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ABSTRACT: A new type of hydrogel thin film that can be post-modified with
biofunctional molecules is investigated for possible applications in evanescent wave optical >
affinity biosensors. This material is based on a polyisocyanide (PIC) copolymer that self- :ﬁ
assembles into a fibrous polymer network. It is covalently tethered to a solid transducer
surface, and its swelling gives rise to a hydrogel layer with a thickness up to several
micrometers, as characterized by a combination of surface plasmon resonance and optical
waveguide spectroscopy. Thin PIC-based hydrogel films with pendant functional
biomolecules can be used in label-free affinity sensing strategies. In this work, we
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demonstrate the PIC-based affinity binding matrix through an avidin coupling of
functional biomolecules and immunoassay-based detection, which can be readily expanded to other types of assays and target
analytes. In addition, the stable PIC matrix proves to be resistant to fouling, even in the presence of complex biological fluids such as

blood plasma or serum.

B INTRODUCTION

Hydrogels are materials composed of chemically or physically
cross-linked polymer chains forming a three-dimensional
network that can accommodate large amounts of water. The
uptake of water by such a polymer network occurs without
dissolving its structure, and it is accompanied by a strong
volumetric expansion.’ On-demand swelling and contraction of
such polymer networks can be achieved for a sub-class of
(mostly synthetic) responsive hydrogels by applying an
external stimulus, for example, temperature,2 pH,3 1ight,4
pressure,” electric, or magnetic fields’ or through specific
interactions with (bio)molecules.” Besides, the chemical
inertness of many hydrogels endows them with excellent
biocompatibility and minimized nonspecific interactions with
proteins and cells in complex biological environments. All
these features form the basis for widespread hydrogel
applications in areas including detection and analysis of
chemical and biological species.

Among various bioanalytical tools, evanescent wave optical
biosensors, particularly those based on surface plasmon
resonance (SPR), have become an established technology for
the label-free detection and interaction analysis of (bio)-
molecules. The sensing principle is based on probing the
sensor surface carrying biorecognition elements for an affinity
capture of target species by using a confined electromagnetic
field of surface plasmons.” Notably, the utilization of a
hydrogel-based binding matrix on the surface of SPR-based
sensors improves their performance by matching the volume
that is optically probed with that where biorecognition
elements are immobilized. In this approach, the sensing regime
is extended from the conventionally used two-dimensional
architectures (e.g., based on self-assembled monolayers) to the
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three-dimensional systems that allow for the capture of more
analyte molecules from the analyzed liquid sample and that
provide an environment that better mimics the natural
conditions in biomolecular interaction studies.'”'' Along
with these advancements, other modalities of optical trans-
duction were introduced to SPR-based sensors, as the thin
hydrogel films at the sensor surface can also act as a dielectric
optical waveguide. Optical waveguide spectroscopy (OWS)"”
and fluorescence spectroscopy'” were employed for optical
probing of highly swollen hydrogel films, through which open
structure biomolecules can rapidly diffuse and affinity bind. In
addition, stimuli-responsive hydrogels were utilized for the
actuation of the optical signal in optical affinity SPR-based
sensors,m_16 while their inert chemical nature was exploited
for the design of antifouling sensor coatings, enablin$ the
detection of biomarkers in complex biological media.'”~"’
Up to now, hydrogels derived from natural polymers,
including polysaccharides and polypeptides (e.g, dextran,
cellulose, alginate, chitosan, agarose, collagen, hyaluronic
acid, and fibrin), were mostly explored for sensing applications,
capitalizing on their porous architectures, nontoxicity, and
cost-efficient preparation. However, they typically lack
stimulus-responsive characteristics,”® which limit the imple-
mentation of additional functionalities based on the active
tuning of their structure. Recently, a new responsive synthetic
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Figure 1. Optical setup employed for the combined SPR, OWS, and fluorescence spectroscopy for the characterization and monitoring of affinity

binding events inside the PIC-based thin hydrogel films.

and highly biomimetic gel based on oligo(ethylene glycol)-
grafted polyisocyanides (PICs) was developed. The glycol tails
introduce a strong thermoresponsive behavior in the material,
with a reversible sol—gel transition at Ty ~ 18 °C that can be
adjusted by the tail length.”" The helical architecture of PIC is
stabilized by the peptidic hydrogen bonds, creating stiff
polymer chain bundles providing mechanical strength. More-
over, the polymer can be endowed with additional functional
groups for the conjugation with biomolecules (e.g, RGD
peptides for enhanced cell adhesion®”) or cross-linkers. The
PIC hydrogel exhibits a stress-stiffening behavior that is
widespread in biopolymer matrices, but is, however, rare in
synthetic materials. For instance, stress-stiffening of PIC was
reported to play an important role in the commitment of stem-
cell fate.”® Due to the biomimetic properties and thermally
induced gelation, the PIC hydrO%el was used as a bulk material
and applied for wound dressing,”* 3D cell cultures, and tissue
engineering”* and as an injectable scaffold.”®

In this article, we report on the use of PIC polymers as a
matrix for real-time biosensing in complex bioenvironments.
Thin hydrogel films were attached to a solid SPR chip through
facile PIC click conjugation chemistry and were functionalized
with biotin for subsequent biofunctionalization. Swelling of the
biomolecule-functionalized PIC hydrogel thin films was
observed by OWS combined with SPR. The combination of
these evanescent wave techniques with fluorescence spectros-
copy was utilized to measure diffusion and affinity binding of
biomolecules inside the hydrogel. The possible implementa-
tion of this novel material in bioassays and its resistance to
fouling from bodily fluids such as blood plasma is
demonstrated.

B EXPERIMENTAL SECTION

Materials. The dibenzocyclooctyne (DBCO)-PEG4-biotin
conjugate was obtained from Sigma-Aldrich (Germany).
Neutravidin and rabbit anti-mouse IgG (H + L) antibody
conjugated with Alexa Fluor 647 were purchased from Thermo
Scientific (Austria). Biotinylated mouse IgG was obtained from
Abcam (UK). Phosphate buffer saline tablets (PBS: 140 mM
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NaCl, 10 mM phosphate, 3 mM KCI, pH = 7.4) were obtained
from Calbiochem (Germany). Normal pooled human serum,
plasma, and single donor whole human blood were obtained
from Innovative Research (USA). All buffer solutions were
prepared by using ultrapure water (arium pro, Sartorius
Stedim, Germany). Isocyanide monomers were obtained from
Chiralix. Absolute ethanol (99.5%) was purchased from Fisher
Scientific. Nickel(II)perchlorate hexahydrate was obtained
from Sigma-Aldrich.

Synthesis of PIC Copolymers. The PICs were synthe-
sized according to an established protocol.26 Briefly, the
isocyanide monomers (3% carrying an azide group for post-
functionalization) were dissolved in freshly distilled toluene,
then the catalyst Ni(ClO,),-6H,0 (0.1 mg mL™" in freshly
distilled toluene/absolute ethanol, 9:1 in volume) was added,
and the toluene was added to set the final isocyanide
concentration to 50 mg mL™". The ratio between Ni** and
total monomer concentration was 1:2000 in the process of
yielding polymers with a molecular weight around 500 kg/mol,
as determined by viscometry.

Synthesis of DBCO-Linkers. A DBCO-PEG4-SH
(DBCO)-thiol linker for attachment to gold was synthesized
as follows. Cysteammonium chloride (HS(CH,),NH;CI) was
dissolved in dimethylformamide at ¢ = 4 mM. Next, 0.9 equiv
DBCO—-PEG4—NHS and 10 equiv diisopropylethylamine
were added to the solution. The mixture was allowed to
react on a rotating mixer for 24 h and was quenched with 10%
TFA/DMSO to pH < 4. Finally, the product was diluted with
purified (Milli-Q) water and further purified with HPLC.

Preparation of Thin PIC Films. The SPR sensor chips
were prepared on BK7 glass substrates. Vacuum thermal
evaporation (HHV AUTO 306 from HHV LTD.) was used for
the deposition of the 2 nm layer of chromium, followed by a 50
nm layer of gold. The metal deposition rate was 2 A s™' in a
vacuum better than 107° mbar. The gold surface of the
prepared substrates was immersed in an ethanolic solution of 1
mM DBCO-thiol to form a self-assembled monolayer (SAM).
After overnight incubation, the substrates were rinsed with
copious amounts of ethanol to remove the excess of unbound

https://doi.org/10.1021/acs.jpcc.1c02489
J. Phys. Chem. C 2021, 125, 12960—12967


https://pubs.acs.org/doi/10.1021/acs.jpcc.1c02489?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c02489?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c02489?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c02489?fig=fig1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c02489?rel=cite-as&ref=PDF&jav=VoR

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

Building blocks:

Preparation of PIC-based hydrogel thin films:

DBCO-thiol

N (0]

ZT
)]
I

O

Q DBCO-biotin ,
o M

< PIC-based polymer

(e}

N%HJ\WO of
e

a) b)

|. Gold surface

il l'l,, ,',V ;' I'Ifil {h"

[I. DBCO-thiol

8 .

V. Self-assembly of
hydrogel at T>T,

. x
w;‘“’

r AT

|||||'||
[ll. Contacting with - —
PIC-based polymer at IV. Spinnnig
T<T. at T<T,

gel gel

Figure 2. (a) Overview of used linkers and PIC-based copolymer and (b) preparation of thin PIC-based hydrogel films.

DBCO-thiol, dried in the stream of air, and placed on ice for at
least 15 min. The 4 mg/mL stock solution of gelled PIC
hydrogels was cooled below its gelation temperature Ty (for
the used copolymer of 15 °C). The obtained fluid polymer
solution was diluted in cold ultrapure water to yield
concentrations of ¢ = 0.5, 1.0, 2.0, and 4.0 mg/mL. Then,
200 uL of each solution was pipetted on a separately cooled
substrate with the DBCO-thiol SAM. The PIC solution on the
top of such an SPR sensor chip was left on ice for 30 min to
allow for click reaction between the azide groups carried out by
the PIC chains and the DBCO moieties at the gold surface,
which typically occurs in several minutes.”” Afterward, the SPR
sensor chip was spun at 1000 rpm for 30 s in order to yield a
thin homogenous polymer film that was allowed to slowly
reach room temperature. After 30 min, a dry surface of the PIC
film was obtained and additional layers of the polymer were
prepared by repeating the procedure with the spin rate lowered
to 500 rpm.

Optical Setup. An in-house developed sensor instrument
relying on angular interrogation of SPR and surface plasmon-
enhanced fluorescence (SPFS) was used; see Figure 1. A
monochromatic beam (4, = 632.8 nm, 2 mW) was transverse
magnetically (TM) or transverse electrically (TE) polarized by
a polarizer (POL). The linearly polarized light beam passed
through a chopper and was coupled to the 90° LASFN9 glass
prism that was mounted on a rotation stage to control the
angle of incidence . The SPR chip with a layer of an attached
PIC-based hydrogel was optically matched to the prism base
by using an immersion oil (Cargille Inc., USA). The intensity
of the beam R that reflected at the SPR sensor chip surface was
measured as a function of angle of incidence @ by a photodiode
connected to a lock-in amplifier (EG&G, USA). Liquid
samples were transported over the SPR sensor chip surface
at a flow rate of 50 mL min~" by using a flow cell connected to
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a Tygon tubing and a peristaltic pump (Ismatec, Germany).
Fluorescence light emitted from the sensor surface in the
perpendicular direction was collected through the flow cell
made from a transparent glass substrate. It was excited by the
evanescent field on the sensor surface at a wavelength A, and
the emitted beam at wavelengths close to A, = 670 nm was
collected by the lens. It was then spectrally cleaned by a notch
filter (LNF, the central stop-band wavelength of 632.8 nm,
XNF-632.8-25.0M, CVI Melles Griot, USA) and two bandpass
filters (FBPF, transmission wavelength 4 = 670 nm, 670FS10-
25, Corporation Optical Filter, USA). The fluorescence
intensity F was measured by a photomultiplier (H6240-01,
Hamamatsu, Japan) that was connected to a counter (531314,
Agilent, USA). To minimize the bleaching of emitters, the
intensity of the excitation laser beam at A, was reduced to 1%
by using a neutral-density filter (NDF, Linos Plano Optics).
The angular reflectivity spectra R(6) and fluorescence intensity
F(0) were recorded by a Wasplas software (Max Planck
Institute for Polymer Research, Mainz, Germany).
Observation of Thin PIC-Based Hydrogel Layers. Thin
layers of the PIC-based hydrogel were investigated in contact
with air and water by using SPR combined with OWS. The
thickness dj, and refractive index ny, of swollen hydrogel films
and thickness dj,q,, and refractive index 7,4, of dry hydrogel
films were determined by fitting the reflectivity scans in TM
and TE polarization R(#) with a Fresnel reflectivity-based
model implemented in WinSpall software (Max Planck
Institute for Polymer Research, Germany). A “box” approx-
imation was used, in which the layers were assumed to be
homogeneous and a possible density gradient in the direction
perpendicular to the surface was omitted. The swelling ratio
SR of the PIC-based hydrogel layers was calculated from the
experimentally found thickness of the hydrated and dry layers
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SR = )
dyary (1)

The respective polymer volume fraction f was obtained from
the Maxwell Garnett effective medium theory as'’

(my® = ") (my_gry” + 2m7)

B () +2m) (g — ) (2)

where n, = 1.334 states the refractive index of buffer (PBS)"*
in contact with the polymer film, and n, and my 4, are the
refractive indices of the hydrated and the dried PIC layers,
respectively. The surface mass density I of the PIC-based
hydrogel layer loaded with biomolecules was determined as™

dc
I'=(n, —n) Xd, X o 3)
where the coefficient on/dc = 0.2 /JL/mg,29 which describes
the changes in the refractive index with the concentration of
proteins.

Atomic Force Microscopy Analysis of PIC-Based
Hydrogel Layers. The topography of dry PIC-based polymer
layers was measured by using atomic force microscopy
(PicoPlus from Molecular Imaging, Agilent Technologies,
Germany) with tapping mode tips PPP-NCHR-50 (Nano-
sensors, Switzerland). The obtained images were processed in
the open-source software Gwyddion (version 2.47 from
gwyddion.net).

Post-Modification of PIC-Based Hydrogels. First, the
SPR sensor chip carrying the PIC-based hydrogel layer was
loaded onto the SPR sensor instrument (Figure 1). The surface
was washed with PBS for S min, and then, 200 uM DBCO-
biotin dissolved in PBS was reacted with the PIC hydrogel
layer for 30 min. The excess of DBCO-biotin was removed by
washing the sensor chip with PBS for 5 min. Subsequently, a
solution of 200 M NeutrAvidin was placed on top of the PIC
hydrogel layer for 90 min, which was washed with PBS for 5
min. Then, biotinylated mouse IgG dissolved in PBS at a
concentration of 50 pg/mL was allowed to bind to the PIC-
based hydrogel matrix for 30 min. Finally, PBS with 2 pg/mL
of rabbit anti-mouse IgG (that was tagged with the fluorescent
dye Alexa Fluor-647) was flowed over the PIC-based hydrogel
for 30 min, followed by rinsing with PBS for S min.
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B RESULTS AND DISCUSSION

Preparation of PIC-Based Hydrogel Layers. In order to
graft the PIC hydrogel to the SPR sensor chip, its gold-coated
surface was first reacted with a glycol linker carrying the thiol
group and DBCO head group (DBCO-thiol); see Figure 2a.
The DBCO-thiol was allowed to form a self-assembled
monolayer’’ for the subsequent attachment of the PIC-based
gel layer. As illustrated in Figure 2b, the PIC-based polymer
was dissolved in water, which was cooled down below the
gelation temperature T, and the solution came in contact
with the DBCO-modified gold surface. The PIC-based
polymer in the solution reacted with the DBCO groups at
the surface via its attached azide groups to establish a
permanent graft. After the grafting reaction, the substrate
with the polymer solution on its top was spun in order to form
a thin hydrated layer. This layer was slowly heated to
temperature T = 22 °C in 30 min, which is above the PIC
polymer T, and thus, the bundling of the polymer chains and
respective gel formation can occur before it dries. The
concentration of the PIC polymer in the aqueous solution
was varied between 0.5 and 4 mg/mL to control the thickness
and density of the PIC polymer-based film. The thickness of
the dried film dj 4, was determined by SPR measurements
from a shift of the SPR dip in the measured reflectivity
spectrum R(6), which was fitted with the Fresnel reflectivity-
based model. As Figure 3a shows, SPR occurs at an angle of fgp
= 25.8° on a bare gold surface (control without a PIC-based
polymer layer). After the coating with the PIC layer, the SPR
angle shifts to a higher angle (reaching up to 65, = 35.68° for
the 4 mg/mL PIC solution). The analysis of measured spectra
R(0) allowed for determining the film thickness dj, 4, in the
range of 4—40 nm as presented in Figure 3b. It is worth noting
that the film thickness dj 4, can be further increased by
repeating the coating procedure. As it is shown in Figure 3b,
repeated deposition of the PIC polymer from 4 mg/mL by
using the same procedure with a decreased spin rate of 500
rpm yielded an increased thickness of d}, 4, = 103 and 143 nm
for two and three deposition cycles, respectively.

A previous study of the bulk PIC hydrogel structure showed
that on average, seven helical polymer chains form a bundle
with a diameter of 7.5 nm.”' It was observed that the
concentration of the polymer does not impact the bundle’s
diameter but rather their abundance and, as a result, the pore
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Figure 4. Changes in resonant coupling to (a) SP and TM, waves and (b) TE, wave upon a sequential reacting of the PIC hydrogel layer with
biotin-DBCO, NeutrAvidin, mouse IgG, and anti-mouse IgG conjugated with Alexa Fluor 647 fluorophore. Changes in resonant coupling to (c) SP
and TM, waves and (d) TE, wave upon after the exposure of PIC-based hydrogel to 10% blood, undiluted plasma, and undiluted serum.

size of the hydrogel matrix. Indeed, this observation was later
confirmed by confocal fluorescence imaging, which showed a
heterogeneous structure of interconnected fibrils with a pore
size reaching 1—10 ym depending on the concentration.”” The
refractive index of the dry PIC polymer-based films prepared
herein was determined as ny g, = 1.4624, which is below the
value obtained for dense biopolymers and indicates that the
structure comprises voids induced by the bundling of
individual chains due to the formation of a network. The
topography of the dry PIC polymer-based dry layer prepared
from 4 mg/mL solution was characterized by using atomic
force microscopy (see Figure S1). Our analysis of the thin
polymer films revealed that the surface of the dry PIC-based
polymer layer exhibits an rms roughness of +4.2 nm, and we
did not observe the fine structure of polymer bundles. The
reason can be attributed to the fact that the bundles are rather
densely packed in the investigated dry polymer layer.
Swelling of Thin PIC Hydrogel Layers. To prove that
the grafted PIC polymer-based film forms a hydrogel, the layer
was brought in contact with an aqueous liquid at room
temperature (T = 22 °C, i, above the PIC gel temperature
Tgel)' Combined SPR and OWS were used for the SPR sensor
chip carrying a PIC film with a dry thickness of dj 4, = 101 nm
and refractive index . 4, = 1.4624. The polymer layer came in
contact with PBS, and angular reflectivity spectra R(6) were
measured for both TM and TE polarization, as shown in
Figure 4a)b. Contrary to the measurement for a dry film
(presented in Figure 3a), the angular spectra acquired from a
film swollen in PBS show richer characteristics. The spectrum
R(0) exhibits two distinct resonances in TM polarization:
besides the excitation of surface plasmons at fsp = 58.74°, we
observed an additional dielectric waveguide mode TM, at 01y,
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= 47.42°. Moreover, R(0) in the orthogonal TE polarization
shows a faint resonance at Org, = 47.50°, which is associated

with a dielectric waveguide mode TE,. The analysis of the
reflectivity spectra allowed us to determine the thickness dj,
and the refractive index ny, of the hydrated PIC layer. It reveals
that the thickness increased from dj, 4, = 101 nm to d;, = 1558
nm and refractive index decreased to n, = 1.3420, close to that
of water. These data indicate that the PIC polymer layer did
not dissolve and that the formed polymer networks swelled by
the uptake of water with the swelling ratio of SR = 15.4
determined from eq 1. These data imply a decreased polymer
volume fraction f = 6.3%, based on eq 2, using the measured
refractive indices my, .4, and that of PBS buffer n;, = 1.334. In
addition, the respective surface mass density of the PIC-based
hydrogel was calculated as I' = 62.3 ng/mm”* by using eq 3.
This value is slightly lower than I' = 72.9 ng/mm? which is
determined for the dry film, prior to the swelling, due to the
possible detachment of a small fraction of loosely bound
polymer chains from the surface.

PIC-Based Hydrogel 3D Binding Matrix—Post-Mod-
ification. After establishing the protocol for the formation of a
thin hydrogel layer on the gold substrate, we explored its
application to serve as a three-dimensional binding matrix that
can host biomolecules and allow for specific interactions with
their affinity binding partners. In order to demonstrate this
functionality, the azide groups on the PIC chains in the
network were used for attaching functional biomolecules in a
post-modification approach. The biofunctionalization steps
were monitored by a combined SPR and OWS for a pristine
hydrogel film with a thickness of dj, = 1558 nm and a refractive
index of ny, = 1.342. This film exhibited a thickness of about
100 nm in the dry state, and it was prepared by two spin-
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coating steps consisting of dispensing a solution with a
polymer concentration of 4 mg/mL on the surface followed by
its spinning at 1000 and 500 rpm (as represented in Figure
3b).

We utilized the well-known biotin—avidin interaction for the
coupling of functional proteins to the PIC-based hydrogel.** In
the first step, free azide moieties present on the PIC chains
were reacted with the DBCO—Dbiotin conjugate through the
same catalyst-free click conjugation reaction that was used for
substrate grafting (see Figure 2). After the reaction, the surface
was rinsed with PBS, and we observed corresponding shifts in
the resonant angles Ory;, and Oy, in the reflectivity scans R(6).

The acquired shifts to O1y; = 47.46° and O1g, = 47.53° indicate

that the surface mass density of the PIC-based hydrogel layer
increased by 4.07 ng/mm2 to I' = 66.40 ng/mm2 due to the
attachment of biotin groups conjugated with DBCO
(molecular weight 0.75 kDa). In the next step, the biotin
groups on the PIC were allowed to bind to NeutrAvidin
(molecular weight of 60 kDa). After rinsing away excess
protein with PBS, the dielectric waveguide mode resonances
shifted to values Oy, = 47.58° and 01 = 47.65°; these shifts

correspond to a further increase of surface mass density by
15.57 ng/mm? to I" = 81.97 ng/mm” It is worth noting that
the measured surface mass density increase after the
immobilization of NeutrAvidin is 4 times higher compared
to that for the biotin—DBCO conjugate. However, the
molecular weight ratio of these molecules of 80 is much
larger, which indicates that only a limited fraction of available
biotin groups reacted with the NeutrAvidin. A potential reason
for this difference is that multiple biotin groups can bind one
NeutrAvidin molecule (carrying four binding pockets). This
avidity is associated with an additional cross-linking of the PIC
hydrogel that may hinder the diffusion of molecules through
the network and cause undesired crowding at the interface of
the hydrogel film with the NeutrAvidin solution. In line with
this observation, we noticed a negligible shift in the SPR angle
Ogp after the coupling of biotin with NeutrAvidin. The 6gp
angle probes about a 100 nm thin slice of the PIC-based
hydrogel at its inner interface with the gold film. Therefore, the
molecules reaching this interface need to diffuse through the
whole PIC-based polymer network and may experience a more
crowded environment due to the covalent attachment of the
chains to the gold surface that thus hinders the affinity
reaction.

PIC-Based Hydrogel as a 3D Binding Matrix—
Immunoassay and Antifouling Properties. In order to
demonstrate the functionality of the NeutrAvidin-modified
PIC coating as a binding matrix for immunoassays, a
biotinylated mouse IgG (mIgG) was affinity bound into the
PIC film with NeutrAvidin molecules, followed by the binding
of its affinity partner—a fluorophore-labeled anti-mIgG
antibody. The first step was directly monitored by measuring
a shift in the resonant angles 01y and g, as can be seen in

Figure 4. The increase in surface mass density to I" = 82.45 ng/
mm’ was determined by the analysis of these changes.
Considering the IgG molecular weight of about 160 kDa,
this surface mass density change indicates that only a small
fraction of NeutrAvidin molecules inside the PIC-based
hydrogel was available for reacting the mIgG—biotin
molecules. A possible explanation for such decreased efliciency
in the loading of this molecule to the PIC-based hydrogel layer

is the crowding at the upper interface of the hydrogel occurring

due to the densely packed NeutrAvidin and possibly, the
additional cross-linking effect of reacting with mIgG carrying
multiple biotin tags. The immobilized mIgG, however, was
recognized by the anti-mIgG antibodies that were labeled with
fluorophores Alexa Fluor 647 (A647), which allow for
visualization by fluorescence spectroscopy. The fluorescence
label was excited at A, = 633 nm, coincident with the
absorption band of A647 via the enhanced field intensity
associated with the resonant excitation of the SP and dielectric
waveguide modes TM, and TE,. The binding of anti-mIgG
conjugated with A647 gives rise to strong fluorescence peaks
occurring in the angular scans F(6) measured at the emission
wavelength of 4., = 670 nm at resonant angles &1y and g ;

see Figure 4a,b. These peaks show a strong intensity increase
to F = 6.5 X 10° cps for the TM; mode and 2 X 10* cps for the
TE, mode, which corresponds to twenty times higher signal
than the background indicating that, indeed, the PIC polymer
gel can be used for sensing applications. Interestingly, no
fluorescence signal increase was measured for 6gp, which
supports the hypothesis that the binding of IgG molecules
primarily occurred at the interface of PIC hydrogel films for
the used NeutrAvidin—biotin immobilization strategy.

It should be noted that for future applications, the properties
of the hydrogel binding matrix should be optimized with
respect to the size of the used ligand molecules and their
affinity to the target analyte in order to enable their specific
capture in the whole volume of the gel layer that is optically
probed.’* These steps would include adjusting the amount of
coupled biotin groups (at the PIC polymer synthesis or by
reacting the DBCO-biotin for a shorter time with the
network), changing thickness dy (by varying the PIC
concentration in the solution and spinning rate), and adjusting
pore size (by changing the PIC concentration). In addition,
other coupling schemes that do not lead to the (unwanted)
cross-linking may be beneficial to implement.

As sensing is often required in complex (biological) fluids,
sensor fouling is a recurring problem. The resistance to fouling
of the PIC hydrogel was tested using blood serum, plasma, and
10% diluted whole blood plasma. As seen in Figure 4c,d, a 15
min flow of these biological fluids followed by a S min rinse
with PBS did not lead to a measurable shift in the resonances
as measured for the surface plasmon modes SP or the dielectric
waveguide modes TM; and TE, (Table S1 in Supporting
Information). Overall, the 45 min exposure to various
biological media resulted in the total shift of TM; and TE,
modes by approximately 0.008° and an increase of surface
mass density by less than AI' = 1 ng/mm’. The antifouling
nature of the PIC hydrogel can be assigned to the high level of
hydration and presence of the relatively inert oligo(ethylene
glycol) chains [as commonly used in self-assembled mono-
layers of alkanethiols with oligo(ethylene glycol) headgroups
to prevent fouling of the sensor surfaces’]. Although the
measurement of the resistance to nonspecific interactions of
the PIC matrix shows its potential to serve as an efficient
antifouling biointerface, the accuracy of the performed
measurements does allow for comparison with the best
performing antifouling materials known to date. For instance,
the zwitterionic carboxybetaines and N-2-hydroxypropyl
methacrylamide polymer brush layers were reported to prevent
fouling of the complex media at a level of several pg/mm?.*°
However, these biointerfaces exhibit a thickness that is about 2
orders of magnitude lower than the herein reported PIC-based
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architecture, which consequently affects the surface mass
density of deposited biomolecules.

B CONCLUSIONS

In this paper, we deposited a PIC-based hydrogel on a solid
surface in the form of a thin film and demonstrated that it can
serve as an affinity binding matrix for sensing applications. The
PIC gel is introduced on the chip in a two-step attachment
procedure and the film thickness is readily controlled by the
preparation conditions. The open fibrous structure of the
hydrogel allows for diffusion of medium size protein molecules,
which allows for post-modification of the polymer network
with functional moieties. In our work, we demonstrated the
functionalization with biotin and subsequent reaction with
NeutrAvidin, which is a frequently used platform for further
conjugation of biomolecules and implementation of assays
including the immunoassay used herein. Hydrogel swelling and
successive conjugation steps were monitored in a label-free
manner by the combined SPR and OWS. Our work
demonstrates that the PIC gels can be used to form stable
hydrogel layers without the need for chemical or photo-cross-
linking chemistry, which simplifies their preparation and is
biomolecule-compatible. Also, the antifouling properties of the
gel are advantageous. This study is the first step for the future
development of robust PIC-based 3D sensor matrices for
efficient affinity biosensors. The use of evanescent optical
techniques may provide a facile tool for the characterization of
such thin films in order to tailor them also for other application
fields. For example, one can envision using a PIC-function-
alized SPR sensor for simultaneous cell culturing and
monitoring of cellular secretion molecules of interest.
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