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ABSTRACT

We report the fabrication of nanoporous thin films based on di-block copolymers (BCPs) able to
act as ideal support for the physical immobilization of specific biomolecules. The nanoporous
thin films, fabricated by exploiting self-assembly of lamellar BCPs and the concept of sacrificial
block, are characterized by a well-defined architecture and morphology containing
functionalized pores delimited by hydrophilic walls. In particular, the material exhibits a lamellar
morphology with nanochannels of width = 20 nm delimited by polystyrene (PS) domains,
decorated with pendant poly(ethylene oxide) (PEO) chains. We perform an in depth analysis of
the adsorption of myoglobin (Mb) onto our BCP-based nanoporous material by means of UV-
Visible spectroscopy, quartz crystal microbalance (QCM) and neutron reflectometry (NR)
measurements, comparing the results with those obtained in the case of supports having different
hydrophilicity, chemical composition and morphology (e.g. non-porous PS thin films and nude
glass slides). The adsorption capability of the BCP-nanoporous surface results remarkably higher
than of both flat and hydrophilic (glass slides) and flat and hydrophobic surfaces (PS) due to the
large surface area and opened pore structure that allows high protein loadings. Remarkably, quite
strong interactions are established between the biomolecules and our porous surface by effect of

simple physical adsorption.



Introduction

Understanding proteins adsorption process from an aqueous environment to a solid surface is a
major concern in a number of fields such as biology, biotechnology, biochemical engineering,
biomedicine, environmental science and industrial catalysis.!”” The adsorption of proteins at
solid/liquid interfaces is not only a fundamental phenomenon® but it is also the key to several
practical applications, since in many cases adsorption behavior and interaction between proteins
and sorbent surfaces play an important role in determining the performance of a designed

4,5

system, such as biosensors,*® immunological tests and drug-delivery schemes.® The

immobilization of the biorecognition element to the surface of a solid support is, for example, a

43 gince immobilization of the

critical step for the development of efficient biosensors,
biomolecule to various inorganic, organic or polymeric matrices by simple adsorption, covalent
bonding or entrapment improves enzyme stability, increases its rigidity and, consequently,
prevents the possibility to unfold and deactivate, this being one of the main drawbacks that
imped biosensors large-scale application as reliable analytical instruments. The quantitative
characterization of how surface features determine the amount, structure and distribution of
adsorbed proteins is also important in biomaterial field, since surfaces in biological environments
are rapidly coated by proteins that mediate the interaction between the material and cells,
regulating the final cell behavior through complex signaling pathways.®

Surface nanoscale morphology has a relevant role in regulating the interaction between support
and biomolecules and profoundly influences the process of biomolecules adsorption.’!3 This
concept has sparked new research approaches, where the control of surface nanostructure is used

as a material design parameter to regulate adsorption of proteins for specific applications. The

knowledge of the protein adsorption process on nanostructured surfaces is relevant to many
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research fields such as tissue regeneration,'* drug delivery,!® prosthetics,'® nanotoxicology,!”

1819 and therapeutic micro- and nano-devices.?’ Several attempts have been made to

biosensing,
characterize the influence of nanoscale morphology on protein adsorption and experiments
specifically designed to characterize protein adsorption on nanostructured surfaces resulted in
quite inconsistent observations. Some reports showed no influence of the morphology at the

nanoscale level,'%!!

while others presented an increase of the amount of adsorbed proteins when
nanoscale surface roughness increased.!>!3 This incoherent picture arises from the fact that
protein adsorption on nanostructured surfaces has never been fully quantitatively characterized,
both because of the remarkably large number of parameters affecting the adsorption process, and
because of the lack of suitable tools for studying adsorption on rough surfaces. A full
characterization of protein adsorption onto a nanostructured surface should consist of a
controlled variation of the following parameters: nanoscale morphology, protein concentration
and protein type. Varying surface morphology requires, in particular, the fabrication of
nanostructured surfaces with exactly controllable domain size, chemical composition and surface
roughness, in order to draw definitive conclusions. In addition, the presence of controlled
nanoporosity onto the surface has to be considered, since the large surface area of nanoporous
materials and their opened pore structure can be beneficial for the process of adsorption of
biomolecules. Nanoporosity can afford improved enzyme loading, which in turn can increase the
apparent enzyme activity per unit mass or volume, compared with that of enzymes immobilized
onto conventional non-porous materials.?!"*

We previously reported? the fabrication of a nanoporous material based on di-block

copolymers (BCPs), with well-defined architecture and morphology, containing functionalized

pores delimited by hydrophilic walls, able to act as ideal support for the physical immobilization



of specific biomolecules. In particular, nanoporous thin films were fabricated by exploiting self-
assembly of lamellar BCPs and the concept of sacrificial block.

A BCP molecule can self-assemble to form nanostructures (having lamellar, hexagonally
packed cylindrical, bicontinuous gyroid, or body centered cubic (BCC) spherical morphology)
with a domain spacing (typically in the range 10-200 nm) that depends on molecular mass,
segment size, and the strength of interaction between the blocks.?*?® Nanoporous materials can
be generated by selective removal of one block from a self-assembled BCP by using selective
etching protocols that do not compromise the integrity of the matrix material.?’** The etching
protocols creates nanopores in the final material, that will exhibit the pore size and pore topology
of their parent structures.

We employed a blend of polystyrene-block-poly(L-lactide) (PS-PLLA) and polystyrene-block-
poly(ethylene oxide) (PS-PEO) di-block copolymers to generate thin films with a lamellar
morphology in which the PEO and PLLA blocks form mixed lamellar domains alternating with
PS domains (Figure 1a). Then, by selective chemical etching of the PLLA blocks, nanoporous
thin films, patterned with nanometric channels containing pendant hydrophilic PEO chains, were
generated (Figure 1b). We previously demonstrated? that the large surface area, the tailored pore
sizes, and the functionalization with hydrophilic PEO blocks, make the designed nanostructured
materials suitable supports for the nanoconfinement of the enzyme Peroxidase from Horseradish
(HRP). The use of our porous films as confining support for the HRP improved the catalytic
performance of the enzyme without mass-transfer limitations and the presence of pores makes

the long-term stability of immobilized enzyme high.
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Figure 1. Step strategy used to obtain the BCP-based nanoporous material. (a) The starting

material is a nanostructured thin film in lamellar morphology, obtained by mixing polystyrene-
block-poly(L-lactide) (PS-PLLA) and polystyrene-block-poly(ethylene oxide) (PS-PEO) block
copolymers. PS lamellar domains alternate with PLLA block domains mixed with PEO blocks;
(b) Selective removal of PLLA by basic hydrolysis leaves nanometric channels delimited by PS

domains grafted with pendant PEO chains. Adapted from Ref. 23.

In this study, the strength of our approach is probed by performing an in depth analysis of the
adsorption of myoglobin (Mb) onto our BCP-based nanoporous material (Figure 1b) by means of
UV-Visible spectroscopy, quartz crystal microbalance (QCM) and neutron reflectometry (NR)
measurements. In particular, the adsorption capability of Mb onto our nanoporous surfaces is
studied and compared with that obtained in the case of supports having different hydrophilicity,
chemical composition and morphology (e.g. non-porous polystyrene (PS) thin films and nude
glass slides). The aim of this study is to compare the Mb adsorption onto the different supports
and to identify the key parameters determining the mutual affinity of the biomolecule with the

support including the role of nanopores.



Experimental Section

Preparation and characterization of PS thin films and BCP-based materials.

The main characteristics of the PS and BCP samples are described in the Supporting
Information. The volume fraction of the PS block in the BCPs was selected equal to = 0.50 to
obtain a lamellar phase-separated morphology. Solutions at 0.5% or 1% w/w concentration of the
sole PS or of PS-PLLA and PS-PEO blends at 90/10 w/w ratio were prepared by dissolving the
polymers in 1,2-dichloroethane. Thin films were obtained by spin coating (RPM 3000 for 30 s)
the solutions onto silicon, gold or glass supports. The lamellar morphology of the BCPs thin
films was improved by heating the samples to 200 °C and then cooling to room temperature on a
hot bench with a gradient temperature. Nanoporous supports were obtained by removing the
PLLA blocks from the nanostructured BCPs thin films though basic hydrolysis, performed by
placing the thin films of the blend into a 0.5 M sodium hydroxide water/methanol (60:40 by
volume) solution at 65°C for one minute (etching procedure). The films were then withdrawn
from the solution, washed twice with a water/methanol (60:40 by volume) solution, and finally
dried in a hood at room temperature overnight. For UV-Vis spectroscopy experiments, thin films
of PS and etched blend were prepared onto glass supports (size 24x24 mm). For NR
measurements, the samples were prepared onto crystalline and polished silicon (111) wafers
(size 80x50x10 mm) that bear a thin amorphous silicon oxide (Si0O;) layer at the surface. For
QCM measurements, the samples were directly prepared onto the gold working electrode of the
AT-cut crystal of the microbalance. We checked that the supports were uniformly covered by the
polymer (PS) and BCP-based thin films, taking electron microscopy images of different

quadrants of the specimens in regions both close to the boundaries and in the center.



Experiments of myoglobin adsorption.
UV-Vis spectroscopy. The adsorption kinetics of myoglobin (Mb) onto different supports were
probed through UV-Vis spectroscopy using a Cary 60 UV-Vis spectrophotometer equipped with
a Cary single cell Peltier accessory (Agilent Technologies). Solutions of Mb at different
concentrations were prepared in distilled water. Adsorption of Mb onto different supports was
measured in isothermal conditions by deposition of solutions onto supports, at constant Mb
concentration, as a function of incubation time to obtain adsorption kinetics curves, and at
constant incubation time, as a function of Mb concentration to obtain adsorption isotherm curves.
In particular, measurements of adsorption kinetics were performed at 5 °C by depositing 750 uL
of solutions at Mb concentrations of 3.75, 4.03, 6.39 and 7.95 mg/L onto our nanoporous film
surface, as a function of the incubation time (ranging from 5 to 75 minutes). For comparison,
these experiments were also conducted using PS thin films as support, in the case of solutions at
Mb concentration of 4.03 and 7.95 mg/L. The measurements of adsorption isotherms were
performed at 5 and 10 °C by depositing 500 pL of solutions at Mb concentrations of 2.22, 3.44,
5.35 and 8.62 mg/L onto different supports (nanoporous film surface, PS thin films or nude glass
slides), fixing the incubation time to 30 min. During the incubation the samples were placed onto
an oscillating stirrer. After any selected incubation time, the supernatant protein solution was
withdrawn from the films surface and the samples were rinsed with distilled water to remove
weakly adsorbed protein molecules from the surface. UV-Vis spectroscopy and High
Performance  Liquid Chromatography (HPLC, DECLINARE LE SPECIFICHE
DELL’APPARATO tra parentesi) indicated that no detectable amount of protein was present in
the rinsing water, already in the first cleaning wash. The myoglobin concentrations of the initial

solution and of the recovered solution were both determined by UV-Vis adsorption



measurements using the absorbance of the band at 408 nm (molar extinction coefficient value of
188000 M cm™).31*2 The amount of adsorbed myoglobin onto the supports I'(¢), after the
incubation time ¢ and normalization for the adsorbing area 4, was estimated from the difference
in the myoglobin concentration in the recovered solutions C.(¢) and in the solutions initially

deposited on the supports Co, according to Equation 1;

In Equation 1 the adsorbed amount of protein per unit surface area or surface density coverage
I(#), is function not only of the incubation time # but also of the concentration of the solutions
initially deposited on the supports Co. Moreover, Vo is the volume of the initial protein solution
and 4, the surface area of the support, is equal to 576 mm? (= 24°> mm?).

All experiments were performed in triplicate achieving a high reproducibility.

The data of Mb adsorption were analyzed by using the Langmuir equation:

rlt) _ KC, (Eq.2)
r, 1+KC,
that can be transformed into the linear form:
ct) 1 +C(t) (Eq. 3)

I(t)y K, T

m

In Equation 3 [, is the maximum value of protein surface density coverage (full coverage of
surface, or monolayer adsorption density) and indicates the monolayer adsorption ability on the
surface, and K is the adsorption-to-desorption ratio, or Langmuir binding constant for the
adsorption process.

OCM measurements. A QCM apparatus (Novaetech S.r.1.) equipped with a disc-shaped, AT-cut

piezoelectric quartz crystal (fundamental resonant frequency 10 MHz), having metal gold



electrodes with diameter 4.5 mm deposited on its two faces, was used. A mass deposition onto
the electrode induces an increase in frequency which is proportional to the adsorbed mass. In
particular, for the quartz crystals used in this study, a frequency change of 1 Hz corresponds to a
mass increase of 0.70 ng, and to a sensitivity of 1.43 Hz ng!. Nanoporous BCP-based thin films
were directly prepared onto the gold electrode of the crystal, according to the procedure
described above. The resonance frequency of the crystal was measured at 25 °C after coating
with the blend thin film in a first step, the nano-porous thin film in a second step and after a third
step involving Mb adsorption onto the so-coated electrode. In particular, this third step was
performed at 5 °C by depositing 40 pL of Mb solutions (concentration 6.6 mg/L) onto the Au
electrode functionalized with the nano-porous material, using the same protocol explained
before. Measurements were performed after an incubation time of 5, 20 and 50 min, successive
washing with water to remove loosely bound proteins, and drying process at room temperature
overnight to remove water excess.

Neutron reflectometry (NR). NR measurements were performed on the D17 reflectometer at the
Institut Laue-Langevin (Grenoble, France).?* 3* The sample cell consisted of a PTFE reservoir
containing water solutions put against a silicon supports sandwiched between two aluminum
plates used for thermal control. The sample cells were kept at a temperature of (25.0 + 0.5) °C
during the experiments. The specular reflectivity signal, R, defined as the ratio of the number of
reflected neutrons with respect to that of incident ones, was measured at an angle equal to the
angle of incidence, 6, and as a function of the component of momentum transfer vector Q in the
perpendicular direction to the sample surface O, = sin(6) 4x/4, where 4 is the neutron
wavelength. Measurements were carried out in time-of-flight (ToF) mode with a wavelength

range 0.2 - 2 nm at two fixed angles of incidence, 6; = 0.8° and 6; = 3.2°, to cover a range of O,
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ranging between 0.08 and ~2 nm’' (the upper limit being defined by the experimental
background). The Q,-dependence of reflectivity depends on the nuclear composition of the
sample in the Z-direction. This information is commonly expressed in terms of neutron scattering
length density profile (SLD).?> 3¢ It is important to note that an SLD profile usually represents
the average in-plane (parallel to the interface) SLD value as a function of the z-coordinate. In the
case of in-plane patterned films, where the lateral separation between regions of the sample with
different scattering properties is larger than the lateral coherence length of the incident neutrons,
reflectivity can be interpreted as the sum of the individual reflectivity originated by the different
in-plane regions. This method is known as incoherent sum. We first characterized by NR silicon
supports coated with thin films of PS and PS-PLLA/PS-PEO blend before and after removal of
PLLA, in three different contrast liquids (See Supporting Information, Part S1, for further
experimental details), and then NR characterization was extended to the coated silicon supports
after protein adsorption. A D>O solution of myoglobin at a concentration of 0.45 uM (7.9 mg/L)
was used for incubation, imposing an incubation time (equilibration) of 3 h before NR
measurements. In the case of the etched blend, the protein solution was removed by rinsing 3

times with 10 mL of H2O, and the reflectivity profiles were measured again in presence of D2O.

Results and discussion

A representative Field Emission Scanning electron microscopy (FESEM) image of thin films
of the polystyrene-block-poly(L-lactide) (PS-PLLA) and polystyrene-block-poly(ethylene oxide)
(PS-PEO) blend (at 90/10 w/w ratio) is reported in Figure 2A. A well-defined phase separated
morphology, characterized by a disordered array of lamellar domains oriented perpendicular to
the support, is visible. The bright lamellar domains correspond to PS lamellar nanodomains and

the dark regions correspond to mixed PEO and PLLA component, as in the scheme of Figure 1a.
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The average lamellar spacing of PS and PEO/PLLA domains is estimated to be =~ 28 + 5 and = 20

+ 5 nm, respectively.

Figure 2. FESEM images of a thin film of the blend PS-PLLA/PS-PEO blend before (A) and
after (B) removal of PLLA. Tilt angle of the image in B is 66.2°. The typical thickness of the

films is 40-100 nm.

A FESEM image of the thin film of the blend after removal of PLLA blocks by basic hydrolysis
is reported in Figure 2B. The etching treatment does not alter the initial lamellar morphology and
results in porous thin films with nanochannels of width =~ 20 nm delimited by PS lamellar
domains, decorated with pendant PEO chains, as in the scheme of Figure 1b. A full
characterization of the BCP-based nanoporous material is reported in Ref. 23.

We studied the adsorption kinetics of myoglobin (Mb) onto our BCP-based nanoporous
supports (Figures 1b and 2B) by deposition of protein solutions onto the supports as a function of
the contact time between the protein solutions and the supports (incubation time). In particular,
measurements were performed at incubation times ranging from 5 to 75 min, at fixed Mb
concentrations in between 3.75 and 7.95 mg/L. Equation 1 was used to determine the adsorbed

amount of protein per unit surface area (surface density coverage) (I(7)) as a function of
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incubation time. We verified that the BCP-based nanoporous materials retained the morphology
after the contact with aqueous solutions containing Mb even for the longest incubation time (75
min, Figure S1). The kinetics of Mb adsorption onto our nanoporous supports (Figures 1b and
2B) are reported in Figure 3A. Two kinetic regimes are identified depending on the initial
concentration of Mb in the solutions used for incubation, corresponding to a low concentration
regime, for Mb concentration less than =~ 4 mg/L (curve a of Figure 3A), and a high
concentration regime, for Mb concentration higher than = 6 mg/L (curve b of Figure 3A). In both
cases the surface density coverage (I(f)) increases steeply in the first 5-10 min of incubation, up
to reach values I'(30) of =~ 2 and = 3 ng/mm? at low and high Mb concentration after 30 min
incubation time, respectively. Considering that the molecular mass of Mb is 17.6 Kg/mol, the
values of surface density coverage of 2 or 3 ng/mm? correspond to adsorption of = 1 molecule of
Mb each 10 nm?. A footprint area of 10 nm? per Mb chain is in agreement with the side area of
this disk-like protein estimated from crystal structure analysis of 4.4 nm x 4.4 nm x 2.5 nm.>"*8
In particular, the observed change in the adsorption capability of the nanoporous surface with the

concentration of Mb in the solution used for incubation may reflect changes in the orientation of

the binding protein, eventually leading to changes in protein-surface interactions at the interface.
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Figure 3. (A) Adsorption kinetics of myoglobin (Mb) onto the BCP-based nanoporous supports

measured at 5°C. The surface density coverage of Mb (I(¢)) was determined using Equation 1

after different incubation times (ranging from 5 to 75 min) fixing the concentrations of the initial

solutions of Mb to 3.75 (a), 4.03 (e), 6.39 (») and 7.95 (x) mg/L. (B) Comparison between the
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kinetics of Mb adsorption at 5°C onto the BCP-based nanoporous material (curve a) and PS thin
film (curve b) fixing the concentration of the initial Mb solution to 4.03 mg/L. (C) Comparison
between the data of Mb adsorption kinetics at 5°C onto the nanoporous material obtained from
QCM (curve a) and UV-Vis (curve b) measurements fixing the concentration of the initial Mb

solution to 6.6 mg/L (a) and 6.39 mg/L (b).

The Mb adsorption kinetics onto our nanoporous surface are compared with those onto PS in
Figures 3B and S2, using initial Mb concentrations of 4.03 (Figure 3B) and 7.95 (Figure S2)
mg/L. It is evident that the mass of protein absorbed onto the nano-porous surface of the etched
blends is ~4 and = 2 times higher than that absorbed onto PS, using a Mb concentration in the
initial solution of =~ 4 (Figure 3B) and ~ 8 (Figure S2) mg/L, respectively. Therefore, the
adsorption capability of the BCP-nanoporous surface is remarkably higher than that of PS.

We also studied the kinetics of Mb adsorption by mean of quartz crystal microbalance (QCM)
measurements. To this aim the gold working electrode of the AT-cut crystal of the QCM was
coated with our nano-porous thin films, using the procedure described in the Experimental
Section. We verified that the morphology of the BCP thin film was retained onto the gold surface
(Figure S3). Mb was physically adsorbed onto the same electrode by placing solutions of Mb
with a fixed concentration (6.6 mg/L) onto the porous material for different incubation times (5,
20 and 50 min) at 5 °C. Then, after removal of the Mb solutions, the crystal was washed with
water, to remove loosely bound protein chains, and dried at room temperature overnight. The
mass of absorbed Mb was determined by measuring the resonance frequency of the coated
electrode before (corresponding to mass Mc) and after (corresponding to mass Mcp) Mb

adsorption, as the difference Mcp - Mc. QCM frequency vs. time graphs obtained during the
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consecutive steps of the procedure to prepare the BCP-based nanoporous material onto the QCM
crystal and the subsequent Mb adsorption onto the so-coated crystal, in the case of a Mb
incubation time equal to 20 min, is reported in Figure S4.

A comparison between the kinetics of Mb adsorption onto the BCP-based porous material
obtained by using QCM and UV-visible technique is reported in Figure 3C (curves a and b,
respectively). As expected, QCM senses a much higher mass uptake in comparison with the
optical techniques (compare curves a and b of Figure 3C). In particular, for incubation times
longer than 30 minutes, the mass of adsorbed protein measured with QCM is higher by a factor
of = 2 than the mass measured with the optical technique, in agreement with the results obtained
in a large number of other studies for small and globular proteins.*#! The general observation
that the values of mass uptake of a protein from a given support as determined by QCM are
remarkably higher than those determined by optical spectroscopy can be attributed to presence of
water molecules which are tightly bound and/or hydrodynamically trapped to the adsorbed
proteins.

Isothermal adsorption experiments of Mb was also performed at 10 °C onto our nanoporous
support (etched blend), non-porous thin films of PS and glass surfaces, using a fixed incubation
time of 30 min. The results are reported in Figure 4, and in Table 1. It is apparent that after 30
min incubation time the I'(30) values in the case of our nanoporous surface (curves a, a’ of Figure
4) is higher than that of both the PS thin film (curve b of Figure 4) and the glass slide (curve ¢ of
Figure 4), regardless of the Mb initial concentrations (C), whereas the amount of adsorbed Mb

on the PS thin film and the glass slide are similar (curves b and ¢ of Figure 4).
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Figure 4. Adsorbtion isotherms of myoglobin onto thin films of the etched nanoporous blend (a,
a’, »), PS (b, %) and bare glass slides (c, o). Incubation was performed for 30 min, at 10 °C. The
solid lines a, b and c are the fit to the data with the Langmuir equation (Equation 2). The dashed

line a’ shows the deviation from the Langmuir fit in the case of the etched blend.

We found that the amount of adsorbed protein increases with increasing the protein
concentration in the initial solutions, according with the existence of the concentration dependent
process named “spreading”, that is, the increment of the footprint of the protein with the
residence time of the protein onto the sorbent.*> At higher concentrations of the initial solution,
the biomolecules occupy the surface in a shorter time and the time for spreading is small. As a
consequence, the footprint of the proteins is small and an higher amount of protein can be
adsorbed. All isotherms of Figure 4 were fitted to the Langmuir isotherm equation. The
monolayer adsorption density (I;) and Langmuir binding constant (K) values obtained by

plotting C/T vs C (Equation 3, Figure 5A) are reported in Table 1.
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Table 1 Surface density coverage (I'(30)) and number of myoglobin biomolecules adsorbed per
nm? (nmb) onto the BCP-based nanoporous material (etched blend), PS thin film and bare glass
slide for different initial concentrations of the protein in the solutions (C), after an incubation
time of 30 min at 10°C. Monolayer adsorption density (I',) and Langmuir binding constant (K)
calculated by fitting the adsorption isotherms of Figure 4 with linearized form of Langmuir

equation (Equation 3).

I(30) (ng/mm?) @ .
m i 2)(c) (b)
c222 | C344 C 5.35 C862 | (ngmma® | Mo (units/nm?) K
(mg/L) (mg/L) (mg/L) (mg/L)
EtchedBlend | 1501 | 2002 | 21402 | 2502 | 27+02 | (92%07)102 | 10205
PS 0701 | 11201 | 10201 | 14201 | 17205 | (58 £02)102 | 0.3£02
Glassslide | 10201 | 11201 | 1.1+01 | 14201 | 1702 | (58 £0.1)107 | 05202

a) Maximum relative errors calculated considering an error of 10% in the volumes of the retrieved Mb solutions.

b) Absolute errors calculated by propagation of the maximum error. Results are averaged over at least three
independent experiments.

¢) Number of protein molecules per nm? calculated as: I'n102'NA/17600 , where 17600 g/mol is the molecular mass
of myoglobin and NA is the Avogadro number.

From the calculated values of I, and K (Table 1) it is evident that our porous BCP film is a
better support for Mb adsorption than the PS thin film and the glass slide. In particular, the fit of
adsorption data onto the nanoporous surface of the BCP blends gives a value of the Langmuir
binding constant for the adsorption process K=1 and a maximum value of the protein surface
density coverage of 2.7 ng/mm?, which are higher than those fitting the adsorption data in the
case of PS and glass slides (Table 1). The apparent number of myoglobin biomolecules adsorbed
per nm? (nmp, see Table 1) calculated from the I, value is nvp = 9 x 1072 units/nm? in the case of
the nanoporous support (etched blend) and nmy = 6 x 10 units/nm? in the case of non-porous
supports (PS and glass), corresponding to a single Mb biomolecule adsorbed on an area A of =

11 nm? in the case of the porous support and = 17 nm? in the case of the non-porous supports.
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This is due to the large surface area and opened pore structure that allows high protein loadings
in the case of the etched blend. The results that our support exhibits an increased adsorption
ability with respect to both a flat and hydrophilic surface (glass slide) and a flat and hydrophobic
surface (PS) indicates the importance of the nanochannels in determining the capability of
biomolecules adsorption. It is worth noting that in the case of our porous surface (curves a, a’ of
Figure 4) a deviation from the Langmuir fit is observed (curve a’ of Figure 4) at higher
concentration of protein in the initial solution.*® This results can be rationalized considering that
the Langmuir adsorption model fails significantly in many cases, especially when rough
inhomogeneous surfaces, having multiple site-types available for adsorption, are present.*?

The Langmuir plot (that is C/T vs C) was extended also to the kinetic data of Mb adsorption
onto the etched blend of Figure 3A obtained as a function of incubation time at 5 °C, for
different Mb concentration (Figure 5 B). It is apparent that for incubation time less than 15 min
no regular behavior is observed, probably because the equilibrium surface coverage is not
reached. However, for incubation times higher than 15 min the adsorption kinetics can be

described in terms of an equilibrium Langmuir behavior with parameters K = 1 and I, = 2.7 due

to the formation of a monolayer, regardless of incubation time and temperature (5 and 10 °C).
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Figure 5. (A) Fit of Mb adsorption data of Figure 4 to the linear form of the Langmuir equation
(Equation 3) in the case of the etched blend (curve a), PS thin film (curve b) and nude glass slide
(curve ¢). The obtained values of I, and K are reported in Table 1. Incubation was performed for
30 min, at 10°C. (B) Analysis of Mb adsorption data onto etched blend of Figure 3A for different
incubation time (#), ranging from 5 to 75 min. The solid line corresponds to the Langmuir
straight line equation (Equation 3) with TI,, = 2.7 and K = 1. The data were obtained at 5 °C,

except for the incubation time 30 min where a temperature of 10 °C was used.
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We also studied the adsorption of Mb onto PS and our BCP-based thin films before and after
removal of PLLA by means of neutron reflectometry (NR) measurements.>* After measuring the
reflectivity curves of the silicon support coated with the polymeric thin films in three different
contrast liquids (Figure S5 and Table S1), D>O solutions of Mb at concentration of 0.45 uM (7.9
mg/L) were deposited onto the supports. Reflectivity profiles were measured after 3 h of
incubation time at 25°C. Since the protein was not deuterated, the sensitivity to adsorbed protein
was enhanced by use of D>O contrast. The comparison between the reflectivity profiles of the
coated supports before and after Mb adsorption in D,O contrast are reported in Figure 6, in the
case of PS coating (Figure 6 A) and the PS-PLLA/PS-PEO coating before (Figure 6 B) and after
(Figure 6 C, D) removal of PLLA. Reflectivity data measured using three different contrast were
simultaneously fitted to a common model using the Aurore software application,* corresponding
to the scattering density profiles (SLD) of Figure S5A’°,B’ and to the red lines of Figure 6A and
B. The resulting fitted parameters are instead reported in Table S1. As we already discussed in
Ref. 23, modeling of the reflectometry data in the case of the etched blend (Figure 6 C, D) could
not be accomplished with use of the standard box model approach, due to the intrinsic

inhomogeneity of the nano-porous thin film.

21



1 11
| 0.14 §
0.14 * (a)bare PS e (a) bareblend
1 o (a") PS in contact with Mb solution 0.01 % o (a') blend in contact with Mb solution
. 3 \:
0.01 G
~ ~
N N i ry
N & 1E-3
= 1E-34 < =
R P 1E-4 o
1E-4+ 1E5 ] 5
294 * Ry
& - v Dot
1E-5 Loy ; . . ; : - 1E-6 Ly , . . — et 2
0.2 0.4 0.6 0.8 1.0 1.2 1.4 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Q, (nm™) 0, (nm”)
1 qoay
-
t C D
B . (a) bare etched blend s ¢ (a) bare etched blend
0.14 @ \ . . .
@ o (a') etched blend in contact with Mb solution @ (') etched blend in contact with Mb solution
> 1E-4 4 = (a") after washing
0.01 + —
N £
) 1E-34 £
a2 &)
1E-4 4 a2
1E-5 4
1E-5 4
T T T T T T T ' ' ! ! ! ”
02 04 06 08 1.0 12 14 0.2 0.4 0.6 0.8 1.0 1.2
-1
O (nm") Q, (nm")
~z

Figure 6. Experimental (symbols) and simulated (red lines) neutron reflectivity profiles as a
function of the momentum transfer perpendicular to the surface Q. of silicon supports coated
with PS thin film (A) and PS-PLLA/PS-PEO blend before (B) and after (C, D) removal of
PLLA, acquired in presence of D>O (e, a) and in presence of DO containing Mb at a
concentration of 0.45 uM (7.9 mg/L) after incubation for 3h (o, a’). In D, the reflectivity profiles
(multiplied for O* to enhance differences in the mid- and high-Q- regions) of the etched blend in
absence (e, a) and in presence (o, a’) of Mb are compared with the profile obtained in D>O
contrast after rinsing the support 3 times with 10 mL of H>O (m, a’’). Error bars are not reported
for clarity. Fits to the data are obtained according to the parameters listed in Table S1, and the

neutron scattering length density profile (SLD) reported in Figure SSA’ and B’.
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The reflectivity profiles of PS (Figure 6 A) and non-etched blend (Figure 6 B) before (curves
a) and after (curves a’) the incubation with protein are almost identical, confirming little or no
protein adsorption, in agreement with UV-Vis results. In the case of the BCP-based blend after
PLLA removal (Figure 6 C), instead, a significant variation of the reflectivity profile is observed
in presence of the solution containing Mb (compare curves a and a’ of Figure 6 C). As shown in
Figure 6 D, after multiplication of reflectivity by Q.*, these differences are amplified (curves a
and a’ of Figure 6 D), especially in region 0.4 nm™ < Q, < 0.8 nm’!, confirming the non-
negligible adsorption of Mb onto our BCP-based nanoporous support compared to PS and non-
etched blend. Notably, the reflectivity profile of our porous blend containing adsorbed Mb after
abundant rinsing (3 times with 10 mL of H,O) remains identical to the profile acquired before
rinsing (compare curves a’ and a’’ of Figure 6 D), demonstrating that quite strong interactions
are established between the biomolecules and our porous surface by effect of simple physical

adsorption.

Conclusions

Exploiting the partial miscibility of polyethylene oxide (PEO) and poly(L-lactide) (PLLA), and
the possibility to easily remove PLLA blocks by basic hydrolysis, we set up a procedure that
allows building nanostructured membranes with well-defined architecture containing pores ( =
20 nm in width) delimited by PEO hydrophilic walls. The large surface area and the tailored pore
sizes make the designed nanostructured material suitable support for the immobilization of
specific biomolecules, compared with flat hydrophilic (glass) and hydrophobic non-porous (PS)

surfaces. In particular, the study of adsorption of myoglobin onto the different supports with
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different experimental techniques elucidates that our porous material exhibits an increased
adsorption ability with respect to the other examined supports, indicating the importance of
nanochannels in the process of adsorption of biomolecules. Results from this work provide a
proof of the effect of different supports to protein adsorption and underline the importance to
study adsorption behavior for individual systems of interest, since the extraction of general rules
on adsorption phenomena when biological molecules are involved results quite difficult. It is
worth noting that the designed procedure to prepare the BCP-based nanoporous material is
general, robust, and versatile since it can be used to functionalize both solid (e.g. glass, silicon,
gold) and flexible (e.g. polymeric membranes) supports. The functionalization of surfaces with
our porous BCP-based material offers the possibility to tailor the properties of materials for
biomedical and biotechnological applications, or for addressing specific usage conditions
requiring controlled level of hydrophilicity/hydrophobicity, surface area, roughness, pore size

and geometry and pore size distribution.
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