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ABSTRACT Surface chemistry is a key enabler for various biosensing applications. Surface
plasmon resonance (SPR)-based biosensors routinely employ thiol-based chemistry for the linker
layer between gold-coated support surfaces and functional biosensor surfaces. However, there is
a growing awareness that such sensor surfaces are prone to oxidation/degradation problems in
the presence of oxygen, and previous efforts to improve the stability have shown limited
advancements. As an alternative, recent studies employing N-heterocyclic carbene (NHC)

self-assembled monolayers (SAMs) deposited on gold have shown significant promise in this
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area. Here, we describe a sensor surface employing an NHC SAM to couple a modified
carboxymethylated (CM) dextran onto a gold surface. Such a dextran matrix is also used for
affinity chromatography, and is the most commonly employed matrix for commercial biosensor
surfaces today. The performance reliability of the dextran-modified NHC chip to act as an
alternative biosensing platform is compared with that of a thiol-based commercial chip in proof-
of-concept tests. The resultant NHC sensor surface shows higher thermal stability compared to
thiol analogues. Moreover, the plasma protein/drug and antibody/antigen interactions were
validated on the NHC-based dextran chip and showed similar performance as compared to the
thiol-based commercial chip. Ultimately, this study shows the strong potential applicability of

chemical modifications to gold surfaces using NHC ligands for biosensing applications.

KEYWORDS N-heterocyclic carbenes, thiols, surface plasmon resonance-based biosensing,

carboxymethylated dextran, non-specific protein adsorption, stability

1. INTRODUCTION

Self-assembled monolayers (SAMs) are an important class of nanomaterials in terms of their
potential in many fields, including electronic device fabrication, biosensing, and surface
protection.'” Among different types of SAMs, thiols deposited by adsorption from organic
solvents onto gold surfaces to form ordered monolayers have emerged as one of the most widely
studied and practical forms of nanotechnology.! Arguably the most successful application of
thiol-based SAMs has been to surface plasmon resonance (SPR)-based biosensors.” SPR exploits
the evanescent wave phenomenon to enable real-time monitoring of biomolecular interactions
occurring between ligands that are attached to the surface of a biosensor device and analytes in

solution.” For successful SPR experimentation, the sensor surface must provide a stable base for
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ligand attachment which allows the ligand to be both accessible and specific to the analyte, and
which is capable of withstanding a wide range of chemical conditions, both during the detection
and the regeneration stages of the biosensing experiment.*

Extensive efforts have been dedicated to the development of versatile biosensor surfaces

2,5-10

employing thiol-based chemistry to accommodate different biomolecules. However,

degradation of thiol-based SAM surfaces is one of the most serious limitations for varied

- - 11-14
practical uses, even under ambient atmosphere.

Thiol SAMs containing ethylene glycol
subunits are commonly used as linker layers as they show excellent resistance to non-specific
protein adsorption.”> However, the sulfur headgroups and ethylene glycol subunits are

susceptible to thermal/oxidative degradation, resulting in a short shelf life.'>"

For example,
Langer et al. reported the loss of integrity of undecanethiol and tri(ethylene glycol)-terminated
undecanethiol SAMs in biological media after 35 days.'* The high cost and high propensity to
degradation of the thiol-based commercial sensor surfaces are key obstacles for their broad
deployment. Recently, organoselenium compounds have been proposed as alternatives to
thiolates for SAMs on different metal surfaces; however, they still suffer from limited

. . eel . . .. 15.16
improvement in stability in various conditions. ™

Therefore, development of robust alternatives

should be an important characteristic for the next generation of SAM technologies.
N-heterocyclic carbenes (NHCs) possess notable stability and have therefore emerged as

promising carbon-based ligands for attachment to transition metals in numerous commercially-

important applications.'” '

We have previously demonstrated ordered NHC SAMs prepared by
imidazolium salts as an alternative to thiols for attachment on gold surfaces, exploiting the

enhanced affinity of the gold-carbon bond to result in notable stabilities when exposed to a

variety of harsh environments.'®*' Of note is that the N-substituted imidazole ring is commonly
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present in natural products and biomolecules in human metabolism, suggesting the potential

applicability of employing imidazolium in certain bio-systems.**?

For example,
imidazolium-based lipid analogues have been developed and demonstrated potential cellular
effects via membrane interactions.”*** Although thiol-gold linkage was still being used as part of
the imidazolium ionic liquid biosensor, the utilization of imidazolium-based ionic liquid surface
has also shown promise in biosensing.”> Recently, bio-compatible NHC-protected gold

nanoparticles have been developed and have also demonstrated potential application in bio-

imaging.*®

We have recently demonstrated an application of NHC-based SAMs for use as a hydrophobic
association-based biosensor for the capture of lipid vesicles and the subsequent capture and
detection of lipid-binding analy‘[es.21 We compared their biosensing properties, as well as their
chemical and thermal stability, to thiol-based commercial analogues. The NHC SAM was
observed to show both performance and stability behavior superior to thiol-based biosensor
surfaces. Here, we explore the feasibility of employing NHC-based SAMs as linkers to support
dextran-modified surfaces, arguably the most widely employed class of SPR-based biosensors.
Dextran has been shown to be an ideally-suited component of biosensor surfaces, due to its
stability and ability to be derivatized with a range of functional groups that facilitate coupling of

. . 2728
biomolecules of interest.?”

We present a detailed characterization and validation by comparing
NHC-based carboxymethylated dextran (NHC-CM) biosensor chips to commercially available
thiol-based carboxymethylated dextran chips as well as a thiol-based chip synthesized by us,
which we will denote here as S-CM. The commercial CM5 chip (GE Healthcare) is a general-
purpose chip prepared by employing a 500 kDa dextran linked to a thiol SAM on a gold surface

for biomolecular interaction analysis; the CM3 chip exhibits the same surface functionality but
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employs a shorter (approximately 150 kDa) dextran matrix.** We address two main objectives:
(1) exploring the thermal stability by characterizing the sensor surfaces using X-ray photoelectron
spectroscopy (XPS), atomic force microscopy (AFM), contact angle (CA), and SPR-based tests
for resistance to non-specific protein adsorption, and (ii) performance as a biodetector by using a
plasma protein-drug interaction and an antibody-antigen interaction as model systems. This study
of the NHC-supported CM dextran surface serves to illustrate the potential of NHC SAMs for

further development in biosensing.

2. EXPERIMENTAL SECTION
2.1 Materials

Sodium phosphate monobasic monohydrate, sodium phosphate dibasic, sodium chloride,
ferulic acid, indomethacin, naproxen, and furosemide were purchased from CNW Technologies.
Disodium ethylenediamine tetraacetate, hydrogen peroxide (30 %), and methanol were obtained
from Fisher. Potassium chloride was purchased from Sangon Biotech. Ammonia hydroxide (30
%) was purchased from J. T. Baker Chemical. Bromoacetic acid was obtained from Fluka.
Epichlorohydrin was obtained from Aldrich. Dry methanol was purchased from EMD and
polyethersulfone syringe filters were purchased from Sterlitech. Bovine serum albumin (BSA)
was obtained from Shanghai Yeasen Biotech. Lysozyme, ovalbumin, human serum album
(recombinant, expressed in Pichia pastoris), concanavalin A, fibrinogen, monoclonal anti-BSA,
sodium dodecyl sulfate (SDS), 11-Mercapto-1-undecanol, dextran 6 kDa and 500 kDa (from
leuconostoc) were purchased from Sigma-Aldrich. Streptavidin was obtained from Promega, and
biotin anti-mouse IgG2b antibody was purchased from BioLegend. CMS5 chip, CM3 chip,
glycine/HCI (pH 1.5), glycine/HCI (pH 2.0), glycine/HCI (pH 2.5), glycine/HCI1 (pH 3.0), 50

mM NaOH, BlAtest solution, HBS-EP buffer, amine coupling Kit (N-Hydroxysuccinimide,
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1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride, ethanolamine
hydrochloride-NaOH pH 8.5), and SIA kit Au (10 pieces of gold surfaces, sensor chip assembly
unit, protective sheath, double-sided adhesive) were purchased from GE Healthcare. All
solutions used for SPR tests were filtered through 0.22 um filters and degassed before use, and
the SPR tests were carried out at 25 °C.
2.2 Preparation of Dextran-Modified NHC and Thiol Surfaces

The detailed preparation procedure for 5-((11-hydroxyundecyl)oxy)-1,3-diisopropyl-1H-
benzo[d]imidazol-3-ium hydrogen carbonate was described in Ref 18 and 21. The overall
synthetic approaches for preparing dextran-modified NHC and thiol surfaces are based on the
methods of Lofas e al.® and Grangvist et al.'’. The gold surfaces (SIA kit Au, GE Healthcare)
were first cleaned by immersion in a mixture of NH4OH: H,0,: H,O (1:1:5) at 80 °C for 10 min,
rinsed with Milli-Q water, and dried under a stream of nitrogen. Additional plasma cleaning was
carried out for 10 min using a Harrick Plasma Cleaner/Sterilizer (PDG-32G). The gold surfaces
were then immersed in a solution of 10 mM 5-((11-hydroxyundecyl)oxy)-1,3-diisopropyl-1H-
benzo[d]imidazol-3-ium hydrogen carbonate in dry methanol for 24 h to prepare the NHC-CM
surfaces;”' similarly, the thiol-based S-CM surfaces were prepared by immersing the gold in a 5
mM 11-Mercapto-1-undecanol in ethanol: water (8:2) solution for 24 h. Subsequently, these
surfaces were rinsed thoroughly with methanol and Milli-Q water, then reacted with
epichlorohydrin (2% v/v) in 0.1 M NaOH for 3 h, rinsed with Milli-Q water, and transferred to a
300 g/L dextran solution (dextran strands of two different length were used: 6 kDa dextran or
500 kDa dextran) in 0.1 M NaOH for 24 h. The resultant surfaces were washed with Milli-Q
water and immersed in 1.0 M bromoacetic acid in 2 M NaOH for 24 h. Finally, they were

washed thoroughly with Milli-Q water, dried with an argon stream, and mounted onto a support
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(SIA kit Au, GE Healthcare). To test the uniformity of individual flow cells of the NHC-based
sensor surface, a view dips test® was performed and compared to the corresponding performance
of commercial CM5 and CM3 chips. To test the homogeneity and performance of the NHC-
based sensor surface, a system check test” (a program in Biacore 3000 control software) was
carried out using a standard sucrose solution and compared to the commercial CM5 and CM3
chips.
2.3 Thermal Stability of Commercial CM3 Chip and Non-Commercial 6 kDa S CM and 6
kDa NHC-CM Chips

Both prior to and following thermal exposure treatment at 65 °C for 24 h in air, the CM3 chip,
6 kDa S-CM chip, and 6 kDa NHC-CM chip were evaluated by XPS, AFM, CA, and non-
specific protein adsorption tests. For the non-specific protein adsorption test, the proteins used
consisted of lysozyme (14 kDa, pI = 11.35), ovalbumin (45 kDa, pl = 4.5), bovine serum
albumin (BSA, 66 kDa, pI = 5.3), human serum albumin (66 kDa, pl = 5.3), streptavidin (66
kDa, pI = 6.0), concanavalin A (102 kDa, pI = 4.5~5.5), and fibrinogen (340 kDa, pI = 5.5). Each
protein was dissolved in PBS buffer (10 mM phosphate, 138 mM NacCl, 2.7 mM KCI, pH 7.4) at
a concentration of 0.1 mg/ml. Tests of the non-specific binding for each sensor surface were
carried out using a Biacore 3000 instrument (GE Healthcare). The protocol for measuring the
non-specific protein adsorption is as follows: Following initial baseline equilibration, PBS buffer
was flowed over the sensor surface for 2 min, followed by injection of a protein solution for 3
min, and finally by a 5-min buffer rinse. The flow rate was maintained at 10 pl/min throughout
these tests. The regenerations of the sensor surfaces were effected as follows: one 1-min
injection of 50 mM NaOH for ovalbumin adsorbed surfaces, one 1-min injection of 0.5 % (w/v)

SDS followed by two 1-min injections of 50 mM NaOH for fibrinogen adsorbed surfaces, and

7
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two l-min injections of 50 mM NaOH for lysozyme, BSA, and concanavalin A adsorbed
surfaces.
2.4 Plasma Protein-Drug Interaction Performance Comparison Test
2.4.1 Immobilization of Human Serum Album

Commercial CM3 and 500 kDa NHC-CM chips prepared in our lab were used for this study.
Human serum albumin (HSA) was immobilized on each sensor chip using amine coupling
chemistry in PBS buffer (10 mM phosphate, 138 mM NacCl, 2.7 mM KCI, pH 7.4). The active
surface was prepared by two 7-min injections of a 1:1 (v/v) mixture of 0.2 M I-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) and 0.05 M N-Hydroxysuccinimide
(NHS) at 20 ul/min. This was followed by two 10-min injections of 100 pg/ml HSA in 10 mM
sodium acetate (pH 5.2). The surface was then blocked with a 10-min injection of 1 M
ethanolamine (pH 8.5). An unmodified dextran surface on each chip was used as a reference
surface.”’ Three 30-s injections of 50 mM NaOH were used to wash off noncovalently bound
HSA to stabilize the surface. Final immobilization levels of HSA on the commercial CM3 and
500 kDa NHC-CM chips were approximately 5000 response units (RU) and 4200 RU,
respectively.
2.4.2 Plasma Protein-Drug Interactions

A series of small drug molecules including indomethacin (C;9H;sCINO4, M.W. 358 Da),
furosemide (C,H;;CIN,OsS, M.W. 331 Da), ferulic acid (C;oH;004, M.W. 194 Da), and
naproxen (C;4H 403, M.W. 230 Da) were tested as analytes for the HSA-immobilized surfaces.
Drug binding studies were performed in PBS buffer (10 mM phosphate, 138 mM NacCl, 2.7 mM
KCL, pH 7.4) containing 1 % DMSO. Analyte concentrations tested were as follows:

Indomethacin (7.5 ~ 125 uM), furosemide (3.2 ~ 200 uM), ferulic acid (6.3 ~ 200 uM), and
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naproxen (6.3 ~ 200 puM) in 2-fold dilution series. Triplicate injections of each drug
concentration were performed over the reference and HSA surfaces at a flow rate of 30 pl/min.
Each cycle consisted of a 1-min waiting period for monitoring of the baseline stability, then the
drug/HSA complex was allowed to associate and dissociate for 60 s and 30 s, respectively,
followed by a 30-s buffer injection to prevent carryover between analyte injections. No
regeneration was required as each compound dissociated from the HSA surface within

431 The reference surface was used as a control for drugs binding to the dextran

minutes.
surface.”’ Reference-subtracted data was processed following subtraction of buffer injection
sensorgrams (double referencing method).”'** Steady-state affinity (response at equilibrium
plotted against sample concentration) was used to analysis the interactions between drugs and
HSA 313334
2.5 Antibody-Antigen Interactions Performance Comparison Tests
2.5.1 Immobilization of BSA

PBS buffer (10 mM phosphate, 138 mM NaCl, 2.7 mM KCI, pH 7.4) was used as the running
buffer and BSA was immobilized onto the NHC-CM chips using amine coupling chemistry. The
active surfaces of the 500 kDa NHC-CM and 6 kDa NHC-CM chips were prepared by activation
of two consecutive 7-min injections of a 1:1 mixture of 0.2 M EDC/0.05 M NHS at a flow rate of
20 pl/min. Two 10-min injections of 100 pg/ml BSA in 10 mM sodium acetate (pH 4.2) were
immobilized on these surfaces. Subsequently, the resultant surfaces were blocked with a 10-min
injection of 1 M ethanolamine (pH 8.5). Final immobilization levels of the BSA on the 500 kDa
NHC-CM and 6 kDa NHC-CM chips were approximately 3800 RU and 1980 RU, respectively.

An unmodified surface was used as reference surface for each chip.

2.5.2 Antibody-Antigen Interactions (Anti-BSA/BSA)
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Anti-BSA was diluted with the running buffer to produce a series of final concentrations of
5.5, 11, 22,44, 88, 175, 350 nM for tests on the 500 kDa NHC-CM chip, and 11, 88, 350 nM for
the 6 kDa NHC-CM chip, respectively. For both 500 kDa NHC-CM and 6 kDa NHC-CM
BSA-immobilized surfaces, kinetic interaction tests were performed at a flow rate of 40 pl/min.
For each anti-BSA concertation, association/dissociation behavior was tested by triplicate
injections, each having equal 6-minute association and dissociation phases. In addition,
corresponding buffer injections were performed on both surfaces. Between anti-BSA injections,
surface regeneration was performed by two 30-second injections of 50 mM NaOH followed by a
2-min buffer equilibration. 50 mM biotin anti-mouse IgG2b antibody was used as a negative
binding control on the 500 kDa NHC-CM and 6 kDa NHC-CM chips. Reference-subtracted data
was fitted using the 1:1 Langmuir binding model following double-reference subtraction of
buffer injection profiles.”

2.6 Surface Characterization

X-ray photoelectron spectroscopy (XPS) was performed on a Thermo Instruments 310-F
Microlab (Thermo Fisher, UK) to evaluate the surface composition of samples. Spectra were
obtained with a monochromatic Mg Ko X-ray source (1253.6 eV) at 15 kV anode potential with
20 mA emission current. Thermo Scientific Avantage software (Thermo Fisher, UK) was used
for data processing. Spectra obtained were normalized to the Au 4f;,, at 84.0 eV, and were fitted
with Gaussian-Lorentzian (70%: 30%) peaks after subtraction of a Shirley background. Contact
angle measurements (CA) were carried out on a DataPhysics OCA 15Pro optical instrument
(DataPhysics Instruments GmbH, Germany) at ambient temperature by placing 2 pl of Milli-Q
water onto the sensor surface. The average CA values were obtained by measuring four different

positions on each sample surface. Surface morphologies and roughness of samples were obtained
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using atomic force microscopy (AFM) in a tapping mode on a Veeco multimode instrument

(Veeco Instruments Inc., USA) equipped with a Nanoscope Illa controller.

3. RESULTS AND DISCUSSION
3.1 Synthesis and Surface Characterization of the NHC-linked CM SPR Sensors

Here, three types of sensor surfaces were used, as shown schematically in Figure 1: (a) the
commercial carboxymethylated dextran chips (CM3 or CM5) which have the same surface
functionality but with different length of dextran strands, (b) a thiol-based 6 kDa
carboxymethylated dextran strand version prepared by us (S-CM) and (c¢) the NHC-linked
(6 kDa or 500 kDa NHC-CM dextran strands) carboxymethylated surfaces. For the commercial
CM series chips, 16-mercaptohexadecan-1-ol was used as a chemical linker to attach a dextran
layer.® The thiol linker used to prepare the S-CM chip was mercaptoundecanol, which is the
same as previously used by Granqvist er al.'"" For the NHC-CM surface, (5-((11-
hydroxyundecyl)oxy)-1,3-diisopropyl-1H-benzo[d]imidazol-3-ium hydrogen carbonate) was
used as the NHC linker. The surface characterization of this hydroxyl-NHC self-assembled
monolayer (SAM) on gold was studied by X-ray photoelectron spectroscopy (XPS) and contact

angle (CA) measurements, as shown in supporting information Figure S1.

ACS Paragon FJ‘|J]S Environment



©CoO~NOUTA,WNPE

ACS Applied Materials & Interfaces

CM5 Chip or CM3 Chip S-CM Chips NHC-CM Chips
OH OH
(/o;\ 70 \}9"\‘006 ( \/70 F?/\coc; {(0/ 7\“\)7‘;'_?"’\‘coo’
OHO/ g o
o ~coo }n [ﬁo\»)/(;o o0 | [% \2 o “coo
o "co00 H‘;\ Zgg' coo ﬁ%f\:/ oﬁ “coo
[ “on
VS VS Qo
SH

(52 4'
R,

ooooo

Figure 1. Schematic illustration of (a) the commercially available CM5 (n = 3122) or CM3 (n =
937) chips, (b) the thiol-based S-CM version prepared by us and (c) NHC-based sensor chips (6

kDa, n=37; 500 kDa, n = 3122).

Figure 2 illustrates the preparation procedure for the dextran-modified NHC surface.
Hydroxyl-terminated NHC molecules were first self-assembled on the gold surface as a chemical
linker for subsequent attachment of a dextran layer. Activation of the hydroxyl groups was
carried out using basic epichlorohydrin to form epoxides. Dextran (either 6 kDa or 500 kDa) in
basic solution was used to covalently bind to the NHC-epoxides. Then the dextran-coated surface
was treated with bromoacetic acid, resulting in a CM dextran layer linked to the NHC surface.®
Note that Figure 2 shows an ideal case: the dextran might not bind from the chain end to the
epichlorohydrin, but instead from a random unit in the chain. This surface is negatively charged
in neutral buffer with the dextran chains repelling each other, giving rise to an expansion of the
hydrogel with high binding capacity and accessibility for biomolecules.” As described later,

further chemical steps can then be used to immobilize a wide range of biomolecules to the
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carboxyl groups of the dextran on the sensor surface.>> A similar approach was applied to the

synthesis of thiol-based (6 kDa) S-CM chip (Figure S2).

©CoO~NOUTA,WNPE
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Figure 2. Schematic illustration of the preparation of carboxymethylated dextran-modified NHC

45 sensor surface.

48 XPS was performed to determine the changes in surface composition of the various 6 kDa

carboxymethylated dextran surfaces before and after exposure to 65 °C in air for 24 h (Figure 3).
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6 kDa NHC-CM Chip
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Figure 3. XPS of the commercial CM3 (a, d, g), 6 kDa S-CM (b, e, h) and NHC-CM (c, f, 1)
SPR sensor chips before and after thermal exposure at 65 °C in air for 24 h. For the C 1s spectra,
the magenta, blue, green, dark yellow, and olive lines correspond to contributions arising from
metal carbide, C—C / C-H, C-OH, O—C-0, and HO—C=0 species, respectively. For the O 1s

spectra, the magenta, dark cyan, and olive lines represent metal oxide, C-OH / O—C-0O, and HO—

The C 1s spectrum for the three chips tested (Figures 3a,b,c and Table S1) shows contributions
from five components: HO—C=0 (observed at 289.5 = 0.2 eV), O-C-O (287.5 £ 0.1 eV), C-OH
(286.1 £ 0.2 V), C—C / C—H (285.1 + 0.1 eV), " and (for the CM3 chip only) metal carbide at

282.2 eV. Assuming every linker molecule is terminated with a dextran strand, there are some
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tens to hundreds of dextran units per linker unit present. Therefore, the C and O spectra will be
dominated by the dextran species. Furthermore, the relative distribution of intensities between
the four types of carbon species should indicate the relative density of carboxylate molecules
within the dextran matrix. A reliable quantitative determination of the relative peak intensities is
difficult, due to the relatively low inherent resolution of the XPS spectrometer. However, some
general observations can be made. While all three sensor surfaces showed a relative increase in
intensity of the HO—C=0 peak, indicating degradation of the partial thermal degradation of the
dextran strands, the effect was markedly less pronounced in the case of the commercial CM3
chip and greatest for the S-CM chip.

The O Is spectra for the three chips tested (Figures 3d,e,f) shows contributions for three
oxygen bonding components: HO-C=0 (533.8 £ 0.3 eV), C-OH / O—C-0 (532.6 + 0.3 eV), and
metal oxide (again, in the CM3 case only) at 529.9 eV. Similar to the observations for the C 1s
spectra, a comparison of the O 1s for the three surfaces before and after thermal exposure shows
a relative increase in the intensity of the HO—C=0 peak compared to the C—-OH / O—C—O peak in
each case, consistent with some degree of degradation of the dextran matrix. The unexpected
metal carbide and oxide peaks which we observed in both the C 1s and O 1s spectra of the CM3
chip exclusively may have been an artifact from adhesive residue remaining after removal of the
CM3 chip from its plastic mount; however, we did not investigate this issue further in this study.

We may also determine the relative C1s:Ols area ratios (Table S2). These decrease in each
case, indicating some degree of oxidation of the dextran matrix. The effect is most significant
for the S-CM chip, with a 49 % decrease, somewhat less pronounced for the NHC-CM chip at

34 %, and least for the commercial CM3 chip at 25 %. Thermal degradation of dextran might
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result from the free radical oxidation of carbon 6 of glucopyranosyl units with the formation of
carboxyl groups and water.”®

While the dextran layer on the CM3 chip appears more stable than either of the chips produced
in our lab (Table S2), the XPS from the linker layer itself shows evidence of quite different
behavior (Table S3). For both thiol-based sensor surfaces (CM3 and S-CM), the S 2p spectrum
(Figures 3gh) shows the presence of a doublet S 2psn,i» spectrum.” The S2p peak at
162.2+ 0.1 eV observed for both CM3 and S-CM sensor chips before thermal exposure is

39-41

consistent with sulfur headgroups bound to a gold surface as a thiolate species. Following

thermal exposure, the thiolate peak intensity is almost completely suppressed, while a new S 2p

39741 In addition to this

peak consistent with the presence of a sulfate appeared at 167.2 + 0.1 eV.
change, the S 2p spectrum for the S-CM sensor chip also showed some evidence of a disulfide
species at 165.0 eV.'* These changes are consistent with oxidation of the thiol linker on the gold
surface following thermal exposure. By contrast, on the NHC-CM chip, the N 1s spectrum

(Figure 3i) consists of a single peak at 400.4 eV,***

which is unchanged following thermal
exposure, confirming a high stability of the linker component against degradation/oxidation as
compared to thiol-supported surfaces.

Atomic force microscopy (AFM) images for the CM3, 6 kDa S-CM, and 6 kDa NHC-CM
chips are shown in Figure S3. A similar globular morphology has been previously observed for
dextran coated surfaces.**** Both the S-CM and NHC-CM exhibited a greater surface roughness
(Table S4), and larger average particle size than the CM3 chip. They also showed more

significant increases in surface roughness following thermal exposure (Table S4). This seems

consistent with greater degradation of the dextran layer taking place in these chips.
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Finally, we also carried out contact angle measurements of the sensor surfaces before and after
thermal exposure. The results are summarized in Table S5. Both thiol-based chips exhibited a
contact angle of 53°, whereas the NHC chip was more hydrophobic, with a contact angle of 68°.
The contact angle of all three samples increased following thermal exposure to an average value
of 85°, consistent with our observations using XPS that indicated degradation of the dextran
layer. The higher contact angle exhibited by the NHC chip is consistent with the lower
adsorption density of NHCs on Au (3.5 molecules/nm?) as compared to thiols (4.6
molecules/nm? for a typical alkanethiol)'®*'*. A less tightly packed NHC linker, and hence
dextran overlayer, should result in an overall more hydrophobic surface. Nonetheless such a less
densely packed NHC linker might be an advantage if an NHC-supported dextran surface is to be
used in biosensing. High molecule-weight analytes are likely to agglomerate in the upper layer of
densely a more packed thiol-supported dextran matrix, preventing further diffusion of analytes to
be the lower parts of the dextran layer to bind ligand molecules.

In summary, the surface analysis data show that in the case of the NHC-CM chip, thermal
exposure under ambient conditions leads to little or no degradation of the linker layer; the thiol
linker, however, is strongly oxidized. On the other hand, the dextran layer of the commercial
CM3 chip appears to be relatively resistant to thermal degradation compared to the NHC-CM
chip. Of course, our dextran deposition process has not had the benefit of a full optimization as
has been undergone by the commercial CM3 product. What is clear, however, is when the
NHC-CM chip is compared to the thiol-based carboxymethylated dextran S-CM chip, as
produced in our hands, both the linker and dextran layer show significantly less thermal stability.

3.2 SPR Characterization of the NHC-CM Surface
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The observed dip in reflectance amplitude versus angle of reflection is typically used as a
diagnostic test of SPR sensor chip surface uniformity.>**” When compared between individual
flow cells on a single sensor chip, they are also an indication of overall performance. Comparing
the dips obtained from the 4 flow cells for the 6 kDa NHC-CM to those obtained for the
commercial CM5 and CM3 sensor surfaces (Figure S4), it is observed that the 6 kDa NHC-CM
surface has a slightly smaller dip minimum; however, in all cases the individual dip profiles on
the 6 kDa NHC-CM surface were symmetrical and homogeneous, both with respect to each other
and when compared to those on CM5 and CM3. An overall system check test*® performed on 6
kDa NHC-CM chip was similar to that obtained on both the CM5 and CM3 chips, with all
parameters within specified limits (Figure S5) as defined by the manufacturer of the SPR system.
This procedure generates a report for the system, which contains testing results for Integrated u-
Fludic Cartridge (IFC), two syringe pumps, and needle, etc.*® A uniform dextran sensor chip is
important for successful use in this test to give reliable results. Together, these features indicate
that the NHC SAM is capable of acting as a template for a homogeneous sensor surface which
has a similar dynamic range to that observed for the commercial thiol-based chips.

Having conformed the homogeneity of the NHC-based platform to support a dextran surface,
we next studied the basic operational characteristics of the CM chips. One important property of
an SPR sensor is the degree of non-specific protein adsorption. High non-specific protein
adsorption will lead to a large signal background, and may also block access to adsorption sites
for the target analyte, reducing overall sensitivity. We therefore measured the degree of non-
specific adsorption in PBS buffer, both before and after thermal exposure of the SPR sensor
surfaces at 65 °C under ambient conditions. The adsorption profiles of 7 common proteins were

compared on the thiol-supported CM3, 6 kDa S-CM and 6 kDa NHC-CM chips (Figure S6 and
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1
2
2 Table 1). The proteins chosen display a range of sizes and charges, with pl varying from 4.5 to
5
6 11.35 and molecular weight ranging from 14 kDa to 340 kDa.
7
8
90 Table 1. Effect of thermal exposure on non-specific protein adsorption of commercial CM3, and
1
g non-commercial 6 kDa S-CM and 6 kDa NHC-CM chips.
13
14 . .
15 Non-specific adsorption (RU)
16
Commercial CM3 6 kDa S-CM 6 kDa NHC-CM

17 .
18 Protein 0.1 mg/ml
19 Before” After” Before” After” Before” After”
20 Lysozyme
21 (14 kDa) 27+4 948 107 £ 10 1161 74+ 1 358
22 Ovalbumi
23 valbumin
a (45 kDa) 2+1 109 4+1 196 3+02 23
25 Bovine serum albumin
26 (66 kDa) 26+5 479 41 +8 797 20+ 1 321
27
28 Human serum album
29 (66 kDa) 183 +£21 466 167+6 731 239+ 15 300
2 Streptavidin 342 7 1943 57 1543 20

(66 kDa)
32
33 Concanavalin A
34 (102 kDa) 3675 1291 91+4 1260 145+ 11 704
35 Fibri

ibrinogen
g? (340 kDa) 137+ 20 2624 117+ 12 3570 236 £20 2280
38 “ Values given, before thermal exposure, as response units with standard deviations and relative standard deviations
ig for n=3.
41 ” Values given, after thermal exposure, as response units for n=1.
42
43 Table 1 demonstrates that, prior to thermal exposure, non-specific protein adsorption on the 6
44
45 kDa NHC-supported surface in PBS buffer was lower than on the CM3 surface for 3 of 7
46 PP
47
48 proteins studied, and lower than on the 6 kDa S-CM surface for 4 of 7 proteins. For ovalbumin,
49
50 bovine serum albumin, and streptavidin, the NHC-CM surface shows lower or similar
51
gg non-specific protein adsorption ability compared to CM3 and S-CM surfaces, whereas for human
54
55 serum album and fibrinogen, the NHC-CM surface exhibits a slightly higher non-specific protein
56
S7 adsorption ability relative to CM3 and S-CM surfaces. As for lysozyme and concanavalin A, the
58
59
60
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NHC-CM surface displays either lower or higher non-specific protein adsorption ability as
compared to CM3 and S-CM surfaces. Overall performance of all three chips was comparable,
regardless of the protein studied. Following thermal exposure, an increase in non-specific
adsorption was observed for all three sensor chips. However, this increase was significantly
greater on both thiol-linked sensors, with adsorption of all 7 proteins observed to be lower for the

6 kDa NHC-CM surface than either of the thiol-supported surfaces.

Generally, as a protein approaches the dextran surface, there is a decreased degree of freedom
(entropy) of the dextran layer. This trend results in the steric repulsion of the dextran strands
from one another to repel adsorbed protein to make the system more thermodynamically stable.*®
In addition, electrostatic attraction/repulsion, buffer pH and pI of the different proteins, as well
as different charge densities among commercial CM sensor surface and our self-synthesized
sensor surfaces would also contribute to the non-specific protein adsorption behaviors.”>* At
150 kDa, the CM3 chip has one of the shorter dextran matrices available commercially,** but it
is still higher compared to the 6 kDa dextran strand used in our S-CM and NHC-CM chips. All
else being equal, this should result in a lower non-specific protein adsorption for the CM3 chip,
as the hydrophilic dextran layer will increase in density and lead to a greater steric repulsion
effect.'™*® As the same dextran was used to prepare both our S-CM and NHC-CM chips, if the
dextran density itself is the only factor, they should show comparable behavior to one another.
This is indeed the case, and any slight improvement in non-specific adsorption seen in the NHC-
based sensor is likely due to the lower hydrophilicity of the NHC linker itself, as well as the fact
that the NHC SAM is known to have a lower overall density on the gold surface than the

18,21,46

corresponding thiol SAM, and hence a relatively lesser steric demand between the more

widely spaced supported dextran molecules.
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Upon heating, all three chips decrease in performance, in the sense that all three support a
greater degree of non-specific protein adsorption. This is certainly consistent with the XPS and
contact angle results, which showed a degradation of the dextran layer, and overall increase in
surface hydrophobicity. In particular, it is notable that the most hydrophobic protein —
fibrinogen — shows the greatest increase in non-specific adsorption, consistent with this
interpretation. The XPS results also showed that both the thiol linked sensors — CM3 and S-CM
— showed significant degradation of the linker layer itself, while the NHC remains intact. Our
observation that NHC-based sensor shows the least degree of performance degradation after
heating is again consistent, as in this case, only the dextran matrix itself is affected by heating,
but not the underlying linker layer. Overall, the protein adsorption results show that the CM
dextran-modified NHC surface exhibits effectiveness in preventing non-specific adsorption of
proteins, its performance characteristics are comparable to the thiol-based version and, following
thermal exposure, shows arguably superior resilience and performance compared to the thiol

analogues.

3.3 Plasma Protein-Drug Interactions on Commercial CM3 and Non-Commercial 500 kDa
NHC-CM Chips

In the pharmaceutical development process, one test parameter is to measure the affinity of
small molecular drug targets against plasma proteins to understand their absorption, distribution,
metabolism, and excretion (ADME) characteristics within the human body.31’33 SPR-based
biosensors can provide such information on plasma protein-drug interactions and have been
demonstrated to be powerful tools for drug discovery.”

To validate the performance of the NHC-supported biosensor surfaces using drug-protein

binding as a model system, a 500 kDa NHC-CM chip was used here. The larger molecular
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weight dextran layer is expected to have a higher surface density of carboxymethylated dextran
covalently attached to the NHC-linker, resulting in a higher binding capacity and hence greater
sensitivity to low molecular weight compounds.” Human serum album (HSA) protein was
immobilized on the chip surface for use in a series of binding tests with a selection of drugs as
analytes.

A schematic of this process is shown in Figure 4a. Amine coupling provides a simple and
straightforward method to covalently attach ligands to the dextran surface for use in
biosensing.>* The first step is the generation of reactive N-hydroxy succinimidyl (NHS) esters
from carboxyl groups on the dextran by derivatization with 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) and NHS. The second step is the nucleophilic coupling of
these active NHS esters with e-amine groups of lysine residues or primary amino groups of
biomolecules to form amide bonds. This step proceeds via electrostatic attraction forces between
positively charged protein and negatively charged dextran matrix at a pH value between 4 ~
5.5.%" Therefore, a high local concentration of protein accumulates in the dextran matrix, giving
rise to the formation of covalent bonds between them. Finally, the unreacted NHS esters on the
surface are blocked by ethanolamine at a pH of 8.5, without affecting the remaining negatively

charged carboxymethyl groups and hydroxyl groups in the dextran matrix.’
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Figures 4b and c show the binding/dissociation curves for the indomethacin/HSA interaction
obtained using both the commercial CM3 chip and the 500 kDa NHC-CM chip. At t = 0 s, buffer
was flowed over the HSA pre-immobilized sensor surface. At t = 20 s, a solution of drug
compound was passed over the pre-immobilized BSA surface, followed by the formation of
drug-HSA complex on the sensor surface (association phase). Notably, an equilibrium plateau
was obtained during the association phase, along with a return to the baseline during the
dissociation phase (beginning at t = 80 s), exhibiting a square wave curve over the range of
concentrations tested on both surfaces. These concentration-dependent and superimposable
binding curves from triplicate injections on the NHC platform demonstrate that the binding
assays were very reproducible (Figure 4c) and similar to the interactions on the commercial CM3
chip (Figure 4b).

The dissociation constant (Kp) for the indomethacin/HSA binding interaction may also be
evaluated from an analysis® of the binding/dissociation curves in Figure 4. The affinity constant,
K4, of the indomethacin-HSA complex (AB) can be derived from the relationship between
response at equilibrium R,, and indomethacin concentration (C) by employing a steady-state
affinity model.**~*** A and B are the drug and HSA protein, respectively, and the net rate of
complex formation is:

A+ B = AB (1)
with association and dissociation rate constants k, and k;, respectively. Assuming that the
concentration of indomethacin in solution, C, is effectively constant under the adsorption

conditions used here, the equilibrium binding capacity, R4, may be determined to be

— CRmax
Req = Kp+nC (2)
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where R4, is the maximum binding capacity of the surface to indomethacin; K, = k;/k, the
dissociation constant; and n is a steric interference factor that used to compensate for steric
blocking of additional binding sites by a single analyte molecule (default value 1).°° The R,,qy
obtained from the BIAevaluation software for the commercial chip and 500 kDa NHC-CM chip
were 148 RU and 131 RU, respectively.

Figures 4.4d and e show the steady-state fitting of the indomethacin/HSA interactions using
Equation 2 for both sensor surfaces. The equilibrium dissociation constant ( Kp ) of
indomethacin/HSA interaction for the commercial chip was determined as (7.0 + 0.3) x 107> M,
while for the 500 kDa NHC-CM chip was (9.1 + 0.3) x 10~ M. Both data agree well with the
literature value of 2.25 x 10~ M.”!

A series of binding tests/kinetic analysis of HSA with the small drug molecules furosemide,
ferulic acid, and naproxen were also carried out to further validate the performance of the NHC-
based platform (Figures S7 to S9). In each case (Figure 4 and Figures S7 to S9), the responses
from these triplicate injections (in each concentration) are identical, indicating that the binding
assays were stable throughout the course of the experiments performed on both the thiol- and
NHC-based platforms.**? Comparing these results, the character of the binding curves, as well as
the associated steady-state binding levels and derived binding constants demonstrates that 500
kDa NHC-CM chip can perform similarly to the commercial CM3 chip. Moreover, these data are
also very similar to previous literature values (Table S6), even though different experimental
conditions were used in previous reports. These results validate the potential use of the NHC-
based platform in biosensor technology to collect reliable kinetic data on small molecules
binding to macromolecular targets.

3.4 Antibody-Antigen Interactions on 500 kDa NHC-CM and 6 kDa NHC-CM Chips

ACS Paragon F%gs Environment



©CoO~NOUTA,WNPE

ACS Applied Materials & Interfaces

Surface functionalization by chemically attaching a bioreceptor to obtain a reproducible
surface that enables the sensitive and specific recognition of analyte is important in biology,

immunology, and pharmacology.’*>*

Thus, to further validate the performance of the NHC
sensor surfaces, monoclonal anti-BSA and BSA were used as a model system for high-affinity
antibody-antigen interactions, as the SPR chip performance can be readily compared to that
published in earlier studies.” >’ To study this interaction, BSA was first immobilized onto the
dextran-modified NHC surfaces (500 kDa NHC-CM and 6 kDa NHC-CM) using amine coupling
chemistry, then monoclonal anti-BSA was injected over the reference and BSA surfaces (Figure

5a). Then we monitored the real-time binding kinetics of the antibody to antigen on the sensor

surfaces, and compared our experimental results to literature values.

\
a OH OH OH
° (;é)‘/\coo 2 Oé}'"\co NH @ ° OHO/\CO NH
HO HO
o o
0 0" >coo { ° ~0"">c00 ] }
= OH n = OH n
o o
2 R O v, P 07 ~000,
HO o8 i i HO o i 3 ¥
° Amine coupling method o Injection of monoclonal antibody ©
TOH _— V\OH
(o]
Do & Bsa %
o]
N__N.
W
LT
b 600 C 600
S s00] 900 kDa NHC-CM Chip 350 nm S s00] 6 kDa NHC-CM Chip
Q:, 400+ 175 nm @, 400
350 nm
g 3001 3 300
S 2001 58 o S 200
% 44 nm % 88 nm
@ 100 = @ 100+
x nm11 nm Y 11 nm
04 5.5 nm 0+
6 160 2(‘)0 360 460 560 6(30 7(‘)0 800 6 160 260 360 460 560 660 760 800
Time (s) Time (s)
d . e .
S 500 kDa NHC-CM Chip S 6 kDa NHC-CM Chip
o 104 o 104
- -
[} (]
7] 7]
e 9 e o
2 2
7] 7]
@ ol M%W 3 04 WWWW
e e
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
Time (s) Time (s)

ACS Paragon F%Qs Environment

Page 26 of 38



Page 27 of 38

©CoO~NOUTA,WNPE

ACS Applied Materials & Interfaces

Figure 5. (a) BSA immobilized on dextran-modified NHC chip by amine coupling chemistry,
followed by interaction with anti-BSA. Sensorgrams (black lines) and fitting curves (red lines) of
anti-BSA binding to pre-immobilized BSA on (b) 500 kDa NHC-CM and (c¢) 6 kDa NHC-CM
chips. Concentrations are noted as described in Section 2.5.2 of the experimental section. Biotin
anti-mouse IgG2b antibody (50 nM) was used as a negative control to bind on BSA immobilized

(d) 500 kDa NHC-CM and (e) 6 kDa NHC-CM chips.

Figures 5b and c show the sensorgrams and fitting curves for multiple concentrations of
anti-BSA injected over pre-immobilized BSA on the 500 kDa NHC-CM and 6 kDa NHC-CM
surfaces. At t = 0 s, buffer was flowed over the BSA immobilized sensor surface through a
microfluidic system. At t = 40 s, a solution of anti-BSA was passed over the pre-immobilized
BSA surface. As the antibody-antigen complex was formed on the sensor surface, the refractive
index of the medium near the sensor surface changed accordingly, which can be monitored by
the SPR detector. Thus, the association rate constant (k,) of the interaction can be determined.
At t =400 s, the antibody solution was replaced by buffer, and the antibody-antigen complex was
then allowed to dissociate, allowing the determination of the dissociation rate constant (k) for
the interaction. The binding assays at varying concentrations of analyte gives a robust data set
which may be fit using a 1:1 Langmuir binding model.”*>~>’

Of note is that, from a technical perspective, these figures demonstrate the high quality of the
binding results obtained on both NHC-based surfaces.”**’ In each case, the response intensities
are proportional to the injected anti-BSA concentrations. Moreover, the responses and the fitting
curves superimposed over each data set, implying the reliability of the reported kinetics for the
interactions.**>*” Using the kinetic analysis of anti-BSA/BSA interaction on the 500 kDa

NHC-CM chip (Table S7) yields a k, of (8.9 +2.0) x 10° M 's ' and a kg of (1.2 +£0.2) x 10 s~
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! affording an equilibrium dissociation constant (Kp) of (1.4 +0.5) x 10 M. A similar analysis
on the 6 kDa NHC-CM chip (Table S7) yields values of k,, kg, and Kp, of (1.1 +0.2) x 10° M™

's7 (1.6 £0.3) x 10* s, and (1.5 £ 0.5) x 10~ M, respectively.

Although the magnitude of the binding response was observed to be greater for the 500 kDa
NHC-CM chip as compared to the 6 kDa NHC-CM (which possesses a thinner dextran layer),
the overall character of the binding curves and the corresponding binding parameters were
observed to be similar. Specifically, the values of K}, obtained from the 500 kDa NHC-CM and 6
kDa NHC-CM chips are consistent with one another and lie within the expected K range of
reported data in the literature, being 2.9 x 10® M and (1.7 + 0.2) x 10° M for commercial
thiol-based dextran-functionalized (CMS5) chips,”>>® and 3.6 x 10° M and 7.9 x 10° M for
commercial thiol-based carboxyl-terminated SAM surfaces.’®™”’ Additionally, a control
experiment was performed using a biotin anti-mouse IgG2b antibody as an analyte, which
contributes negligible signal (Figures 5d,e). This demonstrates that the observed binding curves
(Figures 5b,c) were representative of the highly specific binding of anti-BSA to BSA, as well as
low non-specific levels for both of these surfaces. While comparison to literature values is
difficult, due to the fact that antibodies from different sources can display different reactivity and
kinetics, the data from our comparative study implies that the binding constants measured by the
NHC-based platform were equivalent to those determined by the commercial thiol-based
platform. These results further validate the potential use of the NHC sensor surfaces for studies

of high-affinity antibody-antigen interactions.

CONCLUSIONS
In this study, we have characterized potential biosensor surfaces supported by NHC SAMs as

an alternative to thiol-supported biosensor surfaces. In addition to SPR performance validation
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tests of NHC-supported dextran surfaces with drug-plasma protein and antibody-antigen
interactions, we have evaluated non-specific binding resistance, thermal stability, and surface
homogeneity of NHC-dextran surfaces versus thiol-based biosensor surfaces. In terms of the
SPR performance, we found that the NHC-supported dextran surfaces yielded comparable
performance to commercial thiol-supported biosensor surfaces when conducting kinetic analysis
of two different model biomolecular kinetic interaction systems. Standardized SPR instrument
tests also showed the NHC-dextran surfaces to be homogeneous and sufficiently responsive to
enable the instrument to meet performance check standards. Our results show that, when
properly designed and applied, the NHC-based platform has the potential that allows facile
tuning of surface properties, enabling various ligands to be efficiently immobilized for
subsequent biomolecular interactions. Assessments of the thermal stability of thiol-supported and
NHC-supported biosensor surfaces by XPS, wettability, AFM as well as SPR tests for non-
specific protein adsorption, showed that the NHC-supported surface possesses greater thermal
resistance. The above performance and stability strengths of the NHC-supported dextran surfaces
demonstrate its potential as alternative biosensing platform, and its versatility for modification

confers promise for greater future applications in life science research.
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