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A Single-component, Cross-linked, and Surface-grafted Polyelectrolyte

Film Fabricated by the Layer-by-layer Assembly Method

Tao Jiang, Saeed Zajforoushan Moghaddam, Esben Thormann”

Department of Chemistry, Technical University of Denmark, 2800 Kgs. Lyngby, Denmark

Abstract

In this work, we demonstrate a versatile approach for the fabrication of a single-component
polyelectrolyte layer with tunable thickness and functionality. Poly(ethylene glycol) methyl
ether methacrylate (PEGMEMA) was copolymerized with either aminoethyl methacrylate
(AMA) or methacrylic acid (MAA) to prepare statistical PEGMEMA copolymers carrying
positive or negative charges, respectively. These polyelectrolytes were used in a conventional
layer-by-layer assembly process followed by cross-linking to form a surface-grafted stable
poly(PEGMEMA) layer carrying both negative and positive charges. To transform this layer
into a single-component polyelectrolyte layer carrying just one type of ionizable group, the
amino groups were quenched, thus leaving a single-component anionic PEGMEMA-based
polyelectrolyte layer. Last, we demonstrate that compared to a zwitterionic layer, the anionic
polyelectrolyte layer exhibits an enhanced protein-repelling property against bovine serum

albumin (BSA).

Keywords: Single-component polyelectrolyte film, layer-by-layer, PEGMEMA, QCM-D,

pH-responsiveness



1. Introduction

Polyelectrolyte films are thin molecular layers that consist of polymer chains with ionizable
groups. The chemical composition and ionizable groups of the polyelectrolyte chains control
the functional properties of the film, such as controlled permeability,[1] anti-icing,[2] and
antifouling.[3] Polyelectrolyte films can be fabricated through different methods. For instance,
desired polyelectrolytes have been chemically grafted onto a target substrate via either the
“graft-onto” approach[4,5] or surface-initiated polymerization.[6,7] A more convenient and
adaptable method is through physical adsorption of the polyelectrolyte chains onto the substrate,
e.g., electrostatic adsorption onto charged surfaces.[8,9] However, the formed layer is typically

only a few nanometers thick, showing modest surface coverage.[10,11]

Layer-by-layer assembly (LbL) is an alternative method for the fabrication of relatively thick
polyelectrolyte films.[12—-16] Herein, a polyelectrolyte multilayered (PEM) film is prepared by
the sequential adsorption of oppositely charged polyelectrolytes onto a charged surface. The
desired thickness of the PEM films is then realized using the number of depositions, and it can
reach up to several microns.[17] Moreover, LbL assembly is a straightforward and versatile
method that allows coating surfaces of different sizes and geometries. While conventional PEM
films consist of at least two different polyelectrolyte components, only a handful of studies
have reported the preparation of single-component multilayer films.[18-21] For instance, Liu
et al. prepared a single-component chitosan film by fabricating a cross-linked
chitosan/polyacrylic acid PEM and then removing the polyanion by overnight treatment with
an alkaline solution.[22,23] Despite the simplicity of this approach, it lacks versatility, and
incomplete removal of the second component is expected. As another approach, Tong et al.
fabricated a poly(allylamine hydrochloride) (PAH) multilayer film in which glutaraldehyde-
mediated covalent interactions promote the LbL assembly.[24] The fast Schiff base chemistry
provides a feasible approach for repeated PAH deposition, driving film thickness growth.
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Nevertheless, this method is driven by chemical bond formation and hence suffers a low layer
buildup efficiency, and a high pH value is required to minimize the electrostatic repulsion

between the amino groups.

Another effective method to fabricate single-component polyelectrolyte multilayered films is
based on the copolymerization of a functional monomer with a charged monomer.[25] We
previously copolymerized poly(ethylene glycol) methyl ether methacrylate (PEGMEMA) with
2-aminoethyl methacrylate (AMA). It was shown that the obtained PEGMEMA-based
copolymer contains positive charges that are randomly distributed along the copolymer chain;
hence, it can be paired with a given polyanion using the LbL assembly method.[26] Following
this same approach, it is feasible to copolymerize PEGMEMA with a negatively charged
monomer to prepare an anionic PEGMEMA-based copolymer. The two oppositely charged
PEGMEMA-based copolymers can be paired using the LbL assembly method, yielding a

polyelectrolyte film with a tunable thickness that consists of only one functional monomer.

Adopting this approach, in this work, we have fabricated a single-component PPEGMEMA
multilayered film. To do so, we copolymerized PEGMEMA with AMA and methacrylic acid
(MAA) to prepare positively and negatively charged PEGMEMA copolymers, respectively.
The two charged PEGMEMA copolymers were LbL assembled onto a pre-aminated silica
substrate to provide a PPEGMEMA multilayered film, followed by chemical cross-linking with
carbodiimide chemistry to enhance the film stability and graft the film onto the substrate.
Furthermore, to obtain a truly single-component PPEGMEMA polyelectrolyte film with only
negative charges, the residual amino groups in the film were quenched with a PEG-terminated
carboxylic acid, m-PEG3-COOH. Finally, we examined the adsorption of bovine serum

albumin (BSA) on the PPEGMEMA films.



2. Experimental Section

2.1 Materials

PEGMEMA (number average molecular weight (Mn) of 300 g.mol™) and t-butyl methacrylate
(99%) were purchased from Sigma-Aldrich Denmark and treated using neutral alumina column
chromatography to remove the inhibitors before use. (2-Boc-Amino)ethyl methacrylate (t-
BocAMA, 99%), diethyl meso-2,5-dibromoadipate (98%), trifluoroacetic acid (TFA, 99%), (3-
aminopropyl)triethoxysilane (APTES, 99%) and copper(l) chloride (CuCl, >99%, washed
sequentially with acetic acid and ethanol before use) were purchased from Sigma-Aldrich and
used as received unless otherwise stated. Tris(2-dimethylaminoethyl)amine (MesTREN, 99%)
was purchased from Alfa Aesar. m-PEG3-COOH (99%) was purchased from BroadPharm and
used as received. All the solvents used in this work were of HPLC grade and purchased from
Sigma-Aldrich. A pH 7 phosphate buffer solution (pH adjusted to 7 with 50 mM sodium
hydrogen phosphate dibasic) was used for the preparation of the polymer solutions as well as
in the rinsing step between each layer deposition. Solutions containing 300 ppm (w/v)
P(PEGMEMA-stat-MAA) and P(PEGMEMA-stat-AMA) were prepared for LbL assembly
and filtered through 0.22 pum nylon syringe filters to remove possible aggregates and dust.
Ultrapure water (Sartorius Arium® Pro ultrapure water system, resistivity of 18.2 MQ c¢cm) was

used to prepare all the solutions.
2.2 Synthesis of P(PEGMEMA-stat-AMA) and P(PEGMEMA-stat-MAA)

A two-step protocol was employed to avoid the interference of the pendant amino groups to
the polymerization, as formerly reported.[27] First, PEGMEMA was copolymerized with
protected t-BocAMA, yielding a P(PEGMEMA-stat-tBocAMA\) statistical copolymer, where
all the AMA units were protected by t-Boc groups. In the second step, the t-Boc groups were

removed under acidic conditions (TFA/DCM), giving the desired P(PEGMEMA-stat-AMA)



copolymer. Briefly, for the synthesis of P(PEGMEMA-stat-tBocAMA), diethyl meso-2,5-
dibromoadipate (7.2 mg, 0.02 mmol), PEGMEMA (M, = 300) (900 mg, 3 mmol), t-
BocAMA(229.27 mg, 1 mmol) and Me6TREN (9.2 mg, 0.04 mmol) were dissolved in 5 ml of
isopropanol. Dimethylformamide (0.1 ml) was added to the reaction mixture as an internal
standard for later calculation of the monomer conversion and molecular weight (Mn). The
reaction mixture was purged with nitrogen gas for at least 30 min, after which prewashed
copper(l) chloride (1.23 mg, 0.0125 mmol) was added. The polymerization was triggered by
immersing the reaction flask in a 50 °C water bath. After 16 h, the reaction was quenched by
adding 5 ml of water into the solution and exposure to air. A 0.1 ml sample of the solution was
collected for proton nuclear magnetic resonance (*H NMR) spectroscopy measurement to
determine the reaction conversion. The polymer solution was then purified via dialysis (using
regenerative cellulose tubing with an MWCO of 6-8 kDa, Spectrum Laboratories, Inc.) against
water for 3 days. Finally, the residual water was removed via lyophilization to obtain the pure
P(PEGMEMA-stat-tBocAMA) polymer. In the deprotection process, the obtained
P(PEGMEMA-stat-tBocAMA) (300 mg) was dissolved in 4 ml of dichloromethane, followed
by the addition of 0.5 ml of trifluoroacetic acid. The reaction mixture was stirred at room
temperature for 3 h, after which the dichloromethane was removed by evaporation. The viscous
polymer residue was redissolved in 5 ml of water, and the pH was adjusted to be approximately
neutral with a 1 M NaOH solution. The polymer was purified by dialysis and subsequent
Iyophilization, yielding a light yellow viscous liquid. The *H NMR spectra of P(PEGMEMA.-

stat-tBocAMA) and P(PEGMEMA-stat-AMA) are available in our previous work.[26]

The P(PEGMEMA-stat-MAA) copolymer was synthesized in a similar manner. Instead of (2-
Boc-amino)ethyl methacrylate, t-butyl methacrylate was added and copolymerized with
PEGMEMA at the same stoichiometric ratio. All the reaction procedures, purification

techniques, and characterization methods were the same as those used for P(PEGMEMA-stat-



AMA). The *H NMR spectra of P(PEGMEMA-stat-tBuMAA) and P(PEGMEMA-stat-MAA)
are shown in Figure S1. The t-butyl protection group peak (1.4 ppm) vanished after treating
with TFA, confirming successful deprotection. For nomenclature convenience, hereafter, we
name P(PEGMEMA-stat-MAA) and P(PEGMEMA-stat-AMA) as PPEGMEMA- and

PPEGMEMA+, respectively.

The 'H NMR (Bruker 400 MHz) spectra were used to calculate the conversion and number
average molecular weight (My). To do so, 0.1 ml samples of the reaction mixture were collected
before and after the polymerization process. The *H NMR spectra of both samples were taken
using deuterated dimethyl sulfoxide (DMSO) as the solvent. The integral ratios of 6 6.0 ppm
(monomer double bond (vinyl)) to 6 7.9 ppm (DMF) before (r.) and after (r.) polymerization
were calculated to compute the monomer conversion (c) via the simple relationc = 1 — r, /r;.

Mn was then calculated using:
Miheo = M; + Miponc
where M; and Mmon are the molecular weights of the initiator and the monomer, respectively.

To independently determine the number average molecular weight (Mn), weight average
molecular weight (Mw), and polydispersity index (PDI) of the copolymers, asymmetric flow
field-flow fractionation (AF4) was performed using a Wyatt Eclipse instrument with UV
(Agilent 1230 infinity, Agilent), refractive index (Optilab rex, 633 nm, Wyatt) and multiangle
light scattering (MALS) (Dawn Heleos-Il, 662 nm, Wyatt) detectors. A frit-inlet channel
equipped with a regenerated cellulose membrane (MWCO 5 kDa, Millipore) and a 350 um
width spacer were used as the separation channel. Each sample was analyzed with a constant
detector flow of 0.5 mL/min, and a cross-flow that decreased exponentially from 3 mL min*
to 0 in 20 min. A 50 mM PBS pH 7.4 buffer solution was prepared and filtered with a 0.1 pum

membrane (Millipore) for use as the eluent. The samples were dissolved in the PBS buffer to



a concentration of 5 mg/ml, and the injection volume was set as 100 pL. A refractive index
increment (dn/dc) value of 0.12 was determined and used in the calculation of the molecular
weight and polydispersity, as described in our previous work.[26] The Astra software (Wyatt,
version 7.1.3.15) was used for data analysis and calculation of the molecular weight with the
Debye plot using the Zimm formula.[28] The chromatogram of PPEGMEMA+ is shown
elsewhere,[26] while that of PPEGMEMA- is provided in the Supporting Information (Figure

S2).
2.3 Quartz crystal microbalance with dissipation monitoring (QCM-D)
2.3.1 Instrumentation and theory

The LbL assembly and pH-responsiveness of the PPEGMEMA+/PPEGMEMA- multilayer
films were monitored with QCM-D (Q-Sense E1, Biolin Scientific, Gothenburg, Sweden)
using silica-coated sensors (QSX 303, Biolin Scientific). In a typical QCM-D experiment, a
quartz crystal sensor undergoes an oscillating voltage, leading to the corresponding oscillation
at its resonance frequency (F). In addition, the sensor oscillation amplitude is monitored
throughout the decay, and the dissipation factor (D) is calculated as the dissipated energy
divided by the total stored energy. For thin, uniform and rigid films, the frequency shifts are
proportional to the adsorbed mass per unit area, which is modeled by the Sauerbrey equation.
However, the Sauerbrey equation provides a valid estimation only if the ratio of dissipation
and normalized frequency shifts is sufficiently small (i.e., if (ADn)/(-Afs/n) is smaller than
4x107 HzY) so that the film can simplistically regarded as rigid.[29] In contrast, for soft and
highly hydrated polymeric films, the so-called effective coupled mass depends on how the
oscillatory acoustic wave propagates through the attached film. Consequently, the coupled
water (either bound or unbound) and the viscous drag force will additionally contribute to the

frequency shifts. Under this condition, the viscoelastic Voigt model provides a better



estimation of the adsorbed mass, where the adhered film is represented by a layer of uniform
thickness and density with distinct viscous and elastic components. Accordingly, the frequency

and dissipation shifts are related to the properties of the film and the medium following [30]:

Af drps (ng/pr)w?
2 = _J7J 1 — X ——t7
: ( T80 % (ugran)

where o is the angular frequency of the oscillation, 1o and po are the viscosity and density of
the medium, respectively, and dq and pq are the thickness and density of the quartz crystal
resonator, respectively. To avoid overparameterization, the medium density, medium viscosity,
and film density are estimated and then treated as fixed parameters in the model. Therefore,
the thickness (dr), viscosity (nf) and shear modulus (uf) of the polymeric film are obtained by
fitting the Voigt model to the measured shifts in frequency and dissipation for different
overtones (3rd, 5th and 7th). The instrument software (QSense® Dfind, v1.1, Biolin Scientific)
was employed for modeling the data. The density of the film (pf) was estimated to be 1040
kg-m. The density and viscosity of water at 23 °C (provided in the software library) were used

for the medium.
2.3.2 LbL assembly

The sensor underwent a pre-amination process with APTES before the LbL assembly.[31] To
do so, the sensor was rinsed with copious amounts of ethanol and water, dried, and then plasma-
cleaned (PDC-32G plasma cleaner, Harrick Plasma) in water vapor with a constant pressure of
0.5 Torr for 1 min. The clean sensor was placed in an evacuated desiccator with a 50% (v/v)
APTES/toluene solution for 18 h to allow for the deposition of APTES onto the surface.
Thereafter, the sensor was rinsed with copious amounts of toluene and ethanol and dried with

compressed air. The sensor was then immediately mounted in the QCM-D module, and the



measurement was started at 23 °C using a 75 pL/min flow of phosphate buffer (pH 7). Upon
achieving a stable baseline for all the harmonics, PPEGMEMA+ and PPEGMEMA- solutions
were alternately loaded (30 min for each layer) and rinsed (20 min for each layer) with buffer
to obtain 7 bilayers in total. To cross-link the fabricated film, a 10 mg/mL EDC/NHS solution
was flowed over the sensor for 12 h, after which the chamber was rinsed with pH 7 buffer to
remove the residual EDC/NHS. To further quench the amino groups and remove the positive
charges on the film, an m-PEG3-COOH solution (10 mg/ml m-PEG3-COOH, 10 mg/ml
EDC/NHS) was flowed over the sensor for 12 h. To test the pH stability, NaCl solutions at pH
2.5, 7 and 10 (100 mM, pH-adjusted with HCI/NaOH) were loaded to perform 3 consecutive

pH cycles.
2.3.3 Test of BSA repellence

To test the antifouling property of the film, the adsorption of BSA on the films was investigated.
First, a baseline was obtained using a pH 7.4 phosphate buffer, after which a 5% w/w BSA
solution (50 mg/mL) was flowed over the sensor for 20 min. Subsequently, the chamber was

rinsed with pH 7.4 phosphate buffer to remove unbound BSA. The adsorbed mass of BSA was
estimated via the Sauerbrey relation[32], Am = — C;ﬁ, where Am is the absorbed BSA mass,

Af is the frequency shift, n is the overtone number (1, 3, 5,...,13), and C (17.7 ng/cm?) is the
mass-sensitivity constant for the 5 M Hz quartz crystal. The frequency shift of the third

overtone was used for the mass calculation.



3. Results and discussion

3.1 Synthesis of PPEGMEMA+ and PPEGMEMA-
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Figure 1 (a) Structure of cationic PPEGMEMA+; (b) structure of anionic PPEGMEMA-; and (c) structure of the mPEG3-
COOH used to quench the amino groups in the multilayered films.

PEGMEMA-based polycation (PPEGMEMA+) and polyanion (PPEGMEMA-) were

synthesized with a statistical copolymerization process by ATRP, in which primary amino

groups and carboxyl groups are distributed randomly along the copolymer chains, respectively.

The chemical structures of the synthesized copolymers are presented in Figure 1 and a

summary of their characteristics are given in Table 1. The amount of acidic or basic groups on

each of the two polymers is 25%. The molecular weights of the two copolymers were measured

with AF4, and the M, values of the two polymers exhibit an overall good agreement with those

obtained from *H NMR spectroscopy. The PDI values of the two polymers are approximately

1.7, which is relatively high for ATRP polymerization. However, this high value is not a

concern with respect to the LbL assembly process.

Table 1 Properties of the synthesized charge-bearing PPEGMEMA copolymers

Polymer Composition

PEGMEMA AMA MAA Mn?2 Mn®

Amine content

Methacrylic acid

PDIP
(kDa)  (kDa) (DP%) content (DP%)
PPEGMEMA+ 135 45 - 46.7 383 171 25% -
PPEGMEMA- 99 - 33 325 29.0 174 - 25%

a. Determined with *H NMR spectroscopy; b. Determined with AF4
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3.2 LbL assembly of PPEGMEMA+/PPEGMEMA.-

The LbL assembly of PPEGMEMA+ and PPEGMEMA- was monitored in situ with QCM-D.
The shifts in the resonance frequency (F) and dissipation factor (D) resulting from multilayer
deposition are presented in Figure 2. The resonance frequency relates to the total (effective)
mass coupled with the sensor, including the deposited polymer chains and the associated water
content. The dissipation factor is, on the other hand, a semiquantitative measure of the layer
conformation; i.e., a higher dissipation factor corresponds to a more viscoelastic layer. The odd
and even layer numbers refer to the deposition of the PPEGMEMA- and PPEGMEMA+ layers,
respectively. Overall, 7 bilayers of the PEGMEMA copolymers were deposited on the silica
sensor. Following the deposition steps, general trends of an increase in the dissipation factor
and decrease in the resonance frequency are observed, together indicating consistent polymer
mass deposition on the surface. The largest frequency and dissipation shifts are observed for
the first deposited bilayer, which can be attributed to the high positive charge density of the
APTES-functionalized silica surface. However, after the first couple of bilayer depositions, the
QCM-D shifts show a rather linear dependence on the number of layers indicating a stable
growth of the PPEGMEMA multilayered film. The overall frequency shift for the 7 bilayers is
approximately -70 Hz, and the dissipation shift value is approximately 9.5, yielding a AD/(-Af)
value of approximately 0.14 x 10°. This ratio indicates a rather viscoelastic behavior that can
be attributed to the hydrated nature of the film due to the abundant presence of the PEG
units.[33,34] This observation is further in accordance with our previous study,[26] where

relatively large dissipation shifts were observed.

The viscoelastic Voigt model was fitted to the frequency and dissipation shifts to estimate the
acoustic thickness of the prepared PEM film. The overall thickness of the 7-bilayer PEM film
is approximately 17 nm at the conditions where the layer is fabricated (phosphate buffer at pH
7). In a similar manner, the acoustic thickness demonstrates a rather linear dependence on the

11



layer number after the first deposited bilayer. The first deposited bilayer shows an estimated
thickness of approximately 6 nm, followed by a steady thickness growth of approximately 1.5

nm per bilayer.
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Figure 2 QCM-D monitoring of LbL of PPEGMEMA+/PPEGMEMA- in pH 7 phosphate buffer; (a) frequency and

dissipation shifts; (b) film thicknesses obtained by VVoigt modeling
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3.3 Cross-linking the PPEGMEMA+/PPEGMEMA- films

Weak polyelectrolyte multilayer films are subject to disintegration (dissolution) in response to
pH variations due to the consequent charge imbalance in the film.[35-37] Figure 3a shows the
QCM-D data corresponding to the pH stability test on the prepared
PPEGMEMA+/PPEGMEMA.- multilayered film. Accordingly, when the pH is switched from
7t0 2.5, adrastic increase in the frequency and decrease in the dissipation are found. In addition,
the frequency and dissipation shifts are completely irreversible, since the initial values of
frequency and dissipation are not restored when the pH is returned to 7. Repeated pH cycling
confirms the irreversible mass loss and disintegration of the PPEGMEMA+/PPEGMEMA-
film, indicating the instability of the PEM film due to the positive charge imbalance produced

when the pH is changed from 7 to 2.5.

To enhance the stability of the PEM film, the multilayered film can be chemically cross-linked
using EDC/NHS amidation chemistry. EDC/NHS is a highly efficient cross-linker that
catalyzes the amide formation reaction between the carboxyl and amino groups in the film. In
addition, amidation between the APTES-treated substrate and the first PPEGMEMA- layer is
expected to graft the entire film onto the substrate. Hence, a surface-grafted and cross-linked
PEM with enhanced stability should be obtained. The film stability towards pH variations was
examined again after the film was exposed to a 10 mg/ml EDC/NHS solution for 12 h prior to
any change in pH after the LbL assembly process (Figure 3b). When the pH is decreased from
7 to 2.5, an increase in the dissipation and decrease in the frequency were observed, indicating
a swelling behavior of the film. This result is in accordance with previous reports regarding the
pH-responsive behavior of cross-linked weak polyelectrolyte multilayers.[23,26,35] When the
pH is returned from 2.5 to 7, a decrease in the dissipation and an increase in the frequency are
found, which together indicate the shrinkage of the film back to its initial state. This pH cycling
was repeated three times, and despite a minor hysteresis, a reversible and repeatable swelling-

13



shrinking process is observed, indicating a significantly more stable and surface-grafted PEM

film, as well as a pH-responsiveness of the cross-linked multilayered film.

To test the stability of the film under alkaline conditions, the pH was repeatedly cycled between
7 and 10. Accordingly, increasing the pH from 7 to 10 results in an increase in the dissipation
and a decrease in the frequency, indicating a swelling behavior of the film. Decreasing the pH
back to 7 gives rise to a decrease in the frequency and an increase in the dissipation, suggesting
shrinkage of the multilayered film. It is noteworthy that the QCM-D shifts when the pH is
changed from 10 to 7 are larger than those when the pH is increased from 7 to 10, which might
be due to a loss of unbound PPEGMEMA polymer chains and/or a structural reorganization of
the film. Nevertheless, after the first pH cycle, the film exhibits only minor hysteresis and
repeatable swelling-shrinking behavior when the pH is shifted between 7 and 10, implying a

high film stability under alkaline conditions.

The observed dual pH-responsiveness of the film indicates the presence of unreacted amine
and carboxyl groups in the film. At pH 7, where the LbL assembly is conducted, the film is
found in a charge-neutral state where the number of charged amino groups and carboxyl groups

3

within the film are comparable. At this “zwitterionic” state, the film adopts a collapsed
conformation. By decreasing the pH from 7 to 2.5, the amine and carboxyl groups undergo a
protonation process, leading to a net positive charge imbalance in the film. The film thus
exhibits an overall cationic state, and hence, a swollen conformation is found due to the osmotic
pressure difference, as discussed in our previous work.[26] When the pH is increased from 7
to 10, the deprotonation of amine and carboxyl groups leads to a net negative charge imbalance

within the film. Consequently, the film exhibits an overall anionic state and adopts a swollen

conformation.
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Figure 3 Frequency (blue circle) and dissipation (red square) shifts of PPEGMEMA+/PPEGMEMA.- film during repeated

pH cycles from 2.5 to 7 for (a) a non-cross-linked system and (b) a system cross-linked with EDC/NHS for 12 h
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3.4 Transformation from PPEGMEMA+/PPEGMEMA- to a single-component

PPEGMEMA- polyelectrolyte film
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Figure 4 Frequency (blue circle) and dissipation (red square) shifts of PPEGMEMA- polyelectrolyte film as a function of pH

during pH cycles from 2.5 to 7 after amine quenching with m-PEG3-COOH

As described in Figure 3, the stabilized (cross-linked) PPEGMEMA+/PPEGMEMA-
multilayer film contains both amine and carboxyl groups, and it will thus demonstrate a
zwitterionic state under neutral pH conditions. To obtain a genuine single-component
polyelectrolyte film similar to a layer consisting of just one type of copolymer (PPEGMEMA-),
the excess amino groups in the film are quenched via the same EDC/NHS chemistry utilized
in the cross-linking process. To do so, a PEGylated carboxylic acid (m-PEG3-COOH) was
dissolved into the EDC/NHS solution and was loaded into the QCM chamber for 12 h.

Consequently, the amino groups were replaced by short PEG units via amide formation.

Figure 4 displays the QCM-D data of the pH cycles performed on the film after the amine
quenching process. By decreasing the pH from 7 to 2.5, an increase in the frequency and a

decrease in the dissipation were observed, probably due to the removal of the unbound cross-
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linking agent and a reorganization of the film. Nevertheless, further cycling of the pH between
7 and 2.5 results in negligible shifts of the frequency (~1 Hz) and dissipation (< 0.1). The loss
of pH-responsiveness and the swelling of the film under acidic conditions confirm the
successful quenching of the amino groups within the film. In contrast, the film shows pH-
responsiveness and swelling under alkaline conditions, a behavior similar to that observed
before the amine quenching process. Therefore, by means of amine quenching, the zwitterionic
film is converted into a single-component, negatively charged PPEGMEMA polyelectrolyte

film.
3.5 Investigation of BSA repellence

To demonstrate the functional differences between the single-component PEM and the two-
component PEM (carrying both negative and positive charges), we finally studied the
adsorption of BSA to the single-component and two-component films. PEG and its derivatives
have been extensively investigated as promising materials for protein-resistant coatings.[38—
40] Since proteins contain charged groups, the electrostatic state of a coating can contribute to
the protein-coating interactions.[41] At a neutral pH, BSA carries a net negative charge, and
by choosing BSA we therefore can investigate the potentially higher protein repellence of the
anionic single-component PEM compared to the zwitterionic two-component PEM. To do so,
a 5% (w/w %) BSA solution in pH 7.4 phosphate buffer was loaded into the QCM-D cell for
20 min, followed by 20 min of rinsing with the phosphate buffer. Figure 5 illustrates the
frequency shifts resulting from the adsorption of BSA on bare silica, the two-component
zwitterionic film (before amine quenching), and the negatively charged single-component film
(after amine quenching). As a reference substrate, the adsorption of BSA is first assessed on a
bare silica sensor, which indicates a frequency decrease of approximately 32 Hz, corresponding
to an adsorbed mass of approximately 570 ng/cm?. For the two-component PPEGMEMA film
(before amine quenching), a frequency decrease of approximately 11 Hz is found, which
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corresponds to an adsorbed mass of approximately 190 ng/cm?. Finally, for the negatively
charged single-component PPEGMEMA film (after amine quenching), a frequency shift of
approximately -5 Hz is observed, corresponding to an adsorbed BSA mass of 90 ng/cm?.
Accordingly, the multilayered films, in general, reduce BSA adsorption compared to that on
bare silica. However, it is also shown that the positive charges in the zwitterionic PEM have a
negative impact on the BSA repellence, and the removal of the amino group leads to a further
reduction in BSA adsorption. To this end it should be noted that the positively charged amino
group were neutralized by the incorporation of short PEG units from m-PEG3-COOH, which

might add to the BSA repellant properties of the single-component PPEGMEMA film.
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4. Conclusion

In this work, we proposed a versatile approach to prepare a surface-grafted single-component
polyelectrolyte film with a tunable film thickness. Two oppositely charged PEGMEMA
copolymers were first synthesized and then LbL assembled. In situ monitoring of the LbL
assembly by QCM-D demonstrated successful layer buildup, with an approximately 17 nm
film obtained in 7 bilayers. The multilayered film was then cross-linked using EDC/NHS
chemistry to chemically graft onto the aminated substrate and enhance the film stability
towards pH variations. The cross-linked film exhibited swelling under both acidic and basic
conditions without experiencing disintegration of the film or significant mass loss. To obtain a
truly single-component PPEGMEMA polyelectrolyte film, the amino groups in the film were
quenched with m-PEG3-COOH, leaving behind only the negatively charged carboxyl groups.
After the quenching process, the film shows no swelling under acidic conditions, while its pH-
responsiveness under alkaline conditions is retained, indicating successful elimination of the
amino groups. The single-component PPEGMEMA polyelectrolyte film also demonstrated a
relatively high resistance against BSA adsorption. In conclusion, the proposed method might
serve as a convenient and efficient approach to fabricate a functional single-component

polyelectrolyte film with tunable thickness by using the LbL assembly approach.
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