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Abstract
In this study poly(2-ethyl-2-oxazoline) (PEOXA) chains that contains 11 mol% of benzophenonemolecules was synthesized and
coated on either 3-ethoxybenzophenonesilane-modified inorganic or bare organic substrates. Upon irradiation under UV light,
the photo-active benzophenone molecules enabled the formation of polymer network as well as attachment of the polymer
network onto the substrates. Important variables for the generation of hydrogel film with high gel content and stability, such
as the heat treatment for solvent removal, the UV wavelength (that determines the irradiation energy), and the input of energy
dose were varied and their influence to the gel content and stability of the hydrogel film was studied. The thickness, lifetime of
benzophenone, and chemical composition of the film were determined using ellipsometry, UV/Vis spectroscopy, and XPS
methods, respectively. On a film that has been exposed to physiological buffer for 14 days, XPS results indicated that chemical
degradation of the copolymer did not take place. Ellipsometry results, however, indicated that some portion of the film detached
and the remaining thickness was dependent on the input of energy dose during the hydrogel preparation. It was shown that when
suitable conditions are applied during preparation, a stable surface-attached PEOXA-based hydrogel, i.e. approximately 78% gel
content and 75–90% stability after 30 days of incubation in physiological buffer, could be generated on the surface. Dry and
swollen thicknesses of the stable surface-attached film measured from AFM experiments revealed a swelling factor of 1.7.
Furthermore, the AFM morphology image showed a homogenous polymer film with an average roughness of 30 nm. Protein
adsorption test revealed that the resulting surface-attached PEOXA-based hydrogel film on PMMA substrate hinders BSA
adsorption to the same extent as the reference system generated from benzophenone-bearing poly(dimethylacrylamide)
(PDMAA).
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Introductions

Surface fouling on biomedical devices is ubiquitous, cost-de-
manding, and can be life-threatening [1]. Coating of biomed-
ical devices with non-fouling film has so far been one of the
most attractive strategies in the prevention of surface fouling
[1]. Some pre-requisites for polymers that can be used for the
fabrication of non-fouling surface coatings are hydrophilicity

(the polymers should be hydrophilic), charge (the polymers
should carry net neutral charge), and Hydrogen-bond groups
(the polymers should contain H-bond donor but should not
contain H-acceptor groups) [2–5]. Among a broad spectrum
of polymers that fulfill the mentioned prerequisites are poly(-
ethylene glycol) [6–8], phosphorylcholine [9, 10], polysac-
charide [11–13], poly(vinylpyrrolidone) [14], poly(vinyl alco-
hol) [15], polyacrylamides [5, 16] and polyacrylates [17], and
the poly(2-oxazoline)s [18, 19]. For the latest, there has been a
significant emergence of this class of polymer since the first
reports on poly(2-oxazoline)s (POXs) around 5 (five) decades
ago due to their excellent biocompatibility and stealth behav-
ior, in which they do not readily trigger foreign body response
[20]. The reason for this may come from the similarity be-
tween POXs and peptides in terms of chemical structure, in
which they consist of Carbon-Carbon-Nitrogen at their main
chains. Poly(2-methyl-2-oxazoline) (PMOXA) for example, it
offers isomerism to poly(homo-alanin) peptide chain. The
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peptide-like structure offers not only biocompatibility, but also
resistance to auto-oxidation and thus high stability [21, 22].
Surface grafting of POXs have been performed on different
inorganic and organic substrates using various methods to
modulate their interfacial, physico-chemical properties and
provide functions to the modified surface. In particular, the
performance of POX coatings as biointerfaces to hinder non-
specific biological adhesion has been extensively explored
[23]. Grafted poly(2-methyl-2-oxazoline) (PMOXA) signifi-
cantly reduced non-specific adsorption of serum proteins on
Nb2O5 surfaces [24] and increased stability of DNA particles
against serum proteins and enzymatic DNase-I digestion [21].
Good transfection efficiency combined with low cytotoxicity
of the PMOXA-grafted DNA particles was demonstrated in
COS-7 cells [21]. In comparison to PEG brush film, the gold-
en standard in the area, PMOXA brush film was significantly
more stable upon long term exposure to biological environ-
ment [22, 25]. Morgese and Benetti [23] reviewed a plethora
of grafting strategies of PAOXAs onto surfaces, and conclud-
ed that poly(2-alkyl-2-oxazoline)s (PAOXAs) have been one
of the most promising materials among the possible solutions
for biocompatible, non-fouling surface coatings [23]. Among
the grafting strategies are the reaction between catechol-
PAOXAs and metal oxides [26], xanthane-PAOXAs and
citrate-Au [27], alkyne-PAOXAs and thiol-Au [28], thiol-
PAOXAs and carboxyl-polyorganosiloxane [29], thiol-
PAOXAs and Au [30], alkyne-PAOXAs and azide-
polystyrene [31], as well as amino-PAOXAs and cyanuric
chloride-lipid [32]. The strategy has also encompassed
PAOXA-containing block or graft copolymers presenting seg-
ments or co-monomer functions showing a strong affinity for
the surface, as well as precoating of the surface with polymers
or grafting promotors that display a high density of functional
groups that can react with PAOXAs [33–35]. In the develop-
ment of biocompatible hydrogels, Sramkova et al. [36] report-
ed the preparation of poly(2-oxazoline) network using the
specific thiol-ene Bclick^ reaction between dithiol groups car-
ried by the crosslinkers and alkene groups carried by the
poly(2-oxazoline) chains. While the above-mentioned strate-
gies require specific reactions between the functional groups
presented on the surface (and/or at the crosslinker in the case
of polymer network) and their counterparts attached on the
PAOXA chains, a simpler and convenient surface photo-
grafting as well as photo-crosslinking of PAOXAs has been
reported. The grafting steps include surface functionalization
with a photo-reactive compound such as benzophenone [37]
and prefluorophenyl azide (PFPA) [38], spin-coating of
PAOXA, and UV illumination that triggers the formation of
carbon radical and nitrene, respectively, capable of binding the
spin-coated PAOXAs without the need of any specific cou-
pling functions [23], in which benzophenone generally results
in higher crosslinking yields compared to PFPA [39].
Interestingly, poly(2-ethyl-2-oxazoline) (PEOXA) thin

(monolayer) film prepared using benzophenone-mediated
grafting strategy did not show any substantial reduction of
protein adsorption on glass surfaces [37]. Furthermore,
Dhende et al. [40] developed a PEOXA-based polymer net-
work for antimicrobial surface coating applications. The
resulting network, however, carries high positive charge, not
satisfying the prerequisites for non-fouling surface coatings.
In the present work, a non-fouling film of poly(2-oxazoline)-
based polymer network (hydrogel) on surfaces is developed
by partially functionalizing poly(2-ethyl-2-oxazoline)
(PEOXA) chains with benzophenone units that react with
any C-H bonds in the vicinity uponUVillumination and allow
for a direct and simple immediate attachment to the substrate,
regardless whether it is a (hydrophobically-modified) metal or
metal oxide, or a polymer. The polymer network thus cova-
lently bounds to the surfaces of the substrates and have a
much higher thickness and robustness compared to
monolayer.

Material and methods

Materials All chemicals were purchased from Sigma-Aldrich,
unless otherwise stated. The biotinylated-laminin and Cy5-
streptavidin were purchased from Cytoskeleton, Inc. and
VWR, respectively.

Synthesis of poly(2-ethyl-2-oxazoline)-m%ethyleneimine
(PEOXA-m%EI) The synthesis was performed following a pre-
viously published protocol [40]. Poly(2-ethyl-2-oxazoline)
(PEOXA) with Mw ~ 50,000 g/mol, DP ~ 500, and PDI ~
3–4 was purchased from Sigma-Aldrich (CAS 25805–17-8,
catalog no. 372846 ALDRICH). PEOXA (5 g) and HCl
(16.8%, 105 ml) were added to a 250-ml round-bottom flask.
The mixture was stirred and refluxed at 100 °C. After 40 min.,
the mixture was cooled down to room temperature. Then,
neutralization using KOH solution was performed until neu-
tral pH (~7) is reached. The neutral solution was transferred to
a dialysis membrane with MWCO ~ 14,000 g/mol (Carl Roth,
catalog no. 1784.1) and dialyzed against aquadest bath for at
least 2 × 24 h, with changing of the aquadest bath at least
every 24 h. The solution was freeze-dried until (white)
PEOXA-m%E I p o l yme r p owd e r i s o b t a i n e d .
Characterization was performed using 1H-NMR spectroscopy.

S y n t h e s i s o f p o l y ( 2 - e t h y l - 2 - o x a z o l i n e ) -
m%ethyleneiminebenzophenone (PEOXA-m%EIBP) The syn-
thesis was performed following a previously published proto-
col [40]. PEOXA-m%EI (4 g, 4.7 mmol EI monomer) and
tert-amyl alcohol (20 ml) were added to a 50-ml round-bottom
flask and stirred until the polymer powder is dissolved. Then,
K2CO3 (0.85 g) and 4-(bromomethyl) benzophenone 96%
(1.36 g) were added to the mixture. The mixture was stirred
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and heated up to 95 °C. After an overnight reaction, the mix-
ture was cooled down to room temperature, and the solvent,
tert-amyl alcohol, was exaporated using a rotary vaporizer.
The (yellowish, oily) solid residue was re-dissolved in dichlo-
romethane. The PEOXA-m%EIBP polymer was then precip-
itated in excess amount of n-hexane. After vacuum-filtration,
the polymer was collected and vacuum-dried for several days
to remove traces of dichloromethane and n-hexane.
Characterization was performed using 1H-NMR spectroscopy.

Film thickness, chemical composition, and lifetime of benzo-
phenone molecules The copolymer was spin-coated
(600 rpm, 100 s) from a 50 mg/ml solution in ethanol onto a
1.5 × 1.5 cm Silicon (Si) wafer, previously modified using 3-
ethoxybenzophenonesilane, for both film thickness and XPS
measurements. The film thickness was then measured using
ellipsometry and atomic force microscopy (AFM) methods,
while the chemical composition on the Si wafer surface was
measured using XPS. The same copolymer solution was spin-
coated on a quartz substrate for benzophenone lifetime mea-
surement. From time to time between 0 to 132min, the sample
on quartz substrate sample was taken out from the
Stratalinker® and the change in absorbance intensity was
monitored using UV/Visible spectroscopy.

Gel content and stability test Following the spin-coating step
as described above, illumination under UV light was per-
formed using Stratalinker® UV crosslinker. The thickness of
the polymer film on top of the Si wafer was then measured
using either ellipsometry or AFM (thickness t0). After rinsing
with ethanol and blow-drying under Nitrogen, the wafer was
incubated in PBS buffer for 24 h. Thewafer was then taken out
from the PBS solution, thoroughly washed with aquadest and
ethanol, and blow-dried under Nitrogen. The film thickness
was measured again using either ellipsometry or AFM (thick-
ness t1). The gel content was calculated according to Eq. 1.

Gel content ¼ t1
t0
� 100% ð1Þ

The stability test was performed using the same protocol as
the gel content measurement, however, with prolonged incu-
bation time of the wafer in PBS buffer, up to 30 days. The film
thickness was measured from time to time, resulting thickness
data tn, where n is 1, 2, 3,… 30 days. The remaining thickness
was calculated according to Eq. 2.

Remaining thickness ¼ tn
t1
� 100% ð2Þ

Swelling factor The copolymer was spin-coated (600 rpm,
100 s) from a 50 mg/ml solution in ethanol onto a 1.5 ×
1.5 cmSi wafer, and illuminated usingUV light. The polymers

that are not crosslinked were extracted with ethanol. The re-
maining wafer surface-attached film was then incubated in
PBS buffer for 14 days, rinsed carefully with extensive amount
of water and, subsequently, ethanol, and dried under nitrogen
flow. Immediately after drying, the dry thickness of the re-
maining filmwasmeasured usingAFM.Afterwards, the wafer
was placed into a small polystyrene plate followed by addition
of PBS to soak the film, and the swollen thickness of the film
on top of the wafer was measured under the PBS environment.
The swelling factor was estimated by comparing the swollen
(tswollen) and the dry (tdry) thickness, according to Eq. 3.

Swelling factor ¼ tswollen
tdry

ð3Þ

Protein adsorption test The copolymer was dip-coated (speed
100 mm/s) from a 50 mg/ml solution in ethanol onto a
poly(methylmethacrylate) (PMMA) slide substrate
(75x25x1.0 mm, PMMA Mitsubishi Shinkolite A farblos
Bversion 1800^). After crosslinking with UV light at 365 nm,
the slide was incubated in PBS buffer for at least 24 h, followed
by ultrasonication for 5 min, rinsing with aquadest and ethanol,
and blow-drying under Nitrogen. A plastic frame that could
accommodate 65μl liquidwas glued on top of the PMMA slide,
with an arranged position so that the border between copolymer-
coated and bare surface was in the middle of the frame.
Biotinylated bovine serum albumin (biotin-BSA, 0.1 mg/ml,
65 μl) was placed inside the frame, and the protein adsorption
was allowed to take place for 2 h. The slides were then thor-
oughly rinsed, incubated in PBS buffer, and placed in a shaker
for at least 15min. The rinsing-and-washing step was done for 2
(two) times. After blow-drying under Nitrogen, cyanine 5-
bearing streptavidin (cy5-stretavidin, 0.001 mg/ml, 65 μl) was
placed inside the frame, and the reaction between biotin and
streptavidin was allowed to proceed for 30 min. The same
rinsing-and-washing protocol as described above was then re-
peated. The red-fluorescence signal from the cy5 dye
was then measured by means of fluorescence reader.
ImageJ software was used for the quantitative analysis
of the signal intensity (presented in Gray mean value).

Results and discussions

The strategy described here employs poly(2-ethyl-2-
oxazoline) (PEOXA) with an approximately 50,000 g/mol
molecular mass. Controlled partial hydrolysis of the polymer
results in PEOXA with controlled ethylenimine (EI)
content along its chain (PEOXA-m%EI). This function-
ality serves as the coupling sites for the incorporation of
benzophenone (BP) units through a reaction between the
secondary amine groups and bromide groups attached
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on the 4-(bromomethyl) BP units. This reaction results
in PEOXA-m%EIBP copolymer. As a control, a reaction
between PEOXA and 4-(bromomethyl) BP is also performed.
Figure 1a shows the NMR spectra of 4-(bromomethyl) BP and
PEOXA that are not covalently linked to each other due to the
absence of secondary amine functionality. Figure 1b, on the
other hand, shows a successful coupling between the
4-(bromomethyl) BP and PEOXA-m%EI that results in a final
product PEOXA-m%EIBP. In this study PEOXA-11%EIBP
is employed. This copolymer consists of 2-ethyl-2-oxazoline
(EOXA, 89 mol%) as the main component that serves as a
hydrophilic matrix to prevent non-specific interactions with
biological environment. The second component is
ethyleniminebenzophenone units (EIBP, 11 mol%) that pro-
vide the photo-reactive functionality, i.e. upon UV light illu-
mination, the benzophenone units can covalently bind to any
C-H bonds in the vicinity through C,H-insertion crosslinking
(CHiC) reactions. The presence of residual secondary amine
group, protonated-, and quaternized-amine groups, if any, can-
not be detected from the NMR spectra.

Following the synthesis and NMR characterization, the
(co)polymer is immobilized on the substrate surfaces and
PEOXA-based hydrogel is generated. One of important pa-
rameters in controlling the process and rating the quality of
hydrogels (polymer networks) is the gel content. To this, an
approximately 1000 nm-thick of copolymer is spin-coated
onto Si wafers that are pre-functionalized with 3-
ethoxybenzophenonesilane. Several process parameters dur-
ing the preparation of the network are then varied and the gel
content is determined. In purification step, the copolymer is
dissolved in dichloromethane and precipitated in n-hexane.
The NMR characterization (Fig. 1) shows that residual dichlo-
romethane (CH2Cl2) and n-hexane (C6H14) solvents cannot be
totally removed from the copolymer powder. In addition,

coating the copolymer onto the substrates employs ethanol
as the PEOXA-11%EIBP’s solvent. Such organic solvent
molecules can also react through C,H-insertion reaction, but
this will not connect two copolymer chains and thus not result
in increase of the crosslink density, an important factor that
influences the gel content. Evaporating the residual solvents
that are Btrapped^ in the coated film before triggering the
crosslinking reaction will eliminate this problem. Figure 2a
shows that heating treatment between 5 and 10 min at 80 °C
does increase the gel content of the PEOXA-11%EIBP film.
Longer heating treatment does not significantly change the gel
content anymore. Based on this finding, a 10-min heating
treatment is always applied to the coated film on the surface
during any preparation of PEOXA-11%EIBP network in this
entire study. As controls, PEOXA and PEOXA-11%EI film
are included in the investigation, in which both show a low gel
content value in comparison to PEOXA-11%EIBP film. This
result demonstrates the role of benzophenone molecules along
the polymer chains in forming a thick copolymer network of
PEOXA-11%EIBP on the surface.

Using the photon energy equation, E = h.c/λ, where E is
the photon energy, h is the Planck’s constant, c is the velocity
of light, and λ is the wavelength of light, one can estimate that
the energy irradiated by UV light is higher at lower wave-
length. Higher irradiation energy activates BP units faster than
the lower one [41]. However, it is also known that certain UV
light energy can degrade organic materials including polymers
[42]. Figure 2b shows that using an identical total energy dose
of either 2 or 4 J/cm2, illumination under UV light at 254 nm
results in a film with significantly lower gel content compared
to that under UV light at 365 nm. Despite the advantage that
the activation of BP units is faster at 254 nm, the lower gel
content indicates that the former is more degrading than the
latter [41]. The less degrading UV light at 365 nm, is then used
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Fig. 1 NMR spectra of (a) unreacted 4-(bromomethyl) benzophenone and PEOXA, b PEOXA-11%EIBP, where x ∼ 445 and y ∼ 55
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in the further study. Moreover, together with the results from
UV-Vis experiments, the gel content of the film as a function
of energy dose upon UV light illumination at 365 nm is pre-
sented in Fig. 3b (further discussion below).

Upon irradiation with UV light, the reaction progress of
benzophenone, in which new C-C bonds are formed, can be
monitored indirectly by following the decrease in the π-π*
transition of benzophenone at around 260 nm [40]. To this,
an approximately 1000 nm-thick PEOXA-11%EIBP film is
spin-coated on a quartz surface, heat treated at 80 °C for
10 min, and illuminated under UV light at 365 nm. From time
to time, the sample is taken from the crosslinker apparatus and
the absorbance is measured using UV/Vis spectroscopy.
Figure 3a shows the time dependent changes in the absorption

spectra of the benzophenone-bearing PEOXA polymeric film
upon UV light irradiation. It is seen that the absorbance max-
imum decreases with increasing irradiation time. All benzo-
phenone units on the surface react after 132 min of UV light
irradiation (in our apparatus, this equals to approximately 18 J/
cm2 energy dose at 365 nm). The absorbance maximum at
each time is then identified. After subtraction with a baseline
estimated from the data followed by normalization with the
highest maximum, the normalized absorbance of benzophe-
none, together with the gel content, is plotted as a function of
energy dose in Fig. 3b. It is seen that the gel content increases
from 0 to 78% with increasing energy dose up to 4 J/cm2 and
with decreasing normalized absorbance of benzophenone
(which means increasing reacted BP in the film) down to

a b

(λ)
Fig. 2 The influence of (a) preheating treatment at 80 °C (UV light at 365 nm) and b the UV light wavelength to the gel content of PEOXA-based
hydrogel films

a b

Fig. 3 a Absorbance change in UV/Vis spectra of benzophenone in
PEOXA-11%EIBP film as a function of UV light exposure time
at 365 nm and b the gel content and normalized absorbance of

benzophenone as a function of UV light energy dose at 365 nm.
The thickness of the film during UV irradiation was approximately
1000 nm
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0.55, then plateaues. Higher energy dose and more reacted BP
in the film does not increase the gel content anymore from
78% value. This means that from a 1000-nm thick spin-coated
polymer film, approximately 780 nm is firmly attached on the
substrate surface while the rest of the film is leached away
during extraction. This relatively low gel content value com-
pa r ed to t h a t o f o the r hyd roge l s y s t em us ing
poly(dimethylacrylamide) (up to 99%) [43] may be originated
from the fact that the PEOXA-based films contain some im-
purities that are not covalently crosslinked (only physically
trapped) within the network. These impurities are then washed
away from the substrate surface during extraction after the
CHiC process. The gel content value of PEOXA-11%EIBP
in the present work is, however, in an excellent agreement
with the gel content value of a similar system that has been
reported by Dhende and co- workers [40], in which the au-
thors reported an approximately 80% gel content from an
initially 93-nm thick polymer film before CHiC reaction.

XPS experiments are then performed to obtain chemical
information of the modified surfaces. The XPS samples are

prepared following the same procedure as described in the gel
content measurements, using an energy dose of 4 J/cm2 at
365 nm. Figure 4a, b, c, and d show the survey spectra of bare
Si wafer, spin-coated PEOXA-11%EIBP film before any fur-
ther treatments, spin-coated PEOXA-11%EIBP film after
CHiC process and extraction, and spin-coated PEOXA-
11%EIBP film after CHiC process, extraction, and incubation
in PBS, respectively. Compared to the spectra of bare Si wafer
in Fig. 4a, the domination of C 1 s and N 1 s signals, as well as
disappearance of Si 2 s and Si 2p peaks on the spectra of
PEOXA-11%EIBP-coated wafer in Fig. 4c and d demon-
strates the formation of a stable surface-attached copolymer
film that provides a sufficient Bshielding^ for the Si surface. In
agreement with the above-described explanation on gel con-
tent and impurities, Fig. 4b shows the presence of (minor)
bromide-containing species, originated from the synthesis
step, on the PEOXA-11%EIBP-coated surface before any ex-
traction and incubation of the substrate. The bromide signals,
however, disappear after extraction and incubation steps (Fig.
4c and d). It is worthwhile to note that the incubation in PBS

a b

dc

Fig. 4 The survey XPS spectra of (a) bare Si wafer, b PEOXA-11%EIBP
on Si wafer after spin-coating, c PEOXA-11%EIBP on Si wafer after UV
light irradiation and extraction using PEOXA-11%EIBP-dissolving
solvent, and d PEOXA-11%EIBP on Si wafer after UV light

illumination, extraction, and 14-days incubation in PBS buffer. The C,
N, and O atomic concentrations obtained from spectra (d) calculated from
the integrated area of C1s, N1 s, and O1s peaks are 75, 13, and 12%,
respectively
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buffer for 14 days is performed to test the film stability, since
exposure to physiological environment during application
may lead to copolymer degradation and/or detachment of the
copolymer film from the surface. Elemental analysis on the
surface enables the determination if the copolymer undergoes
any degradation reactions that change its chemical composi-
tion. Based on the chemical structure of PEOXA-11%EIBP
shown in Fig. 1, the theoretical C, N, and O atomic concen-
trations exclusively originate from the copolymer are 76, 12,
and 12%, respectively, while the corresponding values based
on the XPS spectra in Fig. 4d are 75, 13, and 12%. The similar
(almost identical) theoretical and experimental atomic concen-
tration values indicates that copolymer degradation is unlikely
in this context. In literature, it has been reported that surface-
attached poly(2-methy-2-oxazoline) in brush configuration is
chemically stable upon exposure to HEPES buffer [22]. The
XPS data in the present work are thus in agreement with the
literature and validate the chemical stability of poly(2-
oxazoline) upon exposure to physiological buffer.

As another measure of stability, ellipsometry experiments
are performed and the remaining thicknesses after a controlled
period of film incubation in PBS are obtained. The film is
prepared using 3 (three) different energy doses for the CHiC
reaction. Figure 5 shows that the energy dose used during the
copolymer network preparation indeed plays role in the film
stability, in which the stability increases with increasing energy
dose. Interestingly, at the same periods of incubation, extreme
lower remaining thicknesses are observed when the CHiC is
performed at 2 J/cm2 energy dose compared to both at 4 and
6 J/cm2. The percolation theory studied by Koerner et al. [43]
may explain the phenomenon observed at 2 J/cm2. The authors
stated that during illumination under UV light, the percolating
clusters grow from the top through the polymer film until it

reaches and reacts with a cluster with connection to the sub-
strate. An infinite network in the direction orthogonal to the
surface has to be formed, in order to avoid detachment/
removal of all (loosely connected) material on top of the
substrate-bound clusters during extraction and/or incubation
in any dissolving media. Presumably, 2 J/cm2 energy dose is
not sufficient to form such a network, resulting in an unstable
connection between the material on the top and the substrate.
The loosely connected material is then easily detached upon
long exposure to the PBS buffer. Increasing the energy dose
to 4 or 6 J/cm2 apparently increases the chance for the infinite
network formation inside the film and eliminates this problem.
Only slight difference of stability is observed between the
film prepared using 4 J/cm2 compared to film prepared using
6 J/cm2 energy dose. From Fig. 5 it can be summed up that
when ≥4 J/cm2 UV light energy dose is used for the CHiC
reactions, 75–90% of the PEOXA-11%EIBP film, relative to
the film after gel content measurement, remains on the substrate
surface after incubation in physiological buffer PBS for up to
30 days. This means that from a 1000-nm thick spin-coated
polymer film, approximately 780 nm remains on the substrate
surface after extraction with polymer dissolving solvents, as
described previously in the gel content discussion part. From
the remaining 780-nm film, 10–25% detaches during incuba-
tion in physiological buffer for up to 30 days, leaving an ap-
proximately 585–702-nm film on the surface. It is worthwhile
to note that our experiments with initial polymer film thickness
other than 1000 nm shows that the relative gel content and
remaining thickness values are independent on the initial poly-
mer film thickness after spin-coating.

As previously mentioned, an important prerequisite for a
non-fouling film in the context of biomedical devices is the
hydrophilicity of the film. In this study, the dry and swollen
thickness of PEOXA-11%EIBP film on Si wafer is measured
using AFM after 14 days of incubation in PBS buffer. A swell-
ing factor is then determined to demonstrate the film hydrophi-
licity. The topographic images, measured height profiles, and
surface morphology from AFM measurements are presented
in Fig. 6a, b, c, and d. It is seen that the swollen and dry thick-
ness values are approximately 660 and 390 nm, respectively.
According to eq. 3, these values result in a swelling factor of
1.7, which is in an excellent agreement with the reported swell-
ing factor of surface-attached poly(dimethylacrylamide) with
similar benzophenone molar concentration along the polymer
chain (10%) [44]. The influence of crosslinker content to the
swelling behavior of surface-attached hydrogel has been
discussed in the literature [44, 45]. In the present study the
hydrophobic nature of benzophenone molecules should render
the PEOXA chains less hydrophilic, and thus less swelling ca-
pability. In addition, a high crosslinking density leads to a more
compact polymer network and restricted movement of polymer
chains, preventing the penetration of water molecules into the
network [45]. In Fig. 6d, the surface morphology image shows

Fig. 5 The remaining thickness of PEOXA-11%EIBP film relative to the
film thickness after gel content measurement (approximately 780 nm) as a
function of incubation period in PBS buffer and of UV light energy dose
(at 365 nm) used for the CHiC reaction in the preparation of polymer
network. The film shows increasing stability with increasing energy dose
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Fig. 6 The AFM data of PEOXA-11%EIBP film after extraction of non-
crosslinked materials from the surface followed by incubation of the
polymer network in PBS buffer for 14 days. a, b The topographic images
in swollen and dry state, respectively. c The measured height profiles
obtained by tracing the arbitrary lines in the corresponding images shown

in (a and b). The average height (thickness) values for swollen and dry
film are 660 and 390 nm, respectively, resulting in a swelling
factor of 1.7. d The surface morphology image of the polymer
network in dry state, i.e. corresponds to the polymer film shown
in image (b)

Fig. 7 The qualitative (inzet) and
quantitative fluorescence signal
intensity on different surfaces af-
ter exposure to biotin-BSA and
cy5-streptavidin. Comparable to
PDMAA-based hydrogel, the
PEOXA-based hydrogel film sig-
nificantly reduces BSA protein
adsorption on PMAA surface,
demonstrating its non-fouling
properties
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the presence of a satisfactorily homogenous PEOXA-11%EIBP
film on the Si wafer, with an average roughness 30 nm.

Following the physical and chemical characterizations, the
non-fouling properties of the PEOXA-based hydrogel film is
investigated. To this, the copolymer is dip-coated onto a
poly(methylmethacrylate) (PMMA) slide from a 50 mg/ml so-
lution in ethanol, illuminated under UV light at 365 nm with
4 J/cm2 energy dose, extracted with ethanol, and incubated in
PBS buffer for 2 days (this incubation period is chosen because
it is seen in Fig. 5 that the remaining thickness during stability
test plateaus after 2 days of incubation). After additional careful
washing and drying, the surface is exposed to biotin-bearing
BSAproteins. The biotin functionality enables the reactionwith
Cy5-bearing streptavidin. The fluorescence signal from the
Cy5 on the surface is then measured and presented in Fig. 7.
As controls, PDMAA-based hydrogel film, reported as a highly
non-fouling surface coating [46], and bare PMMA slide are
included in the protein adsorption test. The PDMAA-based
hydrogel film is prepared from PDMAA-5%MABP copoly-
mers using identical procedure as used for the preparation of
PEOXA-11%EIBP film. It is seen in Fig. 7 that modification of
bare PMMA surfaces with either PDMAA- or PEOXA-based
hydrogel renders the surface highly non-fouling.

Summary and conclusion

The study aimed at developing surface-attached hydrogel film
based on poly(oxazoline) that shows non-fouling properties.
PEOXA chains with desired content of ethleneimine benzophe-
none (EIBP) groups were sythesized and used for substrate
modif ica t ion. The benzophenone uni ts ac ted as
photocrosslinkers to form PEOXA-based polymer networks.
When substrates such as 3-ethoxybenzophenonesilane-
modified silicon (Si) wafer and bare PMMA slide were coated
with the polymer and illuminated with UV light, the
photoactive groups were activated and they initiated the reac-
tion with carbon-hydrogen bonds nearby through C,H-inser-
tion. Through this procedure surface-attached PEOXA-based
hydrogel film was generated. The surfaces of the substrates
could thus be modified and transformed into non-fouling sur-
faces with this method. The results showed that it was impor-
tant to remove all organic solvent molecules from the film as
organic molecules could also participate in the C,H-insertion
reactions. A short heat treatment of the copolymer film before
starting the CHiC reaction thus increased the gel content of the
film. It was also found that both irradiation energy and energy
dose of the UV light were important for the gel content and film
stability. Too high irradiation energy (such as that irradiated by
UV light at 254 nm) resulted in polymer degradation and gel
content decrease. UV light at higher wavelength such as at
365 nm was thus recommended for the PEOXA-based film.
However, a sufficient energy dose input was required for

generating a stable film. When the energy dose was too low,
insufficient crosslinking was formed and the stability of the
films diminished upon longer exposure to physiological buffer
PBS that also acted as dissolving media for the copolymer.
Preceding the investigation of non-fouling properties, the water
holding capacity of the hydrogel was identified based on its
swelling factor. It was found that the hydrogel swells by a factor
of 1.7, which is in a good agreement with similar hydrogel
system based on PDMAA. The morphology image showed a
homogenous dry polymer network film on the substrate sur-
face. At the end of the study, the non-fouling properties of the
stably surface-attached PEOXA-based hydrogel on PMMA
substrates was investigated by means of immunostaining meth-
od. It was found that surfaces modified with PEOXA-based
hydrogel repeled protein adsorption to the same extent as the
reference system, i.e. surfaces modified with PDMAA-based
hydrogel. The approach to develop a non-fouling PEOXA-
based hydrogel film described here was very easy to perform
without the need of any sophisticated equipments, rendering
the technique to be an attractive technology. This study pro-
vides important parameters values in the development of the
PEOXA-based hydrogel system.
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