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ABSTRACT: In this work, we compare three routes to prepare antifouling = 3 ROUTES TOWARDS ANTIFOULING BOTTLEBRUSHES ON A SURFACE
coatings that consist of poly(L-lysine)—poly(N-(2-hydroxypropyl)- [ Route 1| =
methacrylamide) bottlebrushes. The poly(i-lysine) (PLL) backbone is k"%@f@‘;

self-assembled onto the surface by charged-based interactions between the &ng W ‘\;* ANTIFOCT .
t
[ Route2 | SAAR

poly(N-(2-hydroxypropyl)methacrylamide) [poly(HPMA)] side chains,
grown by reversible addition—fragmentation chain-transfer (RAFT)
polymerization, provide antifouling properties to the surface. First, the
PLL—poly(HPMA) coatings are synthesized in a bottom-up fashion
through a grafting-from approach. In this route, the PLL is self-assembled
onto a surface, after which a polymerization agent is immobilized, and
finally HPMA is polymerized from the surface. In the second explored
route, the PLL is modified in solution by a RAFT agent to create a
macroinitiator. After self-assembly of this macroinitiator onto the surface, poly(HPMA) is polymerized from the surface by RAFT. In
the third and last route, the whole PLL—poly(HPMA) bottlebrush is initially synthesized in solution. To this end, HPMA is
polymerized from the macroinitiator in solution and the PLL—poly(HPMA) bottlebrush is then self-assembled onto the surface in
just one step (grafting-to approach). Additionally, in this third route, we also design and synthesize a bottlebrush polymer with a PLL
backbone and poly(HPMA) side chains, with the latter containing 5% carboxybetaine (CB) monomers that eventually allow for
additional (bio)functionalization in solution or after surface immobilization. These three routes are evaluated in terms of ease of
synthesis, scalability, ease of characterization, and a preliminary investigation of their antifouling performance. All three coating
procedures result in coatings that show antifouling properties in single-protein antifouling tests. This method thus presents a new,
simple, versatile, and highly scalable approach for the manufacturing of PLL-based bottlebrush coatings that can be synthesized
partly or completely on the surface or in solution, depending on the desired production process and/or application.

lysine groups and the negatively charged silicon oxide surface, whereas the oy

B INTRODUCTION radical polymerizations have been reported to result in stable
and highly antifouling coatings, on par with and in some cases
outperforming zwitterionic coatings.”'*'®™"? Although the
antifouling properties of poly(HPMA) brushes are not entirely
understood, the reported fouling levels are extremely low.'*"®

These polymeric coatings can be created via a grafting-from
10,11,20

The nonspecific adsorption of proteins on a surface, i.e., fouling,
is an initial step in the process of accumulation of unwanted
biomaterials on that surface. The adsorption of such
biomolecules and biomaterials impairs the functions of
biotechnological and biomedical devices, whose correct
functioning is crucially dependent on the availability of a
nonfouled surface." Surface modification by means of the
application of antifouling coatings is advantageous for, e.g.,
manufacturing biosensors,” implants,3”4 bioactive surfaces,” and
even big objects like the hull of a ship.®

Especially for sensing low concentrations of a target analyte in
complex media, there is a demand for facile surface

approach, in which a polymer is grown from the surface.
This is currently considered a highly promising route toward
antifouling coatings in terms of long-term antifouling properties,
as it leads to a high-density brush structure on the surface with
tunable thickness.”' >’ However, despite these advantageous
properties of polymer brushes grown via the grafting-from

modifications to impart biosensors with antifouling properties Received: June 6, 2020
to prevent nonspecific interactions and thereby enhance the Revised:  July 30, 2020
signal-to-noise ratios.” Antifouling coatings frequently consist of Published: August 21, 2020

10—15

poly(ethylene glycol) (PEG)®” or zwitterionic polymers.
More recently, however, also poly(N-(2-hydroxypropyl)-
methacrylamide) [poly(HPMA)] brushes grown by controlled
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Figure 1. Schematic overview of the solution-based synthesis of the macroinitiator (PLL—RA) and PLL—poly(HPMA) bottlebrush structure (top).
A—C denote the three investigated routes toward surface-immobilized PLL—poly(HPMA) bottlebrushes (bottom). PLL is poly(L-lysine), RA is the

RAFT agent, HPMA is 2-hydroxypropyl methacrylamide.

method, there is a major hurdle to be overcome if these
antifouling coatings are to be applied reproducibly on large,
industrially relevant scales.”* Namely, these grafting-from
polymer brushes are typically fabricated by surface-initiated,
controlled living polymerization in the presence of a metal
catalyst and in an oxygen-free environment.""'*'**5%¢ Since
this is typically a rather critical technique, it is difficult to scale up
and implement in, e.g, industrial production lines in a
reproducible manner.””** For this reason, there is a need to
investigate other macromolecular coatings that can potentially
match the antifouling properties of these coatings but at the
same time allow easy and reproducible fabrication.'"”'***** To
this aim, one-step coatings using zwitterionic antifouling

polymer brushes with a catechol end group were developed

for grafting-to surface ancllol‘ing.27’28 In addition, Honda et al.
created randomly composed block copolymers of zwitterionic
antifouling groups, combined with triethoxy silanes for surface
binding, to create antifouling coatings on glass.23

Another well-known example of combining antifouling
groups with polydentate surface anchoring moieties are
poly(L-lysine)-graft-poly(ethylene glycol) (PLL-g-PEG) poly-
mers, which are known to assemble onto silicon oxide, metal
oxide, and polymeric surfaces.”” >* PLL-g-PEG self-assembles
on silicon oxide at pH > 2 through multiple electrostatic
attractions between the negatively charged surface (SiO,
isoelectric point (IEP) ~ 2.2)*° and the positively charged
pendant amine groups present in PLL (IEP ~9.5),%
PEG chains oriented away from the surface.”

leaving the
Despite the ease
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Figure 2. Schematic depiction of the construction of the PLL—RA coating via a grafting-from approach, followed by SI-PET-RAFT to grow

poly(HPMA) brushes.

of application and good antifouling properties of such PLL-g-
PEG coatings, their use under certain circumstances can be
limited due to properties inherent to PEG chains: PEG is known
to undergo oxidative degradation, which may yield toxic
compounds and lead to degradation of the coating, and has
been shown to elicit antibody expression in vivo.”” "'

In response to these limitations, Morgese et al. published in
2018 a study on polymers with PLL backbones that were grafted
with other types of antifouling polymer brushes, such as poly(2-
oxazines) and poly(2-oxazolines), to create biointerfaces that
resist protein adsorption.”’ However, the promising poly-
(HPMA) polymer was not included as a candidate in this
study, and the authors only considered the grafting-to approach.
Therefore, we aimed to develop and investigate a bottlebrush
macromolecule with poly(HPMA)-grafted side chains for
antifouling properties, together with a PLL backbone for
multivalent surface interactions to achieve a strong surface
anchoring to silicon oxide surfaces.”® Previously, PLL- and
HPMA-based polymers have been combined in hybrid macro-
molecules for the synthesis of gene delivery agents*” or as
transfection reagents with minimized toxicity.”’ However, to the
best of our knowledge, PLL—poly(HPMA) bottlebrushes have
not yet been used for the creation of antifouling coatings. The
overall goal of this project is to construct PLL bottlebrush
coatings in an easy and highly scalable manner without the loss
of antifouling performance, and the current paper is the first step
in this approach for PLL—poly(HPMA) bottlebrushes as
antifouling coatings.

In this study, silicon oxide was used as a model substrate
because of its relevance in, e.g, biosensors** and microfluidic
devices.”” We explored three different routes toward such a

coating with varying degrees of grafting-to and grafting-from
components (Figure 1).

e Route A: a coating was completely grafted from the
surface. First, PLL was self-assembled on the surface. The
reversible addition—fragmentation chain-transfer
(RAFT) agent that allows for polymerization was
subsequently reacted to the PLL coating, after which
poly(HPMA) side chains were RAFT-polymerized from
the PLL backbone.

o Route B: a coating was partly grafted from the surface. The
RAFT agent (RA) was coupled to PLL in solution to
synthesize a PLL—RA macroinitiator. The PLL—RA was
self-assembled on the surface, and HPMA was finally
RAFT-polymerized from the RA-modified PLL coating.

e Route C: it comprises a completely presynthesized
grafted-to coating. HPMA was RAFT-polymerized from
the PLL—RA macroinitiator in solution to create PLL—
poly(HPMA) bottlebrushes. These bottlebrushes were
then self-assembled on the surface in one single step.

For the growth of the poly(HPMA) brushes, a photoinduced
electron transfer-reversible addition—fragmentation chain-
transfer (PET-RAFT) technique was applied. This polymer-
ization technique is oxygen-tolerant and metal-free, can be

46,47
applied to polymerizations in water, works with an
accessible and affordable organic photocatalyst (Eosin Y),*"*°
and has been shown to be also applicable to surface-initiated
- . 48 : .
polymerization of different monomers.™ Especially, this final
feature makes PET-RAFT very suitable for our purpose, as it
works well both in solution and from a surface. Subsequently, we
determined and evaluated the various properties of the thus
formed coatings in detail, including ease of synthesis, scalability,
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Figure 3. XPS wide-scan spectrum and C,; narrow-scan spectrum of self-assembled PLL on silicon oxide (top), surface-bound PLL, functionalized
with RAFT agent (middle), and poly(HPMA) grafted from RAFT agent-modified silicon oxide (after 80 min polymerization) (bottom). On the left,

the chemical structure of the analyzed surface is depicted.

reproducibility, modularity, and ease of characterization. Finally,
we performed a preliminary investigation of the antifouling
performance obtained for these three coating approaches and
provided a perspective on the use of such PLL—poly(HPMA)
bottlebrush coatings for antifouling purposes.

B RESULTS AND DISCUSSION

We will first discuss the synthesis of the PLL—poly(HPMA)
bottlebrush-based coatings on silicon oxide surfaces, as obtained
via the three different routes presented in Figure 1. Afterward,
the results of antifouling studies on the coatings prepared by
these different routes will be discussed and evaluated.

Route A: PLL—Poly(HPMA) Coating via the Grafting-
from Procedure. In route A, the poly(HPMA)-based coating
was completely grafted from the surface. First, PLL was self-
assembled on the surface, followed by coupling of the surface-
bound PLL to the RAFT agent (RA), and finally the
polymerization of the poly(HPMA) side chains from the PLL
backbone (Figure 2).

Al: Self-Assembly of Poly(i-lysine) on SiO, PLL—poly-
(HPMA) bottlebrush-coated surfaces were prepared in this first
route by building the layer from the surface upward. To this end,
PLL (MW = 15-30 kDa) was self-assembled to form a
monolayer by overnight immersion of freshly cleaned, negatively
charged silicon oxide surfaces in a 0.1 mg/mL solution of PLL in
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
buffer (following the procedure reported by Morgese et al.>").
Upon modification of the silicon oxide surfaces with PLL, the
presence of a thin layer of polymers on the surfaces was
confirmed by analytical techniques. First, by X-ray photo-

10190

electron spectroscopy (XPS), we found signals corresponding to
the presence of nitrogen (at 400 eV) and carbon (285 eV) on the
surface (Figure 3, top). Furthermore, the C,; narrow-scan
measurements showed the characteristic signals for the amide
carbonyls (C=0, 288.4 eV) and for the C—N and C—C=0
carbon atoms (both at 286.4 eV). Since these monolayers were
too thin to be measured by ellipsometry (vide infra), we used the
Si/C ratio in the XPS wide scan to calculate the average
thickness of the layer,"”*" which was approximately 0.5 nm,
which is in good agreement with values reported in the
literature.”** The static water contact angle (SWCA) of the
PLL-coated surfaces was <20°, displaying the very hydrophilic
character of the coating due to the charges on the protonated
terminal amines. These combined data suggest that PLL was
deposited as a monolayer on the SiO, surfaces.

A2: Surface Immobilization of the RAFT Agent on PLL-
Modified SiO,. While a fraction of the pendant amine groups of
PLL was involved in surface binding, the remaining free primary
amines of the PLL coating can be used to immobilize a RAFT
agent to allow the polymerization from the surface in the
following step. To this end, an N-hydroxysuccinimide (NHS)-
activated RAFT agent was reacted with the surface-bound PLL
overnight in dry tetrahydrofuran (THF) (see Figure 2, step A2).
In the XPS spectrum of the thus-prepared surface (Figure 3,
middle), we found an expected increase in both the C;, (285 eV)
and Ny, (399 €V) signals in the wide scan since these elements
are predominantly present in the RAFT agent. Moreover,
indicatively, we detected sulfur (S,,, 227 eV), which confirms the
presence of the RAFT agent. Based on the N/S ratio obtained
from XPS wide spectra, roughly 40% of all PLL primary amines

https://dx.doi.org/10.1021/acs.langmuir.0c01675
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had reacted to hold a RAFT agent moiety (Figure S8). Taking
into account that also a portion of the primary amines is involved
in surface binding by electrostatic interactions, this conversion
can be considered relatively high, compared to what would be
maximally feasible for still strongly surface-bound PLL. The
conversion was also confirmed in the C;; narrow scan, which
showed that the carbonyl signal at 288 eV became more
dominant, which can be attributed to the introduced carbonyl
and thiocarbonyls. As expected, the thickness of the coating
increased upon the addition of the RAFT agent to approximately
1.3 nm. The SWCA of the RAFT-modified surfaces increased to
42°, in line with the more hydrophobic nature of the RAFT
agent.

A3: PET-RAFT Polymerization of HPMA on RAFT Agent-
Modified SiO,. Poly(HPMA) side chains were grown from the
RAFT-modified, PLL-covered silicon oxide surfaces by surface-
initiated PET-RAFT in water using visible light and Eosin Y as
an oxy%en—tolerant photocatalyst, which allowed polymerization
in air.**** Triethanolamine (TEOA) was used as a cocatalyst*®
and also acted as a sacriﬁcin§ electron donor to reduce oxygen in
the polymerization system.” The study of the polymer growth
kinetics showed a linear growth for the first 40 min (Figure 4),
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Figure 4. Polymerization kinetics of both on-surface PET-RAFT
polymerizations of HPMA. Route A3: polymerization on RAFT agent-
modified surfaces that were obtained by reacting NHS-RAFT with
surface-immobilized PLL (orange). Route B2: polymerization on
RAFT agent-modified surfaces that were obtained by the self-assembly
of a PLL—RA macroinitiator (blue). Thicknesses were measured in
duplicate by ellipsometry.

which indicates the controlled nature of this surface-initiated
polymerization. The leveling off after 40 min might indicate a
reduced availability of the RAFT groups by either an increased
steric hindrance or chemical degradation.

The chemical composition of the grown poly(HPMA)
brushes was studied using XPS, while ellipsometry was used to
determine the layer thickness of the polymer brushes. After 80
min of polymerization, the coating reached a total thickness of
32.0 = 0.2 nm. Similar growth rates have been reported for this
HPMA monomer using PET-RAFT on silane anchoring
layers."® This implies that from a self-assembled polymeric
PLL starting layer, the polymerization works equally well
compared to well-defined silane monolayers. Figure 3 shows the
XPS spectra for the polymer brushes that were grown for 80 min.
In the wide scan, only three main peaks are observed, namely,
0, (531 eV), Ny, (388 eV), and C,, (285 V) in a 1.8:1:8.3

10191

ratio. This is in reasonable agreement with the elemental
composition of the poly(HMPA) structure (2:1:7) and with
previously published papers on HPMA brushes, which report a
ratio of 1.8:1:7.6,*° given the possibility of atmospheric
contamination

In the C narrow scan, a clear, more intense signal around 286
eV could be discerned, compared to the RAFT agent-terminated
surfaces from before the polymerization. This indicates the
increase of C—heteroatom species, which is in agreement with
the structure of the poly(HPMA) polymer. The SWCA of the
polymer layers reached a stable value of ~50° after 40 min of
polymerization. Additionally, after 80 min of polymerization, the
layers showed a low roughness (see Figure S12) as could be
expressed by a root-mean-square roughness R, = 2.44 + 0.44
nm, as measured by AFM (see the Supporting Information).
Overall, these data suggest a surface structure that is similar to
that previously reported for poly(HPMA) polymer brushes
grown by different surface-initiated controlled polymerization
methods.' " #**

Route B: Synthesis and Self-Assembly of a PLL—RA
Macroinitiator and HPMA Polymerization from PLL—RA-
Modified Surfaces. In route B, the coating was only partly
grafted from the surface. The RA was first coupled to PLL in a
solution to synthesize a PLL—RA macroinitiator. This PLL—RA
macroinitiator was then self-assembled on the surface, after
which HPMA was polymerized from the RA-modified PLL side
chains (Figure S).

B1: Synthesis and Self-Assembly of PLL—RA Macroinitiator
on SiO,. Route B started with the synthesis of a RAFT agent-
functionalized PLL polymer macroinitiator that could afterward
be immobilized on the surface (Figure S). By reacting a part of
the amine end groups with an NHS-activated RA, we envisioned
that enough lysine moieties would be left unreacted to achieve
efficient binding of PLL to the silicon oxide surface in the
subsequent self-assembly process. Therefore, we chose a 1:3
ratio of NHS-RA/lysine monomer in the synthesis of PLL—RA.
The synthesized PLL—RA macroinitiator was first characterized
by '"H NMR spectroscopy, also allowing for the determination of
the actual achieved RA/lysine ratio, which was found to be 1:9.8
(see Figure S1). This ratio was also supported by the elemental
composition of the PLL—RA after immobilization on a silicon
oxide surface: By comparing the ratios between the N and S,
signals in XPS, we found the RAFT/lysine ratio to be 1:8.5,
which is comparable to the ratio found by '"H NMR (see Figure
S9).

Several reasons could account for the lower observed degree
of RAFT agent incorporation. First, the reaction was stopped
after 16 h, which might be before full conversion had been
reached. The lower degree might have also been affected by the
relatively low solubility of PLL and NHS-activated RAFT agent
in a common solvent (HEPES buffer with 10 v/v% DMSO) or
by partial hydrolysis of the NHS ester. Finally, partial
protonation of the amine end groups might have lowered the
conversion of the reaction.

Nevertheless, having approximately nine out of ten lysines
available for surface anchoring likely leads to a more stable
coating while still having enough initiation points for the growth
of relatively long polymer brushes. This was demonstrated by
the successful growth of poly(HPMA) brushes from silicon
oxide surfaces that were coated by the PLL—RA macroinitiator,
as discussed below. The PLL—RA macroinitiator formed a
monolayer by self-assembly on a freshly cleaned silicon oxide
surface using the same protocol as in route Al (Figure 5). XPS
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analysis of this coating revealed signals for the elements N (at
400eV), C (285eV),and S (231 eV) on the surface. In addition,
the C narrow scan showed the characteristic signals for the
amide carbonyls (N—C=O0, 288.2 eV) and the nitrogen- and
carbonyl-bound carbon atoms (C—N and C—C=0), both at
286.2 eV (Figure 6).

The layer thickness of the PLL-RAFT macroinitiator coating
was calculated using the Si,,/C; ratio from the XPS wide scan
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and was found to be approximately 2.2 nm, which was thicker
than the value obtained in route A (1.3 nm), in which an
analogous coating was created by reacting the NHS-RA moiety
on preassembled PLL. The assembled PLL—RA coating (in
route B) had an SWCA of 36°, which is slightly less hydrophobic
than the PLL—RA coating from route A (SWCA of 42°). This
could be ascribed to the fact that the coupling of the RAFT agent
to PLL in solution (step B1) occurs randomly on the entire
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polymer, while the coupling on the surface (step A2)
predominantly occurs on the top (solution-exposed) part of
the PLL coating. Therefore, in route B, a smaller fraction of the
RAFT moieties could have an upward orientation compared to
the PLL-functionalized polymer discussed in route A, which
would explain the reduced increase in the hydrophobic character
of the overall coating for route B.

B2: PET-RAFT Polymerization of HPMA on PLL—RA
Macroinitiator-Modified SiO,. Once the PLL—RA macro-
initiator was immobilized on the surface, poly(HPMA) brushes
were grown using PET-RAFT conditions, as described in the
previous paragraph (Figure S). The layer thicknesses of the
polymer coatings that were grown for different time intervals
were measured using ellipsometry, allowing a comparison of the
kinetics of the polymerization for routes A and B (Figure 4). The
rate of polymerization is similar for the first 40 min, which
implies that the amount of the RAFT agent and hydrophilicity of
the surface are not rate-determining. After 40 min, the
polymerization in route A seems to continue, while the route
B polymerization seems to level off. This might be due to the
different availability of RA on the surface as discussed in step B1.

Figure 6 shows the XPS data of a polymer brush that was
grown for 80 min, and which had a thickness of 21 nm, as
determined from ellipsometry. In the wide scan, we see three
main peaks, namely, for the elements Oy, (532 eV), Ny, (400
eV),and C,, (285 eV) in a 2.3:1:9.1 ratio, which is in reasonable
agreement with the ratios found in the full grafting-from
procedure in route A (1.8:1:8.3). In this case, also, a very small
signal is visible from the silicon oxide surface (Si, 102 eV),
which confirms the slightly thinner coating as already measured
by ellipsometry. Also, the C,, narrow scan gave a very similar
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spectrum as previously observed for the poly(HPMA) coating in
route A. The SWCA stabilized after 30 min polymerization of
HPMA to ~50°. AFM topology measurements of the surfaces
after 80 min of polymerization revealed a somewhat higher
roughness Ry = 5.47 + 0.75 nm compared to surface A3 (2.44 +
0.44 nm). ThlS is probably due to the more hydrophobic, hence
less soluble, character of the initial PLL—RA. Overall, it can be
concluded that the polymerization by PET-RAFT from the
PLL—RA macroinitiator-modified surfaces was possible in only
two surface modification steps. The coupling of the RAFT agent
to the PLL polymer in solution did not significantly affect the
final polymerization step, which implies that the surface
modification procedure can be shortened by one step.

Route C: PLL—poly(HPMA) Coating via the Grafting-to
Procedure. Route C comprises a completely presynthesized,
grafted-to coating. HPMA was first polymerized from the PLL
macroinitiator in solution to create PLL—poly(HPMA)
bottlebrushes. These bottlebrushes were then self-assembled
on the surface in one single step (Figure 7). Furthermore,
bottlebrushes with carboxybetaine groups that offer the
possibility for later biofunctionalization [PLL—poly(HPMA/
CBMA)] were also synthesized and immobilized on a surface
using the method presented in route C.

C1: Solution Synthesis and Surface Immobilization of
PLL—poly(HPMA) by PET-RAFT Polymerization of HPMA from
PLL—RA Macroinitiator. The previously discussed routes (A
and B) required two or three consecutive surface modification
steps to create a PLL—poly(HPMA) coating on silicon oxide.
While route B is thus certainly attractive in terms of scalability,
we considered it to be of even more interest to further decrease
the number of surface modifications steps, so as to have a one-
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step procedure for the coating of silicon oxide surfaces by PLL—
poly(HPMA) bottlebrush polymers. In such a route, the full
polymer, a backbone polymer (PLL) with polymeric poly-
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(HPMA) side chains, is presynthesized in solution, and only
subsequently applied to the surface. To this aim, poly(HPMA)
side chains were grown from the PLL—RA macroinitiator, which
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was already synthesized for route B, in solution (Figure 7). From
the RAFT agent side groups of this macroinitiator, poly-
(HPMA) chains were grown by PET-RAFT polymerization in
water using visible light, Eosin Y as an oxygen-tolerant
photocatalyst, and triethanolamine (TEOA) as a cocatalyst, in
line with the conditions used in route B to grow poly(HPMA).**
Extensive dialysis allowed the isolation of the PLL—poly-
(HPMA) bottlebrush that could then be characterized by 'H
NMR spectroscopy (Figure 8). In the 'H NMR spectrum, peaks
at 5 3.08 and & 3.84 ppm confirm the presence of poly(HPMA)
side chains of the bottlebrush. From the ratio between the 'H
signal at 5 4.15 ppm from the PLL backbone and the 'H signal at
5 3.84 ppm from poly(HPMA), the ratio of the poly(HPMA)
monomer to the lysine monomer was found to be 1.4:1.
Combining this ratio, with the previously determined RA/lysine
ratio of the PLL—RA macroinitiator, the average chain length of
each poly(HPMA) side chain could be calculated to be roughly
14 repeating monomers, corresponding to approximately 2 kDa.
The total weight of the PLL—poly(HPMA) bottlebrush was
calculated to be 41 kDa (see calculations in the Supporting
Information).

The polymer molecular weight and polydispersity index
(PDI) were determined by gel permeation chromatography
(GPC) in water. Based on calibration by a set of poly(ethylene
glycol) standards and a poly(HPMA) standard, a molecular
weight of approximately 43 kDa was found, i.e, close to the
NMR-derived value. Furthermore, from GPC, a polydispersity
index (PDI) of 1.4 was determined. Further characterization by
dynamic light scattering (DLS) revealed a narrow size
distribution with an intensity peak maximum at a hydrodynamic
radius of 77 nm in water (Figure S11).

The synthesized PLL—poly(HPMA) bottlebrushes were
allowed to self-assemble on silicon oxide surfaces by overnight
immersion in a 0.1 mg:-mL™" solution of PLL—poly(HPMA) in
HEPES buffer. XPS analysis of this coating (Figure 9) showed
signals for N (at 399 eV) and C (285 eV) on the silicon oxide
surfaces, which is in agreement with the presence of a monolayer
of PLL—poly(HPMA). The C,, narrow-scan measurements
showed the expected signals for the amide carbonyls (C=0,
288.2 eV) and carbon—nitrogen and carbon—carbonyls (C—N
and C—C=0), both at 286.2 eV. The layer thickness of the
PLL—poly(HPMA) coating was calculated using the Siy/Cis
ratio from the XPS wide scan and was found to be approximately
0.9 nm. While this is a rather low layer thickness for a surface-
immobilized bottlebrush polymer, it should be pointed out that
the XPS thickness measurements were taken under ultrahigh-
vacuum conditions, creating a collapsed polymer layer (which
will expand upon immersion). Furthermore, the found dry
thickness is in agreement with other types of surface-
immobilized PLL-based bottlebrushes reported in the liter-
ature.”” " The self-assembly of PLL—poly(HPMA) lead to the
formation of a smooth layer (see Figure S12), as the reported
roughness by AFM was R, = 2.37 & 0.0S.

The SWCA of this PLL—poly(HPMA) coating was
approximately 20°. This hydrophilic character might be due to
the polar (partially charged) amine groups of the PLL within the
coating that are close to the solvent interface due to the relatively
low layer thickness of the overall coating. However, the SWCA
of the PLL—poly(HPMA) self-assembled coating is higher than
for the PLL monolayer with a comparable thickness observed for
step Al (which has a reported SWCA of below 20° for a 0.5 nm
surface-immobilized brush) due to the presence of poly-
(HPMA).

Carboxybetaine-Doped Poly(HPMA) Brushes for Biofunc-
tionalization Purposes. We have further improved the concept
of PLL—poly(HPMA) one-step antifouling coatings by
incorporating the possibility for biomolecule immobilization,
which is highly desirable for selective binding in, e.g, biosensors
and tissue engineering.”*”** The polymerization of HPMA
from the PLL—RA macroinitiator was also performed in the
presence of a second antifouling monomer that contains a
carboxylate group to allow for easy activation by conventional
coupling strategies, e.g, NHS/EDC, to couple bioactive
moieties. To this end, we selected a zwitterionic carboxybetaine
(CBMA) monomer that was also used previously for surface
functionalization.”'”'**° To this aim, 5% of CBMA monomer
was used for this polymerization, keeping the conditions the
same as described for the PET-RAFT solution polymerization.
The obtained PLL—poly(HPMA/CBMA) polymer was ana-
lyzed by "H NMR spectroscopy (see Figure S5). We observed
the expected additional signals coming from the CBMA
monomers, when compared to the PLL—poly(HPMA) bottle-
brush spectrum. Based on 'H NMR integration, the content of
CBMA was calculated to be 7.7% (see Figure SS). The
somewhat higher incorporation of the CBMA monomer likely
stems from the previously reported difference in reactivity
between the monomers.”® The polymer molecular weight and
PDI were approximated using GPC and gave a MW of
approximately 53 kDa and a PDI of 1.6. In addition, DLS gave
a narrow size distribution in water with a maximum at a
hydrodynamic radius of 111 nm (see Figure S11).

The synthesized PLL—poly(HPMA/CBMA) bottlebrushes
were allowed to self-assemble on silicon oxide surfaces under
similar conditions as described above. XPS analysis of this
coating (Figure 9) revealed signals for the elements N (at 400
eV) and C (285 eV) on the silicon oxide surfaces. The layer
thickness of the PLL—poly(HPMA/CBMA) coating was
calculated using the Siy,/C,; ratio from the XPS wide scan and
was found to be approximately 1.3 nm, which is in accordance
with the formation of a monolayer of PLL—poly(HPMA/
CBMA). The C,, narrow-scan measurements showed the
expected signals for the amide carbonyls (C=0, 288.2 €V),
carbon—nitrogen and carbon—carbonyls (C—N and C-C=0,
both at 286.1 eV). The higher amount of carbon—nitrogen and
carbon—carbonyl signals compared to the PLL—poly(HPMA)
layer (44 vs 38%) could be explained by the presence of the
CBMA monomer that contains an additional carbonyl group.
The layer thickness of the PLL—poly(HPMA/CBMA) coating
was calculated using the Si,,/C; ratio from the XPS wide scan
and was found to be approximately 1.3 nm. This layer was thus
slightly thicker than the PLL—poly(HPMA) monolayer, which
might be explained by the longer side chains. The SWCA of the
PLL—poly(HPMA/CBMA) coating was approximately 22°,
which is very similar to the PLL—poly(HPMA) analogue. The
self-assembly of the PLL—poly(HPMA)/CMBA lead to the
formation of a smooth layer (see Figure S12), as the reported
roughness by AFM was R, = 1.16 + 0.0S.

Having successfully incorporated CBMA in the PLL-
poly(HPMA) bottlebrushes, a broad and versatile platform for
(bio)functionalization was created. For both poly(HPMA) and
poly(CBMA), the antifouling properties are most probably
related to the strong binding of water molecules.’® The
combination of these polymers was previously utilized in
polymer brush systems that showed good antifouling proper-
ties." ™’ By activation of the carboxylate groups—either in
solution or on the surface—antibodies or other bioactive
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molecules can be installed for monitoring specific interactions
in, e.g., biosensor platforms.7’l4’58_6o

Antifouling Properties of PLL—poly(HPMA) Coatings.
Having successfully immobilized the three different PLL—
poly(HPMA) bottlebrush coatings on the silicon oxide surface, a
preliminary investigation of their antifouling properties was
performed. We quantified the amount of protein adsorption by
fluorescence microscopy, by exposing the PLL—poly(HPMA)
bottlebrush coatings to fluorescently labeled protein solu-
tions.'**** This method allows for a limit of fluorescent
protein detection of 300 pg'mm™" and thus suffices for initial
testing.”® For this study, lysozyme (LYS) and bovine serum
albumin (BSA) were used as model proteins at concentrations of
0.1 mg:-mL™" in phosphate-buffered saline (PBS) and contacted
with the surfaces for 15 min before washing with PBS. BSA was
chosen since it is one of the most common proteins in blood
plasma with an overall negative charge at pH 7.4 (PBS buffer).®!
LYS is a relatively small, hydrophilic protein and is used because
of its overall positive charge at pH 7.4 (PBS buffer).”> As
controls for the protein adsorption experiments, we used bare
silicon oxide surfaces, PLL-modified surfaces, and surfaces
modified with commercially available PLL-PEG, which is known
to have good antifouling properties.*’

The unmodified silicon oxide surface showed high fluo-
rescence intensities from both solutions (Figure 10), indicating
significant fouling. PLL-coated silicon oxide was used as a
control and already showed less fouling compared to the bare
silicon oxide surface, probably due to the hydrophilic and
charged nature of the sample, which contributes to the
antifouling properties.20 However, there still was a significant
amount of fouling by BSA visible on the PLL-coated silicon
oxide, likely due to the oppositely charged nature of BSA and
PLL. The PLL-PEG-coated silicon oxide control sample showed
the expected low fluorescence intensities, which confirms the
functioning of the procedure and antifouling behavior. The
fluorescent intensities for PLL—poly(HPMA)-based antifouling
coatings were observed on the background level. These data
show that PLL—poly(HPMA) coatings that were synthesized in
different ways (route A, B, or C) show antifouling properties
close to the limit of detection.

Comparing the Different Routes toward PLL—poly-
(HPMA) Bottlebrush Coatings. Coatings made by routes A,
B, and C showed very similar antifouling properties in single-
protein solutions, irrespective of any possible difference in their
built-up, thickness, surface topology, and/or brush density.
However, depending on the to-be-coated surface and

application, one can foresee that a certain route might be
preferred over the other two.

Both routes A and B lead to relatively thick and dense coatings
since the HPMA was grafted from an initiator-modified surface.
This could be beneficial for stability and long-term use since the
underlying anchoring layer is better shielded from the
environment.

Route A showed the straightforward application of PLL as a
multivalent, amine-terminated anchoring layer, on which a
polymerization agent can be attached (step Al). PLL could,
therefore, be an alternative to the often used silanes.*> ™% The
follow-up steps are versatile with regard to the polymerization
agent, technique, and monomer of choice.

In route B, the number of on-surface reactions is reduced to
one. In solution, a macroinitiator is synthesized by a one-step
coupling method. After that, the macroinitiator can be easily self-
assembled on the surface, after which polymers can be grafted on
the surface. This approach has also been used by Jain et al,*®
who modified a polymer with polymerization initiator groups
and embedded this new polymer in a layer-by-layer assay on
porous membranes to eventually grow polymer brushes from
these membranes in a grafting-from approach. The presynthesis
of the macroinitiator in solution allows for precise control over
the amount of the embedded polymerization agent and can be
specifically beneficial in cases were the anchoring layer (PLL)
and the to-be-polymerized monomer are impossible to
synthesize in solution because of opposite polarities (or other
properties that are challenging to combine in synthesis).

Both route B and C might result in less long-term stable
coatings compared to route A since the electrostatic interactions,
that assure surface binding, are partly sacrificed by attaching the
RAFT agent (route B) or poly(HPMA) side chains (route C)
prior to surface binding.

Route C is the easiest to apply on a surface and by far the
easiest to scale up because of the one-step self-assembly and lack
of on-surface reactions. The complete synthesis in solution
allows control and knowledge of the composition, molecular
weight, and dimensions of the formed polymer. Also, this
approach allows precise and quantifiable immobilization of
(bio)molecules in solution, which typically requires smaller
quantities of the (bio)molecule of interest in the overall coating
process or on the surface. The synthesis procedure in solution
takes time and requires purification. However, once synthesized,
only very small amounts of PLL—poly(HPMA) (as little as 0.1
mg-mL™") are needed to coat a surface, which makes it very
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desirable and cost-effective when a coating needs be applied to
multiple or large surfaces.

B CONCLUSIONS

In this work, we developed three different routes (A—C) to
prepare effective antifouling coatings that consist of PLL—
poly(HPMA) bottlebrushes. In these coatings, the poly(r-
lysine) (PLL) backbone self-assembles onto a silicon oxide
surface by charge-based interactions between the lysine groups
and the negatively charged surface, whereas the poly(N-(2-
hydroxypropyl)methacrylamide) [poly(HPMA)] side chains
contribute to the antifouling properties.

The PLL—poly(HPMA) bottlebrush polymer coatings were
produced using grafting-from techniques by polymerizing
HPMA from the surface (route A and B) and grafting-to of a
presynthesized PLL-poly(HPMA) bottlebrush (route C); the
latter case—taking place fully under ambient conditions with
only water as a solvent—is both very easy for repeated and/or
large-scale use and allows detailed characterization of the final
polymer in solution, while methods A and B have to rely on
surface-sensitive analytical methods for characterization. Addi-
tionally, in route C, a bottlebrush was synthesized that contains
5% carboxybetaine (CB) in its side chains, which offers the
possibility for further functionalization after an ester activation
step.

Overall, all surface modification routes (A—C) yield coatings
that show single-protein antifouling properties and are worthy of
further, more detailed antifouling studies.
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