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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 financial support.
Editors
Joanna Aizenberg

Joanna M. McKittrick
Christine A. Orme

Additional Symposium
Organizer

Peter G. Vekilov

October 2002
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" Extracellular Matrix Molecules Involved in Barnacle Shell Mineralization

Maria S. Fernandez, Italo Vergara, Alejandro Oyarzin, José L. Arias, Renato Rodriguez, Juan P.
Wiff, Victor M. Fuenzalida, José L. Arias

Faculty of Veterinary Sciences and Center for Advanced Interdisciplinary Research in Materials,
Universidad de Chile, Santiago, Chile.

ABSTRACT

Austromegabalanus psittacus is a large ( normally up to 30 cm high) sessile balanomorph
bamacle from the coast of Chile and South Peru. Iis 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 barnaclc’s shell has been studicd 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, histochemistry, 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 othcr 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 innerlamina 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 structurcs 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 ambicnt 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 mollusks, crustacea,




echinoderms 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
bamacles 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
pioncering studics [14], there have been several studics 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 Tesla 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). Ultrathin sections (70-90 nm) were cut with a Porter Bloom MT2-B
ultramicrotome. Bulk ultrastructural visualization of proteoglycans was done by using
polyethyleneiminc [17]. For precise protecoglycan determination by immunogold localization,
section werc 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): recognizc dermatan sulfate or chondroitin-4-sulfate after
chondroitinase digestion [18]; 5D4 (1gG): recognize a hypersulfated hexasaccharide of keratan
sulfate [19].

For organic matrix extraction and in vifro crystallization assays, pieces of shell were
decalcificd using Dowex resin in a rotating glass tubc [6] for 3 days at room temperature,
dialyzed (Spcctra/Por membrane tubing MWCO 3,500) and lyophilized. Organic matrix (soluble
and insolublc fractions) obtained was assayed for their crystallization properties. The
crystallization experiment were 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, -
microbridges were filled with 35 pl 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 pg/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 diffusion of carbon
dioxide vapor into the buffered CaCl, solution [20]. The crystals were observed in a Tesla 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
mcthod for obtaining pure deproteinized chitin) at room temperature compared to standard chitin.
For X-ray diffraction analysis, picces 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 curren
of 35 mA in a Siemens D5000 diffractometer. :

RESULTS AND DISCUSSION

Specimens of Austromegabalanus psittacus are seen in figure 1a. 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 1b). While parietes have longitudinal
canals (from the base to the apex), radii have transversal canals arranged parallel to the base
(figure 1b). These canals are displaced to the outside of the shell delimiting a thinner solid outer
lamina and a thicker inner one. The inner Jamina consists of parallel calcitic layers separated by
organic sheets, which also organize as many concentric rings around the canals (figure 1c and d).
These sheets and rings showed autofluorescence (figure le and f) and consisted of B 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 disoriénted 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 (P) and radii (R), and a
longitudinal section of a radius showing canals (C ), outer and inner lamina (OL and IL),
and sheath (S); ) and d) Light microscopy of polished transversal section of a paries
showing canals and inner lamina respectively, 400X; ¢) and f) Same as ¢) 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 B chitin; b) Powder XRD pattern showing preferred orientation of calcite
crystals obtained from bamacle’s shell '

Figure 3. a) SEM of partially dccalcified 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 between them (g). Insert:
granular material positive to cationic dye indicating protcoglycan occurrence (g); c)
immunogold positive reaction with anti-keratan 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 corners 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 4¢), 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 fractions for 6-8 h; ¢) 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 molluks 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 structure, and here we 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 bamacle 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 archxrecture technique we have used for its application.

Magnehc 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;Oy) with a single magnetic domain. Easy aqueous dispersion of BMPs enable A
development of highly sensitive chemiluminescence enzyme unmunoassays by the chemical coupling of
antibodies on BMP surfaces. BMPs can likewise be used as drug delivery systems employmg
magnetoliposomes with high capturc volumes. We previouslv reported a technique for preparing
recombinant BMPs on which proteins were displayed by gene-fusion. We furthermore applied such
recombinant BMPs to biotechnologically-important issues, including novel bioassay platforms 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 cnables 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 rcaction kinetics without the need for continuous mixing or shaking, enable coupling
antibodies, and facilitate ease of use. Magnetic particles serve as.both solid supporfs 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
ccll [1-4]. Bacterial magnctic particlcs'(‘BMPs) arc nano-sizc and disperse well in aqueous
soiution 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 achicve. However, the successful isolation, cultivation
and colony formation of the magnetic bacteria, Magnet(;spirillum magneticum AMB-1 [3] and
MGT-1 [2], which arc tolerant to oxygen, have allowed devel_opment of conjugative gene
transfer and transposon mutagenesis systems [11]. Several recent findings and the mechanism
of magnetitc pa&icle formation have been ascertained through studies with AMB-1. Thus, we

describe here the molccular, genctic 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 habitgts [12-20]. Various morphological types of magnetic bacteria
including cocci, rods, vibro, and spirilla have been isolated from sediments, e.g. marine,
rivers, lakes, ponds, beaches, rice paddies, draiﬁs, wet soil [21], deep sea [22] and estuaries.
Most magnetic bacteria produce nano-sized magnetite with species- or stréin— specific
morphologies [23-26]. The alignment of BMPs in chains confers amagnetic dipole and
magnetotaxis to cells allowing bacterial orientation along geomagnetic field lines. The
successful isolation and cultivation of a facultative aerobic magnetic bacterium,
- Magnetospirillum magneticum  AMB-1 (Fig.1a), has enabled us to coﬂduct 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 sillfate-reducing magnetic
bacterium, Desulfovibrio-magneticus (sp. nov.) (Fig.1b), formerly known as RS-1, which

grows and synthesizes BMPs under strict anaerobic conditions [4].
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Fi. 1 Transmission electron micrographs of Magnctospirilium magneticum AMB-1 (A) and
Desulfovibrio magneticus RS-1 (B).

BACTERIAL MAGNETIC PARTICLES .

Transmission electron microscopy shows BMPs to be encapsulated by a biomembrane
(Fig.2). The mcmbranc is approximately 2-4 nm in thickncss. Analysis of membrane
components has been carried out mainly on strain AMB-1. Results indicate that BMP
membranc 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 membranc is similar to the
cyt(;p]asmic 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 Fig.2 Bacterial magnetic particle from
Magnetospirillum magneticum AMB-1.

shown to be specific to BMP membranc

fractions. [29, 30].
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GENETIC ANALYSES OF MAGNETOSPIRILLUM MAGNETICUM 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 successfully

obtained and magAd gene was subsequehﬂy isolated from one of the numerous mutants (strain

NMS5) by analyzing of the transposen disrupted gene (Fig. 3). The magA gene has homology

with the Na* / H* anti orter, NapA, from Enterococcus hirae. The iron up-take activi of
p p p- '

MagA protein was determined using inverted vesicles prepared from fragmented membrane

expressing MagA protein in Escherichia coli (Fig. 4). Addition of ATP initiated accumulation

4 E coli genomic VA \

M. mogneticum
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5 ———,
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Fig.3  Transpospn mutagenesis of
Magnetospirillm magneticum AMB-1 and
isolation of magA.
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Fig.4  Tronuptake intoinverted vesicles. Amrowhead

indicated the point of addition of ATP or CCCP.
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of ferrous ion in vesicles and the ion was released by adding of carbonyl cyanide
m-chlorophenylhydrazonc (CCCP) known as protnophore. The activity was also observed
under artificial proton gradient without ATP. These results suggests that MagA protein is-a
proton-driving H* / Fe(ll) 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 vesic;les [32]. Therefore, MagA is considered to play an essential role in the
bacterial formation of magnctite crystals.

Presupposing that proteins expressed on BMP membranes play a direct role in
rcgulating magnetite crystallization, a number of distinct BMP-specific proteins have since
been identificd. Protein fractions prepared from cellular and BMP membranes and cytoplasm
were separated by SDS-polyaérylamide gel electrophoresis, reveal five specific proteins in
BMP membranc fractions (Fig. S). ﬁtilizing 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

polymerase chain reactions (PCR) to amplify DNA
sequences of the target proteins. Subsequently, mpsA4

encoding a 36 kDa protein and mms!6 encoding a 16

kDa protein were isolated. DNA sequences of these

Fip. 5 Protein profiles by SDS-PAGE.
40ug of protein from cach fraction was ~ two genes were analyzed and protein homology was
applicd. Lanc 1: BMP membranc
solubilysate ; Tane 2: membrane . i
solubilysate : ane 3: cytoplasmic examined. The amino acid sequence of MpsA was
fraction : M: standard markers.




proven to be highly homologous with tﬁat of E. coli acefyl-CoA carboxyiase [29], and the
mms16 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 Mms16 is a GTPase with
properties similar to eukaryotic small GTPases which control vesicle trafficking. Thus, we
conducted inhibition experiments on GTPase by aluminum fluoride. AlFs 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 mcmbrane is derived from the cytoplasmic
membrane and formed through the invagination process. Traﬁsmission electron microscopy of
M. magnetotacticum MS-1 reveals that BMP envelopes appear prior to the crystallization of
magnetité [28]. The mechanism of envelope formation, however, still remains unclear.
Previous studies on vesicle formation by invagination of the cyt.c;plasmic membranc have
been performed' using eukaryotes. It is possible that magnetic bacteria have similar
mechanisms of vesicle formation. We propose that Mmsl16 mediates the priming of
invagiﬁation and MpsA mediates the acylation of Mmsl6 to anchor the BMP membrane.
Moreover, MagA on BMP membranes, transfers f-‘e ions into intracellular vesicles. Various

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



gencration inside BMP envelopes. These
include: 1) the accumulation of
supersaturating iron concentrations and
maintenance of reductive conditions;
and 2) the oxidation of iron to inducc
mineralization, or the partial reduction

and dchydration of ferrihydritc to

magnetite (Fig. 6).

FUNCTIONAL BMP BASED ON

MOLECULAR ARCHITECTURE

MagA, MpsA and Mmsl6 are all

localized on the membranes of BMPs.

Fig. 6

Mms16 :
+ Priming and invagination
(B)

(©)

Postulated mechanism of bacterial magnetic
particie formation.

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

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

mcmbranc surfaces. For instance, employing the firefly luciferase /uc gene, a magA-luc fusion

gene was cloned into plasmid pRK415 and introduced into M. magneticum AMB-1 (Fig. 7)

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

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

forcign proteins. Similarly, immunoglobulin (JgG) binding cell wall protein and proteinA,




Magntetospillium magneticum  AMB-1

ProteinA

magA gene

Protein A
Mag A

Fe304
~ BMP membrane

bacterial magnetic particles

(BMPs) ‘ -

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

were introduced to BMP membranes, using a proteinA-magA hybrid gene [34]. Using
antibody bound proteinA-BMP 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 Mms16 as an anchor moleculc
was established by manifesti'ng the estrogen receptor hormone binding domain (ERHBD) on
BMP membrancs. ERHBD-BMP complexes function as practical receptor bindjng assays for
estrogen-like compounds. Upscale production of functionally active antibodies or enzymes
- expressed on BMP mémbrancs is cffcctively accomplished by fcd-bafch c—ulturing tcchﬁiqucs
[36]. Further, we constructed a high copy number plasmid pUMG in AI;/I_B-I 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 ficld. ProteinA-BMP complexes have viable applications in
the detection of human IgG, insulin, HbA1 and glycated albumin from serum [37]. Antibodies
conjugated with BMPs by chcmical cross-linking methods are also valuable tools for
detecting a wide variety of substances.

We have investigated various environmental pollutamé, including endocrine
disruptors, alkylphc.:nol ethoxylates (APE), bisphenol A (BPA), and linear alkylbenzene

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

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

a rcaction 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 advaﬁtages

a ‘ N
@andwich immunoassay )
ProteinA

Qi | @<TQ F{—r’O =L

MagA
8MPs Y Antibody-BMPs Anﬂse"
complexes '

Anti-human m
insuiin human tnsulin Alkaline phosphatase
antibody conjugated anti-human
\ insulin antibody )
Fig. 8 Schematic diagram of sandwich immunoassay using ProteinA-BMP conplexes and alkaline

phosphatase-conjugated antibody.
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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 eh..lcidatc the‘whble 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 corneum (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 dchydrated SC exhibited
a more complex variation with temperature. Stress—separatlon 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 phasc
transitions.

INTRODUCTION

As the most externally exposed organ in the human body, the skin 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 varlable 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 corneum (SC), consists of layered anucleated -
cells that mature and subsequently detach in a natural renewing process. The disk-shaped SC
cells; 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-regulation 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 quantxtatwe
work has examined properties of the SC in the direction normal to the skin surface.**5¢7 The
resistance of SC to delamination is not well characterized, and virtually no quantitative data or
reproducible test methods are available.




In the present study, a mechanics approach to examine the SC intercellular delamination
resistance and out-of-planc mechanical behavior and their relationship 1o SC cellular structure is
presented. The delamination resistance of human SC was examined as a function of selected
testing and preconditioning temperadture and moisture conditions and related to underlying
structurc. Fracture resistance was quantified in terms 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 dcvclo;Pcd to measurc the adhesive propertics of highly viscoclastic
pressure sensitive adhesives.” Similar techniques have been employed to measure the adhesive
propertics of polymer bonc cements.” The technique involves sandwiching the SC between two
elastic polycarbonate substrates with cyanoacrylate adhesive to form fracture-mechanics based
double-cantilever beam (DCB) specimens. The SC was separated from the underlying epidermis
via a trypsin enzymatic digest then stored at 4°C in a fully hydrated state on water-moistened
filter paper. The transparent polycarbonate beams facilitated optical inspection of the inner
sandwich structure during sample preparation and testing. Substrate dimensions were chosen to
cnsurc purcly clastic deformation of the substrates during testing to enable the use of linear
clastic fracture mechanics to determine the strain energy release rates.™ Two sets of DCB
specimens were preparcd 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 substrate leaving a 7-10 mm region of the beam
end uncoated. The substrate was pressed against the SC on the filter paper backing and a scalpel
was uscd to cut around the substrate to detach the adhered SC from surrounding tissue. Another
substratc coated with adhesive in the same manner was pressed against the SC face on the
complimentary beam with adhesive-free ends aligned to form the final sandwich structure.
Excess adhesive along the sandwich edges was removed with a scalpe! to ensure that only SC
was binding the two halves of the sandwich structure together.
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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 servoelectric actuator operated in displacement control. Tests were
performed at a constant displacement rate of 2 pm/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, G..**

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 pm/s, yielding a strain rate of ~0.025 s in the SC for a SC
thickness of 40 pm. 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, G,, 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 pm/s with no systematic effect on
G values. The hydrated state of the SC had only a small effect on G values measured at 10°C
where the average G, value for the FH specimen was ~1 J/m? (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,

G, 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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Figure 3. Stress-separation measurements conducted at selected temperatures showing (a)
representative stress-separation curves, (b) fracture energy values determined from the area enclosed
by the curves, (¢) peak stresses, and (d) the initial loading modulus.
decreased less dramatically. Peak stress values obtained from the SS curves are shown in Fig.
3(¢). Similar to the facture energy values, both the peak stresses and corresponding strains were
observed to decrcase with increasing hydration and testing temperature.

The initial stiffnesses (or moduli) of the SC in the out-of-plane orientation for the
sclected 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 FH and DH SC arc shown in Fig. 4. Similar micrographs were obtained for all testing
types and conditions. The FH specimens revealed comparatively little surface morphology and
individual SC cells were difficult to discern (Fig. 4(a)). The DH specimens all revealed partial
* pullout of individual SC cclls to varying degrees producing more debond surface roughness. The
SS tests reveal similar trends to those seen in the DCB specimens in which the DH specimens
exhibit SC cclt pullout while the FH specimens lack similar cellutar features.

DISCUSSION

The marked decreasc in fracture energy (Fig. 2) apparent with increasing temperature for
the FH SC tissuc 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 deformation will be restricted in these specimens due to the thin film
naturc of the samples and the planc 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 mechanisms operating in
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the SC layers. The limited influence of plasticity-type effects is seen by the similar trends in
both DCB and SS fracture energy measurements and plastic zonc calculations of ~0.1-0.5 pm.
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 tmcrostructure of the SC layer itself. In a simplistic
model of the SC structure proposcd by Elias et al.'®, the cells arc viewed as highly keratinized
bricks surrounded by a lipid mortar as represented in Fig. 1. In this model, bchavior 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 G, valucs 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 asaomated with the lipids sheathing the keratin
filaments that lie in the plane of the SC layer.!" These results together with in-plane dynamical
mechanical analysis (DMA) revealed hydration independent transmons that are attributed to lipid
conformational changes from a crystalline to morc disordered state.> Additionally, differential
scanning calorimetry (DSC) analyses suggest that the presence of strong endothermic dips in the
gathered data indicate transitions in the SC due to variations in water contem 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 substltutlons would lead to a reductlon in modulus with i mcreasmg hydratlon level

Figure 4. Scanning electron micrographs of DCB spccimens. Fully hydrated (a) and
Dchydrated (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 hydration 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
encrgics 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
molccules 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 valuc can be explairicd upon closer examination of the SS curves. The SC exhibits an
increase in stiffness for separations less than ~10 um, but due to substantially decreased cohesive
strength, the FH SC tested at 75°C begins to fail beforc stiffening occurs.

Comparing in-planc with out-of-plane mechanical propertics reveals that the simplistic
model proposed by Elias ct 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
measurcments of decreasing elastic moduli ranging from ~8.87 GPa to 12 MPa with increasing
humidity at constant temperature whilc similar tests by Wildnauer et al.* upon human SC
revealed moduli decreasing from ~45 MPa to 10 MPa, assuming a SC thickness of 40 pm.
Similar decreases in modulus with increasing temperature were observed as well.® These values
are starkly differcnt from the out-of-plane measurements of ~0.7 MPa. Furthermore, only
limited work to measure in-plane fracture propertics of human SC as a function of varying
environmental conditions has been performed. Koutroupi and Barbenel® have measured mean
fracture energies of 3600 J/m? for ~76% RH conditioned SC samples in a tearing configuration,
and subscquent work by Nicolopoulos et al.® suggests that debond energy increases with
increasing hydration, a trend not generally obscrved in the DCB or SS specimens. Intuitively,
the in-planc fracture energy is expected to be higher than that of the natural delamination mode.
However, that the fracturc encrgy is orders of magnitude greater than the ~1-6 J/m? measured in
delamination-tests is surprising. -

In the bricks-and-mortar modcl, the mechanical characteristics of the SC should be the
same in both oricntations provided the mortar is isotropic. However, the data discussed above
indicate that the SC exhibits much tougher in-plane mechanical characteristics as compared to
thosc out-of-plane. While mechanical anisotropy is evident, the mechanisms causing the
differences arc unclear but may be related to additional SC microstructure. In transmission
clectron microscope (TEM) studics, remnants of desmosomal structurcs, or corncosomes, are
evident between SC c_ells.'“ 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 corneosomes
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. In 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 fracture 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 have 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 XIlla substrate were synthesized and conjugated to methacroylated dextran or
acrylated poly(ethylene glycol). Peptide-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 resulting 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
recombinant coiled-coils flanking a random coil polyelectrolyte induced gelation [1]. 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 o, B and y associated
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 ot-chain-
ligand also have been characterized. Oxela and Budzynski found that amino acids 373-410 from




the y-chain inhibited fibrin polymerization by entrapping the o-chain-ligand; this y-chain-peptide
is sufficient to form the binding pocket for the a-chain with a ki, = 1.45 x 10™ M for the peptide
verses 1 x 107 M for the intact molecule [9]. Horwitz et al. studicd a shorter peptide consisting
of amino acids 374-396 of the y-chain and found that this domain docs not contain the platclet
binding peptide. In addition, this shorter peptide bound to the N-terminal ligand of the o-chain
and was sufficient for formation of the binding pocket [7].

Lorand et al. synthesized a double-headed glycine-proline-arginine-proline, {part of the
o-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 molccules containing this tetrapeptide will associate with the binding pocket.

We describe peptide-conjugated polymers that contain blocks of ligand peptide or
binding-pocket peptide. These polymers assemble with ligand and binding pocket on fibrinogen
or with ligand and binding pocket peptides coupled to other synthetic potymers.  Figure | shows
a schematic of the proposed artificial protcin assembly.

MATERIALS AND METHODS

Mecthacroylation of dextran

Methacroylated dextran was synthesized using published methods [11]. Dextran (MW
40kD) and dimcthylaminopyridinine (Sigma) were dissolved in dimethylsulfoxide (Sigma) under
nitrogen at room temperature. Glycidyl methacrylate (GMA) (Sigma) was added to the mixture
to produce GM A-derivatized dextran (dex-GMA). The product was purificd by sotvent removal
and size exclusion chromatography. Aqueous solutions of methacroylated dextran were frozen,
Iyophilized, and stored at —=80°C. The degree of substitution of the purificd product was
determined by NMR. .

A A

iarm P
\ Self-Assembly / 7K Muttiarm PEG
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Figure 1. A schematic representation of sclf-asscmbly using peptide motifs found within
fibrinogen. Multifunctional polymers, such as 4-arm poly(ethylenc glycol) can be covalently
coupled to ligand or binding pocket peptides inspired by motifs in fibrinogen. A combination of
PEG-ligand and PEG-binding pocket will form a three-dimensional physical gel that self-
assembiles 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 o-
chain of human fibrinogen as well as substrates for factor XIlla (Fa X1Ifa) (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 PerSeptive Biosystems).

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 MW)
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 studics

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 fl, and the final fibrinogen
concentration of each gel was 0.6%. BP-conjugated dextran was added to 0.5, 1 or 2%.
Dextran-LFaXllla and dextran-iLFaXIlla each were added to a final concentration of 2%. For
each gel, CaCl; to 2.5 mM, 1 unit thrombin (Sigma), and 6 g of factor XIIla (Enzyme Research
Laboratories) were added, and the gels polymerized for 15 minutes at 37 °C. Conirol 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 paralle] 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 p
four gels of each type were compared to determine statistical si gnificance using o= 0.05.

Table 1. Fibrinogen derived peptides for assembly.

Peptide Function Amino Acid Sequence* .

Binding Pocket (BP) CGTATWKPGSTRWYSMKKTTMKIIPFNRLTIGE
Ligand (L) " GPRPGGC ' :
Ligand + FaX[la (LFaX1ila) EGGGVRGPRPNQEQVSPLPC

Inactive Ligand+FaXilla (iLFaX[lla) CGNQLEQVSPLGPRPEGGVR

* Bold letters represent binding pocket or ligand motifs from human fibrinogen. Italicized letters
show an amino acid sequence that acts as a substrate for Fa XIIla. Underlined amino acids
indicate a sequence serving as a protective cap (cleaved by thrombin) for the ligand domain.




Acrylation of poly(ethylene glycol)

Poly{cthylenc glycol)-tetraacrylate was prepared from PEG 4-arm star polymer
(Shearwater, Inc., My, = 10,000) using published methods [14]. Bricfly, 25 g 4-arm PEG was
dricd by azcotropic distillation in 100 mL tolucne for 4 hours using a Dean-Stark trap. After
cooling, the PEG was resuspended 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
acryloy! 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 0.1
N HCJ, and the organic phasc was precipitated by dropwise addition to dicthy! ether (ECM) in an
ice bath. After rccovery by filtration, the precipitate was dried in vacuo and stored under
nitrogen at -80°C. NMR analysis confirmed complete derivativization of the 4-arm PEG.

PEG-peptide studies

The synthetic peptide L was combined with acrylated PEG in phosphate-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 urca (Sigma). Each reaction proceeded for 2 hours at
37°C and then was dialyzed against MilliQ water in 8 kD MWCO membranc to remove any
unrcacted peptide. PEG-BP and PEG-L were combined to make a 5% (w/v) solution that
contained equimolar amounts of the two molecules. -

RESULTS

Fibrin gel studics

Dynamic mechanical propertics were measured on fibrin gels and fibrin gels containing
dextran or peptide-conjugated dextran. Dextran alone did not significantly affect the
mechanical propertics of fibrin (Figure 2). For all concentrations studied, the addition of
BP-conjugated 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 deccreased the storage modulus, G’, of the gel in a dose-dependent
manncr. Similarly, at 2% concentration, dex-LFaXlila significantly disrupted the
integrity of the fibrin gels indicating association of the ligand-conjugated dextran with the
binding pocket in fibrin (Figure 2). At 2%, dex-iL.LFaXllla significantly incrcased G’ of
the fibrin gels to 160% basc value, indicating association of the Fa Xlila substraté-
conjugated dextran with the fibrin (Figure 2). The increasc in G* with the addition of
FaXllla substrate-conjugated dextran is expected based on results by Schense and
Hubbell demonstrating that synthetic peptides can be conjugated to fibrin via Fa XIlla
[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 X1lla
substrate in dex-iLFaXIlla scrves as the only active domain within the peptide. Although
" dex-LFaXllla contains a Fa Xllla substrate, the substratc appears not to be crosstinked
into the fibrin gel suggesting that the ligand/binding pocket interaction dominates. The
lack of Fa XHla activity of LFaXIlla 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=1% Dex-BP; E=2% Dex-BP; F=2% Dex-LFaXIlla; G=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 alter G’. In the panel on the right, the dex-LFaXHIa significantly
disrupted the fibrin ge!l by competitively binding to the native binding pocket in fibrin.
The dex-iLFaXlIlla significantly increased the modulus of fibrin through chemical
crosslinking via the transglutaminase activity of factor XIlla.

limiting the ability of the Fa X1lla 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. In contrast, when a 5% solution (whv)
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 sequen€® 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 stereoscopic images of PEG-peptide solutions on a glass slide. Panel A depicts
an image of a 5% PEG-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 white circular rings, denoted
by the -white arrows, arc optical artifacts created by the light source of the stereoscope. As panel
B shows, a mixturc 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 structural ori gin of these properties arises from the
alternating scquence of crystalline alanine-rich domains and amorphous 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, which 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-
mimetic oligopeptide (Ala-Glu-Ala-Glu-Ala-Lys-Ala-Lys) and environmentally-responsive
elastin-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
in 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
elastin-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 o-helix to B-sheet. This rearrangement 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 . : T

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 alanine-rich and
glycine-rich oligopeptide 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 structure underlies the tensile
properties of the fiber”. The alanine-rich domains adopt a B-strand*” conformation 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 structure 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 in vitro processing
characteristics. We have previously reported the design and biosynthesis of a hybrid silk in
which the native alanine-rich domain of 4. diadematus fibroin 3 was replaced with the .




amphiphilic oligopeptide sequence [(Ala-Glu-Ala-Glu-A]a—Lys—Ala-Lys)g]o. This oligopeptide
segment undergoes an irreversible rearrangement from o-helix to B-strand, which drives the self-
assembly of the polypeptide into a macroscopic membrane. Later we reported the synthesis and
self-assembly of a copolymer incorporating this cross-linkable module (HB) into an elastin-
mimetic polypeptide scquence (SB)"". We describe herein the synthesis of a analogous block
copolymer (2) with a molar mass of approximately 39 kDa, using recombinant DNA techniques
and bacterial protcin expression, that sclf-assembles through formation of B-sheet segments
mcdiated by the amphiphilic peptides. 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 the 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) unlcss otherwise specified. All enzymes were
obtained from New England Biolabs, Inc. (Beverly, MA). Plasmid pZErO™-1.1, E.coli strain
TOP10F and Zcocin™ were purchased from Invitrogen Corporation (Carisbad, CA). Plasmid
pET-19b and E.coli strain BL21(DE3) werc 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 Alto, CA). The isotopically labeled
amino acid [1-"*CJalanine was obtained from Cambridge Isotope Laboratorics, 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 werc
performed on an Applicd Biosystem Voyager-DE™ STR Biospectrometry™™ Workstation
MALDI-TOF Mass Spectrometer. Protein clectrophoresis 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 nn/min with a resolution of 0.1 nm and
a path length of 0.05 cm. i -

Solid-statc CP/MAS PC spectra were recorded on a Bruker DSX 400 spectrometer
(100.6 MHz, 13C). Solid-state 13C chemical shifts were referenced to the methylene carbons of
external adamantane (31.26 ppm) and reported relative to the methy! resonances of an external
sample of aqueous 2,2-dimethyl-2-silapentane-5-sulfonate ( DSS) (0 ppm).

DISCUSSION

Biosynthésis of the protein copolymer

The protcin copolymer was biologically synthesized as previously described'. Bricfly,
sclf-ligation of DNA cncoding for clastin-mimctic block (Figure 1d) afforded a population of




concatemeric genes, encoding fragments with termini that were compatible with the proximal
(Figure 1b) and distal (Figure 1c) 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 1. Self-ligation of the monomer afforded a population of concatemers, which
were inserted between the Sap Isites 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 of E. 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 fusion 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-Glu-AlaGlr-AlaLys-AlaLys{ Ser-Glu-Ala-Glu-Ala-Lys-Ala-Lys-Ala-Gly-Gly-Val-
[Pro—Gly-Val—Gly-Val—Pro-GIy-VaI-Gly-IIe-Pro-Gly-Phe—GIy-Val-(Pro-GIy—VaI-GIy-Val)Zh -
Pro-Gly-Val-Gly-Gly-Ala-Glu-Ala-Glu-Ala-Lys-A la—Lys‘)4—Ser—Glu-Ala—G lv-AlaLys-Ala-LysAla

b
Ser Glu Ala Glu Ala Lys Ala Lys Ala Gly Gly Val

AGCCTC CGACTT CGA TTC CGC TTT CGA CCG CCA CAT
TCGGAGGCT GAAGCT AAGGCG AAAGCT GGC GGT GTA

¢ . .
Pro Gly Val Gly Gly Ala Glu Ala Glu Ala Lys Ala Lys
CCTGGT GTT GGC GGT GCA GAA GCT GAA GCC AAGGCT AAG
GGACCA CAA CCG CCA CGTCTT CGACTT CGG TTC CGA TTC

d

Pro Gly Val Gly Val Pro Gly Val Gly lle Pro .Gly

CCT GGT GTT GGC GAT CCGGGT GTT GGC ATC CCA GGC
GGACCA CAA CCG CTA GGC CCA CAA CCG TAGGGT CCG

Phe Gly Val Pro Gly Val Gly Val Pro Gly Val Gly Val
TTC GGT GTT CCG GGT GTA GGT GTA CCA GGyC GTT GGCGTA- -
AAGCCA CAA GGC CCA CAT CCA CAT GGT CCG CAA CCG CAT

Nde I site - - €
- CAT ATG GCA GAA GCT GAA GCC AAG GCT AAG TCG
TA ' TAC CGT CIT CGA CIT CGG TTC CGA TIC ACT
Ala Glu Ala Glu Ala Lys Ala Lys Ser
Sap 1 site Sap 1 site
T GTA CCA T A TCG GAG GCT GAA
ACT TCT CGC CAT GGT ACG AGA AGT AGC CTC CGA CTT
Stop Arg Ala Asp Pro Cys Ser Ser Ser Glu Ala Glu
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 1. 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).
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Temperature-Dependent Phase Behavior

Elastin-mimctic protcin polymers [(Val-Pro-Gly-Xaa-Gly),] in aqueous solution display
reversible phase separation above a lower critical solution temperature 7. This process coincides
with a conformational rearrangement of the pentapeptide segments from random coil to type II
Stumn. 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 de"’ended on the concentration of 2 as was observed for elastin-mimetic
protein polymers (Figure 3)''. A linear dependence between T ..., and the logarithm of the
concentration was obscrved, which indicated that the transition involves more than one
polypeptide chain'? (Figure 3). These results suggested that the clastin-mimetic segments of
protein polymer 2 undergo conformational rearrangement upon heating above 7,. However, the
inverse temperature transition is irreversible since the precipitated potymer 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, the onsct of phase separation occurs at 38°C for
protcin 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 l
(61 pentapeptides per chain versus 111 pentapeptides per chain).
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Figure 2. Tempcrafﬁr‘c—depcndent turbidity Figure 3. Correlation of the T onset With the -
profiles for solutions of protcin 2 in water at concentration of protein 2 in water (Cpotymee =~

400 nm (3°C/min) at different concentration: (a) (mg'mn). Turbidimetry experiments were
0.25 mg/ml, (b) 0.50 mg/ml, (c) 0.66 mg/ml, (d) recorded at 400nm with a scan rate of
1.00 mg/ml, (e) 2.00 mg/ml, (f) 3.40 mg/ml. 3°C/min.

Conformational behavior of polypeptide 2
In siru CD studics were performed on a solution of the protein polymer 2 in water at

various tempceratures to interrogate the conformational behavior of the polypeptide as the
temperaturc is raised through the phase transition (Figure 4). The CD spectrum initially
displaycd absorptions that corresponded to those that are typically observed in the spectra of o
helical protcins®. As the tempcerature was raised to 65°C, the CD spectra changed significantly in
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‘ a manner that was consistent with formation of f-sheet structure'*. Moreover, specimen did not
: revert back to the original spectrum upon cooling to ambient temperature, but remained in the iz
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 to P
sheet transition that coincides with the phase transition in the elastin-mimetic domains.

)
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Figure 4. Circular dichroism spectra of protein 2 in water (0.6 mg/ml) as a function of .
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Figure 5. Expansion of the amide carbonyl region within the solid 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 carbony! positions of the alanine residues using a procedure
similar to that employcd 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 ahelical conformation for the alanine residues within the silk-mimetic




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 Iyophxhzatlon mduced [Frsheet
formation, which has been observed for similarly treated dragline silk proteins®. The '*C
CP/MAS NMR spectrum of a specimen of protein 2 heated above the phase transition of the
clastin-mimctic domain indicated that the alanine carbonyl resonance had shifted upfield to
172.6 ppm, which is within the expected range for a S-sheet conformation (cf. polyalanine 171.8 .
ppm)"*. These data suggested that the alanine rich block experienced on the orto-Btransition, as
conscquence of the phasc transition of the clastin-mimetic domains.

CONCLUSIONS

A polypeptide 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

scparation of the elastin-mimetic domains induces a conformational transition in the silk-mimetic
domains, which results in irreversible aggregation of the polypeptide.
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In Vitre Vascular Cell Adhesion and Proliferation on Alkaline Degraded
Poly-lactic/glycolic Acid Polymers
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Department of Biomedical Engineering, Purdue University
West Lafayette, IN 47907-1296

ABSTRACT

The objective of the present in vitro study was to determine vascular endothelial and
smooth muscle cell responses to poly(lactic-co-glycolic acid) (PLGA) films that were exposed
apriori to various degrees of alkalinc 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 (from 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(glycolic 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 acidyxhave 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]. Clearly, the inability of poly(lactic acid) containing polymers to promote sufficient
endothelialization presents serious limitations for this polymer as a successful 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 observed {2] insufficient endothelialization.
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MATERIALS AND METHODS
Substrates

Poly(lactic-co-glycolic acid) (PLGA)

PLGA (50/50 weight % poly(lactic acid)/poly(glycolic acid), Polysciences, Inc.) samples
were prepared by dissolving (at 50-60 °C) 0.5g of PLGA in 8mil chloroform. This solution was
pourcd 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 1 cm or
I ecm x 1 em 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 NaOH for 1 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 coverslips (Fisher) were used as a reference substrate in experiments
with cells. Coverslips were degreased in acetone and ethanol, ctched 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 celis were purchased from VEC
Technologics and used without further 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, humidificd, 95% air, 5% CO;, 37 °C

- environment), Populatlon numbers (for both cell lines) used in experiments were between 6 and

10.

Experiments

Adhesion on Polymer Substrates

Endothclial and smooth muscle cells were seeded separately (3500 cells/cm in either
MCDB-131 Completc Medium or DMEM supplemented with 10% FBS and 1% P/S,
respectively) onto varions PLGA films and were allowed to adhere for 4 hours under standard
ccll culture conditions: Non-degraded (untreated) polymer substrates were used as controls.

Proliferation on Polymer Substrates

Endothclial and smooth muscle cells were sceded separately (3500 cells/em® in cither
MCDB-131 Completec 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 (untrcated) polymer substrates were used as
controls.




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 ficlds per substrate were counted
using a light microscope, averaged, and recorded as cell density (cells/cm?). Experiments were
num in triplicate and repeated at least three separate times. :

RESULTS

Adhesion on PLGA o '

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 (7]
< 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
culture, 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 < 0.01) on extensively degraded PLGA formulations after 3 and 5 days of culturc
(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 are mean +/- SEM; n = 3; * p < 0.05 (compared to respective
adhesion on non-degraded, or untreated, PLGA).
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Figure 2. Dccreased Endothelial 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).




12000 - .
. OGlass (reference) B Non-degraded

{@ Partially Degraded Bl Extensively Degraded
) *

*
8000 - : *%

Cell Density
(cells/cm’)

4000 -

1 Day 3 Day 5 Day

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 forms whereby NaOH is able
to further dissolve portions of the polymer fibers. - -7

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
increascd vascular smooth muscle cell adhesion and proliferation, as well as decreased functions
of endothelial 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
the 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 duc to
topographical or chemical changes in PLGA as alkaline degradation occurs, it is clear that
successful endothelialization of degrading PLGA will require use of different polymer
formulations. ' '
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ABSTRACT

Rat Basophilic Leukemia (RBL) cclls 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 um’ to 4,489 um? patches can contain both fluorescent lipids and lipid-linked
antigen and provide a synthetic biological substratc for analysis of cell surfacc receptor-mediated
events. 100-nm unilamellar lipid vesicles spread to form a supported lipid bilayer on a thermatly
oxidized silicon surface as confirmed by fluorescence recovery after photobleaching (FRAP).
Aggregation of fluorescently labeled receptors is observed as their coincidence with the patterncd
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 from the initial receptor ligand
interaction through cellular activation. Typically, many membrane-bound molecules work
collectively to achicve specific cell-cell and cell-substrate recognition. The immunological
synapse formation betwcen 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 I

IgE receptors (IgE-FceRI) on mast 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-shaped antibodies with binding sites for antigén in each of two segments. The
third segment binds tightly to FceRI 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 histaminc 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 cxample, coalesced lipid rafts facilitate functional coupling of antigen-crosslinked IgE-FceRI
with the first signaling component on the cytoplasmic side of the membrane, the Lyn tyrosine
kinase. Similar observations have been made for T cells and B cells operating in other immune
responses [3]. Asscmbly of the signaling complex of enzymes and scaffolding proteins occurs
with localization provided by the plasma membrane that is organized around the cross-linked

* Co first authors
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receptors. Interplay between these domains and the actin-cytoskeleton affects the Jocalization and
thereby the manner in which signaling procecds. 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
ultimatcly tcmporal control over the initial stimuli that can be excrted with appropriately
engincered molecules and surfaces.

Microfabrication advances have enabled subcetlular biomaterials patterning. These methods
have enabled enzymes, antibodies, and nucleic acids to be spatially distributed on silicon, glass,
and plastic substrates {4]. Rccent lipid patterning techniques using microfabrication offer new
mcthods for analyzing lipid characteristics including the formation, stability, and scnsitivity 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
formed on silicon with 10-nm thick gold corrals [13] and mechanical scratches [14]. Cell studies -
involving micropatterned biomaterials on solid substrates include microcontact printing anti-
E.coli O157:H7 1gG to capture E.coli O157:H7 cells from solution [15], patterning neuronal cells

- using light-assisted functionalized photoresists [16], and culturing differentiated B104

ncuroblastoma cells on four substrates to determine the preferred support substrate [17].

This paper presents a methaod for spatially patterning an antigenized (haptenated), 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 cclls and is a model for the immunological synapse that occurs between T cclls
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. Morcover, the size
of the patch and the density of the antigen can be systemically tested for functional effects. The
patterncd, antigen rich surface is crcated using a polymer lift-off mcthod [18,19]. In this method,
the Parylenc C, di-para-xylylenc, dimer is conformatly vapor polymer dcposited and photoresist
is spun over the thermally oxidized silicon substrate (Figure 1A). Conventional photolithography
and reactive ion elching (RIE) pattern the polymer (Figure 1B). Lipid vesicles are applied
(Figure 1C). Parylenc is removed with a one-step mechanical lift-off (Figure 1D) leaving
patterned supported lipid bilayers. RBL cells are sensitized with Alexa-488 labeled IgE
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Figure. 1. Fabrication process flow schematic [19]. (A) Photolithography. (B) Reactive ion
ctching. (C) POPC lipid immobilization. (D) Pecling of Parylene. (E) Schematic of the lipid
pattern illustrated in figures 2A and 2B. (F) Dinitrophenyl-phosphocthanolamine structure {20].




and subsequently applicd to the hapten-patterned substrate. Confocal and epifluorcscence
microscopy allow the cell morphology and surface aggregation of IgE-FceRI 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-¢m) was used for rinsing. The OCG_OiR 897-12i
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, W1) formed the buffer solution.

Silicon Wafer Preparation and Parylene Deposition. 3-inch <1-0-0> N/phos type wafers

- (Silicon Qwest, Int'l, Santa Clara, CA) were cleaned in base and acid baths to remove surface
contamirfants and baked at 1100°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 1-um thick Parylene film on 5 3-inch silicon wafers,

Photolithography. 1.5 um 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 isopropy! alcohol, and dried with a nitrogen gas.

Lipid Preparation. The lipids used include Dinitrophenyl-Phosphoethanolamine (DNP-PE)
Di-1-conjugated Dioleoylephosphatidylethanolamine (Di-I-DPPC), and Di-1-conjugated 1-
Palmatoyl-2-SN-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
umoles 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 um Nucleopore
polycarbonate filters (Whatman, Inc., Clifton, NJ) to create 100 nm unilamellar lipid vesicles.

Lipid Application. 10 ul of a2 mM lipid solution were bath-applied onto the Parylene-
patterned polymer substrate. After a 5-minute lipid application, the sample was immersed in
water (18-MQ-cm). The Parylene was mechanically peeled from the surface and rinsed.

1)

Mast Ceil Preparation-and Application. The morioclonal 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 trypsin-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-patterned surface at 37°C for 1 hour in TYRODES buffer (in
mM: 140 NaCl, 6 KCI, 1 MgCl,, 2 CaCl, , 10 glucose, 2 pyruvate, Aldrich, Milwaukee, W1).
Microscopy. Epifluorescence microscopy was performed with an Olympus AX 70 upright
microscope, water immersion objectives, Omega Optical filter sets, and Spot CCD camera.
* Rhodamine and Di- 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 100X objective and 10X digital zoom
(100% power) for 1-minute exposurcs. Time series images were taken with 10-second intervals.

RESULTS

In this investigation, the aim was to creatc a micro- and nanometer scale array of patterned
hapten-conjugated lipids for sub-cellular stimulation, test specific binding of IgE-FceRI on
sensitized RBL cells, confirm the presence of a supported lipid bilayer, investigate cell surface
aggregation of IgE-FceRl1, and examinc morphological changes following cellular encounter with
the patterned features of squares or stripes. ’

An array of Di-I-POPC conjugated 1gE patterns were created with sub 600-nm to 67-um
squarc edge widths and 0.36 pym” to 4,489 um” surface area; respectively. The sub 600nm pattern
is approximately the 500 nm threshold attainable with the 10X stepper used in this experiment.
Pattern uniformity relics upon an optimized photoresist thickness of 1.5 pum and a Parylenc
thickness 1.0 pm, photolithography precision, optimized RIE duration to prevent underetching,
and sufficicnt biomatcrial incubation time. ‘Application of 1 pm of Parylenc and 1.5 pm 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-conjugated
lipid pattcrns. This binding to the DNP-conjugated lipid patterns confirms the specificity
attainablc with the patterncd 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 1F illustrates the structure
of the DNP-conjugated POPC. The surface area of each pattern ranges from 0.283 um? for the
600 nm circles to 4,489 pm® for the 67 pm squarcs. By comparison, these cells are commonly
tested for 96 well plates with cach 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-I lipids formed a uniform supported lipid bilayer after the five-minute incubation. A 5
um x 5 pm patch was photobleached for one minute. The photoblcaching 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 filim of water exists between the membrane
and thc substrate, as demonstratcd by NMR [24] on glass beads. 100-nm vesicles appear to fuse
onto silicon surfaccs and form supported bilayer membranes.

RBL cells are fully immobilized on the patterned surface after one-hour incubation. The
fluorescent IgE bound to FceR1 on the cell surface show the cells-flattening and spreading
responsc to stimulation. When a cell approachces a pattern edge, the cels prefercntially remain in
contact with the silicon substratc while still aggregating their IgE-FceRI 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 unstimulated, rounded and not stably attached such that the majority could easily
be removed in a wash step. Becausc the aggregated IgE-FceRI cause coalescence of lipid rafts,
there appears to be lipid raft mobility in RBL cells toward the patterned antigen.

SEM imagcs 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, cytoskeleton-directed morphological changes. The cells extend




Figure 2. BioR f RBL cells sensitized with Alexa-488 labeled IgE
(green) on DNP-conjugated Di-1-DPPC patterns (red). (A) 2 pm pattern, 8 pm period, 15 pm
scalcbar. (B) 3-8 pm pattern, 30 pm scalebar. (C) 5 pum pattern, 15 pm period, 15 um scalebar.

their pseudopodia along the patterned antigen forming finger-like patte'mé 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-ofT
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 mode! of interaction
of immune cells and their surroundings. The purposc of studying mast cell responsc is to
understand localized signa! 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.

= " 3 r -, a S N S
Figure 3. SEM images of stimulated RBL cells over DNP-conjugated Di-I-DPPC. (A) ~2 um
antigen lines, ~13 pm scalebar. (B)~4 pum antigen lines, ~4 pm scalebar. (C) 4 adjacent ~4 um
antigen squares, ~4 um scalebar.
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ABSTRACT

We report a method for generating tri(ethylene glycol)-terminated-n-alkyltrichlorosiloxane
monolayers on SiO; 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 acetoxy-tri(ethylene glycol)-terminated n-alkyl-
trichlorosilane, CH;3(C=0)O(CH,CH,0)3(CH;),SiCls, onto glass and Si/SiO; 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 ~(OCH,CH;);0H terminus at a density
of ~3x10" molecules/cm?. Protein adsorption studies verified that the films exhibited notable
resistances against the non-specific adsorption of various proteins. Chemical modification of the
-(OCH,CH.);0H surface with protein A provided a non-adsorbing surface for selcctive
immobilization of immunoglobulins.

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 biomaterials
uscd for implants and tissuc engincering.'™ A key issue in the design of analytical devices that
contact biomolecules is that the non-specific adsorption of biologicat species, particularly
proteins, can hinder their performance.~ For example, the unwanted adsorption of proteins and
other specics 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 CH;O(CH,CH,0), 3(CH>),SiCl; onto glass and Si/SiO; 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
uscd as a rcactive sitc for subscquent chemical modification.

In this paper, we generate sclf-assembled monolayers on SiO; surfaces that provide the
following: (1) a terminal hydroxyl group for possible subsequent on-surface modification, (2) a
tri{cthylene glycol) surface for non-fouling characteristics, and (3) an underlying atkyl domain
for densc packing within the film. We 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 -

Acetyl{(1 1-trichlorosilyl)-undecyl]tri(cthylene glycol) (EGiOAc) (3) was prepared by the
threc-step synthesis shown in Figure 1. Silicon wafers were cleaned in 2:8 mixture (v/v) of

0;
H,C=CH(CH,);Br + HOCH,CH,);0H 0% KOH(B9) 1\ o CHICH)(OCH,CH,),0H  (A)

17h 1
1 /ﬁ pyridine
+ — =
Ci in CH,Cl,, 17 h H,C=CH(CH,),(OCH,CH,),0CCH, (B)
2 _ .

|

24 HSiCl, —Hﬂ—cﬁ» Cl,Si(CH,),{OCH,CH,),0CCH, : (©)
4h

3

Figure 1. Synthesis of acetyl[(11-trichlorosilyl)undecyl]tri(cthylenc glycol) (3).

30% H10,(aq)/98% H,S04(aq) for 10 min, rinsed with distitlcd water, and blown dricd by a N>
stream. The wafers were iimmersed into 2-5 mM solution of 3 in anhydrous toluene for 24-48 h,
rinsed with toluene, and dried under N,. HO-terminated EG3(CHa),, films were formed by
immersion of the EG3;0Ac films in LiAlHJ/cther solutions (sce text).

Protein resistance of EG;OH surfaces

Protcins were obtamed from Sigma and dissolved in phosphate buffer saline (PBS) solution”
(10 mM phosphate buffer at pH 7.4, 2.7 mM KCI, 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 No.
Amounts of adsorbed protein were determined by ellipsometry using a refractive index of 1.45.'

Subsequent imobilization of biomolecules onto EG;OH surfaces

EG;0H coated surfaces were immersed in a 0.5 M 1,1-carbonyldiimidazole (CDI) (Aldrich)
solution in anhydrous acctonitrile for 1 h, rinsed with acctonitrilc, and dried under N,. The CDI-
reacted surfaces were contacted with a Protein A (Sigma) solution (0.5 mg/mL) in 50 mM
carbonate bufier at pH 9.0 at 4 °C for 24 h. The activity of the resulting protein A surfaces were




examined by contacting the surface with a PBS solution containing a model IgG for 30 min and
measuring the nitrogen signals from the sample by x-ray photoelectron spectroscopy.

RESULTS AND DISCUSSION

Synthesis of the silanating reagent (3)

Acetyl[(11-trichlorosilyl)-undecyl]tri(ethylene glycol) (EG3;0Ac) was prepared by the three-
step synthesis shown in Figure 1. Each step was a direct modification of previously reported
procedures. The reaction of 11-bromo-undecene and an excess of triethylene glycol and KOH
produced 1 in a yield of ~70% as reported previously.*” The hydroxyl group in 7 was protected
from reaction with the target -SiCl; 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 HSiCl: and
H;PtClg as a catalyst. Purification of 3 was performed by vacuum distillation.

Formation of self-assembled monolavers from 3

Figure 2 shows thickness data for the formation of EG;0Ac films onto Si/SiO, 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 hi gher temperature, the
reaction achieved its final thickness after only ~8 h, with these conditions generating thicker
films 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 films
in Figure 2 (and those presumably the most densely packed) exhibited water contact angles of
70-75° and contact angle hysteresis of ~20°,

25
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Figure 2. Kinetics of monolyer formation for reaction of~4 mM solutions of
C1;8i(CH,),,(OCH,CH,);0C(=0)CH,; (3) in anhydrous toluene onto S1/Si0, surfaces.

65



The terminal acctate groups in monolayer films prepared from 3 were converted to hydroxyl
variants by rcduction of these surface acetates with LiAlH,. An optimization of rcaction
conditions determined that the exposure of the acetate-terminated film to 1.0 M LiAlH, in ether
for ~10 min at room temperature produced the best results. Under these reaction conditions, the

-reduction of the acctate caused-a decreasc in the ellipsometric thickness of the film by ~4 A, a

decreasc in the advancing contact angle of water from 70-75° to 62-65°, and evidence for the
quantitative conversion of the terminal 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 rcaction with LiAlH,y. 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 acctate group of the EG:OAc SAM on the ATR crystal. Figure 3(b)
shows thc same spcctral region after reacting the SAM with LiAIH4, and shows a complete loss
of the ester pecak. Complementary experiments using trifluoroacetic anhydride were performed
to confirm the conversion of the terminal acetates to reactive hydroxyl groups by quantification
of fluorine signals from the film by x-ray photoclectron spectroscopy (XPS). This analysis
determined a site density of ~3x10" molecules/cm? for the EG;0H surface. .
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Figure 3. ATR/FT-IR spectra of CLSi(CH,), ,(OCH,CH,);0C(=0)CH; (3) SAM
on S¥/Si0,. (a) before deprotectionand (b) afier deprotection,

Protein resistance of EG;OH SAM

Protcin adsorption experiments on the EG30OH-modified SiO; wafers showed that the coating
resulted in significant reductions in the non-specific protein adsorption compared to silanating
procedurcs that hydrophobize the surface by reaction with n-octadecyltrichlorosilane
[CH3(CH:);4SiCl3). The EG;OH-terminated films showed no change in film thickness after
contact with a 0.25 mg/mL lysozyme solution for 24 h. Similar results with obtained with other
protcins, 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



prevention of adsorption was not possible. We note, however, that the adsorbed amount of
fibrinogen was reduced by ~70% as compared to the characteristics of hydrophobized
octadecyltrichlorosilane (OTS)-treatments (Figure 4).
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Figure 4. Ellipsometric thicknesses of adsorbed fibrinogen and lyzozyme onto EG;OH and CH;
surfaces after contact with 0.25 mg/mL protein solutions for 24 h.

Subsequent modification of EGOH SAM surface for immebilization of biomolecules

We used the EG;OH surface as a platform for attaching agents to these thin films. Figure 5
shows N(1s) peak intensities taken from XPS spectra of the EG;OH surface through its exposure
to various agents to develop covalent attachments. We used carbonyl diimidazole (CDI)
chemistry to derivatize and activate the hydroxyl-surface for the immobilization of Protein A. In
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Figure 5. N(1s) peak intensities of the XPS spectra of EGyOH surfaces after subsequent
sequential modification steps to immobilize Protein A and an I £G. The rightmost data point
illustrates the lack ofattachment and adsorption of Protein A onto the native EG;0H surface.
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Fxgurc 5, the initial EG3;OH surface displayed no N(1s) intensity. Treatment with CDI resulted
in a N(Is) signal that increased in intensity when this surface was further treatcd with Protein A
and then a model IgG that becomes bound by the immobilized Protein A. Figure 5 shows that
treatment of the EG;OH 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 EG3OH film
presents an “incrt” 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 EGy;OH system provides characteristics that offer possibilities as a
flexible platform for bioscnsor 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)O(CH>CH.0)3(CH:),)SiCl; (3) onto Si/SiO» substrates (and
presumably onto related oxide surfaces) provides an ability to gencrate densely packed,
hydroxyl-terminated, oligo(cthylene glycol) surfaces, These chemisorbed 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 Protcin A onto this surfacc and its binding to an immunoglobin provides new
possibilitics for immobilizing such species useful in thc generation of biosensors and other
diagnostic devnceﬁ

ACKNOWLEDGMENTS
Wc gratefully acknowledge the financial support of the Office of Naval Research and SatCon
Technologics (Cambridge, MA).

REFERENCES

1. P. Singh, B.P. Sharma and P. Tyle, Diagnostics in the Year 2000: Antibody, Biosensor, and
Nucleic Acid Technologies (Van Nostrand Reinhold, 1993).

2. G.L. Kenausis, J. Vérés, D.L. Elbert, N. Huang, R. Hofer, L. Ruiz-Taylor, M. Textor, J.A.
Hubbell and N.D. Spencer, J. Phys. Chem. B 104, 3298 (2000).

3. L.A. Ruiz-Taylor, T.L. Martin, F.G. Zaugg, K. Witte, P. Indermuhle, S. Nock and P. Wagner,
Proc. Natl. Acad. Sci., USA 98, 852 (2001).

4. N.P.Huang, J. V6ros,S.M. DePaul, M. Textor and N.D. Spencer, Langmuir 18, 220 (2002).

5. S.-W. Lee and P.E. Laibinis, Biomaterials 19, 1669 (1998).

6. C. Pale-Grosdemangc, E.S. Simon, K.L. Prime and G.M. Whitesides, J. Am. Chem. Soc. 113,
12 (1991).

7. K.L Prime and G.M. Whitesidcs, J. Am. Chem. Soc. 115, 10714 (1993).




Mat. Res. Soc. Symp. Proc. Vol. 724 © 2002 Materials Research Society N4s

Helical, Disordered, and What that Means: Structural Characterization of a New Series of
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ABSTRACT

Self-assembled monolayers (SAMs) of a series of linear thiols containing a 1-

thiaoligo(ethylene oxide) [TOEO] moiety, i.e., HS(CH:CH,0),CH;, where x =3 - 6, were

- prepared on polycrystalline gold (Au) and characterized by reflection absorption infrared
spectroscopy (RAIRS) and spectroscopic ellipsometry (SE). For x = 5 and 6, the RAIRS 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). Forx =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 acti vity 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 w-oligo(ethylene oxide) [®-
OEO] alkylthiols or alkylsilanes, where OEQ = (CH,CHO)R, x=3-6,~17,0or~ 144, and R =
H or CHs, assembled on Au®"" or SiQ, "2, tespectively, 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 ®-OEO SAMs of mixed conformations, essentially all helical,
near single phase OEO segments have been reported for the SAMS of HS(CH,CH,;0)R, where
R = CH;, CioHa1 and CysHy. "' The RAIRS spectra of these alkylated 1-thiahexa(ethylene
oxide) [THEO] SAMs, which position the OEO segments closer to the Au, nearly 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 em™ and ~ 1145 cm™ indicative of OEO segments in amorphous'? and/or all-frans
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™® of a (+/3 x ¥3 )R30° adlayer
on Au [assuming predominantly (I 1 ) Au with S—S = 0.50 nm].
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This paper compares the structures for the SAMs of HS(CH2CH>0)CHi, 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
potcnlial standard ultrathin films in the 1 - 2 nm range. As discussed previously, SAMs of
increasing OEO lenglh that have the OEQ segments in the 7/2 helix would be isostructural 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 prolem
resistant surfaces because ordered, helical SAMs were found not to be protein resistant.’

EXPERIMENTAL DETAILS?

Synthesis. The compounds HS(CH,CH:0).CH; [hereafier referred to as (EO),CHa), 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
(THF)] followed by reaction with LiBr/THF-{hexamethylphosphoramide (HMPA)]. The thiols
were then prepared by first converting the bromides to the thiol acetates (CH:COSNa/MeOH),
followed by hydrolysis (H;0'/MeOH). Structural assignments were made from proton nuclear
magnetic resonance and high resolution mass spectrometry data.Z? Sample purity (>98%) was
determined from thin-layer chromatography (TLC) analysis (one spot by TLC). All chemicals,
except THF, were purchased from Aldrich Chemical Co., (Milwaukee, WI). THF (Mallinckrodt
AR) was purchased from North Strong Scientific (Phillipsburg, NJ). THF and HMPA were
distilled from calcium hydride. The THF was distilled under N; immediately before use;
whercas the HMPA was distilled and stored under N, over 0.3 nm molecutar sieves.

Sample Preparation. Silicon (1 0 0) wafers (Virginia Semiconductor, Fredricksburg, 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 of the corresponding thiol in dlshllcd 95% ethanol for at least 18 h, unless otherwise -
stated.

Visible Spectroscopic Ellipsometry (SE). Multiple wavelength ellipsometric measurements
were performed on a J. A, Woollam Co., Inc. (Lincoln, NE) M-44 spectroscopic ellipsometer
aligned at a nominal incidence angle of ~70° as described elsewhere.”

Reflection-Absorption Infrared Spectroscopy (RAIRS). The RAIRS data were obtained
using a Nicolet Magna-IR modefl 570 Series I1 spectromefer {Thermo 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 (EQ),CH; 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
observalions not in the previous report Figures ! and 2 show the RAIRS data between 1440 -
920 cm™ and from 3120 - 2640 cm’ respeulvely, for the (CO):CHi - (EO).CH; SAMs. The .
bands at 1347, 1243, 1119, and 965 cm™' (Figure 1). assigned as the symmetry designated A4
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to A2 (7) bands, respectively, of the 7/2 helix of the folded-chain crystal polymorph of crystalline
PEO, are found in the spectra of both the (EO);CH3 and (EO)sCH; SAMs. The absence of
additional spectral bands in this region, other than the expected OCH; rocking mode’ at 1202
em’!, indicates other OEO conformations are not present. In Figure 2, the prominent CH,
symmetric stretch at ~ 2894 cm™, characteristic of a helical OEO segment"*2%% is also found in
the spectra of both the (EO)sCH; and (EQ),CH; SAMs. Thus, within the limits of the RAIRS
measurements, the TOEO segments of these SAMs are identical and essentially all in the helical
conformation. ’
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Figure 1: RAIRS spectra of (EO)3.6CH; from 1420 cm™ - 920 cm™
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In contrast, the RAIRS spectra of the (EO):CH; and (EO)sCHi SAMs (Figures 1 and 2) are
significantly diffcrent from those of (EO)sCH; and (EO)«CHi SAMs. The 4> bands found in
RAIRS spectra of the (EO)<CH\ and (EO)«CHi SAMs are absent (Figure 1). The broad C-O
absorption band at ~ 1328 cm™ is similar to that obtained for the HS(CHZ)HO(EO)xCHx SAMs’
and corresponds more closcly to the C-O stretch of amorphous PEO." In Figure 2 the spectra
for the (EO),CHj; and (EO)sCH, SAMs show a brmd cnsemble of bands wnh two maxima in the
C-H stretching region at ~ 2923 e’ and ~ 2878 cm™! These maxima more closely resemble the
CH, asymmetric and symmetric stretch at 2930 and 2865 cm” , respectively, of molten PEO.?
Thus, the RAIRS data indicate that these SAMs consist of dnsordcrcd OEO segments.

The (EQ)sCH; SAMs showed variability. Figure 3 shows a comparison of the ordered,
helical (EO)sCH; SAM (top spectrum) with spectra from other samples which, in all cases,
cxhibited attenuation of the four 4> bands accompanied with the appearancc of a higher
wavenumber shoulder on the 4> (6) [1118 cm"] band. Similar asymmclry in the 4; (6) band was
obscrved for HS(EOQ),R SAMs, where x =5 and 7and R = CoH2 %, as well ‘m in the (EO)CH;
SAMs after exposure to protein'®. The position of this shoulder at ~ 1130 em™ is evidence of
lcbs ordcrcd SAMs wnh the TOEO scgments contammg non- hchcal conformations.'”
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Figure 3: RAIRS spectra of three different (EO)sCHi samples on Au. Spectrum (a) shows
hclical 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 (CO)sCH SAMs is unclear and is currently bemg
investipated. Variability in SAMs with ©-OEO scgments has been previousty reported SAM
assembly parameters were varied but none afforded helical (EO)sCH; SAMs with any increased
consistency. In addition, the kinetics of formation of helical (EO)sCH3 and (EO),CH; SAMs
were different (Table 1). Whereas SE data indicates that the (EO)cC'Hz SAMs reached the
expected thickness for a helical SAM afier ~ 17 h, the (E0)sCH; SAMs required significantly
longer time.
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Table 1. Calculated Thicknesses and SE Data for the HS(E0);.sCH; SAMs

Compound  Thickness, Calculated® (nm) Thickness, Measured (nm £ 0.2 nm)
Al-trans .
Extended Helical Disordered 17h 28h 2d 6d 8d
HS(EO):CH; 1.44 1.15 <15 - 0.81 088 086 089
HS(EO)4CH; 1.79 143 <143 - 1.13 1.26 1.26 1.29
HS(EQ)sCH; 2.14 1.71 < 1.71 - 1.44 1.52 i;Sl 1.70
HS(EO)«CH, 2.49 1.99 <1.99 197 - 1.94 - -

®Film thickness calculations. (EO),CH, SAMs: helical = 1.99 nm; all-trans extended conformation = 2.49 nm. ™
Thickness decrease/EO unit: helical = 0.28 nin™; all-trans extended =0.35nm’,

CONCLUSIONS

Highly ordered (EO)sCH;, 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)sCH: SAMs, reported earlier.' The highly ordered (EO)sCHs SAMs take longer to form
and showed variation in their molecular conformation. Many of the (EO)sCH3; SAMs remained
less ordered, with the TOEO segments consisting of mixtures of helical and non-helical
conformations. For the shorter (EO);CH; and (EO);CH; SAMs, the RAIRS spectra 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)sCH; SAMs. Also, the significant change in the TOEO conformation that occurs

from x =5 to 4 suggesting a minimum of five ethylene oxide units are necessary for a TOEQ
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
for 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(100), GaAs(110) and GaAs(111)
surfaces. Computational results compare very favorably with prior experimental phage display
observations [S.R. Whaley e al., Nature, 405, 665 (2000)] for GaAs substrates. Further
investigation indicates that chain flexibi lity 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 polymers.which might be used to: control placement and assembly
for 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. 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 [9].
Polypeptides which can recognize desired surfaces are typically selected from a library of several
million candidates using either bare proteins or phages, often in the presence of surfactants or
salts. These methods are often both practical and useful. There still exist several issues. First, it is
not always clear whether the selected polypeptides will retain their binding and sclectivity once
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removed from the parent protein or phage body. Second, practical experimental librarics of even
10% 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 consensus 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 thosc available from natural sources and residucs.

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
sclective polypeptide binding between either analytic, uniformly-charged surfaces or atomistic
model surfaces. Here we compare our preliminary 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 chains in which bond lengths and
bond angles arc frozen at cquilibrium values whilc 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 ncighboring N-Cg, and Co-C” bonds for each natural amino acid residue.
In applying our new Continuous Rotationa! Isomeric State, CRIS, method, the torsional angles
may be selccted within a continuous range from rectangular tiles around minima in the potential
energy surface. The tiles arc defincd from energy minima bounded by a preset, maximum well
height, typically § keal/mol. If a local potential energy surface exhibits a relative maximum
beforc reaching the preset height, then the tile boundary is defined at the relative maximum. Tile
boundarics 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-
C.] bond vectors and their cross-product. Likewise each residue’s pendant atoms are placed from
constant vectorial components using a basis set generated from the [N-C,], [Co -C’] bond vectors .
and their cross-product. The various rotational statcs within each residue’s pendant group can be’ -
represented by scts of their atomic pendtors. A rotational potential encrgy surface and the
aforementioned fixed geometrical parameters for each amino acid residue with amide
terminations was created using the PCFF forcefield [13,14]. When implementing RIS, a table of
discretc rotational states (cach state comprising the conditional pair of torsion angles and the
associated cnergy value) for cach residue is stored in memory during a simulation to look-up the
rotational encrgy. When implementing CRIS the entire pairwisc-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 0.5A, for each atom. The
hydrophobic effect is approximated by contributing a fixed encrgy decrement, typically —0.25




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 experience diminished electrostatic potentials, ¥, through the Debye-Hiickel potential,
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where the first enclosed term is the thermal Bjerrum length, q; is the partial charge on the ith
atom, € is the solvent dielectric constant, x is the inverse electrostatic screening or Debye length
which is dictated in actual experiments by the concentration of dissolved jons and r;, is the
distance between the ith and Jth atoms. Equation (1) applies also between polymer and surface
atoms. For infinite analytic surfaccs with uniform charge, we computc the potential between
atoms and the analytic surface using the integrated form of Equation (1) below:

where 6 is the surface charge density and z; is the hei ght 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 internal torsion states along the polymer backbone, the position of an end bond
vector relative to the surface origin and a i gid-body rotation of the chain around the end bond
vector. Torsional states are selected randomly such that each discrete state (for RIS) or position
in 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-body
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
comprises selecting a random spatial oricntation of an end bond vector and selecting a random
rigid-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 Carlo trials are always “accepted”, statistical quantities are computed with each
configuration being weighted by its appropriate thermal Boltzmann factor, exp{-(E-Egm)/kT].
Here E is the total potential energy of a Monte Carlo trial and Esorm is the energy of formation,
Statistical quantities of interest 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.g.
strain, €, and squash, £.
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Here we define a strain in terms of the mean-squared end-to-end chain distancc on the surface,
<R%>qurnce, Ielative to free solvent, <RZ>yvem. The chain squash is defined in terms of the mean-
squarcd, chain end-to-end vector components parallel to the surface (designated by horizontal
arrows) and normal to the surface (designated by vertical arrows).

RESULTS

Figurc 1 illustrates the typical convergence of a polypeptide-surface binding free energy
as a function of the number of Monte Carlo samples. This example polypeptide has over 107

<7 (AT T T ST T g

F KGGGDGGGD 3
8 Analylic Surface, 0=01 7
-9 C Tumble Sampling 7

L] Phage Sampling

Q

A2t u

sl

Helmholtz Free Energy. kcal/mol
=
I

)
4
i

- AR H

Foad vioe oond oo e 1w % 27
107 10°  10* 10°  10° 107
# Monte Carlo Samples

Figure 1. Polypeptide-surface binding free energy as a function of Monte Carlo samples using
CRIS chain modcl. The test polypeptide is presented a flat surface with uniform charge density
0.1 e/A2. Error bars indicatc the standard deviation from 10 independent, replicated simulations.
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discrete torsional degrees of frecedom yet the free energy has Jess than 1.5 kcal/mol uncertainty
afier 10° phage samples and 10° tumblc samples. Note that this particular chain is a very strong
" bindcr. Metropolis Monte Carlo methods typically do not converge as quickly [17] and require
cxtensive cquilibration to surmount chain conformation trappm;, in decp potential energy wells
which is intrinsic to these systems [18].

Our computational results compare favorably with previously- published. experlmental
phage display obscrvations. We subjected model RIS chains to phage sampling over an atomistic
GaAs(100) surface model. The residue sequences match the plll coat proteins of M13 coliphages
reported in Figurc 1 of reference [9] which were found to bind to GaAs(100) substrates. While
these preliminary computations predict 8 of the 11 polypeptides have very favorable binding free
encrgics (AA < 0), all chains arc predicted to bind significantly to the surface. The statistical
binding constant, K, takes a valuc of unity for permanent surface binding and zero for no surface
binding. Our computed valucs 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 € and £). Most
significantly, our computations do reproduce experimental observations that clone G1-3 exhibits
preferential binding to GaAs(100), over both gallium and arsenic terminated GaAs(111) faces.




TABLE 1. 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 ASx10° K € 4

Gl-3 -1.6 -1.9 -0.9 09 - 219 0.45
Gi-4 0.6 0.5 3.8 0.7 1.64 -1.80
G4 . 03 -0.6 -3.1 04 -0.19 -0.10
Gl11-3 0.2 1.0 2.6 0.4 -0.16 -0.17
GI12-3 0.9 1.3 7.3 0.8 0.26 0.94
Gl12-4 0.5 -1.2 5.6 0.7 -0.18 0.10
Gl2-5 0.3 -0.6 28 04 027 -0.06
Gl3-5 -1.0 1.1 7.0 0.8 0.58 1.66
G143 -1.0 0.8 6.0 0.9 1.62 0.93
Gl4-4 0.4 0.2 0.9 0.7 0.28 141
GI5-5 0.8 0.2 3.5 0.8 0.20 0.14

In a separate set of computational experiments, 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 fully 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 H illustrates sequences with optimized binding constants for intermediate-valued surface
charge densities. Such chains begin with base sequences which repe! 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 I1. Surface binding constant, K, for RIS united atom chain models on analytic surfaces.
Surface Charge Density (e/A?)

Sequence {020 0.16 0.12 0.08 0.04

(KP), (DP); (G2 i 090 0.98 0.82 048 0.51

_(KG): (DGY: {G)yz 092 1,00 0.69 051- 052

(KG), (DP); (G)12 0.96 0.96 046 0.55 0.51

(KG): (DG): (P)12 0.98 0.74 08 063 0.56
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DEVELOPING BIO-STABLE AND BIODEGRADABLE COMPOSITES
FOR TISSUE REPLACEMENT AND TISSUE REGENERATION
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Hung Hom, Kowloon, Hong Kong

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 incorporating bioactive 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, Cay(PO,)(OH):) 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. Furthermore, mechanical as well as biological -
performance of a particular composite can be controlled by varying the amount of the bicactive
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 potymer, 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 composneﬂ - _ - -

- INTRODUCTION -

Numerous materials have been used for bone substitution since the 19th century. In modern
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. The 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 [1]. A long lasting bone replacement
requires the establishment of a stable bone-implant interface, which necessitates the carefu!
matching of the mechanical behaviour as well as properties of synthetic implant materials with
the tissue [2]. Furthermore, bone replacement materials must withstand any anticipated physical
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loads imposed by body actions without substantial dimensional changes, catastrophic fracture, or
failure due to impact, creep, or fatigue within their expected lifetime in the body.

It is now generally recognised that the best material for replacing a body tissue is the one
that is similar, if not identical, 1o that tissuc [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
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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- 10 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 to the long axis of the bone and interspersed in regions of non-oriented bone. Each
ostcon (about 100 to 300um in diameter) has a central Haversian canal (20 to 40um in diameter)
containing a blood vessel, which supplies the elements required for bone remodeling. The
Haversian canal is surrounded by 4 to 20 concentrically arranged lamellae with each lamella
being 3 to 7um thick. Each adjacent lamellar layer has a different orientation ofcollagen fibres.
Circumscribing the outermost concentric lamella of the osteon is a narrow zone known as cement
linc, which contains calcified mucopolysaccharides and is devoid of Collagen. The cement line is
1 10 2pm thick and is the weakest part of bone. The densely packed concentric lamellae in
osteons are composed of two major components: fibrous collagen, which is a natural polymer,
and bone mineral. The mineral crystallites that human bone contains are structurally calcium-
deficient, carbonate-substituted hydroxyapatite (HA). They are usually refereed to as bone
apatite, which normally has dimensions of Snmx5nmx50nm 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 volume. The precise microstructural organization of bone is a function of age and
varies between differcnt 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 um scale) and, second, osteon
reinforced interstitial bone (on the pm 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. -
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Table 1 Mechanical properties of bone and current implant materials 2]

Material E (GPa) © (MPa) £(%) K, (MNm*2)
Cortical bone 7-30 50-150 1-3. 2-12
Cancellous bone 0.05-0.5 10-20 5-7

Co-Cralloys 230 900-1540 10-30 ~100
Austenitic stainless steel 200 540-1000 6-70 ~100
Ti-6A1-4V alloy 106 900 12.5 ~80
Alumina 400 450 ~0.5 ~3
Hydroxyapatite 30-100 60-190 ~1
Polyethylene | 30 >300

E : Young's modutus G : tensile strenpth (in the case of alumina: flexural strength)
€: elongation at fracture K : 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 bonie 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 stiffer than biomedical polymers.
Cortical bone fractures in a brittle fashion, with the ultimate tensile strength being 50 to 150MPa.
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It has been shown that fracture toughness. an important parameter for brittle solids, of bone is
considerably lower than those of metallic implant materials. The structurc 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 important to bear in mind, however, that bone is unlike any engineering material
in that it can alter its propertics 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. Bonfield ¢ al pionecred the use of hydroxyapatite (HA) particles as -
the bioactive and strengthening phase in polymers to produce bone analogues [7].
Hydroxyapatite (HA, Ca o(POs)(OH):) closely resembles bone apatite and exhibits excellent
bioactivity. Polycthylene (PE) is a proven biocompatible polymer and hence widely used in
orthopaedics. 1 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
polyethylenc allows the incomporation 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 used, all components.of the composites are biocompatible. .

HA/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 commercially 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 cfficiently. Powdering of compounded
matcrials usually took place in a centrifugal mill at below -100°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 moulding. 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 viscosity was morc pronounced at low shear rates™ With an increase in
shear rate, the viscosity of HA/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 temperatures 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. 1t 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 rtheological behaviour of HA/HDPE composites is important for
optimising composite processing conditions and for producing high quality net-shape (or near
ncar-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 preserved 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 HDPE matrix resulting from the shrinkage
of HDPE 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 (M) of HDPE, with the decrease being dependent on the HA volume percentage [11].
Further thermal processing by compression or injection moulding also reduced M,,. 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 HA/HDPE
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 negllglble and hence the intended compositions had been achieved [9, 12]. . .=

By varying the amount of HA in the composntes arange of mechamcal propertles 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 HA/HDPE, with a correspondmg
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.




Table 2 Mechanical properties of HA/HDPE composites and cortical bone

HA Volume (%) ~__E(GPa) G (GPa) o (MPa) £ (%)
0 0.651+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 340495
30 2.7310.10 0.7110.17 19.5510.20 6.410.5
40 4.29+0.17 1.18+0.07 20.67+1.56 26404
45 5.54+0.62 1.46:1+0.26 18.98+2.11 1.940.2
Cortical bone* 7-30 ~3.2 50-150 1-3
L: Young's modulus G :shear moduluis 0 - tensile strength £ clongation at fracture

* Ji, ¢ and £ values from Ref.2; G value from Ref, 14,

The creep behaviour of HA/HDPE composites was investigated using a three-station tensile
creep machine 15, 16]. The inclusion of HA particles in HDPE improved the shori-term creep
resistance when specimens were subjected to similar stresses, and an increase in the HA volunie
percentage increased creep resistance. However, creep failure of composites could occur at long
times duc to debonding at the HA-HDPE interface. The 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.c., axial and torsional) fatigue tests were conducted for HA/HDPE compaosites
[17]. A fixed axial component of 50% of ultimatc 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 particulate 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
stecl under dry and tubricated 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. :

The biological performance of implant materials can be evaluated by in vitro tests, usin g
simulated body fluid or cell cultures, or by in vive assessments. In in vitro experiments using

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

For in vivo experiments, following sterilization by v irradiation, machined pins .
(P2.4mmx5mm) of HA/HDPE composites were implanted in the lateral femoral condyle of adult
New Zealand white rabbits [20]. It was demonstrated 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 intérface, 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 polyethylenc
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.

Figure4 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 extrusion 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 hydrostatic 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 replacement material [28]. The production of HA/PSU composite
followed the same procedure as that for manufacturing HA/HDPE composites [9]. HA/PSU
composite containing up to 40vol% of HA was produced. HA particles were also well dispersed
in the PSU matrix. Thermogravimetric 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 structure. Rheological analysis revealed that PSU and the composite exhibited
pseudoplastic flow behaviour at 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 torsional 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 arc more bioactive than HA, such as Bioglass® and A-W glass-ceramic, could be
used as the bioactive phase in composites. Bioglass® is a family of bicactive glasses that elicit
specific physiological responses, including the provision of surface-reactive silica. calcium and
phosphate groups, and alkaline pH 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 propertics while possessing 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 30vol% of Bioglass® exhibited levels of clastic compliance, tensile strength and fracture
strain comparable to those of soft connective tissues. Composite with Bioglass® volumes in
excess of 30vol% possessed mechanical properties comparable to cancellous bone. In in vitro
experiments, osteoblast cells were found to attach 1o Bioglass® particles in the composite
(Figure 5), indicating excellent biocompatibility and bioactivity of the composite.

Figure 5 Osteoblast cells attaching
to Bioglass® particles in the Bioglass®
/HDPE composite [19]

BIODEGRADABLE COMPOSITES

In recent years, emphasis in biomaterials engineering has moved from materials that remain
stable in the biological cnvironment to materials that can alter their properties (i.e.. "biodegrade")
in response 10 the cellular environment. Biodegradable materials are designed 1o 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 decreases
in strength and stiffness over a clinically determined optimal period. As bone repairs itself, the
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extemal load will be transferred from the blodegradm g implant to bone. This approach provndes
the best biomiaterials solution to tissue replacement and regeneration, if requiréments for the
initial stiffness and strength and other short-term properties can be met. Polyhydroxybutyrate
(PHBY) 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 appllcanons

using the technology for making composnes such as HA/HDPE and HA/PSU.
With the established processing technology, particulate b:oceramlcw (HAor TC P) could be
homogeneously distributed'in the PHB matrix for both HA/PHB and TCP/PHB composites

: comammg up to 30vol% of the bioceramic. The stiffness of the composites increased with an

increase in bioceramic content. In in vitro experiments using a simulated body fluid (SBF), bone-
like apatite formed on HA/PHB and TCP/PHB comiposites (Figure 6), which was indicative of
bioactivity of these materials in vivo. The hexght of bone-like apatlte peaks in thin-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 an 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 modutus. 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 o
3davs -

avemager ol . .
Zwerks S Figure 7 TF-XRD patterns
of 30vol% HA/PHB
composite before and after
—— " immersion in SBF
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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 ds a -
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natural polymer is biodegradable due to its B-1.4 glycosidic linkages being susceptible to the
lysozyme present in the human body. HA/chitin composite could be produced using the solution
casting techiique, with a homogencous distribution of HA particles in the composites being

- achicved [33). The solution casting process did not change the crystalline structurc of chitin.
TGA results 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 particulate HA in the composite. SEM examination of fracture surfaces
showed that HA particles were separated from the chitin matrix completely after tensile tests.
Thesc results suggested that there was no chemical bond between the two constituents of the
composite. /n vitro mincralisation experiments showed that HA particles rendered the composite
bioactive and significantly improved the ability of composites to induce the formation of bone-
like apatitc on their surfaces. Degradation of chitin in the simulated body-environment was
obscrved. : o : . T ’

SUMMARY

Using body tissues as templates: various bioactive ceramic-polymer composites have been
developed over the last two decades for tissuc replacement and tissuc regencration. Each of these
composites has its distinctive characteristics and may be used in spceific clinical situations. Bio-
‘stable composites have gained success for tissue replacement. Biodegradable composites appear
to provide the best biomaterials solution for tissuc substitution and thete is still a large scope for
developing this type of composites. The advances in materials science and technology certainly
aid in further rescarch into bioactive composites for medical applications. o ’
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ABSTRACT

. The tribological behavior of crosslinked ultra-high molecular weight polyethylene
(UHMWPE) was compared to that of non-crosslinked UHMWPE, used as control sample. A
reciprocating pin-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 medical-grade Co-Cr alloy disks
with surface roughness ranging from 0.005 to 0.04 um in a tubricant of bovine serum. Normal
loads were chosen to provide physiological contact stresses. The focus of this study was on the -
dependence of early wear mechanisms on surface roughness and conformity. Although a
correlation between coefficient of friction data and dominant wear mechanisms was not
observed, different wear mechanismis were found between contro] 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 joint replacements.
While the intrinsic mechanical properties of UHMWPE make this polynier well suited for this
purpose, methods to further improve the in vive mechanical behavior of UHMWPE are still
under development, the principal objective being to reduce the amount of submicron-sized
- polymer wear particles generated through joint 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 priority in the area of orthopaedics research, as it can be correlated to an increase of the
expected life of total joint replacements. _

UHMWEPE is a semicrystalline polymer. In 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 in bulk UHMWPE exhibit random orientation. Chain crosslinking through
. chemical means or radiation results in decreased crystallinity (~20%) and inhibits polymer 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 iricrease 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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studics have shown that other bulk mechanical properties may be degraded, such as fracture
toughness [3].© RN . - !
Variations in the wear behavior of crosslinked and non-crosslinked polyethylene may be
encountered dug to significant microstructural differences. Insight into the micromechanics of
crosslinked polyethylenc may enhance morc accurate prediction of in vivo behavior and perhaps
also lead to improved trcatmients 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 known about the effect of roughness and conformity on the-
carly stage of the wear process. Slight increases in surface roughness of the material articulating
-against the UHMWPE surface have been found to significantly incrcase the wear rate [4].
Therefore, the main objcctive of this study was to investigate the initial wear mechanisms of
medical-grade UHMWPE sliding against polished Co-Cr alloy disks in bovine serum under -
contact pressures typical of knee joints. -~~~ . . S . -

EXPERIMENTAL METHODS .
Specimens
Two types of UHMWPE microstructures were examinéd 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. Ethylene oxide (EtO) gas was used to sterilize both
polymer matcrials used in this study. A total of 15 pins of length 19.1 mm were machined from -
the tibial components of cach 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 diamcter 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 in retrieved Co-Cr
femoral components {S]. Four of the scven disks were roughened using 600-grit SiC abrasive
paper. This procedurc created sharp surface features on the counterface that have been shown to : o -

© " be an important factor contributing to the increase of the wear rate of UHMWPE [6]. ' . o

~ For cach disk, the average surface roughness with respect to the mean profile line; R,, and
peak surfacc height above the mean line, Rpeu, Were measuted using a:DckTak-1ID mechanical
stylus profilometer (Sloan Technology Co., Santa Barbara, CA), equipped with a 12.5-um radius
tip, having a vertical resolution of 0.5 nm. Ry gives statistical information about asperity
heights above the zero-height plane. Measurements were obtained over 4 mm scan lengths at ten
differcnt locations of each disk surface, where reciprocating sliding with the pins occurred during
subscquent wear testing. Mean and standard deviation values of thc surface roughness
parameters of each disk used in this study are given in Table I. The calculations were based on
the assumption that the roughness data followed normal distributions.




Experimental Apparatus and Microscopy

_ A-reciprocating pin-on-disk ttibometer was used for wear testing. Previous studies have
demonstrated that unidirectional sliding does not yield wear rates for UHMWPE relevant to
those expedted in vivo [7]. In the tribometer uséd in this study, the direction of sliding was.
reversed after 90° rotation. The friction force between the pin and disk surfaces was continuously
recorded by strain gauges that measured the horizontal deflection of the arm holding the pin. The
rotational speed was chosen to produce a maximum linear velocity of 35 mm/s for all specimens.
In order to keep the rotational speed constant throughout the study, the stroke length of different
tests was varied from 15.7 to 37.68 mm. One sliding cycle corresponded to a total distance of
sliding equal to 35 mm. The pin was held stationary above the rotating disk under a constant

-normal load of 10.29 N. The lubricant used in this study was Hyclone Alpha Calf Fraction serum
diluted 1:1 with distilled water and 0.1 wt% sodium azide, resulting in a protein concentration of
23 mg/mL. Sodium azide was added to prevent degradation of the bovine serum. The protein

- concentration corresponds to levels found in healthy synovial joints [8]. All tests were conducted

at room tempcrature and relative humidity typically in the range of 40%-50%.

Table 1. Surface roughness of Co-Cr disk specimens

Disk # R, (um) - Ripear (Lm)
1 0.028 + 0.004 0.167 + 0,099
2 0.029 + 0.003 0.108 + 0.028
3 0.042 + 0.007 0.518+0.128
4 0.031£0.002 | 0.377+0.079
5 .0.005 £ 0:001 0.066 + 0.027
"6 0.031 + 0.003 0.372 + 0.044
-7 0.007+£0:002 | 0.082+0.042

- The apparent mean contact pressure P between the pin and the disk surfaces ‘was

approximately determined using classical Hertz théory. For hemispherical pin and flat disk
specimens, 7 is given by LT .

. 2/3
~_1(4F _ .
p:—(—) P“3 . (1)

where P is the nomg] load, R is the radius of curvature of the hemispherical end of the pin, and ‘
E* is the effective elastic modulus, given by £" = [G ~v2 ) E +(-v2)/E,], where E and v
denote elastic modulus and Poisson’s ratio and subscripts 1 and 2 refer to URMWPE and Co-Cr
materials, respectively. Assuming E, = 1 GPa, v1=0.45, E;=210 GPa, and »= 0.3, the effective
elastic modulus is found to be £* = 1.25 GPa. Based on these values, the apparent mean contact
pressure obtained from Eq. (1) for pin radii of 3.2 and 7.9 mm is 44.98 and 24.42 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 only an -
approximate estimate of the apparent mean pressure. .

. 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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obscrved at clectron microscope magniﬁcatioﬁ levels without the need to coat the sample
surfaces with a conductive layer that may alter the topography during obscrvation. '

RESULTS AND DISCUSSION -

Cocfﬁpicht of Friction

Figures | and 2 show typical friction coefficient responscs for four representative material
cascs. In all experiments, the coefficient of friction evolved 10 a steady-state value aftera- .
relatively short sliding distance (run-in period), thus allowing for the calculation of an average
stcady-statc valuc after testing for ~2 h. Mean and standard deviation valucs for the steady-statc
coefficicnt of friction (obtained assuming the data followed normal distributions) are given in
Table II 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
stcady-state fiiction cocfficients when articulated against a smooth counterface than arough -
counterface. Higher friction'is cxpected with rough surfaces due to the greater contributions of -
asperity deformation 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, resulting from the differential plastic flow and toughness of crystalline
and amorphous phascs or non-crosslinkcd 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-
deperident mechanisms, such as surface pitting, could be impeded during articulation againsta
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. C '

:: a conrol R=3.2mm: rough surace ' ::: a——xI R=3 2mm: rnuéh surface
e fb . conicol R=3.2mm: smooth surdace B : e [ x R=3.2mm; smooth surface .
$om S B 17 Fewl- " .7 ! : .
Fom| o E L C Bl -
Som| - T, . S Boxp- S
1 Sow : o . 1 o} g o DA .
v gom’_‘_—-—“ﬁ R E_Booa‘w b
'V.‘-T)‘?n;mﬂm’mmﬁ?v'mw BT e 0 raten 2000 7000 o -
O N Coemes LT ] ST cdes g
“Figure 1. Cocfficient of friction vs. slidiﬁg _~ Figure 2. Coefficient of friction vs. ’
" cycles for control UHMWPLE. ' sliding cycles for crosslinked UHMWPE.
Table 1. Stcady-statc cocfficicnt of friction vs. Co-Cr counterface roughricss‘
' Polymer Pin radius "Smooth - Rough
material (mm) counterface | ~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

98




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 marks
(e.g., see Figs. 3(a) and 4(a)) were still visible, regardless of the countérface against which the
pin was tested, for both crosslinked 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 differcnces. Control pins tested against the smooth counterfacc revealed .
surface features similar to those observed by Rostoker et al. [2]. That study showed regions of
plastic deformation with a striated topography, similar 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 similar to that
observed in crosslinked retrievals [10]. Surface pitting can be considered to be a manifestation of
adhesion and surface rupture due to excessive localized plastic shearing. As discussed above, the
roughness of the counterface 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 surfacc evolution against the rougher counterface. It is

thought that the rougher counterface actually enhanced lubrication by providing serum paths at .

the contact region, thereby resulting in less wear in the early stages of sliding, .

b) @
(a) before

Figure 3. Representative ESEM micrographs of control UHMWEE surfaces obtained
and (b)-(d) (representing three different magnifications) after testing for 21,300 sliding cycles
against a smooth Co-Cr counterface. (Arrows denote direction of sliding.)
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’ (a) - (b) R (. o @
Figure 4. Representative ESEM- micrographs of crosslinked UHMWPE surfaces obtained (a)
before and aficr 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 counterfaces. Arrows denote direction of sliding.)

CONCLUSIONS

Surface damagc of non-crosslinked and crosslinked UHMWPE was investigated in this
study. Distinct differences in surface damage modes were observed between crosslinked and

“non-crosslinked polymers after continuous reciprocating sliding against orthopacdic-grade Co-Cr
- alloy surfaces immersed in alpha calf fraction scrum. Surface rippling and folding werc the

dominant surfacc deformation featurcs on the non-crosslinked material, while crosstinked
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), crosslinking may yield
damage modcs not possible with untreated polycthylene. Differencés in plasticity between
adjacent crosslinked and non-crosslinked regions may promote localized exccssive shearing,
leading to micropitting duc 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 micromechanisms 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, which aimed to investigate the effects of 1) the Ca2+ and PO43- ions
flow and 2) amelogenins on the lengthwise growth of octacalcium phosphate (OCP), which is a potem 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) 5-30mM Ca and PO4 solitions as ionic sources and 2) e).tractcd bovine
amelogenin and recombinant murine amelogenins (rM179, iM166). Wnth an increase in the amount of Ca2+ and/or
PO43- ions flow, the fength of OCP crystal increased, while the width decrcased. - As a result, the Iength to width
(L/W) ratio of crystal changed from 3 to 95, while the width to thickness (W/T) ratio from 3210 9. The effect of
amclogenins was unique, regardless of the type of amelogenins : Rod-like and prism-likc OCP crystals with large
L/W (61~107) and small W/T (1:3~2.2) ratios were formed in 10% amclogenin gels. In contrast, characteristic

ribbon-like OCP crystals grew without protein and with gelatin, albumin, polyacrylamide gel and agarose get. -

Spccific interaction of amelogenins with OCP crystal was ascribed to the self-asscmbly property of amelogenin-
molecules and their hydrophobic nature. 1t was suggested that i ionic ﬂow and amclogcmm play some critical roles
in the elongated growth of ennmel crystals

INTRODUCTION

Enamel crystals of mammalian tooth are formed in an enamel matrix, which is abundant in amelogenins, under
regulated CaZ* and PO43- jon supply from the layer of ameloblasts, " n the early stage of the enamel crystal
formation, very long and thin crystallites deposit in an cnamel 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 from the irregular shaped plate-like morphology of bone and dentin crystals. -We
speculate that the uniqueness of ename! crystals relates to their growth condition : 1) lattice ions of enamel crystals,

- Ca2+and PO43- ions, arc transported from the layer of ameloblasts into the enamel matrix, which might cause ~

ionic flow, and the mode of the jonic flow changes during the tooth enamcl formation {3.4] ; 2) molecules of
amclogenin, which is major component of enanicl proteins [5,6) and highly hydrophoblc {7], assembilc into
nanospheres and form gel [8-10] with unique property [11].

We have been studying the mechanism of the lengthwisc and orichted growth of cnarhel crystals bach ona
hypothesis that 1) octacalcium phosphate (OCP)-like phase is initiated as a précursor of enameél apatite; 2) one
directional supply of the lattice ions contribute to the lengthwise growth in the c-axis direction ; 3) amelogenin
nanospheres play roles as a scaffolding matrix in the highly organized growth of enamél crystals [reviewed in
12.13]. To evaluate the hypothesis. OCP crystals were grown in a model system of tooth enamel formation, where
CaZ+ and PO43- “ions were supplicd through membranes into amelogenin gels (a dual memibrane system [14-16]).
The present paper shows how ionic flow and amclogenins 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 (CMV™) (Asahi Glass Co.) and a dialysis membrane (Visking Cellulose Tubing ; Union

Carbide Co.) were uscd to control diffusion of Ca%* and P043' jons. Mcmbranes (about 8mm in diameter) were




attached 10 a Ca solution (Ca(C H3C00); « H20, 1.8m!) container. The Ca solution L;oril;lincr was put into a POy

solution ( NH4H2PO4 + (NH4)21PO4 ; 1:1 molar ratio, 100ml). Ca?* and P043' tons diffusc into the reaction

space between the membranes (about 154t 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. . ’ Co

Eficct of ionic flow

To evaluate the effect of jonic flow on the growth mode, crystal growth was carried out under different amount of
P04~ and CaZ* ions® fux [15]. Oncof factors that determine the driving force of diffusion of ions through a
membrane is the potential difference across it. Thereforg. amount of PO4”" and Ca?t ions"-influx across the

membranc was changed by changing concentration of phosphate solution and Ca solution used as PO43' and Ca%*
ionic sources. 5, 10, or 30mM of PO4 and Ca solutions were used in diffcrent combinations. '

Effects of amelogenins

To evaluate the effect of amelogenins, crystal growth was carricd out in'10% amclogenin gels, using 10mM Ca
and POy4 solutions, " Three types of amelogenins were used : 1) extracted bovine amelogenin and 2) re¢ombinant -
murinc amclogenins, rtM179 (M=20kDa) and rM 166 (M=16.8kDa). About 40% of the bovinc amelogenin was
20.7kDa fraction, which lack the hydrophilic C-terminal residues of the full length amelogenin {17,18], and the rest .
was degraded fractions with the molecular weight of about 3-8, 13, I6kDa [14]. rM179 has the hydrophilic C- - -
terminal residues and lacks an N-ferminal methionine and a phosphorylated serine residuc : M 166 lacks the .
hydrophilic C-terminal residucs present in.rM179 [19]. - Their purity was higher than 95% [16]. 10% amclogenin
solution was put in the reaction space and 10mM of Ca and PO4 solutions were used as ionic sources. Some parallel
reactions were carricd ot in 10% bovine serum albumin, gelatin, polyacrylamide (PAA) gel and 1% agarose gel for
a comparison. Co -

Afler a reaction, the precipitates still fixed on the membrane were rinsed superficially with distilled water and air
dricd or lyophilized when organic materials were used. Crystals were identified by an X-ray diffractometer(XRD)

(Rigaku, RINT 2500). Morphology of crystals was obscrved by a scanning electron microscope (SEM) (Hitachi,
§$4500). 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). Plate-like crystals grew, when SmM solutions, which were migimum concentration jo form
crystals in the present condition, were used. Length of OCP crystal increased from about 13£471m to 91+7um with
an increasc in concentration of Ca and/or POZ solutions. Increase in length was smaller than cxpected, when the
solution concentration was higher than 10mM, because crystal grew on both CMV and dialysis membrane, while
they grew only on the CMV when the concentrations were lowerthan 10mM. The width decreased under 2 large
amount of ionic flow. The 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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Fi lgure I Morphology of ocp crystak grown under vanom ammmt of P043" and Ca2+ jons” iniflux.
Concentration of Ca and PO4 solunons used as ionic sources are (a) Ca SmM PO4 SmM (b) Ca 5mM, PO4 30mM

3 (€) Ca 10mM, PO4 30mM

100
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Figure 2. Length to width (L/W) ratio and width to thickness (W/T) ratio of OCP crystals grown undcr various ion
flows [15]. The scheme shows morphology and crystallographic axes of OCP crystal.

Effects of nmelogeniné

The effect of amelogenins on the crystal morphology was unique (figure 5) : 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.

are OCP with good crystallinity.

The XRD indicated these products

Drastic reduction in length and width of OCP crystal was caused by organic materials with different efficiency
(figure 3,4). The length decreased from 9048um (control) to 622pum (bovine amelogenins) and 3.6x1pm
(albumin), and the width from 240.5pm (control) to 94+35nm (bovine amelogenins) and 83+17nm (albumin). The
inhibitory activity of the bovine amelogenins in length was larger than that of ’M179 andtM166. Both rM166 and
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M179 Ind simitar cffect or the grm\‘th of OCP. The mhlbltory activity of 1melo;_.emm gels in length and width.
were farger than thiit of PAA gel. Whereas; the decrease in thickness caused by amelogenins g !,el\ was cmnller th:m
that caused by othér materials. * The mhxhntory effect of albumin was the largest. -

The degrec-of crystal size reducti ion in 10% amelogenins gels was in the order of width, It,ngh and thld\ncss
This'means that amelogenins suppressed the g growth of OCP inthe order, b-axis > c-uxis > a-axis dircction and thait
the mlcmumn of .mw.logcmns wnh 1hc Ll’y\'ldl ﬁ\cc of OC P i in lhc order: of (()|0) > (OOI) > (IOO)

DMGell §.8 kW

' xsé.ék' 'sean

Figure 3. Morphology of Lryq.lls grown (d) wnhout additives. in (b) 10% albumin. (c) lO"m ™MI79. and (d) 10%
rM166.  Note that both rad-like and prism-like crystals were obtained in three types of amelogénins, i.e., bovine
amelogenin, tM179 and 1™ I 66,
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Figure 4. 'Length (L), width (W), thxcl\ness (T), L/W ratio and W/T ratios of OCP crystak grown without protems
and in 10% bovine amelogenins, rM179, tM 166, albumin'and gelatiri.
The L/W and W/T ratios of the crystals (figurc 4) show the unique cffect of amelogenins on morphology
. Bovine amelogenin, TM179 and rM166 resulted crystals with the L/W ratio larger than that of control crystals and
with the smallest W/T ratio. In case of rM166 and rtM179, 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
rM166 and rtM179, but the W/T ratio was 1/2 of the control crystal.

DISCUSSION

The results of our in vitro experiments demonstrate that both joriic flow and améelogenin contributed to form OCP
crystals with elongated morphology.  Under a larger amount of ionic flow, the lengthwise growth was enhariced, -
while the growth in the width direction was reduced. OCP crystal grew preferentially in the c-axis direction, while
grew less actively in the b-axis direction.  The (001) face of OCP crystal was, presumably, the most active facc 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 jtm; respectively.  When the ionic
flow was further decreased, i.c., when the concentration-of the ionic sowces were less than SmM, there was no
precipitation on the membranc.  Drastic reduction’in cry_stal sizc was cmﬂcd by organic matenah with different
efficiency (figure 4). . )

Amelogenin gels caused a large decrease in width and small decrease in thickness of OCP crystJl As aresult,
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, rM166 and tM179, regardless of the homogeneity of molecular weight and the existence of the
hydrophilic C-terminal. This indicates that the specific intcraction 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
amelogenin molccules are composed with hydrophobic amino ucids, cxcept the C-terminal of rtM179 [20]. )
According to the crystal structure analysis [21], OCP has ten H3O molcculcs per onc unit cell.  Amount of H20
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).  Amclogenin molecules are hydrophoblc
and positive at pH6.5, and they assemble into nanospheres with hydrophobic property [8-10]. AFM imaging of the




* and positive nanospheres would react with the hydrophobic (010) and negative (001) faces rather than with the .

10%, 30% and 35% amelogenin gels revealed that those nanospheres were basic building block of the amelogenin
gels [16,22.23]. On the other handl, PAA ge! has the closed-cellular structure with the pore size of a few micron
[24]. Duc to the cell walls, the mechanical interference of the PAA gel was sapposed to be larger than that of ‘the
amclogenin gels. Nevertheless, the decrease in Iength by amelogenin pels was larger than that by PAA gel. . This :
also supports the interaction with amelogenin nanospheres with the (001) fuce of OCP crystal. The hydrophobic C

hydrophitic and positive (100) face.  This coincides with the result that ihe degree of the interaction was in the order R
of (010) > (001) > (100). - - . ) I ) '

During tooth cnamel formation. CaZ* and PO jons are transported from the layer of ameloblasts into the
cnamel matrix and the mode of ionic transports change during enamel formation, accompanied with the changes in
activity of thesc ions and the Ca/ POy ratio [3.4]. Recent studics have postulated that amelogenin nanospheres play
active roles in the clongation of enamel crystals [9,13]. In the dual membrane system. it was demonstrated that the
L/W ratio was increased about 25times by increasing the amount of the ionic flow and it was increased in 10% . .
amclogenin gels 1.5-2.5 times larger than that of control crystals [ 14-16], thereby, indicating that the jonic flow and -
amclogenin gels played a key role in the lengthwise growth of OCP érystal. In a gelatin gel system, 1-2% ° o
amelogenins effectively elongated OCP crystals, which have the 1/W ratio 3-5tiriies larger than that of control
crystals [25]. The width and thickness of human eénamel crystals in the early stage are 15nmand 1.5nm.,
respectively, and those in maturation stage are 68nm and 26nm. respectively [2]. Since eriamel crystals are long. not

straight and fragile, it is difficult to measurc the length. 1t is reported that cnamel crystals extend aver an entire layer

from the dentino-gnamel junction 1o Tomes® processes of ameloblasts [26] and they are at least 100um [27), which

mirybe the longest reported value. When the length and the width were 100pm and- 150m, respectively, the UW is - -
6667. When the length and width were 100um and 68nm. respectively. the L/W is 1470, The extremely large LIW
ratio of chamel crystats might still require other factors/mechanism to be involved. which work to rediice the width
(i.c.. the growth in the b-axis dircetion) and to increase the length (i.c.. the growth in the c-axis direction) in
combination with amclogenins and jonic flow. S : .

- CONCLUSIONS

The increase in the amount of calcium and phosphate ionic flow enhanced OCP crystal to grow longer and
narrower.: Organic materials reduced crystal size. The effect of amelogenins on the morphology of OCP was
unique, when it was compared with albumin. gelafin. PAA. and agarose.  Only 10% amelogenin gels changed the
morphology from ribbon-like to prism-like with-large L/W ratio and small W/T ratio. Amount of water inolecules
and electric charge of the (100). (010) and (001) face of OCP crystal reflected the degree of interaction with
amelogenins.  The present study supported the view that the ionic flow and amelogenin nanospheres play key roles

in controlling the lengthwise and oricnted growth of enamel crystal.
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ABSTRACT |

‘Honcybees are the most studied insects in the magnetic - orientation research field.
Experiments on the magnetic remanence of honeybees have shown the presence of magnetlte

" 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 identificd isolated magnetite
nanopartlcles and aggregates of thcse particles with a low temperature transition (52 K — 91 K).
Hystercsis -curves of Apis mellifera abdomens orgamzed parallel and perpendlcular to the
applied -magnctic ficld werc obtained from 5K to 310K. At low temperatures, the hystcres1s

" curves indicate.a preferential orientation of the magnetic easy axis parallel to the body axis. The

saturation (J) and remanent (J;) magnetizations, coercive field (H.) and initial susceptibility ())
were obtained. Results were interpreted based on the presence of magnetlte nanopamcles with
50 K and 120 K mean blockmg temperatures

,lNTRO'DUCTlON '

The honeybee, Apis melh/cm is the most studied insect in the magnetlc orientation research
field. Different experiments aiming the localisation of sensory magnetic particles in honeybees
were reviewed [1]. Studies of the magnetic properties of honeybce have shown the prescnce of
magnetlte superparamagnetic or single domain nanoparticles in the anteron[sal abdomen
region. Remanence measurements.demonstraté that adult honeybees and older pupae possess
magnetic material aligned transversely to the body axis on their horizontal plane while dead bees
induced remanence 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 north-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 Paramagneuc

Resonance (EPR) studics have contributed to the 1dent1ﬁcat|on of magnetic matena] [6,7]. The

presence of isolated magnetite nanoparticles of about 3 x10” nm® and 10° 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 perpendlcular to the applied
magnetic field of the magnetometer.




EXPERIMENTAL DETAILS

Natural dead bees found at the entrance of a hive in ltaborai, Southcast of Brazil were
collccted and kept in 80%(v/v) ethanol. Bees were extensively washed with this solution. The
threc first segments of 16 bec abdomens were separated with stainless steel scalpe! blades to

.avoid contamination. Two samples with cight abdomen segments each werc 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
1o 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 oricntation of the ‘sample. Lincar fits from 10 kOe to 30 kOe were
performed using Origin® sofiware. The “angular coefficient was taken as an effective dia-

paramagnetic susceptibility and used to subtract the dia-paramagnetic contribution from the

hysteresis curves.

RESULTS

The hystercsis loop obtained at 50 K for the two sample oricntations in the low field region
arc shown in Figure 1. Onc branch of each curve including the saturation region is presented in
the insert. The saturation (J,) and the remanent (J,) magnctizations, the coercive ficld (H.) and

initial susceptibility () arc obtained from these curves.
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Figure 1. (a) Low Field region of hystercsis curves at 50 K. (b) First branch of hysteresi’s‘
curves. Abdomen scgments of eight bees oriented perpendicular (full square) and parallel {open
triangle). Lines arc guides to the cyes. -
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Figure 2. Temperature dependence of magnetic parameters. (a) Saturation magnetization, J, -

(b) Remancnt magnetization, J,, (¢) Coercive field, H. and (d) Initial susceptibility, . Abdomen
segments of eight bees oricnted perpendicular (full square) and paralicl (open triangle). Lines
are guides to the eyes.

"

The temperaturé ‘dependence of these parameters from 5 K to 310 K is ﬁlottcd in fi gure 2 for -

both orientations. From these data it is evident that the magnetic parameters 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 J; 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 J in the perpendicular
orientation is eight times larger than J; in the parallel direction. Similar oscillations are also
observed for y (Figure 2d) in the same temperature range with a 2.5 ratio between the two
orientations at 10 K (even considering this parameéter uncertainty). In contrast, H; and J; 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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1 andJ;. At 20-30K H. curves present a maximum while J, curve behaviors are opposite with a
minimum for the perpendicular oricntation.

CONCLUSIONS

The alimost mdmmgulshablc .L values obscrved above 50 K are consistent with the prevnous
results of dead bee magnetization tracking the apphcd magnetic ficld. At lower temperatures,
the higher. values for J, when -thc 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 incrcase of J; and J, could be associated w1th superparamagnetic particles
that stabilize with a low blocking temperaturc. This is supported by smooth changes on the J,
and H, curves indicating mcan 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 obscrved by EPR, 60-91 K for natural samples and 52-72 K for lyophilised ones. At
temperaturcs lower than 25 K the background EPR component changes to an uncxpected
asymmetric line shape [6]. This result can be related to the peak at around 25 K shown in H,
curve which is possibly influenced by oxidized surface as observed in nanostructured Fe grains
[9]. These magnetic propertics presenting’ several temperature range behaviors could be due to
different magncetic nanoparticle 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, espec:ally with respect to 310 K, the
bee body tcmpcraturc
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ABSTRACT |

Textures of calcite crystals from ostrich (Struthio camelus)-eggshells were examined with
X ray diffractometry (XRD), transmission and scanning electron micros¢opy (TEM ,’SEM), and
the thermal stability by thermal expansion analysis (T EA). Results showed that textures vary
through the thicknéss of the eggshell and that expansion propemes and thermal behaviour are
unusual. Crystals from ostrich eggshell are arranged in two main configurations or layers; the -
outer layer with the c-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 range of temperatures untit a steep grth
near 450-460 °C. These results show that the mampulauon of crystal texture and properties is
under biological control and a better understandmg of this biological phenomenon will provide
more and better data for'i xmprovmg 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 methanisms to design a'new generation of biomimetic matenals “The avian
eggshell is an unusual kind of natural biomaterial because its formation process is extremely
rapid (= 5.0 g of CaCO; 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 1o determine
qualitatively the crystal orientation refationship 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 description 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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microstructural characterization concerning to morphology, texturc and structures of the two
surfaces (inner and outer) by scanning and transmission clectron microscopy and X-ray
diffraction and inncr membrane by XRD. To our knowledge, it is the first report of a property
(thermal expansion) related to erystal oricntation and the first description of the organic

- amorphous related to a crystalline phasc. : : : '

- 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 em? arca. Both inner and outer surfaces
were analysed putting the picee in the sample holder like a specimen having flat geometry and
powdered cggshell was analysed as well. X-ray powder diffraction pattern was recordéd with a ]
step size of 0.02° over 22-90° 20-range. The diffraction data were collected with a counting time
of 10s each step using a Siemens D5000 Diffractometer CuKa radiation (35kV, 25 mA), vertical
goniometer, fixed diffracted beam graphite monochromator and scintillation counter. The slits
configuration was an aperture slit of 2 am, a scattcred radiation slit of 2 mm, a monachromator
slit of 0.6'mm and detector slit of 0.6 mm. For SEM and TEM studics OE samples were sliced
with a diamond wheel producing 0.3 x 0.3 cm slices 250 to 500 pm thick. The slices were o T
subscquently polished down to a thickness of approximately 100 pm with a No. 1000 silicon
carbide paper and watcr. Afierwards they were ground to the thickness of 10 pm usinga , -
Fischione dimpler, with periodical reversals to make both surfaces as homogeneous as possible.
The specimen was thinned in a Dual 600 Gatan lon Mill machine until a small hole was
observed at its center with cdges thin enough for TEM observation, Finally, the specimens were

. covered with a carbon film 20 nm thick in-order to minimize clectron beam damage and
electricat charging resulting from ion bombardment. For thermal expansion analysis, OE were
cut in picces of 8 x-3 mm parallel to longitudinal axis of cggshell and 8 x 3 mm for the
pempendicular fo longitudinal axis of eggshell, other sample was cut to expand in the thicknéss of
cggshell 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
The outer layer of ostrich eggshell is the most crystalline and prcferi'ed orientation region -

comparing with inncr layer, which is oriented in 4, b~ axis (sec figure 1) what scems in some
arcas a monocrystalline layer {outer layer) by SEM (sce figure 2). -
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Figure 1. Powder XRD pattem of outer (left) and inner (rlght) layer of the ostrich eggshell Due
to the peaks and its intensitics we have determined a preferred orientation of crystallites. This
oricntation regards c -axis perpendicular to ostrich eggshell surface (left) and crystals onented
parallel to surface (mncr) The ﬁgurc shows the. only mineral phase is calcite.

A]though some authors (4,11} ldcntlﬁed mincrals of apatitc group in the outer eggshcll’

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 L. Average size of crystallites related to ostrich eggsheli surface.

Quter - . inner membrane

Crystallite average size 558.77 A* o5 1000-3000 A**
Preferential oricntation vector 001 Perpendicular to 001 None

By Sherrer’s eqution and **By SEM

- Figure 2. SEM image of outer layer of ostrich eggshell showing a region of a gascous
interchange pore. The smooth surface is due to compact arrangement of calcite nanocrystals. We
regard this arrangement is a biological design directed by biopolymcric phase. Scale bar=1.0
pm

119



Figure 3. SEM (lefl) and dark ficld TEM (right) microphotographs of inner layer of ostrich
eggshell showing biopolymer fibres bound to a grains of calcite crystals. This unidentified
biopolymer we consider is the responsible for the thermal properties. Scale bar in SEM= 1.0 pm.
Bigger grain measure in TEM is = 0.13 pm diameter. : .

Calcite crystals oricntation resemblc results obtained by other authors [4] but with' some
differences: those authors describe a non-preferred orientation in the inner crystal layer, whereas
we found a preferred orientation with respect to the a -crystal axis (sec XRD pattern shown in —

figure 1) and a large amount of unidcnliﬁed fibrous biopolymier (Seen in figure ”4)

This biopolymer cluster is associated with calciic crystals (Figure 3 and 4) 1o
biomineratizate and although it is not well known some authors have found signs of type 1, V and
X collagen [11]. The biopolymer-crystal interaction is not well understood as well.

In this work the crystals arc regarded as needles due to the XRD spectra where only some peaks
arc scen. In other words, the ¢- axis of needie-like crystals is preferentially arranged in parallel to
the eggshell surface, and through the equivalence in a an b.axes in calcite we distinguish a
longitudinat arrangement to cggshel) surface of ¢- axis in irner layer.

am

Figure 4. Powder XRD pattem of inner membranc of the ostrich eggshell. The peaks are more
diverse than the presented in figure 1 what seems randomly oricnted crystals and by its
intensitics we have determined a biggest sizc of crystallites than figure 1 cases. This figure is an
approach to crystal-biopolymer intcraction.
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Figure 5. Ani sqtropié thermal éxpansion»_df 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 mecans a slice
parallel to longitudinal OE axis while T is transversal direction (or side view) to longitudinal axis
of OE. R C o :

The average size of crystallite was measured through Scherrer's equation with full width
at half maximum 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 think the anisotropical thermal expansion of OE is due to amorphous biopolymet-
caleite interactions producing a phénomenon 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 physical 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.
However, it is tempting to speculate that the multiple interactions of amorphous biopolymerand
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 rcsearch about the structural stability of bone, asa composnte matenal compmmlses
a complete understanding of the interaction between the mineral and organic phases. The thermal
stability of human bone and type I 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 collagens 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 recerit -
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 identify how ‘the
environmenta} factors affect the moleciilar structure of type I collagén. In bone samples that
proceed from an specific region with the same environmental conditions, the enth'llpy value per
unit mass was found to diminish exponentlally w1th respect to the bone anthulty

INTRODUCTION

. Bone is one of the blologlcal structures that has been analyzed in different areas, as
medicine, biology, archaeology, science materials, etc. by means of different techniques. 1t is -
compose of a mineral and an organic phase, which are hydroxyapatite and collagen respectlvely
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 techmques (6).
These findings demonstrate that the stability loss of type I collagen is due to its interactions with




the mineral phase, namely carbonate hydroxyapatite, since its enthalpy value for the complete
degradation/combustion process of mineralized collageh and bone extragted collagen are similar,
84 +-0.11and 8.9 +-0.07 kJ/g respectively, but their Tmax values differ, being bigger for the
extracted collagen. This cause a chanige in the molecular propertics of the collagen during
mincralization, 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 biomaterial structure properties, have a global effect over the -
fibers clasticity, but gaining tensile strength in bonc as a whole tissue, We pretend to apply these
findings to the characterization.of the collagen loss process (diagenetic process) in archacological
bone, to develop a calorimetric approach to the dating of bone remains, that can be found in -
specific environmental conditions. - o .
Type I collagen of archacological 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 envirdnment to another, and depends on different
physical, chemical and biological factors. It is well known that both, the inorganic and organic
phases of bone, arc altered during the time this matcrial expends buricd. Differential scanning
calorimetry has been used for investigating the deterioration of archacological and actual bone
collagen by analysing the denaturation of the extracted protein [7]. Our.approach consists in
obtaining thc AH of combustion of the collagen molecule present in the boné structure and
comparing it with remains of different antiquity, assuming that older bones will have less protcin
than younger ones because of the degradation provoked by various factors [9]. Studying the
combutstion process implies the use of a larger temperature range of analysis than with the protein
denaturation process, and it also has the outstanding benefit of obtaining satisfactory signals anid
reproducible results for all the archacological bones, which hasbeen a difficulty in other studies
' Understanding the diagerictic process may provide a better conceptual framework to
* obtain 4 possible relationship between the antiquity.and the collagen loss in archacological bones.
Duc to the fact that the diagenctic process is provoked by multiple factors and that there is no
very clear consensus for the particutar chemistry involved in any given diagenetic process [4]. it
tumns very difficult to describe it meticulously. Then, the collagen mass of antique boncs mustbe
analized in a way that allows the obtainment of a realistic collagen loss and bone antiquity
relationship. For achieving this, an initial prerequiisite is to work with bone samples from the

© same region to assure that the environmental conditions are ncarly equal for all the remains.

" EXPERIMENTAL DETAILS

- Archacological bonc samples were supplied from the Anthropological Research Institute
at National Autonomous University of Mexico and-Autonomous University of Baja California, E p—
all were from the. Mexico Valley, except Xcambo and Bonampak from Yucatan and Chiapas
respectively. The samples were suitable to perform the different experiments. The archaeological
bones were powdered in an agate mill and sicved through a 325 mesh. The paleontological bone
sample was analyzed using a fragments of 10 mg. DSC measurements were carried out in.a
Thermal Analysis System 9900, Du Pont 910 (DSC' module). For DSC measurements the heating -
rate was constant and cqual to 10°C/ min in air atmosphere. The sample amount used was 2.0 mg
for all archacological 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 peliets. IR
spectra were obtained for different samples.
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“Table 1. Antiquity and enthalpy values of archaeological samples (f'emur bone). .

DlSCUSSlON

;1'596.79 +27.14

SAMPLE. (ongm) | ENTHALPY (J/g) ANTlQUlTY (years) BONE
Tlatilco Ent. 27 - ~-688.1+£27.11: - |° .- 3150150 - - -Femur
Tlatifco Ent. 197 ~1202.27 +86.64° 3150 +150 - Femur
Cuicuilco'A. - 422.06 + 70.60 2250 £ 350 ) Femur -
Cuicuilco L ~-313.33+35:84 - 22504350 |: Femur :
Oztoyohualco Ent. 14 ~-1586.86 +27.90 1450 1100 Fermir’
Xcambo . %688.34+31.29 1350 +150 “unknown
Bonampak -315.06+37.29 1350 150 unknown

{Tlalocan Ent. 2. . - 471.61£12491 | 1300100 . Femur
Xochimilco Ent. 17 o .-1613.16 © | 1250150 . Femur
Tlatelolco C6 T8 -1431.14 £ 197.70 614.5 + 135.5 Humerus
Xochimilco Ent. 14-A -1476.43 £93041 | .- 614.5+ 135.5 - . Femur
San Jerbnimo 1~ _-222456+8251 | 27453995 Femur
San Jerénimo3 - - B - -2522.86 + 14.11 - 2745 +995 Femur
San Pedro San Pablo U1 Ent. 1 - | 22153.66 £ 159.91 ‘185+25 Femur
San Pedro San Pablo U7 Ent. 5 " | . -814.96+ 90.03 185+ 25 Femur
San Pedro San Pablo U7 Ent. 16 | -1860.98 + 115.64 185 +25 -Femur
San Pedro San Pablo U7 Ent. 18 |- 185 +25 Femur

© The ca!onmcmc curves of the archaeologtcal bone qamples (fig 1, left graphlc table D,
show that all of them have a similar thermal stability, defined by the Tmax between 330 and -

HEAT FLOW (mW) -

345°C of the combustion process, which represents the temperature where the maximum value of
hcat 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, -

(o]
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[ *"-.. }_:{:' RSV - -
L e pewi |
R —
L ) L ” R P
0 500 1000 1500 2000 2500 3000 3500
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Figure 1. Left graphic shows the archacologlcal bone samples calorimetric curves. The different
curves represent samples with distinct antiquities (A=274, B=185, C=1450, D=614, E=3150,
F=1300, G=2250 and H=1350, all in years). Right graphic shows the relationship between the -
enthalpy and the antiquity of all the bone samples studied, the exponential decay curves shows -
the general tcndcncy for the collagen loss.
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i.c. the usc of small bone fragments rather than powdered bone; this is explained by the fact that
the DSC analysis is very sensible to the sample conditions, taking this in account all samples
were analyzed with the same conditions. The fact that the archacological bones calorimetric
curves gradually diiminish is because the thermograms 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 structare is bigger. o _

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 cach bone. When
these values varies in modern bones, the organic/mineral phase ratio may be altered, and so the
structurc propertics.-In this study, we employ a different approach for interpreting these values,
which, as shown in tablc 1. arc not in concordance with the respective antiquity of the bones
under study, since we expécted to found that the older samples will have lower enthalpy values
and vice versa, : . v B g o o

In fig. 1 (right graphic) the enthalpy valucs 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
obtaincd which represents the collagen loss rate. The archacological boncs came from the same
region to assure that the environmental conditions that act over the collagen molecules -
degradation is similar, this is nof well represented, since some sample of the sanic antiquity have
different enthalpy values, so that the protein degradation process carry out by the soil ;
characieristics (pH, humidity, tempcrature, etc.) may niot be cqual for all the bone remains. It is
expected that some bone samples may not have the same collagen loss, but a gencral tendency of
such loss ratc must be represented by the exponéntial decay curve in the range of antiquity
analyzed. _ S o L o :

FTIR analysis also shows that archacological bones have different collagen loss (fig.2).
By comparing the amide | band (1650 em™), which is assi gned to the C=0 stretch, is observed
that there are different organic content for the samples. A collagen and a hydroxyapatite spectra
arc compared with the archacological bones, the mineralization of the later samples differs
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Figdre 2. FTIR spectra of borc extracted collagen, hydroxyapatite and archacological bone
samples of different antiquity: The arrow shows the amide I band at 1650 em”™ that is assigned 1o
the C=0 stretching. ' :
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Flgure 3 Calonmemc curve of a 73 millions old paleontologrcal bone. Two exotenmc procesqes )

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 mmeral
phase does not suffers any kind of modification. :

We found that the calorimetric analysis have a greater | sensnblhty for detectmg the orf,amc
presence in 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 calonmetry approach is suitable for fossil
samples.

" - The present results may be considered as a first approach to the study of bone changes by
the combumon process of the organic phase. It must be taken in consideration that collagen is the
principal constituent of bone, 50 by analyzm" the organic phase we are pnmanly charactcnzmg,
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 condmons that may provoke an accelerated degradatlon process and loss of the
ofganic content. :

CONCLUSION - . T .

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 from 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 alternative technique,
for the analysis of bone remains of archacological and paleontological interest.
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. Material science rescarch may have different applications in arcas where structural
knowledge and the relationship between different phases in a material exist, and can give useful
information to devclop a more robust conceptual framework about specific processes.
Palcontology and archacology. arc two scientific arcas where the characterization of the
propertics of an important biomaterial are of trascendence to achieve a better understanding of
* the changes produced in bone by external factors. - '

_ Calorimetry 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 carcfully interpreted with the burial context where the remains are
found. The usc of calorimetry with other commonly used techniques may help in this aspect.
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ABSTRACT

The creation of an in vitro fiinctional 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 in vivo.  Tendon constructs were
engineered in vitro via stress-mediated self organization of fibroblasts and ECMona -
laminin coated elastomer substrate. Varying the laminin density and the amount of feta!
bovine serum on the substrate affected the ability of tendon fibroblasts to form a
confluent cell layer and the time to layer delamination. Understanding the factors that
promote s€lf- ~assembly of teridon constructs will enable their combmatlon with already
developed in vitro muscle constructs.

lNTRODUCTlON

Self-assembled muscle constructs termed myooxds have been formed wnthout a
synthetic scaffold via stress-mediated self-organization [1]. Myooids can transmit force
spontaneously and upon the application of an electrical stimulus. They display an
immaturc phenotype both morphologically and mechanically however, which hindcrs
their use as a model of in vivo 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 uses to transmit gerierated force. (Figure 1) -
The myotendinous Junctlon is highly. infolded i mcreasmg the mterfamal arca between the

Figure 1. TEM of a neonatal myotendinous junction from a 2 day old Fischer 344 rat
(x10,140). 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, allowing for the tension to be transmitted primarily via shear. ‘A

critical step towards myotendinous junction formation in vitro is the development of an

independent tendon construct. Afier understanding the factors that facilitate tendon
formation, myooids and tendon constructs can be combined by co-culturing tenoblasts

~ and myoblasts or by growing the constructs independently of each other and inducing the

wo constructs to combine. : o

EXPERIMENTAL DETAILS

" Acquisition of tendon fibroblasts

Primary rat tendon fibroblasts 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) contairiing 100 units/mL type 1
collagcnase (Worthington Biochemical Corporation, Lakewood, NJ 4196} at 37°C for
several hours. . After tissuc was dissociated, the solition was centrifuged and the.
supcrnatant 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-antimycotic (Sigma, St. Louis, MO A9909)
and cxpandced in 100 mm diameter tissuc culturc dishies (Falcon, Becton Dickinson
Labware, Franklin Lakes, NJ 353003). Cells were passaged at 60% confluence and kept
in LN until néeded for experimentation.

Preparation of culture dishes

1.5 mL SYLGARD (Dow Chemical Cormporation, Midland, Ml type 184 silicone
elastomer) was poured into each 35 mm diameter culture dish (Falcon 351008). Afier
curing for at least 2 weeks; the dishes were rinsed with Dulbeeco’s Phosphate-Buffered
Saline (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 evaporatc overnight. The dishes were rinsed with DPBS and
the anchors, 6 mm scgments of size-0 silk suture (Ethicon, metric size 3.5), were dipped
into 50 pg/mL solution of natural mousc laminin, then pinned 12 mm apart with 0.10 mm
diameter stainless steel minutien pins (Fine Science Tools, Foster City, CA, 26002-10).
The suturcs were allowed to dry and the plates were filled with ~2'mL GM. cnough to~
cover the top of the suturcs, 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% COs, 37°C) for 5-8 days.

When the plates were ready, 1x10° cells were added to each plate and grown in
2mL GM. Afier two days, 100 pg/mL of ascorbic acid (GIBCO BRL 13080-023) was
added to each dish. Fresh ascorbic acid was added to thc dishes when the media was
changed, every 2-3 days. Afier2 or5 days, the media was changed from GM to
differentiation media (DM): 465 mL DMEM (GIBCO BRL 11995-065), 35 mL FBS, 100
unitsymL A9909, - S o

130




Preparation of anisotropic collagen constructs

6 mL of 2 mg/mL collagen solution was made by combining 0.6 mL 10x MEM
"(GIBCO BRL 11430-030), 0.06 mL NaOH (1.0 N), 2.56 mL DI water and 2.78 mL type [
rat tail collagen solution (BD Biosciences, Bedford, MA 354236 4.31 mg/mL) inthat
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 péured into a UV treated 35 mm dlameter plate with anchors but wnhout
laminin coating. . - »

' DISCUSSION

Self asscmbliﬁg 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 expandmg

Ascorbic acid is utilized durmg the synthesis of collagen [3], and it is necessary
for the formation of confluent cell layers on the laminin coated substrates used i in these
studies.” The extra collagen synthesized in cultures supplemented with ascorbic acid
probably acts.as scaffold, maintaining the integrity of the cell layer. Without the addition
of ascorbic acid, the cells dlssoc1ate from the substrate ina spatlally sporadlc manner.
(Figure 2¢) : .

- When the fibroblasts arc. grown in 20% FBS, they wxll only dclammatc when thc
substrate is coated with 2.0 mg/cm® laminin. At lower laminin concéntrations, the
ﬁbroblasts will not form a confluent monolayer and at concentrations higher than 2.0
mg/cm?, the cell layer will not detaminate. But, when the cells arc initially grown in GM
(20% FBS) then changed to DM (7% FBS), the cell layer delammates for all laminin
densmes studled 2.0- 20 0 mg/cm®. .

Flgure 2 Rat tendon fbroblasts grown under various conditions. A Confluent
fibroblast layer which was plated with cells less than 60% confluent and supplemented
with 100 pg/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 addmon of ascorbic acid. (100x magnification)
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. When the media was changed from GM to DM on day 3, the layer began to
dclaminatc after 9 days. It formed a cylinder bounded by the anchors after 10-11 days,
but the construct. was too fragilc 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 adherc to one anotlier. 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 facilitaté 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 belicved to preferentially adhcrc to cach other rather than the
artificial substrate since there is only one adhcsion 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
prcference for the cell layer acts as a calalyst for self assembly into a cylinder bounded by
the anchors.

Cell-collagen constructs ’

The combination of cclls and col]agcn as described in the experlmental section is
a slmplc and repeatable 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 secdin_g density. Alternate anchor materials are being investigated for use
with these collagen constructs since they do not adhere well to the silk suture (as secn in
the top suturc in figurc 4). Porous polycthylenc (PE) is an inert polymer currently used in

Figure 3: A: 19 days after platmg The ccll layer has startcd to detach from thc substratc
- B: 19 days after plating. This picture was taken 3 hours after the media was changed and
there is considerably more detachment ev:dent Whether or not this is a result of a fresh
supply of FBS, which has been implicated in promoting fibroblast contraction [4], or a
responsc to the mechanical stimulus of the addition of fluid to the plate is still unknown
and an mchngatlon 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. : .



Figure 4. Anisotropic collagen-fibroblast constructs are easily fqrmed over the course of
aweek. A: 12 hours after plating. . B: 3 days after plating. C:.8 days after plating.. The
force of contraction is causing the gél to pullup from the anchor at the top of C..

. medical applic'ations. The inherent ‘hydrophobic nature of PE can be boverc_ome by

introducing functional peroxide groups to the surface. ' These peroxides can thenbe _ -
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 varying 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 constructs in which the collagen construct will form
a relatively acellular core that the cell layer wraps-around. _

It is anticipated that these constructs 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 a2 myotendinous junction [6]. Myooids aré expected to form this
type of interface with the three-dimensional tendon constructs described above since

_ tendon cells predominantly secrete type I collagen [7]. Further support comes from

developmental studies 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 preparauon and physrcochemrcal process of' the HA nanostructured

- powder with high performance have been perforrned at present study The HA preparatlon starts from
the ethanol solution of calcium nitrate tetra-hydrate and phosphorous pentoxide as raw materials. The
characterization of the effects of rwctmg temiperatures on preparatlon the crystallme degrees (some
amotphous HA formed at cenam condmon) of the reacting products are carried out in the meanwhile.
" The physicochemical processes and the conditions for different reactions stages of the HA preparation
" have been traced and charactenzed by the TG-DTA (thennogravnmetnc 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 and 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 showmg
its supenor purity and therefore, with really high performance for later appllcatlons

1. Intmductlon .

Hydroxyapatite, Cam(P04)6(OH)7. commonly refen'ed to as HA or Hap, has attracted W|despread o

interest because of its excellent brocornpatrblhty and broactnvnty Bemg 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’,
dry method’, hydrothermal 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 finc-grained structures.

Various processes and reagents have been used to prepare the HA powder and coatmg Piemre™ et
al. use calcium diethoxide(Ca(OEt),) and orthophosphoric acid(H;PO,)as the reagents_. Masuda’ etal.
and Chai CS et al. have prepared HA coating using Calcium diethoxide (Ca(OEt),) and triethyl
phosphate (PO{OEt); ). CM.Lopatin® et al. form the sol with a'ﬁydrated solution of N-butyl acid
phosphate and calcium nitrate tetrahydrate dissolved in 2-mcthoxyethanol. The reagents such as
calcium diethoxide and tricthyl 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
differcnt substrate. The reagents are cheap but the process is complex because the mixed ethanol

* corresponding author. Tel:  +86-531-8395693
c-mail: yj_song @163.com
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solution of calcium nitrate tetrahydrate and phosphoms pentoxide need to be refluxed for 24h.

The aim of this paper is to preparc the nanosized HA powders with the chéap reactant and simple
process. The results would try to illustrate the physlcochemxcal process of HA preparanon with ethanol
solution of calcium nitrate tetrahydrate and phosphorous pcmmxdc
2. Experimcntnl procedures .

Reagent grade Ca(NO:)»41.0 and P,0; dre dissolved in elhanol solution according to Ca/P=1.67
respectively. The ethanol-solution of P05 is stowly dropped into the stirred Ca(NO;)4H,0 ethanol
solution and then the mixture fumn into transparent sol afler being continuously stirred for 10min. The

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

mortar and pestle. The pbwdcﬁs divided into_three grouris. The first groigp is used to perform the
TG-DTA test with the heating rate of 10°C/min from room temperature to 1300°C. The second group is
used to perform the FTIR test. Aficr getting the results of TG-DTA, the’ exothermic and endothermie
peaks and their corresponding temperatures are obtained. in order to investigate the components of the
powder, the sceond group is sintered on Nicolet Magna 750] spectrometer with the heating mate of 10°C
/min. The FTIR spectra -are obtained in situ at 'tempc'ralure‘ to which the 'main exothermic and

cendothermic paiks Tespond. The last group is sintered at different temperature and cooled to room -

temperature to be characterized by XRD patterns(Model: D/max, Japan). Data are collected over 2 ¥
range from 20° to 60°. Identification of phascs is carried out by comparing the diffraction data with
JCPDS standards. The morphology and size are obtained by TEM(Modet: H800, Japan). The sainp)e is
dispersed by ultrasound in ethanol for Smin and then deposit on a copper grid for transmission clectron
microscopic observation. The crystal size is estimated from mlcrogmph '

3.Results and- duﬂmmn

3.1 TG-DIA results . _ .
Fig.1 is the TG-DTA curves of the mixture. The TG curve includes l\;vo.émges-' in the first stage (0—
600°C), the _weight decrease quickly and about total 64.92% weight loss is observed. weight loss is
possibly du¢ to cv‘lpomlum of water and cthanol and bum of lhc residual solvent. In the second

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

DIA VI . v~

tea . 400

Tatowatoe f ¢

Figurc 1 TG-DTA curve of the HA powders
The results of DTA are consistent with those of TG. The DTA' curve shows thathere are about four
exothermic 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 exothcrmic peaks at 825.8,1047.8°C indicale 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
endothcrmié peaks at about 49,151,2‘_73.9,463.3,545 ‘C arc attributed to the evaporation of free water
and etﬁanol or loss of stfuctural watcr. The endothermic peak at 1138.9°C pdssibly shows that the HA
decompose into $-TCP and CaO. The HA ﬁrepare‘d by wet precipitation method bcgah to decompose at
about '1300-1400°C the temperature of decomposition of HA prepared by sol-gel method is only
1138. 9'C due to the small size and big surface area of grams ’
3.2 IR results ) )

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 are obtained in situ. The results are shown in
Figure 2 (a),(b),(c),(d),(e),());(2), rcspecnvely.

i \
_‘T\/\,_—/—F\[\[l‘\/\,»\

Fp— Anden e

Flgure 2 FTIR curve of HA Ieamples heated at dlfferent temperatures

In Figure 2, the bands at about 1363 and 835 cm™! are attributed to the NO," jons . In Figure 2 (a);
the strong pcaks at 3458 and 1637cm™" are atiributed to water from elhanol or Ca(NO;),-4H:0. In
Figure 2 (a),(b),(c) (d) the pcaks at about 1236,1064, 920,813,742 ‘em ! assigned to
PO(OH);.,(OR), Pare present, sugg&cting that the mixture is mainly composed of Ca(NO;), and
PO(OH);.(OR), from 80 to 195°C. In Figure 2 (e), (f),(g) the bands at about1 031,1060, 603,563 cm ™

" are assngned to PO,*, indicating the mixture maybe mamly consists of HA, Ca(NO;)z and B-Ca.P,0,.

It can be seen from Figure 2 that the shapes of (a),(b),(c),(d) arc slmllar and the shapes of (e),(f),(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 jn F igﬁre 2 (a),(b),(c)(d).disappear from Figure 2
(e),(f)(g), indicating that PO(OH);.(OR), decomposes before 273°C.On the other hand, the intensity

of peaks at about 1031 ¢cm ™! turn stronger in Figure 2 from (a) to (b), suggesting that thc 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),(),(g) are the XRD patterns of mixture sintercd at 200,300,400,500,800 and
12007C.
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Figure 3 The as-prepared powders heated at different temperature for 2h

(il) 2()()'(" (b)300C  (c)400C (a) 500C (b)800°C  (c)-1200°C

® - HA, *—Ca (NO;) 2 &—a-CaP,0, a— B-TCP, W--CaO

At 200°C, the mixture consists of Ca(NO,); and a small amount of amorphous matter(according to
IR analysis, this kind of organic matter is PO(OI1); ((OR),). At 300°C and 400°C Jthe peaks of HA and
Ca0 is present. This shows that the mixturi: is composed of Ca(NO,). . @ -Cu.P20;,HA and C20. In
addition, it can be seen that the amount of HA increase while the amount of Ca(NO:), decrease with
the increase of temperature. Al 500°C, the peaks atiributed to Ca(NO,): and a -Ca.P.0, disappear
completely. The XRD p‘lllcrns arc identical to HA. The results in 1able | also showed that sample
sintered at 500°C for 2h is pure HA compared with the JCPDS standards (JCI’DS#‘)—432). The XRD
patierns at 800°C and 1200°C are similar with the pallc’mbnl 500°C. The slight differences are that
XRD pattern of HA powders sintered at 500°Cexhibit broad peaks and turned sharper at 800°C and

1200°C, proving that HHA crystallize gradually with the increase of temperature. Additionally, a trace

amount of B-TC l’(B C a\( PQO,)s) and CaO are detected in the pattern at 800 and 1200°C
Table 1. Comparison of 11A samples values heated

at 500°C for 21 with the JCPDS standards(#9-432) _

— Observed "JSPDS(#9-432)

number —5RY  intensiiy D &) intensiy ™!
I 2815 100 2314 100 21
2 2719 66 . 2720 60 300
3 2718 59 2718 . 60 n2
4 3443, 39 344 40 o0m2
5 1839 390 1.841 0 213
6 1943 37 1943 30 2
7 2627 26 2.631 25 202
8 2263 27 2262 20 310
9 3.081 16 3.08 18 210
10 1.890 17 1.890 16 212

When the cthanol sotution of calcium nitrate tetrahydrate and phosphorus pentoxide are mixed
together. The reactions arc as follows'”:
- P20s+31LO —— 211,00, H
(3-X)CHOHHLPO; —— PO(OL)(OC:H ).y +(3-X)H,0 )
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Ca(NO;);+2C,H;OH —~— Ca(C:H;0), + 2HNO, ' 3)

Ca(NO;), +H;PO; —— CaHPO,+HNO, , @)
From 200 to 500, The process can be described as Eq. (5),(6),(7).(8)%
2CaHPO, —» H,0+Ca,P20; , o)
Ca(OC,Hy); + H;O—— Ca0 + 2C:H;0H : )
3 Ca;P,0; + HyO +4Ca0 —— Cayo(PO,)(OH): 0)

10Ca(NO;); + 6PO(OH)X(OC:Hy); x + (20-6X)H.0 —p
Ca,o(PO,)(OH), + 6(3-X)C,H;0H +201INO; (8)
The results of Figure 3 have proved that the mixtire are composed of C32P207 ,Ca0, HA. The
amount of HA increases with the increase of tempcrature. The reactions to prepare HA in Eq. (7),(8)
are finished at 500 :

. . ’ ' .10
A amourit of HA begins to decompose over 800 as described in Eq. (9) .

Cayo(PO)(OH): ey 3Ca; (PO,) 5+CaO+H0 - ®

In short, the resulis from XRD pattcrns arc consisten( with the results of IR analyses and 'l_'G-DTA
results. The mixture consists of Ca(NO,);; ,-HA, PO(OH);..(OR),. @ -Ca,P,0;and CaO _fmm'200 to
500°C. At 500°C, mixture is mainly composed of HA. The morphology of the HA powder sintered at
500°C for 2h is shown in Figure 4. The individual particles are uniform. The size is about as big as
30-40nm. A1 800°C,1200°C, the mixture is composed of HA , a trace amount of B-TCP and Ca0.

~+* 100nm

Figure 4 Transmission electron micrograph of HA grains heated at 500°C for 2h

4.Conclusion °

Nanosized HA powders can_be prepared from cthanol solution of Ca(NO;)y4H.0 and P,0 by

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

_encouraging because tht advantages offered by this process can make it possible to produce the
nanosized HA powder at low cost in large quantitics. The size of hydroxyapatite crystat sintered at 500
'C for 2h is as fine as ubout 30-40nm. The synthesis of HA is finished unti! about 500°C. From 200 to
500°C,The mixture is composed of amorphous HA, Ca(NO;),, PO(OH);.(( OR),, @ -Ca,P,0,. A trace
amount of B-TCP and CaO are present due to the decomposition of HA afler 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 grown crystals [1-3). - : : . B ‘
. The kinetics instabilities and step bunching during the crystallization of the protein lysozyme
were studied using a high-resolution interferometry technique [4). It was concluded that
fluctuations are intrinsic and result from the-coupled bulk transport and interfacial kinetics
processes [3]. According to this mechanism, the strongest instabilities occur when the growth
proceeds under equal weights of the transport and kinetics in the overall rate control. Hence, -
shifts towards purely kinetic, o, conversely, purely diffusive 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 érystallization 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 expérimentally 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) CdSO, as a precipitant, and 0.2 M sodium acetate
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buffer (NaCH,COO) to fix pll at 5.05. The temperaturc of the solution in the growth cell is
stabilized to 23 + 0.01°C by a thermoelectric (Pclticr) cooler [7]. Thc supersaturation is
calculated as o = In(C/C,), where C is concentration of the solution, C. = 35 ug/mL [8] is
solubility.

We used a phasc-shifting interferometry technique spcc1ﬁcally devclopcd for this study [7].
The phase-shifting algorithm chosén by us employs five-image sequences captured with a phase
shift of #/2; digital processing of the sequence alfows reconstrucuon of the surface morphology
with a depth resolution of 5 nm across a ficld of view of 1 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 1 s [4].

Figure 1 shows the morphology of (111) faces of two ferritin crystals with sizes 200 4m and
470 gm. Figurce la—c presents five interference images of the growing crystal surface recorded
during 1 s with a phase shift of 772 between them; the underlying assumptlon is that the surface
does not change within this time period. Five nmages are combined to give one “phase-wrapped”
1m11,c (Figure 1f, g) using, for cach pixcl

:&M ‘1'_,{______2(1 — :l o . (l).
2m 2. ~1.-1 . _

wherc I|,A l; are thc intensity of a pixel in each of five images; 4 is the height on the respective
point of crystal surface, Ajs.r = 0.6328 zam is the laser wavelength and n=13320is the ' Co-
refractive index of the solution. i

RESULTS AND DISCUSSION

Phenomenology of the time-dependent kinetics

During the growth of ferritin crystals the growth layers arc always generated by 2D-nucleation.
For small crystal sizes and o< 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 4m, 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

interferometric images recorded with a phase shift of #/2. (f, g) The phase-wrapped images. The

difference in height between the brightest and darkest pixels is /4n =0.119 ym. (f) o= 4.0, (g) i -
o= 423, +, locations of layer gencration; X, locations of growth kinetics monitoring,




comers. Numerical modeling of diffusive-convective transport of crystallizing proteins has
linked this localization to higher interfacial supersaturation at the edges [9]. '
Figures 2a-c show the time traces of the normal growth rate R, local slope p, and step velocity
v recorded at the marked location near the facet center in Figure 1g at 0=4.3. The R, b,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 diﬁ‘erenvtvfact(jrs such as supérsaturation, 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 average 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,.)/4o of R(¢), p(t) and w(). N

Sfen-sten -intei'a'ctiéns '

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

As shown in Figures 3a-c, the fluctuations are 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 - Co)C.™ can be expressed as [10]

o b,,(C-C)/C, . R
y=—>t I . : @)

where by, is an effective step kinetic coefficient and k is a parameter characterizing the step-step
interactions. For non-interacting steps, & = 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 10002000 [10}; for the growth
of inorganic phosphates with a similar growth mechanism, values of k are ~1000 [1 1].

Prompted by the form of the v(p) dependence in (2), we plot the reciprocal step velocity 1/v as
a function of the local slope p for a trace recorded over sevéral hours at the location near the
center of facet in Figure 1g. 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. (a){(c) Timic traces of the normal growth rate R, the local slope p and the step velocity
v recorded during growth of ferritin crystal at supersaturation o= 4.3. (d)-(f) corresponding
normalized Fourier spectra; in (d)~(f) 4/4,= 1 at f= 0 is omitted. o
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ordinate axis and known value of (C - C.)/C. =71, we obtain the value of bcp = 4.8 x 107 cr/s.

The step kmetlc cocfficient f= by /QC. = 11 % 10" cn/s (Q is the crystal volume per molecule,

QC.=42x 10" *) is somewhat higher than the value of 8= 6 x 10 cmV/s obtained using AFM

[8]. From the qlope of the fit we calculate k =32 and kp,y, = 0.35. This low value of k indicates

a very weak interaction between steps, i.e. the diffusion supply fields around the steps do not _ i
overlap. This makes th ferritin system quite different from lysozyme, which is characterized by —
strong interaction between steps, which results in dependence of step velocity on slope [10]. ‘

Variations of the fluctuation pattern‘s with the external conditions

Figure 3 presents the Fouricr spectra of slope traces recorded at two locations on the facet
shown in Figure 1g. 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 fower fluctuations at the facet center and at the higher supersaturations occur despite being
accompanicd by higher average vicinal slope. This is a remarkable observation, because the
average vicinal slope has been identified as a major destabilizing factor for equidistant step trains
[12]. We conclude that the mechanism leadmg to decay of the ﬂuciuatlons is suﬁ' ciently strong
to overpower the average slope effects. -—

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

We also compared the Fourier spectra of slope traces recorded simultaneously at two different
locations of the facet shown in Figurc 1f. 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 i increases with the distance from layer source, while, as
above, the averaged valuc of the slope decreases.

To understand thesc obscrvations, we use that the crystal size, thc locatlon on the facet and the
supersaturation arc paramicters that strongly affect the solute supply to the interface. Hence, the
observed dependencics of the fluctuation amplitudes with these parameters indicate that, similar
to lysozyme [3], the growth 1mtab1hly is due to the coupling of the nonlinear interfacial
processes of growth to the bulk transport in the solutmn
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Figure 3. Fouricr spectra of traces of the local slope p for the crystal of a 470 gm size shown in

Figure 1g. (a) o= 3.0, monitoring location at the facct edge, p,,, = 0.006; (b) o= 3.0, .
monitoring location ncar the facet center, p,,, = 0.008: (c) o=4.3, cdgc, p‘,‘.g'= 0.012; (d)o=4.3, -
center, p,,, = 0.014. : :
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‘However, in all of the cases, the dependence of the fluctuation amplitudes on the respective
parameter is opposite to that for lysozyme, and may appear counterintuitive. Thus, we would
expect the faster growth at higher supersaturations to be 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 amp]rtudes 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 amphtudes on the supersaturation in the solution
bulk suggests that the unsteady layer gencratxon is caused by its coupling to the solutc 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 surface kinetics. The estimation of
the kinetic Peclet number Pe; = fp&D (5 is'the characteristic diffusion layer thickness, typically
of the order of 200 gm, and D= 3.2 x 10" cm?¥s is diffusivity) gives value ~1.0. Hence, ferritin
growth is predominantly controlled by the transport in the sotution. For such systems, the
rationale predicts higher stability at even highei relative weight of transport. Thus, we should
expect lower kinetic fluctuations at higher supersaturations, at larger crystals sizes, and at the
facet centers.

Spatial-temporal characteristics of the step gatterns

The phase-shifting techmque allows reconstruction of the surface morphology. Figure 4a
shows the height profile along the line depicted in Figure 1 g. The height decreases as the
distance from layer sources increases. ‘The corresponding slopc profile and its spatial Fouricr
spectrum are shown in Figure 4b and c; respectively. The wave numbers in Figure 4c are
reciprocal to the correspondmg step bunch wavelengths A. . The maximum amplitude occurs at a
wave number of 0.045 gm™ corresponding to ﬂuctuatrons-w:th Awax ~ 21 gam. From the time
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Figure 4. (a) Height and (b) local slope profiles along the line shown in Figure 1g. (c)
Con'espondmg Fourier spectrum of p. The characteristic step bunch wavelengths A 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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traccs measurcd at the location on'profile line at the.same o= 4.3, see Figure 3c, we determine

the characteristic step bunch frequency fua =0.0016 st (ar~10.7 min). .From these two values,
we can evaluate the step bunch velocity as pyuch = Apax fmax-~ 33 nm/s. The value of vpyney is o
closc to mean step velocity under those conditions, v = 35 nm/s. Thus, in the-case of non- ok
intcracting steps, the step bunches move with the same velocity as elementary steps. - ’

CONCLUSIONS

Undcr stcady growth condmons ferritin growth kinctics fluctuate: up to 100% of the average.”
The fluctuations reflect the dynamics of formation and evolution of step patterns. The lack of
corrclation of the step velocity and local slope indicates very weak step-step interactions.”
Correspondingly, the propagation rate of step bunches is same as clementary step velocity.
The unsteady growth is the result of the coupling between solute transport towards the
interface and the nonlinear interfacial kinetics. The main factor introducing non-linearity onto
the interfacial kinetics is the g generation of layers via a 2D nucleation mechanism. The
fluctuation amplitude decreases with incrcasing distance from the layer sources. Hence, for non-
interacting steps growing under diffusion control the randomly arising stcp bunchcs decay and ST
the stable growth mode is that via cquidistant step trains.
These findings in a transport-controlled system provide a strong support to the rationale for the
coritrol of the step bunching instabilitics in layer growth system that was previously based on
observation with a kinctically controlled system.
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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 protcins were able to form
silica gels. Both clectrostatic intcractions and hydrogen bonds are suggested to arise between
peptide chain and polysilicates, bringing new informations on the nature of i morgamc and bio-
organic specles 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 proteinaccous matrix whereas the B-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 ccll
wall was reported [2-3].
© Aiming at understandmg the interactions that may arise between the naturally-occumng
form of silica prccursors, i.c. 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 effcct increasing with polymer chain length [4-5].
These results correlate well with the fact that the silaffin proteins that were extracted from
diatom cells arc characterized by lysine and arginine patches along the peptide chain [6]. .

Tn order to get a better understanding of the possible srhca-blopolymcm intcractions, we
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 ofa
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
inducc silica formation. These results are discussed in terms of electrostatic interactions and
hydrogen bonds.
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EXPERIMENTAL

‘Watcrglass (27% SiO,, 10 % NaOH) from Ricdel-de Haén was chosen as the source of
silicic acid. Aqueous silicate solutions were preferred to silicon alkoxide precursors because they
correspond to the usual form of soluble silica in nature. For similar reasons, diluted solutions: (10

" mM) of Si02 were used. Lysozyme grade I from Chicken Egg White and Bovine Serum
Albumin (BSA) were purchased from Sigma. Deoxyribonucleic acid (DNA) from fish sperm
was obtaincd from Amersham and alginic acid sodium salt from brown algae from Fluka.

- Molybdosilicate studics were performed in a 0.05 M Tm HCl buffer (pH=7.2) and 0.05 M
acctate buffer (pH = 4.9).

In a typical cxperiment, 65 mg of lhe sodium sthcatc solution werc diluted in 30 mL of the
appropriate buffer in order to obtain a 10" M silica solution. The mixture was stirred for ten
minutes before adding a sotution containing the appropriate quantity of polymer so that the
monomer (i.c 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 pl of the reacting solution were taken and
added to 5 ml of deionized watcr. 200 pl of H2SO4 (1.5 M) and 200 ) of ammonium molybdate
(0.08 M) were then added [8]. The mixture was left to stand for 10 minutes in order to allow
monomeric silicic acid and small silica oligomers to react with the heptamolybdic acid to form
the ycllow mhwmolybdw acid HxSi(Mo0-0;)s. The optical density (OD) of the final solution was
measurcd at 400 nm using a double beam Uvikon XS spectrophotometer. Data were reproducible
within a 5 % crror range.

When silica forimation occurred, solids werc ccmnfugcd and freeze dried at — 30°C.
Thermogravimetric analysis were performed on a Netzch STA409 apparatus under O, flow with

" a heating rate of 5°C/min.

BSA and Lysozymc titration curves were calculated using ExPASY softwares from the

Swiss Institute of Bioinformatics (SIB) [9].

RESULTS

Silicic acid is obtained upon acidification and dilution of sodium silicate solutions. A clear
solution (10 mM in silica) is obtainced. In a Tris.HC] buffer (pH = 7.2), the initial amount of
silicic acid decreascs slowly but no gclatlon is bserved within the first 3 hours (Figurc 1). This
amount decreascs slightly fastcr in the presence of DNA, alginatc and BSA but the solutions
remain oplic'llly clcar and gelation is not obscrved cither. Addition of Lysozyme induces a first
increase in silicic acid content followed by a slow decrease and solutions become turbid, leading
to the formation of a loose gel.

In contrast, in acctate buffer (pH = 4.9), a slow increasc of initial silicic acid content is
obscrved that is only slightly modified by biopolymers addition (Figure 2). No get 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
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Figure 2 Condensatlon of s1hc|c acid in the absence (@) and in the presence of Lysozyme (&),
BSA (m) and poly-Lysine (#) in acetate (left) and Tris. HCl (right) buffer. Evolution with time of
" the silicic acid content as measured by the optical densxty ratio OD(t)/OD(t—O) at 400 nm usmg
the molybdosﬂlcate method.

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

Conccntratcd sodium silicate solutions are, known to contain a mixture of ohgomenc silicate . i
anions, rangzing from chain trimers to cage octamers [10]. Upon dilution, decondensation occurs
leading to monomolccular [SiOsH,.]" species, where x increases with pH above the point of
zero charge (pH = 3). Si(OH) is the predominant species in the pH range 4-9 and [SlO(OH)x]
above pH = 10 [11]. However, monomeric silicic acid exists only in very dilute solutions. At
higher concentration, polymcrization occurs by condensation of silanol Si-OH groups between
ncutral silicic acid and negatively charged specics. 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, competc 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 decondensation 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 occur with negatively charged silica oligomers. However,

. the slight decreasc in the silicic acid content when compared to sodium silicate alone at both pH —
suggest that monomeric epccxce may weakly interact through hydrogcn bonding with the
polymers.

In contrast, the obscrved formation of Lyso7 and BSA4 is rather surprising when compared
to previous studics on p-Lysinc [5]. In the same experimental conditions, addition of this peptide
led to rapid silica polymerization at pH 7 and not at pH 4, closc to Lysozyme bchaviour.
However, as shown on Fig.1 and Fig.2. silica precipitation was.-correlatcd to an important -

decrease in silicic acid content at pH 7. This was attributed to the possnbxhty for monomeric
silica to interact clectrostatically with lysine amine group and through hydrogen bonds with
peptide backbone carbonyls. Because lysine groups arc present all along the peptide chain,
precursors arc 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 absence of important decreasc in silicic acid content, suggests that the silica specics
rcspomlh]c forg gcl formation arc 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, mdlcatmg that panxclpatxon
of monomers through condensation is limited.

The difference in behaviour of Lysozyme.and BSA in acidic and ncutral mcdia 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 lysinc and argininc groups account for c.a. 14 % of the total sequence whercas acidic
aspartatic acid and glutamic acid account for c.a. 16 %. As a consequcence, its point of zero
chargc 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 ncgatively charged at pH 7.2 and positively charged at pH 4.9,
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Thereforc, 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 difficult, at this time, to conclude, it may be attributed
to the decrease of polysilicates negative charges as pH comes 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. :
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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 reliated to specific
interactions between the lipids or recognition elements and biomolecules. The colorimetric
transitions observed in the vesicles are dué 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 blologlcal and chemica! 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 studics 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 of lipid
molecules [Figure 1] similarly undergo colorimetric transitions and could be used for studying
biological and chemical processes [5-8] In the following we demonstrate some applications of
the system. : .-

Figure 1 Schematic representation of the lipid/PDA vesicles, indicating a part of the assembly of lipids and
polydiacetylenc. PC denotes the phosphatidylcholine headgroup.
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EXPERIMENTAL DETAIL

Mixed vesicles composed of physiological lipids and PDA were prepared using
approximately 40% (mole ratio) lipids, such as dimyristoylphosphatidylcholine (DMPC) and
dimyristoylphosphatidylglycerol (DMPG), and 60% polydiacctylene (PDA) lipids. Following
sonication and polymcrization, the lipids form organized assemblics that exhibit an intense bluc
color duec to the conjugated backbone of thc 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 liposome organization or chromatic properties,

UV-vis measurcments: samples were prepared by adding peptides 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
peptides were dissolved in waer, and the peptide-vesicle solutions were diluted to | mL prior to
spectral acquisition. All measurcments were carricd out at 27 °C on a Hewlett-Packard 8452A
diode-array spectrophotometer, using a 1cm optical path length cell.

Indolicidin ILPWKWPWWPWRR (CP10), and indolicidin analogue -

ILKKWPWWPWRRK (CP11) have been chemically synthesised at the University of British
Coluinbia. . .

A quantitative valuc for the extent of blue-to-red color transition is given by the colorimetric
response (%CR), which is calculated from the visible absorbance spectra acquired for the vesicle
solutions. The colorimetric response is defined: ' :

%CR=[(PBy-Pb,)/PBy}*100
where PB=AhIm:/( Ablnc"'Arcd)»

A is the absorbance at cither the “bluc” component in the UV-vis spectrum (640nm) or “red”
componcent (500nm), PBa is the red/bluc ratio of the control sample (beforc induction of color
change), and Pb is the value obtained for the vesicle solution after addition of the tested
compound. } :

Fluorcscence measurcments: chnvngcs in tryptophan intrinsic emission werc measured for 10uM
peptide solution titrated with DMPG/DMPC/PDA vesicles incorporating the radical spin-probes
_12-doxyl-stearic acid [12-DS] and 16-doxyl-stearic acid [16-DS} (Sigma). - _ -

RESULTS AND DISCUSSION

. Peptide-membrane interactions

Interactions between peptides 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”
modcl and the “carpet™ mechanism [10]. The new colorimetric assay provides information upon
peptide-membranc interactions between and could contribute to the clucidation of structural and
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functional properties of membrarne-associated peptides, and their organization in membranc
environments. : I
_ The 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-melittin) and a melittin analoguc 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 interfacial perturbations; and thus a more pronounced color
change, compared to transmembrane insertion of a helical peptide such as native melittin [10].
We havc applicd the lipid/PDA colorimetric assay for studying indolicidin and its
analogues. Figure 2 shows the colorimetric response of indolicidin (CP10) and its analogue
CP11. According to our hypothesis, CP11, which clearly 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. o o

0 Fm————
0 5 10
Concentration [uM] .

Figure 2: Tiration curves depiciting the change of CR% in DMPG/DMPC/PDA vesicles as a function of
peptide concentration: (») CP11 and (O) CP10.

In order to corroborate that conclusion we have éxamined 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 (CP10}) is greater than the corresponding decrease in CP11. This result confirms that
indolicidin (CP10) penetrates deeper into the lipid core while CP11 bind to the surface of the
lipids. '
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Figure 3: Decrease in tryptopham emission data'of indolicidin (CP10) and indoliciand analoguic (CP11) added to § mM
DMPG/DMPC/PDA vesicles incorporated the spin-labeled lipids: (w)}12-DS. (11) 16-DS. :

Ligand-receptor binding

The lipid/PDA system can also be cheniically modified to allow for detection of selective
guest-host or ligand-receptor binding events. We have examined the colorimetric propertics of
lipid/PDA vesicles incorporating the synthetic macrocyclic receptor homooxacalixarene tricther,
which exhibits sclectivity among various neurotransmitters and ions [9,11]. The data presented

-in Figure 4 indicatc that the receptor/lipid/PDA vesicle assembly exhibits distinct ligand
sclectivity. = Specifically, the highest colorimetric response of the assay is observed when
dopamitic or sodium ions arc added to the vesicle solution. Adrenaline or K* ions, on the other
hand, give rise to significantly smaller blue-red color transitions. These results are similar to the
complexation selectivity of homooxacalixarene triether in two phase system (CH:CL/H;0) [9]
and in PVC liquid membranes [11].
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Figure 4: Colorimetric response for ligands added to DMPC/PDA vesicles incorporating homooxacalix arenc
triether: 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 uscd for the charactcrization includc
variable temperature 1D 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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micclle- and gel-forming proteins. The resulting proteins could be uscd as the basis of
drug dclivery systemis, coatings for implantation devices, or other medical roles. -

EXPERIMENTAL DETAILS

All reagents were obtained from Fisher Scicntific (Pittsburgh, PA) or Sigma
Chemical Corporation (St: Louis, MO). Enzymes were purchasced from New England
Biolabs, Inc. (Beverly, MA). Plasmids pZErO 1.1, pZErO 2.0 and E. coli strain Top10F”
were from havitrogen Corporation (Carlsbad, CA). E. coli strains SCS110 and
BL21Gold(DE3) were obtained from Stratagene (La Jolla, CA). Plasmid purification kits
were purchascd from Qiagen Inc. (Chatsworth, CA). Genosys Biotechnologics, Inc. (The.
Woodlands, TX) synthesized all single-stranded DNA ohgonucleohdes Reagentq were
sterilized by cither autoclave or passage through a 0.22 pm filter.

Procedures for DNA manipulations, transformation of competent cells, and the .
growth of bacterial cultures were adapted from literature [5] or the instructions supplicd
by manufacturers. Enzymatic rcactions werce pcrfomwd in the buffers supplied by the
manufacturers. An Applied Biosystems Voyager-DE™ STR Biospectrometry ™ matrix-
assisted lascr desorption ionization time-of-flight mass spectrometer (MALDI-TOF MS)
was utilized to determine mass of the proteins. All the proteins, which have been
expressed and purified, were run on 10-15 % gradicnt SDS-PAGE (Pharmacia Biotcch
PHAST System) with a negative zmc—slammg technique in order to determine molecular
weight and purity.

All solution NMR expcriments were carricd out with samples conSIStmg of 43 mg
of protein and 1 mg of sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) as internal
standard (0.0 ppm), dissolved in 50:50 sterile ddH.O and D;O. Spectra were recorded on
a Varian INOVA 600 (600 MHz, 'H; 150 MHz nC) instrument. Samples were run at 4
°C and 25 °C to follow the changes in the copolymers’ structurc due to hydrophobic
collapsc of the plastin end-blocks. Standard solvent supprcss;on techniques werc
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°
pulsc of 8 ps on the proton (sweep width 5500.2 Hz) and a 90° pulse of 12 ps on the
carbon. The data matrix contained 256 t, increments (sweep width in F),(carbon), 33 :
999.2 1z) at 96 scans per increment. The NMR data were processed usmg the program
NutsPro from Acorn NMR, Inic- (Livermorce, CA).. ~ =:.- -
. Differential scanning Calorimetry (DSC) was perfonneJ 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 © to 60 °C at a scan
ratc of | °C/min. The sample conccnlratmm were approxnmale]y 1 mg/ml. Sample pH
was varicd between high and low pH.

Approximately 5 to 10 pL of the soluuom were plpetted into 3 mm gold
planchets (Balzers BU 012 130T), which had been pre-equilibrated to 4 °C in an
isothermal environmental cooler (Torrey Pines Scientific). The temperature of the cooler
- was raised to 20 to 25 °C and allowed to stabilize for 10 minutes. The solidified samples
were plunge frozen in liquid ethanc at its melting point (-183°C); the samples were stored
in liquid nitrogen (LN:). A sample was transferred to and mounted on the precooled (~-
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 LNa. 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
~107 torr. Once this occurred, the shutters were opened and the stage was brought to a

- temperature between —105°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
miodifications (pZErO 1.1 and pZErO 2). Once monomers were found which had the
correct sequencc, 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 copolymers.

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 1. 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; lic, 15.7; Pro,
17.66; Val, 24.3; Obs. [mol-%]: Ala, 19.7; Gly, 20.1; Ile, 14.9; Pro, 21.6; Val, 24.3; 2;
Cale. [mol-%]: Ala, 10.4; Glx, 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; lle, 9.64; Pro, 17.66; Val, 29.51 and MALD-TOF
MS, Obs. (Calc): 1, 72 016 (72 116); 2, 134 097 (134 438), confinhed the identity of the
recombinant polypeptides.
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Table I. Amino acid sequences for the two clastin-mimetic block copolymers.
{VPAVG[(IPAVGMVPAVG)].(,IPAVG} [X]- {VPAVG[(IPAVGL(VPAVG)]u.lPAVG‘

1; [X] = VPGVGVPGVG

2 [X] = VPGVG[(VPGVG)1VPGEG(VPGVG)ﬂJoVPGVGV

(A, Alanine; G.-Giycinc; 1, Isoleucine; P, Proline; V, Valinc)

Copolymer characterization

On analysis of the 'H, 'C, and HMQC spectra, we determined that the resonances
associated with the plastin end-blocks disappear at 25 °C duc to their hydrophobic
collapse above the inverse temperature transmon Resonances that noticeably disappear
when comparing the (CH)o: region of the 'H, *C HMQC 'NMR spectra of protein 2
(Figure 1) arc thosc associated with alanine and isoleticinc coritained in the end-blocks of
the polypeptide. Individual resonances were aselgned from known chemiical shifts of
elastin-mimetic polymer sequences [10]. The remaining resonances were. aﬁs1gned to the
end-blocks and arc commensurate with literature values [11, 12].

The DSC data obtained for the block copolymcrs 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.
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Figure 1. HMQC NMR data for triblock

protcin 2 at 4 °C and 25 °C (insct). Notc
the absence of resonances, which arc
assigned to the endblocke at25°C
(inset).

Figure 2. DSC data for the triblock
protein 2; demonstrating the inverse

‘temperaturc transition lies at

approximately 23 °C and is mdependem
ofpH

Analysis of the data from the cryo-HRSEM studies reveals strong correlations to

clastin-mimetic hydrogels produced by chemical crosslinking [13]. Electron micrographs -
of protein 2 arc in Figure 3. The average size of the micclles for protcin 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 diamieter. 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, Cryo-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 t 30 % w/v) when raised above the inverse transition
temperature of the polypeptide.
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ABSTRACT ‘ ' o :

Polymer-stabilized liposorfie systems consisting of polyethylene glycol bound lipids
(PEG-lipids) 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 membraries, 1-hexadecanoyl-2-(1 -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 attachcd to the polar head group (polymer stabilized or Stealth liposomcs) have
been implemented in pharmaceutical applications due to their increased lifetime in the blood
stream [1,2]. ' -

- Tn the field of liposome studics, 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 T
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-diffusion-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-decanioic 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 reduices 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 studicd. In onc investigation, the transfer of PEG-
lipids was mionitored 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 depcndenit upon temperature and acyl chain length of the lipid anchor. Llpld
_ transfer is decreased when the acyl chain lcngth is increased and increased with i mcreases in
“temperature [9]. - ‘

‘ A systematic study and comparison between the propemes of conventnonal and polymer-
stabilized liposomes arc fundamentally important to the application of vesicles in drug delivery.
The information is critical for a 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 membranes for drug delivery. The use of
polymer stabilized liposomes as ligand targeting agents is still somewhat limited because the
protective polymer border prevents most niolecules from being attached {10). The focus of this

- paper is the investigation of lipid exchange rate difference between conventional and polymer
stabilized liposome systems.. The lipid transfer rates were monitored using a fluorescent labeled
phospholipid, 1-hexadccanoyl-2- [1-pyrencdccanoyl)-sn-glycero-3-phosphocholine (PY-PC).
The temperature effect on lipid cxehange rates was also investigated

- EXPERIMENTAL DETAILS
Materials

The hplds used were 1 2-dlpalmltoyl sn—glycero-3-phoqphate monosodlum (DPPA) .
(Avanti Polar Lipids, Inc. Alabaster, AL), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
(Lipoid GmbH, Ludwigshafen, Germany), 1,2-Dipalmioyl-sn-glyccro-3-phosphoethanolamine-
N- [methoxypolyethyleneglycol 5000] (DPPE-MPEG 5000) (Shearwater Polymers; Inc . -
Huntsville, AL), 1,2-dipalmioyl-sn-glycero-3-phosphoethanolamine (DPPE) (Sygena, Inc.
Cambridge, MA), and the pyrene labeled phospholipid, 1-hexadecanoyl-2- (1-pyrenedecanoyl)-
. sn-glycero-3-phosphocholine (PY-PC) (Molecular Probes; Inc. Eugene, OR). Extrusion was
accomplished by thc Mini-Extruder® (Avanti Polar LlpldS Inc. Alabaster AL)

Liposome Prcpa ration

Polymer stabilized liposome systems were prepared by adding a 9:1:1 molar blend of
DPPC, DPPA, and DPPE MPEG-5000 to polyethylcne 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 Tml 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 einission peaks were observed at 395nm and 476nm, respectively, ' —
Mixtures of 1:1 pyrene-labeled and unlabeled liposome systems for both polymer stabilized and
conventional liposomes were examined at various temperatures (12°C, 24°C, 37°C, and 50°C).
PY-PC transfer between liposome membranes was determined by the decrease in EM 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 (Modcl 85, Lexcl 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 systemns have average particle sizes ranging
from 100 to 200nm. Although both systems give a similar particle size range, it is understood
that the PEG chains attached to the lipid bilayer of polymer-stabilized liposomes contribute to a
significant share of the particle size. . R

Conventional and polymer stabilized liposome systems containing a fluorescence probe
were prepared according to the procedures described in the experimental section. Pyrene labeled
1-hexadecanoyl-2-(1-pyrencdecanoyl)-sn-glycero-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 EEM
were then calculated and used to study the migration of pyrene-labeled lipids from one liposome
(labeled) to another (unlabeled) [11]. There are twopossible modes for the migration of the
probe from vesicle to vesicle. PY-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 and pyrenyl-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’systcms (Figures 1, 2 and Table 1) The larger E/M value for i
conventional lipesome systems is a strong indication that the lateral diffusion rate is significantly
higher than that in a polymer stabilized system. v

, The effect of temperature on excimer formation in both conventional and polymer-
stabilized hpocomcs was also examined. As seen in Figure 1 and Table 1, the higher the =~ .
temperature smaller the initial excimer peak intensity. As tempcrature increases, the mobility of
the lipid molecules increases and the excimer lifetime decreases. Conventional liposome systems
appeared to be more sensitive to temperature changes than polymer stabilized liposome systemis,
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 liposome bilayers [14]. In addition, PEG produccs a shlcldmg effect that not only
prevents molecules from binding the lipid surface; but also restricts the moleculee within the
lipid bilayer from leaving.

" Roseman and Thompson used a pyrenc labeled phosphatidyicholine to study the kmetlcs :
of spontancous phosphohpld transfer between unilamellar (conventional) liposomes [15]. It was
found that there is a significant rate decreasc for phoqphohpld transfer when the flip-flop rate
excceds the lipid migration at certain temperature. It was also concluded that pyrene-PC transfer
takes placc through the aquéous medium thc¢ than collision of mcmbrancs, and is independent of
acceptor vcsnclc conccmrahon [15] '
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Figure 1. Effect of temperature on excimer Figure 2. Effect of temperature on excimer
formation in polymer stabllwed hposome peak formation in conventional liposome
systems. systems. -
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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)

‘Conventional Liposomés . - Polymer Stabilizefd} Liposomes
Tcm]icrature Monomer | Excimer - | Monomer | Excimer v
C ol ™ | ® EM | ™ | ® EM .
12 3588 | 2516 | 0.70 7644 2100 | 027
24 302.8 221.5 0.73 580.2 2100 0.36
37 266.9 2244 0.84 495.1 210,0 042
50 1 3602, 1770 - 049 563.2 131.7 023

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 result 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 intér-membrane lipid exchange should result in a decrease in E/M
ratios, a plot of E/M vs time represents the exchange kinetics. When a labeled conventional
liposome samplc was mixed with an unlabeled conventional liposome samplc, 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.

06
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Figure 3. Lipid exchange (E/M) for mixtures of Figure 4. Lipid exchange (E/M) for mixtures
tabeled conventional and unlabeled polymer - of PY-PC labeled and unlabeled POIY“‘QC"
stabilized liposomes (-4-) labeled and unlabeled sta}nhzed at dlff(:rcnt temperatures (24°C -x-,
polymier stabilized liposomes (- A -) and labeled 37°C -4-,and 50°C - 4.-).
and unlabeled conventional liposomes (--).
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" The remarkable difference between polymer stabilized and conventional liposome
systems in lipid exchange ratc can be traced to the shielding effect of the PEG border and the
rigidity of the lipid bilayer due to the presence of PEG-lipids. The temperature dependence of
the exchange rate in polymer-stabilized hposome is shown in Figure 4. As expected, an increase

- in temperature dircctly corresponded 1o an increase in lipid exchange rate. Temperature effect
found in this study for polymer stabilized liposome system is consistent with findings rcportcd
for convcntlonal liposome systems [l7]

CONCLUSIONS

Changes in E/M values can be uscd 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 conventional liposome systems.
In addition, polymcr stabilized hposomc systems had a lower sensitivity to temperature ‘changes.
It is belicved that the PEG chains that form the outer portion of the lipid bilayer for these
polymer-stabilized liposomes provndcs restricted mobility of the llplds within the lipid bilayer
and the mterhposomal phospholipid transfcr
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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 aeroge! formation ‘
and HA liofilization processes have been studied. The lofilized 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 kinctics of the thin film growth have been studied and the optimal _

polymerization conditions have been established. Polymeric layers have been characterized by o
IR and XPS. . : -

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]. ’ o .

Green (2] postulated correctly that the advent of new biocompatible materials might enable
cells to be seeded onto a synthetic scaffolding and implanted into animals to genérate 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 bees investigated for tissue
engineering bone and cartilage, and several reviews have been published on the general
properties and design features of biodegradable and biorésorbable polymers and scaffolds {4-9].
Natural materials are advantageous in that they contain information that facilitates 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
osteoconductives in order to promote the area reconstruction by a new bone or cartilage.
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Hydroxyapatite, Caio(PO4)((OH ), is a.crystalline form of. calcmm phosphate, very smn]ar to lhe
mineral component of bones. It has been studied for bone and cartilage regeneration because of
its biocompatible, bioactive and ostcoconductive properties, which make it a good biomaterial
for bone/cartilage repair [10-12]. Thus, HA has been chosen ir this work and it has been -
synthesized by an optimized sol-gel méthod. Sol-gel synthesis of HA ceramics has recently - -
attracted much attention [13-14]. The sol-gel method is advantagous 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 osteaconductivity of the obtained HA, two different drying methods for the HA precursor .
gcls are proved: liofilization-and acrogel 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 o be quite interesting for this subject. Thus,
surface modification techniques become a good choice to improve the blocompatlblhly 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 affect 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 biomolecules, c.uch as growth factors, or to nmprove cell adhesion, biocompatibility,
and bioactivity.
Therefore, the work will focus on the producllon 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 camlage regeneration., These modified HA scaffolds are
promising substitutes for bonc/cartilage repair because of its ablllly to give an appropriate

. environment for ccll pmhferallon and, therefore, for the gmwlh or replacement of damaged
tissues. : co : :

EXPERIMENTAL DETAILS

Synthesm of hydroxyapatite (HA[ by a sol-gel method

Triethylphosphite or triethylphosphate(Aldrich) were chosen as phosphorouc prccursors
Calcium Nitrate and Calcium acetate (Aldrich) were used as calcium precursors. .

The reaction was carried out at room temperature in a vessél equipped with a cooling system
10 avoid losses of 1he volatile phosphorous precursors during the sol formation. First the
phosphorous precursor was diluted in anhydrous ethanol and ther, a small amount of distilled

water was added for hydrolysn'; keeping a molar ratio of water to lhe phosphorouq precursorat 3.

Asstoichiometric amount (to maintain Ca/P= 1,67) of the calcium precursor solution 3M .
solullon in anhidrous 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
afier the fitration. 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-

based process was employed with distilled water as the only diluting medium [13].
The gel compoqmom were:analyzed by EDX (Oxford Sczennﬁc) and TGA (Menler- 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 °C, 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 T
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 N, (-173°C), at-78
°C with CO,/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 CO; 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 acrogels were characterized by X-ray diffraction and SEM-EDX.

Plasma polymerization T - : -

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 tried. One of the apparatus used for the
plasma treatment conisists 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 (ltaly). 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 stee! 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. : o

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 work, 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
tricthylphosphate were not satisfactory. In the other hand, calcium acetate was found to be less
soluble in the media used than calcium mtrate and- that 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. Then, no'weight loss was observed untit 400 °C, if calcium acetate was used as
calcium 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 thermal treatment consisted of heatmg gels at different temperatures for different
pcnods of time in order to find the best formation conditions of HA phase. HA phase often
appears accomp'\med of other phases that can be different depending on the precursors used, the
thermal treatment temperature and the time interval, as table T shows. The more the thermal
treatment time is increased, the more HA formed at one fixed teniperature becomes crystalline.

The different phase transformations of calcium precursors were observed 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 confirmed it. It can be concluded that HA phase
formation depend on the decomposition temperature of the calcium precursor used. Thus, the
degrec of carbonatation can be determined by TGA analysis. This parameter is‘directly related
with the calcium precur:or used. Thc maximum carbonatatlon level (~25%) is achleved using
calcium acctalc, :

S . Thermal treatment temperatures /°C
Calcium | Thermal | 300 400 500 600 700 800 900
precursor |treatment N '
time /h - 1 [ : : )
: Nitrate L2 - HA, HA, HA, HA, | HA, W, CaCO;
.2,,_’ ' L -1 CaCO; [CaCO, (‘aC01 CaCOt .
& | Acetate | 2 | Amorfous. W, [HA W HA W,
£ S |CasP206f - | Ca(OH),, CaO
2| Acctate 4 | HA* - - | HA |HA WIHA, WIHA, W,|
2 IR A N _ { CaO
| Acetate | 6. | HA* | - - - |HA, W|HA, W[HA, W,
W o _| .Ca0

'l‘a‘ble I HA*"poor Crystallinc hydroxyapatite, W whitlockite

Calclum nitrate and lnclhylphosphnc in aqucous 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 températures as table | shows. Although it seems not necessary to obtain very pure and
crystalhne HA for bone and cartilage regeneration, (mineral component of bone is formed by
myriad tiny, lmperfcct crystals); the use of calcium nitrate as precursor allows a better control on
HA cristallinity. I this sense the HA formed could be easier tailored using this precursor.
Liofilization drving process and acrogel production

As we stated before, the precursors chose to make these scaffolds were calcium nitrate and
tricthylphosphite.




Liofilization process was used to dry hydrogels in order to obtain a porous structure. If the -
water freezes quickly (with liquid N), 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, acrogel 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 hi
be important to provide osteoconductivity to the scaffold.

gher porosity of the aerogels could

It is important to pointed out that, whereas liofilized structures need a post-thermal treatment
to formi the apatitic structure, in the case of aerogels (figure 2), HA accompanied of other phases

was formed during the acrogel production process, as XR

" . Plasma polymerization

D of aerogels have proved (figure 1).

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 yiclds
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. Besides, 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 hi

* its surface as IR analysis 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 technigue seems to be a very interesting technique to obtain
osteoconductive HA scaffolds in one step with pore size control. .
power leads to uniform

Plasma polymerization of acrylic acid at low RF source

functionalized Jayers with good adhesion to HA aerogels.

; had

, T
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Figure 1. XRD of the aerdécl
(HA is the main phase together with CaCO3) -
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Figure 2. Aerogel SEM
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"ABSTRACT

This paper addresses the development of plasma polymer coatings that should prevent ,
bacteria 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 -
coating in an atmospheric pressure dielectric barrier glow discharge. According to SEM, FTIR, '
SPM, XPS and contact angle measurements, smooth, hydrophilic plasma polymer coatings were - -
obtained 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 adhcsion and an increased resistance to
antibiotic drug therapies [2]. The reduction of protein and polysaccharide adsorption onto
surfaces is therefore an important issuc 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. B A -

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

Common low-pressure nonequilibrium plasmas represent an excellent method to deposit a
very thin 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 and the low deposition rates that can be obtained. o

Therefore, both the industrial and the academic world 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, which is
especially interesting for the treatment of textile and plastic foil, while it allows significantly
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higher dcposmon ratcs. Morc information on the theoretical background of this process can be
found clsewhere [12 14]

LXPERIMLNTAL SETUP

The cxpcnmcntal sctup (sce figure 1) of the dlclcctnc barricr glow dxschargc (DBD) consists
of two parallcl clectrodes (160x180 mm), both covered with an insulating Al;O; plate of 2 mm
thickness. To ensure 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 sct at 15 I/min. The reactive precursor is added to
the incrt carricr gas by means of an atomizer which gencrates a polydisperse submicron acrosol.
In order to perform tests in a controlled environment, the electrode configuration is'mounted in a
closed chamber which is evacuatcd and subsequently filled with the carrier gas before deposition
is started.

Plasma discharges were generated by a 20 kV/200 mA AC power supply wnth vanablc
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-hydroxycthyl methacrylate (HEMA, HC=C(CH13)CO0,CH,CH:0OH) and ethyl diazoacetatc
(EDA, N2CHCO,Calls) (Sigma-Aldrich, Belgium), both containing a polar furictional‘group.
Each of the precursors was polymerized in N2 and Ar plasma in runs of® 2 and 6 minutes.

Double polished silicon substrates (12 x 12 mm) were used as substrates for plasma 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
werc measured using the chlc drop lcdquuc (SOCA 15 plus, Dataphysuc% Instruments GmbH,
G erany) .

DISCUSSION

- Afirst obscrvahon is that 1he carrier: gas (Naor Ar) has a strong mﬂuence on the
polymerization process [(11]: So far, it ‘appcared however difficult to establish a correlation
between the carrier gas and the details of the polymcrlzanon process In splte of this fact, some
qualitative ochrvatlom could be rcadlly made L

Slainlésssle'cl
electrode |

Pumping
system

Oscilioscope

Figure 1. Expcrimental set-up of atmospheric pressure diclectric barrier glow discharge.

180



Microscopy

Figure 2 shows the SEM cross-sections of the coatings resulting from the deposition of -
HEMA on silicon obtained in a N; and Ar plasma. After a deposition time of 6 minutes, both
coatings showed a similar structure although the ‘polymer’ structure obtained in N; 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 N, and Ar, respectively. The coating thicknesses obtained after 2 minutes
demonstrated constant deposition rates as a function of time. :

An important featire in the present context is the roughness of the coatingé,vwhic‘h proved to

be very low according to' SPM measurements. Surface roughnesses between 0.20 and 0.35 nm
were obtained in both Ar and N, 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 thosé 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 N, 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. :

Coating Surface

Coating Surface

WgT 990°00TX AYBS 138 266219

a3 4 WQOT. G09°9DIX ANES, 38 GO .

®)

Figure 2. SEM cross sections of plasma polymer coatings obtained from HEMA in N, (a) and
Ar plasma (b) after 6 minutes. ' :
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Table 1. Contact angles with water (Oyp0) of plaema polymer coatings obtaincd from HEMA and
EDA in N; and Ar DBD glow dmchargcs (dcpoeltlon time of 6 mmutcs)

Prccursor/Carrler Gas __ Owo(deg) P
EDA/N- 192 e
EDA/Ar - ) ~46.7
HEMA/N> - - 161
HEMA / Ar o T 342

XPS

X-ray photoclectron analysis was used 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 uscd as carrier gas instead of Ar. This is manifestly
demonstrated by the polymerization of HEMA, which resulted in a surface concentration of
nitrogen of about 30 % in N, plasrha 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 N,
plasma into the'bulk of the plasma polymefq and thus at their surface. On the other hand, stable
radicals of organic origin that rcmain present in plasma polymcr coatings after polymerization
might react with Na even in the abscnce. of plasma conditions, c.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 obscrvations made for HEMA concerning the C/N ratio of the plasma polymiers also
hold for thc casc of EDA. However, while EDA itsclf is characterized by a C/N ratio of 2, this
ratio increased aftcr 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 plasima conditions. The nitrogen containing
functionalitics at thc surface of the EDA coatings arc thercfore not neccssarily of diazo-origin. -

When comparing the contact angles of the coatings with their surface composition, it is
however obvious that the high N-content should be responsible for the low contact angles
obtained after polymenzatlon in N> plasma:

Table 2. XPS-data (surface molc fraction of elements excluding hydrogen in %) obtained from
HEMA and EDA plaqma polymer coatings prepared in N2and Ar DBD glow dlqcharges '

[ Precursor/Carrier Gas _ Cion 0.,.. . Nt
‘EDA./ N, - 659 ) 24.1 10.0
EDA / Ar 63.4 331 35
HEMA /N, ) 54.8 14.7 . 305
HEMA/ Ar : . 69.8 30.2 : 0.0




FIIR

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. ’ ‘ o . .

The spectrum of the HEMA bascd coating obtained in Ar plasma (fig. 3.a) contains the main
bands typical for the monomer, including O-H stretching (3422 cm’), C-H stretching (2955
em™), C=0 stretching (1730 cm™) and C-H deformation (1456 cm™). In the spectrum obtained
from the HEMA based plasma polymer deposited in N, the weak band at 3317 cm™ could be
attributed to O-H stretching. However, 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 absorption
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 Ny is used as a carrier gas. v o o

' The most striking feature in the spectra of the plasma polymers obtained from EDA
(fig. 3.b) is the absence of the absorption band typical for the diazo-group at 2200-2000 cm™,
which confirms that this group is split off from the precursor when introduced into plasma. Asa
result, only C-H deformation (1447 cm™) and C-H (2982 em™).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 spectrum of the EDA coatings that were polymerized in N,.-
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 -NH, (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 N, plasma. Ester groups, and in the case of HEMA
also hydroxy] groups, are present in the. coatings polymerized in both Ar and N».
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Figure 3. Infrared spectra obtained from HEMA (a) and EDA (b) in argon and nitrogen plasma.
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CONCLUSIONS

This study shows that organic coatings with low contact angles and a low surface
roughness can be obtained through polymerization of HEMA and EDA in a dielcctric barrier
glow discharge at atmospheric pressure. Espcc:a!ly when Na is used as 4 carrier gas, contact
angles lower than 20° could be obtained mainly due to the incorporation of nitrogen in the
plasma polymers The truc potential of these plasma polymers as antimicrobial coatmgs seems
* therefore promising but is currently being investigated in more detail.

- As the present techmque allows continuous processing at low temperature and at
atmoepherlc pressure, it is in particular interesting for the treatment of large surfaces and plastlc
foils or fibers.

In addition, this techmquc offcrs promlsmg pcrspcctlvcs for the further dcvclopment of
- antimicrobial coatings in that intrinsically antimicrobial substances can be mixed with the
prccursor and thus incorporated in plasma polymer coatings.
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ABSTRACT

Challenges in tissue engincering have always-motivated scientists and engincers to develop
new biomaterials that 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 [1]. These materials in various
forms and phases are made to perform different functions in repair and reconstruction of diseased
and damaged parts of the human body. Among all materials, the ceramics, and more precisely T
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
propagation. 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 researclies 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 sifu 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 propertics. . :

: g E'XPERIMANTAL PROCEDURE

A commcrcwlly available natural polymcr was used for thn study. Thc commicrcial namc is
"Polimero. Vegetal Osteointegraval”. 'Vegctable polymer was extracted from the “Ricinus
Comunis™ (mamona oil); oil plant belonging to the dlcotaledonea class, 5enanaceas order and -
cuforbaccas family, its recinolcic acid strucrure cointain 18 carbon atoms in-which thereisa

" doublc bond between the 9™ and the 10™ carbons. Calcnum carbonatc powdcr was mixcd with

- this polymer to. form a ccramlc-polymcr compoqnc _

* . The natural polymer comes in two parts. These two parts are named as "polylo!" and "pre-
polymero™. During processing of this composite, calcium casbonate powder was added to the
liquid polymer while mixing the two components prior to room temperature curing.. Preparation
was carricd out in a clcan gl.m beaker. Mixiig was done manually. A total of 6 grams CaCO;
was added to 40 m1 of polymer mixturc dunn;0= polymerization. ‘Aficr I minute of mixing, there -
was an inercase in material temperature 10 45°C.  The total curing time was between 3'to 5
minutes. The polymer was taken out of the beaker and allowed to cure in another clean glass
beaker. Durm;, polymerization, in situ random intcrconnected porcs were gencrated. After
curing, the overall material resulted into a strong porous compmltc with thrcc-dlmcnsmnal]y
interconnected porosity.

Cylindrical samples were core drilled wnh uniform diameter of 11.5 mm. Thcse samples
werc then sectioned to a length of 20 mm each to test under uniaxial compression loading. For
in vitro testing, circular disk samples were prepared. I vitro samples had an average diameter of
11.5 mum and an average thickness of 1.8 mm. Biodcgradation studics were carried out with in
vitro samples in culture mcdia. H;_,-poroslmctry was carncd out to evaluate the pore size and
their distribution.

In vitro testing was carricd out using a human ostcoblast cell-linc (OPC 1), The OPC I cell
linc 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 SA (with I-
Glutamine, 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

gram/liter penicillin'and 0.1° ;,ram/hter streptomyein. The selection of a nutrient medium is
strongly influcnced by typc of cell; type of culturc and degree of niecessary chemical definition.
Cells were removed and split in the ratio’1:2, 3 days before use.” The cells were sceded onto 15 -
disk samples. The culturcs were incubated at 37 °C in a humidified 5% CO; atmosphere. Cell
counts were taken afier 3, 7, 14.and 21'days of culture.’ Mlcroscoplc observations revealed that
the cells had attached, arichored 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 quantitates the ability. of mitochondrial dehydrogenases to
mctabolize 3-[4,5-dimcthylthiazol-2-yl]-2,5-diphcnyl-tetrazolium bromide to an insoluble
formazan [7]. The ariount of formazan is directly propomonal to thc tatal number of living
cells. This enzyme assay produces a colm cd product whlch is quantltated ina mlcroplate reader
at a wavclength of 57() nm. :
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RESULTS AND DISCUSSION

Bulk density and mercury porosimetry ' - '

Bulk density of the composite was determined using cylindrical samples. The butk density
was found to be 0.4 g/cm®. The composite porosity was determined using a Hg-porosimeter —
(Auto Porc 9400, Micromeretics, 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
pum, while some were between 200-250 pm. The porosimetry result also indicates that the bulk
density of the sample was 0.4 g/em® with an apparent density of 0.51 g/cm®. 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.
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Figure 1. Hg porosimetry plot shows the Va_riat_iori of pore sizes in the composite.

Figure 2. An SEM phbtograph 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 onc of the compression samples .

Mechanical testing

Uniaxial compression tests were perforimed on four samples of this composite to evaluate
their mechanical properties. Figure 3 shows the stress-strain plot for one of the samples under
compression testing. The modulus of comprewbllny and the stress at which failure initiates

were determined from the stress-strain curves. Average compression modulus was calculated as
173 Mpa (+/- 16 MPa), whilc the avcragc failurce strength was 6.7 MPa (+/- 0.64 MPa). The
failurc strength is quite comparable’ to hurnan canccllouc bonc which has a typical compressive
strength bclwccn 0.5- l4 6 MPa [8] L » :

In vitro Testmg

Blocompatlblhly is dchned as’ the abxhty ofa matenal lo perform wnh an appropriate host
response in a specific application, In vitro testing was done to test the biocompatibility of this
composnc All the matrices were found to be non-toxic and biocompatible. Observations on the
3and 7" days of culturc showed that the ccll attachmcnt and growth were very. good. The cells
were well spread and were in contact with cach other. A continuous increasc in ccll 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 the results were identical, which
suggests that there was a saturation cffect of ccll growth in these matrices. A possible
explanation for this growth behavior for cells during the third weck could be duc to lack of space
for cclls to grow. ‘The 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
n};ltnccq as a function of time in days. Figurc 5 shows the cell attachment on these matrices aﬁcr
7" day.

Biodcgradation studies werc carried out on the composite usmg the same standard media
that was uscd for in vitro testing. Fificen 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 7"

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 thc composite is biorcsorbable, though the degradation ratc is very slow.

CONCLUSIONS

Porous calcium carbonatc 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-porosimetry revealed that the majority of the pores are in
" the rangc of 50-100 um. -/n vitro testing with the OPC 1 cell-line showed that the compositcs arc
biocompatible. Biodegradation 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
compositcs to be uscd as bone-graft materials, though further-in 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 functionality 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
acrylamide were synthesized in dimethyl sulfoxide (polar, aprotic solvent) via UV-free radical
polymerization. Polymers were characterized by single and competitive equilibrium and kinetic

-binding studies, single and competitive fluorescent and confocal 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 restlted in 2 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
‘networks, in which hydrogeri bonding, hydrophobic, or ionic coniributions will” 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 the material in repr‘odﬁcihle 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 drug
and protein release [1], targeted drug and protein delivery (site or ligand-specific interaction with
cells and tissues), biomolecule recognition and removal of undesirable biologicals [2], ligand-
directed cooperative allosteric recognition. processes. directed on-off Jigand binding processes,

- tissue enginecring devices, biosensors, and novel therapeutic and micro-sensing devices, etc. For

example, surface patteming of recognitive gels on silicon substrates can create micro- or nano-
binding regions with areas of differing chemistry [3], which would be the basis for micro- or
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Figurc 1: Biomimetic Approach to Producing
Recognitive Networks

A: Mimic recognitive prateins and enzymes by

analyzing the amino acids involved in binding a
particular. molecule and ' duplicating complex-

. ation interactions.” B: Solution ‘mixture of

biomolecule (template), functional monomer(s)

(triangles and circles), crosslinking monomer,
solvent, and initiator ([). C: The pre-
polymerization complex is formed via covalent
or non-covalent chemistry. D: The formation of
the network (imprinting process). E: Wash step
where original template is removed.
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nano-diagnostic, drug delivery, or tissuc engincering 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 ftailoring the polymer

‘network .architecture * ‘and  composition,

effective biomimetic recognition sites can be
created in polymer gels (Figure 1).
The .network - structure (polymer

morphology, ‘porosity, diffusional character-.

istics) depends upon the type of moriomer
chemistry  (anionic, cationic, - neutral,
amphiphilic). - 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. Recognitive success,

i.c., the ability to corrclate 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-
ation, this translates to the strength of
hydrogen. bonding. hydrophobic™ inter-
actions, 7-m orbital intcractions, ijonic
interactions, and van.der Waals forces
employed during_ templatc-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




(polar,.protic solvent) {5]. Our scientific rationale is based on the hypothesis that effectively
designed recoghnitive networks will have superior binding propeities 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 hydrophobicity [6], including strong hydrogen bond donors and acceptors
{7}, or including strong ionic directed recognition sites [8]).

EXPERIMENTAL

Materials

‘Methacrylic  acid (MAA), acrylic acid (AA), acrylamide (Aam), dimethylsulfoxide
(DMSO0), and D-glucose were purchased from Aldrich (Milwaukee, WI). Poly(ethylene glycol)
200 dimethacrylate (PEG200DMA) was obtained from Polysciences, Inc. (Warrington, PA).
Irgacure® 184, 1-hydroxycyclohexyl phenyl ketone, was purchased from Ciba Specialty
Chemicals (Tarrytown, NY). Fluoréscent D-glucose analogue, 2-(N-(7-nitrobenz-2-oxa-1,3-
diazol-4-yh)amino)-2-deoxy-glucose (2-NBDG), was purchased from Molecular Probes, Inc.

Methods: D-Glucose Recog‘ nitive Netﬁork Synthesis

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

asparagine), D-glucose, Aam or AA, and 2.0 mL of DMSO were mixed together. Then
’ PEG200DMA ‘and 1.5 wit% Irgacure® 184 were added to the mixture. Feed monomer
compositions of this type varied from 20 to 80 mole% Aam per mole monomers (or 50 to 85
mole% AA) 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
lmm, 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 cork 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 steps (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, Selectivity, 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 qupcrnalam was samplcd at cthbnum Th«. time for equilibrium to occur in each system
was prcducrmmcd by separate kinetic binding studics. where supcmatant samples were taken at
different time pomts Equilibrium*and kinetic-binding results weére quantitatively calculated by
HPLC measuremients of the resulting supernatant (Phenomenex RPM monosacch'\nde column
(300 x 7.8 mm), Dl”watcr mobile phase 0:6 ml/min flow rate, temperature 80°C, Shimadzu RID-
10A refractive indc detector). Compctitive bmdmg, results were visualized using a fluorescent
glucose analoguc; 2-NBDG (Figure 2). The analoguc was added to vials' containing a known
amount of ‘po ymcr (maxmmm absorption 466 nm; maximum efnission 542 nm). A" Nikon
“Labophot ﬂuorwccm microscope with a'F ITC filter set was used and i images were acquired.with
an Oplronics 470T-CCD camera and ‘captured “using ‘MetaMorph software from Universal
Im‘u__mg By cmalyzmg, alarge amount of pixels (N=10,000) within these images, a hlstogram of
intensity values was obtained (Adobe Photoshop), Confocal analysis was performed vsing a Bio-
Rad MRC 1024, Confocal Microscope with an MRC 1024 systeni. lmagcq “z-sections, etc. were
collected using Laser&harp software and image analyms was conducted using Confocal Assistant
software. The equilibrium swellmg ‘behavior of the imprinted gels was studied by weighing dry
samples and placing them in a known voltime of solution with and without template. The gels
were weighed by removing the gels at specific periods of time and blomng, wnh filter paper to
remove excess surface solvent.

. ‘RESULTS AND DISCUSSION
[SILY . .
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- 'We have been successful.in synthesizing novel glucose-
binding - gels based on non-covalent interactions (hydrogen .
bonding. hydrophoblc interactions) formed within polar aprotic
solvent (DMSO).

For AA and Aam functional nct\\orks, a bound ratio
(amoum D-glucose bound recognitive network/control network)
.greater than one indicates that glucose was memorized within

Figuré 2: D-Clucose -

Template and Fluorescent -

Analogue. Competitive bind-
ing results were visualized
using a- fluorescent glucose
analoguce  2-(N~(7-nitrabenz-

2-oxa-1,3-diazol-4-yl)amino)’
-2-dcoxy-giucosc (2-NBDG, :

Molecular - Probes; -Inc.).

solution; glucose mularotates
between two conformations:
alpha (as shown, 30-35%)
and beta (65-70%) position
of the carbon | hydroxyl
group at equilibrium. D-

Galactose only differs by the.

carbon 4 hydroxy! position. -

{ie,
.positioned functional groups). For AA and Aam nétworks, the

the gel compared to a mndomly polymerized network (bound

ratios in water were 3.4.and 5.0 for Aam-PEG200DMA and .
AA-PEG200DMA networks, reqpecnvely) It is important to -
note that the control polymer will bind some amount of template
will ‘contain - some randomly - introduced, properly

choice-of DMSO as solvent dunng polymerization increased the
bound . ratio comparcd 1o " aqueous = solvents during. .
polymcrlzatlon (DMSO is aprotic'and does not have the ability

“to bc a hydrogen, bond donor and mtcrfere with - complex

formation).
_Figure 3 provides a \ kinetic aqueous bmdmg analysis of

.glucose-imprinted Aam- PEGZ()()DMA copolymers prepared in
-DMSO. The 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

- represented by a linear isotherm at low concentration ‘ranges
(i.e., <l mg/ml D-glucosc) )
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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-Glucose Analogue Binding in Water. Acrylic
Acid-PEG200DMA Copolymers with 67% Crosslinking Ratio Prepared in
DMSO. A: Recognitive Polymer (1=208.84+/-6.48 - (10,000 pixels)). B:
Control Polymer (I=36.28+/-1.26 (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 diffusional chamacter of the imprinted networks and retain memorized
recognition toward template molecules. o ' _

For improved analysis of fluorescent intensities, thin polymer discs (diameter, 5.5 mm;
thickness, 35um) were prepared. By analyzing fluorescent intensity values from polymer discs of
equal thickness, a histogram of intensity valués was obtained, which provided quantitative
analysis of binding (Table I). This data contains fluorescent piofiles 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 compéted and filled
“binding sites once occupied by the fluorescent analogue. ' - o

Table I. Competitive D-Glucose Substrate Binding in Water: Acrylamidé-PEGéOODMA
~ Copolymers with 67% Crosslinking Ratio (prepared in DMSQ). -

Compcetitive Substrate Recognitive Entensity Centrol Intensity
Fl Analogue Onty (C ion = F,) 223 +- 11.81 5097+ 0.77

F. Analogue and Glucose (100 x Fe) T 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. Analogut and Galactose (100 x F) 220 +2-10.10 na

F. Analogue and Galactose (3,000 x Fo) 209.06 +- 10.46 . " )
Fluorescent Analogue Only (PEG only network) 15} 56,57 ~/- 0.90
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Q. (wt swollen polymer/ wt dry polymer)

The hlghcst glucoee ratio (3 OOOAFB) dropc the fluorescent
: _mlenqlly to level consistent with control polymer. A gel
. consisting of PEG200DMA only (i.e., ne functionality in
v 4:‘ feed) shows that there is a low level of interaction between the
o+ PEG network and the fluorescent analogue. Competitive
n"&fqu’)g{f’ "! binding studies between D-glucose and 2-NBDG

;N XY, yielded conclusive results that. D-glucosc is

s TN o NBDG fluorophore. AA functionalized networks
- r‘d.g_{%‘f ¥ fl 3 ) exhibited similar behavior (Figure 3 A, B).

_‘F;ﬁf’: ﬁ,ﬁ; R The' selectivity. of the Aam-PEGZOODMA
polymers was  determined = by varying

P concentrations of D-galactose added
19 "o o o to a constant coricentration of D-
183 C o :
Py @ ® | glucose fluorescent analogue (Table
163. o [mimprintedbisc 1~ || 1- The results ~suggest polymers
15 % : 1 imprinted Disc 2 [ selective to’ D-glucose since the
7 lomprinted Disc3 - || fluorescent intensity ~ remained
3 W o®  |oNonmprintedisc 1 approximately unchanged.
12 ﬁ o® Non-Imprinted Disc 2 Figure 4 shows dynamic swellmg>
14 ®Non-mprinted Disc 3] | data (without template present) from
1 @rrrrrrrrrrrrrrrrrrerrreerrererererreet. Aam-PEG200DMA - copolymers. The
0. 25 50 75 100 125 150 175 200 imprinted gels swelled at a faster rate -
Time (Min} than the non-imprinted gels displaying
Figure 4: Dynamic Network Swelling Study non-Fickian swelling behavior (i.e.,
in Watér and Polymer Morphology via . anomalous  transport _since  swelling
Confocal Microscopy Transmission /FE- ‘process -is not .dominated by the
SEM. Acrylamide-PEG200DMA Copolymers _ polymer viscoelastic relaxation time or
with 67 % Crosslinking Ratio Prepared in water diffusion) and exhibiting a higher
DMSO.A. Recognitive Network. B, Control degree of equilibrium swelling. As both
Network. C. Ruco&,mtlvc FE-SEM D. Control systems adsorbed water, the discs
FE-SEM - ; became increasingly opaque, with the

non-imprinted gels displaying a hlgher

dcgrt.e of Immlucem,e The water swelling tests correlate the properties of the network

(homogencxly and porosity) to the imprinting process. Due to the- presence of template, the
imprinting process resulted in a more porous stricture as exhibited by these studles and contocal
mlcroscopy/l‘E SEM (Figure 4 A, B, C, D).

The formation of a three-dimensional network is a kmetlmlly comrolled 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
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the templ‘ate molecule has more than a dilution effect on the po'lymen'zati‘on, and the‘effec‘t of the
template is related strongly to the rate of propagation. ' : )

CONCLUSIONS

- The studies presented in tﬁis paper aid in further undersfanding and optimizing template-

mediated 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-ghicose. Equally-
important in this endeavor is the potential to produce recognitive networks 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,
nano-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

Our biomimetic approach for patterned crystallization is based on the combination of the
Micro-Contact Printing technique and a novel mineralization process, called the Polymer-
Induced-Liquid-Precursor (PILP) 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 patteming 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 resulting from 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 scnsor applications, bioseparations, biocatalysis, and hard-tissuc
biomaterials. Biological mineralization differs from 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 performante 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-precursor (PILP) proccss may play a
fundamental 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 biomimetics field. In the PILP process, micromolar quantities of acidic polymers arce
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 form upon solidification
and densification of the precursor phase, thus producing a vatiety 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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In addition to-crystal morphology, it is the arrangement of the biominerals within the
biopolymer matrix that distinguishes bioceramic composites. The design of complex
ntacromolecular 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 difficulty in producing patierned structures to serve as templates and matrices.
Nevertheless, there have been several studics demonstrating the oriented growth of calcium

- carbonate crystals on sclf-assembled monolaycrs (SAMs), as well as amphiphilic and
macromolecular surfaces with functionality designed to interact with the incipient nuclei [8-10].
Thin film formation of calcite by templatc-mediated nucleation on insoluble and relatively rigid
surfaces, such as porphyrin monolaycrs and chitosan, has also been investigated [1,°11,.12). Our
system differs from these in that both morphological and locational control can potentially be

- achieved duc to the shape rciention that occurs when pattcmmg a precursor phase, as opposed to
controllcd surface nucleation, which relics on strict control of the supersaturation and diffusional
distances between patterning clements that create ion depletion Zones.  In the PILP process, an
important distinction in terms of morphological control is that a phase segregatcd precursor
phasc can conceivably be manipulated, molded and qhapcd by a compartment since the precursor
is in the form of a moderately viscous liquid which take@ 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 différence
here, though, is that the mincral 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
rcleased via a condensation reaction. but rather the hydration waters are driven off (while still in
solution) by the thermodynamic instability of this metastable phase.

Template-mediated nucleation of calcite from solution has provided some mstghl irito the
molccular recognition affecting the niucleation of the i 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 -
nuclcated from solution. The template will likely mediate where the precursor phase deposits
(influcncing location and moiphology), and then how it transforms into the crystalline phasc ‘
(influcncing crystal phasc, oricntation, and polycrystalhmty) Therefore, the mﬂuence of orgamc
temphtes on lhc PILP proceqe is a primary focus of our current work. '

_EXPERIMENTAL - o -

Pattcrncd Self-Asscmhlcd Monolayers 1SAM9)

Clcan fused silica cover-shps were coated with Au in thickness 500 ~ 1000 A. (Ti
underlayer is used to promote adhcsion), using an clectron beam evaporator. SAMs werc
patterncd on the Au substrates using the microcontact printing technique [13]. ‘Elastomer stamps
were prepared by casting and curing Poly(dlmcthylsﬂoxane) (PDMS, SYLGARD 184 (Dow
Coming)) against a silicon wafer bearing photoresist pattems formed using conventional
photolithographic techniques. The resultant PDMS stamps with felief structures, such as
channels and squares, were “inked” with a ImM solution-of surfactant (Mercapto-hexadecanoic
acid SH(CH,),COOH in Ethanol) and then printed onto the gold surface for 30-60s. The stamps




then wére removed, and the printed substrates were washed with ethanot [8). In the examples
shown herc, a follow-up dipping of a second surfactant was not utilized. - ’ i

PILP Crvstallization

- The crystallization process is as follows: a 12mM CaCl,*2H,0 (Aldrich) solution was
prepared with freshly boiled and cooled distilled water. Substrates, Au-coated cover-slips with -
patterned surfactants, were placed in a petri dish (3.5 cm diameter) containing a filtered 12mM
CaCl,*2H,0 solution. Micromolar quantities of dissolved acidic polypeptides (poly-L-aspartic
acid, Mw=8600, Sigma) were transferred into the dish by micropipette. 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 (in 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 scanning
electron microscopy on a SEM JEOL JSM 6400 instrument [5]. :

RESULTS AND DISCUSSION

Microscopic examination of the patterned calcite in polarized light microscopy shows that

crystallization without the addition of poly-aspartic acid yields thombohedral-shaped calcite -

crystals, as expected. -Figure 1A shows the traditional solution crystallization of calcite without a

'SAM template, and Figure 1B shows a linear array of crystallites patterned using a SAM

template prepared with a PDMS stamp containing micro-channels. Figures 1C and 1D show that .

the addition of micromolar quantities of poly-aspartic acid, which induces the PILP process, .

cause the deposition of patterned films 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-asparticacid is apparent- films, rather than discrete polycrystals, arc deposited -

on the patterned regions of the SAM template. There may be cooperative interplay between the =~ =

carboxylate groups of the SAMs and the carboxylate groups on the polypeptide, 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, rather than _ ’

nucleation of crystals, is now dependent upon on the fanctional 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

not certain at this time whether PILP droplets are depositing onto the patterned regions, or if

heterogeneous nucleation of an amorphous precursor phase is occurring, or both. ‘ ’ ’“
SAM:s have found numerous applications in the realm of biomimicry. Controlled growth of

crystals with specific orientation can be achieved via the functional groups on the substrate. In
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Figure 1. Optlca] micrographs of calcntc crystals produced by slowmg ralsmg a 12mM CaCl;
“solution “in supersaturation with ammonium carbonate vapor. A) Classical rhombohcedral
shaped calcite crystals arc produced in the control reaction, which docs not contain a SAM
templatc or solublc polymeric additive. B) Patterned nucleation of calcite crystals produced
with 24mM Ca ‘deposited onto a. SAM template patternéd in the form of channels (without
solublc polymcnc additive). ‘Note- the crystals arc smaller ‘herc becauseé. a higher ion
concentration was used, -which mcrcascd the nucleation density. C) With the addition of
12 pug/ml Poly-L-aepartlc acid, the same channcl-pattemcd SAM dlrected the deposmon of
patterned mincral films, using otherwise similar. prccmltatlon conditions. D) Likewise, square-
pattcmed calcitic films were produccd using 12mM Ca**and 12 ug/ml Poly-L~aspamc acid.
The dark objects in C) and D) are crystal aggregate: s:dc-products that form from mcomplctc '
mhlbmon of. solution crysta! precnpltatcs Scale bars are 100 M.

fact, Aizenberg has demonstrated patterncd crystallization in conjunction with controlled - - -
crystallographic oricntation. She suggests that the patterned calcite crystallization could be
- explained through a direct epitaxy nucleation in terms of diffusion-limited nucleation [9, 10].
Allhough 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.

Figurc 2 shows scanning clectron micrographs of the pattemcd films, demonstrating both
regions of smooth continuous film, as well as bumpy regions, in which the precursor droplets did
not fully coalesce. In Figure 2B, bulges can be seen on the film which appear to be “dewetting”
of the SAM/minera) 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 adhesivencss of the films (for cxample, the
mineral films adhere well to a glass coverslip, but tend to peel off a polystyrenc petri dish).




s

Figure 2. Scanning electron micrograph of patterned mineral films. A) Using 12 mM Ca®
and 12 pg‘/ml'Poly#acr}{]ic acid, the films appear rough due to PILP droplets which have not
fully coalesced. ‘Scale bar = 50 jim. B) At higher magnification, it can be seen that the
mineral 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 from the SAM

substrate. Scale’bar=20um.

As we expected, the crystalling films were deposited only on the regions that were
functionalized. Reasonably well-defined patterned films of calcite are observed, although the
fidelity is not optimal. A primary difficulty we have encountered is the formation 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 dchydration and crystallization); therefore, the patches are not always single
crystalline if more than one nucleation event occurred, and specific crystallographic phase and
orientation have not been addressed. It is anticipated, however, that the nucleation of the
precursor phase, although different from nucleation from 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 grown crystals. Thus, our approach -
has taken the microcontact 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 polypeptide. It
should be noted that two of the crucial tools utilized in biomineralization are insoluble templates
and soluble acidic proteins. We have used acidie-polypeptides, 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 c¢an imagine that by controlling the
location of the organic template, sequential depositions of PILP phase could enable the
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 patteming 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 controllcd deposmcm and patternmg of inorganic thin films under benign
processing conditions. Our futurc cfforts will be directed at better controlling the precursor
formation to eliminatc 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 cmerged as promising systems for the delivery of
genetic material. In this study, several DABCO (1,4-diazabicyclo[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), 1,4-dibromobutane (D4), 1,6-dibromohexanc (D6), 1,8-dibromooctanc
(DB), and 1,10-dibromodecane (D10) to form a series of quaternary ammonium polymers with
increasing charge separation. ‘Gel retardation experiments reveal that each polymer (D3-D1 0)
binds pDNA above a charge ratio of 1.0 (polymer +/pDNA -). The polycations are examined
for in vitro transfection efficicncy and toxicity in BHK-21 cells. Results of the transfection
experiments indicate that the D6 polymer had the highest transfection efficiency. Although all of
the polymers are shown to have some toxicity, the D8 and D10 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%. '

INTRODUCTIQN

Cationic polymers are currently being studied as alternatives to viral systems for the
delivery of therapeutic genes. Advantages of using nonviral delivery vectors over their viral
counterparts include low immunogcnicity, noninfectivity, and virtually no limit to the sizc of the
foreign gene that these vectors can carry [1-3]. Polycations have the ability to self-assemble with
DNA and condense it into smali particles that have been denoted as polyplexes. -Polyplexes 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 significant yet undetermined 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]. Inthe current study, several DABCO-containing polymers with increasing charge
scparations (Figure 1) have been created to further clucidate 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 gene delivery agents is considered.
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e Br(CHz)nBr ..
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Figure 1. The structure of thc DABC 0 polymcrs used in this study. The separauon of the
charge centers was varicd by 3,4, 6,'8, and 10 mclhy!cnc umls through copolymcnmtmn of -
DABCO with the corr(.qpondmv dlbromoalhm ’ »

' Br—+ /ﬁ\+ Br-

N N-—(CHp),

EXPERIMENTAL DETAILS :

* Polymer synthesis -

All chemicals used in the synthesis of the pofymers were obtained from Aldrich
Chemical Company-unless otherwise indicated. The polymers were synthesized by the
stoichiomctric copolymerization of DABCO and the corresponding dibromoalkane (1,3-
dibromopropane, 1,4-dibromobutane, 1,6-dibromohexane, 1,8-dibromooctane, or 1,10- -
dibromodccanc) in cither dimethylformamide or dimethylsulfoxide and stirred at a femperature *
between 60°C and 70°C for 24 hours. After 24 hours, each produict was purified by pipetting the
reaction mixture into'a Spectra/Por 1000 MWC O dialysis membrane and L\hausnw.ly dialyzing
the product in Nanopure water for 'lppm\nnakly 48 hours The dlalynd product was thcn
lyophilized to'dryness.

Polymer Characterization

-Polymer molecular weights were determined by static light scattering. - The polymers
were analyzed on a Hitachi D6000 HPLC sysiem cquipped with a ERC-7512 Rl detector, a
Precision Detectors PD2020/DLS and a PL. Aquagel-OH 30 column using 0.8M ammonium
acctate pHi = 2.8 with formic acid as the cluant at a 0.7 mL/min flow rate. The n.fracm'c index
increment v.xlm.s were stLmnncd at 25"(" (633 nm) in the same du.ml above.

Gel Retardation Expcnmcnls

Each polymer was examined for its ahllny 1o bind pDNA through gcl electrophoresis
experiments as prwmusly described [10). -1 pg of pGL3-CV (10 puL of a 0.1 pg/ul. in 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 pl. of loading buffer was added to cach

sample and then 10 pL of cach sample was pipetted into the wells of a 0.6% agarose gel
confaining 6 pg of ethidium bromldL/IOO mL TAE buffer (40 mM Tns-acctatc I mM EDTA)
and L,lu.trophorucd . .

Cell Culture Experiments

Plasmid DNA, pGL3-CV (Promega, Madison W), containing the luciferase gene under
the control of the SV40 promoter was amplified by Escherichia Coli strain DH5a and was then
purified using Qiagen’s Endotoxin-frec Megaprep kit (Valencia, CA). 60 pl. of cationic polymer




dissolved in DNase free water (Gibco BRL) was added to 60 ! 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

incubated for 30 minutes before cell transfection. BHK-21 cells were purchased from ATCC -

(Rockville, MD) and maintained in Dulbecco’s Modified Eagle Medium (DMEM) supplemented

with 10% FBS, 100 units/mg penicillin, 100 ug/mL streptomycin, and 0.25 pg/ml amphotericin :
at 37°C and 5% CO,. Media and supplements were purchased from Gibco BRL (Gaithersburg, —
MD). ‘BHK-21 cells were plated at 50,000 celis per well in 24 well plates and incubated for 24

hours. Cells were transfected with 1 pg of pGL3-CV complexed with each of the polymers

above (D3, D4, D6, D8, D10) at the various charge ratios in triplicate in serum free media. Afier

4 hours, 800 mL of DMEM was added to each well. 24 hours after transfection, the media was

replaced with 1 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 [6,101.

DISCUSSION -

Polymier Synthesis and Cﬁaracterfzation

‘ The DABCO polymers were synthesized as previously described through quaternization
of the tertiary amines on the DABCO units with the corresponding dibromoalkane [8,9]. As
shown in Table 1, 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 | show degrees of polymerization for these polymers between 10 and 20 with
the D4 polymer having the largest chain length and the D10 polymer having the lowest degree of
polymerization. . , v ' . ’

Gel retardation experiments were completed for each DABCO polymer (D3-D10) and
reveal that all polymers bound pDNA (a requirement for ccllular 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 clectric ficld 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
experimient is a qualitative determination of pDNA binding but does not give quantitative
information on polymer binding strength.

Table 1. Thé refractive index increment, molecular weight, polydispersity, and degree of

polymerization data for the DABCO based polymers as determined by static light scattering.

-

Polymer D3 D4 D6 D8 D10
dn/dc 0.138 0.138 0.138 0.146 0.163

1 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 16 20 - 14 17 11
Polymerization




PDNA G:S 1.0 1.5 2.0 2.5 30 35"40'4': 5.0

Figore 2. Example of gel retardation rcﬁults I this expcnmcnt thc D4 polymcr was tcstcd for

bmdml, to pDNA. The numbers, 0.5-5.0, rcprc<ent the charge ratio (polymer + / pDNA - ) used
in the analyses. Polymers D3-D10 were all examined similarly, and bound pDNA at and above a
charge r'\uo of 1 0 +/— (clcctrophoresls rcsults were vcry s1m1|ar to what is shown hcre)

Tramfectlon and Toxicity Exgerlment

The polyplexcs formed by all of thc DABCO polymcrs arc able to transfect BHK-21 cells
in vitro at several charge ratios. Transfection experiments reveal that the polymers have some
toxicity and complcéte ccll death is found above a charge ratio of 20 +/- as determinéd by the
Lowry protein assays. As shown in Figure 3, the D3, D4, and D6 polymers are only shghtly
toxic at a charge ratio of 5 +/--with ccll survivals of approximately 80%, and thc D4 gives the
lowest toxicity. Polymers D8 and D10 arc found to have the highest toxicity at all charge ratios.
At a charge ratio of 5 +/-, only 30% of the tells survived for the polymers D8 and D10. This
result is inconsistent with what was observed in a previous structure- property study conducted in
our lab. Using B-cyclodcxtrm polymers (BCDPs), the polyplexes formed by the polymer wnth a
charge scparation of 8 methylene units had the lowest toxicity [6].

All of the DABCO polyplexes are able to transfect BHK-2T cells with dlffermg degrées
of cfficiency-as determined by luciferase protein activity. As'showr in Figure 4, the transfection
is the most cfficient for all of the polyplexcs at a charge ratio of 10 +/-" The highest transfection
efficicncy is achicved by the D6 system.: This result is consistent with the BCDPs inthe
previously mentioned study where a charge separation of 6 methylene units between the -
cyclodextrin monomers had the highest transfection cfficicncy in BHK-21 cells.

Although the current study was: carricd outiin‘order 10 verify 1 the’ relationship between

_ charge separation; toxicity, and transfection efﬁcnency, the DABCO based polymers are not ideal

modcls. Even though the charge. scparation can be modified similar to the BCDPs, usmg
diffcrent dibromoalkanc spaccrs, cach DABCO polymier contains 2: ‘quaternary ammonium
charges closely spaced on the DABCO units as pictured in Figurc 1. However, in the BCDPs
(Figurc 5), the amidinc charge centers are spaced far apart by both the B-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 BCDPs and the DABCO polymers. »

CONCLUSIONS

* Many questions remain unanswered regarding the structure-property relationships for
polycationic genc delivery vectors. The current study was completed in order to reveal how the
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Figure 3. Compatison of the relative toxicitics of the DABCO polyplexes at cHargc ratios of 5,

10, 15,'and 20 +/- with BHK-21 cells. Cell Survival was determined by assaying for total B T

protein concentration and normal izing each saniple with the protein concentration for ' -
untransfected cells. The data are reported as a mean + SD of three samples.
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Figure 4. Comparisdn 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 BCDPs that were studied previously to elucidate structure-
property relationships. The charge scparation was varied by n =4, 5, 6,7, 8 and 10 methylene
_units between the amidine charqc centers [6]

charge separation in polymeric vectors affects delivery efficiency and toxicity. These
experiments also allowed for comparison of previous results regarding structure-property
rclationships that were examined using B-cyclodextrin 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 polymcrs studicd bound pDNA and that the charge separation
significantly affected both the transfection efficiency and the toxicity of these systems. The D3,
D4, and D6 polymers were shown to have lower toxicity than the D8 and D10 polymers at -

charge ratios of 5, 10, and. 15 +/-.. In addition, the' D6 polymer was consistently more efficient at

gene delivery. This result coincides with previous findings in which the BCDP with 6 methylenc
units between the charges had the highest delivery cﬂ'icxcncy Further studics are currently bemo
complclud that arc utilizing other models to more 1ccuratcly clucidate the slructurc-propcrty
rclationships for polycationic gene delivery vectors.
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ABSTRACT . .

- Carriers were synthesized to target delivery of a chemotherapeutic 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-tesponsive swelling were used to form
these carriers. Hydrogel nanospheres composed of methacrylic 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 byuUv
spectrophotometry. 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

Therc arc numerous potential advantages that oral administration of chemotherapeutic 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
chemotherapeutic agents to infravenous 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 carriers, studies have focused on the use of a single chemotherapeutic —
agent, bleomycin. Bleomycin is a glycopeptidic antibiotic used in chemotherapy for . '
approximately 30 years [5]. In the future, other chemotherapeutic agents will be studied to
expand the potential uses for these carriers to include a variety of drugs from different classes of
chemotherapeutic 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 PpH 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 virro model of the intestin_alv‘epithclium as this
should aid transport of blcomycin out of the intestinal lumen. A

EXPERIMENTAL DETAILS

Nanbép‘h‘cre synthesis

Hydrogel nanosphcres were fomaed from a dlluted fmonomer mlxture by UV-mmated free
radical polymerization. The monomer mixture was composcd of MAA (Polyscicnces,
Warrington, PA), poly(ethylenc glyco]) monomethylether monomcthacrylate (molecular wexght
1000) (PEGMA) (Polysciences), tetraethylene glycol dimethacrylate (TEGDMA) (Polysciences)
- and Irgacure 184® (1-hydroxy-cyclohexl-phenylketone (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 uscd as an inhibitor.

.-~ The monomer solution has a 1:1 ratio of MAA to cthylene glycol umtq Becau%e the '
PEGMA has approximately 23 ethylcne glycol units to give it a molecular weight of 1000, the
molar ratio of PEGMA to MAA is therefore 1:23." A total weight of 2.0 g of PEGMA and 3.6 g
of MAA Yyiclds the desired ratio arid a total 0f 0.043 moles. For a typical reaction, a TEGDMA
concentration of 1.5- mol% was addcd to thc monomer mncturc and 0.1 w(% HCPK was added to
initiate the réaction.

This concentratéd monomer solullon was diluted in dexomzed water to create the ‘working
solution that was uscd to form the hydrogel. The working solution contdined 800 uL of
coricentrated monomer solution for cvery 100 mL of deionized water. Because oxygen will
inhibit the frec 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 i an erlenmeyer flask and: mrrogcn was bubbled through the solution for 30 minutes.

Thic scaled flask was then exposed to a UV lamp (Efos Acticure™ UItravnolctN1s1blc spot cure
system, Mississauga, Ontario) prov1dmg an intensity of 45 mW/em? for 15 minutes.

The polymerization yiclded a suspension containing hydroge! nanospheres. This nanosphere
suspension was then washed where noted. The washing procedure involved placing the
nanosphcre suspension in a cellulose dialysis membrane with a molecular weighit 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 removed from the dialysis membrane,
placed in a 50 mL conical tube and frozen for at Icast 24 h at —20 °C. T6 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 remained.

Blcomyéin loading

Bleomycin loading into the hydrogel carriers was achieved through in siru
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) (((MAA-g-EG)) nanospheres form
in the monomer solution, some of the bleomycin becomes trapped within the nanospheres. -
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The efficiency.of bleomycin loading was measured by UV spectrophotometry (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 bleomyein incorporated into the nanospheres daring polymerization
was measurcd. ’ ' : .

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 um 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. o

Release _sthdies

Release experiments were performed with a dissolution apparatus (Disték model 2100B,
North Brinswick, NJ). Bleomycin-loaded nanospheres 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 pm 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 werc donc in a phosphatc buffered salinc (PBS) solution at a
pH of 7.4. Both studies were carried out for a duration of 90 minutes.

To better simulatc the environment of the gastrointestinal tract, some studies wére done
with a pH shift from low to high to better mimic the passage from the stomach into the
duodenum. For these studies, the initial solution was again hydrochloric acid diluted in water to
apH of 2.0. After a period of 60 minutes, 5SM NaOH and PBS were added to raisethe pH {0 7.0
and samples were taken for an additional 120 minutes. The necessary volume of NaOH and PBS

- to raise the pH of the vessel from 2.0 to 7.0 was determined prior to the release experiment with

the same solutions to be used in the release experiment.

' The timie points at which samples were taken were close together at the beginning of the
experiment and again after the pH increase to measure the release initially and after nanosphere
swelling. As with the constant pH release experiments, the absorbance of all samples at 300 nm
was measured by UV spectrophotometry to measure the bleomycin concentration in the release
vessel. ’ : , ) h

Transepithelial electrical resistance (TEER) 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
Sak Solution (HBSS) (Hyclone South Plainficld, NJ) was added to the cells 1 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




- temperature at 37 °C as the resistance valuc is exponentially related to the temperature. Control
cells remained in HBSS without any nanospheres.

RESULTS o
Nanosghere syAn‘thesis and bleomycin loading

Formation of the nanosphercs was dependent on the ratios of the components used in.the
monomer mixture, the exposure tiine to the UV light.and the conditions of the low pH wash.
Increasing thec amount of crosslinking agent and cxtending the duration of either the UV
cxposure or the low pl wash led to agglomeration of the nanosphercs rather than formation of a
homogencous suspension: Dissolution of bleomycin within the concentration range given did
not inhibit the formation of nanosphereq The loadmg eff' iciency of the in situ polymerization
was found to be 76% (+/- 9% n-3) -

Release studies

Relcase studies done at a constant pH showed more release of bleomycin from
nanospheres at high pll. These results werc anticipated, as bleomycin should pass more readily
from the nanospheres in a swollen state. The maximal release occurred after 90 minutes for both
pH values with the release at pH 2.0 only 45% of that observed at pH 7.4 (M/M., =0.442 +/-
0.115 n=3). Thesc experiments were perforied with nanospheres that had not been washed at a
low pH prior to lyophilization. The crosslinking density of these nanospheres was also lower
than that given in the nanosphere synthesis protocol as only 0.75 mol% TEGDMA was used.
Changes to the nanosphere synthesis protocol, matching the conditions listed above, were made
to reduce the amount of blcomycm released at low pH and improve the releaee kmencs at the
high pH.

Experiments where the pH was shifted during the releasc experiment werc uscd to bcttcr
simulatc the in vive 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 aficr the pH was raised. The results of the bleomycin release
studies donc with the pH change are shown in Figure 1. Release of bleomycin at pH 2.0 quickly
rcached values of approximately 25% of the total release with a plateau established before the
pH increase (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) nanospheres were added to the apical side of a Caco-2 monolayer with
the concentration ranging from 5-20 mg/mL. - The effect of the nanospheres 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 increasc in permeability; for those cells treated
with the nanospheres rclative 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 nanospheres, 20
mg/mL, with a maximal decrease of 55% relative to the-control cells.
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Figure 1: Bleom;w;cin release, expressed as M/M.., over thrée hours in a release vessel. The PH of the vessel
was changed from 2.0 fo 7.0 after 60 minufes to simulate passage from the stomach inte the small intestine.
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Figure 2: The value of the transepithelial electrical resistzpnce. of Caco-2 monolayers over two hours. Three
different concentrations of P(MAA-g-EG) nanospheres were wsed, Smg/mL (diamond), 10 mg/mL (squarc)
and 20 mg/mL (triangle). The TEER value is given relative to the value for.control cells at the same time.




CONCLUSIONS

The studics complcted show the ability to form P(MiAA-z,-FG) nanospheres in the

presence of blcomycin resulting in loading of bleomycin by in situ polymerization. The pH-
responsive decomplexation and swelling of these nanospheres-can be used to selectively relcase
bleomiycin in response to a pH shift similar to that seen when passing from the stomach to the
upper small intestine. The nanospheres are also able to incrcase the permeability of an in vitro
modél of the intestinal epithelium, which could.aid in transport of bleomycin out of the intestinal
lumen and therefore increase the bicavailability..
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Poly(glycerol 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 useful 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 betwecn the hydroxyl groups likely contributes to the unique

- propetties of the elastomer. In 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 implantation 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
polymers 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)
heterogencous degradation — they often lose mechanical strength and crack in the carly 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 measurcd by Perkin-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
from 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 m!
centrifuge tubes filled with PBS. After 60 days, the samples were removed and washed with D.1.
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 linc); vulcanized rubbcr (dashcd line). Both PGS
~and vulcanized rubber are marked by low modulus and large elongatlon ratio; mdncatmg

’ clastomcnc and tough materials.

at 40 °(‘ in an oven’ for 7 days The dcgrcc of dcgradation was determined by dry WCIEht changc
In vitro biocompatibility. Nine glass petri dishes (60mm diameter) were coated with 1,3-
-dioxolanc solution of the prepolymer (l%) The coated dishes were transferted into vacuum
oven aficr ¢vaporation of the solvent in air. The prepolymer was crosslinked into the elastomer
after 24 hr. at 120 °C and 120'mTorr. Nine control dishes were coated with 1% CH:Cl, solution
of PLGA (50:50, carboxyl endcd, MW 15,000), and the solvent was evaporated in'24 hr in air.
The coated dishes were sterilized by UV radiation for 15 min. Each dish was soaked in growth
media for4 h, replaced with fresh media and soaked for 4 h before cell seeding to remove any.
unrcacted monomers or residual solverits. - Each dish-was seeded with 100,000 NIH 3T3 -
fibroblast cclls and 8 ml of growth medium.” The cells were incubated at 37 °C with 5% CO.
Cell density was measured by MTT assay [7]. Media exchange was performed every 48 h. At-
day 6, phasc contrast ima;,es were taken for both the polymer wells-and the control wellsona -
Zicss Axiovert 200 microscope equipped with a Dage 240 digital carera.

In vivo biocompatibility. - Autoclaved PGS slabs of approximately 6x6x3 mm, -and ethylene
oxide sterilized PLGA disk (2 mm thick, 12:5 mm diameter) were implanted SC. in 15 seven- -
"week-old female Sprague-Dawley rats (Charles River Labotatories) by blunt dissection under .
decp isofluoranc/O; general anesthesia. The surface arca/volume ratio were kept the same for
both PGS and PLGA lmplants Two implants cach of PGS and PLGA werc implanted '
symmetrically on thc upper and lower back of the same animal. - Every implantation site was _
marked by 2 tattoo marks 2 ¢ém away from the lmplanlahon center. The animals werc randomly
divided into 5 groups. ‘At-each predetermined time point, one group of rats was sacrificed, and

Figure 2. Compamon of NIH 3T3 ﬁbroblast cell morphology and number in PGS sample wells
(Ieft) and PLGA control wells (right) 6 days after seeding. The PGS wells had more adherent
cells and the cell morphology appeared normal while those m the control well adopted along
thin thread like bhapc Scalc bar = 200 Hm.. ‘ S
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Figure 3. Comparison of growth rate of NTH 3T3 fibroblast cells in PGS ( ) wells and PLGA
( ) wells. MTT absorption measured at 570 nm, normalized value shown. :

- tissue samples (~15x15 mm) surrounding the imp]ants were harvested with the intact implant.
The samples were prepared by standard methods. - o : '

'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 transformed 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 of PGS as approximately 1 glycerol:1 sebacic acid. PGS is very hydrophilic due to
the hydroxy! 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
wettable. : . . ‘ : : A

Appropriate cross-link density renders PGS elastomeric and tough. Tensile tests on PGS
strips reveal a stress-strain curve characteristic of a soft and strong material (Fig. 1). The shape
of the stress-strain curve is similar to that of vulcanized rubber [9] and tendon [10]. In the
elongation test, the samples can be clongated repcatedly up to at lcast 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 are higher, furthermore, most of the 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. B : )

SC implantation in Sprague-Dawley rats was used to compare the in vivo biocompatibility of
PGS and PLGA. These PGS and PLGA implants have the same surface area/volume ratio
(1.3320.04). Both PGS and PLGA samples were implanted symmetrically on the back of the )
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 of the inflammatory zone in both implantation
sties were approximately the same at week 4 and 5. Fibrous capsules surrounding PLGA
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implants developed within 14 days, and their thickness hovered around 140 pm, Collagen’
deposition did not appear around PGS implants until 35 days. The collagen laycr was highly
vascularized and was only about 45 pim thick. The inflammatory response and fibrous capsule

Active Zone (um)

b SEPE Y prpe= AN
7 (2] ZI w 38
c r.m (Day)

Figure 4. Changc of thxckncss of thc lmmunc responses Mth time’ for PGS and PLGA Thc
inflammatory response decreased with time for both polymcrs which had similar inflammatory’
zonc thickness. While the thickness of fibrous capsulcs surrounding PLGA was consnstcntly and

st;,mf cantly hrger lh'm that of PGS lnﬂ’lmmatory zone: PGS O, PLGA. o; fi brous capsule
' PGS, ®,PLGA, m.- :

formation obscrved for PLGA is similar to'thosc reported in the literaturc[12,13]. Thick fibrous
‘capsules block mass transfer between the implants and surrounding tissics, which can impair
implant functions. In an in vivo study with PGS alone. thc SC implantation sites werc
undetectable despite repeated scctioning of the specimens at multiple levels in 60 days (2
implantation sites cach in 3 animals). The implants werc completely absorbed without .
granulation or scar tissucs, and the implantation sité was restored to its normal histological
architecture.. Overall, the inflammatory responise of PGS is similar to that of PLGA.. However,
unlike PLGA, PGS barcly induces any significant fibrous capsule formation. '
The degradation characteristics of PGS arc examined both in vitro and in vivo. Ag,ltzmon for
60 days in phosphatc buffered saline solution (PBS) at 37 °C causes PGS to dcgmdc 23%. In
fetal bovine serum (FBS), the degradation is 39% under-the same conditions. “The dcgradanon
rate is the slowest for PBS, faster for FBS, and fastest in vivo. This suggests that enzyme
dc;,radauon occutred in the latter two cascs, and‘the action of macrophages in the body causes
PGS 10 degrade ¢ven faster. The PGS explants maintain their square shape and sharp edges up to
at least 31 days.. Furthermore, prelimirniary test of the explants with a nano-indenter indicates that
- the decrease of mechanical strength parallels that of the mass: Both suggest PGS most llkely
undergoes surface crosion. - . .

CONCLUSIONS

Comparcd with cxisting 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 propertics, 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, biomolccules could bé coupled to the hydroxyl groups or
integrated into the polymer backbone[16-18].
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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 airto a spread polymer
solution containing biodegradable polymers (poly(L-lactic acid) (PLLA) and
poly(&-caprolactone) (PCL)) and an amphiphilic polymer.. Hepatocytes were cultured on a
seli-supportirig honeycomb film of PLLA.  The hepatocytes formed a single layer of columnar
shape cells with a thickness of 20 um.. 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 vesset 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 [1]. .
Matrix surface, so called “bio-interfacc” 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. 1t 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 t6 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 contro! of cell spreading and cell alignment on

the honeycomb films, and the application of the honeycomb films to three-dimensional cell -
culture system. o .

EXPERIMENTAL DETAILS

Fabrication of hon’eycomb films

Honeycomb films are formed, when moist air (75% r.h. at 20°C) is applied to a droplet of
polymer solution spread onto water surface. Solutions containing 1 g/L of degradable polymers
((poly(L-lactic 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 pL of the
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-Figure 1 Polymers used for the preparation of honcycomb“ﬁlms. ‘(a') poly(L-lactic éé’id)
(PLLA). (b) poly(&-caprolactone) (PCL). (_c) qmphiphilic pojlym_er.l

polymer solution was sprcad onto the water surface in a $9 cm petri-dish and evaporated by
blowing the moist air at 1200 mL/min. A polymer film floating on the water surface was -
transfcrred onto a hole that was punched in a 15 mm - 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 clectron microscopy (S-3500N,
Hitachi).- - For cell culture experimient, the honeycomb filins were sierilized by exposingto -
ethylenc oxide gas at 40°C.- =~~~ - . -7 . i S

Cell culture experiment *

Hepatocytes (HEPs) were isolated from rat liver (male Wistar rats of 8 weceks old; Japan SLC,
Inc) by modificd Seglen’s perfusion method [7]. -HEPs were cultured with a Williams’E
medium containing dexamethasone (1 uM, Sigma), ascorbic acid (0.28 mM, Sigma), insulin
(0.57 mg/L, Sigmia), 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 trcatment of minced heart tissues of 19-day rat embryos (Sprague Dawley rats; Japan

-SLC, Inc)[8]. CMYs were cultured with a Hepes-bufféred Hams F10.medium containing
0.5 % insulin-transferrin-selenium-X (Gibco) and 3 % fetal calf serum (Gibco). - Bovine aortic
endothelial cells (ECs) and smooth muscle cells (SMCs) were purchased as cryopreserved

- samples from BioWhittaker. -~ After the frozen cells were thawed at 37°C, the cells were-
resuspended into a supplemented culture medium (SmGM-2; BioWhittaker). :ECs and SMCs
were cultured with the supplemented medium.  HEPs were cultured on a.one side or both sides
of honcycomb film and flat film of PLLA at the density of 1.0 x 10° cells/cm’. CMYs were
culturcd on both sides of a stretched honeycomb film of PCL at the density of 1.0'x 10" cells/cm?.
ECs and SMCs were co-cultured by seeding SMCson one side of a'stretched honeycomb film .
and then seeding ECs on-anothér side of the film at 6 hr after the initial plating of SMCs.  The
initial cell density was 2.0.x-10% cells/em®. - © = T T

Fluorescent labeling of cells

Filamentous actin of HEPs and CMYs was stained by rhodamine-conjugated phalloidin
(Molccular Probes) after fixation with parafonmaldehyde (Sigma) and treatment with Triton
X-100 (Sigma) at 20°C.  Von Willebrand factor of ECs and 0. smooth muscle actin of SMCs
were stained by immunological method using primary antibodics (rabbit anti-Von Willcbrand
factor lgG; DAKO and mouse anti-o smooth muscle actin IgG; Sigma) for each antigen and
fluorescence labeled sccondary antibodics (fluorescein labeled goat anti-rabbit 1gG (Cappel) and
rhodaminc labeled goat ariti-mousc IgG (Cappel)). -For immunostaining, cells were fixed by




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 honeyco‘thb films for cell culture.substfates '

Figure 2 (a) shows the scanning electron mictoscope (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 the 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 moided from 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 prevented from
fusing 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 ¢cultured 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 $ome 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 for the cell orientation is that a honeycomb film of an
elastic polymer can be stretched and anisotropic arrays of micropores can be formed. For - -
preparation of an elastic honeycomb film, poly(&-caprolactone), PCL was applied. The PCL
exhibits elastic property at around 20°C [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 micropotes are applicable to guiding cell alignment. S : 1

® o
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Figure 2 Scanning eleéctron microscope images of (a) selilmlpboﬂing honeycomb film of PLLA
and (b) self-supporting stretched honeycomb film of PCL. Scale: 5 pHm. o
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Cell adhesion to the hotieycomb filim

‘D. Ingber found that the total arca availablc for cell adhcsion is a key: factor governing the
cell spreading [10]. . For the cell culture experiments, they utilized discrete micropattems where
cell adhesive islands arc stamped in nonadhesive region. *~ Our honeycomb film can be regarded
as continuous micropattem of cell adhesive region.” The honcycomb pattern gives réduced area
for cell adhesion, compared with a flat cast film of the same polymer.  Hepatocytes (HEPs)
werc culturcd on a sclf-supporting honeyconib film (pore size: 4 um and thickness: 2 pym) and a.
flat film of PLLA. - A flat film of PLLA was fabricated by evaporating a PLLA solution on a
plass plate.” Figure 3 shows confocal laser scanning microscope images of filamentous actin of
HEPs. - Ccll spreading was considerably restricted on a sclf-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 pm®/cell. -~ On the other hand, HEPs did not form stress fibers when they were .

attached to the honeycomb film. The average cell size of HEPs was 900 um’/celiona =
honeycomb film. Although cell detachment was observed on a flat film-at day 5 of the culture,

. HEPs werc not detached from a honeycomb film even at-2 weeks of the culture. Ona-
honcycomb film, the HEPs formied a single layer of columnar shape cells with a thickness of 20
pm (Figure 3 (b): bottom).  The cellular aggregates of HEPs are quite resemble to the tissue
structure of liver in 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 shownr). ’

Figure 3 Diffcrence in cell shahé bf HEP#:v(a) on a‘f‘]ét film and (b)ona hoheycomb film of
PLLA. Cross sectional images (bottom) were obtained along the line depicted in cach X-Y
planc imagc (top).  Scale: 10 um. ) A ' :




Three dimensional culture system for tissue formation

The scif-supporting honcycomb film is a two sided substrate. Based on the featurc of the -
honeycomb film, we expect that cells can be cultured on both sides of the 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. Cardiac contraction was
- observed at the day 7 of the cultures. -On a flat film, contraction thythm of CMYs was random,
This indicates that cell-cell contact is insulated by the polymer film.” Ona honeycomb film,
CMYs contracted in a synchronized thythm.  This suggcsts 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 suchas
hepatocytes, endothelial cells, and smooth muscle cells. Figure 4 (a) shows that liver HEPs
form layer structure with a thickness of 20 pm at each side of a horieycomb film. . In case of
using a stretched honeycomb film, CMYs are attached to both sides of the film and aligned along
the stretching direction of the honeycomb film (Figure 4 (b)). Even co-culture systemwas
established by culturing endothelial cells and smooth muscie cells on 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 of porous 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 pm. ~




CONCLUSIONS

In the present study, we focuscd on lhc application of microporous films to the ccl] culturc .
substrates for tissue engincering. - The microporous films (honeycomb films) of degradable
polymers were fabricated by cvaporating a polymer solution in a humid atmosphere.

Anisotropic arrays of microporcs were formed by stretching uniaxially a honeycomb film of an
clastic polymer. Microporous surface of thic honeycomb. film suppressed the spreading
behavior of hepatocytes.  -Hepatocytes on a honeycomb film formed columnar shape and
laycred 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 honcycomb films from ‘hepatocytes and cardiac myocytes respectively. - Even
multiccllular tissues like a blood vessel wall could be reconstructed by co-culturing endothclial
cells and smooth muscle cells on a stretched honeycomb film. The anisotropic-arrays of the

- stretched micropores worked as a micropattern for guiding cell alignment. - As a result, the
honeycomb films of degradable po]ymers can lead basic cell behavior, such as cel] adhesion, cell
movement, and cell-cell interaction to a correct way of tissue formation.
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