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Abstract

A critical step for the development of biosensors is the immobilization of the biorecognition

element to the surface of a substrate. Among other materials that can be used as substrates, block

copolymers have the untapped potential to provide significant advantages for the immobilization

of proteins. To explore such possibility, this manuscript describes the fabrication and

characterization of thin-films of polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP). These

films were then used to investigate the immobilization of glucose oxidase, a model enzyme for the

development of biosensors. According to the results presented, the nanoporous films can provide

significant increases in surface area of the substrate and the immobilization of larger amounts of

active enzyme. The characterization of the substrate-enzyme interface discussed in the manuscript

aims to provide critical information about relationship between the surface (material, geometry,

and density of pores), the protein structure, and the immobilization conditions (pH, ionic strength,

and protein concentration) required to improve the catalytic activity and stability of the enzymes.

A maximum normalized activity of 3300 ± 700 U m−2 was achieved for the nanoporous film of

PS-b-P2VP.
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1. Introduction

A critical consideration in the development of biosensors is the method selected for the

immobilization of the biorecognition element on the surface of a substrate. Besides cross-

linking, entrapment, and microencapsulation [1], physical adsorption is one of the simplest

and most benign immobilization methods because it is fast and avoids harsh reaction

conditions or additional components (such as entrapping polymers). Moreover, since

© 2014 Elsevier Inc. All rights reserved.
*To whom correspondence should be addressed. One UTSA Circle, San Antonio, TX 78249, USA. Ph: (210) 458-5774, Fax: (210)
458-7428, carlos.garcia@utsa.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
J Colloid Interface Sci. Author manuscript; available in PMC 2015 September 15.

Published in final edited form as:
J Colloid Interface Sci. 2014 September 15; 430: 351–356. doi:10.1016/j.jcis.2014.05.067.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



adsorption is the first interaction step, it affects most other immobilization routes [2] and can

play a key role in the rational development of biocatalytic surfaces. In general, the

adsorption of biorecognition elements (and more so, proteins) to solid surfaces is driven by a

combination of hydrophobic and electrostatic interactions as well as other processes such as

redistribution of charged residues, arrangement of ions and solvent molecules, and structural

modifications [3]. These processes ultimately determine the conformation and functionality

of the adsorbed molecules. As recently described [4], the change in a protein’s native

conformation upon interaction with a surface depends on a balance between favorable

entropic and unfavorable enthalpic changes. In the case of weakly attractive conditions,

favorable entropic changes dominate the process yielding to the stabilization of the structure

of the protein while maintaining (most of) its footprint on the surface. With enhanced

surface-protein interactions, enthalpic effects become dominant, the native structure is

destabilized, and the proteins tend to experience structural rearrangements during the

adsorption process. As a consequence, a significant number of proteins adsorbed to solid

surfaces can be affected by surface-induced structural changes, leading to spreading

(unfolding and refolding) which can be detrimental to the functionality of the adsorbed

proteins. In addition, chemical modifications of the protein, use of hydrophilic substrates

[5], and prudent selection of specific experimental conditions (that maximize protein

immobilization rate) [6] can limit the spreading and help to preserve the activity of enzymes

[7, 8].

Interestingly, only a handful of papers have described the use of nanostructured cavities for

biosensing applications [8] and just a few papers have described protein-related applications

of nanopores. Among them, Ma and Young [9] (considering proteins as hard entities that

would not adsorb to the substrate) reported that the entrapment process is mostly dependent

on the membrane pore diameter. Aiming to measure translocation (not adsorption) of single

protein molecules, platforms based on voltage-biased silicon nitride films [10–12] or

protein-based nanopores have also been used [10–13]. Although these reports take

advantage of a very clever experimental design and highlight the scientific relevance of

investigating the interaction of biomolecules with restricted domains [14], protein-pore

interactions are often neglected, the experiments are performed at high ionic strength (> 2M

NaCl), and a potential difference across the pore is applied. In addition, protein-based

nanopores are rather fragile, expensive, and require specific resources for fabrication and

assembly [15, 16].

To overcome these limitations, increased attention has been directed to the use of block

copolymers (BCPs) [17, 18]. These materials are composed of two or more chemically

distinct, and frequently immiscible, polymer blocks covalently linked [19]. BCPs have the

capacity to self-assemble into nanostructures with various conformations, requiring short

processing times and low-cost facilities for fabrication. Moreover, thin films of polystyrene-

block-poly(methyl methacrylate) (PS-b-PMMA) have enabled the selective deposition of

proteins [20, 21] and nanoparticles [22] on the surface of one of the components. In such

cases, proteins have shown a preference for the hydrophobic polystyrene (PS) microdomain

regions over the PMMA. An interesting system composed of polystyrene-block-poly(2-

vinylpyridine) (PS-b-P2VP) can self-assemble into a rich variety of nano/microphase-
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separated morphologies including spheres (micelles), cylinders, gyroids, and lamellas

creating a nanoporous surface [23]. More importantly, the nanostructured surface of these

block copolymers could provide significant advantages for the immobilization of proteins by

increasing surface area and increasing surface curvature to limit protein spreading [24].

Therefore, and considering the potential that nanoporous films of PS-b-P2VP have for the

development of nanocomposites, this manuscript describes the fabrication and

characterization of the substrates, the development of an optical model to describe their

optical properties, the immobilization of glucose oxidase (GOx), and the measurement of the

catalytic activity of the immobilized enzyme. GOx was selected because it can be used for

the removal of glucose or oxygen from food products, production of gluconic acid, as an

antibiotic, and for the development of glucose biosensors [25, 26]. GOx is a dimeric

globular enzyme with only one non-covalently bound flavin adenine dinucleotide per

monomer (active-site), which under denaturing conditions, can be released from the protein

[27]. In all these cases, improving the catalytic activity of the surfaces modified with GOx is

essential.

2. Materials and Methods

2.1. Reagents and Solutions

All chemicals were analytical-reagent grade and used as received. Hydrogen peroxide (35%)

was purchased from Columbus Chemical (Columbus, WI). Sodium acetate was purchased

from Mallinckrodt Baker, Inc. (acquired by Avantor Performance Materials, Center Valley,

PA). Hydrochloric acid and sodium hydroxide were purchased from EMD Millipore

(Billerica, MA). Block copolymers of polystyrene and poly-(2-vinylpyridine) (MWPS =

101,000 Da, MWP2VP = 29,000 Da, Mw/Mn = 1.6) were purchased from Polymer Source

Inc. (Dorvel, Quebec). Citric acid, ethanol, GOx from Aspergillus niger (17.3 U·mg−1),

horseradish peroxidase (HRP, 199 purpurogallin units mg−1), N,N-dimethylformamide

(DMF), o-xylene, PS (MW = 95,800 Da), and α-D-Glucose were purchased from Sigma

Aldrich (St. Louis, MO). O-dianisidine dihydrochloride was purchased from TCI America

(Portland, OR) and sulfuric acid was purchased from VWR (Radnor, PA). The pH of the

aqueous solutions was adjusted using either 1 M NaOH or 1 M HCl and measured using a

glass electrode and a digital pH meter (Orion 420A+, Thermo; Waltham, MA). All aqueous

solutions were prepared using 18 MΩcm water (NANOpure Diamond, Barnstead; Dubuque,

IA). Unless otherwise stated, experiments were conducted at room temperature (22 ± 2 °C).

2.2. Preparation of the nanostructured films

Standard <111> silicon wafers (Sumco; Phoenix, AZ) were initially scored using a

computer-controlled engraver (Gravograph IS400, Gravotech; Duluth, GA). The process

defined substrates of 1 cm in width and 4–6 cm in height that were then manually cut and

cleaned in piranha solution (30% hydrogen peroxide and 70% sulfuric acid) at 90°C for 30

min. After thorough rinsing with water, the substrates were dried under a stream of nitrogen

and stored in clean vials until coated. In order to obtain the nanostructured films, solutions

of PS and PS-b-P2VP (0.5% w/v in o-xylene and 0.5% w/v in DMF) were prepared and then

filtered through a 0.2 μm poly(tetrafluoroethylene) (PTFE) membrane at least three times to

remove any aggregates. The solution containing the selected block copolymer was spin-
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coated onto silicon substrates (wafers) using a Laurell Technologies WS-400A-6NPP/LITE

spin coater (North Wales, PA), depositing a monolayer of arranged micelles [28]. The wafer

is then dried at room temperature and immersed in a glass petri dish containing ethanol to

induce micelle opening while stirring at 60 rpm on an Innova 2000 Platform Shaker

(Enfield, CT). After the selected time, the substrates were removed from the vial and the

ethanol was allowed to evaporate under a gentle stream of nitrogen.

2.3. Spectroscopic ellipsometry

Determination of the thickness of the PS-b-P2VP films as well as the immobilization

kinetics were performed by spectroscopic ellipsometry (WVASE, J.A. Woollam Co.,

Lincoln, NE) following a procedure described elsewhere [6, 29–31]. As described by

Equation 1,

Equation 1

the ellipsometric angles (Ψ, amplitude and Δ, phase difference) can be related to changes in

amplitude and phase difference between the parallel (RP) and perpendicular (RS)

components of a polarized light beam upon reflection from a surface [32]. Under these

conditions, the technique has proven suitable to calculate thickness of the immobilized film

and therefore to investigate the kinetics of the immobilization of proteins. The sensitivity of

the technique [33] was also considered appropriate for the purpose of the present study.

Collected data (ellipsometric angles as function of time, angle, and/or wavelength) were

modeled using the WVASE software package (J. A. Woollam Co., Lincoln, NE) using the

mean square error (MSE) to quantify the difference between the experimental and model-

generated data. The ellipsometry experiments herein discussed were performed in either air

or an ad-hoc cell [34] by performing spectroscopic scans in the 300 to 800 nm range (with

10 nm steps) using air or the corresponding aqueous buffer as the ambient medium.

2.4. Atomic Force Microscopy

In order to gain insight about the topography as well as to verify the thickness of the block-

di-polymer film, atomic force microscopy (AFM) was used. AFM was performed in the

tapping mode with a Nanoscope V (multimode, VEECO Instruments, USA) and using

Aspire conical AFM tips (Nanoscience Instruments, Phoenix, AZ). The AFM tip has a

conical shape with a height of 15 μm and a radius of curvature of 8 nm. Topography analysis

to determine surface features was determined by using various functions in the NanoScope

Analysis v1.40 and Gwyddion v2.31 software. It is also worth mentioning AFM

measurements underestimate actual surface roughness due to the tip’s finite size [35–37] and

limited measured area.

2.5. Enzymatic Activity

The activity of the GOx immobilized to the SiO2, PS, and PS-b-P2VP thin films was

measured using a modified version of a previously reported procedure [38], based on the

reaction of β-D-glucose (Sigma-Aldrich, Saint Louis, MO). In the presence of GOx, the
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oxidation reaction produced β-D-glucono-∂-lactone and H2O2. The latter was then used to

oxidize o-dianisidine in the presence of HRP, developing a color change that was monitored

spectrophotometrically at 500 nm. In order to determine the effect of the proposed films on

the activity of immobilized GOx, the PS-b-P2VP-coated substrates (2 cm2 geometric area)

were first immersed in a solution containing 0.5 mg mL−1 of GOx (in 10 mM citrate buffer,

pH = 4.2) for 30 min. These conditions were selected because the solution provides high

buffer capacity around the isoelectric point of the protein, therefore maximizing the initial

adsorption rate [5]. Then, the PS-b-P2VP/GOx substrates were gently rinsed with buffer (to

remove any GOx loosely bound to the substrate), scanned using ellipsometry to determine

the effective thickness, and placed in a quartz cuvette previously filled with a mixture of

glucose, o-dianisidine, and HRP. To homogenize the solution, a magnetic bar was placed

inside the quartz cuvette and stirred at a constant rate using a magnetic stirrer (Spinette,

Sterna; Atascadero, CA, USA). The enzymatic activity was calculated by following the

change in absorbance at 500 nm, monitored for at least 15 min using a spectrophotometer

(Genesys 10 UV, Thermo Scientific, USA).

3. Results and Discussion

3.1. Characterization of the Nanostructured Films

In order to investigate the topography of the substrates, AFM was used. Figure 1 shows

representative images obtained with the selected polymers. In the first case (Figure 1A,

control), the Si/SiO2 wafer was coated with a solution of PS (disolved in o-xylene) and

rendered a rather flat and featureless surface. Figure 1B shows the surface of the Si/SiO2

wafer upon spin-coating a solution containing the selected PS-b-P2VP block-copolymer

(also prepared in o-xylene). As it can be observed, a higher density of nanostructures was

obtained on the surface, forming a micellar array consisting of a hydrophobic PS matrix and

hydrophilic P2VP clusters [39]. The contact angle, measured using a 10 μL drop of DI water

and a standard digital camera, was approximately 86°. As demonstrated in Figure 1C, the

P2VP clusters can be opened upon the immersion of the substrate in ethanol, yielding an

array of nanopores. A contact angle of approximately 75° was measured thus further

confirming the micellar formation and bursting of hydrophilic chains of the block copolymer

proposed by Chen et al. [39] Although similar films of PS-b-P2VP can be prepared in DMF

(spin-coating onto wafers and immersed in ethanol for 1.5 h), the resulting AFM images

showed large features of various shapes and sizes, which were deemed as unsuitable for this

study (data not shown). In order to provide comparative information related to the

immobilization process, Figure 1D shows the resulting topography of the substrate after the

interaction with GOx.

Although it is known that the dimensions (chain length and molecular weight) [19] of the

selected components of the block copolymer can affect the topographical features of the

film, our study showed that spin rate of the spin coater and ethanol soaking time can also

affect the size and density of the nanoporous array (Figure 2). Experiments were conducted

to study the pore count and pore diameter as a function of spin rate as well as roughness and

surface area as a function of ethanol soaking (calculated using the Nanoscope software

functions). According to the results shown in Figure 2A, pores with an average diameter
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ranging from 33 ± 10 nm to 42 ± 6 nm were formed when the substrates were spin-coated at

speeds between 2000 and 4000 rpm. The density of nanopores in the array, also depended on

the spin rate and varied from 660 ± 30 pores μm−2 to 816 ± 4 pores μm−2. It was also

observed that spin rates of 2000 rpm do not provide uniform deposits of PS-b-P2VP onto the

wafer, leaving the edges uncoated and resulting in pore diameters with a higher standard

deviation. Based on these results, films produced at 2000 rpm were considered inappropriate

for the goals of this project.

According to the results shown in Figure 2B, both roughness and surface area of the

nanoporous polymer increase with increasing ethanol soaking time. A minimum of 120 min

of ethanol soaking time is required to ensure roughness and surface area are maximized

(fluctuations within the maximized range were observed for ethanol times greater than 120

min). Due to the reproducibility and a balance between experimental efficiency and

optimum conditions, a spin rate of 3000 rpm and ethanol soaking time of 120 min were

considered the most appropriate for the proposed experiments. In order to demonstrate the

stability of the nanoporous substrates, the substrates were stored over the course of 28 days

and sequential AFM images were obtained every seven days to show that the “pores”

remained intact after the selected amount of time (results shown in the Supplementary

Information).

Developing a model that can accurately describe the optical properties of the PS-b-P2VP

substrates in terms of refractive index (n), extinction coefficient (k), and thickness (d) is

critical to interpret the data collected by spectroscopic ellipsometry. Besides considering that

the measurement can be affected by the microstructure of the film, an additional problem

associated with thin layers is that the three parameters (n, k, and d) can be coupled leading,

in such case, to incorrect interpretations. In order to avoid this problem, a series of substrates

coated with a layer of PS-b-P2VP (before and after immersion in ethanol) were used to

develop an optical model that adequately represents the optical properties of the material. As

a result, the substrate was described using a model comprising layers of silicon (bulk; d = 1

mm), SiO2 (d = 1.57 ± 0.02 nm), and a transparent layer (representing the nanoporous PS-b-

P2VP) described using a Bruggeman Effective Media Approximation (EMA) layer

composed of the polymer substrate (described by a Cauchy function) and void space (Figure

3A). After a first approximation to estimate the thickness (that was later confirmed by AFM

using a scratch test shown in the Supplementary Information), the computer-calculated

factors of the model (n(λ) = A + Bλ−2 + Cλ−4) were also allowed to fit to further improve the

optical model. The resulting fitted parameters of the Cauchy function for as-coated (A =

1.1565, B = 0.0107 and C = 0) and nanoporous block copolymer (A = 1.5506, B = 0.0102

and C = 0) yielded a very good agreement between their respective sets of data

(experimental and model-generated) and allowed calculating the average thickness of the as-

coated films of 20.2 ± 0.4 nm and nanoporous films of 20.5 ± 0.7 nm (Figure 3B). The

roughness of the surface, incorporated using the % void in the EMA layer, was always <

5%.

Considering that the block copolymer is composed by a section of PS (101 kDa) and a

section of P2VP (29 kDa), it is reasonable to assume that optical parameters of the two

sections of the block copolymer would not be significantly different. Upon verifying the
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thickness of the PS-b-P2VP layer by AFM, the presented approach allowed investigating the

immobilization of the enzyme to the selected substrates.

3.2 Immobilization of GOx

In order to calculate the amount of GOx immobilized on the PS-b-P2VP film, the optical

properties of the substrates were measured by spectroscopic ellipsometry. For these

experiments, the substrate coated with the selected film was aligned in the cell and a

spectroscopic scan was performed to determine the initial thickness. Next, a solution

containing GOx was introduced into the cell and the ellipsometric angles followed using 500

nm as the incident wavelength. Once the signal was stabilized, an additional spectroscopic

scan was performed to determine the final thickness and the microstructure of the sample. In

order to maximize the initial immobilization rate and minimize the possibility of inducing

conformational changes, experiments were conducted at the isoelectric point of the protein

(pI = 4.2) and at a protein concentration of 0.5 mg mL−1. As it can be observed in Figure

4A, significant changes were observed in the ellipsometric angles after the substrate was

exposed to the solution containing GOx, indicating that the protein was immobilized to the

nanoporous polymer.

As it was expected to observe proteins penetrating into the pores (because the pores are

larger than the protein molecules), the proposed optical model was initially allowed to

consider the adsorption of proteins on the surface of the film [6], replacing void space

(defined by the nanopores) with protein. However, when multiple experiments were

analyzed, significant increases in the MSE value were obtained, indicating that the proposed

model was not able to accurately describe the optical properties of the sample and therefore

may not represent the physical meaning of the measurement. Therefore, and in order to

consider the possibility of GOx penetrating into the structure of the polymer, the EMA layer

was modified to include the protein (also described with a Cauchy function, n(λ) = 1.45 +

0.01·λ−2) [33, 40, 41] as an additional component. The resulting model, schematically

shown in Figure 4B, allowed calculating changes in the total thickness of the substrates as

well as the relative contribution of the protein to the film.

As shown in Figure 4A, a very good agreement (MSE = 3.302) was obtained between the

experimental and the model-generated data for the spectroscopic scan, indicating that the

proposed model was able to describe the immobilization of GOx to the nanoporous polymer.

In this case, the resulting EMA layer was measured to be approximately 41.0 nm and

contained 33.9 ± 0.4% of GOx. Based on these results, the amount of GOx immobilized

corresponds to an effective thickness of 13.9 ± 0.2 nm. Considering that GOx is a globular

(long ovoid) protein with approximate dimensions of 7 nm × 5.5 nm × 8 nm [42] that most

often adsorbs in single layers [43], our results are in agreement with the hypothesis that

protein molecules are not only able to adsorb on the surface of the film but also penetrate the

polymer matrix, yielding to a rather uniform nanocomposite. It is important to note that

although this optical model allowed the description of the resulting system from the

spectroscopic scans, it did not allow calculating the distribution of the enzyme within the

film, probably due to the similarity of the optical properties of the polymer and protein.
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In order to obtain information about the stability of the immobilized protein layer,

desorption experiments were performed by switching from the GOx-containing solution to

the background electrolyte. In all cases (data not shown), a small fraction (< 7%) of the

immobilized protein was released from the surface after a 80-min rinsing step with buffer.

This observation suggests that the affinity of GOx for the polymer is relatively high and is

compatible with the semi-soft nature of GOx, also associated with potential structural

changes in the adsorbed state [27].

Control experiments performed with a nanoporous polymer exposed to a solution (citrate

buffer, pH = 4.2) with no GOx, showed only slight changes in Psi; suggesting a swelling rate

for the bare polymer of 0.005 nm min−1.

3.3 Activity of Immobilized GOx

As previously stated, the goal of this project was to mitigate post-immobilization

conformational changes and maximize the catalytic activity of the resulting nanocomposite.

Such information is critical for the development of catalytic surfaces and biosensors because

the conditions selected for the immobilization can yield GOx films with a wide range of

activity [5, 44–47]. Thus, the normalized catalytic activity of GOx immobilized to the

selected films was evaluated spectrophotometrically. As shown in Figure 5, the lowest

activity was obtained for the bare SiO2 substrate followed by the substrate coated with PS,

the as-coated PS-b-P2VP, and the nanoporous PS-b-P2VP. These results clearly evidence

the advantages of using block copolymers for immobilization of enzymes.

4. Conclusions

In this report, the results related to the use of nanoporous block copolymers of PS-b-P2VP

as substrates for the development of nanocomposites are described. Thin-films (thickness in

the order of 20 nm) were produced, yielding a relatively ordered structure with cavities of

ranging from approximately 23 to 48 nm in diameter and about 3 to 4 nm in depth. Such

films were then used as substrates to investigate the immobilization of GOx, an enzyme that

has been extensively used as a model for biosensing applications. To interpret the results

collected by spectroscopic ellipsometry, an optical model was developed. According to the

results presented, the films provided increases in surface area and curvature and favored the

immobilization of the enzyme with a normalized maximum activity of 3300 ± 700 U m−2

for the nanoporous film of PS-b-P2VP. The immobilization of GOx demonstrated that (at

least some) proteins should not be considered proteins as hard spheres and that their

interaction with the inside of the cavity may not be the most probable route but rather a

combination of both entrapment and adsorption to the polymer matrix and surface is more

likely.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

PS-b-P2VP polystyrene-block-poly(2-vinylpyridine)

GOx glucose oxidase

BCPs block copolymers

PS-b-PMMA polystyrene-block-poly(methyl methacrylate)

PS polystyrene

P2VP poly-(2-vinylpyridine)

MW molecular weight

Mw/Mn distribution ratio

HRP horseradish peroxidase

DMF N,N-dimethylformamide

PTFE poly(tetrafluoroethylene)

n refractive index

k extinction coefficient

d thickness

Ψ amplitude

Δ phase difference

RP parallel component

RS perpendicular component

VASE variable angle spectroscopic ellipsometry

MSE mean square error

AFM atomic force microscopy

EMA Effective Media Approximation
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Highlights

• AFM and ellipsometry used to characterize thin-films of (PS-b-P2VP)

• Model describing the optical properties of the substrates

• GOx immobilized on the block copolymer by means of adsorption and

entrapment

• Highest enzymatic activity obtained with the nanoporous PS-b-P2VP substrate
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Figure 1.
3D AFM images corresponding to Si/SiO2 wafers modified with polystyrene (A), as-coated

PS-b-P2VP (B), the nanoporous block copolymer formed upon the immersion in ethanol for

2 h (C), and GOx immobilized to the nanoporous block polymer (D). Conditions: polymer

concentration: 5 mg mL−1 in o-xylene, spin-coated at 3000 rpm.
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Figure 2.
The pore diameters and count were evaluated as a function of spin rate (A). The mean

roughness and surface area of the block copolymer spin-coated at 3000 rpm was evaluated

as a function of ethanol soaking time (B). The projected surface area of the AFM image size

is 250,000 nm2.
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Figure 3.
The proposed optical model (A) and the spectroscopic scan (B) obtained for three angles

(65, 70, and 75°) of the nanoporous substrate in air (MSE = 3.814). The gray lines indicate

the results generated by the proposed optical model.
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Figure 4.
Spectroscopic scan (A) before and after 3 h of 0.5 mg mL−1 GOx immobilization in 0.010 M

citrate buffer, pH = 4.2. Directions of arrows indicate the change in ellipsometric angles

from before to after GOx immobilization. The gray lines indicate the results generated by

the proposed optical model, after the immobilization of GOx (MSE = 3.302). The proposed

optical model (B) with immobilized GOx.
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Figure 5.
Normalized enzymatic activity of GOx immobilized to Si/SiO2 wafers modified with PS, as-

coated PS-b-P2VP (*), and the nanoporous PS-b-P2VP (formed upon the immersion in

ethanol). Conditions for the immobilization: 0.010 M Buffer citrate, pH = 4.2, enzymatic

activity measured as described in the experimental section.
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