 
crystal face, interspersed with bands of lower step density. The step bunches leave trails of 
higher defects density in the crystal lattice, and in this way lower the perfection and the utility of 
the grovm crystals [1-3]. 

The kinetics instabilities and step bunching during the crystallization of the protein lysozyme 
were studied using a high-resolution interfercfmetry technique [4]. It was concluded that 
fluctuations are intrinsic and result from the coupled bulk transport and interfacial kinetics 
processes [3]. Accordingto this mechanism; the strongest instabilities occur when the growth 
proceeds under equal weights bf the transport and kinetics in the overall rate control. Hence,     ■ 
shifts towards purely kinetic, or^, conversely, purely difiusive regimes should lead to higher ' 
stability. Developed numerical model of coupled bulk transport and nonlinear interfacial 
kinetics quantitatively reproduces the experimentally observed unsteadiness [5]. If the rationale 
developed based on lysozyme data holds, in crystallization systems with dominant transport 
control, such as ferritin, a shift of the working point toward slower transport should dampen the 
fluctuations. Thus, the aim of this work is to experimentally study the origin of kinetics 
unsteadiness in ferritin growth. We investigate the dependencies of the amplitude of local slope 
fluctuations on the parameters afFecting transport to the interface: supersaturation, crystal size 
and location on the crystal faces. 

EXPERIMENTAL PROCEDURES 

The crystallizing solution contains between 2-2.5 mg/mL horse spleen ferritin purchased form 
Sigma and purified to reduce the level of the most common impurity, the covalent dimer of 
ferritin, to below 5% [6]. We use 2.0% (w/v) CdS04 as a precipitant, and 0.2 M sodium acetate 
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buffer (NaClliCOO) to fix pll at 5.05. The temperature of the solution in the growth cell is 
stabilized to 23 ± 0.01°C by a thermoelectric (Peltier) cooler [7]. The supersaturation is 
calculated as cr = ln(C/C.), where C is concentration of the solution, Cc = 35 //g/mL [8] is 
solubility. 

We used a phase-shifting interferomctry technique specifically developed for this study [7]. 
The phase-shifting algorithm chosen by us employs five-image sequences captured with a phase 
shin of ^2; digital processing of the sequence allows reconstruction of the surface morphology 
with a depth resolution of 5 nm across a field of view of I x 1 mm^, for details see ref [7]. The 
time traces of the normal growth rate R, local slope proportional to step density p, and step 
velocity V are recorded at select locations on the crystal surface with time resolution of I s [4]. 

Figure 1 shows the morphology of (111) faces of two ferritin crystals with sizes 200 /rni and 
470//ni. Figure la-e presents five interference images of the growing crystal surface recorded 
during 1 s with a phase shift of ;z/2 between them; the underlying assumption is that the surface 
does not change within this time period. Five images are combined to give one "phase-wrapped" 
image (Figure If, g) using, for each pixel 

, = A. 
2;ni 

-tan 2(V:-/J 
21,-1,-1, 

(!) 

where /|,...,/? are the intensity of a pixel in each of five images, h is the height on the respective 
point of cry-stal surface, A/,„,.r = 0.6328 /rni is the laser wavelength and n = 1.3320 is the 
refractive index of the solution. 

RESULTS AND DISCUSSION 

Phenomenology of the timc-depcndcnt kinetics 

During the growth of ferritin crystals the growth layers arc always generated by 2D-nuclcation. 
For small crystal sizes and a< 3, the distribution of 2D-nuclei is uniform across the whole face 
and, on a macroscopic scale, the face remains flat as the crystal grows. For higher 
supersaturations and crystals larger than 100 jum, 2D-nucleition localizes at the facet edges and 

Figure 1. Typical morphology of a (111) face of a ferritin crystal, (a-e) A sequence of five 
intcrferomctric images recorded with a phase shift of ;i/2. (f, g) The phase-wrapped images. The 
difference in height between the brighte.st and darkest pixels is /i/4n - 0.119//m. (f) cx= 4.0, (g) 
(T= 4.3. +, locations of layer generation; x, locations of growth kinetics monitoring. 
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comers. Numerical modeling of diffiasive-convective transport of crystallizing proteins has 
linked this localization to higher inteifacial supcrsaturation at the edges [9]. 

Figures 2a-c show the time traces of the normal growth rate /f, local slope p, and step velocity 
V recorded at the marked location near the facet center in Figure Igat o-=4.3. 'TheR,p,v 
fluctuate by up to 100% of their respective average values. The fluctuations of local slope 
indicate that the unsteadiness occurs through the formation of step bunches. In Order to analyze 
the fluctuations dependencies on different factors such as supersaturation, crystal size, location 
on the facet, we use Fourier decomposition of the three time traces. Earlier work has shown that 
the Fourier frequencies, characterizing the fluctuation time scales, and the Fourier amplitudes, 
corresponding to the deviations from aveirage values of the respective kinetic variables, are 
reproducible characteristics of the unsteady behavior and only depend on the external conditions 
[10]. Figures 2d-f present the normalized Fourier spectra A(f„,)fA(, of R{t), p{t) and \it). 

Step-step interactions 

Figures 2d--f show that the Fourier spectra for R,p, and v are similar. Since the Fourier spectra 
ofp directly reflect the step bunching, we will use only these spectra in further considerations. 

As shown in Figures 3a-c, the fluctuations arc rather periodic. However, there appears to be no 
correlation between the fluctuations of the slope and the step velocity. The dependence of step 
velocity on local slope and the reduced concentration (C-C<.)Cc' can be expressed as [10] 

v = 
] + kp (2) 

where ftacp is an effective step kinetic coefficient and A is a parameter characterizing the step^step 
interactions. For non-interacting steps, k=0; for strongly interacting steps such as those in 
lysozyme growth, where incorporation into steps is preceded by slow diffusion through the 
solution bulk and the terraces between the steps, k is in the range 1000-2000 [10]; for the growth 
of inorganic phosphates with a similar growth mechanism, values of A^ are ~1000 [11]. 

Prompted by the form of the v^) dependence in (2), we plot the reciprocal step velocity 1/v as 
a fimction of the local slope;? for a trace recorded over several hours at the location near the 
center of facet in Figure 1 g. To extract the deterministic link between v and p, we calculate the 
least square fit of the data to a straight line. From extrapolated intercept of this line with the 
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Figure 2. (aHc) Tinic traces of the normal growth rate R, the local slope/? and the step velocity 
V recorded during growth of ferritin crystal at supersaturation (T= 4.3. (d)-(f) corresponding 
normalized Fourier spectra; in (d)-(f) A/A(,= \ at/= 0 is omitted. 
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ordinate axis and known value of (C- CcVC- = 71, we obtain the value of Aacp = 4.8 x 10"' cm/s. 
The step kinetic coefficient yS=isiVi2Ct= 11 x 10* cni/s(£i is the crystal volume per molecule, 
fiCc = 4.2 X 10'') is somewhat higher than the value of ^= 6x10"^ cm/s obtained using AFM 
[8]. From the slope of the fit we calculate A- = 32 and Ap.ivg ~ 0.35. This low value of A^ indicates 
a very weak interaction between steps, i.e. the diffusion supply fields around the steps do not 
overlap. This makes the fcrritin system quite different from lysozymc, which is characterized by 
strong interaction between steps, which results in dependence of step velocity on slope [10]. 

Variations of the fluctuation patterns vfith the external conditions 

Figure 3 presents the Fourier spectra of slope traces recorded at two locations on the facet 
shown in Figure Ig. Comparison of the spectra shows that the fluctuation amplitudes decrease as 
supersaturation increases and are greater near the facet edges than at the facet center. Note that 
the lower fluctuations at the facet center and at the higher supersaturations occur despite being 
accompanied by higher average vicinal slope. This is a remarkable observation, because the 
average vicinal slope has been identified as a major destahilizirig factor for equidistant step trains 
[12]. We conclude that the mechanism leading to decay of the fluctuations is sufficiently strong 
to overpower the average slope effects. 

Wc calculated the Fourier ispectra of slope traces recorded at the center of two facets with 
different size (Figures 1 f and 1 g) at the same supersaturation. The maximum amplitude value is 
significantly higher for the smaller crystal, while the averaged slope is lower in this case. 

We also compared the Fourier spectra of slope traces recorded simuhaneously at two different 
locations of the facet shown in Figure If The first location is close to the location of layer 
generation near the facet comer, while the second is further removed from the layer source. The 
amplitude of the slope fluctuations incrca.ses with the distance from layer source, while, as 
above, the averaged value of the slope decreases. 

To understand these observations, we use that the crystal size, the location on the facet and the 
supersaturation are parameters that strongly affect the solute supply to the interface. Hence, the 
observed dependencies of the fluctuation amplitudes with these parameters indicate that, similar 
to lysozyme [3], the growth instability is due to the coupling of the nonlinear interfacial 
processes of growth to the bulk transport in the solution. 

0)        o O)     < n •a     !a U' 

0.001    0.002 

o = 4.3 

ll lllllll,!   ....). 

(c) 

.^=2^ = 0.07 
A, 

llllllllllllllMll. 

(d) 

0        0.001    0.002 
Fourier Frequency f [s'l     Fourier Frequency fls<] 

Figure 3. Fourier spectra of traces of the local slope p for the crystal of a 470 //m size shown in 
Figure Ig. (a) a= 3.0, monitoring location at the facet edge,Pavg = 0.006; (b) a= 3.0, 
monitoring location near the facet center, p,,^.„ = 0.008; (c) <T= 4.3, edge, p,,^.^ = 0,012; (d)0'= 4.3, 
center,/;„,,„ = 0.014. 
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However, in al] of the cases, the dependence of the fluctuation amplitudes on the respective 
parameter is opposite to that for lysozymc, and may appear counterintuitive. Thus, we would 
expect the faster growth at higher supersaturations to he more instable and with stronger 
fluctuations, we would expect the instabilities to evolve as the steps propagate down their 
pathway, and so on. This last controversy provides the key to understanding the unsteady 
behavior of the step trains in ferritin growth. Indeed, if the fluctuation amplitudes are dampened 
as the steps move on, it follows that the stable state, towards which the step train is converging, 
is the equidistant step train. Along this line of thought, we must conclude that the step bunches 
are generated at the location of step generation, i.e., the 2D nucleation process is highly 
unsteady, and consist of spurts of nucleated layers, leading to stacks of steps, followed by lower 
activity. The dependence of the fluctuation amplitudes on the supersaturation in the solution 
bulk suggests that the unsteady layer generation is caused by its coupling to the solute supply to 
the location of step generation. 

The non-uniform step generation at the facet edges produces the step bunches. As the steps 
move away from their sources towards the facet center, the step bunches decay. An important 
factor for this decay is the lack of step-step interactions—such interactions are known to strongly 
destabilize the uniform step trains, and lead to increasing fluctuations [10]. 

The motion of steps and the evolution of the step bunches formed at the stage of layer 
generation is only affected by the coupled bulk transport and siuface kinetics. The estimation of 
the kinetic Peclet number Pe< = J^SD (^is the characteristic diffusion layer thickness, typically 
of the order of 200/fln, and D.= 3.2 x 10"' cmVs is diflfusivity) gives value -1.0. Hence, ferritin 
growth is predominantly controlled by the transport in the solution. For such systems, the 
rationale predicts higher stability at even higher relative weight of transport. Thus, we should 
expect lower kinetic fluchjations at higher supersaturations, at larger crystals sizes, and at the 
facet centers. 

Spatial-temporal characteristics of the step patterns 

The phase-shifting technique allows reconstruction of the surface morphology. Figure 4a 
shows the height profile along the line depicted in Figure Ig. The height decreases as the 
distance from layer sources increases. The corresponding slope profile and its spatial Fourier 
spectrum are shown in Figure 4b and c, respectively. The wave numbers in Figure 4c are 
reciprocal to the corresponding step bunch wavelengths A. The maximum amplitude occurs at a 
wave number of 0.045 /m"' corresponding to fluctuations-with ^mx -" 21 //m. From the time 

50      100      150     200 
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Figure 4. (a) Height and (b) local slope profiles along the line shown in Figure Ig. (c) 
Corresponding Fourier spectrum of p. The characteristic step bunch wavelengths X are indicated 
in the plot. The first amplitude in (c) corresponds to the overall bending of the surface seen in (b) 
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traces measured at the location on profile line at the same (7= 4.3, see Figure 3c, we determine 
the characteristic step bunch frequency/n„x =0.0016 s"' (A/ ~ 10.7 min). From these two values, 
we can evaluate the step bunch velocity as Vb„„ch = ^BX.A«.« ~ 33 nm/s. The value of Vb„,K-i, is 
close to mean step velocity under those conditions, v = 35 nm/s. Tlius, in the case of non- 
interacting steps, the step bunches move with the same velocity as eleinentary steps. 

CONCLUSIONS 

Under steady grovrth conditions, fcrritin growth kinetics fluctuate up to 100% of the average. 
The fluctuations reflect the dynamics of formation and evolution of step patterns. The lack of 
correlation of the step velocity and local slope indicates very weak step-step interactions. 
CoiTcspondingly, the propagation rate of step bunches is same as elementary step velocity. 

The unsteady growth is the result of the coupling between solute transport towards the 
interface and the nonlinear intcrfacial kinetics. The main factor introducing non-linearity onto 
the interfacial kinetics is the generation of layers via a 2D nucleation mechanism. The 
fluctuation amplitude decreases with increasing distance from the layer .sources. Hence, for non- 
interacting steps growing undcrdiffusion control the randomly arising step bunches decay and 
the stable growth mode is that via equidistant step trains. 

These findings in a transport-controlled system provide a strong support to the rationale for the 
control of the step bunching instabilities in layer growth system that was previously based on 
observation with a kinetically controlled system. 
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Influence of DN A, Alginate, Lysozyme and Bovine Serum Albumin on Sodium Silicate 
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ABSTRACT 

The interaction of DNA, alginate, Lysozyme and Bovine Serum Albumin with diluted 
solutions of sodium silicate was studied using the molybdosilicate method. DNA and alginate 
showed very weak interactions with silica precursors whereas both proteins were able to form 
silica gels. Both electrostatic interactions and hydrogen bonds are suggested to arise between 
peptide chain and polysilicates, bringing new informations on the nature of inorganic and bio- 
organic species involved in the natural biosilicification processes. 

INTRODUCTION 

Biomineralization processes often occur at the interface between inorganic precursors and 
biological macromolecules [1]. For instance, bone formation involves hydroxyapatite deposition 
in a collagen proteinaceous matrix whereas the P-chitin polysaccharide and calcium carbonate 
are associated within crab cuticles. The formation of the silica skeleton Of diatoms was shown to 
take place mainly at the interface with proteins, even though the presence of sugars in the cell 
wall was reported [2-3]. 

Aiming at understanding the interactions that may arise between the naturally-occurring 
forrn of silica precursors, i.e. silicic acids, and proteins, we have undertaken the study of the 
effect of various biopolymers on the behaviour of sodium silicate diluted solutions. We have first 
focused on amino acids and poly-amino acids and shown that poly-lysine and poly-arginine were 
able to induce silica formation, the catalytic effect increasing with polymer chain length [4-5]. 
These results correlate well with the fact that the silaffin proteins that were extracted from 
diatom cells are characterized by lysine and arginine patches along the peptide chain [6]. , 

In order to get a better Understanding of the possible silica-biopolymers Interactions, wc 
have selected two proteins that bear an important number of lysine and arginine groups, as well 
as a polysaccharide macromolecule and DNA. The evolution of the silicic acid content of a 
diluted sodium silicate solution in the presence of these polymers was monitored using the 
molybdosilicate method [7]. Depending on the solution pH, only the two proteins were able to 
induce silica formation. These results are discussed in terms of electrostatic interactions and 
hydrogen bonds. 
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EXPERIMENTAL 

Watcrglass (27% SiOi, 10 % NaOH) from Ricdel-de HaCn was chosen as the source of 
silicic acid. Aqueous silicate solutions were preferred to silicon alkoxide precursors because they 
correspond to the usual fonn of soluble silica in nature. For similar reasons, diluted solutions (10 
mM) ofSiO: were used. Lysozymc grade I from Chicken Egg White and Bovine Scrum 
Albumin (BSA) were purchased from Sigma. Deoxyribonucleic acid (DNA) from fish sperm 
was obtained from Amersham and alginic acid sodium salt from brown algae from Fluka. 
Molybdosilicale studies were performed in a 0.05 M Tris-HCl buffer (pH = 7.2) and 0.05 M 
acetate buffer (pH = 4.9). 

Jn a typical experiment, 65 mg of the sodium silicate solution were diluted in 30 mL of the 
appropriate buffer in order to obtain a lO" M silica solution. The mixture was stirred for ten 
minutes before adding a solution containing the appropriate quantity of polymer so that the 
monomer (i.e amino acid, sugar or DNA unit)-to-Si ratio was kept equal to 0.1 dissolved in 3 mL 
of the buffer solution. At regular intervals of time, 400 |il of the reacting solution were taken and 
added to 5 ml of deionizcd water. 200 jtl of H^SO^ (1.5 M) and 200 nl of ammonium molybdatc 
(0.08 M) were then added [8]. The mixture was left to stand for 10 minutes in order to allow 
monomcric silicic acid and small silica oligomers to react with the heptamolybdic acid to fonn 
the yellow silicomolybdic acid llKSi(M02O7)6. The optical density (OD) of the final solution was 
measured at 400 nm using a double beam Uvikon XS spectrophotometer. Data were reproducible 
within a 5 % error range. 

When silica formation occurred, solids were ccntriftiged and freeze dried at - 30°C. 
Thermogravimetric analysis were perfonned on a Netzch STA409 apparatus under O: flow with 
a heating rate of 5°C7min. 

BSA and Lysozymc titration curves were calculated using ExPASY softwares from the 
Swiss Institute of Bioinfonnalics (SIB) [9]. 

RESULTS 

Silicic acid is obtained upon acidification and dilution of sodium silicate solutions. A clear 
solution (10 niM in silica) is obtained. In a Tris.HCI buffer (pH= 7.2), the initial amount of 
silicic acid decreases slowly but no gelation is'Observed within the first 3 hours (Figure 1). This 
amotmt decreases slightly faster in the presence of DNA, alginatc and BSA but the solutions 
remain optically clear and gelation is not observed cither. Addition of Lyso/ymc induces a first 
increase in silicic acid content followed by a slow decrease and solutions become turbid, leading 
to the fonnation of a loose gel. 

In contrast, in acetate buffer (pll = 4.9), a slow increase of initial silicic acid content is 
observed that is only slightly modified by biopolymcrs addition (Figure 2). No gel is formed 
except in the presence of BSA. 
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Figure 1 Condensation of silicic acid in the absence (•) and in the presence of DNA (+) and 
alginic acid (X) in acetate (left) and Tris.HCI (right) buffer. Evolution with time of the silicic 
acid content as measured by the optical density ratio OD(t)/OD(t=0) at 400 nm using the 
molybdosilicate method. 
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Figure 2 Condensation of silicic acid in the absence (#)^nd in the presence of Lysozyme (A), 
BSA (■) and poly-Lysine (♦) in acetate (left) and Tris.HCI (right) buffer. Evolution with time of 
the silicic acid content as measured by the optical density ratio OP(t)/OD(t=0) at 400 nm using 
the molybdosilicate method. 

After freeze drying, the two obtained solids, hereafter named Lyso7 and BSA4, contain c.a. 
50 w% of silica. Correspondiiig yields, calculated on the basis of the initial solution molar Si 
content, are 20% for Lyso7 and 10 % for BSA4. 
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DISCUSSION 

Concentrated sodium silicate solutions are known to contain a mixture of oligomeric silicate 
anions, ranging from chain tiimers to cage octamcrs [10]. Upon dilution, decondensation occurs 
leading to monomolccular [Si04H4..v]" species, where A- increases with pH above the point of 
zero charge (pH ~ 3). Si(0H)4 is the predominant species in the pH range 4-9 and [SiO(OH).i]' 
above pH == 10 [11]. However, monomeric silicic acid exists only in very dilute solutions. At 
higher concentration, polymerization occurs by condensation of silanol Si-OH groups between 
neutral silicic acid and negatively charged species. The rate of condensation goes through a   • 
minimum around the point of zero charge and increases with pH. It is for instance two orders of 
magnitude faster at pH 6 than at pH 4 [12]. Therefore, two opposite processes, decondensation 
and polymerization, compete when concentrated sodium silicate solutions are diluted. At pH 7.2, 
the condensation process is faster so that a small decrease in silicic acid content is observed 
whereas the deconden.sation process mainly predominate at pH 4.9. 

In the 4.5-7.5, pH domain, both DNA and alginic acid are negatively charged so that only 
repulsive interactions arc expected to occui-with negatively charged silica oligomers. However, 
the slight decrease in the silicic acid content when compared to sodium silicate alone at both pH 
suggest that monomeric species may weakly interact through hydrogen bonding with the 
polymers. 

In contrast, the observed formation of Lyso7 and BSA4 is rather surprising when compared 
to previous studies on p-Lysine [5]. In the same experimental conditions, addition of this peptide 
led to rapid silica polymerization at pH 7 and not at pH 4, close to Lysozyme behaviour. 
However, as shown on Fig.l and Fig.2. silica precipitation was correlated to an important 
decrease in silicic acid content at pH 7. This was attributed to the possibility for monomeric 
silica to interact electrostatically with lysine amine group and through hydrogen bonds with 
peptide backbone carbonyls. Because lysine groups arc present all along the peptide chain, 
precursors are brought close enough to promote condensation [5]. In the case of the two proteins 
used in this work however, lysine and arginine groups are distributed along the peptide chain so 
that silica monomers may be too far from one another to interact. This argument, combined with 
the ab.scncc of important decrease in silicic acid content, suggests that the silica species 
responsible for gel formation are not, in this case, monomers but correspond to the oligomeric 
anions present in the starting solution. This hypothesis is strengthened by the fact that only a 
small part (10-20 %) of the initial silica is present in the final solids, indicating that participation 
of monomers through condensation is limited. 

The difference in behaviour of Lysozyme.and BSA in acidic and neutral media can be 
correlated to both silica species and proteins charges. Calculated titration curves for both proteins 
arc given in Fig. 3. BSA is a large protein (MW = 66 kDa) containing 582 amino acid residues. 
Basic lysine and arginine groups account forc.o. 14 % of the total sequence whereas acidic 
a.spartatic acid and glutamic acid account for c.a. 16 %. As a consequence, its point of zero 
charge is close to pH 5. In contrast, Lysozyme is a small chain peptide (MW = 16 kDa, 147 
amino acids) with 12 % basic and 6% acidic groups with a point of zero charge close to 11. 
Lysozyme bears a small nearly constant {c.a. 10-12) positive charge in the 4.5-7.5 pH range. In 
contrast, BSA is slightly negatively charged at pH 7.2 and positively charged at pH 4.9. 
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Figure 3 Evolution of calculated charge per chain with pH for (a) BSA and (b) Lysozyme. 

Therefore, at neutral pH, BSA and silicate bear charges of same sign and no interaction is 
expected whereas electrostatic interactions may arise between positively charged Lysozyme and 
anionic silicates, thus explaining the observed silica gelation. Accordingly, at pH 4.9, BSA 
becomes positively charged leading to BSA4 formation. However, at this pH, it should be 
expected that Lysozyme also induces silica formation, in contradiction with experimental results. 
Since Lysozyme charge is only slightly modified by the pH decrease, the explanation should lie 
in the silicate reactivity. Even though it is difiicuh, at this time, to conclude, it may be attributed 
to the decrease of polysilicates negative charges as pH coines closer to silica point of zero charge 
around pH 3. 

CONCLUSION 

These studies aimed at identifying the nature of inorganic and bio-organic species, which are 
likely to be involved in biosilicification processes. Considering activation of silica 
polymerisation, this work suggests that proteins are the most likely to interact with mineral 
precursors. However, it should be noticed that polymers like polysaccharides might be involved 
in other aspects of silica biomineralization such as morphology control, as previously suggested 
[3,13]. As far as silica precursors are concerned, our results suggest that oligomeric polysilicates 
may be involved in the silicification process. These species therefore add to monomeric silica 
and silica nanoparticles which were previously shown to form silica gels in the presence of poly- 
amino acids [5]. Such diversity reflects the complexity of natural processes that is the main 
challenge of the biomimetic design of new materials. 

151 



REFERENCES 

1. S. Mann, Nalrire 332, 119 (1988). 
2. B. E. Volcani in Silicon and Siliceous Stnictwes in Biological Systems, edited by T. L. 

Simpson and B. E. Volcani (Springer, 1981) pp. 157-200. 
3. C. C. Perry and T. Kceling-Tucker, J. Biol. Inorg. Chem 5,537 (2000). 
4. T. Coradin and J. Livagc, Colloids Surf. B: Biointerfaces 21,329 (2001). 
5. T. Coradin, O. Durupthy and J. Livage, Langmuir (in press). 
6. N. Kroger, R. Deulzmann and M. Sumper, Science 286,1229 (1999). 
7. B. G. Alexander, / Am. Chem. Soc. 75,2887 (1953). 
8. T. Mizutani, 11. Nagasc, N. Fujiwara and H. Ogoshi, Bull. Chem. Soc. Jpn. 71,2017 

(1998). 
9. R. D. Appcl, A. Bairoch and D. F. Hochstrasser, Trends Biochem. Sci. 19,258 (1994). 
10. C. T. G. Knight,./. Chem. Soc. Dalton Trans. 1457 (1988). 
11. C. F. Baes, Jr. and R. E. Mesmer, The Hydro ly.t is of Cations (Wiley, 1974) pp. 337-342 
12. R.K.l\eT, The Chemi.<itiy ofSilica (m\ey, 1979) pp. 172-311. 
13. T. Coradin and J. Livage, J. Sol-Gel Sci. Technol. (in press). 

I.'>2 



Mat. Res. Soc. Symp. Proc. Vol. 724 © 2002 Materials Research Society N7.23 
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ABSTRACT 

Supramolecular assemblies of vesicles composed of natural lipids embedded in a matrix 
of polydiacetylene arc shown to undergo bluc-to-red color changes related to specific 
interactions between the lipids or recognition elements and biomolecules. The colorimetric 
transitions observed in the vesicles are due to structural modifications within the Conjugated 
PDA polymer backbone. This colorimetric assay could serve as a membrane-mimicking 
environment for detection of interfacial processes, such as peptide-membrane interactions, 
antibody-antigen binding, enzymatic catalysis, and detection of physiological ions. The 
lipid/PDA mixed vesicles are robust and can be readily applied to diagnosis of physiological 
molecules and rapid screening of biological and chemical libraries. 

INTRODUCTION 

PDA-based vesicles have been previously shown to undergo blue-to-red color transitions 
induced by a variety of interfacial processes. The color transitions observed in the vesicles are 
believed to originate from structural changes at the conjugate PDA polymer backbone [1]. 
Previous studies have shown that biological processes leading to structural perturbations at the 
PDA vesicle interface, including enzymatic catalysis [2], pH- changes [3], or ligand-receptor 
recognition [4], also induce bluc-to-red transitions occurring in the vesicle assemblies. 
We have recently demonstrated that PDA vesicles incorporating a high percentage 6f lipid 
molecules [Figure I] similariy undergo colorimetric transitions and could be used for studying 
biological and chemical processes [5-8]. In the following we demonstrate some aipplications of 
the system. " _. - 

Figure 1 Schematic representation of the lipid/PDA vesicles, indicating a part of the as.senibly of lipids and 
polydiacetylene. PC denotes the phosphatidylcholine headgroiip. 
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EXPERIMENTAL DETAIL 

Mixed vesicles composed of piiysiological lipids and PDA were prepared using 
approximately 40% (mole ratio) lipids, such as diniyristoylphosphatidylcholine (DMPC) and 
dimyristoylphosphatidylglycerol (DMPG), and 60% polydiacctylene (PDA) lipids. Following 
sonication and polymerization, the lipids form organized assemblies that exhibit an intense blue 
color due lo the conjugated backbone of the PDA polymer. The macrocyclic receptor 
homooxacalixarene tricther [9] was inserted into the lipid moieties within DMPC/PDA following 
the polymerization step without disruption of the liposomc organization or chromatic properties 

UV-vis measurements: samples were prepared by adding pcptidcs to 0.4 mL vesicle solutions at 
1 mM total lipid and 2 mM Tris. The pH in the solutions was 8.0 in all experiments. Examined 
pcptides were dissolved in water, and the peptide-vesicle solutions were diluted to 1 mL prior to 
spectral acquisition. All measurements were carried out at 27 "C on a Hewlett-Packard 8452A 
diode-array spcctrophotomctcr, using a I cm optical path length cell 
Indolicidin ILPWKWPWWPWRR (CP10), and indolicidin analogue 
ILKKWPWWPWRRK (CPU) have been chemically synthesised at the University of Briti.sh 

Columbia. 
A quantitative value for the extent of blue-to-rcd color transition is given by the coloiimelric 
response (%CR), which is calculated from the visible absorbance spectra acquired for the Vesicle 
solutions. The colorimetric response is defined: 

%CR=[(PB„-Pb|)/PB„]*100 

where PB=Ai,i„o/(Ai,i„,+Ar,.i). 

A is the absorbance at cither the "blue" component in the UV-vis spectrum (640nm) or "red" 
component (500nm), PB(> is the red/blue ratio of the control sample (before induction of color 
change), and Pb| is the value obtained for the vesicle solution after addition of the tested 
compound. 

Fluorescence measurements: changes in tryptophan intrinsic emission were mea.sured for lOuM 
peptide solution titrated with DMPG/DMPC/PDA vesicles ineoiporating the radical spin-probes 
.12-doxyl-stearic acid [ 12-DS] and 16-doxy 1-stearic acid [ 16-DS] (Sigma). 

RESULTS AND DISCUSSION 

Pcptide-menihranc interactions 

Interactions between pcptidcs and lipid membrane play major roles in numerous 
physiological processes and the activities of antibacterial drugs. A variety of structural models 
describing interactions between short peptides and membranes and membrane permeation have 
emerged in recent years, such as the transmembrane channel aggregates, the "barrel-stave" 
model and the "carpet" mechanism [10]. The new colorimetric assay provides information upon 
pcptide-mcmbranc interactions between and could contribute to the elucidation of .structural and 
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functional properties of membrane-associated pcptides, and their organization in membrane 
environments. 

TTie relationships between the observed colorimetric transitions in the vesicle solutions 
and the mechanisms of peptide-membrane interactions could be obtained from comparison 
between native membrane-peptides and their analogs. We have previously studied native 
melittin (L-mclittin) and a melittin analogue in which certain L-amino acidc have been replaced 
with the corresponding D-amino acids (D-melittin) [8]. D-melittin is bound on the surface of the 
lipid assemblies and induces greater ihterfacial perturbations, and thus a more pronounced color 
change, compared to transmembrahe insertion of a helical peptide such as native melittin [10]. 

We have applied the lipid/PDA colorimetric assay for studying indolicidin and its 
analogues. Figure 2 shows the colorimetric response of indolicidin (CPIO) and its analogue 
CPl 1. According to our hypothesis, CPl 1, which cleariy induces a greater blue-red color change 
compared to native indolicidin, causes more significant interfacial membrane perturbations 
compared with indolicidin, which inserts deeper to the membrane. 

Figure 2: Tiration curves dcpicitingthc change orCR% in DMPG/DMPC/PDA vesicles as a function of 
peptide concentration: (•) CPU and (O) CPIO. 

In order to corroborate that conclusion we have examined liposomes incorporating the 
spin-labeled lipids 12-DS and 16-DS in order to estimate the average position of the tryptophan 
residues in the liposome, as spin-labels will cause a decrease in tryptophan fluorescence when in 
close proximity. Figure 3 shows that the decrease in the fluorescence emission of tryptophan in 
indolicidin (CPIO) is greater than the corresponding decrease in CPU. This resuh confirms that 
indolicidin (CPIO) penetrates deeper into the lipid core while CPU bind to the surface of the 
lipids. 
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Figure 3: Decrease in IrypKiphini emission tlala of imiolicidin(CPIO) ami imioliciand analogue (CPl 1) added to 1 niM 
DMPO/DMI'C/PDA vesicles incoiporaled ihc spin-labeled lipids: (■)I2-DS. (ii) 16-DS. 

Ligand-rcceptor binding 

The lipid/PDA system can also be chemically modified to allow for detection of selective 
giicst-host or ligand-rcceptor binding events. Wc have examined the colorimetric properties of 
lipid/PDA vesicles incorporating the synthetic macrocyclic receptor homooxacalixarene tricther, 
which exhibits selectivity among various neurolransmitters and ions [9,11]. The data presented 
in Figure 4 indicate that the reccptor/lipid/PDA vesicle assembly exhibits distinct ligand 
selectivity. Specifically, the highest colorimetric response of the assay is observed when 
dopamiric or .sodium ions are added to the vesicle solution. Adrenaline or K"^ ions, on the other 
hand, give rise to significantly smaller blue-red color transitions. Tlicse results are similar to the 
complexalion selectivity of homooxacalixarene triether in two phase system (CH2CI2/H2O) [9] 
and in PVCIiquid membranes [11]. 
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Figure 4: C'olorinielric response for ligands added to DMPC7PDA vesicles ineojporaling homooxacalix arcnc 
Iricllier: Na' ( 0 ). K* ( • ), dopamine ( A ), adrenaline ( ■ |. 
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CONCLUSIONS 

Experiments carried out in our laboratory demonstrate that incorporation of natural lipids 
into the PDA matrix enables the vesicles to successfully mimic environments of cellular 
membranes, thus opening the way to a variety of biochemical applications. The lipid/PDA 
vesicle assembly exhibits rapid colorimetric transitions upon specific interactions with a variety 
of biological analytes in aqueous solutions, including membrane peptides, ions, and 
neurotransmitter ligands. The assay can be readily applied to diagnosis of physiological 
molecules and for rapid screening of chemical and biological libraries. 
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ABSTRACT 

Triblock copolymers have traditionally been synthesized with conventional 
organic components. However, triblock copolymers could be synthesized by the 
incorporation of two incompatible protein-based polymers. The polypeptides would differ 
in their hydrophobicity and confer unique physiochemical properties to the resultant 
materials. One protein-based polymer, based on a sequence of native elastin, that has 
been utilized in the synthesis of biomaterials is poly (Valine-Proline-Glycine-Valine- 
Glycine) or poly(VPGVG) [1 ]. This polypeptide has been shown to have an inverse 
temperature transition that can be adjusted by non-conservative amino acid substitutions 
in the fourth position [2]. By combining polypeptide blocks with different inverse 
temperature transition values due to hydrophobicity differences, we expect to produce 
amphiphilic polypeptides capable of self-assembly into hydrogels. Our research examines 
the design, synthesis and characterization of elastin-mimetic block copolymers as 
functional biomaterials. The methods that are used for the characterization include 
variable temperature ID and 2D High-Resolution-NMR, cryo-High Resolutions Scanning 
Electron Microscopy and Differential Scanning Calorimetry. 

INTRODUCTION 

Biomaterials have become increasingly important in medical research and applied 
medicine. They are used in many roles, from drug delivery systems to implantation 
devices. Biomaterials are varied in their composition; they can be composed of synthetic 
organic polymers, ceramics, metals and protein-based polymers. Protein-based polymers 
are of interest because they do not have some of the biocompatibility issues of some other 
materials; this is attributable to their similarity to native protein materials [3]. The focus 
of this research is the synthesis of amphiphilic block copolymers based on elastin- 
mimetic peptide sequences. These amphiphilic block copolymers undergo heat-induced 
micellization and form complex fluids in aqueous solution [4]. Elastin-mimetics are of 
special interest in medical applications because they do not adhere to cells and are non- 
immunogenic. We have designed blocks that, when combined, would provide different 
physiochemical properties to the copolymers. The peptides are modifications of the 
naturally occurring vertebrate elastin sequence, Valine-Proline-Glycine-Valine-Glycine 
(VPGVG). The peptide sequences will be joined together sequentially to form diblock 
and triblock copolymers. The block copolymers are being produced to afford unique 
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micelle- and gel-forming proteins. The resulting proteins could be used as the basis of 
drug delivery systcrris, coatings for implantation devices, or other medical roles. 

EXPERIIVIENTAL DETAILS 

All reagents were obtained from Fisher Scientific (Pittsburgh, PA) or Sigma 
Chemical Corporation (St. Louis, MO). Enzymes were purchased from New England 
Biolabs, Inc. (Beverly, MA). Plasmids pZErO I.I, pZErO 2.0 and E. coli .strain ToplOF' 
were from Invitrogcn Corporation (Carlsbad, CA). E* coli strains SCSI 10 and 
BL2IGold(DE3) were obtained from Stratagcnc (La Jolla, CA). Plasmid purification kits 
were purchased from Qiagen Inc. (Chatsworth, CA). Genosys Biotechnologies, Inc. (The 
Woodlands, TX) synthesized all single-stranded DNA oligonuclebtides. Reagents were 
sterilized by cither autoclave or passage through a 0.22 nm filter. 

Procedures for DNA manipulations, transformation of competent cells, and the 
growth of bacterial cultures were adapted from literature [5] or the in.structions supplied 
by manufacturers. Enzymatic reactions were performed in the buffers supplied by the 
manufacturers. An Applied Biosyslems Voyager-DE^'^' STR Biospectrometry^' matrix- 
assisted laser dcsorption ionization timc-of-flight mass spectrometer (MALDl-TOF MS) 
was utilized to determine mass of the proteins. All the proteins, which have been 
expressed and purified, were run on 10-15 % gradient SDS-PAGE (Phannacia Biotech 
PHAST System) with a negative zinc-staining technique in order to determine molecular 
weight and purity. 

An solution NMR experiments were carried out with samples consisting of 43 mg 
of protein and I mg of sodium 2,2-dimethyl-2-silapentane-5-sulfdnate (DSS) as internal 
standard (0.0 ppm), dissolved in 50:50 sterile ddHjO and DiO. Spectra were recorded on 
a Varian INOVA 600 (600 MHz, 'H; 150 MHz "C) instrument. Samples were run at 4 
°C and 25 °C to follow the changes in the copolymcrs' .structure due to hydrophobic 
collapse of the plastin end-blocks. Standard solvent suppression techniques were 
employed to reduce signal due to the residual protons of water in the 'H NMR of aqueous 
solutions. The IIMQC NMR experiments were acquired at 4 °C and 25 "C with a 90° 
pulse of 8 us on the proton (sweep width 5500.2 Hz) arid a 90° pulse of 12 [is on the 
carbon. The data matrix contained 256 li increments (sweep width in Fj (carbon), 33 
999.2 Hz) at 96 scans per increment. The NMR data were processed using the program 
NutsPro from Acorn NMR, Inc.-(Livemiore, CA).        -:- 

Differential scanning Calorimetry (DSC) was perfomied"by Dr. Alan Cooper, 
Chemistry Dept., University of Glasgow, Scotland, UK using a Microcal VP-DSC 
instrument, as detailed previously [6, 7]. The temperature range was 5 °lo60 °Cat a scan 
rate of I °C/miii. The sample concentrations were approximately I mg/ml. Sample pH 
was varied between high and low pH. 

Approximately 5 to 10 |iL of the solutions were pipetted into 3 mm gold 
plahchcts.(Balzers BU 012 130T), which had been pre-equilibrated to 4 °C in an 
isothermal environmental cooler (Torrey Pines Scientific). Tlic temperature of the cooler 
was raised to 20 lo 25 °C and allowed to stabilize for 10 minutes. The solidified samples 
were plunge frozen in liquid ethane at its melting point (-183°C); the samples were stored 
in liquid nitrogen (LN2). A sample was transferred to and mounted on the prccooled (~- 
170 °C) Oxford CT-3500 cryo-stage held in the cryo-preparation chamber. The specimen 
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was fractured with a prechilled blade and washed with LNi. The shutters on the stage 
were closed to minimize frost contamination and the cryo-stage was transferred to the 
Denton DV-602 Cr coater. At this point, if the samples were to be etched in order to 
remove excess water (vitreous ice), the stage was allowed to equilibrate in a vacuum of 
~10" tort. Once this occurred, the shutters were opened and the stage was brought to a 
temperature between -I05°C and -99°C for varying time intervals/The stage shutters 
were closed and the stage was returned to ~-170°C. A 1 nm film was sputter coated onto 
the specimen, the stage shutters were closed and the stage was transferred to the upper 
stage of the DS-130F field emission scanning electron microscope operated at 25 kV. 
During the imaging process, specimen temperature was maintained at -115 °C. Images 
were digitally collected (5 Mbytes) in 16 s in order to reduce radiation damage. 

DISCUSSION 

Synthetic gene construction 

The methods used to produce the DNA inserts Which encode the various elastin 
block copolymers has been described elsewhere [8]. The basic scheme follows. Single- 
stranded DNA was annealed together to form double-stranded DNA with cohesive ends. 
The double-stranded DNA 'monomers' were inserted into plasmids engineered for DNA 
modifications (pZErO 1.1 and pZErO 2). Once monomers were found which had the 
correct sequence, the plasmid was purified on a large scale and the monomers were 
removed via restriction enzyme digestion. The resulting monomers were concatemerized 
to produce large repetitive genes (1200 to 3000 base pairs), which were enzymatically 
ligated into a modified expression plasmid (pET 24a) to afford the block cqjolymers. 

Protein expression and purification 

Expression plasmids containing the DNA sequences encoding proteins of suitable 
size and correct sequence were transformed into E. coli strain BL21(Gold)DE3. The 
proteins were expressed and purified following a hyperexpression protocol defined by 
Daniell et. al. [9]. This method allowed the production of gram quantities of the proteins 
of interest. Depending on the characteristics of each polymer, modifications to the 
purification protocol were made in order to afford the greatest quanfity of pure protein. 

The amino acid sequences for two of the resulting polypeptides are defined in 
Table I. Protein 1 is a diblock consisting of two equivalent polypeptides. Protein 2 is a 
triblock of two equivalent end-blocks and a unique internal block. From SDS-PAGE 
analysis, the estimated size of protein 1 is 80 kDaltons and protein 2 is 150 kDaltons. 
Amino acid compositional analysis, 1; Calc. [mol-%]: Ala, 19.8; Gly, 20.2; He, 15.7; Pro 
17.66; Val, 24.3; Obs. [mol-%]: Ala, 19.7; Gly, 20.1; He, 14.9; Pro, 21.6; Val, 24.3; 2; 
Calc. [mol-%]: Ala, 10.4; Gk, 1.9; Gly, 29.6; He, 8.2; Pro, 20.0; Val, 29.9; Obs. [mol- 
%]: Ala, 11.14; Glx, 2.9; Gly, 29.62; He, 9.64; Pro, 17.66; Val, 29.51 and MALD-TOF 
MS, Obs. (Calc): 1,72 016 (72 116); 2,134 097 (134 438), confirmed the identity of the 
recombinant polypeptides. 
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Table I. Amino acid sequences for the two clastin-mimetic block copolymers. 
{VPAVG[(IPAVGWVPAVG)]i,,IPAVG}-[X]-{VPAVG[(IPAVG)4{VPAVG)],6lPAVG} 
1;[X] = VPGVGVPGVG 
2; [X] = VPGVG[(VPGVG)2VPGEG(VPGVG)2],ioVPGVG 

(A, Alaninc; G, Glycine; I, Isolcucinc; P, Prolinc; V, Valine) 

Copolvtner characterization 

On analysis of the 'H, '"'C, and HMQC spectra, we detennined that the resonances 
associated with the plastin end-blocks disappear at 25 °C due to their hydrophobic 
collapse above the inverse temperature transition. Resonances that noticeably disappear 
when comparing the (CH)a region of the 'H, '"^C HMQC NMR spectra of protein 2 
(Figure 1) arc those associated with alanine and isoleucinc contained in the end-blocks of 
the polypeptide. Individual resonances were assigned from known chemical shifts of 
elastin-mimetic polymer sequences [10]. The remaining resonances were assigned to the 
end-blocks and are commensurate with literature values [11,12]. 

The DSC data obtained for the block copolymers shows a single transition 
between 21 °C and 23 °C. The transitions were reversible and minutely dependent on 
sample pH. Representative data for protein 2 is presented in Figure 2. 

Uly'-' 
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Figure 1. HMQC NMR data for triblock 
protein 2 at 4 °C and 25 °C (inset). Note 
the absence of resonances, which are 
assigned to the endblocks at 25 °C 
(inset). 

Figure 2. DSC data for the triblock 
protein 2; demonstrating the inverse 
temperature transition lies at 
approximately 23 °C and is independent 
ofpH 

Analysis of the data from the cryo-HRSEM studies reveals strong correlations to 
elastin-mimetic hydrogels produced by chemical crosslinking [13]. Electron micrographs 
of protein 2 are in Figure 3. The average size of the micelles for protein 2 ranged from 15 
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to 20 nm (A). After etching (B), protein 2 displayed micelles of 15 to 20 nm in diameter 
connected by fibrils of less than 10 nm in diameter. The micelles are evenly spaced along 
the lengths of the fibrils. This feature was attributed to the size of the midblock of protein 
2 limiting the aggregation behavior of the endblock domains. 

Figure 3. Ciyo-HRSEM images of vitrified specimens of a concentrated aqueous 
solution of protein 2 prepared via rapid cryo-immobilization from gel specimen 
equilibrated at 25 C. Inset, specimen etched prior to image collection by controlled 
sublimation of vitreous ice to expose protein at interface. 

CONCLUSIONS 

The data presented demonstrates our ability to design and synthesize elastin- 
mimetic triblock copolymers that are capable of thermoreversible self-assembly into 
hydrogels. The characterization of the copolymers supports the hypothesis that the 
copolymer systems consist of a network of interconnected micelles of the end-blocks at 
increased concentrations (20 to 30 % w/v) when raised above the inverse transition 
temperature of the polypcptide. 
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ABSTRACT 
Polymer-stabilized liposotfle systems consisting of polyethylene glycol bound lipids 

(PEG-Iipids) and conventional (nonpolymer stabilized) liposomes were compared in terms of 
their inter-membrane lipid migration rates. In order to monitor the exchange of lipids between 
the membranes, l-hexadecahoyl-2-(l-pyrenedecanoyl)-sn-glycero-3-phosphocholine (PY-PC), a 
phospholipid with pyrene attached to the hydrophobic tail, was used to label the liposome. 
Labeled and unlabeled liposome systems were mixed and fluorescence spectroscopy was used to 
examine the lipid transfer. More specifically, the relative employed to deduce the exchange 
kinetics. After labeled and unlabeled liposome systems were mixed, the E/M ratio for PY-PC in 
a polymer stabilized liposome system decreased by 66% over a period of 80 minutes, while the 
E/M for PY-PC in a conventional liposome system decreased 70% in less than 2 minutes. This 
suggests that the exchange rate for lipids in polymer stabilized liposome systems is much slower 
than that of conventional liposome systems. In addition, the exchange rates for both conventional 
and polymer stabilized liposome systems are accelerated at an elevated temperature. 

INTRODUCTION 
Liposome is a very important supermolecular structure because of its similarity to 

biological membranes and its therapeutic value as delivery agent for enzymes, drugs, genetic 
manipulation, and diagnostic imaging applications [1]. Recently, liposomes with polyethylene 
glycol chains attached to the polar head group (polymer stabilized or Stealth liposomes) have 
been implemented in pharmaceutical applications due to their increased lifetime in the blood 
stream [1,2]. 

In the field of liposome studies, fluorescence has emerged as a useful analytical 
technique, as it provides a large amount of diversified information concerning the biophysics of 
lipid vesicles and biomembranes [3]. Artificial and biological membranes can be considered as" 
two-dimensional fluids, characterized by a high lateral mobility of lipid components. Almgran 
was the first to use a fluorescence stopped-flow technique to investigate the migration of pyrene 
between unilamellar vesicles [4]. The results indicated that the migration of pyrene form one 
vesicle to another occurs mainly via a desolubilizations-diffiision-resolubilization mechanism 
[4]. Doody et al. also provided evidence that the transfer of a fluorescent fatty acid probe is 
through the aqueous phase [5]. Sengupa et al. measured pyrenyl-decanoic acid transfer rates 
between DPPC vesicles using a stop-flow technique and found that multilamellar vesicles had 
much slower exchange rates than that of unilamellar vesicles. In addition, charging the surface of 
the vesicles also reduces the exchange rate [6]. Wolkowicz and collaborators found that an 
increase in the vesicle size reduces the transfer rate of a probe. Furthermore, natural membranes, 
such as cardiac and mitochondrial membranes, exhibit a marked decrease in transfer rates [7]. In 
a study by Ollmann et al., the lateral lipid diffusion rate in a phosphatidylcholine membrane was 
determined by using pyrene-labeled gangliosides as probes [8]. It was found that the lateral 
diffusion rate is signigficantly higher than the inter-membrane transfer rate. 
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In addition to conventional liposome systems, inter-membrane lipid transfer between 
polymer-stabilized liposomes has also been studied. In one investigation, the transfer of PEG- 
lipids was monitored using biotinylated (acceptor) liposomes [9]. When PEG-lipOsomes were 
mixed with biotinylated liposomes, the inhibition of the biotinylated liposomes to bind to 
streptavidin was used to measure the transfer of the PEG-lipids [10]   It was found that transfer 
of PEG-lipids is dependent upon temperature and acyl chain length of the lipid anchor. Lipid 
transfer is decreased when the acyl chain length is increascid and increased with increases in 
temperature [9]. 

A systematic study and comparison between the properties of conventional and polymer- 
stabilized liposomes are fiindamcntally important to the application of vesicles in drug delivery. 
The information is critical fora structural design that balances the need for polymer stabilization 
or "stealth effect" and the specificity possessed by the original membrane surface. It is desirable 
to develop a liposome system that has an adequate stealth effect without compromising the 
surface activity that is critical in targeting other membraries for drug delivery. The use of 
polymer stabilized liposomes as ligand targeting agents is still somewhat limited because the 
protective polymer border prevents most molecules from being attached [10]. The focus of this 
paper is the inve.stigation of lipid exchange rate differeiice between conventional and polymer 
stabilized liposome systems.. The lipi'd transfer rates were monitored using a fluorescent labeled 
phospholipid, 1-hexadecanoyl-2- [l-pyrenedecanoyl)-sn-glycero-3-phosphoeholine (PY-PC). 
The temperature effect on lipid exchange rates was also investigated 

EXPERIMENTAL DETAILS 

Materials 

The lipids used were 1,2-dipalmitoyl-sn-glycero-3-phosphate monosodium (DPPA) 
(Avanti Polar Lipids, Inc. Alabaster, AL), l,2-dipaImitoyl-sn-glycero-3-phosphochoIine(DPPC) 
(Lipoid GmbH, Ludwigshafen, Germany), l,2-Dipalmioyl-sn-glycero-3-phosphoethanolamine- 
N- [methoxypolyethyleneglycol 5000] (DPPE^MPEG 5000) (Shearwater Polymers, Inc 
Huntsville, AL), l,2-dipalmioyl-sn-glycero-3-phosphoethanolamine (DPPE) (Sygena, Inc. 
Cambridge, MA), and the pyrene labeled phospholipid, I-hexadecanoyl-2- (1-pyrenedecanoyl)- 
sn-glyccro-3-phosphocholine (PY-PG) (Molecular Probes. Inc. Eugene, OR); Extrusion was 
accomplished by the Mini-Extruder® (Avanti Polar Lipids, Inc. Alabaster, AL). 

Liposome Preparation 

Polymer stabilized liposome systems were prepared by adding a 9:1:1 molar blend of 
DPPC, DPPA, and DPPE MPEG-5000 to polyethylene glycol and bath sonicating at 69°C until 
clear. A mixture of 1 part glycerol to 8 parts 0.9% aqueous NaCl was then added to the sonicated 
blend. The conventional liposomes were prepared in the same manner as the polymer stabilized 
liposome systems except that the DPPE-MPEG 5000 was replaced by DPPE. In addition, the 
conventional liposome samples were extruded through 0.1 polycarbonate filters. Pyrene-labeled 
liposome systems of polymer stabilized and conventional liposomes were prepared by adding 1 
mg of PY-PC (dissolved in 1 ml ethanol) to 75 mg of dry lipid blends. 
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Fluorescence Emission Spectra 

All samples were purged with and sealed under nitrogen gas to prevent oxygen 
quenching. All monomer and excimer intensity measurements were performed on a Perkin Elmer 
LS 50 spectrophotometer. The excitation wavelength was set at 340nm (2.5nm slit width) 
Monomer and excimer ernission peaks were observed at 395nm and 476nm, respectively. 
Mixtures of 1:1 pyreine-labeled and unlabeled liposome systems for both polymer stabilized and 
conventional liposomes were examined at various temperaUii^s (12°C, 24°C, 37°C, and 50°C). 
PY-PC transfer between liposome membranes was determined by the decrease in E/M after 
labeled and unlabeled liposome systems were mixed. 

Particle Size 

Particle size and size distribution were measured using a dynamic light scattering (DLS) 
method, which was performed on a Brookhaven Instruments System, equipped with a water- 
cooled argon-ion laser light source (Model 85, Lcxcl Laser). The device was operated at the 
wavelength of 514.5nm and a 90 degree of scattering angle. 

RESULTS AND DISCUSSION 

Conventional and polymer stabilized liposome systems were prepared and characterized 
as described in the experimental section. Dynamic Light Scattering (DLS) measurements show 
that conventional and polymer stabilized liposome systems have average particle sizes ranging 
firom 100 to 200nm. Although both systems give a similar particle size range, it is understood 
that the PEG chains attached to the lipid bilaycr of polymer-stabilized liposomes contribute to a 
significant share of the particle size. 

Conventional and polymer stabilized liposome systems containing a fluorescence probe 
were prepared according to the procedures described in the experimental section. Pyrene labeled 
l-hexadecanoyl-2-(l-pyrenedecanoyl)-sn-g1ycero-3-phosphocholine (PY-PC) has the pyrene 
molecule attached to the fatty acid tail end, which is located in the lipid bilayer region. 
Fluorescence emission spectra were obtained for both systems as well. The emission at 395 nm is 
assigned to one of the monomer peaks (M) and 476 nm to the excimer peak (E). Peak ratios E/M 
were then calculated and used to study the migration of pyrene-labeled lipids fi-om one liposome 
(labeled) to another (unlabeled) [11]. There are twopossible modes for the migration of the 
probe from vesicle to vesicle. fV-PC may either migrate via the aqueous phase, or move from 
one vesicle to another during vesicle collision [3,9]. 

Excimers may form upon collision between an excited pyrene derivative and a ground 
state pyrene derivative [12]. The E/M ratio is thus proportional to the collision frequency of 
pyrene derivatives, which in turn depends on the local concentration and lateral diffusion rate of 
pyrene derivatives [11]. A greater E/M ratio indicates a greater local concentration of PY-PC. 
L'Hereux and Fragata studied the localization of pyrene andpyrenyl-hexadecanic acid in PC 
small unilamellar vesicles [13]. It was found that below 4 molar percent in probe molecules the 
excimer formation is essentially diffusion controlled, while above 4% excimers are obtained in 
aggregated form. In our study, the molar percent of the fluorescent probe is significantly lower 
than 4%. The excimer formation is, therefore, likely to be a diffusion controlled process. 
Interestingly, the conventional liposomes yielded E/M values nearly two times greater than 
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polymer stabilized liposomc systems. (Figures l,2andTablc I) The larger E/M value for 
conventional liposomc systems is a strong indication that the lateral difflision rate is significantly 
higher than that in a polymer stabilized system. 

The effect of temperature on excimer formation in both conventional and polymer- 
stabilized liposomes was also examined. As seen in Figure 1 and Table 1, the higher the 
temperature smaller the initial excimer peak intensity. As temperature increases, the mobility of 
the lipid molecules increases and the excimer lifetime decreases. Conventional liposomc systems 
appeared to be more sensitive to temperature changes than polymer stabilized liposomc systems, 
as indicated by a larger drop in excimer emission from 24 to 50°C (Table 1). This is again 
consistent with the notion that the PEG chains reduce the mobility of the lipids in the polymer 
stabilized liposomc bilayers [14]. In addition, PEG produces a shielding effect that not only 
prevents molecules from binding the lipid surface, but also restricts the molecules within the 
lipid bilayer from leaving. 

Roscman and Thompson used a pyrene labeled phosphatidylcholine to study the kinetics 
of spontaneous phospholipid transfer between unilamcllar (conventional) liposomes [15]. It was 
found that there is a significant rate decrease for phospholipid transfer when the flip-flop rate 
exceeds the lipid migration at certain temperature. It Was also concluded that pyrene-PC transfer 
takes place through the aqueous medium the than collision of membranes, and is independent of 
acceptor vesicle concentration [15]. 

Figure 1. Effect of temperature on excimer 
formation in polymer stabilized liposome 
systems. 

Figure 2. Effect of temperature on excimer 
peak fonnation in conventional liposome 
systems. 



Table 1: Effect of temperature on excimer formation in conventional and polymer-stabilized 
liposomes (monomer peaks measured at 395 nm and excimer peaks measured at 476 nm) 

Temperature 
Conventional Liposomes Polymeir Stabilized Liposomes 

Monomer 
(M) 

Excimer 
(E) E/M 

Monomer 
(M) 

Excimer 
(E) EM 

12 
24 
37 
50 

358.8 
302.8 
266.9 
360.2 

251.6 
221.5 
224.4 
177.0 

0.70 
0.73 
0.84 
0.49 

764.4 
580.2 
495.1 
563.2 

210.0 
210.0 
210.0 
131.7 

0.27 
0.36 
0.42 
0.23 

In our study, as shown in Figures 1 and 2, there is a gradual change in initial E/M ratios 
for conventional liposome systems and a sharp change above 37 "C for polymer stabilized 
liposome systems. It is possible that the temperature at which the flip-flop rate is greater than 
inter-membrane transfer for polymer stabilized liposome systems is somewhat greater than that 
for a conventional liposome. This is a direct resuh of the rigidity introduced by the PEG chains 

The impact of PEG chains on inter-membrane lipid transfer was further examined and 
illustrated in Figure 3. As an inter-membrane lipid exchange should resujt in a decrease in FTM 
ratios, a plot of E/M vs time represents the exchange kinetics. When a labeled conventional 
liposome sample was mixed with an unlabclcd conventional liposome sample, the E/M ratio 
decreased ca. 70% in less than two minutes (not shown), followed by a very slow exchange 
process in agreement with Galla et al [16]. When a labeled polymer stabilized system was mixed 
with another polymer stabilized system, the E/M ratio decreased ca. 60% in 80 minutes. When a 
labeled conventional liposome sample was mixed with an unlabeled polymer stabilized liposome 
sample, the initial exchange behavior is similar to the conventional-conventional case, followed 
by an E/M decrease that is parallel to the polymer-polymer case. 

Figure 3. Lipid exchange (E/M) for mixtures of 
labeled conventional and unlabeled polymer 
stabilized liposomes (--)-) labeled and unlabeled 
polymer stabilized liposomes (-A -) and labeled 
and unlabeled conventional liposomes (-«•-). 

ii=*-^ 

010      20      30     40      50     6070     80      SOIOO 

'niTie(inin) 

Figure 4. Lipid exchange (E/M) for mixtures 
of PY-PC labeled and unlabeled polymer 
stabilized at different temperatures (24°C -E- 

37''C-*-,and50"C-A.-). 
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The remarkable difference belwcen polymer stabilized and conventional liposome 
systems in lipid exchange rate can be traced to the shielding effect of the PEG border and the 
rigidity of the lipid bilayer due to the presence of PEG-Iipids. The temperature dependence of 
the exchange rate in polymer-stabilized liposome is Shown in Figure 4. As expected, an increase 
in temperature directly corresponded to an increase in lipid exchange rate. Temperature effect 
found in this study for polymer stabilized liposome system is consistent with findings reported 
for conventional liposome systems [17]. 

CONCLUSIONS 

Changes in E/M values can be used to monitor the exchange rate of lipids in conventional 
liposome .systems and polymer stabilized liposome systems. Polymer stabilized liposome 
systems were observed to have slower lipid exchange rates than coiiventional liposome systems. 
In addition, polymer stabilized liposome systems had a lower sensitivity to temperature changes. 
It is believed that the PEG chain.s that form the outer portion of the lipid bilayer for these 
polymer-stabilized liposonies provides restricted mobility of the lipids within the lipid bilayer 
and the interliposomal phospholipid transfer. 
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ABSTRACT 

In the present work, a sol-gel method of HA synthesis has been developed using different 
calcium and phosphorous precursors. In order to make a porous scaffold, HA aerogel formation 
and HA liofilizatibn processes have been studied. The Hofilized HA and the HA aerogels have 
been characterized by SEM-EDX and X-Ray difraction. Finally, so as to improve the 
biocompatibility and the bioadhesion of the HA scaffolds, different plasma polymerization 
techniques have been studied. Acrylic acid has been polymerized using plasma polymerization   • 
with a radiofrequency source. Different radiofrequency source powers and reactor designs have 
been tryed. The kinetics of the thin film grovrth have been studied and the optimal 
polymerization conditions have been established. Polymeric layers have been characterized bv 
IRandXPS. . ^ 

INTRODUCTION 

Regeneration or replacement of damaged tissues remains one of the most important 
challenges in both medicine and bioengineering. Specifically, methods of bone/cartilage 
reconstruction in orthopaedic surgery are not completely successful yet. In addition, they are 
among the most costly therapies avaiable. Materials science can help in finding new suitable 
materials for bone/cartilage regeneration, and this is why it represents a major area of study in 
tissue engineering [1], 

Green [2] postulated correctly that the advent of new biocompiatible materials might enable 
cells to be seeded onto a synthetic scaffolding and implanted into animals to generate new 
functional tissue. Scaffold or three-dimansional construct initially provides mechanical stability 
as well as cell anchorage sites and structural cues. Furthermore, the scaffold must also provide an 
appropriate environment to enhance cells reorganization and the correct extracellular matrix 
generation by these cells [3]. Several scaffold materials have been investigated for tissue 
engineering bone and cartilage, and several reviews have been published on the general 
properties and design features of biodegradable and bioresorbable polymers and scaffolds [4-9]. 
Natural materials are advantageous in that they contain information that fecilitates cell adhesion 
or maintenance of differenciated function. Synthetic polymers, in the other hand, allow precise 
control over molecular weight degradation time, hydrofobicity and other attributes [1 ]. The 
advantages of both have been tryed to combine in different strategies [7]. 

This work is a part of a global project that wants to create a biomaterials program for bone 
and cartilage regeneration. The main goal is to develop biocompatible and bioresorbable 
scaffolds that restore, maintain or improve bone and cartilage function. It is important that these 
scaffolds give mechanical resistance in the reconstructed area, but also they must be 
osteocondiictives in order to promote the area recon,struction by a new bone or cartilage. 
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Hydroxyapaiilc.Cain(P04)(,(OH)2, is a crystalline fonn of calciiim phosphate, very similar to the 
mineral component of bones. It has been studied for bone and cartilage regeneration because of 
its biocompalibic, bioactive and ostcoconductive properties, which make it a good biomalerial 
for bone/cartilage repair [10-12]. Thus, HA has been chosen in this work and it has been 
synthesized by an optimized sol-gel method. Sol-gel synthesis of HA ceramics has recently 
attracted much attention [13-14]. The sol-gel method is advanlagous for different reasons. The 
most important are that, temperatures required for all stages are low, different shapes can be 
given easily to the formed gel and by controlling the aging and drying conditions, further pore 
size and mechanical strength control may be achieved [15]. Moreover and in order to improve 
the osteocoiiductivity of the obtained HA, two different drying methods for the HA precursor 
gels are proved: liofilization and aerogel production. In the other hand, polymers are widely used 
in bone/cartilage implants, both, as polymeric materials themselves and as a polymeric surface 
on a different substrate. Concerning the later, and in order to improve the biocompatibility of the 
material, surface modification techniques appear to be quite interesting for this subject. Thus, 
surface modification techniques become a good choice to improve the biocompatibility of the 
material. Specially, plasma surface modification has been used as a promising technique for this 
purpose [ 16-17]. Acrylic acid deposition by plasma polymerization with a radiofrequency source 
has been studied in this work. The conditions of power, pressure and reactor design are very 
important because they afTcct the polymerization process and, thus, the final polymeric layer 
properties obtained. The next step will be to modify HA scaffolds surface in order to attach 
interesting biomolcculcs, such as growth factors, or to improve cell adhesion, biocompatibility, 
and bioacfivity. 
Therefore, the work will focus on the production of HA scaffolds by a .sol-gel method using 
different drying processes, and on the study of the plasma polymerization technique to design 
modified HA scaffolds for bone and cartilage regeneration.. These modified HA scaffolds are 
promising substitutes for bone/cartilage repair because of its ability to give an appropriate 
environment for cell   proliferation and, therefore, for the growth or replacement of damaged 
tissues. 

EXPERIMENTAi: DETAILS 

Synthesis of hvdroxvapatite fHA> bv a sol-gel method 
Triethylphosphite or triethylphosphate(Aldrich) were chosen as phosphorous precursors 

Calcium Nitrate and Calcium acetate (Aldrich) were used as calciunvprecursors. 
The reaction was carried out at room temperature in a vessel equipped with a cooling system 

to avoid losses of the volatile phosphorous precursors di+rin£ the sol formation. First the 
phosphorous precursor was diluted in anhydrous C'thanol and tlierf, a small amount of distilled 
water was added for hydrolysis, keeping a molar ratio of water to the phosphorous precursor at 3. 

A-stoichiometric amount (to maintain Ca/P= 1,67) of the calcium precursor solution (3 M 
solution in ahhidrous etanol) was added dropwise into the hydrolyzed phosphorous sol. The pH 
of the sol was maintained around 2,8 Vigorous stirring was continued for an additional 25min 
after the titration. A clear solution was obtained and aged at room temperature for 24h before 
drying. The solvents were then driven off at 60° C until a gel was obtained. Besides, an aqueous- 
ba.sed process was employed with distilled water as the only diluting medium [13]. 

The gel compositions were analyzed by EDX (Oxford Scientific) and TGA (Mettler- Toledo 
TGA 50. 
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The gel was subjected to different drying processes: calcination, liofilization and aerogel 
formation. 

In the calcination process the gel was subjected to different temperatures, from 300 to 
900 X, for 2, 4 or 6h intervals. The presence of HA phase was evaluated using an X-ray 
diffractometer (Bruker D-5005). 
Liofilization drying process 

This process was performed in standard liofilization equipment. The gels for liofilization 
must be in aqueous medium. The rate of cooling will influence the structure of the frozen matrix. 
Thus, different cooling systems were used to freeze the samples: with liquid N2 (^173 °C), at -78 
°C with COi/acetoneand at -20°C in the freezer. 
Aerogel production 

Aerogel production was carried out in a reactor, which has the following characteristics: 
maximum pressure of 500 bar, maximum temperature of 400"C, heating capability of 14500W, 
maximum CO2 flow of 40Kg/h, maximum solvent flow of 1,8 L/h and a computer aided system. 
The supercritical cycle was composed of 4 stages: pressure increase until 150 bar followed by 
temperature increase until 250 °C, where the system reaches the supercritical conditions. Then, 
pressure decrease until atmospheric pressure and after that, temperature decrease until room 
temperature. The HA aerogels were characterized by X-ray diffraction and SEM-EDX. 
Plasma polymerization 

Acid acrylic was polymerized onto glass and HA substrates through plasma polymerization 
technique at low pressure, with a radiofrequency source of 13,56 MHz. Different reactor designs 
were employed and different monomer pressures were hied. One of the apparatus used for the 
plasma treatment consists of a stainless steel discharge vessel (diameter 26 cm, length 24 cm) 
with internal electrodes which are connected to a radio frequency (RF) ACG-3XL generator at 
13,56 mHz from ENI (Italy). The gases are supplied via a standard manifold with gas fluxes 
adjusted with needle valves. A two stages mechanical pump( D8B from Leybold (UK)) 
evacuates the vessel 

The second one is a stainless steel vessel (diameter 60 cm, length 45 cm) equipped with three 
different trays (polymerization positions). These are connected to a radio frequency (RF) at 
13,56 MHz. The gases are supplied via a standard manifold on the rear part of the vessel. Also a 
two stages mechanical pump evacuates the vessel. 

The pressure were varied between 0,1-0,8 mbar and the RF power between 15-40 W. 
The kinetics of the thin film growth was also studied. Layers were also characterized by IR 

(FTIR Nicolet Manga 560) and XPS (PH 5500 Perkin Elmer). 

DISCUSSION 
Synthesis of HA by a sol-gel method -~ 

Researchers employ a number of combinations between calcium and phosphorous 
precursors. Besides the difference in chemical activity of the precursors, such as, hydrolysis, 
polycondensation,etc, the temperature that is required to form the apatitic structure depends 
largely on the chemical nature of the precursors [13]. In the present vrork, experimental 
conditions of HA gel synthesis have been optimized, trying different calcium and phosphorous 
precursors and different solvatation medias, as it is explained above. The gel ageing time is also 
important for the solution system to stabilize, and therefore, to obtain later the HA phase. 

Hydrolisis activity of triethylphosphate is relatively poor compared with the 
triethylphosphite one, and a higher solution temperature together with a prolonged time period is 
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needed to form the HA phase [15]. That could explain why results obtained in this work with 
triclhylphosphalc were not satisfactory. In the other hand, calcium acetate was found to be less 
soluble in the media used than calcium nitrate, andthat affected to correct sol formation. 

Before doing the thermal treatment to the gels in order to obtain the HA phase, they were 
characterized by TGA. Gel TGAs all show a first weight loss from RT to 250 °C due to solvent 
evaporation. Tlien, no weight loss was observed until 400 "C, if calcium acetate was used as 
calciimi precursor or until 550 °C, if calcium nitrate was used. These temperatures correspond to 
the decomposition temperatures of calcium precursors, as TGAs of them have confirmed. 

The themial treatment consi.sted of heating gels at different temperatures for different 
periods of time in order to find the best fonnation conditions ofHA phase. HA phase often 
appears accompanied of other phases that can be different depending on the precursors used, the 
thermal treatment temperature and the time interval, as table I shows. The more the thermal 
treatment lime is increased, the more HA fomied at one fixed temperature becomes crystalline. 

The different phase transformations of calcium precursors were obser\'ed in XRDs as a 
temperature function. For instance, calcium acetate was transformed to calcium carbonate at 450 
"C, at 700 "C carbonate was transformed to hydroxide and finally calcium oxide was obtained. 
TGAs of calcium precursors and gels also eonfinncd it. It can be concluded that HA pha.se 
fonnation depend on the decomposition temperature of the calcium precursor used. Thus, the 
degree of carbonatalion Can be detemiined by TGA analysis. Tliis parameter is directly related 
with the calcium precursor used. The maximum carbonatation level (~25%) is achieved using 
calcium acetate. 

Thermal treatment temperatures /*C               | 
Calcium 

precursor 
Thermal 
treatment 

time /h 

300 400 SCO 600 700 800 900 

a. 
O 

o. 

Nitrate 2 " HA, 
CaCO, 

HA, 
CaCO, 

HA, 
CaCO, 

HA, 
CaCO., 

HA.W.CaCOj 

Acetate 2 Amorfous w, 
Ca2P209 

HA,W HA,W, 
Ca(0H)2, CaO 

Acetate 4 HA* - - HA HA,W HA, W HA,W, 
CaO 

Acetate 6 HA* 
W 

- - - HA,W HA, W HA,W, 
XaO 

Table I. HA*rppor crystalline hydroxyapalite, W: whitlockite 

Calcium nitrate and Iricthyiphosphite in aqueous media have shown better feasibility to form 
the sol and in the same way the gel obtained from these precursors formed crystalline HA at 
lower temperatures as table 1 shows. Although it seems not necessary to obtain very pure and 
crystalline HA for bone and cartilage regeneration, (mineral component of bone is fomied by 
myriad liny, imperfect crystals), the use of calcium nitrate as precursor allows a better control on 
HA cristallinily. In this sense the HA fomied could be easier tailored using this precursor. 
Liofilization drying process and aerogel production 

As we stated before, the precursors chose to make these scaffolds were calcium nitrate and 
triclhylphosphite. 
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Liofilization process was used to dry hydrogels in order to obtain a porous structure. If the 
water freezes quickly (with liquid N2), it could be expected that final product has a finer pore 
structure. If freezing is slower (at -20 ^^C in the freezer), the resultant product may have courser 
pore structure. But sometimes it becomes convinient to be able to control the pore size more 
exactly. Then, aerogel production appears to be a quite interesting technique. Using both 
techniques, HA .scaffolds were obtained and characterized by XRD and EDX-SEM. 

The morphology of the samples, studied by SEM, .shows, as it was expected, a higher open 
porous structre for the aerogels, with very small pores. This higher porosity of the aerogels could 
be important to provide ostebconductivity to the scaffold. 

It is important to pointed out that, whereas liofilized .structures need a po.st-thermal treatment 
to form the apatitic structure, in the case of aerogels (figure 2), HA accoinpanied of other phases 
was fomied during the aerogel production process, as XRD of aerogels have proved (figure 1). 

. Plasma polymerization 
Different RF source powers monomer pressures, polymerization times and reactors designs 

were studied and Optimal conditions were established for acrylic acid plasma polymerization 
onto glass and HA substrates (Power 9W, time 5 h, monomer pressure 0,01 mbar). This yields 
uniform layers of 50 nm thickness with good adhesion both to HA aerogels and glass plates. The 
more the RF power was increased, the more the polymerization occurred and layers obtained 
were not uniform, regarding the thickness uniformity on glass plates. Be.sides, the visual aspect 
corroborates the lack of uniformity. Layers deposited using a lower RF .source power and a 
higher polymerization time, were uniform and had a high degree of acidic functional groups in 
its surface as IRanaly.sis show (figure 3). 

CONCLUSIONS 
Promising results to design modified HA scaffolds are obtained. 
Calcium nitrate works better than calcium acetate as calcium precursor for HA formation. 

The reactive preparation is easier to handle and the HA crystalinity can be better tailored. 
The aerogel processing technique seems to be a very interesting technique to obtain 

asteoconductive HA scaffolds in one step with pore size control. 
Plasma polymerization of acrylic acid at low RF .source power leads to uniform 

functionalized layers with good adhesion to HA aerogels. 

.ir^!'?rlr»4*4lw^l 

Figure 1. XRD of the aerogel 
(HA is the main phase together with CaCOs) 

Figure 2. Aerogel SEM micrograph (x 1500) 
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ABSTRACT 

This paper addresses the development of plasma polymer coatings that should prevent 
bactena from adhering to medical devices, implants, textile fibers, packaging materials, etc. The 
two main parameters affecting bacterial colonization onto surfaces are the surface energy and the 
surface roughness. Both parameters can be adjusted by the deposition of a thin plasma polymer 
coatmg m an atmospheric pressure dielectric barrier glow discharge. According to SEM, FTIR, 
SPM, XPS and contact angle measurements, smooth, hydrophilic plasma polymer coatings were 
obtamed under specific plasma conditions starting from 2-hydroxyethyl methacrylate (HEMA) 
and ethyl diazoacctate (EDA). 

INTRODUCTION 

In the initial step of bacterial cell adhesion, proteins are adsorbed onto a surface [1]. 
Moreover, some bacteria strains produce a polysaccharide based matrix referred to as slime, 
which provides them with an additional mechanism for adhesion and an increased resistance to 
antibiotic drug therapies [2]. The reduction of protein and polysaccharide adsorption onto 
surfaces is therefore an important issue in the development of improved materials for medical 
applications such as implants, prostheses, shunts, intraocular or contact lenses and medical 
devices. Besides, this is also a topic in the developent of food grade or medical grade plastic foil 
and textile fiber. ~   " 

Despite the lack of a theory on the role of hydrophobicity on protein adhesion, it is reported 
m the literature that surfaces of low surface energy adsorb more proteins than surfaces of high 
surface energy [3-6]. Moreover, proteins show better adhesion to rough surfeces [7,8]. 

Common low-pressure nonequilibrium plasmas represent an excellent method to deposit a 
very thm polymeric film (typically 2-100 nm) with mentioned desirable surface properties 
[9,10]. The application of low-pressure plasmas is however limited due to the need of vacuum 
equipment andthe low deposition rates that can be obtained. 

Therefore, both the industrial and the academic worid show a growing interest in plasma 
processes at atmospheric pressure. So far, applications were mainly situated in the area of 
cleaning, sterilization and activation of plastic surfaces, but currently the focus is shifting 
towards the deposition of organic and inorganic functional coatings on various substrates [11]. 
Like the low-pressure plasma techniques, atmospheric pressure dielectric barrier glow discharges 
allow treatment of a variety of objects, foils, fibers, etc in a sterile environment and at room 
temperature. In addition, the atmospheric pressure set-up allows continuous processing, vvhich is 
especially interesting for the treatment of textile and plastic foil, while it allows significantly 
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higher deposition rates. More information on the theoretical background of this process can be 
found elsewhere [12-14]. 

EXPERIMENTAL SETUP 

The experimental setup (sec figure 1) of the dielectric barrier glow discharge (DBD) consists 
of two parallel electrodes (160x 180 mm), both covered with an insulating AbOj plate of 2 mm 
thickness. To cn.sure stable plasma operation, the gap between the electrodes is limited to a few 
millimeters. Standard purity nitrogen and argon were used as inert carrier gases. The flow rate 
was controlled by mass flow controllers and set at 15 1/min. The reactive prcciirsor is added to 
the inert can-ier gas by means of an atomizer which generates a polydispcrse submicron aerosol. 
In order to perform tests in a controlled environment, the electrode configuration is mounted in a 
closed chamber which is evacuated and subsequently filled with the carrier gas before deposition 
is started. 

Plasma discharges were generated by a 20 kV/200 mA AC power supply with variable 
frequency, in this case ranging between 1 and 4 kHz. 

The precursor molecules chosen in order to obtain coatings with high surface energies, are 
2-hydroxyetHyl methacrylatc (HEM A, H2C=C(CH3)C002CH2CH20H) and ethyl diazoacetatc 
(HDA, NjCI ICO2C2I l.'i) (Sigma-Aldrieh, Belgium), both containing a polar functional group. 
Each of the precursors was polynicrizcd in N2 and Ar plasma in runs of 2 and 6 minutes. 

Double polished silicon substrates (12 x 12 mm) were used as substrates forplasrria polymer 
deposition and placed on the lower (high voltage) electrode. The coatings obtained were 
analyzed by FESEM (JSM-6340F, JEOL, USA), SPM (Digital Insturments, USA), XPS (Fisons 
Instruments, USA) and FTIR-spectroscopy (Avatar 360 ESP, Nicolet, USA). Contact angles 
were measured using the sessile drop technique (SOCA 15 plus, Dataphysics Instruments GmbH, 
Gennany) 

DISCUSSION 

A first observation is tliat the carrier:gasfN2 or Ar) has a strong influeiice on the 
polymerization process [11 ]. So far, it appeared however difficult to establish a correlation 
between the carrier gas and the details of the polymerization process. In spite of this fact, some 
qualitjitive observations could be readily made. 
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Figure I. Experimental scl-up of atmospheric pressure dicicctric barrier glow discharge. 



Microscopy 

Figure 2 shows the SEM cross-sections of the coatings resulting from the deposition of 
HEMA on silicon obtained in a N2 and Ar plasma. After a deposition time of 6 minutes, both 
coatings showed a similar structure although the 'polymer' structure obtained in N2 appears 
slightly more dense. Together with the difference in deposition rate this gives an indication of 
differences in the polymerization mechanism. The coatings prepared starting from EDA 
resemble the ones presented in figure 2 although thicknesses of about 400 and 550 nm were 
obtained in N2 and Ar, respectively. The coating thicknesses obtained after 2 minutes 
demonstrated constant deposition rates as a ftinction of time. 

An important feature in the present context is the roughness of the coatings, which proved to 
be very low according to SPM measurements. Surface roughnesses between 0.20 and 0.35 nm 
were obtained in both Ar and N2 plasma. 

Contact Angles 

Contact angles of the plasma polymer coatings were determined and summarized in table 1. 
Under equal reaction conditions, HEMA based plasma polymers were characterized by lower 
contact angles than those prepared from EDA. In addition, it should be noted that the contact 
angles of the EDA plasma polymers remain constant, while those of the HEMA based coatings 
decrease somewhat after the first contact of the droplet with the surface. This could be due to the 
absorption of water in the coating. It is however striking that the carrier gas has more impact on 
the contact angle of the plasma polymers than the nature of the precursor. In N2 plasma, both 
HEMA and EDA give rise to the deposition of coatings with contact angles lower than 20°, 
whereas the contact angles obtained in Ar plasma are significantly higher. XPS and FTIR 
analysis were necessary to gain a better insight in the present phenomena. 

Figure 2. SEM cross sections of plasma polymer coatings obtained from HEMA in No (a) and 
AT plasma (b) after 6 minutes. 
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Table I. Contact angles with water (Oii2u) of plasma polymer coatings obtained from HEM A and 
EDA In N2 and Ar DBD glow discharges (deposition time of 6 minutes). 

Pfccursor/Carrier Gas Oi,2o(deR) 
EDA/N: 19.2 
EDA/Ar 46.7 

HEMA/N.           ' 16,1 
HEMA/Ar 34.2 

XPS 

X-ray photoelectron analysis was u.sed to determine the relative amounts of C, O and N at 
the polymer film surfaces (Table 2). Apparently, more nitrogen is incorporated at the surface of   • 
plasma polymer coatings when N2 is used as carrier gas instead of Ar. This is manifestly 
demonstrated by the polymeriTiation of HEM A, which resulted in a surface concentration of 
nitrogen of about 30 % in N2 plasma and 0 % when the deposition was carried out in Ar plasma . 
The latter can be rationalized by the incorporation of N-containing radicals present in a N2 
plasma ihlo the bulk of the plasma polymers and thus at their surface. On the other hand, stable 
radicals of organic origin that rernain present in plasma polymer coatings after polymerization 
might react with N2 even in the absence of plasma conditions, e.g. during storage. Providing this 
interpretation is legitimate, only the upper layers of the coatings will contain the observed 
amounts of N. More evidence for one of these explanations may arise from FTIR measurements. 

The observations made for HEMA concerning the C/N ratio of the plasma polymers also 
hold for the ease of EDA. However, while EDA itself is characterized by a C/N ratio of 2, this 
ratio increased after polymerization in N2 and Ar to 6.5 and 18.1, respectively. Clearly, the diazo- 
group of EDA has a tendency to split off under plasrna conditions. The nitrogen containing 
functionalities at the surface of the EDA coatings arc therefore not necessarily of diazo-origin. 

When comparing the contact angles of the coatings with their surface composition, it is 
however obvious that the high N-eontent should be responsible for the low contact angles 
obtained after polymerization in Nj plasma. 

Table 2. XPS-data (surface mole fraction of elements excluding hydrogen in %) obtained from 
HEMA and EDA plasma polymer coatings prepared in N2 and Ar DBD glow discharges. 

Precursor/Carrier Gas Clot o,„, N,„, 
EDA/N2 65.9 24.1 10.0 
EDA/Ar 63.4 33.1 3.5 
HEMA/N2 54.8 14.7 .    30.5 
HEMA / Ar 69.8 30.2 0.0 



FTIR 

Infrared spectra of the plasma polymers on silicon are presented in figure 3. As expected 
from the previous sections, the nature of the carrier gas causes some substantial differences in the 
FTIR spectra. 

The spectrum of the HEMA based coating obtained in Ar plasma (fig. 3.a) contains the main 
bands typical for the monomer, including 0-H stretching (3422 cm''), G-H stretching (2955 
cm'), C=0 stretching (1730 cm'') and C-H deformation (1456 cm''). In the spectrum obtained 
froin the HEMA based plasma polymer deposited in Na, the weak band at 3317 cm'' could be 
attributed to O-H stretching. Howeyer, the N-H bond in amines and amides may also cause 
absorption in the region of 3500-3300 cm''. Thus, although the low intensity of the absoiption 
bands complicates the identification of the different functionalities, it seems reasonable to 
assume that amine and/or amide groups are incorporated in the HEMA based plasma polymer 
when N2 is used as a carrier gas. 

The most striking feature in the spectra of the plasma polymere obtained from EDA 
(fig. 3.b) is the absence of the absorption band typical for the diaao-group at 2200-2000 cm'', 
which confirms that this group is split off from the precursor when introduced into plasma As a 
result, only C-H deformation (1447 cm') and C-H (2982 cm') and C=0 (1737 ™-') stretching 
bands are identified in the spectrum of EDA based polymers deposited in Ar plasma. The same 
absorption bands are present in the spectfum of the EDA coatings that were polymerized in N2. 
The peaks originating from C-H stretching (2982 cm"') are however largely covered by two 
bands which are typical for the N-H stretching in -NH2 (3146 and 3049 cm''). 

In spite of their absence in these spectra, the presence of certain other functional groups at 
the surface of the coatings cannot be excluded as the intensity of their absorbance pattern could 
be too low to allow detection using common FTIR. It can however be stated that amine or 
possibly also amide groups are at least partly responsible for the high surface energies obtained 
when HEMA and EDA are polymerized in N2 plasma. Ester groups, and in the case of HEMA 
also hydroxyl groups, are present in the coatings polymerized in both Ar and Nj. 

3200 2700 2200 1700 
Wavenumber [cm''] 

3200 2700 2200 1700 1200 
Wavenumber [cm''] 

(a) (b) 
Figure 3. Infrared spectra obtained from HEMA (a) and EDA (b) in argon and nitrogen plasma. 
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CONCLLSIONS 

This study shows that organic coatings with low contact angles and a low surface 
roughness can be obtained through polymerization of HEM A and EDA in a dielectric barrier 
glow discharge at atmospheric pressure. Especially wheii N2 is used as a carrier gas, contact 
angles lower than 20° could be obtained mainly due to the incorporation of nitrogen in the 
plasma ipolymers. The true potential of these plasma polymers as antimicrobial coatings seems 
therefore promising but is currently being investigated in more detail. 

As the present technique allows continuous processing at tow teitiperature and at 
atmospheric pressure, it is in particular interesting for the treatment of large surfaces and plastic 
foils or fibers. 

In addition, this technique offers promising perspectives for the ftirther development of 
antimicrobial coatings in that intrinsically antimicrobial substances can be mixed with the 
precursor and thus incorporated in plasma polymer coatings. 

REFERENCES 

[I] Y. F. Dufrene, C. J. P. Boonaert, and P. G. Rouxhet, Colloids and Siitfaces B1, 113-128 
(1996). 

[2]       C. R. Arcioia, D. Campoccia, and L. Montanaro, Biomalerials 23,1495-1502 (2002). 
[3]       B. Janocha, D. Hcgcmann, C. Ochr, H. Brunncr, F. Rupp, and J. Gcis-Gerstorfcr, Swface 

flW£/Goo//»g.T 7ecA;w/ogi'142-144, I051-I055 (2001). 
[4]      M. Rosenberg and S. Kjelleberg, Micmbial Ecology 9,353-393 (1986). 
[5]      M. Quiryncn, M. Marechal, H. J. Busscher, A. H. Weerkamp, J. Arends, P. L. Darius, and 

D. Van Stccnbcrghc,Jotimal o/Dental Research 69,796-799 (1989). 
[6] Z. Miqin,T.Dcsai, and M.Ferrari, fi;Vww/mW.v 19, 953-960 (1998). 
[7]      P. Coussotrico, G. Clarotti, A. A. Benaoumar, A. Najimi, J. Sledz, F. Schue, and R. 

Quatrefagcs, £:H/-o/;ea/7 Po/vwc/./owr/M/30, 1327-1333 (1994). 
[8]       G. Clarotti, F. Schue, J. Slcdz, K. E. Geckclcr, W. Gopel, and A. Orsetti, Journal of 

Membrane Science 61,2S9-301 (199\). 
[9]       B.D.RntncT,Joiinialof Biomalerials Science-Polymer Edition 4,3-l\ (1992). 
[10]     P.Fiivi2iandR.d'Agos{\no,Swface& Coalings Technolo^'9», 1102-1106(1998). 
[II] 0- Goossens, E. Dckempenccr, D. Vangcneugden, R. Van ide Leest, and C. Leys, Surface 

and Coalings Technologv 142-144,474-4fi\ (2QQI). 
[12]     F. Massincs, A. Rabehi, P. Decomps, R. B, Gadri, P. Segur, and C. Mayoux, Journal of 

Applied Physics 83,2950-2957 0998). 
[13]     F. Massincs, R. B. Gadri, P. Decomps, A. Rabehi, P. Scgur, and C. Mayoux, A IP 

ConJi'renceProceeding.i. no. 363,306-15 {\996). 
[14]    }.Sa]gc. Sui:face£ Coatings Technolog)'80, \-7{\996). 

184 



Mat. Res. Soc. Symp. Proc. Vol. 724 © 2002 Materials Research Society Ng.ig 

Calcium Carbonate Reinforced Natural Polymer Composite For Bone Grafts 

Samar J. Kalita', Susmita Bosc', Howard L. Hosick^ Steve A. Martinez' and Amit 
Bandyopadhyay' 
'School of Mechanical and Materials Engineering 
School of Molecular Bioscicnccs 

^College of Veterinary Medicine 
Washington State University, 
Pullman, WA 99164, U.S.A. 

ABSTRACT 

Challenges in tissue engineering have always-motivated scientists and engineers to develop 
new biomaterials tliat can restore the structural features and physiological functions of natural 
tissues. A novel ceramic-polymer composite was processed with bio-active ceramics dispersed 
in a natural bio-active polymer for bone graft applications. A commercially available caster bean 
extract polymer (CBP) was used. It is a natural polymer extracted from the oily caster beans of 
the dicotyledonous class. During processing of these composites, in situ random interconnected 
porosity was generated similar to natural bone. Hg-porosimetry results of these composites show 
that most of the pores are between 50 to 150 microns. Compression tests were performed on 
cylindrical samples to determine the mechanical properties. Average compression modulus was 
calculated as 173 MPa, while the average failure strength was 6.7 MPa. Cytotoxicity and cell 
proliferation studies were conducted with modified human osteoblast cell-line (OPC-1) to show 
that these composites are biocompatible. Composites showed good cell attachment with a 
continuous increase in cell growth for at least up to two weeks. 

INTRODUCTION 

During the past four decades, applications of novel materials for biomedical practices have 
greatly revolutionized the quality of human life. Many speciality polymers, metals, ceramics and 
composites have^been developed.for numerous applications [I]'. These materials in various 
forms and phases are made to perform different fimctions in repair and reconstruction of diseased 
and damaged parts of the human body. Among all materials, the ceramics, and more precisely 
porous ceramics, are the most suitable ones for bone graft applications, primarily because bone 
itself is a naturally occurring porous ceramic. One of the restrictions on clinical uses of ceramics 
is the uncertain lifetime under the complex stress states due to poor resistance to crack 
propagarion. Introduction of porosity increases these uncertainties to a significantly higher level. 
This concern has resulted in limited applications of porous ceramics. 

Significant research has already taken place to develop polymer-ceramic composites as 
biomaterials. These composites attempt to incorporate the advantages of both the ceramic and 
the polymer phases. Most of the researches on polymer ceramic composites have been focused 
on (a) bio-inert polymer with bio-active ceramics [2,3], and (b) bio-active polymer with bio- 
active ceramics [4,5]. In our research, a novel ceramic-polymer composite was processed with 
bio-active ceramics dispersed in a natural bio-active polymer. Moreover, during processing of 
these composites, in situ random interconnected porosity was generated, which are similar to 
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natural bone. The composite material was characterized for their physical, mechanical and 
biological properties. 

EXPERIMANTAL PROCEDURE 

A commercially available natural polymer was used for this study. The commercial name is 
"Polimcro Vegetal Ostcointcgraval". Vegetable polymer was extracted from the "Ricinus 
Comunis" (mamona oil), oil plant belonging to the dicotiledonea class, gerianaceas order and 
cuforbaccas family, its rccinolcic acid structure cointain 18 carbon atoms in which there is a 
double bond between the 9"'and the lO"'carbons. Calcium carbonate powder was mixed with 
this polymer to form a ceramic-polymer composite. 

The natural pojymcr comes in two parts. The.se two parts are named as "polylol" and "pre- 
polymero". During processing of this eoriiposile, calcium carbonate powder was added to the 
liquid polyincr while mixing the two components prior to room temperature curing. Preparation 
was carried out in a clean glass beaker. Mixing was done manually. A total of 6 grams CaCOj 
was added to 40 ml of polymer mixture durinu polymerization. After 1 minute of mixing, there 
was an increase in material temperature to 45 C. The total curing time was between 3 to 5 
minutes. The polyincr was taken out of the beaker and allowed to cure in another clean glass 
beaker. During polyincrization, in silii random interconnected pores were generated. After 
curing, the overall material resulted into a strong porous composite with thrce-dimcnsionally 
interconnected porosity. 

Cylindrical samples were core drilled with unifomi diameter of 11.5 mm. These samples 
were then sectioned to a length of 20 mm each to test under uniaxial compression loading. For 
in viiro testing, circular disk samples were prepared. In i'i//v> samples had an average diameter of 
11.5 mm and an average thickness of 1.8 mm. Biodcgradation studies were canied out with in 
v;/ro samples in culture media. Hg-porosimctry was can-ied out to evaluate the pore size and 
their distribution. 

/// viiro testing was carried out using a human ostcoblast cell-line (OPC I). The OPC-I cell 
line is a conditionally immortalized osteoprecursor cell line derived from human fetal bone tissue 
[6]. The OPC 1 cells were cultured in a standard medium made of Mccoy's 5A (with I- 
Glutaminc, without Phenol Red and Sodium Bicarbonate) [Sigma Chemical Co, Saint Louis, 
MO], supplemented with 10% fetal bovine scrum, 2.2 gram/liter sodium bicarbonate, 0.1 
grain/liter penicillin and 0.1 gram/liter streptomycin. The selection of a nutrient medium is 
strongly influenced by type of cell, type of culture and degree of necessary chemical definition. 
Cells were removed and split in the ratio 1:2,3 days before use. The cells were seeded on to 15 
disk samples. The cultures were incubated at 37 "C in a humidified 5% CO2 atmosphere. Cell 
counts were taken aflcr3v 7, 14 and 21 days of culture. Microscopic observations revealed that 
the cells had attached, anchored and spread on to the porous disk samples within 3 days after 
seeding. A colorimetric assay (MTT assay) was used to evaluate living cell number at various 
times after seeding. This assay quantitatcs the ability of mitochondria! dchydrogenases to 
metabolize 3-[4,5-dimethylthia7.ol-2-yl]-2,5rdiphcnyl-tctrazolium bromide to an in.soluble 
fonnazan [7]. The aritountof formazan is directly proportional to the total number of living 
cells. This enzyme assay produces a colored product, which' is quantitated in a microplate reader 
at a wavelength of 570 nm. 
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RESULTS AND DISCUSSION 

Bulk density and mercury porosimetrv 

Bulk density of the composite was determined using cylindrical sarnples. The bulk density 
was found to be 0.4 g/cml The composite porosity was determined using a Hg-porosimetcr 
(Auto Pore 9400, Micromcretics, GA) and a typical result is shown in figure 1. Hg- porosimetry 
is a useful method for determining pore size and distribution in porous structures of many 
materials. It can be seen from the plot that the majority of the pores were in the range of 50-100 
Hm, while some were between 200-250 |tm. The porosimetry resuh also indicates that the bulk 
density of the sample was 0.4 g/cm^ with an apparent density of 0.51 g/cxri'. The composite 
samples had an average total porosity of 24 vol %. Figure 2 shows an SEM micrograph of the 
composite. The typical pore sizes and their interconnectivity can be seen from this figure. 

21 48 108 365 
Pore Diameter (microns) 

Figure 1. Hg porosimetry plot shows the variation of pore sizes in the composite. 

Figure 2. An SEM photograph of a composite sample shows interconnected spherical open 
pores in the size range of 50-100 microns. 
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Figure 3. The stress-strain relationship of one Of the compression samples 

Mechanical testing 

Uniaxial compression tests were performed on four samples of this composite to evaluate 
their mechanical properties. Fii^re 3 .shows the stress-strain plot for one of the .samples under 
compression testing. The modulus of compre.ssibility and the stress at which failure initiates 
were detennincd from the stress-strain curves. Average compression modulus was calculated as 
173 Mpa (+/-16 MPa), while the average failure strength was 6.7 MPa (+/- 0.64 MPa). The 
failure strength is quite comparable to human cancclloiis bone, which has a typical compressive 
strength between 0.5-14.6 MPa [8]. 

In vitro Testing 

Biocompatibility is defined a.s the ability of a material to petfprm with an appropriate host 
respon.se in a .specific application. In vitro testing was done to test the biocompatibility of this 
composite. All the matrices were found to be non-toxic and biocompatible. Observations on the 
3   and?' days ofculturc showed that the cell attachrricrit and growth were very good. The cells 
were well .spread and were in contact with each other. A continuous increase in cell growth was 
also observed up to 14"' day. Cell counts on day 21 '^ had indicated that cells had begun to detach 
from the matrices. Similar tests were repeated twice and thcresults were identical, which 
suggests that there was a saturation effect of cell growth in these matrices. A possible 
explanation for this growth behavior for cells during the third week could be due to lack of space 
for cells to grow. Tlie matrix surfaces were saturated with cells after 14 days and then the cells 
started impinging to each other. Figure 4 .shows the growth curve of OPC 1 cells on composite 
matrices as a ftinction of time in days. Figure 5 shows the cell attachment on these matrices after 
7"'day. 

Biodegradation studies were carried out on the composite using the same standard media 
that was used for in vitro testing. Fifteen samples were prepared and their dry weights were 
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Figure 4. Growth curve of OPC 1 cells on polymer-ceramic composite matrices 

Figure 5. Cell attachment on the composite matrices on Day T* 

recorded. These samples were then immersed in the standard media and maintained at 37 "C in 
the incubator. Rate of dissolution was measured in terms of normalized dry weight loss. A 
negligible weight loss of around 1.5 weight% was recorded at the end of 28 days. The results 
indicate that the composite is biorcsorbable, though the degradation rate is very slow. 

CONCLUSIONS 

Porous calcium carbonate reinforced natural polymer composite has been processed and 
characterized. Uniaxial compression tests showed the average strength of 6.7 MPa and the 
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compression modulus of 173 MPa. Hg-porosimctry revealed that the majority of the pores are in 
the range of 50-100 \un. In vitro testing with the OPC 1 cell-line showed that the composites are 
biocompatible. Biodcgradation studies with Mccoy's 5A media showed that the composite is 
bioresorbable as well with a fairly slow degradation rate. The results are promising for these 
composites to be used as bone-graft materials, though further /« vivo tests are necessary on these 
materials to be used successfully in various orthopedic applications. 
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ABSTRACT 

Studies of protein binding domains reveal molecular architectures with specific chemical 
moieties that provide a framework for selective recognition of target biomolecules in aqueous 
environment. By matching fiinctionality and positioning of chemical residues, we have been 
successful in designing biomimetic polymer networks that specifically bind biomolecules in 
aqueous environments. Our work addresses the preparation, behavior, and dynamics of the three- 
dimensional structure of biomimetic polymers for selective recognition via non-covalent 
complexation. In particular, the synthesis and characterization of recognitive gels for the 
macromolecular recognition of D-glucose is highlighted. Novel copolymer networks containing 
poly(ethylene glycol) (PEG) and functional monomers such as acrylic acid, methacrylic acid, and 
aciylamide were synthesized in dimethyl sulfoxide (polar, aprolic solvent) via UV-free radical 
polymerization. Polymers were characterized by single and competitive equilibrium and kinetic 
binding studies, single and competitive fluorescent and confocat microscopy studies, dynamic 
network swelling studies, DPC, and FE-SEM. Results qualitatively and quantitatively 
demonstrate effective glucose-binding polymers in aqueous solvent. Due to the presence of 
template, the template mediated polymerization process resulted in a more macroporous structure 
as exhibited by dynamic swelling experiments, confocal microscopy, and SEM! Recognitive 
networks had a more macroporous structure with absorption of water occurring via non-fickian 
diffusion at a faster rate and with a higher equilibrium value. Polymerization kinetic studies 
suggest that the template molecule has more than a dilution effect on the polymerization, and the 
effect of the template is related strongly to the rate of propagation. The processes and analytical 
techniques presented are applicable to other biologically significant molecules and recognitive 
neUvorks, in which hydrogen bonding, hydrophobic, or ionic contributions wilf direct 
recognition. Further developments are expected to have direct impact on applications such as 
analyte controlled and modulated drug and protein delivery, drug and biological elimination, 
drug targeting, tissue engineering, and micro- or nano-devices. 

INTRODUCTION 

At this stage in the evolving field of biomaterials science, major effort is being directed 
toward engineering the architectural design of biomaterials on a molecular level. By controlling 
recognition and specificity, the preparation of synthetic macromolecular gels with designed 
artificial recognitive domains is soon to be the next hurdle crossed in polymer and biomaterials 
development. Therefore, the next generation of biomaterials will include recognitive oriented 
design and intelligent complexation mechanisms that originate from specific macromolecular 
chemistry, itself present in the polymer matrix or surface in a controlled manner, which 
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manipulate the surface and bulk properties of (he material in reproducible and tunable ways. The 
interest in this technology stems from a larger interest within our laboratory in artificially 
duplicating complex biological and physiological processes such as biomolecule modulated dnig 
and protein release f I], targeted drug and protein delivery (site or ligand-specific interaction with 
cells and tissues), biomolecule recognition and removal of undesirable biologicals [2], ligand- 
dirccled cooperative allostcric recognition processes, directed on-off ligand binding processes, 
tissue engineering devices, biosensors, and novel therapeutic and micro-sensing devices, etc. For 
example, surface patterning of reeognilive gels on silicon substrates can create micro- or nano- 
binding regions with areas of differing chemistry [3], which would be the basis for inicro- or 
nano-diagnostic, drug delivery, or tissue engineering devices [4]. 

Our goal, in general, is to produce 
stereo-specific, three-dimensional binding 
cavities for biologically significant 
molecules that function in aqueous 
environments. By tailoring the polymer 
network architecture and composition, 
effective biomimetic recognition sites can be 
created in polymer gels (Figure 1). 

The network stnicture (polymer 
morphology, porosity, diffusional character- 
istics) depends upon the type of monomer 
chemistry (anionic, cationic, neutral, 
aniphiphilic). the association interactions 
between monomers and pendent groups, the 
solvent, and the relative amounts of 
comonomers in the feed from which the 
structure is formed. Reeognilive success, 
i.e., the ability to correlate high template 
binding affinity and specificity, depends on 
the relative amount of cross interaction 
between the solvent and the intended 
interactions. For non-covalent complex- 
aiion, this translates to the strength of 
hydrogen bonding, hydrophobic inter- 
actions, 7i-jt orbital intcraction.s, ionic 
interactions, and van der Waals forces 
employed during, template-monomer com- 
plex formation. 

If proper complexation occurs in the 
pre-polymerization stage, the network 
formation will proceed with effective 
recognitive domains. For example, many 
binding proteins contain non-covalent 
binding mechanisms (e.g., hydrogen 
bonding, hydrophobic interactions) that bind 
specific   molecules   quite   well   in   water 

Figure I: Biomimetic Approach to Producing 
Recognitive Networks 

A: Mimic reeognilive proteins and enzymes by 
analyzing the amino acids involved in binding a 
particular molecule and duplicating complex- 
ation inleraclions. B: Solution mixture of 
biomolecule (template), functional monomer(s) 
(triangles and circles), crosslinking monoincr, 
solvent, and initiator (I). C: The pre- 
pblymcrization complex is Ibmied via cbvaleni 
or non-covalent chemistry. D: The formation oi 
the network (imprinting process). E: Wash step 
where original template is removed. 
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(polar, protic solvent) [5]. Our scientific rationale is based on the hypothesis that effectively 
designed recognitive networks will have superior binding properties and directed recognition in 
aqueous environments by properly tuning the non-covalent pre-polymerization complexation 
interactions between the gel functionality and template biomolecule (increasing or decreasing 
macromolecular chain hydrophdbicity [6], including strong hydrogen bond donors and acceptors 
[7], or including strong ionic directed recognition sites [8]). 

EXPERIMENTAL 

Materials 

/T^»^^l    "^ ^^^^'^' ^<='>''''=  acid  (AA),  aeiylamide  (Aam),  dimethylsulfoxide 
(DMSO), and D-glucose were purchased from Aldrich (Milwaukee, WI). Poly(ethylene glycol) 
200 dimethacrylate (PEG200DMA) was obtained from Polysciences, Inc. (Warrington, PA). 
Irgacure® 184, i-hydroxycyclohexyl phenyl ketone, was purchased from Ciba Specialty 
Chemicals (Tarrytown, NY). Fluorescent D-glucose analogue, 2-(N-(7-nitrobenz-2-oxa-l,3- 
diazol-4-yl)amino)-2-deoxy-glucose (2-NBl)G), was purchased from Molecular Probes, Inc. 

Methods: D-Glucosc Recognitive Network Svnthe<ii<i 

In a typical experiment involving Aam or AA as functional monomer (monomers were 
selected to match corresponding glucose binding protein residues of aspartate, glutamate and 
asparagme), D-glucose, Aam or AA, and 2.0 mL of DMSO were mixed together. Then 
PEG200DMA and 1.5 wt% Irgacure® 184 were added to the mixture. Feed monomer 
compositions of this type varied from 20 to 80 mole% Aam per mole monwners (or 50 to 85 
mole% A A) as well as from 4 to 15 mole % D-glucose. Control polymers were made with 
exactly the same composition except D-glucose was not added; 

After preparation, the solution was placed in a nitrogen atmosphere and nitrogen was 
bubbled for 30 minutes. Polymerizations occurred between glass microscope slides (75 x 50 x 
Imm, Fisher Scientific, Pittsburgh, PA) using 0.5 mm, 0.7mm, or 0.035 mm Teflon® spacers in 
a nitrogen atmosphere at a UV intensity of 10.0-15.0 mW/cm^ for 15 minutes (UltraCure 100, 
EFOS Inc., Ontario, Canada). Polymers were placed in deionized water for 24 hours, then 
carefully separated from the slides, and were cut into various diameter discs using a coik borer.. 
Discs were then placed in 50 mL conical tubes and placed on.a rotating mixer (25 RPM, 70 
degree angle, Glas-Col, Terre Haute, IN) and resuspended within multiple 24 hour wash step's (2 
washes in acetic acid/deionized water (1:5 ratio); 8 washes in deionized water) to remove 
template and excess monomer. The resulting discs were then dried in air at ambient conditions 
and placed in a vacuum oven (T=26 'C, 28 mm Hg vacuum) until a constant weight was obtained 
(less than 0.1 wt% difference). The discs were then stored in a dessicator until testing. 

Methods: Recognition. SelcctiviU. and Dynamic Swelling Studies 

In a typical binding study, a known amount of the template solution (e.g., D-glucose and D- 
galactose in competitive binding studies) was added to an aqueous solution containing a known 
amount of polymer discs. Samples were placed on a rotating mixer (70 degree angle; 25 RPM) 
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and siipcrhalant was sampled at equilibrium. Tlie time for equilibrium lo occur in each system 
was predetermined by scpartilc kinetic binding studies, where supernatant samples were taken at 
difTercnl time points. Equilibrium and kinetic-binding results were quantitatively calculated by 
HPLC mejisureiticnls of the resuhing supernatant (Phehomenex RPM monosaccharide column 
(300 X 7.8 nitTi),t)I water mobile phase, 0,6 ml/min flow rate, temperature 80°C, Shimadai RID- 
lOA refractive index detector). Gompctitivc binding results were visualized using a fluorescent 
glucose atialoguei 2-NBDG (Figure 2). The analogue was added lo vials containing a known 
amount of polyrni^r (maximum absorption 466 nm; maximuni eitiission 542 nm). A Nikon 
Labophot nuorescerit microscope with a FITC filter set was used and images were acquired with 
an Optronics 47OT'CC0 camera and captured using MetaMorph sofhvarc from Universal 
Imaging. By analyzing a large amount of pixels (N=IO,000) within these images, a histogram of 
intensity values was obtained (Adobe Photoshop). Confocal analysis was performed using a Bio- 
Rad MRC 1024 Confocal Microscope with an MRC 1024 system'. Images, z-sections, etc. were 
collected using LaserSharp software and image analysis was conducted using Confocal Assistant 
software. The equilibrium swelling behavior ofihe imprinted gels was studied by weigliing dry 
samples and placing them in a knowni volume of solution with and without template. The gels 
were weighed by removing the gels at specific periods of time and blotting with filter paper to 
remove excess surface solvent. 

Hi 

Figure 2: D-Glucosc - 
Template and Fluorescent 
Analogue. Competitive bind- 
ing results were visualized 
using a fluorescent glucose 
analogue 2-(N-(7-nitrobenz- 
2-oxa-1,3-diazol-4-yl)amino) 
-2-dcoxy-glucosc (2-NBDG, 
Molecular Probes, Inc.). In 
solution; glucose mutarolates 
between two conformations: 
alpha (as shown, 30-35%) 
and beta (65-70%) position 
of the carbon I hydroxyl 
group at equilibrium. D- 
Galactose only differs by the 
carbon 4 hydroxyl position. 

RESULTS AND DISCUSSION 

We have been successful in synthesizing novel glucose- 
binding gels based on non-covalent interactions (hydrogen 
bonding, hydrophobic interactions) formed within polar, aprotic 
solvent (DMSO). 

For AA and Aam functional networks, a bound ratio 
(amount D-glucpse bound recognitive network/control network) 
greater than one indicates that gluco.se was memorized within 
the gel compared to a randorhly polymerized network (bound 
rtitibs in water were 3.4 and 5.0 for Aam-PEG200DMA and 
AA-PnG200DMA networks, respectively). It is important to 
note that the control polymer wil 1 bind some amount of template 
(i.e., will contain some randomly introduced, properly 
positioned functional groups). For AA and Aam networks, the 
choice of DMSO as solvent during polymerization increa.sed the 
bound ratio compared to aqueous solveats during 
polymerization (DMSO is aprotic and does not have the ability 
to be a hydrogen bond donor and interfere With complex 
formatiori). 

Figure 3 provides a kinetic aqueous binding analysis of 
glucose-ijnprintcd Aam-PEG200DMA copolymers prepared in 
DMSO, Tlie recognitive to non-imprinted (control) bound ratio 
is 3.4, demonstrating the memorization of glucose within the 
network. Also, the equilibrium binding data was well 
represetited by a linear isotherm at low concentration ranges 
(i.e., <1 mg/ml D-glucose). 
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Figure 3: Kinetic D-Glucose Binding Study in Water. Acrylamide- 
PEG200DMA Copolymers of 67% Crosslinking Ratio Prepared in DMSO 
(T=24'C). Fluorescent D-GIucose Analogue Binding in Water. Acrylic 
Acid-PEG200DMA Copolymers with 67% Crosslinking Ratio Prepared in 
DMSO. A: Recognitive Polymer (l=208.84+/-6.48 (10,000 pixels)). B: 
Control Polymer (1=36.28+/-!.26 (10,000 pixels)). 

Typically, the difference between recognitive and non-imprinted polymer binding values 
increased as the cross-linking ratio (mole crosslinking monomer/mole total monomers) 
increased. These results suggest that the use of PEGDMA instead of EGDMA (the average 
number of ethylene glycol units is 4.5 and 1 for PEG200DMA and EGDMA, respectively) can 
be beneficial to the diffiisional character of the imprinted networks and retain memorized 
recognition toward template molecules. 

For improved analysis of fluorescent intensities, thin polymer discs (diameter, 5.5 mm; 
thickness, 35ntii) were prepared. By analyzing fluorescent intensity values from polymer discs of 
equal thickness, a histogram of intensity values was obtained, which provided quantitative 
analysis of binding (Table I). This data contains fluorescent profiles from competitive binding 
analysis of Aam-PEG200DMA copolymers with varying amounts of D-glucose added to a given 
amount of fluorescent analogue (FITC filter cube, 1/8 integration time, 4x objective). These 
results were analyzed carefully by matching as many parameters as possible during analysis 
(excitation time, objective and field of view, camera integration time, etc.). The results 
demonstrate the effectiveness of fluorescent tracing in relation to a competitive analogue 
molecule. As glucose concentration is increased and fluorescent analogue is held at constant 
concentration, the.fluorescent intensity of the gel decreases. Thus, glucose competed and filled 
binding sites once occupied by the fluorescent analogue. ' .    "    " 

Table I. Competitive IX-Glucose Substrate Binding in Water: Acrylamide-PEG200DMA 
Copolymers with 67% Crosslinking Ratio (prepared in DMSO). 

Compclllivr Siibstralc RecoRnlrlvc IniensHy CMirol Intemiiy 
Fluorcsctm Analogue Only (Conccraraiion = F,) 223+M 1.81 50.971-/- 0.77 
F. Analogue and Glucose (1 (Xl X F,) 99.44+'-4.36 80.77+/-3.95 
F. Analogue and Glucose (3.000 x F.) 49.81+/-1.09 48.85 -/- 0.88 
F. Arcilogue and Oatactose (100 X F,) 220 t/-10.10 na 
F. Analogue and Galactosc (3.000 x F,) 20<).0<i+;-10.46 na 
Fluorescent Analogue Only (PEG only neiwork) na 56,57-/-0.90 
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■i, Thehighest glucose ratio (3,000xFg) drops the fluorescent 
'    inlensily to level consistent with control polymer. A gel 

consisting of PEG200DMA only (i.e., no functionality in 
feed) shows that there is a low level of interaction between the 
PEG network and the fluorescent analogue. Competitive 

binding studies between D-glucose and 2-NBDG 
yielded  conclusive results  that  D-glucosc is 
bound to this polymer system and not the 2- 
NBDG fluorophofe. AA fiiinctionalized networks 
exhibited similar behavior (Figure 3 A, B). 

The selectivity of the Aam-PEG200DMA 
polymers was determined by varying 

concentrations of D-galactose added 
to a constant concentration of D- 
glucose fluorescent analogue (Table 
I). The results suggest polymers 
selective to D*glucpse sirice the 
fluorescent intensity remained 
approximately unchanged. 

Figure 4 shows dynamic swelling 
data (without template present) from 
Aam-PEG200DVIA copolymers. The 

200 imprinted gels swelled at a taster rate 
than the non-imprinted gels displaying 
non-Fickian swelling behavior (i.e., 
anomalous transport since swelling 
process is not dominated by the 
polymer viscoelaslic relaxation time or 
water diffusion) and exhibiting a higher 
degree of equilibrium swelling. As both 
systems adsorbed water, the discs 
became increasingly opaque, with the 
non-imprinted gels displaying a higher 

degree of Iranslucence. The water swelling tests correlate the properties of the network 
(homogeneity and porosity) to the imprinting process. Due to the-presence of template, the 
imprinting process resulted in a more porous Structure as exhibited by these .studies and contbcal 
microscopy/FE-SEM (Figure 4 A, B, C, D). 

Tlic formation of a three-dimensional network is a kinetically controlled process that 
depends on the functionality, reactivity, and concentration of the monomeric components. 
Traditionally, crosslinking monomers with similar reactivities to the chain building monomer are 
selected to produce a homogeneous network with spatially even crosslinking density. Differences 
in the reactivity of the monomers can lead to structural heterogeneity. With imprinting, the 
template functional monomer complex influences the polymerization conditions and the resulting 
polymer network. The influence of the complex formation on the resulting network has not been 
explored and is currently being studied by our group. Polymerization kinetic studies suggest that 

25 so 150      175 75 100 125 

Time(Min) 

Figure 4: Dynamic Nctworii Swelling Study 
in Water and Polymer Morplt6log>' via 
Confocal Microscopy Transmission /FE- 
SEM. Acrylamide-PEG200DMA Copolymers 
with 67 % Crosslinking Ratio Prepared in 
DMSO.A. Recognitive Network. B. Control 
Network. C. Recognitive FE-SEM D. Control 
FE-SEM 
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the template molecule has more than a dilution effect on the polymerization, and the effect of the 
template is related strongly to the rate of propagation. 

CONCLUSIONS 

The studies presented in this paper aid in further understanding and optimizing template- 
itiediated polymerization processes for the production of novel recognitive networks for 
biologically significant molecules. Based on a biomimetic approach, we have synthesized novel 
imprinted gel structures for biomolecule recognition. In particular, we have been successful in 
producing and characterizing recognitive networks for the recognition of D-glucose. Equally 
important in this endeavor is the potential to produce recognitive networics for a wide range of 
biomolecules providing hydrogen bonding, hydrophobic, or ionic contributions direct 
recognition. Thus, these techniques and the resulting polymers can be tailored to recognize a 
broad range of molecules in aqueous environment. Currently, using similar techniques, our group 
is producing and optimizing recognitive networks for a variety of drugs and biological 
molecules, including proteins. 

Developments of particular interest are expected to be wide and far reaching and cover a 
broad range of materials, such as intelligent biomolecule-modulated drug and protein delivery, 
nanp-scale patterning and recognition of biological molecules for diagnostic and therapeutic 
devices, site or ligand-specific interaction with cells and tissues for targeting applications and 
tissue engineering, and biosensors. 
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ABSTRACT 

Ourbiomimetic approach for patterned crystalli2ation is based on the combination of the 
Micro-Contact Printing technique and a novel mineralization process, called the Polymer- 
Induced-Liquid-Precursor (PEL?) process, which enables the deposition of mineral films under 
low-temperature and aqueous-based conditions. We demonstrate that a liquid-phase mineral 
precursor is deposited onto specific areas templated with self-assembled monolayers of 
alkanethiolate on gold, and then the patterned calcitic films grow under constrained conditions 
via transformation of the PILP phase, leading to control over the location and morphology of 
calcitic films. 

INTRODUCTION 

The patterning capabilities of inorganic films derived from a biomimetic, bottom-up 
approach, are of interest in microelectronics and bioelectronics applications that require high 
performance mechanical, electrical and/or optical properties resuhing firom controlled nano- and 
microstructural design. Biomimetic processing techniques are also desirable for biomedical 
applications that incorporate thermally sensitive components, such as proteins or cells, into 
devices such as biochips for sensor applications, bioseparations, biocatalysis, and hard-tissue 
biomaterials. Bliological mineralization differs fi-om traditional crystallization in that the 
crystallization process is mediated with organic materials, leading to a high degree of control 
over the mineral properties. This occurs through the incorporation of both soluble proteins, 
which are thought to modulate crystal shape, and an insoluble matrix, which presumably 
regulates crystal nucleation [1], and enhances the mechanical properties of the bioceramic 
composite. The performance of synthetic inorganic materials could be significantly advanced by 
precise control over crystal size, orientation, morphology, and location, as occurs in biominerals; 
yet rarely can control over all of these properties be accomplished in one synthetic system [2,3]. 

We have proposed that a polymer-induced liquid-prccureor (PILP) process may play a 
fimdamental role in biomineralization (in both vertebrates and invertebrates) [4,5], and if the 
mechanisms utilized by biomineralizing systems can be determined, significant advances could 
occur in the biomimctics field. In the PILP process, micromolar quantities of acidic polymers arc 
added to the crystallizing solution of an inorganic salt (such as calcite), and the charged polymer 
sequesters the ions and generates liquid-liquid phase separation. The phase boundaries of the 
minor phase ultimately define the shape of the final crystal products that fonn upon solidification 
and densification of the precursor phase, thus producing a variety of non-equilibrium crystal 
morphologies [5,6]. The elaborate morphologies and composite structures found in biominerals 
have long been the envy of the materials engineer. We believe the PILP process offers a 
relatively simple means for mimicking such structures [7]. 
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Ill addition to crystal morphology, it is the arrangement of the biominerals within the 
biopolymcr matrix that distinguishes bioccraroic composites. The design of complex 
niacromolccuiar structures to serve as templates presents many challenges with respect to 
molecular recognition at the organic-inorganic interface due to the flexibility of the organic 
substrate, and the difllculty in producing patterned structures to serve as templates and matrices. 
Nevertheless, there have been several studies demonstrating the oriented growth of calcium 
carbonate crystals on self-assembled monolayers (SAMs), as well as amphiphilic and 
macrpmolccular surfaces with functionality designed to interact with the incipient nuclei [8-1OJ. 
Thin film forrnation of calcite by template-mediated nucleation on insoluble and relatively rigid 
surfaces, such as porphyrin monolayers and chitosan, has also been investigated [1,11,12]. Our 
system differs from these in that both morphological and localional control can potentially be 
achieved due to the shape retention that occurs when patterning a precursor phase, as opposed to 
controlled surface nucleation, which relics on strict control of the supcrsaturation and diffusional 
distances between patterning elements that create ion depletion 2ones. In the PILP process, an 
important distinction in terms of morphological control is that a phase segregated precursor 
phase can conceivably be manipulated, molded and shaped by a compartment since the precursor 
is in the form of a moderately viscous liquid which takes the shape of its container. In some 
ways, the PILP phase is analogous to sol-gel precursors used in the low temperature synthesis of 
ceramics, for which micromolding techniques have already been demonstrated. The difference 
here, though, is that the mineral precursor is not a chemical precursor, but rather a physical phase 
created by ion sequestration by the polyanionic additive; and a chemical by-product is not 
released via a condensation reaction, but rather the hydration waters are driven off (while still in 
solution) by the thermodynaraic instability of this metastablc phase. 

Template-mediated nucleation of calcite from solution has provided some insight into the 
molecular recognition affecting the nucleation of the inorganic crystals on organic substrates. 
However, template-mediated nucleation of calcite crystals formed via transformation of a 
precursor phase might be expected to behave in an entirely different fashion than crystals 
nucleated from solution. The template will likely rhediatc where the precursor phase deposits 
(influencing location and moiphology), and then how it transforms into the crystalline phase 
(influencing crystal phase, orientation, and polycrystallinity). Therefore, the influence of organic 
templates on the PILP process is a primary focus; of our current work. 

EXPERIMENTAL 

Patterned Self-Assembled Monolavcrs (SAMs) 

Clean fused silica cover-slips Were coated with Au in thickness 500 ~ 1000 A. (Ti 
underlayer is used to promote adhesion), using an electron beam evaporator. SAMs were 
patterned on the Au substrates using the microcontact printing technique [13]. Elastomer stamps 
were prepared by casting and curing Poly(dimcthylsiloxane) (PDMS, SYLGARD 184 (Dow 
Coming)) against a silicon wafer bearing photoresist patterns forined using conventional 
photolithographic techniques. The resultant PDM S stamps with relief structures, such as 
channels and squares, were "inked" with a IniM solution of surfactant (Mercapto-hexadecanoic 
acid SH(CH2)|jCOOH in Ethanol) and then printed onto the gold surface for 30-60s. The stamps 
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then were removed, and the printed substrates were washed with ethanol [8]. In the examples 
shown here, a follow-up dipping of a second surfactant was not utihzed. 

PILP CrvstallizaHnn 

The crystallization process is as follows: a 12mM CaCl.'lUfi (Aldrich) solution was 
prepared with freshly boiled and cooled distilled water. Substrates, Au-coated cover-slips with 
patterned surfactants, were placed in a pctri dish (3.5 cm diameter) containing a filtered 12mM 
CaU^^ZHjO solution. Micromolar quantities of dissolved acidic polypeptides (poly-L-aspartic 
acid, Mw=8600, Sigma) were transferred into the dish by micropipctte. The dishes were then 
covered with stretched parafilm®, punched with 3 needle holes, and placed in a large desiccator 
A small vial cap containing crushed ammonium carbonate was also covered with stretched      ' 
parafilm, punched with 3 needle holes, and placed in the same desiccator. The samples were 
kept at 4 C (m a refrigerator) or 23»C (room temperature) for 7 days, at which time the cover- 
slips were removed and gently rinsed with water and ethanol to remove any soluble salts 

The cover-slips were examined by optical microscopy, and then gold coated for scanninc 
electron microscopy on a SEMJEOLJSM 6400 instrument [5]. 

RESULTS AND DISCUSSION 

Microscopic examination of the patterned calcite in polarized light microscopy shows that 
crysta hzation without the addition of poly-aspartic acid yields rhombohedral-shaped calcite 
ciysta s. as expected  Figure IA shows the traditional solution crystallization of calcite without a 
5.AM template, and Figure IB shows a linear array of crystallites patterned using a SAM 

template prepared with a PDMS stamp containing micro-channels. Figures IC and ID show that 
the addition of micromolar quantities of poly-aspartic acid, which induces the PILP process 
cause the deposition ofpattemcd>?/w^ of calcite. It should be noted that some small crystalline 
aggregates are also present due to the incomplete inhibition of solution crystallization The 
addition of magnesium ions as additional nucleation inhibitors helps to eliminate some of these 
undesirable crystal aggregates, but further optimization of the polymeric additive and 
crystallizing conditions are still needed. Nevertheless, the different effect produced by the 

- presence of poly-asparfic-acid is apparent- films, rather than discrete polyci^stals, arc deposited 
on the patterned regions of the SAM template. There may be cooperative inTerplay betwSe 

adsoS    fT °i*' 'u ""^'"' *' '=^*°''y'^'^ S^'^^P^ °" *« P^'yP-^P'^. which could be " adsorbed onto the surface. However, we believe that the mechanism requires most of the 
polymer to exist in solution in order to interact with the ions and generate the metastable phase 
which then transforms into the crystalline phase. The deposition of precursor, ratherAa^ 
nucleation of crystals, is now dependent upon on the functional head groups of the SAM 
template. The crystal nucleation event subsequently occurs via a precursor transformation 
mechanism, which is also likely modulated by the template. Regarding the deposition stage it is 
no certain at this time whether PILP droplets are depositing onto the patterned regions ofif 
heterogeneous nucleation of an amorphous precursor phase is occurring or both 

SAMs have found numerous applications in the realm of biomimici^. Controlled growth of 
crystals with specific orientation can be achieved via the functional groups on the substtate In 
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Figure 1. Optical micrographs of calcite crystals produced by slowing raising a I2mM CaCb 
solution in supcrsaturation with anihionium carbonate vapor. A) Classical rhombohcdral 
shaped calcite crystals arc produced in the control reaction, which docs not contain a SAM 
template or soluble polymeric additive. B) Patterned nucleation of calcite crystals produced 
with 24mM Ca^' deposited onto a SAM template patterned in the form of channels (without 
soluble polymeric additive). Note- the crystals are smaller here because a higher ion 
concentration was used, which increased the nucleation density. C) With the addition of 
12 ng/ml Poly-L-aspartic acid, the same channel-patterned SAM directed the deposition of 
pattcnied mineral films, using otherwise similar precipitation conditions. D) Likewise, square- 
patterned calcitic films Were produced using 12mM Ca^^and 12 [ig/ml PoIy-L-aspartic acid. 
The dark objects in C) and D) are crystal aggregate side-products that foim from incomplete 
inhibition of solution crystal precipitates. Scale bars are 100 urn. 

fact, Aizenbcrg has demonstrated patterned ciystallization in conjunction with controlled 
crystallographic'orientation. She suggests that the patterned calcite crystallization couJd be 
explained through a direct epitaxy nucleation in terms of diffusion-limited nucleation [9,10]. 
Although her experiments demonstrate control over the initial nucleation of crystals, the growth 
stage is not affected by the template, thus crystal morphology is not regulated. 

Figure 2 shows scanning electron rliicrographs of the pattcmcd films, demonstrating both 
regions of smooth continuous film, as well as bumpy regions, in which the precursor droplets did 
not fiilly coalesce. In Figure 2B, bulges can be seen on the film which appear to be "dewetting" 
of the SAM/mineral film. Although the surface energetics of the precursor phase have not yet 
been examined, it has been observed that the substrate upon which these films are deposited can 
have a pronounced affect on the wetting behavior and adhesiveness of the films (for example, the 
mineral films adhere well to a glass coverslip, but tend to peel off a polystyrene petri dish). 
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Figure 2. Scanning electron micrograph of patterned niineral films. A) Using 12 mM Ca^* 
and 12 fig/ml Poly-acrylic acid, the films appear rough due to PILP droplets which have not 
fiilly coalesced, Scale bar =50 \im. B) At higher magnification, it can be seen that the 
mmera! film is relatively smooth, except for some clusters of calcitic droplets. Bulges are also 
seen in this film, which appear to be associated with "dewetting" of the film fix)m the SAM 
substrate. Scale bar = 20 urn. 

As we expected, the crystalline films were deposited only on the regions that were 
fimctionalized. Reasonably well-defined patterned films of calcite are observed, although the 
fidelity is not optimal. A primary difficulty we have encountered is the foimation of crystal 
aggregate side-products (which appear to be solution grown crystals, rather than PILP formed 
crystals). Likewise, no control has been exerted over the nucleation of this precursor phase (i.e. 
transformation via dehydration and crystallization); therefore, the patches are not always single 
crystalline if more than one nucleation event occurred, and specific ciystallographic phase and 
onentation have not been addressed. It is anticipated, however, that the nucleation of the 
precursor phase, although different iirom nucleation fix)m solution, will be amenable to regulation 
once the process is better understood. Nevertheless, the patterning of this PILP phase can be seen 
as being distinctly different than the patterning of solution grovm crystals. Thus, our approach 
has taken the microcraitact printing technique one step further, making it possible to provide 
some level of morphological control in patterning thin-film structures of calcium carbonate, by 
utilizing the synergistic interplay between a SAM template and a soluble acidic polypq)tide. It 
should be noted that two of the cracial tools utilized in biomineralization are insoluble templates 
and soluble acidic proteins. We have used aciditpolypeptides, such as poly-aspartic acid, to 
mimic the soluble polyanions found in biominerals, and the patterned SAMs serve the role of 
insoluble matrix found in biological hard tissues. One can imagine that by controlling the 
location of the organic template, sequential depositions of PiLP phase could enable flic 
fabrication of hierarchical composite structures, as occurs in biomineralized tissues. A more " 
detailed discussion of the potential relevance of the PILP process to biomineralization is 
discussed in more detail in our other reports [4,7]. 

CONCLUSIONS 

Micro-scale patterning of calcite films via a polymer-induced liquid-precursor (PILP) 
process has been achieved using soluble acidic polypeptides, such as poly-L-aspartic acid (or 
poly-acrylic acid), in conjunction with micro-contact printing techniques. This demonstrates a 
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new strategy for the controlled deposition and patterning of inorganic thin films under benign 
processing conditions. Our fiiture efforts will be directed at better controlling the precursor 
formation to eliminate the problem of crystal aggregates and produce patterned films with 
improved smoothness and higher resolution and reproducibility. 
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ABSTRACT 

Polycation materials have recently emerged as promising systems for the delivery of 
genetic material. In this shidy, several DABCO {l,4-dia2abicyclo[2.2.2]octane) polymers are 
investigated for their ability to bind and deliver plasmid DNA (pDNA) into mammalian cells 
The DABCO polymers are synthesized by copolymerization of DABCO with 1 3- 
dibromopropanc (D3), l,4.dibromobutane (D4), 1,6-dibromohexanc (D6), 1,8-dibromooctane 
{D8), and 1,10-dibromodecane (DIO) to form a series of quaternary ammonium polymers with 
increasing charge separation. Gel retardation experiments reveal that each polymer (D3-D10) 
binds pDNA above a charge ratio of 1.0 (polymer + / pDNA -). The polycations are examined 
for wyitro transfection efficiency and toxicity in BHK-21 cells. Results of the transfcction 
expenments indicate that the D6 polymer had the highest transfection efficiency. Although all of 
the po ymers are showt, to have some toxicity, the D8 and Dl 0 polymers are more toxic to BHK- 
21 cells; approximately 30% of the cells survive at a charge ratio of 5 +/- as compared to the D3 
D4, and D6 polymers where survival rates are about 80%. 

INTRODUCTION 

Cationic polymers are currently being studied as altematives to viral systems for the 
delivery of therapeutic genes. Advantages of using nonviral delivery vectors over their viral 
counterparts include low immunogcnicity, noninfcctivity, and virtually no limit to the si7c of the 

T^M 1^" ^^"^ ^"^ *^^^ ^^"^""^ '^^" ""y f'■^^- Polycations have the ability to self-assemble with 
DNA and condense it into small particles that have been denoted as polyplexes. Pofyplexes have 
been shown to deliver DNA into cultured cells through the endocytotic pathway. Several studies 
on polymeric delivery vectors have indicated that small changes in the structures of polymeric 
vectors play a significam yet undetennined role in the delivery efficiency and toxicity of these 
systems [4-7]. For example, previous experiments conducted by our group have indicated that 
the charge separation in P-cyclodextrin-containing polymers has a considerable effect on both 
the toxicity as well as the transfection efficiency of the delivery vectors in mammalian cell lines 
[6],  In the current study, several DABCacontaining polymers with increasing charge 
separations (Figure I) have been created to further elucidate the effect of the charge separation 
within polycation delivery vectors. DABCO-based polymers have been formerly studied for 
other applications such as structure-directing agents in zeolite synthesis [8,9]. Here their 
effectiveness as gone delivery agents is considered. 
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Br(CH2)nBr 

n = 3,4, 6, 8, 10 /Br- 4 /       VBr- 
-N-^^N—(CH2)n- 

Figurc I. The structure of the DABCO polymers used, in this study. The separation of the 
charge centers was varied by 3, 4, 6, 8, and 10 mclhylene units through copolymcrization of 
DABCO with tiie corresponding dibromoaikane.' 

EXPERIMENTAL DETAILS 

Polymer synthesis 

All chemicals used in the synthesis of the polymers were obtained from Aldrich 
Chemical Company imless otherwise indicated. The polymers were synthesized by the 
sloiehionietric copolymcri/.alion of DABCO and the corresponding dibromoalkanc (1,3- 
dibromopropane, 1,4-dibromohutane, 1,6-dibromohcxane, 1,8-dibromooctane,.or |,I0- 
dibromodeeane) in cither dimcthylfomiamidc or dimcthylsulfo.xidc and stirred at a temperature 
between 60"C and 7()"C for 24 hours. After 24 hours, eaeh product was purified by pipetting the 
rcactioninixturc into a Spectni/Por 1000 MWCO dialysis membrane and exhaustively dialyzing 
the product in Nanopure water for approximately 48 hours. The dialyzed product was then 
lyophiiized to dryncss. 

Polymer Charactcrizatioh 

Polymer molecular weights were determined by static light scattering. The polymers 
were analyzed on a Hitachi D6000 IIPLC sy.stem equipped with a nRC-7512 Rl deteetor, a 
Precision Detectors PD2020/DLS and a PL Aquagel-OI I 30 column using 0.8M ammonium 
acetate pH = 2.8 with formic acid as the eluant at a 0.7 iiiL/min flow rate. The refractive index 
increment values were deteniiincd al 25"C (633 nm) in the same eluahl above. 

Gel Retardation Expcrimcnls 

Each polymer w"cis examined for its ability to bind pDNA through gel elcctrophoresis 
experiments as previously described flO].  I pg of pGL3-CV (10 (iL of a 0.1 ng/|.iL iri DNase 
free water) was mixed with an equal volume of polymer at the appropriate charge ratios. Each 
solution was incubated for approximately 30 minutes. 2 (.iL of loading buffer was added to each 
saiTtple and then 10 |.iL of each sample was pipetted into the wells of a 0.6% agarose gel 
containing 6 fig of ethidium bromidc/lOO niL TAE buffer (40 niM Tris-acetate, I mM EDTA) 
and eleetrophoresed. 

Cell Culture Experiments 

Plasmid DNA, p(jL3-CV (Promega, Madison Wl), containing the lueiferasc gene under 
the control of the SV40 promoter was amplified by Eschericbia Coli strain Dll5a and was then 
purified using O'agcn's Endotoxin-free Mcgaprcp kit (Valencia, CA). 60 jiL of ealionic polymer 
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dissolved in DNase free water (Gibco BRL) was added to 60 ^1 of pDNA (0.1 mg/mL in DNase 
free water at charge ratios of 5,10,15,20,25,30 (polymer + / pDNA - ). The mixtures were 
mcubated for 30 mmutes before cell transfcction. BHK-21 cells were purchased from ATCG - 
(Rockville, MD) and maintained in Dulbecco's Modified Eagle Medium (DMEM) supplemented 
with JOVo FBS, 100 units/mg penicillin, 100 ng/mL streptomycin, and 0.25 ^g/ml amphotericin 
at 37 C and 5% CO2. Media and supplements were purchased from Gibco BRL (Gaithersburg 
MD). BHK-21 cells were plated at 50,000 cells per well in 24 well plates and incubated for 24 
hours. Cells were transfected wifli 1 ng of pGL3-CV complexed with each of the polymers 
above (D3, D4, D6, D8, DI0) at the various charge ratios in triplicate in serum free media  After 
4 hours, 800 mL of DMEM was added to each well. 24 hours after transfection, the media was 
replaced with I mL of DMEM. 48 hours after transfection, cell lysates were analyzed for 
luciferase protein activity with results reported in relative light units (RLUs). Toxicities were 
determined by the Lowry protein assay as previously described [6,10]. 

DISCUSSION 

Polymer Synthesis and Characterization 

The DABCO polymers were synthesized as previously described through quatemization 
of the tertiary ammcs on the DABCO imits with the corresponding dibromoalkane [8,9]. As 
shown in Table I, the molecular weight values and degrees of polymerizations are all within 
normal parameters for this class of polymers as determined by static light scattering [8]. The 
data given in Table 1 show degrees of polymerization for these polymers between 10 and 20 with 
the D4 polymer having the largest chain length and the DIO polymer having the lowest degree of 
polymerization. 

Gel retardation experiments were completed for each DABCO polymer (D3-D10) and 
reveal that all polymers bound pDNA (a requirement for cellular uptake) as expected above a 
charge ratio of 1.0 +/-. An example of this experiment is shown in Figure 2, where the naked 
pDNA migrates in response to the electric field but when pDNA is bound by the polymer at and 
above a charge ratio of 1.0, the migration of pDNA is retarded indicating polymer binding. This 
experiment is a qualitative determination of pDNA binding but does not give quantitative 
information on polymer binding strength. 

Table I. The refractive index increment, molecular weight, polydispersity, and degree of 
polymerization data for the DABCO based polymers as detentiincd by static light scattering. 

Polymer D3 D4 D6 D8 DIG 
dn/dc 0.138 0.138 0.138 0.146 0.163 
Mw (kDa) 5.10 6.70 4.82. 6.44 4.41 
Mw/Mn 1.22 1.34 1.22 1.29 1.23 
Degree of 
Polymerization 

16 20 14 17 11 
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pDNA0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 so 

Figure 2. lixamplc of gel retardation results. In this experiment, the D4 polymer was tested for 
binding to pDNA. The numbers, 0.5-5.0, represent the chjirgc ratio (polymer + / pDNA - ) used 
in the analyses. Polymers D3-D10 were all examined similarly, and bound pDNA at and above a 
charge ratio of 1.0 +/- (electrophoresis rcsiilts were very similar to what is shown here). 

Transfection and Toxicitv Experiments 

The polyplcxcs fomied by all of the DABCO polyiticrs arc able to transfect BHK-21 cells 
/■;; virro at .several charge ratios. Transfection experiments reveal that the polymers have some 
toxicity and complete cell death is found above a charge ratio of 20 +/- as determined by the 
Lowry protein a.ssays. As shown in Figure 3, the D3, D4, and D6 polymers are only slightly 
toxic at a charge ratio of 5.+/- with cell survivals of approximately 80%, and the D4 gives the 
lowest toxicity. Polymers D8 and DIO are found to have the highest toxicity at all charge ratios. 
AtachargenitioofS+/-, only 30%ofthccellssurvivedforthcpolymcrsD8 and DIO. This 
result is inconsistent with what was observed in a previous structure-property study conducted in 
our lab. Using P-cyclodextrin polymers (pCDPs), the polypi exes formed by the polymer with a 
charge separation of 8 methylenc units had the lowest toxicity [6]. 

All of the DABCO polyplexes are able to transfect BHK-21 cells with differing degrees 
of efficiency as determined by lucifcrasc protein activity. As shown in Figure 4, the transfection 
is the most efficient for all of the polyplexes at a charge ratio of 10 +/-.   The highest transfection 
efficiency is achieved by the D6 system. This result is consistent with the pCDPs in the 
previously mentioned study where a chargfe separation of 6 methylene units between the P- 
cyclodextrin monomers had the highest transfection efficiency in BHK-21 cells. 

Although the current study was carried out in ordcrjo verify the relationship between 
charge separation, toxicity, and transfection efficiency, the DAfiCO based polymers are not ideal 
models. Even though the charge separation can be modified similar to the pCDPs, using 
different dibromoalkanc spacers, each DABCO polymer contains 2 quaternary ammonium 
charges closely spaced on the DABCO units as pictured in Figure 1. However, in the pCDPs 
(Figure 5), the aniidinc charge centers are spaced far apart by both the P-cyclodextrin monomers 
as well as by the various lengths of methylene units. These structural differences as well as 
variations in the water solubility could account for the disagreement in toxicity that was observed 
between the pCDPs and the DABCO polymers. 

CONCLUSIONS 

Many questions remain unanswered regarding the structure-property relationships for 
polycationic gene delivery vectors. The current study was completed in order to reveal how the 
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Figure 3.  Comparison of the relative toxicitics of the DABCO polyplexes at charge ratios of 5 
10,15, and 20 +/- with BHK-21 cells.  Cell Survival was determined by assaying for total 
protein concentration and normal izing each sample with the protein concentration for 
untransfected cells. The data are reported as a mean + SD of three samples. 
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Figure 4. Comparison of transfection efficiencies of the DABCO polyplexes at charge ratios of 
5,10,15, and 20 +/- with BHK-21 cells as determined by luciferase protein activity. Data are 
presented as a mean + SD of three replicates. 
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Figure 5. The structure of the pCDPs that were studied previously to elucidate structure- 
property relationships. The charge separation was varied by n = 4, 5, 6, 7, 8, and 10 mcthylene 
units between the amidinc charge centers [6]. 

charge iseparalion in polymeric vectors affects delivery efficiency and loxicity. These 
cxperinicnis also allowed for comparison of previous results regarding structure-property 
relationships that were examined using P-cyclodcxtrin polymers [6]. Here, several DABCO 
polymers were prepared and tested for their ability to bind and deliver pDNA in BHK-21 cells. 
Results indicated that all of the polymers studied bound pt>NA arid that the charge separation 
signilicantly alTecled both the transfeiition efficiency and the loxicity of these systems. The D3, 
D4, and D6 polymers were shown to have lower toxicity than the D8 and DIO polymers at 
charge ratios of 5, 10, and 15 +/-. In addition, the P6 polymer was consistently more efficient at 
gene delivery. This result coincides with previous findings in which the pCDP with 6 methylenc 
unhs between the charges had the highest delivery efficiency. Further studies are currenliy being 
completed thai arc utilizing other models to more accurately elucidate the structure-property 
relationships for pt^lycalionic gene delivery vectors. 
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ABSTRACT 

Carriers were synthesized to target delivery of a chcmotherapeutic agent, bleomycin, to 
the upper small intestine in response to the pH shift when entering the upper small intestine from 
the stomach. Complexation hydrogels capable of pH-responsive swelling were used to form 
these carriers. Hydrogel nanospheres composed of methaciylic acid (MAA) and poly(ethylene 
glycol) (PEG) were loaded with bleomycin. Loading of bleomycin was performed by in situ 
polymerization and release of bleomycin from the nanospheres was measured by U V 
spectrophotometty. Results showed that bleomycin release from the nanospheres was responsive 
to the pH of the environment surrounding the nanospheres. In addition to pH-responsive release 
of bleomycin, the hydrogel nanospheres are also able to enhance the permeability of an in vitro 
model of the intestinal epithelium. Increasing the permeability of the intestinal epithelium could 
aid in transport of bleomycin from the lumen of the small intestine out into the bloodstream. 

INTRODUCTION 

There arc numerous potential advantages that oral administration of chcmotherapeutic agents 
has over other methods of administration such as injection [1]. Some of these advantages 
include increased efficacy, lower toxicity, increased flexibility of dosing schedule and higher 
patient comfort. Recent studies comparing oral administration of a variety of different 
chcmotherapeutic agents to intravenous administration found decreased toxicity and comparable, 
if not improved, efficacy [2-4]. The harsh environment of the gastrointestinal tract and the 
potential toxicity of chemofherapeutic agents requires that our carriers selectively delivery the 
drugs to a site promising for absorption into the bloodstream with low toxicity. During the 
development of these cariiers, studies have focused oii the use of a single chcmotherapeutic 
agent, bleomycin. Bleomycin is a glycopeptidic antibiotic used in chemotherapy for 
approximately 30 years [5]. In the future, other chcmotherapeutic agents will be studied to 
expand the potential uses for these caniers to include a variety of drugs from different classes of 
chcmotherapeutic agents. 

Successful development of the carriers requires fulfillment of a number of requirements. A 
delivery vehicle capable of being loaded with bleomycin and subsequently releasing it, with 
attention focused to the efficiency of each process, must first be developed. The pH increase that 
occurs when passing from the stomach to the upper small intestine is the trigger to initiate release 
so this carrier must be able to selectively release bleomycin in response to a pH shift used to 
simulate this physiological event. The kinetics of release from the carrier must be appropriate 
given the projected residence time for the carrier particles in the region of the digestive tract 
most suitable for absorption of bleomycin. The final property of our carriers to be analyzed is 
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the ability to enhance the permeability of an in vitro model of the intestinal epithelium as this 
should aid trgnsport of blcomycin out of the intestinal lunicn. 

EXPERIMENTAL DETAILS 

Nanosphcrc synthesis 

Hydrogel nanospheres were formed from a diluted monomer mixture by UV-initiated free 
radical polymerization. The monomer mixture was composed of MAA (Polysciences, 
Warrington, PA), poly(ethylenc glycol) monomcthylethcr monomethacrylate (molecular weight 
1000) (PEpMA) (Polysciences), tetraethylene glycol dimethacrylate (TEGDMA) (Polysciences) 
and Irgaciire 184® (1 -hydroxy-cyclohexl-phenylkelone (HCPK)) (CIBA-GEIGY, Hawthorne, 
NY). Prior to use in the reaction, MAA was vacuum distilled at 54 °C and 25 mm Hg to remove 
the hydroquinone that was used as an inhibitor. 

The monomer solution has a 1:1 ratio of MAA to cthylene glycol units. Because the 
PEGMA has approximately 23 ethylcne glycol units to give it a molecular weight of 1000, the 
molarrdtioof PEGMA to MAA is therefore 1:23. A total weight of2.0 g of PEGMA and 3.6 g 
of MAA yields the desired ratio arid a total of 0.043 moles. For a typical reaction, a TEGDMA 
concentration of 1.5 mol% was added to the monomer mixture and 0.1 \vt% HCPK was added to 
initiate the reaction. 

This concentrated monomer solution was diluted in deionized water to create the working 
solution that was used to fomi the hydrogel. The working solution contained 800 (xL of 
coricentrated monomer solution for every 100 mL of deionized water. Because oxygen will 
inhibit the free radical-initiated polymerization, the polymerization was carried out in an oxygen- 
free environment. To create these conditions, the working solution was sealed with a rubber 
stopper in an crlcnmeycr flask and nitrogen was bubbled through the solution for 30 minutes. 
The scaled flask was then exposed to a UV lamp (Efos Acticurc™ UltravioIctA'isiblc spot cure 
system, Mississauga, Ontario) providing an intensity of 45 mW/cm^ for 15 minutes. 
The polymerization yielded a suspension containing hydrogel nanospheres. This nanosphere 
suspension was then washed where noted. The washing procedure involved placing the 
nano.spherc suspension in a cellulose dialysis membrane with a molecular weight cut-off of 
25,000 (Spectra Por® 7, Spectrum Laboratories Inc., Rancho Dominguez, CA) and then placing 
this membrane in a low pH (pH = 2.0) bath. The washing duration was typically 10 min. 

After the wash was completed, the suspension was rem&ved from the dialysis membrane, 
placed in a 50 mL conical tube and frozen for at least 24 h at -20 °C. -To obtain the hydrogel 
nanospheres, the frozen solution was lyophilized at -50 °C under vacuum (Labconco Model 
77500, Kansas City, MO) until only the dry nanospheres rerriaincd. 

BIcomvcin loading 

Bleomycin loading into the hydrogel carriers was achieved through in situ 
polymerization. Bleomycin was dissolved in the deionized water used to dilute the concentrated 
monomer solution prior to nitrogen purge at concentrations ranging from 0.01 - 0.05 mg/mL. As 
the poly(methacrylic acid) grafted with poly(ethylene glycol) (P(MAA-g-EG)) nanospheres form 
in the monomer solution, some of the bleomycin becomes trapped within the tianospheres. 
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The efficiency of bleomycin loading was measured by UV spedtrophotometry (Perkin 
Elmer Model Lambda 10, Norwalk, Ct). Bleomycin was diluted at various concentrations 
ranging from 0.001 to 0.1 mg/mL and the relation between the absorbances of these solutions at 
300 nm and the bleomycin concentration was determined. Using the intensity of the absorbance 
at 300 nm, the amount of bleomycin incorporated into the nanospheres during polymerization 
was measured. 

Before placing the samples in the UV spectrophotometer, the samples were run through a 
filter using a syringe (Monoject®, Sherwood Medical, St Louis, MO) attached to a 0.2 \m nylon 
filter. Because the absorbance for bleomycin is in the UV range, quartz cuvettes were used with 
a sample volume of 2mL added to the cuvette. Samples arc scanned over a range of wavelengths 
and the intensity at 300 nm is used to determine the bleomycin concentration present. 

Release studies 

Release experiments were performed with a dissolution apparatus (Distek model 21OOB, 
North Brunswack, NJ). Bleomycin-loaded natiospheres were added to a vessel containing 100 ' 
mL of solution stirred at 100 rpm and maintained at 37 °C. For release studies done at a constant 
pH, 3 mL samples were taken from the release vessel, filtered through the 0.2 nm filter and 
stored for later analysis by UV spectrophotometry. The 3 mL of solution removed was replaced 
with solution of the appropriate pH and this loss of initial solution is accounted for in later 
analysis. Studies done at high pH were done in a phosphate buffered saline (PBS) solution at a 
pHof7.4. Both studies were carried out for a duration of 90 minutes. 

To better simulate the environment of the gastrointestinal tract, some studies were done 
with a pH shift from low to high to better niimic the passage from the stomach into the 
duodenum. For these studies, the initial solution was again hydrochloric acid diluted in water to 
a pH of 2.0. After a period of 60 minutes, 5M NaOH and PBS were added to raise the pH to 7.0 
and samples were taken for an additional 120 minutes. TTie necessary volume of NaOH and PBS 
to raise the pH of the vessel from 2.0 to 70 was determined prior to the release experiment with 
the same solutions to be used in the release experiment. 

The time points at which samples were taken were close together at the beginning of the 
experiment and again after tiie pH increase to measure the release initially and after nanosphere 
swelling. As with the constant pH release experiments, the absoibance of all samples at 300 nm 
was measured by UV spectrophotometry to measure the bleomycin concentration in the release 
vessel. 

Transepithelial electrical resistance (TEERt measurements 

Caco-2 cells (human colon adenocarcinoma) were seeded on Transwell® plates at low 
density and allowed to grow and differentiate over the course of 21-24 days. Hank's Balanced 
Salt Solution (HBSS) (Hyclone South Plainfield, NJ) xvas added to the cells I hour before the 
TEER measurements are taken to allow the cells to equilibrate. P(MAA-g-EG) nanospheres, 
with no bleomycin loaded, were added to the apical side of the well at different concentrations 
ranging from 5-20 mg/mL and TEER measurements were taken with a 2 prong electrode 
(EVOM, World Precision Instruments, Sarasota, FL) over the course of 2 hours. While the 
measurements were being taken, the cells were placed on a heating mat to maintain the 
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temperature at 37 °C as the resistance value is exponentially related to the temperature. Control 
cells remained in HBSS without any nanosphcres. 

RESULTS 

Nanosphcre synthesis and bleomvcin loading 

Formation of the nanosphercs was dependent on the ratios of the components used in the 
monomer mixture, the exposure time to the UV light and the conditions of the low pH wash. 
Increasing the amount of crosslinking agent and extending the duration of either the UV 
exposure or the low pM wash led to agglomeration of the nanosphcres rather than fc>rmation of a 
homogeneous suspension. Dissolution of bleomycin within the concentration range given did 
not inhibit the formation of nanosphcres. The loading efficiency of the /w situ polymerization 
wasfoundtobe76%(H-/-9%n=3).  . 

Release studies 

Release studies done at a constant pH showed more release of bleomycin from 
nanosphcres at high pi 1. These results were anticipated, as bleomycin should pass more readily 
from the nanosphcres in a swollen state. Tlie maximal release occurred after 90 minutes for both 
pH yalues with the release at pH 2.0 only 45% of that observed at pH lA (M,/M, = 0.442 +/- 
0.115 n=3). These experiments were performed with nanosphcres that had not been washed at a 
low pH prior to lyophilization. The crosslinking density of these nanosphcres was also lower 
than that given in the nanosphcre synthesis protocol as only 0.75 mol% TEGDMA was used. 
Changes to the nanosphcre synthesis protocol, matching the conditions listed above, were made 
to reduce the amount of bleomycin released at low pH and improve the release kinetics at the 
high pH. 

Experiments where the pH was .shifted during the release experiment were used to better 
simulate the /// vivo environment when passing from the stomach into the small intestine. 
Results showed some release occurring at the low pH used to simulate the gastric pH with the 
remaining bleomycin released after the pH was raised. The results of the bleomycin release 
studies done with the pH change are shown in Figure I. Release of bleomycin at pH 2.0 quickly 
reached values of approximately 25% of the total release with a plateau established before the 
pH increa,se (M,/M. at 60 min = 0.268 +/- 0.030 n=3). The residence time in the upper small   . 
intestine was estimated as 2 hours and release of bleomycin was controlled over this duration. 

TEER studies 

P(MAA-g-EG) nanosphcres were added to the apical side of a Caco-2 monolayer with 
the concentration ranging from 5-20 mg/niL. The effect of the nano.sphcrcs on the electrical 
resistance across the Caco-2 monolayer was measured for a duration of 2 hours. Initial studies 
have shown a decrease in resistance, indicating an increase in permeability, for those cells treated 
with the nanosphcres relative to control cells. The results of these studies are shown in Figure 2. 
The largest decrease in resistance was seen for the highest concentration of nano.spheres, 20 
mg/mL, with a maximal decrease of 55% relative to the control cells. 
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Figure 1: Bleomycin release, expressed as M,/M^ over three hours in a release vessel. The pH of the vessel 
was changed from 2.0 to 7.0 after 60 minutes to simulate passage from the stomach into the small Intestine. 
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Figure 2: The value of the transepithelial electrical resistance of Caca-2 monolayers over two hours. Three 
different concentrations of P{MA A-g-EG) nanosphcres were used, 5mg/mL (diamond), 10 mg/mL (square) 
and 20 mg/mL (triangle). The TEER value is given relative to the value for control cells at the same time. 
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CONCLUSIONS 

Tlic studies completed show the ability to form P(M AA-g-EG) nanosphcrcs in the 
presence of blcomycin rasulting in loading of blconiycin by in situ polymerization. The pH- 
rcsponsive decomplcxation and swelling of these nanosphercs can be used to selectively release 
bleomycin in response to a pH shifl similar to that seen when passing from the stomach to the 
upper small intestine. The nanosphcrcs are also able to increase the permeability of an in vitro 
model of the intestinal epithelium, which could aid in transport of bleomycin out of the intestinal 
lumen and therefore increase the bibavailability.. 
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Poly(g!ycerol sebacate) — A Novel Biodegradable Elastomer for Tissue Engineering 
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ABSTRACT 

Biodegradable polymers have significant potential in biotechnology and bioengineering; 
However, for some applications, they are limited by their inferior mechanical properties and 
unsatisfactory compatibility with cells and tissues. A strong, biodegradable, and biocompatible 
elastomer could be usefijl for fields such as tissue engineering, drug delivery, and in vivo sensing 
[1,2]. We designed, synthesized, and characterized a tough biodegradable elastomer from 
biocompatible monomers. This elastomer forms a covalently crosslinked three-dimensional 
network of random coils with hydroxyl groups attached to its backbone. Both crosslinking and 
the hydrogen bonding interactions between the hydroxyl groups likely contributes to the unique 
properties of the elastomer, /n vitro and in vivo studies show the polymer has good 
biocompatibility. Subcutaneous (SC) polymer implants are absorbed completely within 60 days 
with restoration of the iinplantation sites to their normal architecture. 

INTRODUCTION 

The current surge of research in tissue engineering (TE) underlines the urgent need for novel 
biomaterials designed specifically for TE. The current benchmark biodegradable polymer is 
polyglycolide, polylactide, and their copolymer poly(glycolide-co-lactide) (PLGA). These 
polymere were originally designed for biodegradable sutures, and have a number of drawbacks 
for applications in TE: (1) inferior physical property — they are rigid and brittle; (2) 
heterogeneous degradation -they often lose mechanical strength and crack in the cariy stage of 
degradation; (3) limited affinity for cells - they often require surface modification for wettability 
and cell attachment; (4) fibrous encapsulation - often an avascular fibrous capsule forms around 
the implant [3-6]. Here we show a novel elastomeric and strong biodegradable polymer with 
high affinity for cells and excellent biocompatibility. - 

EXPERIMENTAL DETAILS 

Synthesis and characterization of the polymer. The polymer was synthesized by 
polycondensation of glycerol and sebacic acid. KBr pellet of newly prepared polymer was used 
for FTIR analysis on a Nicolct Magna-IR 550 spectrometer. DSC is measured by Pcrkin-Elmer 
DSC differential scanning calorimeter. Elemental analysis on vacuum-dried samples was 
performed by QTI Inc. Water-in-air contact angle was measured at room temperature using the 
sessile drop method and an image analysis of the drop profile with VCA2000 video contact angle 
system on slabs of polymer fixed on glass slides. 
Mechanical properties. Tensile tests were performed on six 25x5x0.7 mm polymer strips cut 
fi-om polymer sheets according to ASTM standard D 412-98a on an Instron 5542 mechanical 
tester equipped with a 50 N load cell. Deflection rate was kept at 50 mm/min. The samples 
were elongated to failure. 
In vitro degradation. Slabs of dry polymer (5x5x2 mm) were weighed and transferred to 15 ml 
centrifiige tubes filled with PBS. After 60 days, the samples were removed and washed with D.I. 
water. The surface water was removed by Kimwipe, and the samples were weighed after drying 
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Figure 1. Stress strain curves of PGS (solid line), vulcariizcd rubber (dashed line). Both PGS 
and viilcanized rubber are marked by low modulus and large elongation ratio^ indicating 
elastomeric and tough materials. 

at 40 °C in an oven for 7 days. The degree of degradation was determined by dry weight change. 
In tvVr<7 biocompatibility. Nine glass pctri dishes (66mm diameter) were coated with 1,3- 
dioxolanc solution of the prepolymer (1 %). The coated dishes were transferred into vacuum 
oven after evaporation of the solvent in air. The prepolymer was crosslinkcd into the elastomer 
after 24 hr. at 120 °C and 120 mTorr. Nine Control disihes were coated with 1% CHjCb solution 
of PLGA (50:50, carboxyl chdcd, MW 15,000), and the solvent was evaporated in 24 hr in air. 
The coated dishes were sterilized by UV radiation for 15 niin; Each dish was soaked in grovrth 
media for 4 h, replaced with fresh media atld soaked for 4 h before cell seeding to remove any 
unrcacted monomers or residual solvents. Each dish was seeded With 100,000 NIH 3T3 
ilbrobla.st cells and 8 ml of growth medium. The cells were incubated at 37 °C with 5% CO2. 
Cell density was measured by MTT assay [7]. Media exchange Was performed every 48 h. At 
day 6, phase contrast images were taken for both the polymer wells and the control wells on a 
Ziess Axiovert 200 microscope equipped with a Dage 240 digital camera. 
In vivo biocompatibility. Autpclaved PGS slabs of approximately 6x6x3 mm; and ethylene 
oxide sterilized PLOA disk (2 mm thick, 12:5 mm diameter) were implanted SC. in 15 seven- 
week-old female Spiraguc-DaWley rats (Charles River Laboratories) by blunt dissection under 
deep i.sofluoranc/Oi general anesthesia. The surface area/volume ratio were kept the same for 
both PGS and PLGA implants. Two implants each of PGS aind PLGA were implanted 
symmetrically on the upper and lower back of the sStrie animal. Every implantation site was 
marked by 2 talloo mailks 2 cm aWay from the implantation center. Tlic animals were randomly 
divided into 5 groups. At each prcdetemiined time point, one group of rats was sacrificed, and 

Figure 2. Comparison of NIH 3T3 fibroblast cell morphology and number in PGS sample wells 
(left) and PLGA control wells (right) 6 days after seeding. The PGS wells had more adherent 
cells and the cell morphology appeared normal, while those in the control well adopted a long 
thin thread like shape. Scale bar = 200 nm. 
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Figure 3. Comparison of growth rate of NIH 3T3 fibroblast cells in PGS (  ) wells and PLGA 

( ) wells. MTT absorption measured at 570 nm, normalized value shown. 

tissue samples (~15x15 mm) surrounding the implants were harvested with the intact implant. 
The samples were prepared by standard methods. 

RESULTS AND DISCUSSION 

PGS features ester cross-links and hydroxyl groups directly attached to the backbone [8]. The 
C-0 stretch at 1740 cm" in Fourier transfoimed infrared (FTIR) spectrum confirms the 
formation of ester bonds. FTIR also shows an OH stretch at 3448 cm"', which reflects the 
presence of hydrogen bonded hydroxyl groups in the molecule. Elemental analysis confirms the 
composition ofPGS as approximately 1 glycerolrl sebacicacid. PGS is very hydrophilic due to 
the hydroxyl groups attached to its backbone. The water contact angle of PGS is 32°. Since 
PGS is hydrophilic by nature, unlike PLGA, surface modification is unnecessary to make it 
wettablc. 

Appropriate cross-link density renders PGS elastomcric and tough. Tensile tests on PGS 
strips reveal a stress-strain curve characteristic of a soft and strong material (Fig. 1). The shape 
ofthe stress-strain curve is similar to that ofvulcanized rubber [9] and tendon [10]. Lithe 
elongation test, the samples can be elongated repeatedly up to at least 300% of its original length 
without rupture. The total elongation is unknown, as grip breaks occurred at about 267±59.4% 
strain. Compression tests indicate that the material can be compressed up to 70% repeatedly 
without rupture. 

PGS also appears to be biocompatible both in vitro and in vivo. NIH 3T3 fibroblast cells were 
seeded homogeneously on PGS coated glass petri dishes with PLGA coated dishes as controls. 
The cells in PGS sample wells are Viable and showed normal morphology with higher growth 
rate than the control, as tested by MTT assay [11] (Fig. 2A, Fig. 3). Cells in PLGA wells tend to 
form clusters, and the number of floating cells arehigher, furthermore, most ofthe attached cells 
adopted a long thin thread-like morphology (Fig. 2B). These experiments suggested that PGS is 
at least as biocompatible as PLGA in vitro. 

SC implantation in Sprague-Dawley rats was used to coinpare the in vivo biocompatibility of 
PGS and PLGA. These PGS and PLGA implants have the same surface area/volume ratio 
(1.33±0.04). Both PGS and PLGA samples were implanted symmetrically on the back ofthe 
same animal. The inflammatory responses subsided with time for both polymer implants. In the 
first three weeks, the inflammatory response of PLGA implantation sites were about 16 % 
thinner than that of PGS (Fig. 4). The thickness ofthe inflammatory zone in both implantation 
sties were approximately the same at week 4 and 5. Fibrous capsules surrounding PLGA 

225 



implants developed within 14 days, and their thic]<ncss hovered around 140 urn. Collagen 
deposition did not appear around PCS implants until 35 days. The collagen layer was highly 
vascularized and was only about 45 jam thick. The inflammatory response and fibrous capsule 

Figure 4. Change of thickness of the immune responses with time for PCS and PLGA. The 
inflammatory response decreased with time fof both polymers, which had similar inflammatory 
zone thickness. While the thickness of fibrous capsules surrounding PLGA was consistently and 

significantly larger than that of PGS. Inflammatory zone: PGS, O, PLGA, D; fibrous capsule: 

PGS, •, PLGA, ■. 

formation observed for PLGA is similar to those reported in the litcrature[12,l3]. Thick fibrous 
capsules block mass Iran.sfer between the implants and surrounding tissues, which can impair 
implant functions. In an in vivo study with PGS alone, the SC implantation sites were 
undctcciabic despite repeated sectioning of the specimens at multiple levels in 60 days (2 
implantation sites each in 3 animals). The implants were completely absorbed without 
granulation or .scar tissues, and the implantation site was restored to its normal histdlogical 
architecture. Overall, the inflammatory response of PGS is similar to that of PLGA. However, 
unlike PLGA, PGS barely induces any significant fibrous capsule foriTiation. 

The degradation characteristics of PGS arc examined both /;; vilro and in vivo. Agitation for 
60 days in phosphate buffered saline solution (PBS) at 37 °C causes PGS to degrade 23%. In 
fetal bovine scrum (FBS), the degradation is 39% under the same conditions. The degradation 
rate is the slowest for PBS, faster for FBS, and fastest in vii'o. This suggests that enzyme 
degradation occurred in the latter two cases, and the action of macrophages in the body causes 
PGS to degrade even faster. The PGS cxplants maintain their square shape and sharp edges up to 
at lea.st 31 days. Furthermore, preliminary test of the explants with a nano-indenter indicates that 
the decrease of mechanical strength parallels that of the mass. Both suggest PGS most likely 
undergoes surface erosion. ■ 

CONCLUSIONS 

Compared with cxi.sting biodegradable elastomers, PGS appears to be tougher, inexpensive, 
and more flexible. In the models tested, the material is biocompatible both in vitro and in vivo. 
The polymer's properties, such as hydrophilicity. degradation rate and pattern can potentially be 
tailored by grafting hydrophobic moieties to the hydroxyl groups[14,15]. To further control or 
regulate polymer interaction with cells, biomolcculcs could be coupled to the hydroxyl groups or 
integrated into the polymer backbone[l 6-18]. 
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ABSTRACT 

We report that microporous films (honeycomb films) can lead various types of cells to tissue 
formation.   The honeycomb films were fabricated by applying a moist air to a spread polymer 
solution containing biodegradable polymers ^oly(L-lactic acid) (PLLA) and 
polyCf-caprolactone) (PCL)) and an amphiphilic polymer.    Hepatocytes were cultured on a 
self-supporting honeycomb film of PLLA.   The hepatocytes formed a single layer of columnar 
shape cells with a thickness of 20 \im.   The tissue formation of hepatocytes specifically 
occurred on the honeycomb film of PLLA, not on a flat film of PLLA.   Three dimensional 
tissue structures were formed, when cells were cultured on both sides of the self-supporting 
honeycomb film.   Double layers of hepatocytes were obtained by the method.   Striated tissues 
such as heart and blood vessel could be reconstructed by utilizing a stretched honeycomb film of 
PCL. 

INTRODUCTION 

The tissue engineering is a technology for reconstruction of living tissues.   Various matrices 
such as gels and porous materials have been developed to realize ideal tissue formation [ i ]. 
Matrix surface, so called "bio-interface" is an important place where cells are initially attached, 
because the cell-matrix interaction significantly influences the subsequent cell-cell interactions 
[2].   In this sense, the bio-interface should be designed to cause proper cell adhesion.   It is well 
known that surface chemistry and surface morphology are two major points to note for the 
design of bio-interface [3-5].   The bio-interface to be issued in this report is a microporous film 
of degradable polymers.   Honeycomb films are microporous films of polymers which are 
formed spontaneously by evaporating a polymer solution in a humid atmosphere [6].   We report 
the honeycomb films of degradable polymers, the control of cell spreading and cell alignment on 
the honeycomb films, and the application of the honeycomb films to three-dimensional cell ■ 
culture system. 

EXPERIMENTAL DETAILS 

Fabrication of honeycomb films 

Honeycomb films are formed, when moist air (75% r.h. at KfC) is applied to a droplet of 
polymer solution spread onto water surface.   Solutions containing 1 g/L of degradable polymers 
((poly(L-Iactic acid): Sigma, (PLLA: Figure 1 (a)) and poly(£-caprolactone): Birmingham 
Polymers, Inc., (PCL: Figure 1 (b))) and 0.1 g/L of an amphiphlic polymer (Figure 1 (c)) were 
prepared for the film fabrication.   Benzene was utilized as a solvent for the amphiphilic 
polymer and PCL.   Chloroform was utilized as a solvent for PLLA.   One hundred nL of the 
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Figure] Polymers used for the preparation of honeycomb films,   (a) poly(L-lactic acid) 
(PLLA).    (b)poly(f-caprolactone)(PCL).    (c) amphiphilic polynier. 

polyiTier solution was spread onto the water surface in a (t>9 cm petri-dish and evaporated by 
blowing the moist air at 1200 mL/min.   A polymer film floating on the water surface was 
transfbrredontoiaholethatwaspiinched inaiSmm   15mm of Teflon plate.   Honeycomb 
films of PCL were stretched uniaxially with the both ends of the floating films gripped by a pair 
of tweezers.   The honeycomb films were observed by scanning electron microscopy (S-3500N, 
Hitachi).   For cell culture experiment, the honeycomb filins were sierilized by exposing to 
ethylene oxide gas at 40"C. 

Cell culture experiment 

Hcpatocytes (HEPs) were isolated from rat liver (male Wistar rats of 8 weeks old; Japan SLC, 
Inc) by modified Seglen's perfusidn method [7].    HEPs were cultured with a Williams'E 
medium containing dexaniethasone (I pM, Sigma), ascorbic acid (0.28 mM, Sigma), in.sulin 
(0.57 nig/L, Sigma), epidermal growth factor (0.02 mg/L, Sigma), gentamicin (48 mg/L, 
Schellingplau), and aprotinin (5000 KIU/L, Sigma).   Cardiac myocytes (CMYs) were isolated 
by enzyme treatment of minced heart tissues of 19-day rat embryos (Sprague Dawley rats; Japan 
SLC, Inc) [8].   CMYs were cuhured with a Hepes-buflFered Hams FIO medium containing 
0.5 % insiilin-transferrin-selenium-X (Oibco) and 3 % fetal calf serum (Gibco).   Bovine aortic 
endothelial cells (ECs) and smooth muscle cells (SMCs) were purchased as cryopreserved 
samples from BioWhittaker.   Afterthefrozcn cells were thawed at 37°C, the cells were 
resuspended into a supplemented culture medium (SmGM-2; BioWhittaker).   ECs and SMCs 
vifcrc cultured with the supplemented medium.    HEPs were cuhured on a one side or both sides 
of honeycomb film and flat film of PLLA at the density of 1.0x10* cells/cm^.   CMYs were 
cultured on both sides of a .stretched honeycomb film of PCL at the density of 1.0 x lO' cells/cm^. 
ECs and SMCs were co-cullured by seeding SMCs on one side of a stretched honeycomb film . 
and then seeding ECs on another side of the film at 6 hr after the initial plating of SMCs.   The' 
initial cell density was 2.0 x 10'' cells/cm'.y 

Fluorescent labeling «f cells 

Filamentous actin of HEPs and CMYs was stained by rhodamine-conjugated phalloidin 
(Molecular Probes) after fixation with parafonnaldehyde (Sigma) and treatment with Triton 
X-100 (Sigma) at 20°C.   Von Willebrand factor of ECs and a smooth muscle actin of SMCs 
were stained by immunological method using primary antibodies (rabbit anti-Von Willebrand 
factor IgG; DAKO and mouse anti-a smooth muscle actin IgG; Sigma) for each antigen and 
fluorescence labeled secondary antibodies (fluorcscein labeled goat anti-rabbit IgG (Cappel) and 
rhodaminc labeled goat ailti-mouse IgG (Cappel)).    For immunostaining, cells were fixed by 
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immersing into cold methanol (-20''C) for 10 min and permiabilized with 0.1% Triton X-100 for 
5 min at 20°C. Fluorescence images of cells were taken by confocal laser scanning microscope 
(FV300; Olympus). Projected areas of cells were measured using computerized image analysis 
(image-pro Plus ver. 4.0; Media Cybernetics). 

DISCUSSION 

Self-supporting honeycomb films for cell culture substrates 

Figure 2 (a) shows the scanning electron microscope (SEM) image of a honeycomb film of 
poly(L-lactic acid). This film has some structural features: (1) micropores with diameter of 
several micrometer, (2) hexagonal arrays of the micropores, (3) single layer of tiie array with 
several micrometer thickness. The honeycomb film was prepared by applying moist air to a 
spread polymer solution on the water surface. The porous structure is molded fi-om the two 
dimensional array of water microspheres. The microspheres are formed by condensation of 
moist air on the surface of the spread polymer solution. The microspheres are prevemed from 
fiising by the surfactant effect of the amphiphilic polymer. 

The reasons for choosing the honeycomb film as cell culture substrates are followings: firstly, 
cell behavior can be controlled by porous morphology and down sized cell adhesive sites, 
secondly, cells can be culhired on both sides of the film, thirdly, this three dimensional culturing 
enables cells to interact with each other laterally on the film and also vertically via porous 
structure.   The cell alignment is one of the typical features observed in some tissues such as 
muscles and blood vessels.   In case of using a honeycomb film, cells cannot find a specific 
direction for their movement on the honeycomb film, because the honeycomb film exhibits the 
isotropic hexagonal pattern.   An idea forthe cell orientation is that a honeycomb film of an 
clastic polymer can be stretched and anisotropic arrays of micropores can be formed.   For 
preparation of an elastic honeycomb film, poly(f-caprolactone), PCL was applied.   The PGL 
exhibits elastic property at around 20''G [9].   Therefore a self-supporting honeycomb film of 
PCL can be stretched at this temperature.   After uniaxial stretching, arrays of elongated 
micropores were observed in the stretched honeycomb film shown in figure 2 (b).   The arrays 
of the stretched micropores are applicable to guiding cell alignment. 

Figure 2 Scanning electron microscope images of (a) self-supporting honeycomb film of PLLA 
and (b) self-supporting stretched honeycomb film of PCL.   Scale: 5 |im. 
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Cell adhesion to the hoiievconlb film 

D. Ingbcr fouiid that the total area available for cell adhesion is a key factor governing the 
cell spreading [10].   For the cell culture experiments, they utilized discrete niicropattems where 
cell adhesive islands are stamped in nohadhesive region.   Our honeycomb film can be regarded 
as continuous micropattem of cell adhesive region.   The honeycomb pattern gives reduced area 
for cell adhesion, compared with a flat cast film of the same polymer.   Hepatocytes (HEPs) 
were cultured on a self-supporting honeycomb film (pore si^: 4 nm and thickness: 2 jim) and a 
flat film of PLLA.   A flat film of PLLA was fabricated by evaporating a PLLA solution oil a 
glass plate.   Figure 3 shows confocal laser scanning microscope images of filamentous actin of 
HEPs.   Cell spreading was considerably restricted on a self-supporting honeycomb film.   On a 
flat film, HEPs formed stress fibers of actin filaments and flat shape with thickness of less than 6 
pm (Figure 3 (a): top view of cells and cross sectional image (bottom)).    The average size of 
HEPs was 2000 urn /cell.   On the Other hand, HEPs did not fomi stress fibers when they were 
attached to the honeycomb film.   The average cell size of HEPs was 900 jimVcell on a 
honeycomb film.   Although cell detachment was observed on a flat film at day 5 of the culture, 
HEPs were hot detached from a honeycomb film even at 2 weeks of the culture.   On a 
honeycomb film, the HEPs formed a single layer of columnar shape cells with a thickness of 20 
llm (Figure 3 (b): bottom).   The cellular aggregates of HEPs are quite resemble to the tissue 
structure of liverin vivo where HEPs arc adhered to adjacent cells each other via cell adhesion 
proteins.   The tissue formation of hepatocytes specifically occurred on the honeycomb film of 
PLLA, not on a "flat film of PLLA.   The artificial tissue of HEPs secreted albumin several times 
more than the HEPs cultured on the flat film (data not shown). 

Figure 3 Difference in cell shape of HEPs: (a) on a flat film and (b) on a honeycomb film of 
PLLA. Cross sectional images (bottom) were obtained along the line depicted in each X-Y 
plane image (top).    Scale: 10 |im. 
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Three dimensional culture system for tissue formation 

The self-supporting honeycomb film is a two sided substrate.   Based on the feature of the 
honeycomb film, we expect that cells can be cultured on both sides of flie film and they can 
contact with each other laterally and also vertically through the micropores.   In order to prove 
this hypothesis, various types of cells were cultured on both sides of a honeycomb film.   At first 
cardiac myocytes (CMYs) were cultured on both sides of a honeycomb film of PLLA.   For 
comparison, a flat film was utilized for culture substrate of CMYs.   Caidiac contraction was 
observed at the day 7 of the cultures.   On a flat film, contraction rhythm of CMYs was random. 
This indicates that cell-cell contact is insulated by the polymer film.   On a honeycomb film, 
CMYs contracted in a synchronized rhythm.   This suggests that the vertical contacts of CMYs 
are achieved through the micropores of a honeycomb film. 

The three dimensional cell culture system can be applied to the various cell types such as 
hepatocytes, endothelial cells, and smooth muscle cells.   Figure 4 (a) shows that liver HEPs 
form layer structure with a thickness of 20 \m at each side of a honeycomb fihn.   In case of 
using a stretched honeycomb film, CMYs are attached to both sides of the fihn and aligned along 
the stretching direction of the honeycomb film (Figure 4 (b)).   Even co-culture system was 
established by culturing endothelial cells and smooth muscle cells oh a stretched honeycomb 
film.   Figure 4 (c) shows that each cell type was adhered separately onto each side of a 
stretched honeycomb film and aligned along the arrays of micropores.   Heterotypic cell-cell 
interaction is expected in the artificial multicellular tissue. 

Figure 4 Three-dimensional culture of (a) HEPs, (b) CMYs, and (c) ECs (bright) and SMCs 
(dark) by utilizing both sides ofporous films for cell attachment.   The images were taken by 
confocal laser scanning microscopy   Cross sectional images (bottom) were obtained along the 
line depicted in each X-Y plane image.   Scale: 10 |tm. 
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CONCLUSIONS 

In the present study, wc focused on the application of microporous films to the cell culture 
substrates for tissue engineering.   The microporous films (honeycomb films) of dcgradable 
polymers were fabricated by evaporating a polymer solution in a humid atmosphere. 
Anisotropic arrays of micropores were formed by Stretching uniaxially a honeycomb film of an 
elastic polymer.   Microporous surface of the honeycomb film suppressed the spreading 
behavior of hcpatocytes.    Hepatocytes on a honeycomb film formed columnar shape and 
layered aggregate expressing higher secretion level of albumin.   The honeycomb films could be 
utilized for three dimensional cell culture systems.    Double layered cellular aggregates were 
formed on the honeycomb films from hepatocytes and cardiac myocytcs respectively.    Even 
multiccllular tissues like a blood vessel wall could be reconstructed by co-culturing endothclial 
cells and smooth muscle cells on a stretched honeycorhb film.   The anisotropic arrays of the 
stretched micropores worked as a micropattem for guiding cell alignment.   As a result, the 
honeycomb films of dcgradable polymers can lead basic cell behavior, such as cell adhesion, cell 
movement, and cell-cell interaction to a correct way of tissue formation. 
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