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KEYWORDS Abstract Comparative study for non-specific adsorption of cell lysate and serum on recently devel-
Non-specific adsorption; oped biosensor surfaces is reported. Different surface chemistries including, polyethylene glycol
Cell lysate and human (PEG), a-cyclodextrin (CD), hydrogel dextran and surface initiated polymerization (SIP) based
serum; gold surfaces were taken into account for this study. Various techniques including, surface plasmon
a-cyclodextrin; resonance imaging (SPRi) and matrix-assisted laser desorption ionization tandem time-of-flight
Dextran; mass spectrometry (MALDI-TOF/TOF MS) technique to evaluate the surfaces with Fourier trans-
Surface initiated form infrared spectroscopy (FTIR) for the confirmation of surface fabrication were used. A high
polymerization; non-specific adsorption response of cell lysate and serum was observed on these so-called
iSmu;t;flegplasmon resonance non-fouling surfaces. The obtained results from this comparative study provided some hope to

explore SIP and dextran surface as a universal platform for biosensor applications. SIP produced
best result and showed high sensitivity and minimum non-specific adsorption. We believe that this
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comparative study will surely help the researchers to further upgrade these surfaces and especially
SIP to make it more universal for biosensor microarray applications including biomarker discovery

in high throughput format.

© 2015 The Authors. Published by Elsevier B.V. on behalf of King Saud University. Thisisan open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

SPR imaging technology has proven to be an invaluable tool
for high-throughput analysis of bio-molecular interactions
(Kodoyianni et al., 2011) such as, drug discovery (Singh
et al., 2014, 2019), biomarker screening (Shabani et al.,
2013), nucleic acid detection (Roberta et al., 2013), food safety
analysis (Piliarik et al., 2009), environmental analysis (Mauriz
et al., 2007), DNA hybridization (Ananthanawat et al., 2010
and Malic et al., 2009), protein—-DNA interaction (Pillet
et al., 2013) and living cell activation (Hiragun et al., 2012).
SPR sensing has been significantly developed in recent years
to quantify biomarkers in complex matrixes, such as serum
(Choi et al., 2010; Su et al., 2008 and Ladd et al., 2009), plasma
(Teramura et al., 2007), saliva (Yang et al., 2005) and cell
lysate (Kyo et al., 2005). SPR biosensors have been shown to
be suited for the detection of several cancer biomarkers
(Sankiewicz et al., 2015) in solubilized samples, such as
oropharyngeal squamous cell carcinoma (Liu et al., 2012),
prostate cancer (Choi et al., 2010), colorectal, gastric, and pan-
creatic cancer (Su et al., 2008), intestinal cancer (Ladd et al.,
2009), liver cancer (Teramura et al., 2007) and ovarian cancer
(Liu et al., 2012) among others. However, serum and cell lysate
screening on SPRi provide real time detection results in less
time with low human error, but due to their protein and lipid
rich matrix respectively, they expected to significantly foul on
sensor surface.

Hence, non-specific adsorption is a major roadblock to
analyze complex biological samples such as cell lysates by
using label-free biosensor technologies (Vaisocherova et al.,
2008). The most promising surface chemistries include polycar-
boxybetaine acrylamide surface (Brault et al., 2012) and
polyMeOEGMA (Rodriguez et al., 2011) surfaces. Recently,
a peptidoid polymer (Lin et al., 2011) and a peptide (Bolduc
et al., 2011) self-assembled monolayer (SAM) were proposed
to reduce nonspecific adsorption of serum. All of these surfaces
have been developed to prevent non-specific adsorption of pro-
teins from serum, but to our knowledge, little information is
available about low-fouling surface chemistry for cell lysate.
As a result of the lipid-rich nature of cell lysate in opposition
to the protein rich composition of serum, it is expected that the
surfaces developed to prevent non-specific adsorption from
serum will not be effective when used with cell lysate (Aube
et al., 2013). A recent review details the significant efforts made
to minimize the non-specific adsorption problem in biosensing
techniques (Reimhult et al., 2015). Starts from the 2D poly-
ethylene glycol (PEG) surface, a number of 3D matrixes have
been proposed by researchers for biosensing applications
based on hydrogel dextran (LofAs et al., 1990), surface initi-
ated polymerization (Ma et al., 2010) and a-cyclodextrin (He
et al., 2013) on gold substrate. Researchers claimed the high
loading capacity and enhanced sensitivity and non-fouling nat-
ure of all these surfaces without providing much data related

to non-specific adsorption study. Since non-specific adsorption
is a key problem and forbids the broad application spectrum of
biosensors, it is necessary to find an efficient approach to solve
this issue. Apart from the type of biosensors, substrates and
analytes used, surface chemistry plays the most important role
in non-specific adsorption. In light of surface chemistry impor-
tance, above described various types of surfaces were fabri-
cated and characterized by infrared spectroscopy. After, all
surfaces were evaluated for non-specific adsorption of stem cell
lysate (induced pluripotent stem cell) and human serum before
and after carboxylation of SAM by using surface plasmon res-
onance imaging (Fig. 1). Furthermore, non-specifically bound
lipids/proteins were identified by using matrix-assisted laser
desorption ionization (MALDI) time-of-flight (TOF) MS onto
the biosensor surfaces.

2. Experimental section

2.1. Reagents

Unless otherwise noted, material and solvents were obtained
from commercial suppliers and used without further purifica-
tion: Gold coated slides (Plexera), SH-(PEG)n-OH, (M.W.
2000) and SH-(PEG)n-OCH3 (M.W. 1000) (Shanghai Yan
Yi biotech. China); and o-cyclodextrin (M.W. 1000), EDC-
HCl (1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride), NHS (N-hydroxy succinimide) and 2-(2-
aminoethoxy)ethanol (EG,-NH;) (Aladdin = Chemistry).
Succinic anhydride, 2,2 ethylenedioxy-bis (ethylamine) and 4-
(dimethylamino) pyridine (DMAP) were purchased from
Aldrich. o-Mercaptoundecyl bromoisobutyrate was purchased
from HRbio (Beijing). 2,2-Bipyridyl (Bipy), Copper(II) chlo-
ride (CuCl2), 2-Hydroxyethyl methacrylate (HEMA), poly(2-
hydroxyethyl methacrylate) (OEGMA), Ascorbic acid
(AscA), N,N-Disuccinimidyl  carbonate (DSC), 4-
(Dimethylamino) pyridine (DMAP), epichlorohydrin, and
bovine serum albumin (BSA) were purchased from sigma
Aldrich. Dextran (T-500) was purchased from Pharmacia
(Beijing).

2.2. Preparation of 2D PEG surface

The 2D PEG surface was fabricated as per our previous pub-
lished work (Singh et al., 2014, 2019). In Brief, PlexArray®
gold coated chips were cleaned with a plasma cleaner and etha-
nol. The chips were then kept overnight in ethanolic solution
I mM (1:10 ratio) of SH-(PEG)n-OH (M.W. 2000) and SH-
(PEG)n-OCH3 (M.W. 1000) to prepare dense SAM of PEG.
The slides were washed with ethanol for 30 min under vigorous
shaking to remove the unbound particles. The slides were trea-
ted with DMF solution of succinic anhydride and DMAP for
16 h at room temperature to obtain carboxy terminated PEG
surface.
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2.3. Preparation of 3D SIP surface

A mixed SAM solution was prepared by initiators -
mercaptoundecyl bromoisobutyrate (BrC(CH3)2COO(CH2)-
11SH) and EG3-thoil in 1:99 ratio. The chips were immersed
in this mix (I mM total concentration) for 16 h at room
temperature, and then thoroughly washed by ethanol and
Milli-Q water and dried in a nitrogen stream. Polymerization
solution was prepared by 64 mg Bipy, 10 ml 0.04 M CuCl2,
2.6 g HEMA, 7.2 g OEGMA, 20 ml Milli-Q water and 20 ml
methanol. After 30 min deoxygenation, 10ml of AscA
(0.04 M) was added to the solution and the chips were
immersed in this solution for 16 h at room temperature under
an atmosphere of argon. After being thoroughly washed with
methanol and Milli-Q water, the chips were incubated in a
DMF solution containing 0.1 M DSC and 0.1 M DMAP for
16 h for acidification.

2.4. Preparation of cyclodextrin surface

The 2D PEG surface was fabricated as per above explained
procedure. For the preparation of 3D cyclodextrin matrix,
PEG assembled slides were treated with aqueous o-
cyclodextrin solution for two hours at room temperature.
After threading the cyclodextrins to PEG chain, the terminal
carboxyl group was activated by EDC (0.39 M) and NHS
(0.2 M) mixture followed by capping of chain by Z-Tyr-OH
group. Finally, the cyclodextrins hydroxy groups were con-
verted into carboxyl by DMF solution of succinic anhydride
and DMAP for 16h at room temperature under shaking
(Singh et al., 2014, 2019).

2.5. Preparation of dextran hydrogel surface

Dextran hydrogel surface was fabricated by previously pub-
lished work (LofAs et al., 1990). Gold chips after cleaning were
self-assembled with hydroxy-terminated polyethylene glycol
(EG3) in ethanol at 4 °C for overnight. The resulting hydro-
philic surface was then reacted with a 0.6 mol dm ™ solution
of epichlorohydrin in a 1:1 mixture of 0.4 mol dm~> sodium
hydroxide and diglyme for 4 h at 25°C. After thoroughly
washing with water, ethanol and water again, the surface
was treated with a basic dextran solution [3.0 g dextran T500
(Pharmacia AB) in 10 cm?® of 0.1 mol dm ™2 sodium hydroxide]
for 20 h at 25 °C. And finally, hydroxy groups of dextran sur-
face were converted into carboxyl one by using same solution
of DMF and DMAP as used for SIP and CD.

2.6. FTIR spectroscopy method

To prove the fabrication of each surface, we employed a
Fourier transform infrared (FTIR) spectrophotometer
(GX-Perkin Elmer, USA) using the reflection mode at a
resolution of 4 cm™! over the 4000-400 cm™" spectral region
to reveal the chemical bond and functional groups such as
carbonyl (C=O0) and hydroxyl (OH) groups belonging to
COOH-terminated alkanethiol SAMs. FTIR spectrums of all
above prepared, PEG, 3D CD, 3D SIP and 3D dextran films
modified on gold were recorded on FTIR spectrometer

(Perkin Elmer) with 64 scans at a resolution of 4 cm™".

2.7. Cell lysate preparation

Stem cell lysate was obtained by using the same method as our
previous published work (Nand et al., 2014). R1 mouse embry-
onic stem cells (mESCs) were homogenized with lysate buffer.
Embryonic cell lysate was prepared in two lysate buffer sepa-
rately: Tris-HCl buffer (50 mM Tris-HCIl, 150 mM NacCl,
0.1% SDS, pH 7.4) and HEPES buffer (20 mM HEPES,
150 mM NaCl, 0.05% Tween 20, pH 7.4) containing protease
and phosphatase inhibitor cocktail (Roche, 04693124001). The
cell lysates were centrifuged at 12,000 rpm for 20 min at 4 °C,
and the supernatants were collected and used for SPRi analy-
sis. Total protein content was determined by Bradford protein
assay. Cell lysates were diluted to reduce the bulk effect.

2.8. SPRi analysis

All the experiments were carried out using the PlexArray® HT
system (Plexera, LLC) which is based on surface plasmon
resonance imaging. Oval regions of interest (ROIs) were set as
25 pixels x 20 pixels area in imaging area. Serum and cell lysate
(1:100 dilution) containing Tween 20 (0.05%), pH 7.4 were used
as analytes with an association and dissociation flow rate of
3ul/s (25°C) at different concentrations by serial dilution.
HEPES (10 mM Hepes, 150 mM NaCl, 1 mM MgCI2, and
1 mM CaCl2, pH 7.4) containing Tween 20 (0.05%) was used
as a running buffer. A solution of NaOH (20 mM) was used
to regenerate the surface (300 s) and remove bound cell lysate
from the lectin microarray, enabling the sensor chip to be reused
for additional analyte injections. The 10 ROIs were selected at
different places to cover the whole surface and ensure the
analysis uniformity. Average sensitivity data from all 10 spots
were provided with standard deviation. Data were analyzed
according to our previous work (Singh et al., 2014, 2019).

2.9. MALDI-TOF analysis of adsorbed proteins

MALDI-TOF/TOF analyses were performed to monitor
lipids/proteins on the different surfaces using o-cyano-4-
hydroxycinnamic acid (CHCA, with peptides and lipids in
positive mode) and 2,6-dihydroxyacetophenone (DHA, with
lipids in negative mode) matrixes. Matrix solutions were pre-
pared at 10 mg/mL in 1:1 acetonitrile H,O + 0.1% trifluo-
roacetic acid. It is noteworthy to point out that the slides
used for MS experiments were 25 X 75 x 1.0 mm microscope
slides to fit the slide adaptor of the MS instrument. A
30 min trypsin digestion was run at 37 °C on three different
spots (3 uL) per slide on a heating plate controlled by a tem-
perature sensor. The substrate was mounted on hydrated
cotton wool on the heating plate to distribute heat uni-
formly. A reference gold-coated slide with a drop of water
was used as a reference for the temperature sensor. Matrix
deposition was performed by successive evaporation of
0.5 uL of matrix solution on the digested spots to analyze
proteins and beside the digested spots for lipid analysis.
MS analysis of the adsorbed material was performed with
a MALDI-TOF/TOF mass spectrometer (Bruker
Daltonics, Bremen, Germany) as previously described
(Ratel et al., 2011).
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3. Results

3.1. Surface characterization by FTIR spectroscopy

Prior to use for SPRi experiments, all fabricated chips (after
carboxylation) were characterized by FTIR for structure con-
firmation (Fig. 2). In the IR spectrum, we observed character-
istic peaks at 1160 cm~' which correspond to C—O—C
stretches in the PEG chain for all 4 surfaces. The increase in
intensity of the peak at 1160 cm™' was observed, after the
PEG SAM was further modified in order to fabricate other
three surfaces, a-CD, dextran and SIP. The new peak at
1735 cm ™! (more intense in case of SIP and dextran) shown
corresponds to the carboxyl group C—O vibration.
Presented IR data were recorded after carboxylation showing
complete missing of hydroxyl O—H peak at 3200-3500 cm
region and showing carboxyl O—H stretching at 2900 cm ™.
In whole, FTIR data suggested the successful fabrication of
all four surfaces.

3.2. SPRi analysis

All 4 types of well characterized gold slides mounted on SPRi
instrument and whole process were carried out on the same,
starting from activation by EDC/NHS to flow of serum and
cell lysate through flow cell. As shown in Fig. 3A, after activa-
tion with EDC/NHS mixture (0.39:0.1 M) for 15 min, surfaces
were thoroughly blocked by EG,-NH, (1 M) and then BSA
(100 pg/ml) 10 min each followed by successive washing of
5 min by running buffer (20 mM HEPES). After blocking step,
printing area was exposed to serum and cell lysate (separated
for 200s by single regeneration step (20 mM NaOH)).
Immobilization amounts of NHS were measured (Fig. 3B)
for all slides and suggested the high loading capacity of 3D
SIP and 3D dextran than 3D CD which own higher than 2D
PEG as expected. Our conclusion is in agreement with the pre-
viously reported (Singh et al., 2014, 2019) studies that 3D has
high immobilization capacity and owns more functional
groups which is confirmed and compared in this study.
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Figure 2 The FTIR spectra of all 4 surfaces include, poly-
ethylene glycol, a-cyclodextrin, dextran and SIP.

3.3. SPRi analysis of adsorption of serum and cell lysate before
carboxylation

As it is well known, that hydroxy functionalized biosensor
slides own less non-specific adsorption of serum and lysate,
we compared these 4 surfaces before carboxylation step using
SPRi. Here, slides were blocked by BSA only for 10 min on
instrument and then flow serum and miPSC lysate as described
above. Adsorption behaviors of serum and cell lysate are
shown in Fig. 4A and B respectively. We note that, the asso-
ciation behavior of serum is approximately same when com-
pared with each slide including 2D PEG, 3D CD, 3D SIP
and 3D Dextran. As dissociation behavior is more important
in comparison with non-specific adsorption, slow dissociation
rates lead to the saturation or permanent adsorption of ana-
lytes which cause complete destruction of platform. In results,
fast dissociation of serum was recorded from 3D SIP and 3D
Dextran when compared with 3D CD and 2D PEG surface
which shows slow and almost same dissociation rates. The
same behavior was also observed in cases of cell lysate adsorp-
tion and showing faster dissociation of cell lysate from SIP
when compared with dextran. Results suggested the better per-
formance of 3D SIP and 3D Dextran over other two platforms
compared in this study.

3.4. SPRi analysis of adsorption of serum and cell lysate after
carboxylation

Carboxyl (—COOH) functional groups play an important role
in the fabrication of most of the microarrays, so it is necessary
and more important to check and compare the non-specific
adsorption after carboxylation of hydroxyl (—OH) groups.
After transformation of hydroxyl functional groups into car-
boxyl functional groups by 1:1 mixture of succinic anhydride
and DMAP, activation and blocking steps and non-specific
adsorption were then compared for all slides in same condi-
tions and concentrations as explained above. Non-specific
adsorptions of serum and cell lysate are shown in
Fig. 5SA and B. It is important to note that serum and cell
lysate were adsorbed in high amount on carboxyl terminated
surface as confirmed by the signal enhancement than hydroxy
one due to more hydrophilic nature of surfaces. With high
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Figure 3 A complete experiment setup (A) showing EDC/NHS activation of carboxyl groups followed by blocking by PEG-NH, and
bovine serum albumin (BSA) and then flow of embryonic stem cell lysate and human serum in order to check the non-specific adsorption
on all 4 surfaces (B) a sensorgram revealing NHS immobilization capacity of each surface after activation with EDC/NHS.
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Figure 4 Non-specific adsorption of lysate and serum prior to carboxylation (a) sensorgram showing parallel response of non-specific
adsorption of stem cell lysate and (b) human serum on PEG, CD, SIP and dextran surfaces.
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Figure 5 Non-specific adsorption of cell lysate and serum after carboxylation (A) sensorgram showing parallel response of non-specific
adsorption of stem cell lysate and (B) human serum on PEG, CD, SIP and dextran surfaces.

adsorption of serum and cell lysate after carboxylation, disso- surface seems more efficient to reduce non-specific adsorption
ciation rates also became slower when compared with hydroxy when compared with former one, although CD shows better
terminated surfaces. In comparison, PEG and CD surfaces results when compared with PEG surface in terms of dissocia-

were performed poorly and in other hand, SIP and dextran tion rates which is more faster in case of CD. Furthermore,
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Figure 7 MALDI-TOF characterization of adsorbed lipid/proteins from cell lysate onto (A) PEG, (B) dextran, (C) SIP and (D)

cyclodextrin surfaces.

signal to noise (SNR) ratio of non-specifically adsorbed serum
and lysates was also calculated from each surface as shown in
Fig. 6A and B.

3.5. MS analysis of adsorbed proteins from serum and cell lysate

After checked successfully by SPRi, the same slides were eval-
uated by MALDI-TOF analysis for identification of physi-
cally adsorbed lipids/proteins. For this purpose, the flow
cells from slides were gently removed with the help of sharp

forceps and then printing area was carefully cut with diamond
cutters, and gently washed with diluted PBS and then with
milli Q water in order to clean the surfaces. The outcome result
of MALDI-TOF analysis suggested that instead of proteins,
mainly lipids were non-specifically adsorbed in both cases i.e.
cell lysate and serum. The identification of corresponding
lipid/proteins was performed by database interrogation with
the help of MASCOT search engine and LIPID maps
(http://www.lipidmaps.org/). Obtained data from this search
suggested the major adsorption of collagen o-1 protein,
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Figure 8 MALDI-TOF characterization of adsorbed lipid/proteins from human serum onto (A) PEG, (B) dextran, (C) SIP and (D)

cyclodextrin surfaces.

phosphatidylcholine and sphingomyelins lipid types.
Interestingly, in both cases of cell lysate and serum, PEG
and cyclodextrin surfaces showed high rate of non-specific
adsorption when compared with SIP and dextran surfaces
where only one or two types of lipid/protein were adsorbed
(Figs. 7 and 8). After compared these results with those
obtained from SPRi, It was easy to define the strong adsorp-
tion of lipid/proteins on PEG and dextran. Here, MS analysis
results were in strong agreement with SPRi results. SIP and
dextran surface produced best result overall in MS and SPRi
analysis whether it showed only few proteins were adsorbed
with very weak interaction and could be easily wiped off by
buffer as proved by SPRi. The serum data were also showing
the same tradition as cell lysate for all 4 surfaces except some
difference in molecular weights of adsorbed protein/lipid
because of their configuration. In whole, SIP and dextran
proved to be best surface in terms of non-specific adsorption
of cell lysate and serum in our study.

4. Discussion

This paper reports the comparative study of non-specific
adsorption of human serum and induced pluripotent stem cell
lysate on various advanced 3D biosensor surfaces by surface
plasmon resonance imaging and mass spectrometry.
Although, author reported these surfaces as non-fouling sur-
face and have great applications in biosensors, but, previously
these reported surfaces were validated only by using purified
proteins and not complex system such as serum and cell lysate.
Non-specific adsorption is a key problem in use of SPRi,

especially for the drug discovery and biomarker study which
always results into false positives and quenched the real and
important information. For better understanding and selection
of surface chemistries, here we demonstrated that all 3D plat-
forms showed high non-specific adsorption especially after car-
boxylation step even more than 2D PEG surface. However,
after high non-specific adsorption, fast dissociation rates were
observed from the 3D SIP and 3D dextran surface when com-
pared with 3D CD and 2D PEG assembled platforms which
clearly showed the better performance of SIP and dextran sur-
faces. MALDI-TOF analysis of adsorbed proteins/lipid from
cell lysate and serum was also performed to support the
SPRi results. We conclude that, SIP and dextran structures
can be further improved by structure modification and by try-
ing different type of spacers such as methyl terminated poly-
ethylene glycols instead of hydroxy one. Because hydroxy
functional groups of spacer also changed to carboxyl during
carboxylation of primary chains used for biomolecules immo-
bilization in order to fabricate the microarray and lead to high
non-specific adsorption, we strongly believe that the present
study will surely help the researchers for further improvement
in these reported surfaces so it can be applied in screening of
complex biological structures such as, serum and cells.
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