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Abstract. We report a facile and versatile approach to fabricate polyelectrolyte multilayer
(PEM) films with a chemically modifiable outer surface. A PEM film was prepared by layer-by-
layer assembly of poly (2-aminoethyl methacrylate) (PAMA) and polymethacrylic acid (PMAA),
terminated with a partially tert-butyloxycarbonyl (Boc)-protected random copolymer (PAMA-
co-PBocAMA) as the final layer. The obtained PEM film was then cross-linked and the free
amino groups in the PEM film were quenched using EDC/NHS chemistry. The outer layer of
the film was then treated via a deprotection reaction, affording free amino groups selectively
located at the film surface. As a proof of concept study, these functional groups were used to
modify the film surface with two model hydrophilic and hydrophobic compounds, which

tuned the wettability of the PEM.

Keywords: Polyelectrolyte multilayer, surface modification, EDC/NHS cross-linking, pH-

responsive film



1. Introduction

Polymeric thin-films allow diverse surface modification possibilities to fabricate surfaces with
controlled interfacial properties.[1-4] Different methods are available to prepare polymer-
coated surfaces,[5—9] among which the layer-by-layer (LbL) assembly is regarded as a facile
and versatile method.[10-13] In a typical LbL process, two oppositely charged
polyelectrolytes are alternately deposited onto a charged substrate, producing a
polyelectrolyte multilayer (PEM) film. Such polymeric coatings can possess distinguished
physicochemical properties and functionality within (bulk properties) and at the surface
(interfacial properties). Examples of bulk properties include film viscoelasticity,[14,15]
hydration,[16] conductivity,[17], and permeability.[18] The interfacial properties include
surface wettability and adhesion [19,20] as well as selective adsorption.[21] It is of interest,
from both fundamental and applied points of view, to develop PEM films where the interfacial

properties can be tuned systematically.

In the literature, several approaches have been developed to selectively tune the interfacial
properties of PEM films. In one approach, the LBL process is terminated with a functional layer
that provides a desired interfacial functionality.[22-25] As an example, Easton et al.
fabricated poly(acrylic acid)/polyethyleneimine PEM coatings terminated with an active
heparin layer, which promoted proliferation and migration of vascular endothelial cells.[26]
In another study, Chang et al. deposited heparin as the final layer on a poly(acrylic
acid)/chitosan PEM film, which efficiently reduced the cell adhesion to a silicone rubber
substrate.[27] Another approach to modify the PEM interfacial properties is via post-assembly
modification of the outer layer through chemical functionalization. For instance, Delgado et

al. capped a poly(styrene sulfonate)/poly(diallyldimethylammonium chloride) PEM film with



a co-polymer containing benzyl mercaptan units to introduce thiol groups selectively in the
outer layer.[21] The chemical reactivity of the thiol groups was utilized to bind various
functional components, e.g., the Arg-Gly-Asp (RGD) adhesive peptide for enhanced cell

adhesion, poly(ethylene glycol) units for reduced biofouling, and gold nanoparticles.

Adopting a combination of these two approaches, we hereby demonstrate a versatile method
to prepare PEM films with chemically tunable outer layers. To do so, a PEM film comprising
poly (2-amino)ethyl methacrylate (PAMA) and polymethacrylic acid (PMAA) was first
prepared by LbL assembly. Afterward, a partially protected PAMA-co-PBocAMA random
copolymer was deposited as the outer layer of the film. The film was then stabilized by
chemical cross-linking catalyzed by EDC/NHS, followed by quenching the remaining amino
groups in the film. This step minimizes the number of remaining amino groups in the bulk film
so that the later chemical coupling of the amine groups has little effect on the chemical
composition in the bulk film. Finally, the Boc groups in the outer layer were removed in
trifluoroacetic acid, giving rise to a cross-linked PEM film with reactive amino groups
selectively in the outer layer. The interfacial properties of the obtained PEM film can be
modified by an amidation reaction using carboxylic acid derivatives with desired
functionalities. As a proof of concept, two carboxylic acid derivatives with comparable chain
lengths yet different hydrophilicity, i.e., m-PEG3-COOH and undecanoic acid, were coupled to
the PEM, and different contact angles of the modified films were observed confirming the

successful outer layer modification.

2. Experimental Section

2.1 Materials

(2-Boc-amino)ethyl methacrylate (BocAMA, 99%), tert-Butyl methacrylate (tBuMA, 98%,



passed through neutral alumina column to remove inhibitor immediately before use), ethyl
a-bromoisobutyrate (EBIB, 98%), trifluoroacetic acid (TFA, 99%), (3-
aminopropyl)triethoxysilane (APTES, 99%), N,N,N°,N"’,N"’-pentamethyldiethylenetriamine
(PMDETA, 99%), copper(l) chloride (CuCl, >99%, washed sequentially with acetic acid and
ethanol before use), N-(3-dimethylaminopropyl)-N"-ethylcarbodiimide hydrochloride (EDC,
99%), N,N’-Dicyclohexylcarbodiimide (DCC, 99%), N-hydroxysuccinimide (NHS, >98%), and
undecanoic acid (99%) were all purchased from Sigma Aldrich and used as received unless
otherwise stated. m-PEG3-COOH (98%) was purchased from BroadPharm (USA) and used as
received. All the solvents used in this work were of HPLC grade from Sigma Aldrich. All the
solutions were prepared with ultra-pure water (Sartorius Arium® pro ultrapure water system,
resistivity of 18.2 MQ cm). Citric acid (>99.5%), sodium phosphate monobasic dihydrate (99%),
and sodium phosphate dibasic dihydrate (99%) were purchased from Sigma Aldrich and used
as received for buffer preparation. To prepare the pH 4.4 citric acid/phosphate buffer (used
for LbL assembly), 1.074 g of citric acid and 1.57 g of NaHPO4*2H,0 were used to prepare a
100 ml solution with a volumetric flask. Phosphate buffers used in cross-linking and pH cycles
were prepared by adjusting the pH of a 50 mM NaH;PO4 solution with either 1M HCl or NaOH.
All the buffers were vacuum-filtered with a Millipore 0.1 um regenerated cellulose membrane
and degassed under vacuum immediately before use. All the polymer solutions used were

filtered with a 0.22 um nylon syringe filter and degassed under vacuum before use.

2.2 Synthesis of PAMA, PMAA, and PAMA-co-PBocAMA

Poly(2-aminoethyl methacrylate) (PAMA) and poly(methacrylic acid) (PMAA) were
synthesized by atom transfer radical polymerization (ATRP).[28,29] To avoid deactivation of

the Cu catalyst by the carboxyl and amino groups, a two-step protection-deprotection



procedure was adopted. The protected PBocAMA and PtBMAA were first synthesized and
further deprotected under acidic condition (TFA/DCM) to yield the desired PAMA and PMAA
polymers. In addition, the PBocAMA polymer underwent a short-time deprotection process
(10 min) to vyield the partially protected PAMA-co-PtBocAMA copolymer. Scheme 1
summarizes the chemical structures of the used reagents as well as the synthesized
polyelectrolytes. The three polyelectrolytes obtained were characterized by *H NMR and AF4.
The average molecular weights and the polydispersity indices (PDI) are presented in Table 1.
Detailed synthesis procedures and characterizations are provided in the supporting

information (Section S1).

Table 1 Characterization data of the synthesized polymers

Mn? (kDa) Mn? (kDa) PDP? BocAMA content (DP%)
PAMA 11.9 11.1 1.26 -
PMAA 6.1 6.5 1.49 -
PAMA-co-PBocAMA 17.7 16.5 1.26 63%

1 Determined with *H NMR; 2 Determined with AF4

2.3 Preparation of the PMAA/PAMA PEM film with a chemically modifiable outer layer

The LbL assembly of the PEM was conducted on silica-coated QCM-D sensors (QSX 335, Biolin
Scientific) in the standard module for simultaneous QCM-D and ellipsometry measurements
(QELM 401, Biolin Scientific, Gothenburg, Sweden). The sensor was aminated with APTES
before use.[30] For that, the sensor was rinsed with copious amounts of ethanol and water,
dried with compressed air, followed by a plasma treatment for 1 min (PDC-32G plasma
cleaner, Harrick Plasma) in water vapor under a constant pressure of 0.5 Torr. Afterward, the
sensor was placed in a vacuumed desiccator with a 50% (v/v) APTES/toluene solution for 18
h. After rinsing with copious amounts of toluene and ethanol and drying, the sensor was

mounted into the QCM-D module and the measurement was started at 23 °C. The citric



acid/phosphate buffer at pH 4.4 was loaded using a 75 pL/min flow rate. After reaching a
stable baseline, PMAA and PAMA solutions (100 ppm) were alternately loaded (15min) having
rinsing steps (10 min) with the buffer in between. Finally, PAMA-co-PBocAMA was deposited
as the last layer (14th layer) using the same procedure. After LbL assembly, the PEM film was
cross-linked by loading a 5 mg/ml EDC/NHS solution into the module for 2h. To test the pH
stability, pH 2.5, 4.5, and 9 solutions (50 mM NaH;POs solution, pH adjusted using 1M NaOH
and HCI) were loaded. Three successive pH cycles were conducted between pH 4.5 and 2.5 as
well as 4.5 and 9. Afterward, the amino groups in the PEM film were quenched following a
similar protocol that we utilized in our previous study.[31] To do so, a solution of 5 mg/ml
EDC/NHS, 5 ul/ml acetic acid was loaded into the cell repeatedly for a total of 4 times (2h x 2,
plus 12h x 2 ). The pH-responsiveness was tested after each quenching step to test the

guenching efficiency.

To remove the Boc protected groups on the outer layer, the sensor was removed from the
QCM-D module, rinsed with water, dried, and immersed in a solution containing 0.5 ml TFA

and 4 ml DCM, followed by rinsing with copious ethanol and drying with compressed air.

2.4 Surface modification with undecanoic acid and m-PEG3-COOH

The outer layer of the PEM was modified with either the hydrophobic undecanoic acid or the
hydrophilic m-PEG3-COOH. To do so, undecanoic acid (186 mg, 1 mmol) or m-PEG3-COOH
(192 mg, 1 mmol) was first dissolved in 2 ml dichloromethane. The solution was then added
dropwise under stirring, into a solution of DCC (309 mg, 1.5 mmol) in dichloromethane (3 ml).

The reaction mixture was stirred for an extra 5 min before the sensor with the PEM film was



immersed for 12h. After the modification, the sensor was removed from the solution, washed

thoroughly with ethanol, and dried with compressed air.

2.5 Methods

2.5.1 In-situ QCM-D and Spectroscopic Ellipsometry

Simultaneous QCM-D and spectroscopic ellipsometry measurements were conducted using
the QSense ellipsometry module (QELM 401, Biolin Scientific, Gothenburg, Sweden). For the
QCM-D experiment, the shift in the resonance frequency (F) and dissipation factor (D) were
recorded. The instrument software (Dfind, Biolin Scientific) was employed for data analysis.
Both Sauerbrey([32] and Voigt[33] models were employed for estimation of the film thickness.
The Sauerbrey model assumes a simple linear correlation between the adsorbed mass and
the frequency shift, which is exclusive to thin and rigid films. Contrarily, the Voigt model can
provide a more accurate estimation of the adsorbed mass of hydrated and viscoelastic films.
An estimated film density of 1200 kg-m3 was used. The density and viscosity of water at 23 °C

(from the software library) was used for the medium.

A spectroscopic ellipsometer (M-2000U, JA Woollam Co., USA) was used in combination with
QCM-D. Spectroscopic W (amplitude ratio) and A (phase shift) were collected (wavelength
range: 245 - 1000 nm, angle of incidence of 70°). The instrument software (CompleteEASE, JA
Woollam Co., USA) was used for data modeling. The bare sensor was first modeled as a
pseudosubstrate consisting of a silica coating (25 nm, tabulated optical constants) and a thick,
optically opaque titanium substrate. The optical constants of the Ti substrate were modeled
using a B-Spline model (resolution 0.2 eV, tabulated Ti optical constants used as the initial
estimate values). The fitted parameters for the substrate were then fixed in the model. The

PEM film was regarded as a transparent and homogeneous layer with no light absorption



(k=0); then, the film thickness and the refractive index (n) were estimated using the Cauchy
equation.[34] To estimate the water content, the film was modeled as a two-component layer
consisting of dry polymer (A = 1.5 and B = 0.005),[35,36] and water with tabulated optical
constants. The volume fraction of water (f») was then estimated according to the Bruggeman

Effective Medium Approximation (BEMA).[37]
2.5.2 Contact angle measurement

The water contact angle (Attension Theta Lite tensiometer, Biolin Scientific) on the PEM films
was measured in the air using the sessile drop method at ambient temperature. A water
droplet with the volume of 1 uL was placed by a Hamilton syringe onto the sample surface,
and the contact angle value after 5 seconds was then determined using the Young-Laplace
equation. A mean value of the left and right contact angles of three measurements is reported

herein.
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Scheme 1 Chemical structures of the synthesized polyelectrolytes and the used reagents, as well as the

illustration of the fabrication of the PMAA/PAMA PEM film with the chemically modifiable outer layer



3 Results and Discussion

3.1 LbL assembly of PAMA/PMAA

Figure 1a presents the QCM-D shifts in the resonance frequency (F) and dissipation factor (D)
for the 3rd overtone, resulting from the LbL assembly of the PMAA/PAMA film. The odd and
even layer numbers refer to the deposition of PMAA and PAMA layers, respectively, while the
final layer (layer 14) denotes the deposition of the PAMA-co-PBocAMA copolymer. The
decrease in frequency and increase in dissipation indicate continuous mass deposition on the
substrate. The overall shifts in frequency and dissipation for seven bilayers are approximately
-220 Hz and 1 x 10°®, respectively. This provides a notably small AD/AF ratio of around 0.0045
x 10 Hz!, which suggests a highly rigid film structure with low water content.[38] Notably,
the deposition of PAMA-co-PBocAMA (last layer) shows a relatively larger dissipation shift
compared to those of PAMA depositions. This observation suggests that the outermost
PAMA-co-PBocAMA layer adopts a more coil-like and less rigid conformation compared to the
PAMA layers, which may be attributed to the relatively lower charge density (~ 60% protected
uncharged groups) of PAMA-co-PBocAMA. The film thickness was estimated using both
Sauerbrey and viscoelastic Voigt models (Figure 1b). A close match between both models is
found, which further confirms the rigid nature of the film.[38] The acoustic thickness (i.e.,
measured by QCM-D) of the film (14 layers) is then estimated to be around 35 nm. In addition,
the thickness versus the number of layers demonstrates a closely linear trend (~ 5 nm per
each bilayer). As reported in the literature, a linear growth mechanism is observed when the
deposited polyelectrolytes cannot freely diffuse through the film, which seems to be the case
herein.[39—41] Hence, we can assume that the deposited PAMA-co-PBocAMA has limited

freedom to diffuse within the film and is immobilized at the film surface. Such a property is

10



important for our work, which requires the modifiable amino groups predominantly in the

outer layer of the PEM film.

T T T T T T T T T 20
0 «.@a 18
1 \. 16
T
50 4 -— 14
'\.
1 o F12
_ \ ©
N 100 - s 10 u
™ ] \ 2 L08 o
L " : o
150 \ R L 06
.':;;;i"
4w 04
. By N
-200 . . 0.2
. - - m\
.- e 00
-250 T T T T T T T T T T T T T T T 02
0 2 4 6 8 10 12 14
Layer No
40 - —a— Sauerbrey Thickness
b —a— Voigt Thickness
Optical Thickness
30
3
£
[77]
2 20
o
=
]
L=
'_
£ 10 A
=
N D__/-
T T T T T T T T T
0 2 4 6 8 10 12 14
Layer No
c d
12 layers, CA = 25° 14 layers, CA = 63°

Figure 1 LbL assembly of PAMA and PMAA, with PAMA-co-PBocAMA as the final layer in pH 4.4 citric
acid/phosphate buffer: a) Frequency and dissipation shifts throughout the LbL process, with odd layers
of PMAA and even layers of PAMA (PAMA-co-BocAMA as the final layer), b) Film thickness as a function

of layer number from QCM-D (Sauerbrey and Voigt thicknesses) and spectroscopic ellipsometry (optical
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thickness), c) Contact angle measured on PEM with 12 layers (PAMA as the final layer), d) Contact

angle measured on PEM with 14 layers (PBocAMA as the final layer)

The layer growth was simultaneously monitored with spectroscopic ellipsometry. The
estimated optical thickness of the film from the ellipsometry measurement is around 31 nm
(Figure 1b), which is relatively similar to the estimated acoustic thickness from QCM-D. The
slightly larger acoustic thickness can be attributed to different measurement principles and
detection limits of the investigation methods, i.e., ellipsometry is more sensitive to the dense
bulk-like part of the film, whereas QCM-D is sensitive to the slipping plane. The water content
of the film is estimated (using BEMA) to be around 20 v/v%. The relatively low water content
of the film is in agreement with the notably small QCM-D dissipation shift. Such a compact
structure of the PEM film can be attributed to a relatively high charge density of the
polyelectrolytes and consequently a strong complexation between the PMAA and PAMA

polymer chains.

To further test the difference between a fully deprotected PAMA and partially protected
PAMA-co-PBocAMA final layer, the contact angle of the film was measured when having
PAMA (12 layers, Figure 1c) or PAMA-co-PBocAMA as the outer layer (14 layers, Figure 1d). A
clear variation in water contact angle between layer 12 (25 + 1°) and layer 14 (63 * 2°) is
observed, which can be attributed to the relatively low charge density of PAMA-co-PBocAMA

and the high hydrophobicity of the Boc protected groups.

3.2 Cross-linking and quenching of amino groups by EDC/NHS coupling

PEM films comprising weak polyelectrolytes are prone to disintegration upon pH variations,
which originates from the charge imbalance within the film. To stabilize the PEM film

prepared herein, the amino groups and the carboxyl groups in the film were cross-linked using

12



EDC/NHS coupling chemistry.[42] Next, a pH cycle experiment was performed to examine the
pH stability of the film. Figure 2 presents the QCM-D frequency and dissipation shifts (panel
a), as well as the estimated optical thickness/water content (panel b) of the film following the
pH cycles. Decreasing the pH from 4.5 to 2.5 results in an increment in dissipation and
decrement in frequency, which together imply swelling of the film. Similarly, the estimated
optical thickness roughly increases from 31 nm to 52 nm together with a gain in the water
content from 20 % to 50%. Increasing the pH back to 4.5 results in the film collapse yet with
a moderate degree of structural hysteresis. Nevertheless, the subsequent pH cycles exhibit a
nearly reversible swelling-shrinking process with minor hysteresis, indicating enhanced
stability of the cross-linked film under the acidic condition. The subsequent pH cycles
between 4.5 to 9 also demonstrate reversible swelling/shrinkage of the film under the alkaline

condition.

The swollen film conformation at pH 2.5 can be attributed to the net positive charge of the
film, which originates from the protonation of the excess amino groups. The unreacted amino
groups within the bulk film are not desirable for our work, because we aim to prepare a film
with amino groups chiefly in the outermost layer. Therefore, a formerly described amine
guenching process was conducted to effectively reduce the amine content in the film
interior.[31] To do so, a solution of EDC/NHS, together with acetic acid, was flowed over the
surface repeatedly for four consecutive cycles. Herein, acetic acid will bind to the amino
groups within the film turning them into amide groups that are no longer reactive towards

the later modification.
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Figure 2 pH-responsiveness of the film after cross-linking with EDC/NHS: a) QCM-D Frequency and
dissipation and b) Optical thickness and water content (obtained from ellipsometry) following the pH

cycles between pH 4.5 and 2, pH 4.5 and 9.

We examined the pH-responsiveness of the film under the acidic condition (after each
guenching cycle) to test the efficiency of the amine elimination process. As shown in the
supporting information (Figure S5), the frequency and dissipation shifts associated with
changing the pH from 4.5 to 2.5 both decrease in magnitude during the quenching process,
indicating a subsequent decrease in the amine content. Figure 3 shows the pH-responsiveness

of the cross-linked PEM film after the amine quenching process. Regarding the pH cycles

14



between 4.5 and 2.5, it is evident that the shifts in QCM-D frequency, as well as in the optical
thickness and water content of the film, are significantly attenuated. This indicates that the
population of the amino groups, which can produce film swelling under acidic conditions, is
decreased. Notably, while the optical thickness shows very little pH-dependence, the QCM-D
data (in particular the dissipation data) indicates some degree of responsiveness to the acidic
condition, which can be attributed to the structural changes mainly at the film surface. In
contrast, the amine quenching has a minor effect on the pH-responsiveness of the film under

alkaline conditions, i.e., the swelling behavior before and after the amine quenching is similar.
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Figure 3 pH-responsiveness of the film after amine quenching: a) QCM-D Frequency and

dissipation and b) Optical thickness and water content (obtained from ellipsometry) following the pH

oscillation test between pH 4.5 and 2, pH 4.5 and 9

3.3 Surface deprotection and modification of PMAA/PAMA PEM film

Next, we discuss how deprotection of the Boc-protected amino groups can modify the
outermost PAMA-co-PBocAMA layer. Figure 4 presents the contact angles of the PEM film as
a function of the duration of TFA/DCM treatment. The initial contact angle of the film (before
deprotection) was around 60 * 3°. Following the deprotection process, a decrement in the

contact angle was observed, which can be attributed to the transform of the hydrophobic Boc

16



groups to the hydrophilic amino groups on the surface. The contact angle value reaches a
plateau of around 37 + 2° roughly after 60 min of TFA/DCM treatment, which suggests a major
removal of the Boc protection groups. The unprotected amino groups at the film surface will
allow post-modification of the interfacial properties. Here, we selected two model carboxylic
acid derivatives with similar chain lengths, one hydrophilic (m-PEG3-COOH) and the other
hydrophobic (undecanoic acid), to modify the wetting properties of the film as a proof of
concept. Figure 5 compares the contact angles of the modified PEM films. Modification with
m-PEG3-COOH led to a contact angle of 55 £ 2°, which is in accordance with the typical
literature value of a surface modified by PEG units.[43,44] Contrarily, modification of the film
surface with undecanoic acid resulted in an increment in the contact angle from 37 + 2° to 78
t 3°. Despite a relatively high contact angle of 78 + 3°, it should be noted that the surface
cannot be regarded as hydrophobic. We speculate the reason to be a relatively low density of
the amine groups that are accessible for surface grafting, which may be improved by using a

PAMA-co-PBocAMA copolymer with a higher degree of protected groups.
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We also tested the pH-responsive behavior of the surface-modified PEM films to check if the
surface modification process affects the pH-responsiveness of the film. Figure 6 demonstrates
the QCM-D frequency and dissipation shifts resulting from the pH cycles. The observed pH-

responsive pattern is similar to that of after amine quenching, indicating a minimum effect of
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the surface modification on the pH-responsiveness of the film and bulk properties. Therefore,
the method demonstrated herein can be a versatile approach to the preparation of cross-

linked and pH-responsive PEM films with tunable interfacial properties.
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Figure 6 Frequency and dissipation shifts corresponding to a pH cycle from pH 4.5 to pH 2.5,
and pH 4.5 to pH 9, after surface modification with a) undecanoic acid, b) m-PEG3-COOH

Conclusion

We demonstrated a simple and versatile approach to fabricate a pH-responsive PEM film with

a chemically modifiable outer layer. The QCM-D and ellipsometry data indicated that the
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prepared PMAA/PAMA multilayer film shows pH-responsiveness due to the amine and
carboxyl groups present in the film. We quenched the amino groups inside the film and
removed the Boc protection groups on the outer layer. As a result, a PEM film was obtained
that comprised primary amino groups selectively in the outer layer, allowing chemical
modification of the film surface using carbodiimide chemistry. As proof of concept, the film
outer layer was modified with m-PEG3-COOH and undecanoic acid. The PEGylated surface
showed a contact angle of approximately 55 + 2°, while the surface modified with undecanoic
acid exhibited relatively higher hydrophobicity with a contact angle of 78 + 3°. Moreover, a
similar pH-responsiveness of the two modified PEM films was observed, suggesting a
minimum effect of the surface modification on the bulk property of the film. This work thus
described a new procedure in fine-tuning the interfacial property of a PEM film for a wide

range of applications.
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