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Preface

This technical report documents the progress made on research conducted during a two-year period of a
National Research Council (NRC) Fellowship sponsored by the Defense Threat Reduction Agency
(DTRA) in their Chemical/Biological Defense (CBD) mission area. The research focused on creating
multifunctional thin films from spin coating solutions of amphiphilic block copolymers. Throughout the
two year period from May 2014 — May 2016, thin films were created and analyzed to determine whether
they exhibited simultaneous multifunctionality of enzyme activity and water repellency. The films were
cast onto gold-coated surfaces and were characterized with a number of surface-sensitive techniques. This
research and development project was conducted at the U.S. Army Natick Soldier Research,
Development and Engineering Center (NSRDEC).
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AMPHIPHILIC BLOCK COPOLYMER THIN FILM
THAT SIMULTANEOUSLY BALANCES
MULTIPLE ORTHOGONAL FUNCTIONS

1. Introduction

This report presents results and findings from research conducted at the U.S. Army
Natick Soldier Research, Development and Engineering Center (NSRDEC) to create a
multifunctional surface from an amphiphilic block copolymer thin film. The work was
performed from May 2014 — May 2016 by a postdoctoral research fellow sponsored by the
Defense Threat Reduction Agency’s Chemical/Biological Defense (DTRA-CBD) mission area.

In the field of multifunctional interfaces, diblock copolymers offer a novel route to
creating a surface coating exhibiting several simultaneously active functions. Diblock
copolymers are blocks of repeating units of two different, often immiscible, polymers covalently
bound together [1]. Since the blocks are covalently bound together, they cannot macroscopically
separate into large discrete domains when dissolved in solvent, as they would when isolated.
Instead, they will aggregate via self-assembly and microphase separate leading to the formation
of a variety of shapes and sizes depending on the length and ratio of the blocks and the nature of
the solvent [2]. These copolymer shapes can include micelles, vesicles, lamellae and plates [3].
Block copolymer aggregates, especially vesicles and micelles, have been explored for a number
of applications including drug delivery and enzyme activity [4-5]. By casting these aggregates
into films it is possible to create spatially separated domains with different chemical reactivity
that can support multifunctionality [6].

Block copolymer surfaces have shown promise as multifunctional interfaces in fields
ranging from nanoparticle synthesis [7-8] to nanobioarrays [9] to supports for enzyme
immobilization [10]. Unlike other multifunctional interfaces created from alkanethiol self-
assembled monolayers (SAMs) and lithography techniques, block copolymer thin films can be
formed on a variety of non-noble metal surfaces and without costly and time-consuming
fabrication equipment [11]. While there is precedent for using block copolymers to control
surface wettability [12] and enzyme immobilization to a single block within that film [13-15], it
is still unclear if these surfaces can simultaneously balance orthogonal functions such as
hydrophilic enzyme activity and water repellency.

Studies of enzyme immobilization onto copolymer surfaces have shown that it is a
method capable of improving enzyme recoverability and selectivity while maintaining up to 85%
of the free enzyme activity [15-16]. Additionally, by immobilizing enzymes to copolymer
surfaces it is possible to stabilize them for longer in more extreme temperature and pH
conditions than the free enzyme [10]. The improved stability is especially desirable because
many enzyme applications require them to be in an unnatural environment [17]. While it is
possible to selectively immobilize an enzyme to one polymer block of a copolymer surface, how
this process affects the wettability of the overall surface remains to be seen [10, 15].
Understanding the balance of hydrophilic and hydrophobic groups on copolymer surfaces is
important and can be exploited for applications such as atmospheric water harvesting [18-19]. In



other uses, including those involving fabrics, it would be desirable to impart small amounts of
hydrophilicity while retaining as much bulk water repellency as possible [20].

Here, a series of amphiphilic surfaces has been created containing different micelle
densities in order to simultaneously maximize the orthogonal functions of water repellency and
enzyme activity. The block copolymer used, polystyrene-block-poly(acrylic acid) (PS-b-PAA),
has been shown to form a variety of aggregates in solution that can be cast onto surfaces as thin
films [21-25]. PS-b-PAA was dissolved in toluene to form reverse micelles with a PAA core and
PS corona and then spin coated. Prior studies of amphiphilic block copolymer films have
outlined a strategy for tuning the amphiphilic surface ratio by mixing in varying amounts of a
pure polymer to dilute the copolymer micelles formed in solution [26]. The ratio of hydrophobic
to hydrophilic sites on the surfaces here was varied by adding pure hydrophobic PS to the block
copolymer solution. While these strategies exist, there has yet to be a study on how the block
copolymer surface composition affects orthogonal functions. By compiling contact angle and
enzyme assay measurements at each composition, the range of surface compositions that
simultaneously maximized both desired functions was determined.



2. Materials and Methods

2.1 Materials

Gold coated glass surfaces with dimensions 10 mm x 10 mm x 1 mm were purchased
from EMF Corp. The chips had 100 nm of Au evaporated onto 5 nm of Ti. The PS-b-PAA block
copolymer, My 16,000-3,500 and polydispersity index (PDI) 1.15, was purchased from Polymer
Source. Polystyrene (average Mw 35,000), poly(sodium-4-styrenesulfonate) (PSS) average Mw
~70,000, absolute ethanol, toluene American Chemical Society (ACS) reagent grade >99.5%,
dimethyl sulfoxide (DMSO), N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride
crystalline (EDC) and sodium hydroxide pellets ACS reagent, >97.0% were purchased from
Sigma Aldrich. Poly(ethyleneimine) (PEI) solution, 50% (w/v) in water was purchased from
Fluka. Phosphate buffered saline (PBS) 0.1 M (10X) pH 7.4, 30% hydrogen peroxide and Tween
20 were purchased from Fisher Scientific. N-Hydroxysuccinimide (NHS) was purchased from
ThermoFisher Scientific. Horseradish peroxidase (HRP), purified enzyme immunoassay (EIA)
grade, was purchased from Worthington Biochemical Corporation. Resorufin, sodium salt —
reference standard for the calibration curve was purchased from Life Technologies. Amplex Red
reagent from Molecular Probes was dissolved in DMSO. After dilution to 0.01 M (1X) pH 7.4
with deionized (DI) water, the PBS was vacuum filtered with Millipore 0.22 um filter paper to
remove small particles. All other chemicals and reagents were used as received without further
purification.

2.2 Instrumentation

UV/ozone cleaning of Au surfaces was performed with a Novascan PSD Series UV-
ozone cleaning system. Agitation was performed using a Boekel Scientific model 130300
Jitterbug microplate shaker. Atomic force microscopy (AFM) images were collected on a Bruker
Dimension Icon AFM operated in tapping mode with ScanAsyst at ambient temperature and
pressure. Images were acquired with ScanAsyst-Air tips from Bruker with 70 Hz cantilever
frequency, 0.4 N/m spring constant and 2 nm tip radius. The surface roughness, Ra, was
calculated as the arithmetic average qf the absolute values of the surface height deviations
measured from the mean plane: R= "N  |Z |where Z is the surface height deviation from the

a Ny Jj=1 j

mean plane and N is the number of points. AFM images and measurements were processed using
Nanoscope Analysis version 1.50. Hydrostatic contact angles were measured using a Kruss DSA
100B sessile drop-shape analyzer. Contact angles were measured in triplicate, using 3 uL drops
and fit using the Laplace-Young equation[27]. Formation of fluorescent product was monitored
using a SpectraMax M5 multimodal plate reader from Molecular Devices, in top-read mode, at
25 °C and excitation/emission wavelengths of 530/590 nm.

2.3 Methods
2.3.1 Creating Mixed PS-b-PAA & PS Solutions

The PS-b-PAA block copolymer was dissolved in toluene and subsequently heated to 55
°C for 45 min to form spherical micelles. To the PS-b-PAA solution, different amounts of pure
PS were added to create solutions with PS:PS-b-PAA mole ratios of 2:1, 5:1, 10:1 and 25:1. The
mixed solution was then diluted with toluene for spin coating to have a final PS-b-PAA
concentration of 0.83 mg/mL. Additionally, a 100% PS-b-PAA and a 10 mg/mL PS solution



(100% PS) were also prepared for spin-coating. These two solutions are referred to as “PS-b-
PAA” and “PS” below. The PS surface underwent the same reaction, enzyme exposure and
washing conditions as the surfaces with the copolymer. A schematic of the preparation can be
seen in Figure 1.

PS/PAA
Polyelectrolyte C ll . = PS shell / PAA core
LBL onzg;ner NaOH

= Cavitated micelle EDC/N HS T 20
ween

HRpijj}

Flgure 1. Schematic for the preparation of PS:PS-b-PAA polymer thin films with immobilized
HRP.

2.3.2 Surface Cleaning Procedure

Surfaces were cleaned by sonicating in ethanol for 15 min, then rinsed with DI water, and
dried with N2. Further cleaning was accomplished by placing the surfaces in the UV/ozone
cleaner for 15 min. Surfaces were rinsed with DI water and then immediately placed in the first
DI water washing bath for the layer-by-layer process.

2.3.3 Layer-by-Layer and Spin-Coating Procedure

Before coating the Au chip with the copolymer film, a polyelectrolyte adhesion layer was
formed to prevent the copolymer film from delaminating when soaking in the sodium hydroxide
solution (NaOH/DI water) [22]. Poly(sodium-4-styrenesulfonate) served as the negatively
charged polymer and poly(ethyleneimine) was the positively charged polymer. Solutions of both
the anionic and cationic polymers were made separately at 1% (w/v) in DI water and DI water
baths were used for washing. Au chips were soaked in each bath for 1 min followed by a 1 min
soak in DI water bath for washing. Four bilayers of PSS/PEI were formed as the adhesion layer.

After cycling through the polyelectrolyte baths, the surfaces were rinsed with DI water
and dried with N2 prior to spin-coating. Polymer solutions in toluene were dispensed onto the
surface once it was spinning at 1000 rpm and then ramped to 1600 rpm for 1 min. To measure
film thickness, portions of the PS-b-PAA film were scratched off with tweezers and the AFM tip
was scanned over the interface. To expose the acid groups of the PAA core to the air interface,
surfaces were soaked in a NaOH/DI water solution at pH 9.5 for 10 min [22]. After rinsing with
DI water and drying with N2, the exposed acid groups were then converted to NHS ester groups.



2.3.4 Enzyme Immobilization and Assay

The free acid groups on the surface were converted to N-hydroxysuccinimide (NHS)
ester groups via activation with EDC. Each surface was soaked for 10 min in 400 pL of a mixed
solution of 0.1 M NHS and 0.4 M EDC dissolved in DI water. After 10 min, surfaces were rinsed
with DI water and dried with N2>. HRP was immobilized to the surface via the reaction between
the free primary amine group(s) of the HRP and the surface-bound NHS groups, forming a stable
amide bond [28-29]. Polymer surfaces were immersed in 8.2 pg/mL HRP in PBS 0.01 M pH 7.4
for 60 min at 4 °C. To address non-specifically attached enzyme, surfaces were treated by rinsing
with PBS 0.01 M pH 7.4 and DI water and then agitated in 0.1% (v/v) Tween 20 solution in PBS
0.01 M pH 7.4 for 30 min, replacing the Tween 20 solution every 10 min. After agitation, all
surfaces were rinsed with PBS 0.01 M pH 7.4, DI water and then dried with No.

For the enzyme activity assay, the surfaces were placed in 350 puL of PBS 0.01 M pH 7.4.
Enzyme activity was measured at 25 °C via the fluorescence of a reactively formed molecule,
resorufin, from the decomposition of Amplex Red. In the presence of hydrogen peroxide, HRP
catalyzes the reaction of Amplex Red (non-fluorescent) to resorufin (fluorescent), which has
excitation/emission peaks at 530/590 nm, respectively [30]. The assay substrate was a 100 mM
solution of Amplex Red in DMSO. After dissolving, a 1.11% (v/v) solution was made of the 100
mM Amplex Red in PBS 0.01 M pH 7.4. Separately, 30% hydrogen peroxide was dissolved in
PBS 0.01 M pH 7.4 to make a 0.23% (v/v) solution. These solutions were prepared within 15
min of beginning the assay and kept covered as Amplex Red is light sensitive [31].

To commence the assay, the Amplex Red and peroxide solutions were mixed together,
and 350 pL aliquots were added to each surface-containing microplate well. The well plate was
mixed in the plate shaker for the duration of the assay. At specific time points, a 100 pL aliquot
of the reaction solution was transferred to a 384 well microtiter plate to measure the
fluorescence. Once fluorescence was measured, the aliquot was returned to the original sample
well to keep the reaction solution volume constant. A resorufin/fluorescence calibration curve
was generated by measuring the fluorescence of several different molarities of a reference
standard resorufin sodium salt [32].



3. Results and Discussion
3.1 Determining Micelle Density

In order to maintain a balance of both functions on the surface, it was necessary to have a
uniform mixing of the enzyme attachment sites (copolymer micelles) and the water repellent
background (pure PS). To characterize the spatial distribution of the copolymer films on the
nanoscale, AFM was used. With AFM, the shape of the micelles was verified, as well as the
concentration on the surface for a particular solution composition. Figure 2A is an AFM
topography image of the 100% block copolymer film spun on the polyelectrolyte adhesion layer
from a toluene solution containing the dissolved PS-b-PAA after heating. From the image it is
clear that spherical micelles did form and were cast onto the surface in a pseudo-hexagonal
arrangement (inset). The color contrast of micelles in Figure 2 corresponds to height differences
within the layer. According to previously reported studies, the size of the spherical micelle is
dependent on the length of the insoluble block, overall molecular weight, solvent and
temperature [1-2]. From a total of 7 um?analyzed across two different chips prepared identically,
the PS-b-PAA micelles measured 20.2 £ 9.4 nm in diameter. The mean size of these micelles is
comparable to the diameter of micelles measured previously from a similarly sized block
copolymer [21]. Size distributions can be attributed to the polydispersity of the copolymer and
roughness in the underlying substrate. Having copolymer multilayers form after spin coating will
also affect the measured size of the copolymer micelles as scanning effects will cause top layer
micelles to image larger and wider than they really are [33]. The height of the block copolymer
film, measured above the polyelectrolyte layer, was 62.2 + 4.1 nm, which is roughly three times
the diameter of a single micelle.

15.0 nm

< -15.0 nm

Figure 2. AFM topography images of a PS-b-PAA block copolymer film after spin coating (A)
reveal spherical micelles. After soaking in NaOH solution (B) the spherical micelles have a
depression in the middle, forming cavities. Images are 1 x 1 pum?. Inset in (A) is zoomed in
region showing the pseudo-hexagonal packing of the as-cast micelles. Inset is 0.1 x 0.1 pm?.



To access the free acid groups on the PAA block and expose them to the air interface, it
was necessary to “burst” the micelles. Micelle cavitation was accomplished by soaking the
surfaces in a solution of NaOH in DI water at pH 9.5. The morphology and diameter of the
micelles after soaking in a NaOH solution was noticeably different, as can be seen in Figure 2B.
As-cast, the micelles imaged as homogeneous spheres but after soaking they displayed a cavity
in the middle indicated by the depression in AFM images. After soaking in NaOH, the average
diameter of the micelles swelled from 20.2 + 9.4 nm to 29.1 + 13.3 nm. The diameter of the
cavitated micelles was calculated from 10 um? analyzed over multiple surface compositions.
Once cavitated, these micelles expose acid groups and function as “nano-reactors” for enzyme
immobilization [21].

By multiplying the average micelle diameter by the micelle density, the coverage of
micelles for a given surface composition can be calculated. In Figure 2B, the 100% PS-b-PAA
surface is 17% covered by cavitated micelles. At this composition, the enzyme activity function
may be favored at the detriment of the water repellency function because the exposed
hydrophilic groups cover a large fraction of the surface. As a consequence, having a way to tune
the density of attachment sites within the hydrophobic background was critical in finding the
optimal composition that supported both functions simultaneously. It has been demonstrated that
by mixing in a pure polymer, such as PS, it was possible to decrease the density of micelles on a
surface [26].

With this approach, density of hydrophilic micelles on the hydrophobic surface was
altered, and both functions were measured and the best surface composition for simultaneous
optimization was determined. Pure PS was added to solutions of the micellized PS-b-PAA
copolymer to yield solutions with PS:PS-b-PAA mole ratios of 2:1, 5:1, 10:1 and 25:1. Each of
these solutions were used to spin coat multiple chips, which were then imaged with AFM after
bursting in the NaOH pH 9.5 solution. Representative images from each surface composition are
shown in Figure 3A-D. With these images it was evident that with increasing moles of pure PS
added to the solution, from 2:1 in Figure 3A to 25:1 in Figure 3D, the density of PS-b-PAA
micelles (bright spots) decreased. To calculate the surface micelle density, AFM images were
collected from at least six areas on two separate chips per solution composition, totaling an area
of at least 6 um?. Only micelles that had a circular shape with a size approximating the diameter
measured above (29.1 + 13.3 nm) were counted. The average micelle density and standard
deviation are plotted in Figure 4 for all surface compositions containing PS-b-PAA micelles.
Initially, there was a decrease in the micelle density from the 100% PS-b-PAA surface to the 2:1
surface from 262 + 54 micelles/um?to 51 + 7 micelles/um? respectively. With increasing moles
of pure PS the micelle density ultimately decreased to 4 + 1 micelles/um? at the 25:1 surface.
Having established a way of tuning the micelle concentration on the surface, it was next
determined how the different micelle densities affected the overall enzymatic activity and water
repellency of the surface.
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Figure 3. AFM topography images of surfaces cast from solutions containing different mole
ratios of pure PS to the PS-b-PAA block copolymer. (A) 2:1 (B) 5:1 (C) 10:1 and (D) 25:1. All
images are 1 x 1 um?2,
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Figure 4. Micelle density as a function of PS:PS-b-PAA. The micelle density was determined by
counting the number of micelles per area over 6 um?for each solution on multiple chips. Error
bars are the standard deviation of density measurements.

3.2 Measuring the Water Repellency Function

To measure the water repellency function, static sessile drop measurements of water were
taken on the surfaces. In Figure 5 the contact angles are plotted as a function of the molar ratio of
PS to the PS-b-PAA copolymer; filled squares, left y-axis. As expected, the surface with the
highest density of micelles (PS-b-PAA) had the lowest contact angle at 58.9 + 5.4°. However, by
increasing PS content, thereby decreasing the micelle density, the contact angle increased until
the 5:1 surface, when it converged at the same contact angle as the PS surface, 90°. By
increasing the PS content it was clear that the overall hydrophobicity of the surface increased.
However, this increase in contact angle could have resulted from higher surface roughness as
well. From the AFM topography images, the average surface roughness, Ra, was calculated at
each composition. The average surface roughness is plotted in Figure 5: open triangles, right y-
axis. While it is possible to increase the contact angle via increasing the physical surface
roughness [12], it was found that the surface actually became smoother with increasing PS
content, and therefore the increasing contact angle resulted from the chemical nature of PS.
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One major concern with immobilizing enzymes to these surfaces was the non-specific
adsorption, or bio-fouling, of enzyme to the hydrophobic areas between the micelles. Typically,
surfaces that resist bio-fouling have zwitterionic or ethylene glycol groups, but these are
hydrophilic rather than hydrophobic [34]. In prior work, it was shown that it was possible to
remove significant non-specifically bound enzyme from an amphiphilic surface containing
fluorinated groups by washing with a surfactant, Tween 20 [32]. After soaking in a HRP/PBS
solution, the copolymer surfaces were washed in a 0.1% (v/v) Tween 20/PBS solution 0.01 M
pH 7.4 to attempt to remove non-specifically bound enzyme.

After washing, the contact angles were re-measured to verify that the surface remained
water repellent after enzyme immobilization. The contact angles for each surface composition
ranging from 100% to 0% PS-b-PAA are plotted in Figure 6. From this plot, there was a
significant decrease in the contact angle of all the surfaces after exposure to HRP and washing.
As with the Pre-HRP data points, the same general trend existed in the Post-HRP contact angles;
the contact angle increased from PS-b-PAA to PS and plateaued between the 2:1 and 5:1
surfaces. A decrease in the contact angle was expected since enzyme was covalently
immobilized to the surface, (PS-b-PAA surface, Figure 6). However, the decrease in the contact
angle of the 100% PS surface in Figure 6 indicated there was fouling from the enzyme that was
not removed by washing. Even though it decreased, the 100% PS surface did retain 85% of the
Pre-HRP contact angle, decreasing from 90.3 £ 2.0° to 77.2 £ 5.3°. The 5:1, 10:1 and 25:1
surfaces decreased to an even greater extent than the 100% PS surface, likely due to the additive
effect of enzyme immobilization and non-specific enzyme binding. Even though a decrease in
contact angle was observed for all the surfaces, there was still a discernable plateau reached
between the 2:1 and 5:1 surfaces. From those contact angle measurements, it can be concluded
that the first function of water repellency was maximized on surfaces with a PS:PS-b-PAA ratio
greater than 2:1.
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Figure 6. Contact angle measurements pre- (white) and post- (gray) exposure to HRP and
washing. In the Post-HRP data set, the contact angle is plateauing between the 2:1 and 5:1
surfaces. Error bars are the standard deviation of the measurements for each data point.

3.3 Measuring the Enzyme Activity Function

For the second function, enzyme activity, the activity of the immobilized HRP via
fluorescence assay was measured. In Figure 7, the measured fluorescence, in relative
fluorescence units (RFU), is plotted for each solution at the specified time points. Surprisingly, it
was observed that the 100% PS-b-PAA surface did not produce the highest activity even though
it had the highest micelle surface concentration (Figure 4). The diminished activity on the 100%
PS-b-PAA surface can be attributed to deactivation of immobilized enzyme molecules caused by
steric hindrance and crowding. In a similar system where enzymes were immobilized to PAA
groups in a copolymer membrane, hindrance and crowding were suggested to explain the
observed decrease in immobilized enzyme activity at high loading [10]. As site-selective enzyme
immobilization of the HRP was not used, it is possible for there to be multiple points on the
enzyme that bound to the surface, causing deactivation. As the number of immobilization sites
on the surface decreased, the probability of one enzyme binding via more than one site would
also have decreased. Once the strain and crowding had been relieved by decreasing the micelle
density on the 2:1 surface (Figure 2B to 3A), the enzyme activity significantly increased (Figure
7).
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Figure 7. HRP fluorescence assay for the different PS:PS-b-PAA surfaces. Fluorescence,
measured in RFU, was collected at specified time points for all surfaces. Error bars are the
standard deviation of the mean.

Beyond the 2:1 surface, the measured enzyme activity decreased, following the same
trend as the micelle concentration (Figure 4). The measured activity decreased after 2:1 until
25:1, which was not statistically different than the 100% PS control surface. Since the contact
angle measurements in Figure 6 suggested that there was HRP non-specifically bound to the
100% PS surface, it was included in the assay to determine if it had measurable fluorescence.
Compared to the fluorinated control surface in the previous work, the 100% PS surface had
higher measured enzyme activity, indicating poorer resistance to fouling and washing [32].
Based on the assay results in Figure 7, it was determined that the only surfaces with a
fluorescence signal greater than the negative control surface (100% PS) were the 2:1, 5:1 and
10:1 surfaces. Therefore, the 2:1, 5:1 and 10:1 surfaces successfully achieved the second
function of measureable enzyme activity.
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3.4 Determining Surface Composition Needed for Simultaneous Multifunctionality

To determine the surface compositions that provided the optimal simultaneous
multifunctionality, the fluorescence intensity from Figure 7 was first converted into moles of the
reactively formed product, resorufin. A 60 min reaction time was selected for this conversion
because at that time point the most active surface, 2:1, had plateaued. The conversion of RFU to
moles was accomplished using a calibration curve of resorufin solutions at different
concentrations [32]. The moles of reactively formed resorufin are plotted as a function of surface
composition in Figure 8, left y-axis. For comparison, the contact angles for the same surface
compositions after soaking in HRP and washing are plotted on the right y-axis of Figure 8. From
the contact angle measurements taken before and after exposure to HRP, it was observed that
while there was fouling, the contact angle peaked at 62.3 £ 3.2° by the 2:1 surface and leveled
off up to the 25:1 surface. Since the 2:1 - 25:1 surfaces had roughly identical contact angles, the
enzyme activity was the function used to determine the ultimate multifunctional compositions.
From the amount of reactively formed resorufin for those four surfaces, only the 2:1, 5:1 and
10:1 surfaces had measurable enzyme activity above the minimum threshold described above.
By these guidelines, the 2:1, 5:1 and 10:1 surfaces (and those contained within that range)
successfully achieved water repellency and enzyme activity simultaneously.
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Figure 8. Comparison of the total product formed during 60 min reaction time, in moles (Left Y

axis) and the contact angle after HRP immobilization and washing (Right Y axis). Error bars are

the standard deviation of the measurements for each data point.

Even though the 2:1, 5:1 and 10:1 surfaces were identified as surface compositions that
were multifunctional, there are still opportunities to improve them. These surfaces achieved the
highest level of water repellency attainable after exposure to the enzyme, but had a contact angle
below 90° and cannot be considered hydrophobic [27]. The decrease in the contact angle was
attributed to non-specific binding of the HRP to the polystyrene leading to biofouling. While, to
the knowledge of the project team, this is the first example of an amphiphilic block copolymer
film that simultaneously balanced these orthogonal functions, it would be possible to improve
upon it with a fluorinated polymer additive or a fluorinated copolymer system [35]. Replacing
the polystyrene with a fluorinated polymer should reduce biofouling and increase overall
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hydrophobicity, as shown in the team’s previous work on multifunctional surfaces using a mixed
thiol system [32].
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4. Conclusion

In this work, it was established that the highest enzyme activity did not occur at the
highest micelle density, but rather at an intermediate concentration. By decreasing the micelle
concentration, the steric hindrance can be reduced, as can the likelihood of having multidentate
enzyme binding to the surface, both of which can cause deactivation. For the water repellency
function, the composition with the highest contact angle after enzyme immobilization was found.
From contact angle and enzyme activity results, the team was able to demonstrate that the 2:1,
5:1 and 10:1 surfaces maximized both orthogonal functions simultaneously.

These results build on previous reports [10, 15, 26] of functionalized copolymer surfaces,
which often look at only one function, by making a block copolymer thin film that
simultaneously balances two orthogonal functions. The use of an amphiphilic block copolymer
as the multifunctional thin film was also advantageous because it was possible to create small,
uniformly dispersed nanoreactors that approached the size of a single enzyme molecule [36].
Additionally, block copolymers with immiscible blocks are able to form micelles with a range of
morphologies via self-assembly that could be explored for multifunctionality [2]. By tuning the
density of block copolymer micelles on a surface at the nano-scale to vary the ratio of
hydrophobicity to hydrophilicity on an amphiphilic surface, the project team has, for the first
time, simultaneously balanced the orthogonal functions of enzyme activity and water-repellency.

Unfortunately, some biofouling was observed on the PS portions of all the surfaces,
leading to a decrease in the contact angle after enzyme exposure and washing. Going forward
with a different hydrophobic polymer, the ratios of hydrophobic and hydrophilic sites between
the 2:1 and 10:1 surfaces are promising towards achieving an improved simultaneous
multifunctional surface that balances the orthogonal functions of enzyme activity and water
repellency. A surface capable of balancing these functions would see application in creating
multifunctional fabrics and textiles [20, 37].
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