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ABSTRACT

Functional surfaces were generated by combination of enzymes with polymer membranes
composed of an amphiphilic, asymmetric block copolymer poly(ethyleneglycol)-block-poly(y-
methyl-g-caprolactone)-block-poly[(2-dimethylamino)ethylmethacrylate]. First, polymer films
formed at air-water interface were transferred in different sequences onto silica solid support
using the Langmuir—Blodgett technique, generating homogeneous monolayers and bilayers.
Detailed characterization of these films provided insight into their properties (film thickness,
wettability, topography and roughness). Based on these findings, the most promising membranes
were selected for enzyme attachment. Functional surfaces were then generated by adsorption of
two model enzymes that can convert phenol and its derivatives (laccase and tyrosinase), well
known as high risk pollutants of drinking and natural water. Both enzymes preserved their
activity upon immobilization with respect to their substrates. Depending on the properties of the
polymer films, different degrees of enzymatic activity were observed: bilayers provided the best
conditions both in terms of overall stability and enzymatic activity. The interaction between
amphiphilic triblock copolymer films and enzymes is exploited to engineer “active surfaces”
with specific functionalities and high efficacy resulting from the intrinsic activity of the

biomolecules that is preserved by an appropriate synthetic environment.
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INTRODUCTION

Nanoscience-based materials and systems offer solutions in a variety of fields such as medicine
(drug delivery, diagnostics), catalysis, food- and environmental- sciences and technology. In
particular, the combination of synthetic assemblies/membranes with active biomolecules
(enzymes, proteins, mimics, nucleic acids) opens up exciting opportunities at the nanoscale such
as confined spaces for complex reactions, serving as nanoreactors or artificial organelles, hybrid
materials with stimuli-responsive properties, and “active surfaces”.'” In this respect, planar
polymer membranes are ideal candidates to attach or insert biomolecules and obtain functional
surfaces.”™ They mimic the architecture of phospholipid bio-membranes but provide major
advantages like increased mechanical stability, tunable membrane fluidity and thickness and
induced stimuli-responsiveness depending on the polymer selected.” Mono-, bi- and multilayer
membranes on solid support were based on amphiphilic di- and triblock copolymers that can be
generated by a variety of methods: surface-initiated polymerization, vesicle spreading or
transfers from the air—water interface by the Langmuir-Blodgett (LB) or Langmuir-Schaefer
techniques (LS).® Such solid-supported membranes form thin polymer films that can be used for
immobilization of biomolecules either directly by physical adsorption and chemical binding or
by encapsulation or entrapment in different assemblies that are attached to the films.” ’ Various
enzymes, such as laccase, glucose oxidase, or horseradish peroxidase have been used to decorate

synthetic thin polymer films.*"

For example, physically adsorbed laccase on copolymer
membranes was shown to have higher activity than free laccase in similar conditions, due to the
protection by the polymer hydrophilic domain.® Besides, polymer membranes served in various
studies as matrices for transmembrane protein incorporation, indicating that polymer membranes

are perfectly suitable for interactions with proteins.'' ™"
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Hybrid assemblies composed of enzymes and polymer membranes benefit from the intrinsic
biological activity of the enzymes and the stability of the polymer films, illustrating the potential
for applications, such as in production of specific compounds and for biosensing.” A particularly
appealing field for applying protein-polymer membranes are the environmental sciences,
especially with respect to high water purity where the detection and removal of high risk
pollutants is a major challenge. Here, detection and removal of phenols and phenol derivatives is
of particular interest as the toxicity levels are usually in the range of 9-25 mg L for both
humans and aquatic life.'* Lipid films combined with laccase and tyrosinase served for phenol
biosensing,'*'® but polymeric films provide several advantages due to increased chemical and

mechanical stability.”'18

Yet, only very few studies provide fundamental insights into the
relationship between the molecular properties of the polymer films in relation to the overall
activity of the enzymes that is needed in order to design superior hybrid membranes for specific
applications.

Here, we focus on the formation of solid supported mono- and bilayer films of asymmetric
triblock copolymers, combine them with two enzymes (laccase and tyrosinase) typically used in

- . 15-16
phenol biosensing

and exploit their applicability as functional membranes. We systematically
modified the conditions of the combination of biomolecules and solid-supported synthetic
membranes in order to identify a stable environment for the enzymes that supports enzymatic
activity, providing detailed understanding of film properties required for functional surfaces that
can build effective biosensors for phenol derivative detection.

An asymmetric, amphiphilic triblock copolymer poly(ethyleneglycol)-block-poly(y-methyl-¢-

caprolactone)-block-poly[(2-dimethylamino)ethylmethacrylate] (PEGu4s-b-PMCL;-b-

PDMAEMA,7, A4s-B101-Cy7) was selected for this study, because it forms uniform films with a
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high degree of molecular ordering for attachment of laccase® and with increased mechanical

stability.!”"

The two different hydrophilic blocks are composed of a protein repellent PEG
domain and a pH responsive PDMAEMA domain with tertiary amino groups that is expected to
aid adsorption of enzymes. This study goes beyond a previous study of laccase attachment on
PEG-b-PMCL-b-PDMAEMA monolayers,® as it is focused on the accessibility of the
immobilized enzymes and the influence of molecular properties of the synthetic films on enzyme
immobilization. Various molecular and structural factors: (i) orientation of the asymmetric
amphiphilic ABC block copolymer at air-water interface; (ii) the parameters influencing the
mono- and bilayer film formation by the block copolymer at air-water interface and transfer to
silica solid support using the Langmuir-Blodgett technique; (iii) the structural properties, which
determine the block copolymer film formation and their availability for enzyme immobilization,
and (iv) the stability, accessibility and reactivity of the active surface of the enzyme-polymer
film were investigated. Different sequences of LB transfer resulting in different architectures
ranging from monolayers to bilayers were essential to evaluate the effect of the resulting
properties of these films and proteins entrapment on the overall functionality. The influence of

these factors serves to obtain a deep insight into the behavior of these hybrid enzyme-polymer

films, as an essential step towards generation of efficient and stable functional surfaces.

MATERIALS AND METHODS

Materials.

The amphiphilic asymmetric ABC block copolymer, poly(ethyleneglycol)-block-poly(y-methyl-
g-caprolactone)-block-poly[(2-dimethylamino)ethylmethacrylate], was synthesized as previously

described.”® Polished silicon wafers were obtained from Si-Mat Silicon Materials, Germany.
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Laccase from Trametes versicolor, tyrosinase from Mushroom (Agaricus Bisporus), 2,6-
dimethoxyphenol (DMP), 4-methoxyphenol (4-MP) and solvents (of highest purity grade) were
purchased from Sigma-Aldrich. The standard phosphate buffer saline solution (PBS), sodium
dodecyl sulfate (SDS) and 3-methyl-2-benzothiazolinone hydrazone (MBTH), Na,HPO4 7 H,O
and NaH,PO, used to prepare the phosphate buffer were from Sigma-Aldrich. Bovine serum
albumin (BSA) was purchased from Thermo Fisher.

Polymer Film Transfer on Solid Support.

Polymer films were formed at the air-water interface by closing the LB barriers, which was
monitored as previously described by an EP’SW system (Nanofilm Technologic GmbH,
Gottingen, Germany) equipped with a Nd-YAG laser (A = 532 nm), long distance objective
(Nikon, 20x) and monochrome CCD camera.® The size of the Brewster angle microscopy (BAM)
image is 220 x 250 pm?, with a resolution of 1 um. The transfer of the block copolymer films
onto the silica solid support was performed using the Langmuir-Blodgett (LB) technique,
following the previously described procedure using a Mini-trough (KSV Instruments, Finland).
In brief, the silica slides were cut into pieces of approx. 1 cm’ and then cleaned by
ultrasonication in chloroform (three times, 15 minutes each time). For the “down” transfer, the
silica slides were placed in the air subphase, the polymer film was formed and transferred onto
the silica slide by dipping the LB dipper into the water. In order to avoid uncontrolled film
deposition or contamination the water surface was cleaned after “down” dipping transfer prior to
lifting the silica slides from the water subphase.

Copolymer Monolayer and Bilayer Films Characterization.

The dry thickness of the polymer monolayer and bilayer films were measured on two different

slides (at least five individual measurements on each) and average values with standard deviation
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were calculated for values determined with a mean squared error (MSE) below 1. Film thickness
was measured with EP’SW imaging ellipsometer (Nanofilm Technologie GmbH, Géttingen,
Germany). The thickness of the silicon dioxide layer (~ 2 nm) was taken into account and
measurements were performed for ten incident angles ranging from 55° to 75°, with 1.5
refractive index value used for the polymer, using the nk fix model. The wetting properties of
the polymer films were investigated with a contact angle goniometer, CAM 100 (LOT quantum
design) using a CDD camera with 50 mm optics. The measurements were performed by placing
droplets of ultrapure water with a micro-syringe on the solid supported films, images were then
recorded and analyzed by automatic curve fitting performed by the instrument software. The
drop volume was kept constant for all measurements, measurements were taken on two different
slides (five different areas on each) and average values and standard deviation were calculated. The
topography of the polymer films on silica slides was investigated by atomic force microscopy
(AFM) using a JPK NanoWizard® 3 AFM (JPK Instruments AG). All measurements were
carried out in the AC mode in air, using silicon cantilevers (PPP-NHCR, Nanosensors) with a
nominal spring constant of 10-130 N m ' and a resonance frequency of 300 kHz. The images
were analyzed with the data analysis software JPK Data Processing (v. 5.0).

QCM Measurements of Enzyme Adsorption on Polymer Films.

The adsorption of the enzymes on polymer films was studied with a quartz crystal microbalance
with dissipation (QCM-D) system Q-Sense E1 (Biolin Scientific, Sweden). The block copolymer
monolayer and bilayer films were first transferred to silicon dioxide QCM-D sensor chips (5
MHz quartz crystal g-sense, Biolin Scientific) by the LB technique using the mini-trough and
then placed in the QCM-D chamber. The QCM-D sensor was stabilized under buffer flow until

the frequency signal fluctuation was below + 1 Hz. After system stabilization, solutions of 0.5 pg
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mL" laccase (in phosphate buffer, pH 7) or 0.5 pg mL™" tyrosinase (in PBS, pH 7) were
introduced into the QCM-D chamber with the flow speed of 100 uL min™'. The enzyme was
allowed to adsorb for 1-2 hours until signal fluctuations were less than + 1 Hz, incubated for
further 30 min before washing thoroughly with the appropriate buffer solution. The enzyme
adsorption and desorption stages (washing) are performed under the same constant slow flow
(100 uL min™) of enzyme solution and buffer, respectively, for several hours. The change in
resonance frequency value (Af) measured with overtone 5 is used to calculate the mass (Am)
adsorbed onto the polymer film, based on Sauerbrey equation (Am = — CAf, where C = 17.7 ng
cm 2 Hz ' is a constant, depending on the quartz QCM-sensor proper‘[ies.21

Enzyme Adsorption on Polymer Films.

Immobilization of enzymes on polymer films was performed after the film transfer onto the
solid support, in conditions similar to that used for the QCMD experiments (enzyme adsorption,
incubation and desorption). Silica slides with transferred mono- or bilayers of block copolymer
were immersed in enzyme solutions (0.5 pg mL™" for both laccase and tyrosinase, the first in in
phosphate buffer 50 mM, pH 7, the second in PBS buffer pH 7) for 2 h under shaking (dynamic
regime), incubation for 30 min without shaking (static regime), then rinsed with the buffer for 1
h (dynamic regime).

Bicinchoninic Acid Assay.

The concentrations of enzymes adsorbed on polymer films were determined by a bicinchoninic
acid assay (BCA assay, Micro BCA™ Protein Assay Thermo Fisher). Prior to the assay, the
enzymes were desorbed from the polymer films by incubation with sodium dodecyl sulfate
(SDS, 5 wt%) under shaking for 2 h, adapted from Gunkel et al.”* The enzyme concentration of

the supernatant solution was determined using a calibration curve obtained with bovine serum
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abumin (BSA, 0.5-20 pg mL™). As the enzyme concentration in solution was 0.1-0.3 pg mL™",
the surface area was increased by using two silica plates with polymer films (8.75 cm?/ plate) for
one measurement. The amounts of desorbed proteins were quantified, calculating averages
determined with the two silica plates and from 4 repeated measurements.

Activity of Free and Immobilized Enzymes.

The enzymatic activity of laccase in solution (0.1-0.3 pg mL™') was studied using 2,6-
dimethoxyphenol (DMP) as substrate (0.1 mM DMP in 50 mM phosphate buffer, pH 7). DMP
forms an oxidation product that allows spectrophotometric detection at Ay, = 470 nm.?
Similarly, the laccase-polymer functionalized surfaces were placed into 24 well plates and a
solution of 0.1 mM DMP (in 50 mM phosphate buffer, pH 7) was added. Enzymatic activity was
monitored by spectrophotometric measurements of the supernatant solution. Four replicates of
different solid supported films were used. The activity of tyrosinase in solution (0.1-0.3 pg mL™)
was investigated spectrophotometrically with 0.2 mM 4-methoxyphenol (4-MP) as a substrate
and 2.5 mM 3-methyl-2-benzothiazolinone hydrazone hydrochloride (MBTH) as a dye at A =
492 nm_ The tyrosinase-polymer functionalized surfaces were placed into 24 well plates and a
solution of 0.2 mM 4-MP and 2.5 mM MBTH (in 50 mM phosphate buffer, pH 7) was added and
the activity was measured using the supernatant. For the calculation of the end concentration of
the product, the substrates (DMP and 4-MP, respectively) were reacted with an excess of the
enzyme (laccase and tyrosinase, 0.2 mg/ml). The product formation was monitored by UV-vis to
determine full conversion. Subsequently, the product solution was diluted to the concentrations
used in the calibration curve. For the calculation of enzyme activity, the wash solutions after
enzyme immobilization were collected and the activity was measured and subtracted from the

activity of the start solution. The difference was then assumed to be enzyme immobilized on the
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surface and compared to measured activity of the immobilized enzymes. UV—Vis spectra were
recorded at Apax = 492 nm or Ayex = 470 nm in the wavelength range 200-800 nm (with an
accuracy of 1 nm) using Quartz cuvettes on a Specord 210 Plus (analytik Jena Edition 2010) and
a Thermo Scientific NanoDrop 2000c.

All other reagents and methodologies are detailed in the text, figures legends or tables footnotes.

RESULTS AND DISCUSSIONS

Formation of asymmetric polymer membranes on solid support.

Planar polymer membranes on solid support were prepared with an amphiphilic asymmetric
ABC triblock copolymer PEGys-b-PMCL;¢-b-PDMAEMA,;, poly(ethyleneglycol)-block-
poly(y-methyl-g-caprolactone)-block-poly[(2-dimethylamino)ethylmethacrylate]. The
morphology and properties of the mono- and bilayer polymer membranes were investigated with
respect to their interaction with functional biomolecules.

The compression of polymer films at the air-water interface was monitored by Brewster angle
microscopy (BAM) before transferring the films on solid support by the Langmuir—Blodgett
technique as schematically illustrated in Figure 1. The transfer to silica slides was performed at
surface pressure (IT) values below the collapse pressure (26 mN m™). All polymer films were
obtained with a transfer ratio of about 1, indicating a transfer yield close to 100%, with uniform
deposition of the polymer onto the silica support. During Langmuir compression the copolymer
undergoes different phase transitions, starting with a “pancake” conformation (Figure 1.A),
followed by “mushroom” and “brush-like” arrangements, in which small lateral interactions
force the water soluble polymer blocks to coil (Figure 1 B, and E.a,b.c). At higher surface

pressures, the copolymers adopt a more ordered “cigar-like” conformation, and the final
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conformation corresponds to a highly packed monolayer film formed at the collapse point Figure

1 C, and E.d).** To tune the interactions with enzymes, polymer films with different directions

oNOYTULT D WN =

and transfer sequences were prepared. Indeed, different directions and transfer sequences are
10 expected to induce formation of polymer films with different architectures, which will affect the
properties of these films and the resulting entrapment and accessibility of the enzymes. Different
15 transfer directions were used, “up” means the silicon substrate was moved up from the water
17 subphase to the air subphase and the inverse direction is called “down” transfer. The resulting
polymer films based on single transfers are labeled up and down, respectively, and combinations

22 of two transfers are labeled accordingly down-down, up-down, down-up or up-up (Figure 2.A).
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Figure 1. PEGy5-b-PMCL,y,-b-PDMAEMA,,; copolymer used for solid supported membranes preparation. A to D —
principle of the Langmuir—Blodgett transfer technique: A — polymer spread at air-water interface; B — polymer film
organization at air-water interface; C — polymer film compressed at air-water interface; D — polymer transfer onto a

hydrophilic solid support (a — up transfer, up lifting; b — down transfer, down dipping); E — Brewster angle
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microscopy (BAM) images with the polymer film organization at air-water interface (a — “mushroom”
conformation, at 12 mN m™; b and ¢ — “brush-like” arrangements at 15 mN m™ and at 16 mN m™, respectively; d —

uniform film formed at collapse point, 26 mN m™).

After compression, the polymer layers were transferred onto the silica slide, yielding solid
supported polymer films. In the case of “up” transfer, the polished silica wafers were hooked on
the dipper and placed in the water subphase before formation of the polymer layer at the
air/water interface (Figure 1.D.a). For the “down” transfer, the silica slides were placed in the air
subphase above the polymer layer (Figure 1.D.b). LB transfer technique allowed polymer film

generation as monolayers or bilayers after two consecutive transfers (Figure 2.B).

My
(

Figure 2. LB transfers to generate the polymer films: A — transfer directions (a — down transfer, down dipping; b —
up transfer, up lifting; ¢ — up-down transfer; d — down-up transfer; e — down-down transfer; f — up-up transfer); B —

films resulting from specific transfers (a — monolayer film; b — bilayer film).
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Earlier studies revealed that during “up” transfer the PEG block is adsorbed on the solid silica
surface and the PDMAEMA block is oriented outside.® This equips the solid supported polymer
membranes with stimuli-responsive behaviour as PDMAEMA is pH responsive.”” Additional
interesting properties are expected for bilayer morphologies, where the monolayer acts as a new
“substrate” for the second transfer, because it has been described that the interaction between
such films leads to considerable rearrangements.”® Hence, a detailed insight into the morphology
of these mono- and bilayer polymer membranes is necessary in order to understand interaction of
the films with enzymes.

The thickness of the A4s-Bj1-C,7 films is correlated with the number of layers and the type of
transfer and thus thickness measurements can indicate successful transfer of the polymer to the
substrate. The film thickness as determined by spectroscopic ellipsometry increased following
the order of polymer transfers on the solid support: down-down transfer < up-down transfer <
down-up transfer < up transfer (monolayer) < up-up transfer (bilayer) (Figure 3.A). In addition,
the surface hydrophilicity was determined to ensure favorable conditions for interaction between
enzymes and the A4s-Bo;-Cy7 block copolymer films. Static water contact angles (CA) for all
Ays-Bjg1-Cy7 films are below 90° (Figure 3.A), therefore all polymer films on silica slides
possess a hydrophilic surface.”’ Further, these findings indicate that the triblock copolymer
chains are arranged at the air-water interface with a hydrophilic block oriented towards air.
Based on our previous results that showed that the C block is oriented to the air subphase in up
monolayers, it is deduced that the combined double transfers behave similarly and the
PDMAEMA block is oriented upwards.8 Moreover, the interaction of the polymer membranes
with the enzymes is also governed by the surface roughness (Figure 3.B), a high roughness

translates to a larger surface area available for interaction of biomolecules. The membrane
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topography and the root mean square roughness (Rq) were determined by atomic force
microscopy measurements. Rq was selected as it is more sensitive to large deviations with
respect to the mean than other roughness parameters.” All polymer films except the down and
down-down transfer formed membranes of a few nanometers roughness, increasing with the
number and direction of Langmuir-Blodgett transfers (Table S1, Supporting Information). The
stability of the mono- and bilayer polymer membranes was evaluated by comparison of the film
topography of freshly prepared films with samples stored at room temperature in air for one
week and three months, respectively. (Figure S1, Supporting Information). Importantly, no
considerable topographical differences were detected for any of the transfer sequences,
underlining the long-term stability and the application potential as long-lived soft synthetic
surfaces.

The “up” transfer yielded a monolayer with a dry thickness of 5.3 +£ 0.4 nm and a static water
contact angle (CA) value of 73 + 1°, which shows a clear change from a silica substrate (33+ 3°)
(Figure 3). The surface roughness was 1.08 + 0.04 nm (Table S1, Supporting Information). For
“down” and “down-down” transfers the data indicates that polymer membranes could not be
formed, the thickness was negligible (0-0.4 + 0.1nm) and the contact angles were not
significantly different after “down” transfer (39° + 0.1°) compared to the bare silica substrate.
This may be explained by the orientation of the polymer chains, since both B and C blocks will
interact with the substrate (as opposed to the A block in “up” transfers). Hence, the interaction
with the substrate is governed by repulsion from the B block and attraction from the C block, and
it appears the repulsion was stronger than attractive forces and thus membranes could not be

formed.
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Figure 3. Characterization of different solid supported A4s-B19;-C,7 copolymer films: A — thickness and wettability;
B — AFM images (AC mode in air) with different transfer types and their height profiles (a — up transfer, monolayer
film formed; b — down transfer, no film formation; ¢ — down-down transfer, no film formation; d — down-up transfer,
down-up monolayer film formed; e — up-down transfer, up-down monolayer film formed; f — up-up transfer, bilayer

film formed).

Polymer films obtained after “up-down” and “down-up” transfers possess a dry thickness of
4.0+ 0.1 nm and 5.1 + 0.4 nm, respectively. These values are similar to the thickness of the
monolayer film, which suggests that a monolayer-based membrane was formed (up-down
monolayer and down-up monolayer). This further underlines that only an “up” transfer leads to a
successful membrane formation on silica support. However, the roughness of the membrane
increases (2.35 + 0.07 nm for up-down monolayer), suggesting interaction or rearrangements of
the polymer membrane during a second transfer. Importantly, both up-down and down-up
monolayers possess a hydrophilic surface as confirmed by their CA values of 66 + 3° and 67 + 4°
respectively. In the case of the “up-up” transfer, the film thickness is almost twice (8.9 + 0.4 nm)
in comparison with the monolayer film, indicating formation of a bilayer membrane. This is
further supported by the membrane wettability (65 + 2°) and an increase in roughness (4.30 +
0.48 nm).

We introduce the following terminology for the polymer membranes formed by the amphiphilic
asymmetric block copolymer based on the preparation method and the results discussed above:
monolayer for membranes prepared by “up” transfer, bilayer for “up-up” transfer, up-down
monolayer (“up-down”) and down-up monolayer (“down-up”). In contrary to z- and y-type lipid
films, this terminology describes the preparation more precisely and allows to relate the

preparation method directly with the interaction with the enzymes.”’
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Adsorption of Enzyme on Copolymer Membranes.

The three most promising solid supported polymer membranes monolayer, up-down monolayer
and bilayer were selected for further studies regarding adsorption of two different enzymes,
laccase and tyrosinase. Laccase has a molecular weight of 96 kDa and dimensions of 4.5 nm X
5.5 nm x 6.5 nm,” while tyrosinase is larger with 120 kDa and is 10.4 nm x 10.45 nm x 10.84
nm in size.’’ Enzyme adsorption on the different types of solid supported polymer membranes
was investigated by quartz crystal microbalance (QCM-D) (Figure 4), as this method allows

calculation of the mass of adsorbed enzyme on the membrane surface.

Dissipation (10)

Frequency in Hz
Dissipation (10)
Frequency in Hz
o
o

A
o

|
[
o

&

Figure 4. Changes in frequency (mass) and dissipation during the adsorption-incubation-desorption of laccase (left)
and tyrosinase (right). Stages of enzymes adsorption: a — system stabilization (buffer flow); b — enzyme adsorption
(enzyme flow); ¢ — enzyme incubation (no flow); d — enzyme desorption (buffer flow). Both enzymes (0.5 ug mL™)
adsorbed on polymer membranes: monolayer (m); up-down monolayer (ud) or bilayer (uu). QCM graphs shown are

from the 5™ overtone.

Our data was suitable for analysis with the Sauerbrey equation, as the change in dissipation was

very small and the condition for dissipation (D) to frequency (F) ratio AD,/(-AF,/n) « 4 107 Hz'
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'is fulfilled (average value of ~ 0.04 107 Hz', n=5, 5 MHz crystal).21 Hence, the frequency

difference is proportional to the adsorbed mass and the film is considered to be rigid.”

We evaluated the changes in frequency (F) during the enzyme adsorption on different polymer
films in four stages as indicated by arrows in Figure 4: (a) system stabilization, with constant F
under buffer flow (10-20 minutes), (b) enzyme adsorption, F decreases under enzyme flow (2-3
hours), (c¢) enzyme incubation without flow, F almost constant (30 minutes), (d) enzyme
desorption, F increases under buffer flow until stable again, suggesting that no more enzyme is
desorbing. The adsorption of laccase on monolayer (up and up-down) and bilayer (up-up) films
occurred during 3 hours. After the incubation, less laccase was desorbed under buffer flow from
monolayers than from the bilayer (Figure S2, Supporting Information). No significant influence
of the film type on the deposited mass of laccase was observed, the enzyme was adsorbed on all
three types of polymer films in a range of 0.562-0.632 pg cm > (Figure 5, Table S2). Enzyme
molecular weights were taken into account to determine the surface coverage as Am/MW ratio,
and the number of enzymes adsorbed per area of polymer film.** For tyrosinase, adsorption
ended earlier (2 hours) and less enzyme was adsorbed on the monolayer films, whilst
considerably more was adsorbed on the bilayer film (0.708 pg cm™). After incubation, tyrosinase
desorption under buffer flow was more prominent than for laccase, thus at the end less tyrosinase
than laccase remained adsorbed on the films. The enzyme dimensions are expected to influence
the adsorption-desorption process. Indeed, a lower quantity of the larger enzyme tyrosinase, was
finally adsorbed on the polymer membrane surface, which may be explained by requiring more

space per molecule on the synthetic membrane.
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Figure 5. Amount of laccase (A) and tyrosinase (B) in ng/cm” calculated from QCM-D and shown in a boxplot with

n=3-6.

Another factor affecting the enzyme immobilization process in the case of tyrosinase as compared
to laccase is the tyrosinase tetramer structure, adopting a less compact configuration when
adsorbing on the synthetic membrane.*' This explains why the type of polymer film (mono/bilayer
film, up/down transfer) influenced the enzyme immobilization for tyrosinase more than for
laccase. Our results are in agreement with studies where tyrosinase was deposited on lipid-based
membranes prepared by Langmuir—Schaefer technique (horizontal lifting)."”

The successful attachment of both enzymes on polymer films (monolayers and bilayer) is based
on an electrostatic interaction between the enzymes and the exposed domain of the polymer
films. PDMAEMA, which is the exposed C block of our polymer membranes, is positively
charged at a pH between 5 and 8 due to protonation of the tertiary amino groups.** Both, laccase
and tyrosinase are negatively charged in the pH range used, (laccase above pH 3.5* and

tyrosinase above pH 4.7, Sigma — Datasheet). Hence, it is deduced that the electrostatic

ACS Paragon Plus Environment

20

Page 20 of 46



Page 21 of 46

oNOYTULT D WN =

Langmuir

interaction is key to the adsorption of these enzymes on the synthetic mono- and bilayers. An
influence of the surface charge on the adsorption of laccase on positively charged methylene blue

self-assembled monolayer films has been observed in other studies as well.”’

The adsorption-
desorption behavior suggests that both adsorption and desorption of both enzymes differs with
the membrane type and enzyme. The adsorbed mass of laccase and tyrosinase on polymeric
membranes remained stable for at least 18 h (Figure S2, Supporting Information) at room
temperature.

Active Surfaces Generation with Immobilized Enzymes on Copolymer Membranes.
Enzyme adsorption on the polymer films for activity tests was performed by immersion of the
A4s-Bj1-Cy7 solid supported monolayer/bilayer films in enzyme solutions. AFM images of the
A4sB101Cy7 triblock copolymer films with adsorbed laccase and tyrosinase, respectively, did not
show significant differences when measured immediately, after 1 day and after 3 months (Figure
S3, Supporting Information). Long-term stability of these active surfaces supports their further
application and is discussed below.

In order to determine the amount of the enzymes immobilized on the Ay4s-Bjo-Cy; solid
supported copolymer films, the bicinchoninic acid (BCA) assay was used. The BCA assay
allows to quantify the amount of proteins in solution, hence the enzymes were first desorbed
from the polymer films using SDS, contrary to the total enzyme amount adsorbed as determined
by QCM-D. The concentration of SDS (5 wt%) used for enzyme desorption was in the range
where the results obtained by the BCA assay are not affected, as stated by the supplier. The data
obtained with BCA assay for both enzymes is presented in Figure 6. In the case of laccase, the

amounts of desorbed enzyme available for BCA assay quantification are smaller than the amount

of adsorbed laccase, probably due to incomplete removal of the enzyme by SDS. This indicates
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that not all laccase molecules are accessible, a fraction that cannot be removed remains

embedded in the polymer film.

o o o
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L I l
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amount of enzyme in pg/cm?
o
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|
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I
I

monolayer up-down bilayer
monolayer

Figure 6. Amounts of laccase (blue) and tyrosinase (yellow) removed from the monolayer, up-down monolayer and
bilayer polymer films, measured by BCA assay. The determined mass of the enzymes was expressed as mass per

surface area (pug cm™).

Interestingly, whilst the amount of immobilized laccase is approximately similar for all layer
types, as determined by QCM-D, the accessibility determined by the BCA assay varies with the
type of polymer film. Both monolayers (monolayer and up-down monolayer) have lower
concentrations of accessible laccase than the bilayer. For the monolayer films, the values of
removed laccase of 0.189 + 0.001 pg cm™ (monolayer), and 0.209 + 0.001 pg cm™ (up-down
monolayer) are significantly lower than what was obtained for the bilayer films (0.479 + 0.003

ug cm™). A similar behavior has been observed for tyrosinase, with less enzyme detected in the
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case of monolayers (0.405 + 0.002 pg cm™ for monolayer and 0.521 + 0.001 pg cm™ for up-
down monolayer) than in the case of the bilayer (0.888 + 0.001 pg cm™). This observation can be
explained by a higher roughness and therefore a larger surface area of the bilayer, which makes
the immobilized biomolecules more accessible. A higher amount of tyrosinase was removed
according to the BCA assay compared to what was obtained by QCM-D. This unexpected
behavior might be related to differences in the adsorption-desorption procedures of these
methods and intrinsic properties of tyrosinase (conformation, charge, interaction with the
synthetic membrane). Besides, the measurement principles are very different and for the BCA
assay also affected by the accessibility of the enzymes, complicating an immediate comparison.
Importantly, both QCM-D and BCA assay confirm that laccase and tyrosinase adsorb on the
different types of polymer films, a prerequisite for the development of a biosensors based on the
specific enzyme activities. .

Enzymatic Activity on Polymer Membranes.

The enzymatic activity of laccase and tyrosinase adsorbed on polymer monolayer and bilayer
membranes was studied and compared with the activity of free enzymes. The activities were
studied with phenol derivatives as models to assess the biodetection of phenols by our active
surfaces, 2,6-dimethoxyphenol (DMP, 0.1 mM) in the case of laccase and 4-methoxyphenol (4-
MP, 0.2 mM) for tyrosinase. The activity of both enzymes free in solution increased with the
enzyme concentration (0.1-0.3 pg mL™) (Figure S4, Table S3, Supporting Information) and
maximum activity of laccase free in solution was reached after 24 h, while tyrosinase free in
solution reached a maximum after 1 h. Therefore, the activity of the immobilized enzymes on the
copolymer mono- and bilayer films was tested for different time periods, laccase for 24 h (with

maximum activity at 19-24 h) and tyrosinase for 6 h (with maximum activity at 2-3 h). The
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activity increased starting from enzymes immobilized on monolayer to up-down monolayer, with
the enzymes immobilized on bilayer showing the highest activity (Figure 7 A, B, Figure S5
Supporting Information). Thereby, for laccase the maximum concentration for the product was
detected after 24h on the bilayer (1.05+£0.55 uM), compared to the monolayer, where the
maximum was after 19 h (0.39+0.26 uM). For tyrosinase the highest concentration of formed
product on the monolayer was detected after 4h (21.33+£7.35 yM) and for the bilayer after 2h
(35.38+6.09 uM) (Figure S6, Table S4 Supporting Information). In literature these reactions are

well known and the mechanisms described.>>"¢

This activity behavior correlated well with the
concentration of accessible enzymes on the bilayer film as determined by BCA assay. As the
highest activity of laccase and tyrosinase has been obtained for the enzymes immobilized on
bilayer, we used the bilayer films to get more insight into the the phenol derivative detection
range by decreasing 10-fold the concentration of the enzymes substrate (Figure 7 C). The
autooxidation of the enzyme substrates has been taken into account as a background correction,
that has been performed for all curves by subtraction of the absorption intensity obtained when
the enzyme substrate was added to the polymer membrane. The 10-fold decrease of the enzyme
substrates concentration decreased the enzymatic activity only slightly, indicating that lower
concentrations of phenol derivatives can be efficiently detected by our functional surfaces (with
0.01 mM laccase substrate concentration and 0.02 mM tyrosinase substrate concentration).
Importantly, the concentration of remaining substrate, which acts as a model for phenol

contaminants, is reduced by 50% for tyrosinase and 10% for laccase. This further highlights the

potential of the hybrid membranes for sensing and detection applications.
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Figure 7. Activity of enzymes immobilized on the Ays-B1¢;-C,7 block copolymer films as determined by oxidative
product formation. (A) Laccase with 0.1 mM DMP as substrate which forms a product with a characteristic UV/vis
absorption (A = 470) (A), and (B) tyrosinase with 0.2 mM 4-MP as substrate forming a product that can be detected
by UV/vis absorption at A = 492). Curves are based on: monolayer (m, blue), up-down monolayer (ud, red), bilayer
(uu, green), (lines added to guide the eye only). Activity of tyrosinase and laccase immobilized on the bilayer (uu)
for two different concentrations of the enzyme substrates (C): DMP 0.1 mM and 0.01 mM (after 24 h), and 4-MP
0.2 mM and 0.02 mM (after 3 h). Enzymatic activity is shown via absorption intensity as measured and product
concentration (UM) as calculated using the calibration curves in Figure S6. For all measurements, background
correction has been performed by subtraction of the absorption intensity obtained when the enzyme substrate was

added to the polymer membrane.

Enzymes immobilized on an up-down monolayer resulted in a more active surface than the

monolayer. Different parameters may account for these differences in behavior, it may be related
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to the different roughness of these films, which affects the accesibility of the enzymes. In
addtion, different enzyme conformations resulting in reduced conformational freedom of the
enzyme that are affecting the mode of interaction between the enzyme and substrate may also
affect the enzyme activity on the polymeric membranes. Importantly, both laccase and tyrosinase
remained active upon adsorption on the polymer films as indicated by the increase in absorption.
Yet, compared to free enzyme in solution the adsorbed enzymes have lower activity, which
might be related to various molecular factors, as for example to the reduced acessibility of
adsorbed enzymes or reduced conformational freedom of the enzyme. The stability of the films
has been evaluated by preparing them two weeks and one day before the enzyme immobilization,
respectively. As the activity for both laccase and tyrosinase did not change, it indicates that the
films preserve their properties up to two weeks (Figure S7, Supporting Information). The
measured activity was compared with the activity that is theoretically expected if the enzyme is
fully accesible to the substrates (Figure S8, Supporting Information). The theoretically expected
and measured activity are very similar for tyrosinase immobilized on the bilayer polymer film
(up-up). For laccase, however, the measured activity is clearly lower than what would be
exptected based on the amount of immobilized enzyme. This behavior is indicating a reduced
accessibility of the enzyme after imobilization. Importantly, a comparison with surfaces that are
not functionalized with polymer membranes.further underlines the advantageous effect of the
polymers as there is hardly any enzymatic activity observed on bare silica despite a higher
amount of adsorbed enzyme.

Together, the stability of the solid supported copolymer films and the preserved bioactivity
indicate that these active surfaces have high potential upon optimization, for phenol and phenol

derivatives biosensing.

ACS Paragon Plus Environment

26

Page 26 of 46



Page 27 of 46

oNOYTULT D WN =

Langmuir

CONCLUSIONS

The advantageous combination of the intrinsic bio-activity of the enzymes with the robustness
and versatility of solid supported polymer membranes allows production of efficient “active
surfaces”. In this respect, a systematic analysis of the effects of the molecular factors of the
polymer membranes on the activity of the enzymes represents a crucial step that is necessary to
control the efficacy of such functional planar membranes and advance their development for
production of desired compounds or for biosensing. We reported here polymer membranes that
provide a stable, solid-supported environment for the enzymes. Interaction of both enzymes with
different arrangements of the polymer films produced by LB transfer: mono- and bilayers with
different morphology and properties (film thickness, wettability and roughness) were
investigated. The three most promising polymer films (the monolayer, the up-down monolayer
and the bilayer) were selected for enzyme adsorption and activity studies. It was observed that
enzyme adsorption on the polymeric film is affected more by electrostatic interactions at
enzyme/polymer interface than by surface roughness. Whilst both, laccase and tyrosinase
preserved their enzymatic activity upon adsorption on the different types of polymer films, their
activity was affected by the type of polymer film: bilayer films showed the highest activity for
both enzymes. Therefore, bilayers are the most appealing candidates for combination with
enzymes to sustain enzymatic reaction for sensing applications in aqueous environments.
However, in order to advance towards potential applications of such functional planar bio-hybrid
membranes further optimization is necessary to support scale-up as biosensors for detection of

phenol and its harmful derivatives, well known as pollutants of drinking and natural water.
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46 to D - principle of the Langmuir-Blodgett transfer technique: A - polymer spread at air-water interface; B -

47 polymer film organization at air-water interface; C — polymer film compressed at air-water interface; D -

48 polymer transfer onto a hydrophilic solid support (a — up transfer, up lifting; b - down transfer, down

49 dipping); E - BAM images with the polymer film organization at air-water interface (a - “mushroom”
conformation, at 12 mN m-1; b and c - “brush-like” arrangements at 15 mN m-1 and at 16 mN m-1,

50 . . . .

respectively; d — uniform film formed at collapse point, 26 mN m-1).
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Figure 2. LB transfers to generate the polymer films: A - transfer directions (a — down transfer, down
deeping; b - up transfer, up lifting; c - up-down transfer; d - down-up transfer; e - down-down transfer; f
- up-up transfer); B - films resulting from specific transfers (a — monolayer film; b - bilayer film).
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Figure 3. Characterization of different solid supported A45-B101-C27 copolymer films: A - thickness and
46 wettability; B - AFM images (AC mode in air) with different transfer types and their height profiles (a — up
47 transfer, monolayer film formed; b - down transfer, no film formation; ¢ — down-down transfer, no film
48 formation; d - down-up transfer, down-up monolayer film formed; e - up-down transfer, up-down

49 monolayer film formed; f - up-up transfer, bilayer film formed).
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Figure 4. Changes in frequency (mass) and dissipation during the adsorption-incubation-desorption of
laccase (left) and tyrosinase (right). Stages of enzymes adsorption: a — system stabilization (buffer flow); b
- enzyme adsorption (enzyme flow); ¢ — enzyme incubation (no flow); d - enzyme desorption (buffer flow).
Both enzymes (0.5 pg mL-1) adsorbed on polymer membranes: monolayer (m); up-down monolayer (ud) or

bilayer (uu). QCM graphs were registered from the 5th overtone.
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28 Figure 7. Activity of enzymes immobilized on the A45-B101-C27 block copolymer films as determined by
29 oxidative product formation. (A) Laccase with 0.1 mM DMP as substrate which forms a product with a
characteristic UV/vis absorption (A = 470) (A), and (B) tyrosinase with 0.2 mM 4-MP as substrate forming a
product that can be detected by UV/vis absorption at A = 492). Curves are based on: monolayer (m, blue),
31 up-down monolayer (ud, red), bilayer (uu, green), (lines added to guide the eye only). Activity of tyrosinase
32 and laccase immobilized on the bilayer (uu) for two different concentrations of the enzyme substrates (C):
33 DMP 0.1 mM and 0.01 mM (after 24 h), and 4-MP 0.2 mM and 0.02 mM (after 3 h). Enzymatic activity is
34 shown via absorption intensity as measured and product concentration (uM) as calculated using the
35 calibration curves in Figure S6. For all measurements, background correction has been performed by
subtraction of the absorption intensity obtained when the enzyme substrate was added to the polymer
membrane.
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35 Figure S1. AFM images of the triblock copolymer film and the related histograms of the channel values: A -
36 after 1 week; B - after 3 months; a - monolayer film; b — up-down monolayer film;
¢ - bilayer film.
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Caption : Figure S4. Activity of free (f) laccase (A) in the presence of DMP as substrate and tyrosinase (B) in
the presence of 4-MP as substrate with different enzyme concentrations: 0.1 pg mL-1 (blue), 0.2 pg mL-1
(red), 0.3 pg mL-1 (green). The activity is shown as absorption intensity (left) and as product concentration
(MM, right). The product concentration was calculated using the calibration curves shown in Figure S6
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20 Figure S5. Absorption curves (raw data) of A) laccase with DMP (0.1 mM) and B) tyrosinase with 4-MP (0.2
mM) on up-up bilayer showing the change in peak intensity over reaction time due to product formation.
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Figure S6. Calibration curves for enzymatic reactions. Left: Conversion of DMP by laccase , Right:

Conversion of 4-MP and subsequent reaction with MBTH by Tyrosinase.
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32 Figure S7. Activity of enzymes immobilized on the A45-B101-C27 block copolymer bilayer films with two
weeks difference in preparation; laccase (blue) measured after 24 h with DMP as substrate (0.1 mM), Amax
= 470 nm, tyrosinase (green) measured after 3 h with 4-MP as substrate (0.2 mM), Amax = 492 nm;
averages of four measurements were used; error bars give standard deviation. The dispersity of the values
35 for the immobilized enzymes activity are due to several factors: polymer transfer on the silica support,

36 enzyme adsorption onto the polymer film, type of enzyme and substrate.
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Figure S8. Determination of relative enzymatic activity of the enzymes laccase (left) and tyrosinase (right)
on the bilayer polymer membrane (up-up) and on bare silicon wafer for comparison. The amount of enzyme
on surface (blue) was calculated by subtracting the enzymatic activity determined in wash solutions from
the washing solution used for immobilization. Hence, the reminder is assumed to be adsorbed on the
surfaces. The result is compared to the experimentally determined result (green).
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