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ABSTRACT: Precise identification of protein—protein interac- SPR sensorgram
tions is required to improve our understanding of biochemical [ "

pathways for biology and medicine. In physiology, how proteins

interact with other proteins or small molecules is crucial for ) —

e . . . . . . Multivalent binding
maintaining biological functions. For instance, multivalent protein | b V- A
binding (MPB), in which a ligand concurrently interacts with two : !
or more receptors, plays a key role in regulating complex but I
accurate biological functions, and its interference is related to many ¢ . :

|
|
|

diseases. Therefore, determining MPB and its kinetics has long
been sought, which currently requires complicated procedures and YA
instruments to distinguish multivalent binding from monovalent

binding. Here, we show a method for quickly evaluating the MPB

over monovalent binding and its kinetic parameters in a label-free

manner. Engaging pNIPAm-co-AAc nanogels with MPB-capable moieties (e.g, PD-1 antigen and biocytin) permits a surface
plasmon resonance (SPR) instrument to evaluate the MPB events by amplifying signals from the specific target molecules. Using our
MPB-based method, PD-1 antibody that forms a type of MPB by complexing with two PD-1 proteins, which are currently used for
cancer immunotherapy, is detectable down to a level of 10 nM. In addition, small multivalent cations (e.g,, Ca®!, Fe?*, and Fe**) are
distinguishably measurable over monovalent cations (e.g., Na* and K*) with the pNIPAm-co-AAc nanogels.

I
L Fe,

Monovalent binding
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1. INTRODUCTION composed of two identical antigen binding sites, resulting in a
protein ternary complex by divalent binding, a type of
MPB.'"” Cell signaling by epidermal growth factor (EGF)
is also triggered by receptor dimerization through MPB, which
plays a key role in cancer development.'® However, there is no
efficient method to determine MPB and its kinetic values in a
label-free manner. For instance, isothermal titration calorim-
etry (ITC) has been used to quantify thermodynamic
parameters of protein interactions and thereby sense multi-
valent protein complexes.lg’20
ology is its prerequisite for a large amount of purified proteins.

Surface plasmon resonance (SPR) has been regarded as a
gold standard technique for estimating protein interactions

A method to identify protein interactions with other proteins
or molecules is central for better understanding of biochemical
pathways in biology and medicine." Developing novel
biochemical and biophysical techniques has led to advances
not only in elucidating the molecular basis of biological
functions but also in discovering targeted drug molecules.”
Kinetic analysis of protein binding in real time is fundamental
to developing new drugs and medical treatments.” ® In
parallel, detection of a target molecule without prelabeling
steps has been highly advantageous for many practical
applications due to not only its experimental ease but also
the fact that the labeling can perturb binding events and

One limitation of this method-

results.”1° with drug molecules such as humanized antibodies, small
In physiology, proteins are often assembled in various molecules, and purified proteins.m_24 Although the use of SPR

complexes by binding to other proteins, which is a prerequisite instruments allows us to determine the kinetic values of

for complex but accurate biological functions.'"'* In terms of participating molecules, there are a number of caveats

formulation, protein binding is divided into two groups where

either one protein molecule interacts with one molecule, ie., Received: September 24, 2019

monovalent protein binding,"* or one molecule concurrently Accepted: January 3, 2020

binds with more than two molecules, i.e., multivalent protein Published: January 3, 2020

binding (MPB).'*'? Immunoglobulin G (IgG), ie., the most
common antibody in human serum and medical treatment, is
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Figure 1. Schematics of nanogel synthesis and identification. (a) Synthetic routes for pPNIPAm-co-AAc nanogels. (b) Their functionalization with
biocytin via EDC coupling. (c) Size and surface charge of the nanogels (before and after functionalization) analyzed by dynamic light scattering
(DLS) and {-potential measurement, respectively. (d) NMR spectra of pNIPAm-co-AAc nanogels.

concerning the fidelity of the measurement for complex
samples, small compounds, and highly hydrophobic molecules.
In addition, these instruments are unable to distinguish
multivalent binding from monovalent binding. Therefore, it
will be extremely valuable if we develop an easy and reliable
method of using a SPR instrument that can measure the MPB
in a quantitative and label-free manner.

To develop an efficient biochemical sensing platform for
MPB identification and kinetics, we utilized bioresponsive
hydrogel nanoparticles (nanogels). Hydrogels have been
extensively investigated for optical elements,” drug deliv-
ery,26’27 artificial cells,”® and biosensors.””*° In particular,
biologically functionalized hydrogel microparticles were
demonstrated to have the capability of distinguishing MPB
from nonspecific and monovalent binding events using the
change in the image of surface-immobilized microparticles.”””"
However, this image-based analysis attenuated the sensitivity
for a target molecule in MPB detection and lacked precise
quantitative information due to its dependence on visible
changes in microgels. Here, we develop a method to clearly
evaluate MPB events with kinetic parameters by engaging
bioresponsive pNIPAm-co-AAc nanogels with a SPR instru-
ment. Our results show that PD-1 antibody that participates in
MPB with two PD-1 antigens is detectable down to a level of
10 nM. In addition, even small divalent and trivalent cations,
which are unable to differentiate responding signals with
conventional SPR analysis, are distinguishably measurable over
monovalent cations using our MPB-based method.

2. MATERIALS AND METHODS

2.1. Materials. All chemical compounds were used as received
without further purification unless otherwise stated. N-Isopropylacry-
lamide (NIPAm), acrylic acid (AAc), N,N’-methylenebisacrylamide
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(BIS), ammonium persulfate (APS), poly(oxyethylene) sorbitan
monooleate (Tween 80), N-hydroxysuccinimide (NHS), biocytin,
and bovine serum albumin (BSA) were purchased from Sigma-Aldrich
(St. Louis, MO). 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC) was purchased from Thermo Fisher Scientific (Waltham,
MA). PD-1 protein, PD-1 IgG antibodies, and protein A were
purchased from Sino Biological Inc. (Wayne, PA). Cy2-streptavidin
was purchased from Jackson ImmunoResearch (West Grove, PA).
The water used throughout this study was distilled and deionized to
18.2 MQ cm (aquaMAX-Ultra 370 water purification system, Young
In, Anyang, Korea) and filtered with a 0.22 ym filter to remove
particulate matter. 2-(IN-Morpholino)ethanesulfonic acid (MES) and
0.9% sodium chloride buffer were purchased from Thermo Fisher
Scientific. Phosphate-buffered saline (PBS, 1X) without calcium or
magnesium was purchased from GE Healthcare (Chicago, IL).

2.2. Synthesis of the Hydrogel Nanoparticles (Nanogels).
Nanogels were prepared via aqueous free-radical precipitation
polymerization with slight modifications from previously reported
literature procedures.”” In short, the total monomer concentration
was fixed at 100 mM, with a total reaction volume of 100 mL. The
AAc and BIS contents were adjusted to 10 and 2%, respectively,
relative to the total monomer concentration. The solution mixture
was prepared by dissolving NIPAm and BIS in deionized water and
then adding Tween 80, yielding a total surfactant concentration of 0.5
mM. The monomer solution was filtered with a 0.22 pm syringe-
driven filter and subsequently transferred to a 100 mL three-neck
round-bottomed flask equipped with a reflux condenser, a
thermometer, and a magnetic stirring bar. Once equilibrated to 70
°C, the reaction mixture was purged with Ar while stirring at 275 rpm.
After 1 h, the solution of AAc was added to the mixture by pipetting,
and Ar purging was maintained for 10 min before the initiation of
polymerization. Polymerization was initiated by syringe injection of a
0.2 mL aliquot of 1 mM APS into the reaction vessel. The reaction
was allowed to proceed for 6 h at 70 °C under continuous Ar purging
with stirring. After cooling, the resulting product was purified by
dynamic dialysis (Spectra/Por Tube-A-Lyzer, MWCO 100 kD,
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Figure 2. Schematics of the SPR analysis process. (a) Deposition of the nanogels on the surface of a bare gold SPR chip. (b) SPR analysis of

monovalent/multivalent analytes with the receptor-functionalized nanogels.

Repligen, Boston, MA) against pure water for 24 h, and the water was
changed at the 12 h mark.

2.3. Bioconjugation of the Nanogels. Biosensing capability was
imparted to the nanogels by functionalization with receptor molecules
(e.g, biocytin, PD-1, or protein A). EDC/NHS coupling was
performed to conjugate the amine groups of the receptors to the
carboxyl groups of the nanogels. A solution of the nanogels was
centrifuged and exchanged for MES buffer (pH 5.6) two times,
followed by the addition of EDC (20 mg, 0.65 M) and NHS (40 mg,
1.75 M). The receptor solution (S0 #M) was added to the nanogel
solution at a concentration of 10% (v/v), and the reaction was kept at
room temperature for 40 min. Unreacted EDC/NHS and receptor
molecules were removed by centrifuging S5 times, followed by
resuspension of the nanogels in the PBS buffer.

2.4. Size and ¢-Potential Measurements. The nanogel particle
size and {-potential were characterized using a Zetasizer Nano ZS
(Malvern Instruments, Worcestershire, UK) equipped with a 633 nm
He—Ne laser, and measurements were taken at a 173° detection
angle. Disposable polystyrene cuvettes were used for the dynamic
light scattering (DLS) measurements, and disposable folded capillary
cells were used to perform the {-potential measurements. The nanogel
sample was allowed to equilibrate at 25 °C for 2 min before size or {-
potential measurements. The size and {-potential data reported were
taken from the average of 15 individual measurements with a 10 s
integration time for each measurement.

2.5. SPR Analysis. All SPR experiments were conducted with a
Biacore T100 apparatus (Biacore GE Healthcare, Chicago, IL) at 25
°C. In the modification of a gold sensor chip, water served as the
running buffer for cysteamine functionalization, and 0.1 M MES
buffer (0.9% sodium chloride, pH 5.6) served as the running buffer for
the nanogel attachment process. In all SPR analyses, PBS served as the
running buffer. The sensor chip surface was activated with a 10 mM
cysteamine solution in water for 600 s with a flow rate of 2 yL/min.
The activated sensor chip was modified with a nanogel solution in the
MES buffer S times of 60 s injection and 120 s intervals at each cycle
(flow rate of 2 pL/min). All the analytes were diluted in the PBS
buffer at various concentrations and injected into the chip for 60 s
(flow rate of 2 uL/min). The resulting sensorgrams were analyzed by
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global fitting using an appropriate model in the evaluation program
(Biacore Evaluation Program version 2.0).

2.6. Microscopy. Fluorescence microscopy was utilized to observe
the Cy2-conjugated streptavidin bound to the biotinylated nanogels.
APTMS in ethanol solution (1% v/v) was applied on the plasma-
modified glass slide for 1 h, followed by washing with ethanol several
times. Next, the biotinylated nanogel solution (20 L) was dropped
on a specific area of the glass slide and incubated for 1 h. The entire
glass slide was rinsed with PBS buffer and incubated with 1 yM of
Cy2-conjugated streptavidin solution for 10 min. Finally, the glass
slide was washed with PBS buffer several times and fluorescence
images were captured by an inverted microscope (Nikon, Ti2-E,
Tokyo, Japan).

3. RESULTS AND DISCUSSION

First, pNIPAm-co-AAc hydrogel nanoparticles were prepared
by radical polymerization in water as shown in the scheme
(Figure 1a). The molar ratio of N-isopropylacrylamide
(NIPAm): acrylic acid (AAc): N,N’-methylenebisacrylamide
(BIS) used in the synthesis of the nanogels was 88:10:2.
Ammonium persulfate (APS) was used as the initiator, which
is decomposed into sulfate anion radicals under heating.
Nonionic poly(oxyethylene) sorbitan monooleate (Tween 80)
was used as the surfactant and emulsifier. For characterization
of the nanogels, NMR spectroscopy was utilized (Figure 1d).
Peaks ascribed to the NIPAm and AAc units were observed in
the 'H NMR spectrum, and the peaks associated with the
cross-linker BIS were not detectable due to its small quantity.
The prepared pNIPAm-co-AAc nanogels were functionalized
by EDC coupling with receptors such as biocytin, Fc-tagged
PD-1, and protein A depending on the capturing proteins
(herein biocytin) (Figure 1b).

The hydrodynamic sizes of the synthesized pNIPAm-co-AAc
nanogels and the functionalized nanogels were measured by
DLS. There is only one sharp peak in the nanosized area, and it
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shows that the neat nanogel is approximately 700 nm in
diameter. The polydispersity index (PDI) of the hydrogel is
0.051, which means that the nanogel is very monodispersed in
size. The {-potential of the neat nanogel shows a negative value
because the carboxylate groups in the nanogel networks make
the surface charge of the nanogel negative. Additionally, the
biotinylated nanogel shows a diameter of approximately 800
nm and a slightly more positive {-potential value than that of
the neat nanogel (Figure 1c). These phenomena could come
from the pH changes and passivation of carboxylate group in
the biotinylated nanogels when the neat nanogels underwent
EDC coupling step. It has been reported that the size of
nanogels in aqueous solution is mostly influenced by charge,
cross-linking density, temperature, and pH but not by the
addition of mass.”' ~>* Moreover, since biocytin is a small
molecule, it is unlikely to be explained by the fact that increase
in the size of the biotinylated nanogels is solely contributed by
the addition of biocytin.

Then, surface functionalization of a bare gold chip was
performed to develop a method of using a SPR instrument to
measure the MPB in a quantitative and label-free manner
(Figure 2a). Cysteamine was utilized to introduce amine
functional groups onto the gold chip surface, yielding a positive
charge for Coulombic attraction with negatively charged
pNIPAm-co-AAc nanogels. To maximize the Coulombic
force, the plain or functionalized nanogels were dissolved in
MES buffer (pH = 5.6), and the resulting solution was injected
into an amine-functionalized gold chip in situ. The SPR
sensorgrams of each process are shown in the Supporting
Information (Figure S1). As a proof of concept to verify the
MPB detection capability of our method, we employed a
streptavidin—biotin binding system in which a streptavidin
molecule is able to bind to four biotin molecules (Figure 2b).
Herein, injection of a streptavidin solution into a biotinylated
pNIPAm-co-AAc nanogel-functionalized gold chip would
increase the cross-linking degree of the nanogel network
through MPB, which results in deswelling of the nanogels,
followed by an increase in the refractive index (RI) of the
nanogel layer. The RI change consequently enables the
amplification of the intensity of the SPR signal, distinguishing
MPB from monovalent binding that has no effect on the cross-
linking degree of the nanogel network. In the case of
monovalent binding events, a relatively small (or conventional)
change in the RI of the nanogel network would be induced by
the binding event when monovalent streptavidin was
introduced.

A SPR instrument equipped with biotinylated pNIPAm-co-
AAc nanogel-functionalized gold chips was utilized to measure
the response to target proteins including streptavidin,
monovalent streptavidin, and bovine serum albumin (BSA)
(Figures 3 and S2). It is worth noting that target proteins (e.g.,
streptavidin) are bound to the biotinylated nanogels in a
homogeneous distribution, which was confirmed by using
fluorescent Cy2-streptavidin (Figure S3). There is a highly
concentration-dependent response of the SPR signals to
streptavidin as a model of MPB, while the SPR signals are
hardly able to distinguish the concentration difference in
monovalent streptavidin at each representative concentration
(Figure 3a,b). To compare the SPR response to each sample,
we plotted the RUmax (maximum resonance unit) values of
streptavidin, monovalent streptavidin, and BSA at each
concentration (Figure 3c). As shown in the plot, streptavidin,
as a MPB model (black square), shows that the slope of
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Figure 3. SPR results of the biotinylated nanogels. (a) Sensorgram of
streptavidin. (b) Sensorgram of monovalent streptavidin modified
with biocytin. (c) Comparison of the maximum SPR signals among
streptavidin, monovalent streptavidin, and BSA. (d) Signal-to-noise
ratio (SNR) plot from the maximum SPR signals of streptavidin and
monovalent streptavidin against those of BSA. Note that the error
bars are the standard deviation of three measurements.

RUmax values is ~3 times higher than that of monovalent
streptavidin and BSA. This result indicates that both
monovalent streptavidin and BSA, ie., a nonspecific binding
molecule, causes similar SPR responses in their RUmax values,
which suggests that our method only enables the production of
amplified SPR signals for MPB. To estimate the MPB-
enhanced SPR signal, we divided the RUmax values of
streptavidin and monovalent streptavidin by those of BSA, a
nonspecifically binding protein (Figure 3d). The SNR value of
1 means that there is no difference in the SPR signals of the
target molecules from those of nonspecific analytes. The results
suggest that our method would be able to detect the target
molecule via an MPB event in a complex solution having
nonspecific analytes, while the SPR signals of monovalent
streptavidin or nonspecific molecules are negligible.

It should be noted that no significant differences in the SPR
signal were observed when the detection of multivalent and
monovalent streptavidin was conducted using a biotinylated
commercial PEG SPR sensor chip (Figure S4). This result
shows that the amounts of streptavidin binding to the
functionalized surface are similar regardless of its valency.
Thus, it suggests that the signal differences between multi-
valent and monovalent streptavidins in our nanogel system
were not due to the difference in the amount of the bound
streptavidin.

MPB detection using the SPR signals of bioresponsive
nanogel-based gold chips was further examined in an antigen—
antibody system (Figures 4 and S5). Each PD-1- and protein
A-functionalized nanogel was injected into a gold chip in situ
to determine whether the PD-1 IgG antibody binds to the
antigens or PD-1 in a multivalent or monovalent manner,
respectively. Our experimental approach utilized the fact that
each Fab region of a PD-1 IgG antibody can interact with PD-1
proteins with a binding affinity of K, = 107" resulting in the
formation of the tertiary complex, i.e, MPB. In contrast, the
protein A nanogel biochip has a binding affinity (Kp = 107%)"
only for the Fc region of IgG. With increasing PD-1 IgG
concentration, the intensity of the SPR signals changed with
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Figure 4. SPR analysis results for PD-1 antibody. (a) Sensorgram of
PD-1 functionalized nanogels. (b) Sensorgram of protein A
functionalized nanogels. (¢) Comparison of the maximum SPR signal
among PD-1 nanogels, protein A nanogels, and neat pNIPAm-co-AAc
nanogels. (d) SNR plot from the maximum SPR signals of PD-1
nanogels and protein A nanogels against the SPR signal of neat
pNIPAm-co-AAc nanogels. Note that the error bars are the standard
deviation of three measurements.

different response degrees, which were higher for the PD-1
nanogel biochips (Figure 4a) than for the protein A biochips
(Figure 4b). This result is interesting, considering that the
intensity of the SPR signals is subject to changes in the
refractive index of the gold chip where the immobilized
receptors or ligands are complexed with their binding pairs.
Note that we used the same antibody for both measurements.
It is also worth mentioning that the kinetic values for both
cases were comparable to previously reported values (K
3.78 X 107° vs Kp = 107 for PD-1:PD-1 IgG and Kp, = 1.80 X
107® vs Ky, = 107® for Fc of IgG:protein A) (Figure 4a,b). The
kinetic values for the binding between PD-1 modified nanogels
and PD-1 IgG, calculated from resonance signal using the SPR
evaluation system, were demonstrated (Figure S6).

Concurrently, the RUmax and SNR values were also plotted
to determine how much the same analyte, PD-1 IgG antibody,
induces the different intensities of the SPR signal depending on
its binding manner, ie., multivalent or monovalent. The
difference in the RUmax values between the PD-1 nanogel and
protein A nanogel systems appeared from a PD-1 IgG
concentration of 10 nM, which was two times higher for that
of the multivalent system, PD-1 (Figure 4c). In addition, the
SNR analysis shows that only the multivalent analyte provides
an amplified signal intensity and thereby higher SNR values
than those of the monovalent analyte (Figure 4d). Thus, our
findings indicate that antigen-modified nanogel biochips are
synergistic for the evaluation of antibodies in solution due to
amplified SPR signals by MPB formation. Considering SNR
values, our method based on MPB would be able to identify a
target antibody in solution at a 10-fold lower concentration
than that detectable by a conventional method by monovalent
binding.

MPB-based analysis using a pNIPAm-co-AAc nanogel-
modified gold chip and SPR instrument was further expanded
for the evaluation of different metal ions (e.g, Na*, K¥, Ca®,

5417

Research Article

Fe?*, Fe**) that have oxidation states of +1, +2, and +3. For 10
uM (Figure Sa) and 1 mM (Figure Sb) solution concen-
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Figure S. SPR analysis results for metal ions. (a) Response of the neat
nanogels to 1 yM metal ions. (b) Response of the neat nanogels to 10
mM metal ions. (c) Interaction concept of metal ions with carboxylate
group in the nanogel networks. (d) SNR plot from the RUmax values
of metal ions.

trations, the metal ions in the +2 and +3 oxidation states
caused the SPR signals to be amplified to a greater extent than
the metal ions in the +1 oxidation state. We postulate that the
Ca*, Fe*", and Fe® ions can form MPB-like structures by
interacting with carboxylates in the pNIPAm-co-AAc nanogel
networks, while Na* and K* are unable to form such MPB-like
structures due to the charge valence of the metal ions (Figure
5c). In the SNR plot, it is obvious that metal ions in the +2 and
+3 oxidation states display enhanced SNR values in
comparison to those of metal ions in the +1 oxidation state
(Figure Sd). The difference in binding geometries of metal
ions might cause a variation in SPR response, but the effect
could be marginal. The size of metal ions (~0.2 nm) is too
small compared with that of the nanogels (~700 nm) and
carboxylates in the nanogel networks are too flexible to
distinguish the binding geometries. Altogether, our results
suggest that the use of nanogel-modified SPR analysis allows
the evaluation of the oxidation state of metal ions.

4. CONCLUSIONS

In the current study, we demonstrate that the use of
bioresponsive pNIPAm-co-AAc nanogels to functionalize a
SPR gold chip enables the measurement of MPB and its
kinetics with no labeling procedure. Our method can produce
uniquely amplified SPR signals only at the point where
bioresponsive pNIPAm-co-AAc nanogels assembled on a SPR
gold chip are beginning to form multivalent protein complexes
with the target molecules. The magnitude of resonance unit
signal tends to increase in proportion to the size of the target
molecules (i.e., metal cations < streptavidin < PD-1). Such
enhanced signals were not observable from monovalent or
nonspecific protein—protein interactions. Using MPB-based
SPR analysis, we were able to measure PD-1 IgG antibody at
10 nM with a SNR value above 2, which is at least 3 times
higher than that of monovalent SPR analysis by Fc group of
PD-1 IgG bound to protein A in our study. There is a caveat
that PD-1 IgG antibody has a slightly different Ky, for PD-1
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and protein A, respectively. The potential merit of our finding
is that it hints at the development of a SPR detection system
that is capable of analyzing a bispecific or multivalent target
molecule from complex media without (or minimized)
pretreatment procedures. Furthermore, easy yet accurate
detection of MPB and its kinetics opens a new avenue to
understand biologically/physiologically important MPB-related
systems and thus develop novel types of medical treatment.
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