Chinese Journal of

POLYMER SCIENCE #»+##%

Advanced Surfaces by Anchoring Thin Hydrogel Layers of Functional Polymers
Seidi Farzad, Zhao Wei-Feng, Xiao Hui-Ning, Jin Yong-Can, Saeb Mohammad Reza, Zhao Chang-Sheng

Cite this article as:

Seidi Farzad, Zhao Wei-Feng, Xiao Hui-Ning, Jin Yong-Can, Saecb Mohammad Reza, Zhao Chang-Sheng. Advanced Surfaces by
Anchoring Thin Hydrogel Layers of Functional Polymers[J]. Chinese J. Polym. Sci, 2021, 39(1): 14-34. doi: 10.1007/s10118-020-
2474-y

View online: https://doi.org/10.1007/s10118-020-2474-y

Articles you may be interested in

Suppression of Cell Adhesion on Polyacrylonitrile-Based Membranes by the Anchoring of Phospholipid Moieties
Chinese J. Polym. Sci. 2006, 24(1): 103

SELF ASSEMBLY OF ABC TRIBLOCK COPOLYMER THIN FILMS ON A BRUSH-COATED SUBSTRATE
Chinese J. Polym. Sci. 2009, 27(4): 583

SURFACE FUNCTIONALIZATION OF POLYSTYRENE TO BIND WITH FMRF PEPTIDES FOR NOVEL
BIOCOMPATIBILITY

Chinese J. Polym. Sci. 2010, 28(6): 895 https://doi.org/10.1007/s10118-010-9168-9

AOKT i 021 Ff HUIR PR 51 750 S L T e ] P R T I 3R
ELECTROSTATIC ABSORPTION OF AZO INITIATOR ONTO TiO2 PARTICLES AND in situ ANCHORING
POLYMERIZATION OF BUTYL ACRYLATE FROM MODIFIED TiO2

R T2F AR 2009(5): 445 https://doi.org/10.3724/SP.J.1105.2009.00445

JE B REA T 2] 5 0 8 ) 1 8 3 A B T SR

Preparation of Partly Fluorinated Anion Exchange Membranes with Side Chain Ionic Groups via a Post-functionalization Process
Tk 2017(12): 1974 https://doi.org/10.11777/3.issn1000-3304.2017.17059

A LR AR i b B 1) #6557 T S I
Printing and in situ Morphology Detection of Organic Thin Film Photovoltaic Devices
o T2FAR. 2019, 50(4): 352 https://doi.org/10.11777/5.issn1000-3304.2019.19010


http://www.cjps.org/
http://www.cjps.org/article/doi/10.1007/s10118-020-2474-y?pageType=en
http://www.cjps.org/article/cjps/2006/1/103?pageType=en
http://www.cjps.org/article/cjps/2009/4/583?pageType=en
http://www.cjps.org/article/doi/10.1007/s10118-010-9168-9?pageType=en
http://www.cjps.org/article/doi/10.1007/s10118-010-9168-9?pageType=en
http://www.gfzxb.org/article/doi/10.3724/SP.J.1105.2009.00445
http://www.gfzxb.org/article/doi/10.11777/j.issn1000-3304.2017.17059
http://www.gfzxb.org/article/doi/10.11777/j.issn1000-3304.2019.19010

Chinese Journal of
POLYMER SCIENCE

https://doi.org/10.1007/s10118-020-2474-y
Chinese J. Polym. Sci. 2021, 39, 14-34

Advanced Surfaces by Anchoring Thin Hydrogel Layers of

Functional Polymers

Farzad Seidi®", Wei-Feng Zhao®, Hui-Ning Xiao®", Yong-Can Jin?, Mohammad Reza Saeb¢,

and Chang-Sheng Zhao®”*

@ Provincial Key Lab of Pulp & Paper Sci and Tech, and Joint International Research Lab of Lignocellulosic Functional Materials, Nanjing Forestry University,

Nanjing 210037, China

b College of Polymer Science and Engineering, State Key Laboratory of Polymer Materials Engineering, Sichuan University, Chengdu 610065, China
¢ Department of Chemical Engineering, University of New Brunswick, Fredericton, NB, E3B 5A3 Canada
d Department of Resin and Additives, Institute for Color Science and Technology, 16765-654, Tehran, Iran

Abstract Surface design and engineering is a critical tool to improve the interaction of materials with their surroundings. Immobilization of soft
hydrogels is one of the attractive strategies to achieve surface modification. The goal of this review is to provide a comprehensive overview of the
different strategies used for surface tethering of hydrogel layers via crosslinking immobilization of pre-fabricated functional polymers. In this
strategy, crosslinkable polymers are first prepared via various polymerization techniques or post-functionalization of polymers. Afterwards, the
crosslinkable polymers are attached or tethered on the surfaces of substrates using a variety of approaches including photo-crosslinking, click
reactions, reversible linkages, etc. For each case, the principles of hydrogel tethering have been explained in detail with representative examples.
Moreover, the potential applications of the as-modified substrates in specific cases have also been addressed and overviewed.
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INTRODUCTION

Performance of the materials is highly dependent on the surf-
ace characteristics because the surface has direct contact with
the media. Virgin surfaces do not have satisfactory properties
for many applications and faced undesired issues including
fouling,l"! corrosion,? friction,®! and fogging.! Therefore, the
engineering of surfaces has been used extensively to improve
their properties. Hydrogels as the most well-known soft
materials are very promising for modification of the surfaces of
various substrates. The soft structure of hydrogels in aqueous
medium makes them excellent candidates in biomedical
applications.""8! One of the straightforward methods for
immobilization of thin hydrogel layers on the surface of
substrates is the fabrication of functional hydrophilic polymers
and subsequent crosslinkings on the surfaces.

In this strategy, it is essential to synthesize functional and
crosslinkable polymers using various polymerization tech-
niques. Alternatively, commercially available (bio)polymers
are modified first, followed by the crosslinking for their teth-
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ering on substrate surfaces. The as-fabricated polymers must
contain some crosslinkable groups such as benzophenone-
moieties for photo-crosslinking, carbene/nitrene-precursors
for photo/thermal crosslinking, thiol and/or ene-groups for
thiol-ene click crosslinking, trialkoxysilane-units for siloxane-
based crosslinking, catechol-units for bioinspired crosslinking
and so on. Presented in the current review are the key fea-
tures and main influencing factors in each strategy above in
terms of the type of reaction. The effects of thin polymer hy-
drogel layers on the performance of surfaces are discussed in
detail. Moreover, the potential applications of as-modified
substrates are also described briefly added to provide an in-
sight into the practical importance of the advanced surfaces
anchored with the thin layers of polymer hydrogels.

PHOTO-CROSSLINKING USING BENZOPHENONE
(BPH) UNITS

Moieties based on benzophenone (BPh) units are the most
well-known photosensitizers widely used for surface photogr-
afting of pre-fabricated polymers. In this strategy, BPh units
are covalently conjugated to the polymer backbones, substr-
ate surfaces or both. By coating the surface with polymer
solutions and exposing to UV-irradiation, radicals are generated
by BPh units via H-abstraction from the substrate surface and
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from the polymer chains. Radical-radical coupling creates C—C
crosslinking points among polymer chains and also between
the polymer chains with substrate surface. Since the surfaces
of inorganic substrates (Au, Si, stainless steel....) do not
contain C—H groups, therefore, it is necessary that such
surfaces are pre-modified either with BPh units or with other
organic molecules bearing C—H bonds to enable them to
participate in covalent attachment reactions.

The crosslinking density and the interface bonding stren-
gth are controlled by tuning the content of BPh units in poly-
mer chains. Higher content of BPh units increases hydrogel
toughness and creates more robust interfacial bonding
between the hydrogel layer and surface of the substrate.
However, high crosslinking density reduces the swelling and
flexibility of tethered hydrogel layers. Moreover, the high con-
tent of BPh, due to its hydrophobic structure, not only further
reduces the swelling but also increases the biofouling, thus
negatively influencing the potential biomedical applications
of hybrid materials. Another key factor that affects the thick-
ness of the hydrogel layer is the condition of casting the poly-
mer solution on the substrate surface. Polymer concentration
is one of the most important factors in manipulating the
thickness of hydrogel layers. Also, coating performance is af-
fected by the hydrophilicity of surfaces. For instance, the
coating of the aqueous solutions of photocrosslinkable poly-
mers on hydrophilic surfaces tends to produce thicker layers
than on hydrophobic ones. Therefore, pre-hydrophilization of
surface with self-assembled monolayers (SAMs) of hydrophil-
ic small molecules can enhance the attachment between the
surface and hydrogel layer.

In one report, BPh moieties were inserted both in the poly-
mer structure and on the substrate surface to increase attach-
ment opportunities (Fig. 1).% A series of water-soluble P(DMA-
Am-co-MaBPh) copolymers (DMAAm = N,N-dimethylacrylam-
ide, MaBPh = 4-methacryloyloxybenzophenone) containing
0 mol%—14 mol% MaBPh were used for immobilization of
hydrogels with dry thickness 100 nm on the surface of BPh-
functionalized LaSFN9 prism by UV-irradiation. Since in this
strategy, BPh is present both in polymer and on the substrate
surface, therefore many crosslinking points can be created
between polymer chains, thus leading to the thicker layers,
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compared with the case in which the BPh is available only on
the substrate surface.

Similarly, copolymers of N-alkylacrylamide monomers with
2 mol% MaBPh were used for attachment of thin hydrogels
on the surface of BPh-modified glass slide or Si wafer
(Fig. 1).'01 The N-alkylacrylamide monomers were including
N-methylacrylamide (MAAm), N-ethylacrylamide (EAAm),
DMAAm, N-propylacrylamide (PAAm), N,N-diethylacrylamide
(DEAAmM), and N-butylacrylamide (BAAm). The dry thickness
of the inserted layers was in the range of 200—-400 nm and in-
creased by swelling in water. The ratio of wet/dry thickness
was higher for monomers with shorter alkyl chains so that
for hydrogels made of MAAm and EAAm it was 5 and for
DMAAm it decreased to 3.5 whereas hydrogels with longer
alkyl chains showed slight swelling. Later, the swelling ratio
of these surface anchored hydrogels in the presence of moist
air as a function of humidity percent was determined using
optical waveguide spectroscopy.l'l By increasing the humid-
ity, the swelling was increased. The dry film thickness of
P(DMAAm-co-MaBPh) hydrogels was adjusted in the range of
49-716 nm by adapting the spin-coating conditions. The
thickness was increased to reach 65—-974 nm by increasing
the humidity to 92%. The response of the hydrogels to the
moisture and the ratio of the wet/dry thickness were almost
independent of the thickness. The water swelling behavior of
the hydrogels was highly affected by the MaBPh content.
Higher content of MaBPh decreased the hydrophilicity of the
hydrogel and increased the crosslinking density, which in
turn lowered the swelling. The dry thickness for hydrogels
with 1 mol%, 2.5 mol%, and 10 mol% of MaBPh was 649, 716,
and 475 nm which increased, respectively, to 882, 952, and
561 nm at 92% of humidity. These types of hydrogel materi-
als act like a surface lubricant and the lubrication mechanism
was explained in detail by Li et al.l'2]

Steinbach et al. used poly(ethyl ethylene phosphate)s
(PEEP) as new types of degradable hydrophilic polymers('3]
for hydrogel formation on the surface of BPh-modified Si
wafers (Fig. 2).'¥ First, copolymerizations of cyclic phos-
phates including 2-pentyloxy-2-oxo-1,3,2-dioxaphospholane
(PEP), 2-(2-ethylbutoxy)-2-oxo-1,3,2-dioxaphospholane (EBP),
2-(2-(furan-2-ylmethoxy)ethoxy)-2-oxo-1,3,2-dioxaphospho-
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Fig. 1 Immobilization of polyacrylamide-based hydrogel layers on the surface of the solid substrate via the introduction of

benzophenone photosensitizers on the surface of substrate and on the backbone of hydrogel precursor.
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Fig.2 Covalent attachment of polyphosphoester-based hydrogels on the surface of Si wafer.'¥

lane (FUEP), 2-(2-(benzophenone-4-oxy)ethoxy)-2-oxo-1,3,2-
dioxaphospholane (BeEP), and 2-(but-3-en-1-yloxy)-2-oxo-
1,3,2-dioxaphospholane (BUEP) by ring-opening polymeriza-
tion were performed to prepare P(EEP-co-BeEP), P(EEP-co-
BeEP-co-PEP), P(EEP-co-BeEP-co-EBP), P(EEP-co-BeEP-co-FuEP),
and P(EEP-co-BeEP-co-BuEP) copolymers. In all copolymers,
the content of EEP was high (85 mol%—95 mol%) to maintain
the hydrophilicity of the polymers. Surface of Si wafer was
functionalized with pure 3-ethoxybenzophenone silane
(3EBP), mixed 3EBP/3-aminopropyltriethoxysilane (APTES), or
mixed APTES/trimethoxypropylsilane (PTMS) to immobilize
amine, alkyl and BPh groups on the substrate surface. Cross-
linking and photo-immobilization of the obtained polyphos-
phoesters was highly affected by several factors: (i) Treat-
ment of Si wafer with pure 3EBP increased the surface hydro-
phobicity which caused the dewetting of hydrophilic poly-
phosphoesters. Therefore, surfaces modified with a 1/1 ratio
of mixed 3EBP/APTES had higher hydrophilicity and facilit-
ated the coating with hydrophilic polymers. (ii) No attach-

ment was obtained from P(EEP-co-BeEP-co-EBP) and P(EEP-
co-BeEP) copolymers whereas P(EEP-co-BeEP-co-PEP), and
P(EEP-co-BeEP-co-FUEP) generated hydrogel layers with the
thicknesses of 78 and 164 nm, respectively. (iii) For covalent
attachment of the polyphosphoester, the presence of BPh on
the Si surface was not necessary and polyphosphoester could
attach to the APTES/PTMS-modified Si surface. Indeed, the in-
corporated BPh units in the polymer chain structures were
enough to exhibit a dual function of crosslinking and surface
attachment. The thickness of the hydrogel layer was affected
by the ratio of APTES/PTMS. Silicon surfaces with higher
amino content were more hydrophilic, therefore immobiliza-
tion of hydrophilic polyphosphoesters was easier and thicker
layers were generated. By using Si surfaces modified with 1:1
molar ratio of APTES/PTMS, the thicknesses of P(EEP-co-BeEP-
co-PEP), P(EEP-co-BeEP-co-FUEP) and P(EEP-co-BeEP-co-BUEP)
layers were 104, 199, and 263 nm, respectively. Moreover, the
static contact angle and roughness (RMS) of the surfaces were
21°-26° and 0.40-0.68 nm, respectively, which reveal very
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smooth surfaces with high hydrophilicity.

Mixtures of a random terpolymer of P(DMAAm-co-MaBPh-
co-SSNa) with biomolecules (DNA, oligonucleotides, and pro-
teins) were used for one-step surface modification of various
substrates including polystyrene (PS), cyclic olefin polymer
(COP-01), polycarbonate (PC), Nexterion glass slides, poly-
methylmethacrylate (PMMA) and polypropylene (PP) via UV-
irradiation (Fig. 3a).'>! The immobilized hydrogel layer con-
taining biopolymers could act as a microarray for the analytic-
al detection of proteins and other biopolymers. Similarly,
solution mixtures of photocrosslinkable copolymers, includ-
ing P(DMAAmM-co-MaBPh), P(DMAAmM-co-MaBPh-co-GMA), and
P(DMAAmM-co-MaBPh-co-VPA) and a protein antibody (anti-
BSA), were cast on the surface of PMMA substrates (Fig. 3b)
and upon UV-irradiation turned into hydrogels to make a mi-
croarray structure for protein detection experiments.'! The
density of the present antibodies on the substrate surface
was controlled by adjusting the antibody:polymer feed ratio.
In this way, antibody-containing hydrogel layers with a thick-
ness of 15-55 nm were fabricated on the surface of the
PMMA substrate. Due to the antifouling characteristic of the
PDMAAm, non-specific protein adsorption was strongly pre-
vented. On the other hand, protein adsorption is possible
only for specific antibody-antigen interaction which results in
very high signal-to-background ratios. Furthermore, the re-
sponse can be tuned via adjusting the feed concentrations
of P(DMAAmM-co-MaBPh) photopolymer and antibody during
the formation of the hydrogel layer.

Buller et al. used the copolymers of 2-(4-benzoylphenoxy)-
ethyl methacrylate (BPEM) with oligo(ethylene glycol) methyl
ether methacrylate (OEGMEMA) and di(ethylene glycol)meth-
yl ether methacrylate (MEO,MA) for thin film formation on the
surface of APTES-modified Si wafer upon UV-irradiation (Fig.
3¢).['7l Copolymers without MEO,MA did not show the lower
critical solution temperature (LCST) whereas the ones pre-
pared with MEO,MA:OEGMEMA molar ratios in the range of
100:0 to 67:33 showed the cloud points of 22—57 °C. These
water-soluble thermosensitive copolymers contained 0.1
mol%-1.3 mol% BPEM as a photo-crosslinker segment. The
effect of BPEM content per each polymer chain was studied in
detail based on the gel content and efficiency of the film
formation. By changing the copolymerization condition, co-
polymers with M,, 49-292 kg/mol bearing 0.3—-3.4 units of
BPEM per each polymer chain were produced. The efficiency
of the network formation was studied by comparing film
thickness before and after UV-irradiation. In copolymers with
BPEM unit 1 per each polymer chain, a poor crosslinking effi-
ciency was reported. Under the best conditions, every BPEM
unit can create one covalent bond with another chain, there-
fore, the minimum amount of the required benzophenone
moieties to crosslink all polymer chains together is 1.0'8l
Therefore, the thicknesses of the P(OEGMEMA-co-BPEM) bear-
ing 0.1 and 1.0 BPEM units per each polymer chain were de-
creased to 32% and 85% of the initial spin-coated thickness
after UV-irradiation. Additionally, in samples that BPEM units
per each polymer chain were lower than 1, the efficiency of
crosslinking was improved by increasing the molecular
weight (MW) of the polymers. Indeed, without changing the

total content of BPEM only by increasing the polymer MW, it
was possible to incorporate at least one PBEM in each poly-
mer chain. The wet/dry thickness ratio of immobilized P(OEG-
MEMA-co-BPEM) films decreased from 20 to 4.5 by increasing
the BPEM content from 0.1 mol% to 1 mol% due to the high-
er crosslinking. Additionally, for the thermosensitive P(OEG-
MEMA-co-MEO,MA-co-BPEM) hydrogels, the wet thickness
was a function of temperature so that for the one with cloud
point 35 °C the wet thickness decreased from 200 nm at
20 °C to 75 nm at 65 °C. Similarly, a pH- and thermosensitive
hydrogel layer was immobilized on the 3-(trimethoxysilyl)
propyl acrylate (TMSPA)-functionalized glass surface using a
terpolymer composed of benzophenone acrylamide (BPAm):
NIPAmM:AA under UV-irradiation (Fig. 3d).['91 Due to the
thermo-sensitivity of the hydrogel, the wet/dry swelling ratio
was decreased from 2.5 at 23 °C to 1.1 at 50 °C. Also, a higher
energy dose upon irradiation created denser structures so
that the swelling ratio was decreased from 2.5 to 1.8 by in-
creasing the energy dose from 2.5 J/cm? to 50 J/cm2
Moreover, after the surface casting of the terpolymer, a two-
step UV-irradiation process was applied to obtain hydrogel
patterns with different crosslinking zones: (i) UV irradiation
of the casted terpolymer film in the presence of photomasks,
(ii) removing the photomasks and continuing the UV-irradi-
ation. The areas covered with photomask had been exposed
to UV less than the uncovered areas. Therefore, patterns with
two different crosslinking zones and different swelling beha-
viours were prepared.

Photocrosslinkable P(HPA-co-BPAm) copolymers were pre-
pared by reversible addition-fragmentation chain transfer
polymerization (RAFT) of BPAm with N-(2-hydroxypropyl)ac-
rylamide (HPA).l20 By increasing the BPAm content, the hy-
drophilicity was decreased so that the copolymer containing
10 mol% BPAm was not water-soluble. The casting of an eth-
anolic solution of P(HPA-co-BPAm) on the surface of APTES-
modified Si wafer and UV irradiation induced hydrogel forma-
tion (Fig. 3e). Monitoring of the UV spectrum of the hydrogel
during the irradiation process showed that after 4 s, the in-
tensity of the peak related to the benzophenone is decreased
significantly indicating a short time is enough for hydrogel
formation. Moreover, the thickness of the coated layer before
and after UV-irradiation remained almost constant, which re-
vealed high gel content of the process. The immobilized lay-
er was highly stable and its dry thickness remained constant
after incubation in phosphate buffer saline (PBS) for 24 h. In-
terestingly, regardless of the BPAm content the contact angle
of all hydrogels was 46° whereas the wet/dry swelling ratio
was 6.4, 2.0 and 1.7 for hydrogels containing 1 mol%, 5 mol%
and 10 mol% of BPAm. No fetal bovine serum adsorption was
detected on the surface of hydrogels, which reveal the ultra-
low fouling characteristics.

CROSSLINKING VIA CARBENE GENERATION

Carbene is another type of active groups that have been used
for surface tethering of hydrogels. Carbenes are generated by
(1) a-elimination of HX or X, from an organic halide, or (2) a-
elimination of N, from diazo-compounds upon hv or heat
treatment.?? Practically, the carbene formation from diazo-

https://doi.org/10.1007/s10118-020-2474-y
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Fig. 3 Benzophenone-mediated attachment of (a) DNA/protein-containing polyacrylamide hydrogel on the surface of polymeric
substrates,[>2" (b) antibody-containing polyacrylamide hydrogel on the surface of PMMA,!'® and (c) thermosensitive hydrogels on the
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compounds is safe and has been only such a type used for the
surface tethering of hydrogel films. Conjugated diazo compo-
unds produce carbenes in milder conditions such as lower
temperatures or higher UV wavelengths. Since carbenes are
very reactive and unstable intermediates, instantly after
generation involve in several reactions including insertion into
single bonds (including C—H, N—H, O—H), addition to double
bonds (such as C=C to create cyclopropane ring), and also
rearrangement reactions. In the formation of hydrogel layers,
C—H insertion reaction by carbenes is the most important one
since C—H is the most available linkage in polymers. Like the
BPh-strategy, surfaces without C—H bonds are required to be
first modified with SAMs of small molecules containing C—H
linkages to enable the surface for C—H insertion reactions.

In one report in 2013, carbene-crosslinked hydrogel laye-
rs were attached on the Si surface in a multistep process.[23]
Surface of Si wafer was first modified by a chlorosilane de-
rivative of N-Boc (tert-butoxycarbonyl) protected tyrosine
methyl ester (Fig. 4a). In parallel, hydrophilic copolymers of
AA, DMAAm, NIPAm, and SSNa with methacrylate derivative
of N-Boc protected tyrosine methyl ester (Fig. 4) containing 1
mol%—5 mol% of tyrosine were produced. The MW of copoly-
mers was in the range of 1.0x10°-3.0x10°> g/mol indicating
the presence of 10-50 tyrosine units per each polymer chain.
This amount of crosslinking points is more than enough to
create stable hydrogels. Diazotation of N-Boc protected tyr-
osine methyl ester units on the Si surface and in the back-
bone of copolymers was performed via the hydrolytic remov-

a (1)

| NHBoc
CI>SI/\/\
COOMe

(2) TFA, CH,CI,

. @) Y\CN, ACOH, Et;N
1

al of Boc groups and deprotecting primary amino groups with
isoamyl nitrite. Casting of copolymers on the surface of mo-
dified Si wafer and heating at 80—180 °C (or irradiation at
250 or 365 nm) generated surface-attached hydrogels. Heat-
ing or irradiation produced carbene via the elimination of N,
from diazo-groups on the Si surface and polymer structures.
The generated carbenes can insert into C—H, O—H, and
N—H linkages via direct and indirect mechanisms (Fig. 5a).l24!
In the indirect mechanism, carbene first undergoes the
Wolff rearrangement to produce the ketene derivative which
subsequently reacts with available nucleophiles in the sur-
rounding medium such as hydroxyl and amino groups. On
the other hand, direct insertion can occur especially with
C—H linkages.

By studying the effect of temperature on the crosslinking
behavior using a copolymer of NIPAm and tyrosine-based
monomer it was observed that at 100 °C, very low gel con-
tent was obtained meaning that carbene formation was
failed at this temperature. However, at 7>120 °C in 10 min gel
content reached 100%. On the other hand, hydrogel forma-
tion and crosslinking via irradiation showed carbene genera-
tion can occur only at 250 nm but not at 365 nm. The thick-
ness of the hydrogel layer could be controlled up to 100 nm
via adjusting the spin-coating conditions. Similarly, the sur-
face of Si wafer was modified by silanization with methyl 2-(4-
(3-(chlorodimethylsilyl)propoxy)phenyl)acetate  (PhAc-DMS)
and then was tethered by a hydrogel layer of PDMAAm-based
hydrophilic copolymers bearing diazo ester groups (poly-
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azides for nitrene generation and subsequent possible reactions of nitrene for the formation of new covalent bonds.

mers A and B in Fig. 4b).[25] Casting of polymers on the sur-
face of modified Si wafer and subsequent heat or UV-treat-
ment induced covalent surface attachment of the polymers
via carbene generation. The generated carbene groups un-
dergo C—H insertion from neighbouring polymer chains or
from surface inserted PhAc groups. Without Si functionaliza-
tion with PhAc-DMS units, no polymer attachment was ob-
served. By irradiation at 254 nm, after 10 min complete cross-
linking and attachment of the inserted layers were obtained.
However, irradiation at 360 nm needed longer gelation time
and the behavior of crosslinkable copolymers was com-
pletely different. In this wavelength, polymer A (Fig. 4b) re-
quired 2 h for complete disappearance of diazo bond in the
FTIR spectrum whereas no change in the intensity of the
diazo peak was observed for polymer B (Fig. 4b). It shows that
diazo group in polymer A which is conjugated directly with
phenyl ring is more reactive toward UV-treatment. Despite
photo-treatment, in thermal treatment the behaviours of co-
polymers were similar. Heating at 180 °C induced attachment
of the polymers onto the Si surface in 30 min whereas at
lower temperature yield of gelation decreased drastically. At
120 °C, after 2 h gel content remained below 30%-40%.

CROSSLINKING VIA NITRENE GENERATION

Nitrenes as another type of alternative reactive intermediate
have been used extensively for surface tethering of polymers.
Generally, nitrenes can be produced as reactive intermediates
from photolysis or thermolysis of isocyanates and azides via
elimination of CO or N, byproducts.?#?®) However, since iso-
cyanate is very reactive toward moisture and other nucleo-
philes, practically nitrene generation from azides is the most
well-known method in polymer chemistry. For covalently
tethering polymers to the surfaces, there are many reports

[26,27]

related to the nitrene generation from sulphonyl azides®%3" and
perfluorophenyl azides (PFPA)3273% however, only a few of
these reports are related to the tethering of hydrophilic layers.
It has been shown that sulfonyl azides!??”) and PFPAsi738!
undergo degradation upon heating to produce nitrenes. The
overall procedures for nitrene formation from azides and
subsequent reactions are depicted in Fig. 5(b). Same as BPh and
carbene, each nitrene in the ideal condition can create only one
crosslinking point; therefore, polymers are required to have at
least one nitrene precursor per each polymer chain to create a
stable hydrogel. However, it is also possible to graft an ultra-thin
layer of polymers bearing no nitrene precursors on the surfaces
pre-modified with a SAM of nitrene precursors. In this case,
there are only covalent attachment points between the surface
with polymer chains without crosslinking between polymer
chains. Therefore, the thickness of the tethered layer is strongly
controlled by polymer chain length or MW. Higher MWs pro-
duce thicker layers. Also, the immobilization of nitrene precur-
sors on the surface increases the adhesion of hydrogel layer to
the surface through the generation of more interfacial covalent
bonds. Moreover, multilayer hydrogels can be produced by
repeating the tethering process with various types of polymers
bearing nitrene precursors.2? Thickness, hydrophilicity, and
functionalities of each layer can be tuned individually. In this
strategy, due to the strong characteristic band of azide groups
at 2100-2200 cm™" in FTIR spectrum, the reaction can be
monitored by following the disappearance of azide band.

Schuh et al. immobilized hydrogel layers composed of
PDMAAm, PMAA, PAA, and PSSNa containing sulfonyl azide
moieties on the surface of octadecyltrichlorosilane (OTS)-
modified Si wafer (Fig. 6a).3% To generate nitrene on the
backbone of polymers, 4-styrenesulfonyl azide (SSAz), as
nitrene precursor, was radically copolymerized with DMAAm,
MAA, AA, and SSNa. By heating the casted layers of polymers
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groups for tethering of monolayer films of hydrophilic polymers. (e) Tethering of pullulan,*"! dextran!*243 based-hydrogels on the
surface of Si wafer and polymeric membranes.

on the surface of OTS-Si at 140—170 °C, azide decomposition C—H inserting methods. Immobilization of polymeric net-
and nitrene production were completed in 1 h, and hydrogel works from copolymers containing the sulphonyl azide
layers with gel content of 95%-100% were produced via groups on the surface of OTS-modified Si wafer was later ex-
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tended for controlled surface attachment of multilayers with
various compositions.2% Indeed, after crosslinking and at-
tachment of the first layer, the process repeated for inserting
another network layer with another batch of crosslinkable
polymer. The thickness of each layer was controlled by chan-
ging the polymer concentration for spin-coating. There was
no limitation for the number of deposited crosslinked layers,
their thickness, and their compositions. By sequential depos-
ition and crosslinking of hydrophobic and hydrophilic poly-
mers it was possible to generate AB-multilayer networks of
hydrophilic-hydrophilic, hydrophobic-hydrophobic, and hy-
drophobic-hydrophilic with desired thickness. By this way, a
seven-layer network composed of PS, poly(4-bromostyrene)
(PSBr), PDMAAmM, PMMA, PMAA, PAA, and PSSNa (each poly-
mer contained 2 mol%-5 mol% SSAz) was immobilized on
the surface of Si wafer via sequential tethering of each layer
(Fig. 6b).

In another alternative way, the sulphonyl azide groups
were immobilized directly on the Si surface and used for at-
tachment to the polymers via thermal treatment (Fig. 6¢).3"
4-(3-Chlorodimethylsilyl)propyloxybenzenesulphonyl  azide
derivative as a nitrene precursor was immobilized on the
surface of Si wafer. The casting of the modified Si with
PDMAAmM and heating to higher than 120 °C tethered a
monolayer film on the Si surface. The attached layer was
highly stable so that after extensive Soxhlet extraction with
ethanol it remained stable. By using PS (instead of PDMAAm)
as a control sample it was revealed that the thickness is a
function of time, temperature and polymer MW. At higher
temperatures, thicker films are achieved at shorter time; for
instance, after 2 h heating at 120, 140, and 180 °C the thick-
ness of the immobilized layer reached 2, 6, and 10 nm, re-
spectively. Moreover, by increasing the MW, the thickness in-
creased continually. Heating at 160 °C for 2 h using PS
samples with MW of 3.0x10% and 3.0x106 g/mol resulted in
the thicknesses of 1 and 12 nm, respectively.

In two similar reports, poly(2-ethyl-2-oxazoline) (PEOX) was
tethered on the surface of perfluorophenyl azide (PFPA)-func-
tionalized Si or Au substrates to improve the antifouling prop-
erties (Fig. 6d).B6401 Surfaces of Si and Au were first pre-
treated with N-(3-trimethoxysilylpropyl)-4-azido-2,3,5,6-tetra-
fluorobenzamide (PFPA-silane) and 11,11"-disulfanediylbis-
(undecane-11,1-diyl)-bis(4-azido-2,3,5,6-tetrafluorobenzoate)
(PFPA-disufide), respectively. Spin-coating of a chloroform
solution of PEOX on the surface of PFPA-functionalized sub-
strate and exposing to UV light at 280 nm lead to the cova-
lent tethering of a monolayer of PEOX. Upon UV-irradiation,
nitrenes are produced which in turn attached to the PEOX
chains via C—H insertion into the neighbouring polymer
chains. Since the nitrene groups are available only on the sub-
strate surfaces, therefore, the reaction and conjugation of
nitrenes with the polymer chains mainly occur on the poly-
mer-substrate interfaces without many crosslinking bonds
between polymer chains. Accordingly, increasing the poly-
mer concentration for spin-coating and increasing the time of
the UV curing have no benefit for increasing the film thick-
ness. However, the film thickness is a function of Ry of the
polymer, which means polymers with higher molecular

weights create thicker layers. By increasing the thickness of
PEOX layer the adsorption of bovine serum albumin (BSA)
was decreased, which implies the improvement of the anti-
fouling properties.

Photo-crosslinkable azidoaryl-derivative of pullulan was
used for surface functionalization of PS, PE, and APTES-modi-
fied glass slides (Fig. 6e).[411 Casting of an aqueous solution of
azidophenyl-pullulan and exposing to the UV-irradiation with
or without a photomask lead to the attachment of a continu-
ous or micropattern hydrogel layer. PS and PE were used dir-
ectly whereas the glass was pre-treated with APTES to create
some C—H linkages on the glass surface. Adhesion of
RAW264 macrophages cells to the micropatterned surfaces
showed locations with the pullulan hydrogel layer had no ad-
hered cell whereas sites without hydrogel were covered com-
pletely with a thick layer of the cells. Indeed pullulan can in-
hibit the attachment of macrophages cells.*4 Similarly,
azidophenyl derivative of dextran (Dex) was used for hydro-
gel layer immobilization on the surface of aminated-PET
membranes,*2 and O, plasma-treated PS and PU substr-
atest3l under UV-irradiation (Fig. 6e). The Dex derivatives with
DS<0.31 were water-soluble whereas the ones with higher DS
showed limited water solubility. Monitoring of hydrogel form-
ation via FTIR showed that after 15 min irradiation, the bands
of azide groups disappeared completely. Amination or
plasma-pretreatment of substrates improved the polarity and
wettability which in turn increased the interaction of the sub-
strates with the aqueous solution of Dex and facilitated the
attachment. The static contact angles of 82°, 24°, and 0° for
PET, aminated-PET, and PET-g-Dex revealed the improved wet-
tability. Also, the contact angles of the plasma-treated sub-
strates were around 80° which after immobilization of the Dex
hydrogels reduced to less than 10°. The presence of the Dex
layer improved the antifouling behavior with almost no hu-
man albumin adsorption.

CROSSLINKING VIA TRIALKOXYSILANE GROUPS

Polymer chains bearing trialkoxysilane moieties enable an-
other approach for surface grafting of polymer networks,*>~*°
which is especially useful for anchoring hydrogel layers on the
surface of inorganic substrates such as glass, silicone, metal
oxides and steel containing M—OH (M = Si or metal) on their
surfaces. Condensation between Si—OR groups on polymer
backbone and M—OH on substrate surface induces the
Si—O—M linkages. Meanwhile, the formation of Si—O—Si
linkages creates the crosslinking among polymer chains. Cross-
linking and condensation reactions are usually triggered by
the hydrolysis of siloxane groups upon heating or in the
presence of acid/base catalysts. Additionally, nanocomposite
hydrogels can be prepared by the addition of the nanopartic-
les of SiO, or other metal oxides to the polymer solution for
casting. Indeed, in these types of tethered nanocomposite
layers, the nanoparticles are not physically distributed in the
hydrogel layer, but covalently linked with trimethoxysilyl (TMS)
groups on polymer backbones.

Immersing of glass slides in a methanolic solution of P(TM-
SPMA-co-OEGMEMA) (TMSPMA = 3-(trimethoxysilyl) propyl
methacrylate) led to the adsorption of a thin layer of polymer
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(Fig. 7A) with thickness of 1.1 nm.5% The thickness of the ad-
sorbed layer was independent of time and polymer concen-
tration so that in the range of 1-48 h with polymer concen-
tration of 5-50 mg, the same thickness of the adsorbed layer
was observed. Indeed, the adsorbed polymer layer prevents
further attachment of another polymer chain to the glass sur-
face. Curing of the adsorbed polymer and its covalent attach-
ment to the surface were achieved via 2 h heating at 120 °C or
incubation in PBS (pH 7.4) at 37 °C for two weeks. The thick-
ness remained constant before and after curing. The smooth-
ness of the surface was highly dependent on the substrate
quality. Pre-treatment of the glass surface with O, plasma led
to the fabrication of a very smooth surface (RMS 0.13 nm)
whereas in glass slides without plasma treatment some ag-
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gregates were observed on the surface after polymer attach-
ment. Plasma treatment increased the number of Si—OH
groups and prevented self-condensation of polymer chains
together, which result in undesired aggregation. Similarly,
Dong et al. prepared quaternary derivative of poly(dimethyl-
aminoethyl methacrylate) (PDMAEMA) bearing TMS groups
via partial quaternization of its tertiary amino groups with 3-
(iodopropyl)trimethoxysilane (IPTMS) followed by the full
quaternization with bromoethane.l>'l Nanocomposite solu-
tions of quaternized PDMAEMA with various contents of SiO,
nanoparticles were used for spin-coating on the glass slides
to fabricate the superhydrophilic surfaces (Fig. 7B). The hy-
drophilicity was a function of SiO, type and content. Forma-
tion of a tethered network of quaternized PDMAEMA created

o} O Si(OEt),
f (2) HCl (gas)
S .
R/ 3)A (1) HCI, dioxane

a (2) NaOH, H,0

gJ\O/\/O\ b

Schematic descriptions for covalently tethering of (a) PEGylated hydrogels on the glass surface,5% (b) superhydrophilic

nanocomposite hydrogels on the glass surface,*" (c) zwitterionic polyoxanorbornene hydrogels on the Si surface,*® (d) hydrogels with
reactive N-hydroxy succinimide ester groups on various substrates and subsequent functionalization with biomolecules,#’~49>3! and (e)
hydrogels bearing mannose moieties on the surface of photonic crystal film for fabrication of lectin ConA selective biosensor.>
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a contact angle of 83° which decreased by incorporation of
silica nanoparticles in the network structure. By the addition
of 35 wt% and 50 wt% of dry fumed silica nanoparticles, the
contact angle decreased to 14° and 5° respectively, whereas
the addition of 35 wt% and 50 wt% of colloidal silica nano-
particles reduced the contact angle to 43° and 42°, respect-
ively. The dispersion state of the SiO, nanoparticles is the
main point for the determination of the final surface rough-
ness so that the roughness of bare glass increased from 3 nm
to 63 nm by incorporation of 35 wt% of fumed silica nano-
particles in the coating structure.

Diverse types of cationic, carboxybetaine, and sulfobetaine
norbornene-based monomers were copolymerized with tri-
ethoxysilane-norbornene derivative via a ring-opening meta-
thesis polymerization (ROMP) and used for immobilization on
the surface of Si wafer.d! Since kinetic of ROMP is drastically
retarded by carboxylate groups,52 therefore, instead of dir-
ectly using zwitterionic forms of norbornene derivatives, the
cyclic maleimide derivatives of the monomers were used for
polymerization; also the COOH group in monomer d (Fig. 7C)
was protected with tert-butyl group. Spin-coating of organic
solutions of norbornene-polymers on the Si surface and treat-
ment by HCl and then heat treatment induced crosslinking of
the polymer chains and attachment onto the silicon surface.
Triethoxysilane groups did a dual function of crosslinking of
polymer chains and anchoring of fabricated network on the
surface. After immobilization of norbornene-based networks,
the tert-butyl protecting group in repeating unit d was re-
moved by treating with HCl to obtain carboxybetaine group
and the cyclic maleimide rings in the repeating units a, b, ¢
(Fig. 7C) were hydrolyzed by NaOH to obtain the zwitterionic
hydrogels. The hydrogel thicknesses were tuned in the range
of 20-200 nm by adjusting the concentration of polymer
solution at 1 wt%—5 wt%. The increased thickness upon swell-
ing in water was only 2—3 nm, which reveals the high density
of crosslinking. The static contact angle was highly depend-
ent on the polymer composition so that the lowest contact
angle (32°) was for the hydrogel with OEG units and the
highest one (70°) was for the hydrogel with octyl chains.
Study of the protein adsorption for BSA, fibrinogen, Lys, myo-
globin and cytochrome c showed that all silicon wafers
coated with norbornene-based zwitterionic hydrogels (ex-
cept the one with octyl chains) showed better anti-fouling
properties than virgin Si wafer. Moreover, zwitterionic hydro-
gel with OEG units showed the lowest adsorption of BSA, fib-
rinogen, Lys, myoglobin, however, the adsorption of cyto-
chrome c on the surface of zwitterionic hydrogel with C1
units (monomer a in Fig. 7C) was less than the one with OEG
units. Moreover, converting the cationic surfaces to the zwit-
terionic ones by hydrolysis of maleimide units with NaOH im-
proved the antifouling properties significantly.

There are several reports about the application of water-
soluble terpolymers of DMAAm, TMSPMA, and N,N-acryloy-
loxysuccinimide (NAS) for modification of the surface of glass
slides, Si wafer, silica capillaries, nitrocellulose and plasma-
treated gold (Fig. 7D).147-49:531 The presence of TMS groups al-
lows the surface attachment and crosslinking of polymer
chains whereas N-hydroxysuccinimide esters provide active

sites for covalent conjugation with biomolecules. Conjuga-
tion of amino-modified DNA strands with coated layer via re-
action with NAS units was used for the preparation of low-
density DNA microarrays. Also, surface coating of fused silica
capillaries with P(DMAAmM-co-TMSPMA-co-NAS) and sub-
sequent reaction of NAS groups with ethanolamine or PEG-
NH, provide a powerful separation system that was used for
separation of protein mixtures (Lys, cytochrome ¢, and ribo-
nuclease A) via capillary electrophoresis. Due to the attach-
ment to the surface via siloxane linkages, the immobilized lay-
er remained stable in aqueous media in the presence of sodi-
um dodecyl sulfate (SDS), urea, and salt even at boiling tem-
perature. The dry thickness of the immobilized hydrogel was
2—7 nm which depends on the concentration of the applied
polymer solution. Hydration and swelling of the hydrogel in-
duced an increase of 7-20 nm in thickness. Similarly, P(OEG-
MEMA-co-TMSPMA-co-NAS) was used to tether thin hydrogel
layers on the surface of UV/Os-treated photonic crystal films
(Fig. 7E).154 The reactive N-hydroxysuccinimide ester groups
were then reacted with amino groups of lectin ConA. There-
fore, in the next step the crosslinked nanoparticles bearing
mannose moieties were prepared via free radical copolymer-
ization of NIPAM:TBAAM:AA:MBA:ManAm (TBAAm = N-tert-
butyl acrylamide, ManAm = p-acrylamidophenyl-a-D-man-
nopyranoside) in the presence of SDS. Immersing of photonic
crystal which has already been modified with hydrogel and
ConA layer in a dispersion of mannose-bearing nanoparticles
or in an aqueous solution of the homopolymer of poly(Man-
Am) induced attachment of a layer of NPs or poly(ManAm) on
the surface of hydrogel layer via selective binding between
mannose with ConA units. AFM images showed a flat surface
with hole patterns for virgin photonic crystal films. The hole
pattern remained during all modifications; however, the sur-
face became rougher. Due to the presence of the mannose
moieties on hydrogel surface, the obtained hybrid structure
could act as a sensitive and selective biosensor for the det-
ection of low concentrations of ConA. The detection limit
was even lower than that of the surface plasmon resonance
sensor.

CROSSLINKING VIA THIOL-ENE CLICK REACTION

There are two types of thiol-ene reactions:>>*® (1) addition of
thiols to electron-rich or electron-poor alkenes triggered by
radical initiator, UV light or heat, and (2) addition of thiols to
electron-poor alkenes using a catalyst which usually is an
amine or phosphine. This reaction has found great application
in polymer and material chemistry.””>8 The reaction of hydro-
philic polyenes and polythiols on the surface of substrates
(bearing ene or thiol groups) has also been used to generate
network layers covalently attached to the surfaces.’°=%3! UV-
triggered thiol-ene reactions using electron-rich alkene moie-
ties have been applied more than amine/phosphine catalyzed
ones for surface tethering of hydrogel layers. This might be due
to the fact that UV-triggered systems are more controllable than
the amine/phosphine catalyzed ones. Indeed, the presence of
the electron-poor alkene units for amine/phosphine catalyzed
reactions leads to the instant initiation of the thiol-ene reaction
even in the absence of catalysts, making the control more
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difficult. Highly reactive polyenes based on electron-poor C=C
bonds have been mostly used for layer-by-layer surface
tethering of hydrogel layers!®¥ or the fabrication of injectable
hydrogels.® On the contrary, the electron-rich units cannot
react rapidly with thiols in the absence of UV light or without
heat. This feature was utilized for the fabrication of inter-
penetrating polymer network (IPN) and double-network (DN)
hydrogels.[”!

Kurowska et al. used a combination of BPh-method and
thiol-ene reaction for the immobilization of the oxanor-
bornene-based hydrogels on the surface of Si and Au sub-
strates to improve the anti-fouling and antibacterial proper-
ties.l66671 Zwitterionic poly(amino/carboxylate) (PZI), zwit-
terionic polysulfobetaine (PSB), and polycationic (SMAMP) ox-
anorbornene polymers (Fig. 8b) were obtained via ROMP of
N-Boc protected oxanorbornene monomers using Grubbs
catalyst and subsequent deprotection of Boc group.l6¢! Also,
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copolymers of oxanorbornene monomer bearing N-Boc pro-
tected amino groups with an oxanorbornene-functionalized
PEG (Fig. 8b) were prepared by ROMP and used for surface
modification of Si and Au substrates.l”) Spin-coating of a
mixture of oxanorbornene polymers with pentaerythritoltet-
rakis(3-mercaptopropionate) crosslinker (Fig. 8a) on the sur-
face of BPh-attached Si and UV-irradiation resulted in simul-
taneous crosslinking of oxanorbornene polymer via thiol-ene
reaction and attachment of the generated hydrogel layer (dry
thickness 70—150 nm) to the Si surface.l66] The static contact
angles of PZI, PSB, and SMAMP oxanorbornene polymers
were 20° 37°, and 70°, respectively, and the wet/dry swelling
ratios were 1.9, 1.6, and 1.2. The presence of hydrophobic al-
kyl chains in polycationic hydrogel made it less hydrophilic
than the other hydrogels. At pH 7.4, zeta potentials of PZI,
PSB, and SMAMP hydrogels were —23, -2, and -34 mV, re-
spectively. Due to the presence of NH, and COOH groups, the
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(a, b) Synthesis of polyamino/carboxylate, polysulfobetaine, polycationic and polycationic-PEG poly(oxonorbornenes) and their

tethering on the surface of benzophenone-functionalized Si or Au substrates in the presence of tertrathiol crosslinker via thiol-ene
reactions.°%” Thiol-ene click strategy for tethering of (c) thermosensitive hydrogels on the Si surface,*® (d) nanocomposite hydrogels,
multilayer hydrogels, and IPNs on the Si surface,’®” (e) hydrogels bearing conjugated drug on the surface of Si wafer.[68]
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zeta potentials of PZI and SMAMP hydrogels were a function
of pH and became positive by decreasing pH. However, the
surface charges of polysulfobetaine were almost independ-
ent of pH. Polycationic hydrogel layer was antibacterial but
did not show antifouling behavior whereas the polysulfobe-
taine showed a contradict behavior with great antifouling
and negligible antibacterial activity. On the other hand, PZI
zwitterionic hydrogel combined both antibacterial and anti-
fouling properties. Also, in the immobilized cationic-PEG ox-
anorbornene hydrogels on the Si surface, fibrinogen adsorp-
tion was decreased so that for samples with 0 mol% and 25
mol% of PEG-containing monomers the fibrinogen adsorp-
tion was 11 and 1 ng/mm?, respectively. All the hydrogels re-
gardless of PEG content could kill E. coli completely whereas
for S. aureus less efficiency was observed.

Li et al. fabricated temperature-responsive surfaces via
tethering of PNIPAm hydrogels on the surface of Si wafers
(Fig. 8c).5% In P(NIPAm-co-AA) copolymers with different
molecular weights, the AA groups were partially (~2 mol%)
modified with allylamine. Spin-coating of a mixture of ene-
P(NIPAm-co-AA) and dithiothreitol (DTT, crosslinker) on the
surface of thiolated-Si (MPTMS-Si) and treatment at 120 °C
resulted in hydrogel formation. The thickness of the hydrogel
was controlled at 100—2500 nm by tuning the MW and poly-
mer concentration. The thermal treatment for crosslinking
was preferred to the UV treatment due to the uniform cross-
linking of the polymer layer in the whole network structure.
Wet/dry thickness ratio of immobilized hydrogel with dry
thickness greater than 150 nm at T<LCST was 4 whereas at
T>LCST it decreased to 1.5. The swelling ratio was independ-
ent of thickness, indicating the similar crosslinking densities
in the whole structure of the hydrogel network for different
thicknesses. However, at the thickness below 150 nm the
swelling decreased significantly by decreasing the thickness.
Since the distribution of the crosslinks is homogenous in the
hydrogel structure, therefore, the reason for the drastic de-
crease in swelling for ultrathin films of the PNIPAm layer was
attributed to the constraint effect due to the surface attach-
ment.

Thiol-ene reaction was extended by Chollet et al. for im-
mobilization of hydrogel multilayers, IPNs, and nanocompos-
ite hydrogels on the surface of MPTMS-Si wafer or DTT-gold
substrates (Fig. 8d).0 In the fabrication of multilayer hydro-
gels, each layer was prepared upon spin-coating of the ene-
PAA or ene-(PNIPAm-co-AA) in the presence of DTT and cur-
ing at 120 °C or UV-irradiation at 254 nm. In IPN formation,
before curing of the second layer a long term equilibration
time between first immobilized hydrogel with DTT and ene-
polymer mixture was required to assure the homogenous dif-
fusion of the ene-polymer and DTT inside the first hydrogel.
Therefore, the second spin-coated layer was kept under a sat-
urated vapor atmosphere of methanol/butanol for 48 h and
then followed by heat curing. Also, the immobilized nano-
hybrid hydrogel was achieved via one-layer hydrogel forma-
tion in the presence of SiO, nanoparticles. Similar molecular
weights of PAA and P(NIPAm-co-AA) yielded similar thickness
indicating being independent of the polymer type. Curing
with UV required shorter time (2 h) than thermal treatment

(12 h) and can be used for surface micropatterning by apply-
ing the desire photomasks during irradiation."l In the fa-
brication of multilayer hydrogels, the thickness of the total
multilayer structure was increased linearly by increasing the
number of layers. The wet/dry swelling ratio of bilayer hydro-
gel was the same with the swelling ratio of the single hydro-
gel with a similar thickness, which means during the immobil-
ization of the second layer, only a little interdiffusion has
happened between layers. On the other hand, the swelling ra-
tio of IPN was half of that in single hydrogel due to the fact
the crosslinking density in IPN was doubled compared with
that in the single hydrogel layer. Expectedly, in nanocompos-
ite hydrogel layers the dry thickness of the layers increased by
increasing the SiO, content. However, the swelling ratio de-
creased by increasing SiO, content so that in hydrogels with
0 wt% and 63 wt% the swelling ratio was 4 and 1.2, respect-
ively. The reason for lower swellability was the topological
constraints and H-bonding between nanoparticles with the
polymers which act as a crosslinking agent and decrease the
swelling of the hydrogels.

Hydrogel layer bearing conjugated indometacin (an anti-
bacterial drug) was tethered on the surface of Si wafer via thi-
ol-ene reaction (Fig. 8e).%8] Ene-PVA and ene-P(AMSA-co-AA)
were prepared by allylation of AA units of P(VA-co-AA) and
P(AMSA-co-AA) with allylamine. Coating of mixed solutions of
ene-PVA, ene-P(AMSA-co-AA) and DTT on the surface of
MPTMS-modified Si wafer and exposing to UV-light induced
hydrogel formation. By increasing the total polymer concen-
tration from 2 wt% to 12 wt% the thickness increased from
0.4 ym to 3.5 pm. The reaction of the acyl chloride derivative
of indometacin with hydroxyl groups of PVA segments in the
immobilized hydrogel created the prodrug hydrogel layer.
The hydrophilicity of the hydrogel was affected drastically by
the hydrogel composition. The static contact angle of bare Si
wafer was 76° which changed to 35° and 50° for hydrogels
containing 30% and 70% of PVA segments. The higher con-
tact angle of the samples bearing higher content of PVA was
due to the lower hydrophilicity of PVA in comparison to
PAMSA. Conjugation of hydrophobic indometacin to the
PVA segment is another reason for increasing the contact
angle of samples with higher PVA content. Approximately
80% of the drug was released after 2 days via hydrolysis of the
ester bond at pH 7.4.

CROSSLINKING VIA CATECHOL UNITS

Polymers bearing catechol units have been used widely for sur-
face anchoring of the thin layers.®’% Mechanism and chemistry
of bioinspired catechol-based coatings have been summarized
in several reviews.”72 Catechols can attach to various surfaces
through diverse types of interactions (Fig. 9).73) The hydroxyl
groups of catechol have a high affinity for attachment to the
metal oxides via formation of charge-transfer complexes.
Moreover, the phenyl ring enables catechol interaction with
diverse types of polymeric substrates via mr-m and van der Waals
interactions. Also, H-bond formation between catechols and
hydrophilic surfaces is another driving force for the attachment
of catechol-bearing polymers to the substrates. The catechol
units can be oxidized to quinones by air in weak basic medium
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and undergo crosslinking via dimerization. The quinones can
further react with amines via Michael addition or Schiff base
formation, and thiols through thiol-ene click reactions. There-
fore, catechols are unique moieties for grafting versatile
hydrogels on the surface of various organic and inorganic
substrates. Generally, surface pretreatment is not required since
the surface has at least one type of the interactions depicted in
Fig. 9 for attaching catechol containing polymer layers.
Modification of the surfaces using catechol-bearing poly-
mers usually is performed in a buffer medium with weak basi-
city. The selection of the buffer is important for different sub-
strates since components of some buffers can interfere in the
coating process. For instance, phosphate anions in PBS can
adhere to the surface of inorganic oxides;74 primary amino
groups in Tris buffer can react with catechols;7>! and borate in
boric buffer creates a complex with cis-diol of catechol and
prevents its oxidation.[’8l Therefore, 3-(N-morpholino)propan-
esulfonic acid buffer is usually used for metal oxides; whereas
PBS buffer for polymer substrates. Since catechols are very
sensitive to oxidation in alkaline medium, the corresponding
polymers need to be handled under protective conditions pri-
or to forming hydrogels. Furthermore, a high amount of cat-
echol units increase the hydrophobicity of surface, which is
considered as a drawback for anti-biofouling application.
Four-arm PEG with terminal succinimidyl ester groups was
conjugated with dopamine (Fig. 10a) and used for surface
modification of plasma-treated TiO, and glass substrates.’!
By using 0.5 mg/mL of the PEG-catechol derivative in
aqueous buffer medium, incomplete coverage of the surface
was obtained whereas in 2 mg/mL the surface was fully
covered with a layer with a thickness of 3—4 pm. The surfaces
coated with 2 mg/mL of PEG-catechol solutions showed a sig-
nificant reduction (>98%) in protein adsorption from the
whole bovine serum. A bifunctional PEG derivative (named as
SBCaPEG) bearing catechol and sulfobetaine groups was pre-
pared via reaction of PEG diglycidyl ether with dopamine fol-
lowed by quaternization of tertiary amino groups with 1,3-

Oxidative dimerization

Aromatic surfaces

Interactions of catechol-bearing polymers with different surfaces (Reproduced with permission from Ref. [73] with slight

propanesultone (Fig. 10b)."8 This derivative was used for an-
choring of a thin hydrogel layer on the surface of SS, Si wafer
and titanium substrates in aqueous medium at pH 7.5 to im-
prove the anti-fouling behavior of the substrates. Self-attach-
ment between catechol units created crosslinks between
SBCaPEG chains; additionally, the ortho-phenolic hydroxyl
groups of catechol acted as anchoring groups. The contact
angles of surfaces modified with SBCaPEG and CaPEG (cat-
echol-PEG) were in the range of 25°-45° with thickness of
9-11 nm. Adsorption of BSA and adhesion of bacteria and
cells to the PEGylated surfaces were significantly lower than
those for pristine SS. Moreover, the zwitterionic derivative ex-
hibited slightly better antifouling performance than the
PEGylated one.

Hyperbranched polyglycerol (hPG), as an excellent bioinert
alternative for PEG,8Y was functionalized with catechol
groups (Fig. 10c) and used for immobilization of hydrophilic
multilayer networks on the surface of TiO, and polystyrene.”9]
Three types of hPG-catechol derivatives were obtained via
amination of terminal hydroxyl groups of hPG and then amid-
ation with 3,4-dihydroxyhydrocinnamic acid: (i) hPG-Catl:
one catechol per each dendrimer molecule, (ii) hPG-Cat10:
10% of hydroxyl groups were functionalized with catechol
moieties, and (iii) hPG(NH,)Cat40: the degree of substitution
of hydroxyl groups was 40% for catechol and 60% for amino
groups. The surfaces of TiO, and polystyrene were modified
by a dual-layer approach and a triple-layer approaches, re-
spectively (Fig. 10d). For double-layer approach, the TiO, sur-
face was coated first with hPG-Cat10 and then with hPG-Cat1
whereas in the triple-layer strategy, the surface of PS was
coated sequentially with hPG(NH,)Cat40, hPG-Cat10, and
hPG-Cat1. The presence of free amino groups in hPG(NH,)-
Cat40 can improve the crosslinking via Michael reaction and
Schiff base formation with quinone forms of catechol.82
Coating of the substrates with only one of the hPG-catechol
derivatives showed some drawbacks. Low content of cat-
echol in hPG-Cat1 made it almost impossible to create stable
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coating because three catechol per each macromolecule is
the minimum required amount for the generation of a stable
coating.!®3l However, hPG-Cat1 can create a stable connec-
tion with hPG-Cat10 layer. As comparison, more than 30% of
the coated hPG-Cat1 monolayer was desorbed by washing
the surface with SDS aqueous solution whereas no desorp-
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Fig. 10  Preparation of hydrophilic copolymers bearing catechol anchoring groups: (a) four-arm PEG with terminal catechol
units,””! (b) zwitterionic PEG derivative with pendant catechol groups,”® and (c) hyperbranched polyglycerol (hPG) with partial
functionalization with catechol units.”?8% (d) Fabrication of coatings with dual and triple layer architectures on the surface of metal
oxides and polymer substrates. (Reproduced with permission from Ref. [79]; Copyright (2014) Wiley).
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tion was reported for dual-layer hPG-Cat1/hPG-Cat10 coating.
Furthermore, the hPG-Cat40 can create a very stable layer on
substrates and it contains a high number of reactive groups
which can be shielded by further coating with hPG-Cat10.
Again, the presence of a small number of catechol groups on
the surface of the second layer can simply be shielded by
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coating with hPG-Cat1. The static contact angle of TiO, was
67° which decreased to 28° after coating with hPG-Cat10 and
to 22° by further coating with hPG-Cat1. The contact angle for
triple layer immobilization was reduced to 19°. Indeed, sur-
faces with lower content of catechols are more hydrophilic,
therefore, the hydrophilicities of polymers are in the order of
hPG-Cat1>hPG-Cat10>hPG-Cat40. Accordingly, when the
outermost layer is changed to hPG-Cat1, hydrophilicity is in-
creased. The thickness of single layer coating of hPG-Cat1 and
hPG-Cat10 were 1.7 and 4.0 nm, respectively, and the thick-
ness for dual hPG-Cat1/hPG-Cat10 was 4.8 nm. The thickness
of hPG-Cat40 was 15.1 nm which increased to 18.2 nm after
triple layer formation.

In the extension of this work, the immobilization of hPG-
Cat derivatives bearing various amounts of catechol group
on various substrates was studied.®% Amino and carboxylic
derivatives of hPG were used as precursors for reaction with
3,4-dihydroxyhydrocinnamic acid and dopamine, respect-
ively, to obtain hPG-Cat samples with ester and amide link-
ages (Fig. 10c). By increasing the catechol content, the water
solubility was decreased so that the sample in which 40% of
hydroxyl groups have converted to catechol ones was only
soluble in high polar organic solvents such as DMF. The ob-
tained samples were coated on the surface of various sub-
strates (TiO,, Al, PS, PP, SiO,, glass, Au) in aqueous medium
with weak alkalinity (pH 7.5—8.5). The static contact angles by
modification with hPG-Cat10 (with amide linkages) for TiO,,
Au, Al, SiO,, glass, PS and PP substrates were 28°, 23°, 20°, 22°,
22°,30° and 38°, respectively. The higher contact angle for PP
and PS was attributed to the weak van der Waals interaction
between the substrate surface and the crosslinked hPG
layer.[84 Comparison of coating of the SiO, surface with hPG-
Cat1, hPG-Cat5, hPG-Cat10, and hPG-Cat30 showed that by
increasing the catechol content, some nanoaggregates are
appearing on the coating surface due to the crosslinking of
catechol units which increased the roughness. The formation
of coating using hPG-Cat5 and hPG-Cat10 samples on the sur-
face of TiO, at different pHs was studied by quartz crystal mi-
crobalance (QCM) technique. At pH 6.0, catechol units could
not be oxidized in a short period, therefore no crosslinking
was observed and only a monolayer of the hPG-Cat derivat-
ive on the surface of the substrate was produced. The graft-
ing of hPG-Cat10 was 136 ng/cm? at pH 6.0. However, cross-
linking of the catechol units at pH 7.5 led to the multilayer
formation and achieving the grafting density of 194 and 1187
ng/cm? for hPG-Cat5 and hPG-Cat10 samples, respectively.
The low grafting density of hPG-Cat5 even at pH 7.5 was due
to the low content of catechol units (4-5 units per each
dendrimer) which tend to attach to the surfaces of the sub-
strates and only a few catechols are left for crosslinking and
making multilayers. Additionally, it was determined that 50%
of the catechol units are converted to quinones which act as
crosslinking agents and the rest 50% act as anchoring agents.
Moreover, the thicknesses of TiO, coated with hPG-Cat1, hPG-
Cat5, hPG-Cat10 and hPG-Cat30 were 2.1, 2.7, 3.8, and 5.5 nm,
respectively, which confirm the formation of thicker and mul-
tilayers for hPG samples with the higher catechol content.
Samples with higher catechol content showed higher stabil-

ity. The decline in thickness for samples coated with hPG-
Cat1, hPG-Cat10 and hPG-Cat30 after two weeks incubation
at pH 7.4 was 33%, 13%, and 4%, respectively. The drawback
of the samples with a high content of catechol was their high
protein adsorption due to the presence of hydrophobic aro-
matic catechol units. Therefore, hPG-Cat10 was the best de-
rivative to obtain high stability and high anti-fouling prop-
erty. Moreover, the drawback of the hPG-Cat derivatives with
ester bond was the weak long-term stability due to the hydro-
lysis of ester bonds.

Liu et al. functionalized various types of hydrophilic copoly-
mers including P(SSNa-co-AA), P(SBMA-co-AA), P(OEGMEMA-
co-AA), P(VP-co-AA), and P(MTAC-co-AA) with catechol units
via coupling of AA units with the amino group of dopamine
(Fig. 11a).18] Immobilization of catechol-containing derivat-
ives of these polymers on the PES surface was performed by
immersing PES films in aqueous solutions of the polymers at
pH 8.5 to improve the anti-fouling and blood compatibility
properties. The thickness of the inserted layers was 100 nm
after 24 h which increased to 150 nm after 48 h. The static
contact angle for virgin PES was 75° and reduced to 50°-60°
after immobilization of 100 nm of crosslinked layers. Interest-
ingly, increasing the thickness to 150 nm led to the slight in-
crease in contact angle which was attributed to the higher
roughness for longer modification times. In three reports by
Peng et al., surfaces of silicon, PDMS and SS substrates were
coated with a RAFT-made P(MAA-co-DPMAm-co-MAG) glyco-
polymer (DPMAm = N-dopamine methacrylamide and MAG =
2-(methacrylamido)glucopyranose) bearing dopamine as an-
choring groups (Fig. 11b).185-881 |n the obtained glycopoly-
mers, dopamine units act as anchor groups for attachment of
the glycopolymer to the substrate surface and the COOH
units were used for complexation with Ag* ions to create anti-
bacterial properties. The attachment of the glycopolymers to
the surface of substrates was performed by in situ oxidation of
dopamine units at pH 8.5. For P(MAA-co-DPMAm-co-MAG)
glycopolymer, further incubation in AgNO; solution was per-
formed for silver immobilization into the hydrogel structure.
Glucose units of MAG and unreacted dopamine units re-
duced silver ions into Ag nanoparticles. The grafting degree
and thickness of the P(MAA-co-DPMAm-co-MAG) glycopoly-
mer was 0.0078 mg/cm? and 2 nm, respectively. The same
thickness for P(DPMAm-co-MAG) was reported. The static
contact angles of virgin silicon, PDMS, and SS were 55°, 105°,
and 82°, respectively, which decreased respectively to 24°,
66°, and 54° after modification with P(MAA-co-DPMAm-co-
MAG). Due to the presence of Ag nanoparticles, no E. coli
bacteria could survive on the surface of the modified mem-
brane.

Surface of PES membranes was coated with catechol-cross-
linked hydrogels of heparin and poly(sodium 4-vinylbenzene-
sulfonate)-co-poly(sodium methacrylate) P(SSNa-co-MAANa)
(heparin-like polymer, HepLP) (Fig. 11c) to improve the bio-
compatibility and bioactivity of the membranes.8%! For deriv-
atization with catechol moieties, 20 mol% and 30 mol% of
carboxylic groups in heparin and HepPL were coupled with
dopamine. Tethering of each polymer on the PES surface was
simply performed via immersing the PES membranes in the

https://doi.org/10.1007/s10118-020-2474-y


https://doi.org/10.1007/s10118-020-2474-y

30 Seidi, F. et al./ Chinese J. Polym. Sci. 2021, 39, 14-34

Q gegege &

i 1
5 :
a ' :
©osoNasNG SNG SO0 '
' SSNa H/SBMA MTAC OEGMEMA VP | |—]
' SO, i
_______2 _______ 1 ________________ 1
neLA
HO
PES
HN H HN oH
H —
OH
%
OH
HO  ©OH
Si
PDMS
S5 COONa
HN
SO,Na
C HO
or OH
so NaGOOH  SOsNa
CONH
CONH ~ NH, SOsNa
(Heparin)
COONa, o) oH
. o 0
HO HO. O-...
050;Na 050;Na
PES
050;Na
. o
-0
HO o
€ NH,

Fig. 11 Surface modification of (a) PES with copolymers of AA and
SSNa, SBMA, MTAC, OEGMEMA, and VP bearing catechol groups,®”
(b) Si, PDMS and SS substrates with P(MAA-co-DPMAmM-co-MAG)
glycopolymer bearing catechol units,®-88 (c) PES membrane with
heparin or heparin-mimicking bearing dopamine moieties,’®” (d) PES
membrane with sulfated sodium alginate bearing pendant dopamine
groups,®® (e) PES membrane with a mixture of sulfated chitosan with
catechol molecules.”"

aqueous solution of polymer at pH 8.5. Self-oxidation poly-
merization of the catechol units induced hydrogel formation.
TGA of the modified membranes showed a weight loss of 4%

at 220-490 °C which was attributed to the grafted hydrogel
layers. Moreover, the cross-sectional SEM images revealed a
thickness of more than 100 nm for the immobilized hydrogel
layers. Additionally, the surface of PES was smooth shown by
SEM but after modification, it showed a wrinkle-like structure
and by increasing the coating time denser wrinkle-structure
and finally, ridge structures were observed. Also, the wettabil-
ity of the modified surfaces was improved relatively by in-
creasing the coating time. The static contact angle for PES
was 75° which decreased to 65° and 60° after 12 and 48 h of
coating with hydrogels. Comparing the results for protein ad-
sorption, platelet adhesion, and cell proliferation revealed
that performance of HepLP is similar or in some cases even
better than heparin layer indicating the great potential of
HepLP to be used as an alternative for heparin.

Sulfated sodium alginate (SALS) with the anticoagulant
property was tethered on the PES surface (Fig. 11d) to im-
prove the biocompatibility.’” To enable the SALS for cross-
linking and attachment to the PES surface, its carboxylate
groups were partially functionalized with dopamine. AFM im-
ages showed the roughness of PES increased from 10 nm to
more than 30 nm upon coating with SALS-DOP. The water
contact angle for PES was 71° which reduced to 43° and 38°
after coating with SALS-DOP derivatives with degrees of sulfa-
tion of 0.4 and 1.5, respectively. Due to the presence of a high
number of carboxylate and sulfate groups, the SALS showed
high anti-coagulation properties.[9092931 Therefore, immobiliz-
ation of such material on the PES surface enhanced the anti-
coagulant performance of the membrane. In addition, the
PES-g-SALS showed improvement in its antifouling property
regarding protein and platelet adhesion. Similarly, Wang et al.
used O-sulfated chitosan (CS) and N,O-sulfated derivatives of
CS for coating the PES surface in the presence of free cat-
echol as a crosslinker (Fig. 11e).°" The O-sulfated CS showed
better solubility in water than N,O-sulfated CS did. Dip coat-
ing of an aqueous solution of a mixture of O-sulfated CS and
catechol on the surface of PES membrane at pH 8.5 intro-
duced a layer of crosslinked CS on the membrane surface. Air
oxidation of catechol units and their subsequent Michael and
Schiff base reactions with amino groups of sulfated CS were
the driving force for hydrogel formation. Moreover, the addi-
tion of 1,6-hexadiamine to the coating mixture improved the
coating stability due to the higher hydrophobicity of 1,6-hex-
adiamine in comparison to CS which increases the interac-
tion with PES support. On the other hand, due to the low sol-
ubility of N,O-sulfated CS it was not used for direct immobiliz-
ation on the PES membrane. Indeed, to mimic the structure of
heparin which has —O—S05;~and —N—SO5~ in its structure,
the fabricated PES-g-(O-sulfated CS) was immersed in chloro-
sulfonic acid in formamide to generate N,O-sulfated CS on
the PES surface. The average roughness of PES was 12 nm
which increased to 16, 23, and 24 nm after coating with O-
sulfated CS in the presence of 0, 3, and 6 pmol/mL 1,6-hexa-
diamine. Higher content of 1,6-hexadiamine increased the
crosslinking density and also increased the amount of the
coated layer which in turn increased the roughness. However,
after post sulfation the roughness decreased slightly due to
the partial CS detachment of coating during the sulfation pro-
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cess. The contact angle was 89° for PES and 55° for PES-g-(O-
sulfated CS). For the samples bearing 1,6-hexadiamine after
post-sulfation the contact angle increased to the range of
60°-70° due to the hydrophobicity of 1,6-hexadiamine and
lower hydrophilicity of N,O-sulfated CS than O-sulfated CS.
The PES membrane coated with sulfated CS derivatives
showed heparin-mimicking behavior with significant blood
compatibility and high anticoagulant activity.

CONCLUSIONS

Despite the fact that a variety of strategies have been develop-
ed to immobilize hydrogel layers on the surfaces of substrates,
the preparation of hydrophilic polymers with desired functio-
nalities and their subsequent crosslinking and tethering on the
surfaces is one of the most promising approaches to achieve
soft and hydrophilic surfaces. Much attention has been paid to
the incorporation of photosensitizers, carbene and nitrene pre-
cursors, trialkoxysilanes, and catechol moieties on the surface of
substrates and/or in the hydrophilic polymer structures, foll-
owed by the casting of polymer solutions on the surfaces and
exposure to the curing conditions, thus inducing the cross-
linking of polymer layers and surface attachment simultaneou-
sly. The crosslinking can be triggered by heat or UV-irradiation
(for photosensitizers, carbenes, nitrenes, and trialkoxysilane) and
adjusting medium pH (for catechols and trialkoxysilanes). Since
the roles played by photosensitizers, carbenes and nitrenes are
mainly based on C—H inserting reactions, therefore, the
presence of C—H bonds is required on the surface. Polymeric
membranes usually meet this criteria whereas in the case of
inorganic surfaces (Si, Au, SS,...) the surface pretreatment
with C—H containing molecules is essential. On the other hand,
polymers bearing trialkoxysilanes can condense directly on the
untreated inorganic surfaces via reaction with surface OH
groups. Polymers containing catechols are applicable to most
surfaces due to their high reactivity driven via charge-transfer
complex, - stacking and van der Waals’ forces for hydro-
phobic and aromatic surfaces, whereas hydrogen bonding
interaction promotes their anchoring on polar surfaces. Other
chemical reactions such as thiol-ene click reactions, boronate
ester formation, esterification, and amidation have also been
utilized for crosslinking and covalent attachment of hydrogels
on the surface of substrates. In contrast, strong non-covalent
dynamic interactions (such as cyclodextrin-based host-guest
interaction®) have been used occasionally for tethering self-
healing hydrogel layers on the surfaces. We anticipate that the
immobilization of hydrogels using host-guest assembly will
attract enormous interest and become feasible soon due to its
great potential in the fabrication of self-healing materials and
encapsulation of various payloads. The immobilization process
can be performed in one step to obtain a single hydrogel layer
or in several sequential steps to generate multilayer hydrogels.
Surfaces grafted with a thin hydrogel layer have a broad
spectrum of applications, including the hybrid materials with
anti-fouling, anti-bacterial, antifogging and anticoagulating
activities. Indeed, water adsorption of hydrogels creates a
very soft and wet surface which prevents the proteins and
platelets from settling down on the surfaces. Moreover, by in-
corporating different functionalities in the hydrogel structure,

the performance of hydrogel layers can be further improved.
Specifically, the hydrogel layers bearing quaternary ammoni-
um groups and Ag nanoparticles render the surface highly
antimicrobial. The layers bearing zwitterionic groups usually
are excellent anti-fouling agents whereas the hydrogels con-
taining sulfate/carboxylate groups (heparin mimicking
agents) are particularly useful for anticoagulating materials.
Moreover, self-healing and responsive thin layers on the sur-
faces can be achieved by anchoring polymers bearing dy-
namic crosslinking groups, while the drug release can be
manipulated by the conjugation of drugs as payloads to the
hydrogel layers as carriers.
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