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Abstract: The surface modifying linker molecules can direatijuence the performance
and longevity of biosensors. They must allow thackment of biological recognition
layer on the sensor surface, as well as the proteof the surface from fouling effects.
Recent advances in this field identified severay Kactors that can increase the
efficiency, stability and the anti-fouling effect a layer formed by surface modifying
linker molecules. Herein, this work presents a #&mpsynthetic procedure,
characterization, and application of a novel thedaPEG surface modifying molecule
(DSPEG2) that could act as a multi-purpose linkergold surfaces. The analyses of the
molecular spatial distribution of DSPEG2 on goldfaces were performed using time-
of-flight secondary ion mass spectrometry (TOF-S)Mfaging and X-ray photoelectric
spectroscopy (XPS). The immobilization of DSPEG2gmid surfaces was examined
using cyclic voltammetry (CV), electrochemical indp@ce spectroscopy (EIS) and
surface plasmon resonance (SPR). Our preliminaylteedemonstrated that DSPEG2 is
a promising novel linker molecule that can be apln a wide range of biosensors based
on gold surfaces.

Keywords: Biosensor; synthetic linker; PEG; non-specific adsorption; anti-fouling;
surface plasmon resonance; cyclic voltammetry; electrochemical impedance
Spectroscopy.

1. INTRODUCTION

Biosensors has been a topic of high interest feir thbility to detect biomolecular
interactions. At the occurrence of a biomolecutderiaction at the surface of a biosensor,
a physiochemical signal is detected, amplified, #nahsferred into quantifiable data
(Fang et al., 2008). As research in this field ades to aim for better sensitivity and
selectivity, the difficulty of non-specific adsoig (NSA) or fouling are increasing
(Sheikh et al., 2010, Chen et al., 2017, Parillalet2017). In this article, we aimed to
design and produce a novel anti-fouling linker thah be synthesized with ease and
result in a stable and effective linker to immat®libiomolecules on gold surfaces.



Gold is one amongst many commonly reported sulestrased for biosensor designs
due to its inertness and biocompatibility. The ratéion between gold and sulfur (Au-S)
is a well-studied and convenient approach for t@obilization of biomolecules on gold
surfaces for electrochemical and optical biosengOzkanet al., 2002; Zhang et al.,
2016, Veloso et al., 2014, Cheng et al., 2015). &l@x, in the event where thiol
functional groups are not present on the targejestibit may render this approach
ineffective (Taheri et al., 2016). Therefore, tlad to the development of a wide variety
of thiol containing molecules that could serveiakdrs between the gold surface and the
biomolecular recognition layer. However, the oratian of the thiol-containing linker
may drastically affect the performance and robwsstred the sensor (Uzarski et al., 2008,
Chen et al., 2014). To overcome this concern, nicerporation of aromatic substituents
into the molecular design allowed-n intermolecular interactions to stabilize the
orientation of biomolecules at the event of attaehto the surface (Hunter and Sanders,
1990, Florio et al., 2005, Dou et al., 2006, Shalet2016). This provides a solution that
improves the overall uniformity of the layer formleg the immobilized linker.

The fouling effect of surfaces is inevitable wheamalgzing biological samples, that
contain a variety of elements that could adheradsorb onto the biosensor surface non-
specifically (Wiarachai et al., 2016, Wang et 2018, Wang et al., 2018b). This could
cause false positive results at the sensing irtesfar an increase in background noise
complicating the resulting data. NSA could alsgdear undesired reactions that disrupt
the detection process. However, due to the natfitbeobiosensor design, NSA could
only be suppressed to a certain degree. CommonN&#&i approaches have been
introduced in detail in recent publications (Wanigaé, 2018, Wang et al., 2019).
Molecules such as polyethylene glycol (PEG) andtewon have been tested for their
anti-NSA properties Sharma et al., 2004, Otsukal.e2001). Although the employment
of zwitterion offered excellent anti-NSA abilitysifunction in a flow system, as well as
harsher conditions, could potentially complicageapplicability (Luk et al., 2008, Zhang
et al. 2008, Cao et al., 2014). PEG has been rfoteits useful properties in anti-NSA
processes becoming a widely used surface modifierarious biosensors (Prime and
Whitesides, 1993, Liu et al., 2002, Bearinger et 2003, De Los Santos Pereira et al.,
2016). Studies have shown that the presence of BEGhe sensor surface, when
hydrated, provided a significant decrease in thé Sues (Chen et al., 2010, Avci et al.,
2013, Pawlowska et al.,, 2014, Emmenegger et alD9R0Thus, PEG moiety was
incorporated into the final molecular design of thiplated linker molecule as shown in
Scheme 1.

To connect the aromatic and PEG groups togetherwb functional domains of the
linker were linked together via an amide bond. Aenlidkage not only provided a simple
and easily achievable approach, the presence obdgd bond in an amide linkage could
also enhance the stability and structure of thieelinnterface (Hermanson, 2013, Sun and
Wu, 2018). Finally, incorporation of a carboxylicié functional group at the terminal
end allowed further modification to immobilize biotacules such as proteins and
antibodies via amine coupling reaction (Fischerl®O0 Our linker molecule was
synthesized via a one-pot synthesis. Upon structinaracterizations, the molecule was
immobilized onto a gold surface. To assess its-[d8# properties, the modified gold



surfaces were analyzed using well-established #&oalytechniques such as surface
plasmon resonance (SPR) and electrochemistry.

Scheme 1. Proposed structure of the thiolated-PE@ker molecule.
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2. MATERIALS AND METHODS

2.1 Chemicals.Spectra-grade dimethyl sulfoxide (CAS # 67-6845)nercaptobenzoic
acid (CAS # 1074-36-8), ethanol (CAS # 64-17-5)thmeol (CAS # 67-56-1) and
dichloromethane (CAS # 75-09-2) were purchased fRigma-Aldrich (Mississauga,
ON) and used as is. High purity 1-ethyl-3-(3-dinygiminopropyl)carbodiimide
hydrochloride (CAS # 245-095-1), N, N'dicyclohexgtbodiimide (CAS # 538-75-0))
were purchased from Thermal-Fisher Scientific (\WyiON) and used as is. The 2-(2-(2-
Aminoethoxy)ethoxy)acetic acid (CAS # 134978-97\8¢re purchased from ATK
Chemical Company Limited (Shanghai, China). Metlahp99.8% (CAS # 811-98-3)
was obtained from Sigma-Aldrich (St. Louis, MO, USA

2.2 Instruments Column chromatography was performed on silica @&l 63-200
microns, obtained from Caledon Laboratory Chemiog@®orgetown, Canada). All
nuclear magnetic resonance (NMR) experiments wegerded on Avance-lll 500 MHz
spectrometer (Bruker, Mannheim, Germany). Electrapact (EI) mass spectrometry
(MS) was performed on an ABI/Sciex QStarXL massspeneter (Applied Biosystems,
Beverly, MA).

2.3 DSPEG2 SynthesisAs shown in Scheme 2, product (2) was synthesizgd
dissolving 4-mercaptobenzoic acid (0.1379 g, 0.8@dol) in 5 mL DMSO. The mixture
was stirred for 8 h at 70°C. Then, 0.171 g (0.894nat) of 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride wesmbined into the mixture and
stirred for an addition 5 h in 25°C, and N, N’-ditghexylcarbodiimide (0.102 g, 0.894
mmol) was added into the mixture and stirred fdn.8o synthesize DSPEG2, 0.30 g
(1.83 mmol) was combined with the previous mixturke solution was stirred at room
temperature for 24 h. Completion of the reactiors waonitored by TLC. High dilution
using distilled water to remove DMSO, and DSPEGZ2 wiaally purified using 9:1
DCM: ACN with 1% acetic acid solvent systefitd NMR (500 MHz, Methanot,) &
7.80 (d,J= 7.4 Hz, 4H), 7.59 (d] = 7.5 Hz, 4H), 4.10 (s, 4H), 3.72 — 3.62 (m, 12H),
3.58 — 3.53 (m, 4H). MS (El) m/z 595.20 (M+1+).



2.4 DSPEG2 Immobilization The immobilization of DSPEG2 was performed bypdro
casting an aliquot (20QL) of 2 mmol L* of DSPEG2 dissolved in N&O; buffer (pH
8.5) onto a 1 cmx 1 cm gold wafer (100 nm Au, on silicon wafer, Veest
Nanofabrication Facility, London, ON) and incubat#d®5C for 12 h. The wafers were
washed and dried overnight with a gentle streamitafgen gas.

2.5 X-ray Photoelectric Spectroscopy (XPS)Angle-resolved XPS analysis was
performed with a Theta-probe Thermo-Fisher Scientifstrument (East Grinstead, UK)
with a monochromatic A1 Ka source with a photo gpet486.6 eV. The accumulated
angle was 90° with a 20 eV pass energy at the asabt a 10-8 mbar vacuum chamber.
The analysis area was 5Q6°.

2.6 Time-of-flight Secondary lon Mass-spectrometry(TOF-SIMs). TOF-SIMs
images were collected using a TOF-SIMS IV (lon-TGMAbH, Munster, Germany). At a
45° incident angle, the pulsed primary ion beam ofifmxl 25 keV Gaions was used to
analyze the samples. High spectral resolution imggeAm = 10 000) were collected
using “bunch mode” with a primary ion current 06 A over a 500x 500 um? area.
High spatial resolution imaged\l( = 200 nm) were also collected separately with a
primary ion current of 0.8 pA over a 560500 pm?® area. Principle ion exceeded the
static limit for both experiments.

2.7 Surface Plasmon Resonancdll SPR measurements were performed at room
temperature using Biacore X100 Surface Plasmon Rese (GE Healthcare, Life
Sciences, Marlborough, MA). Biacore Sensorchip AtAcontained 50 nm gold on glass.
Both reference channel (channel 1) and measurerokahnel (channel 2) were
conditioned with 3 consecutive injections of regatien solution (10 mM glycine-HCI,
pH 2.5) for 120 s at a flow rate of 10 pL/min. DSFE Immobilization. The linker
molecule DSPEG2 (1.5 uM in immobilization buffer 0 mM NaCQO;, pH 10) was
injected onto the channel 2 only, for 1080 s awfl@te of 5 pL/min, followed by an
immobilization buffer wash for 300 s.

2.8 Anti-NSA Analysis.The lyophilized human serum albumin (HSA) was alis=d in
PBS (10 mM, pH 7.4) at desired concentrations @3.mg/mL, 6.25 mg/mL, 12.5
mg/mL, 25 mg/mL and 50 mg/mL and was consecutivghcted into both channels at 5
pL/min for 1080 s with 600 s PBS wash in betweecthaajection. Adsorption of HSA
was calculated from the increase in SPR responsedch channel. This analysis was
performed in triplicates (n = 3). All SPR experingewere analyzed using Biacore X100
Evaluation Software (GE Healthcare, Life Sciendéstlborough, MA).

2.9 Electrochemistry. All electrochemical measurements were performedoam
temperature with an Autolab PGSTAT 12 potentioghd¢tronm Canada, ON). Cyclic
voltammetry (CV) and electrochemical impedance spscopy (EIS) were carried out
using a conventional three-electrode system wibld electrode as working electrode, a
platinum rod auxiliary electrode and an Ag/AgClereince electrode (CH Instruments,
Austin, TX). CV was performed between +0.5 V an®8-U with a scan rate of 0.1 V/s.
EIS measurements were conducted over the frequange of 0.1 Hz-10 kHz, using 10
mM [Fe(CN)]*™* or 1 mM [Ru(NH)e]*>* as the reporter molecule in 0.1 M NaGI(H
7.4) unless otherwise stated.



3. RESULTS AND DISCUSSION

DSPEG2 (Scheme 1) was designed with a thiol grbap would allow the linker to
attach onto gold surfaces. The presence of benzenél aid the layer’s stability and
control the orientation of the linker. PEG domaipvided the desired anti-NSA
properties. The carboxylate acid group towards é¢hd of the linker was useful for
further modification with biomolecules via amineupting. The linker was prepared and
synthesized according to Scheme 2. NMR (Fig. S#id &C-MS (Fig. S-2) were
employed to support and characterize structurepamitly of the products. To assess the
behaviour of DSPEG2 on a gold surface, XPS and BSOS were performed.

Scheme 2. Proposed reaction scheme for the syntlesiof 2,2-((((((4,4'-
disulfanediylbis(benzoyl))bis(azanediyl))bis(ethan®,1-diyl))bis(oxy))bis(ethane-2,1-
diyl))bis(oxy))diacetic acid or DSPEG2.
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3.1 Surface Characterization.Surfaces modified with DSPEG2 were analyzed using
XPS as shown in Fig. 1b with the high-resolutioectpum of Au 4f7/2. An identical
signal at 84.0 eV was observed for both linker-rfiediand unmodified gold surfaces.
Signal profiles of both spectra remained highlyikEimthis indicated, the modification
process did not alter the nature of the gold seda&econdly, in the high-resolution of
the S 2p spectrum (Fig. 1a) indicated a post meatifin, at 163.0 eV, a significant signal
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increase was observed. This was expected as the presence of this signal was in connection
to the Au-SR’ structure formation (Xue et al., 2014), as such, was an indication that the
thiol group in DSPEG2 was successfully bound to the gold surface. Fig 1c and 1d show
the C 1s and O 1s peaks of the gold surfaces before and after modification with DSPEG2.
On the C 1s spectrum of DSPEG2 modified the gold surface, two peaks at 286.0 eV and
289 eV related to the O-C and O-C=O0 structures were observed, respectively. These are
commonly observed signals, when the PEG layer is presented on the surface (Popat et al.,
2004) In connection, shifts of binding energy observed on O 1s spectrum supported the
presence of oxygen atom species, when PEG layer was present on the gold surface. Thus,
the molecular information obtained in XPS supported the successful immobilization of
the linker on the gold surface.
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Figure 1. XPS data plots for S2p (a), Au4f (b), Cls (c) and Ols (d) on bare gold surface
(1) and DSPEG2-modified surface (ii). Modification conditions were as described in
Experimental section (a.u = arbitrary units).

TOF-SIMs was performed to provide a general assessment on the uniformity of the
linker layer on the gold surface. Both negative and positive TOF-SIMs analyses were
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performed, the positive spectra will be presented in this study (Supporting information,
S3), since high-quality negative TOF-SIMs spectra were challenging to obtain. Similar to
previously reported work on TOF-SIMs analysis of PEG layers, characteristic signals at
55.2 and 57.3 m/z correlating to C3H30" and C,H3NO", respectively (Copper and Guan,
2016, Iguerb and Bertrand, 2008, Nagy et al., 2008), were found on surfaces that were
immobilized with DSPEG2. Secondly, a unique peak that was found on surfaces after
DSPEG?2 immobilization at 332.7 m/z was attributed to be the structure C;H4AuOS". The
corresponding TOF-SIMs images of the found ion fragments are presented in Fig. 2.
During the process of TOF-SIMs imaging, an edge of the area modified with DSPEG2
was observed. The area containing C;H;AuOS" ions overlapped with the one generating
C3H;0" and C,H3;NO" ions. The layer observed on the surface was concluded to be
formed by the immobilized DSPEG2. Furthermore, during the imaging process, no
"signal islands" or clusters of ions were observed on the modified surfaces. This
suggested that the layer formed by DSPEG2 was even, and free of large aggregates.
Though further ellipsometric work is still required to study the thickness of the formed
layer, our TOF-SIMS results demonstrated that the molecules detected on the modified
surfaces was due to the self-assembly of DSPEG2, and the immobilized DSPEG layers
were both uniform and free of large clusters.

Total lon ' C3Hs0*

C2H3NO* C7HsAuOS*



Figure 2. Representative positive ion TOF-SIMS images shgwthe distribution of
DSPEG2 fragments after a bare gold surface wasfraddvith DSPEG2 as described in
the Experimental section. The area of the edgerevttee surface was incubated with
DSPEG2 was imaged over a 500 x 500" with the scale bar representing 100 pm.

3.2 Electrochemical Analysis To evaluate the stability and performance of the
DSPEG2 layer, cyclic voltammetry (CV) and electrexctical impedance spectroscopy
(EIS) were employed (Fig. 3).
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Figure 3. a) Cyclic voltammograms atsaan rate of 0.1 V/s for 25 cycles; and b) Nyquist
plots with applied frequency from 0.1 Hz to 10 kéfzbare gold electrode (yellow) and
DSPEG2 modified gold electrode (green) in 10 mM(@¢)s]>"* with 0.1 M NaClQ as
supporting electrolyte. The charge-transfer resc#aR; values were obtained by fitting
the Nyquist plot with a Randles equivalent cir¢inset).

Fig. 3a demonstrated the CV analysis of DSPEG?2 fieodgold surface for 25 cycles
in [Fe(CNY]*"*, compared to the unmodified gold electrode. Theecu flow for the
modified-gold surface was negligible at the po@ntiindow of the gold electrode. This
suggested that the [Fe(GY"* molecules were unable to diffuse to the gold serfhge
to the presence of the linker layer (Doneux et dD16). CV results had also
demonstrated the stability of the linker layer inltiacycle voltammetry, as no noticeable
peaks arose after multiple CV scans. As shown gn Blo, the charge transfer resistance
(Re) of the modified gold electrodes was approxima&®ykQ, as predicted from the
simulation of Randles equivalent circuit. In compan to the negligible K from the
plain gold surface, the high.Rfrom the modified gold electrode indicated thag¢ th
formed linker layer on the gold surface offeredartier” that suppressed the diffusion of
[Fe(CN)]**redox couple to the electrode surface decreasimgléctron transfer at the
liquid-gold interface. This could also support gwecessful immobilization of the linker
that formed this resistive “barrier” increasing tRg (Doneux et al.,, 2016, Su et al.,
2018).



Furthermore, the linker was also tested in a dynaystem using SPR. The analysis
using SPR provided important information regarditige anti-NSA properties of
DSPEG2.

3.3 SPR Surface Modification.First, the linker was injected onto a blank gadthsor
chip. The immobilization of DSPEG2 was observedrfrihe increase in SPR responses
as demonstrated in Fig. S-3 and S-4. A kinetiona¥fi(Kp) of 417.5 = 61.4 nM (n=3)
calculated using the Biacore Evaluation Softwarkcated a relatively strong interaction
of DSPEG2 to the gold surface. The surface covetdd@SPEG2 molecules on gold
surface was evaluated following a Langmuir-likethegsm (Hanaor et al., 2014):

l.q  K[DSPEG2]

0 = =
Tnax 1+ K[DSPEG2]

where 0 is the fractional coverage on surface and equal6.78.I,, andl,,, are
coverage at equilibrium and saturation coveragés e association constant which is
the inverse of K estimated from the SPR simulation.

3.4 Anti-NSA Studies The anti-NSA properties of DSPEG2 was also tes#&A was
exposed at various concentrations onto the moddiethces (Zou et al., 2015, Liu et al.,
2011). The resulting sensorgrams are shown in 4ag.The adsorption of HSA to the
modified and non-modified gold surfaces was deteedhi by the difference of SPR
responses taken before and after each HSA inje(ign 4a). To provide a performance
comparison, two other commonly used linkers, lipaoid (LPA) (Gu et al., 2018) and
DTSSP (3,3dithiobis(sulfosuccinimidyl propionate)) (Velosad al., 2014), were also
tested after immobilization onto gold surfaces|diwked by inactivation with 100 mM
ethanolamine. The results were summarized in T&le The mean values of HSA
adsorption at the concentrations of 3.125 mg/mR5éng/mL, 12.5 mg/mL, 25 mg/mL
and 50 mg/mL were 83.0 RU, 121.6 RU, 124.6 RU,383J and 193.4 RU for modified
gold surface and 191.8 RU, 374.3 RU, 454.3 RU, R, and 681.2 RU for non-
modified gold surfaces, respectively (n=3). As tleemal range of HSA concentration in
serum is approximately 35-50 mg/mL (Choi et al.020 we utilized this range in our
SPR studies. As shown in Fig. 4b, higher SPR resgmomvere recorded for each HSA
concentration on the non-modified surfaces (yelloWA (Red) and DTSSP (blue)
modified surfaces. The NSA of HSA resulted in acsntration-dependent increase of
SPR responses. On the other hand, the DSPEG2-peubdififace suppressed the NSA of
HSA, and the corresponding sensorgram (green) alidlisplay any significant increase
in the SPR responses. This result supported ousthgpis that DSPEG2 formed a self-
assembled layer with anti-NSA properties on thel goirface.
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Figure 4. SPR sensorgrams of anti-NSA measurements using various concentrations of
HSA on a bare gold surface (yellow), LPA-modified gold surface (red), DTSSP-modified
gold surface (blue), and DSPEG2-modified gold surface (green). a) Real time SPR
responses and b) AResponse displays the increase in SPR response before and after the
exposure to increasing concentrations of HSA.

To challenge the DSPEG2-modified surfaces, furidnati-NSA tests were performed
under different conditions including slightly adigH 5.0), slightly basic (pH 9.0), high
ionic strength (500 mM NacCl), and a complex mateartificial cerebrospinal fluid). As
shown in Fig. S-5AResponse under these conditions resulted in relgtlow NSA of
323 RU, 212.7 RU, 167.1 RU, and 181.5 RU, respelgtivThe solubility of DSPEG2
under various pH conditions were tested and thaltsesvere summarized in Table- S-2.
Moreover, human serum was tested on DSPEG2-modifiéd surfaces to support the
applicability of real samples. Due to the set-ufivgare of the SPR instrument, up to
50% of human serum could be tested for its NSA attaristics on the DSPEG2-
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modified surfaces. It was observed an increase 1RB60f NSA after continuous
exposure of 3.125%, 6.25%, 12.5%, 25% and 50% wofamserum in PBS, 300 RU less
than of non-modified bare gold surface (Fig. SA further improvements can be made
based on the concept of anti-NSA linkers (Sheiklalgt2010), the synthesis of longer
PEG strands is now in progress for the developrmémext-generation linkers in our
laboratory.

4. CONCLUSIONS

In conclusion, the synthesis and characterizatibnthe newly designed surface
modifying compound DSPEG2, were demonstrated tosbecessful. The molecule
showed high compatibility towards both static anghammic flow system during its
immobilization process. The resulting layer formidDSPEG2 was shown to be stable
and uniform. The applicability of the proposed neole in anti-NSA analysis
demonstrated a promising trend. We compared themmamally available LPA and
DTSSP surface modifiers with DSPEG2 in different, pbhic strength, and real sample
matrices, and observed that DSPEG2 demonstrateghaahti-fouling effect. Thus, we
envisage that these novel linker molecules withtkfiuhctional domains would become
a significant topic of interest to enhance the allgrerformance of biosensors.
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Highlights

* A novel thiolated-PEG linker molecule (DSPEG?2) was synthesized and characterized.
* Theimmobilization of DSPEG2 on gold surfaces was studied using CV and EIS.
» Theanti-fouling properties of DSPEG2 was studied using SPR.

* Non-specific adsorption of albumin was significantly suppressed using DSPEG2.
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