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Abstract: We have investigated different surface function-
alization methods to immobilize CD19 antibody on gold
surface to capture B lymphoblast cells associated with the
acute lymphoblastic leukemia disease. Quartz Crystal
Microbalance measurements were performed to analyze
the binding kinetics of each layer and determine the
optimum method, which results in higher cell capture
rates. The random orientation of antibody and oriented
antibody through protein G was investigated and protein
G presence resulted in 152Hz frequency shift for
10* cellssmL. The 3-mercaptopropyltrimethoxysilane
(MPS) and 11-Mercaptoundecanoic acid (MUA) coatings
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1 Introduction

According to the American Cancer Society, Leukemia is
the most common type of cancers in childhood. Even
though some of the children with acute lymphoblastic
leukemia achieve complete remission and no clinical
symptoms are observed, leukemia may relapse know as
Minimal Residuel Disease (MRD) [1-3]. There is a
consensus on the necessity of MRD monitoring for
increasing the treatment efficiency [2]. MRD is monitored
using multicolored Flow cytometry and CD19, CD34 and
CD10 antigens are determined as the backbone panel for
MRD detection [3]. In order to develop a MRD biochip
and capture leukemia cells on a sensor surface, immobili-
zation of CD19 on gold surface has to be investigated.
Immobilization of antibodies as receptors on the surfaces
is of utmost importance for the performance of a
biosensor. Antibodies recognize the analyte based on
affinity and this recognition is transduced to another type
of signal that can be measured [4]. Advancements in
micro and nano technology revealed development of
novel transducers such as cantilevers [5-7], nanowires [8—
10], surface plasmon resonators (SPR) [11-13], micro-
electrodes [14-16] and micro/nano particles such as gold
[17-19], silver [20-22] nanoparticles, and immunomagnetic
beads [23-26]. Various methods have been reported for
immobilizing antibodies on transducers [27-29] or micro/
nano particles [30-32]. For gold surfaces, self-assembled
monolayers of thiol group (—SH) or carboxyl group
(—COOH) are dominantly preferred due to the formation
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of gold surface together with 4-(N-Maleimidomethyl)
cyclohexane-1-carboxylic acid 3-sulfo-N-hydroxysuccini-
mide ester sodium salt (Sulfo-SMCC) and N-Ethyl-N’-(3-
dimethylaminopropyl) carbodiimide hydrochloride
(EDC)/N-hydroxysulfosuccinimide (NHS) linker layers
were tested on QCM for protein G and antibody binding.
The results indicate that MUA, EDC/NHS, protein G,
antibody CD19 is the optimum surface modification
among the tested combinations. By using the optimum
surface functionalization method, minimum 10° cell per
mL was measured as 1.9 Hz frequency shift.

quartz crystal microbalance with dissipation . CD19

of stable bonds [33]. Formation of a self-assembled
monolayer of MUA and EDC/NHS activation of the
carboxyl group of MUA layer was extensively used to
immobilize antibodies on a gold surface for SPR based
biosensing [34,35]. Another thiol group including coating
agent is MPS that is able to easily undergo a hydrolysis
and condensation process in aqueous ethanol solution at
high pH. At appropriate conditions, those processes could
be controlled to provide adequate electrical insulation,
favorable surface morphology and chemistry for sensors
used for bio-detection in ionic bio-fluids. The condensed
layer of MPS on a piezoelectric sensor measuring binding
surface stress induces detection resonance shift, and
enables optimal binding on a structurally smooth surface
[36].

It has been also shown that the antibody orientation
on the transducer surface affects the capture efficiency of
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the target molecule [37,38]. One strategy of obtaining the
oriented antibody is immobilizing antibodies on the sur-
face so that antigen binding sites (Fab) are directed
towards the analyte [39]. Protein G has binding sites for
the constant Fc region of mammalian immunoglobulin Gs
(IgGs) [40], and antibody immobilization on a preformed
layer of protein G provided improved sensitivity com-
pared to the antibody immobilization without protein G
layer [41].

Quartz Crystal Microbalance (QCM) sensor is a nano-
gram sensitive technique that has been used in the wide
range of bio-detection applications to detect various bio-
analytes such as herbicide, virus, bacteria, DNA/RNA,
protein, cell and tissue by using resonance frequency
change due to total mass increment on gold coated quartz
crystal surface [42-48]. QCM sensor has been extensively
used for measuring antigen-antibody interactions [49-53].
Quartz Crystal Microbalance with Dissipation (QCM-D)
monitoring enables real-time, label free measurements of
molecular adsorption and/or interaction on crystal surface.
Besides, it also enables to monitor the viscoelastic proper-
ties of adsorbed layer via dissipation parameter (D)
patented by Q-Sense®. Dissipation takes place when the
voltage on the crystal is shut off and the energy of
oscillating crystal dissipates [54,55].

Sauerbrey Equation explaining linear relation between
the changes in the resonance frequency of a quartz crystal
and the mass change on its surface. The QCM’s resonance
frequency change, Af, was related to the total mass change
per unit area at the QCM surface, Am, as;

Am = —C. Af/n (1)

where f was the resonance frequency of the QCM, C was
the sensitivity factor (17.7 ngHz 'cm?) [56,57], and n was
the the overtone number (n=1, 3, 5, 7).

This paper presents the QCM—-D experiments of six
different techniques to immobilize CD19 antibody on
gold surface (Figure 1) to capture the B lymphoblast cells.
In the next sections we detail the experimental procedure,
present and discuss the results.
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Fig. 1. Illustration of the tested surface modification methods
(methods A, B, C, D, E and F) to capture B lymphoblast cells on
a gold surface.
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2 Materials and Methods

Direct Protein G adsorption on gold surface, MPS or
MUA coatings with Sulfo-SMCC, EDC/NHS linkers and
impact of protein G were experimentally tested (Table 1).

Table 1. Tested surface modification methods.

Methods  Thiol Linker Orientation  Antibody
Group Protein

Method - - Protein G CD19

A

Method B MPS Sulfo- - CD19
SMCC

Method C MPS Sulfo- Protein G CD19
SMCC

Method  MUA EDC/NHS  Protein G CD19

D

Method E MPS EDC/NHS  Protein G CD19

Method F MPS EDC/NHS - CD19

Method A relies on the adsorption of protein G on
bare gold surface [58], without any pre-coating of the
surface. The main steps of the immobilization procedure
are (Bovine Serum Albumin (BSA)):

Gold > ProteinG > CD19 > BSA > Blymphoblast (2)

Method B uses the formation of MPS self assembled
monolayer on gold surface [36], then for activation of the
surface Sulfo-SMCC linker layer was formed. The main
steps of the immobilization procedure are:

Gold > MPS > Sulfo — SMCC > CD19 >

3
BSA > Blymphoblastcells ®)

Method C includes protein G on gold surface pre-
modified with MPS and Sulfo-SMCC layers. The main
steps of the immobilization procedure are:

Gold > MPS > Sulfo — SMCC > ProteinG

4

> CD19 > BSA > Blymphoblastcells )

Method D uses the formation of MUA self assembled

monolayer and EDC/NHS, cross linking followed by

protein G modification [59]. The main steps of the
immobilization procedure are:

Gold > MUA > EDC/NHS > ProteinG >

CD19 > BSA > Blymphoblastcells ®)

Method E uses the combination of MPS coating and
EDC/NHS linking. The methoxy groups on the free MPS
molecules are hydrolyzed in the aqueous ethanol solution,
as well as, the thiol groups on the MPSs are engaged on
the gold surface of QCM via Thiol-Gold interaction. Due
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to the high pH (pH=9.0), hydroxyl groups on MPS
molecules engaged on the surface commence to condense
with the next engaged MPS molecule’s hydroxyl group,
and this condensation forms the tight MPS coating on the
gold surface. After condensation, free nucleophilic
hydroxyl groups remaining on the coating react with the
electrophilic carbodiimides of EDC. The cross-linking
binding of EDC/NHS produces amine reactive sensor
surface, and provides the Protein Gs’ amine groups to
bind with the Sulfo-NHSs. The main steps of the
immobilization procedure are:

Gold > MPS > EDC/NHS > ProteinG >>

6

CD19 > BSA > Blymphoblastcells (©)

Method F is designed to investigate the impact of

protein G. The steps in method E are exactly followed

except the Protein G step. The main steps of the
immobilization procedure are:

Gold > MPS > EDC/NHS > CD19

> BSA > Blymphoblastcells )
By measuring the frequency shift after the B lymphoblast
cell capture step on the QCM sensor, we determined the
method with highest efficiency. Also the impact of BSA
passivation layer to cell capture ratio for the method E
was explored as a result of experimental observation.

2.1 Materials

CD19 antibody was purchased from Biolegend (San
Diego, CA). Protein G was purchased from Thermo
Scientific (Pittsburgh, PA). B lymphoblast cells CCRF-SB
were purchased from ATCC (Rockville, MD), and all
other chemicals were purchased from Sigma-Aldrich (St.
Louis, MO).

2.2 QCM-D Experiments

The immobilization of B lymphoblast cells on gold surface
was studied using a quartz crystal microbalance with
dissipation monitoring QCM-D (Q-Sense E4, Biolin
Scientific, Vistra Frolunda, Sweden). Gold-coated quartz
crystals i.e., sensor chips (a fundamental frequency of 5-
MHz) were purchased from Biolin and used according to
the manufacturer’s instructions. New gold-coated sensor
chips were sequentially rinsed with deionized water and
absolute ethanol and then dried under a nitrogen stream.
The chips were next placed in an UV/ozone chamber for
20 minutes, and incubated in base piranha solution (20 mL
ammonia solution, 20 mL hydrogen peroxide in 30 mL
deionized water) for 20 minutes then rinsed with deion-
ized water, and dried under a nitrogen stream. A freshly
cleaned chip was mounted into the QCM-D chamber
before every experiment.
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2.3 Modifications of the Chip Surface

The chip surface was modified in 2 different ways in the
experiments: MPS or MUA coatings. For MPS coating the
solution of 10 uL MPS, 2,34 mg KOH, 50 pL deionized
water, and 10 mL ethanol at pH 9 was introduced to the
chamber (60 minutes), then the sensor was rinsed with
ethanol and deionized water to wash out loosely absorbed
material. For the MUA coating the solution of 1 mM
MUA in ethanol was introduced to the chamber until the
signal is stabilized (60 minutes), then the sensor was
rinsed with ethanol and deionized water to wash loosely
absorbed material. For the uncoated sensor experiments
(method A), phosphate buffered saline (PBS) was intro-
duced to the chamber and the surface allowed to
equilibrate in PBS (pH 7.4) until a stable first overtone
frequency was observed (1 Hz over 10 minutes). This
procedure was typically accomplished in 40-50 minutes.

2.3.1 Cross-Linkers

Two different cross-linkers were used in the experiments;
EDC/NHS and Sulfo-SMCC. For EDC/NHS crosslinking
the solution of 5 mg EDC, 5 mg NHS in 1 mL deionized
water was introduced to the chamber including the sensor
modified with MPS for 45 minutes. Then, the surface was
rinsed with deionized water and PBS (pH 7.4) to wash out
loosely absorbed material. For Sulfo-SMCC crosslinking,
the solution of 1 mg Sulfo-SMCC in 1 mL deionized water
was introduced to the chamber including the sensor
modified with MPS for 45 minutes. Then, the sensor was
rinsed with deionized water and PBS to wash out loosely
absorbed material.

2.3.2 Protein G and CD19 Antibody Immobilization

The protein G solution, 800 pL. protein G (5% protein G
solution in deionized water) in 5.4 mL. PBS was intro-
duced to chamber for 60 minutes. Then the sensor surface
was rinsed with PBS. The 500 mL of stock solution of
CD19 (20 pL CD19 antibody in 1 mL PBS) was diluted in
54 mL PBS and then introduced to chamber until the
signal was stabilized (60 minutes), followed by PBS
rinsing.

2.3.3 BSA Blocking

The solution, 5% BSA solution (0.5mg BSA in 10 mL
PBS) was introduced to the chamber to prevent non-
specific binding of cells for 45 minutes, followed by PBS
rinsing.

2.3.4 Capturing B Lymphoblast Cells

For determining the optimum surface functionalization
method, 10* cells/mL of B lymphoblast cells in PBS were
introduced into flow chamber for 60 minutes. After
determining the surface functionalization method, solu-
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tion containing 10°, 10*, 10° B lymphoblast cells per mL in
PBS were introduced into flow chamber containing the
functionalized sensor for 60 minutes to determine the
concentration dependency. Prior cell count was performed
both with Muse Cell Analyzer (Merck, Billerica MA)
device and manually with a Neubauer Chamber.

Each experiment was repeated at least 3 times to
obtain the means and standard deviations of the frequency
shift data, the error bars indicate the standard deviation
from the average values. Statistical significance was
considered at P <0.05. Student’s t-test was performed for
the experimental results.

3 Results and Discussion

Method A: Adsorption and covalent bonding are widely
used techniques to immobilize receptors on surfaces.
Adsorption is practical and has been demonstrated for
various sensors [5,23]. The adsorption mechanism of
protein G on gold surface was analyzed by Johnson and
Mutharasan [58]; in our work, the solution of protein G at
pH of 7.4 caused an average frequency shift of 10.7 Hz
due to the adsorption on the bare gold surface (Figure 2).
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Fig. 2. The QCM frequency shifts for B lymphoblast, CD19 antibody
and protein G for all methods. Error bars indicate the standard
deviation from the average values. For the frequency shifts of B
lymphoblast cells, P <0.05 between the method D and methods (B,
C, E, F). P>0.05 between the method D and method A.

Methods B and C are based on MPS coating of the
gold surface and forming the Sulfo-SMCC bifunctional
cross-linker for protein immobilization. The hydrolyzed
MPS self-assembled monolayer results in laterally
condensed —OH groups and upright non-condensed OH
groups on gold surface [60]. The maleimide of the Sulfo-
SMCC reacting with the sulfhydryl placed vertically on
the sensor surface forms an inclined crosslink with the
120° angle [61]. The NHS-ester in the Sulfo-SMCC reacts
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with the amine of the protein [62]. We tried both protein
G and CD19 antibody on the Sulfo-SMCC linker but the
cell capture ratio was lower compared to other methods.
This can be due to the 120° angled bond between the
maleimide on Sulfo-SMCC and the upright thiols on the
sensor surface, and also lack of MPS lamination results in
fewer thiol groups on the surface [63]. The average
frequency shift for Sulfo-SMCC layer on MPS was
3.96 Hz that is lower compared to the average frequency
shifts for EDC/NHS layer on MUA and MPS (9.58 Hz
and 9.46 Hz, respectively). Even though the frequency
shifts for CD19 and protein G indicate surface binding,
the low frequency shift for cell capture suggests that the
protein G and CD19 antibody are not orientated on the
Sulfo-SMCC layer for efficient cell capture (Figure 2).

Method D is based on covalent bond between gold
and sulfur in MUA and EDC/NHS bifunctional linker for
protein immobilization. The sulphide-based MUA self-
assembled monolayer results in —COOH groups on gold.
The EDC-NHS crosslinking forms succinimide groups on
gold surface for protein binding [59].

Method E is the combination of MPS coating of gold
and EDC/NHS crosslinking. Typically, EDC/Sulfo-NHS
protocol has been used to functionalize hydroxyl groups
as Amine reactive. The Hydroxyl ions independent from
Carboxyl groups are capable of reacting with electrophilic
carbodiimides via the nucleophilic effect of hydroxyl ions.
Thus, the hydroxyl groups independent from Carboxyl
groups on MPS coating could be functionalized as Amine
reactive by using EDC/Sulfo-NHS protocol [64].

Method D has higher cell capture ratio compared to
Method E, though even though the protein G binding is
lower. By monitoring the resonance frequency shifts,
which were due to the Protein G binding onto the both
surfaces coated with MPS and MUA, a real time measure-
ment of Protein G amount on the sensor surface with
respect to time was obtained. By using Equation 1, the
quantity of Protein G on the sensor surface coated with
MPS (9.7 Hz frequency shift) was calculated approxi-
mately as 25 of Protein G per 500 nm” of area, and the
quantity of Protein G on the sensor surface coated with
MUA (5.6 Hz frequency shift) was calculated approx-
imately as 14 of Protein G per 500 nm” of area. To validate
the QCM measurements, Atomic Force Microscopy
(AFM, Veeco Multimode 8) was used to determine the
quantity of Protein G for MPS and MUA coatings as well
as to examine the surface morphology of both coatings
(Figure 3).

The condensation of MPS in aqueous ethanol solution
at high pH provides that the functionalized sensor surface
is more compact than the coating with non-condensed
MUA [36]. In the study of Oh et al., it was reported that
Protein G molecules in a solution form cloud-like
structures, and they are adsorbed onto a bare Au surface
as a clustered pattern [65]. As seen in Figure 3, AFM
measurement reveals that protein G layer is more uniform
and dense on MPS layer compared to MUA layerm and
QCM measurements confirms that protein G layer has
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higher binding on MPS surface for the method E. When
the calculations with Sauerbrey Equation and AFM
analysis are considered, it can be proved that more
Protein G on the MPS coated surface is preserved, and
MPS coating is more compact.

In order to investigate the impact of Protein G to cell
capture, the experiments without Protein G (method F)
was performed resulting in the lowest cell capture ratio.
Protein G provides appropriate antibody orientation and
thus higher cell capture ratio. Higher CD19 antibody
binding to the surface did not result in higher cell capture
ratio due to the random orientation of the antibody thus
decreased cell binding efficiency.

Even though MPS coated surface has higher binding
for protein G, the cell capture ratio is lower. To under-
stand the impact of BSA passivation layer, method D and
method E were performed without introducing BSA.
Eliminating BSA in Method D did not result in any
significant difference. However, eliminating BSA layer in
Method E increased the cell capture ratio (Figure 4).

Fig. 3. The AFM analysis of the protein G layer on A) MPS and
B) MUA coatings.

I & lymphoblast
14 -

ry ry
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1 1 L L
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=
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Fig. 4. The QCM frequency shifts for B lymphoblast, CD19
antibody and protein G for the method E with and without BSA.
Error bars indicate the standard deviation from the average
values; P <0.05 between the method E and method E (no BSA).
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Au Surface

As Protein G’s surface coverage depends on the
quantity of amine-reactive groups on the sensor surface its
orientation also depends on another critical parameter,
pH. At pH=7.4, which is the same with the Phosphate
Buffered Saline (PBS) used as a buffer solution in this
study, the immobilized protein G’s active sites (Glu27,
Lys28, Lys31, GIn32, and Asn35) concerning with the
heavy chain sites of IgG (Fc) directs upward due to the
neutral electrostatic effect of medium’s pH [40,58].

As illustrated in Figure 5, Protein G on the MUA
coated Au surface directs upward because of the bonding
angle of amine with Sulfo-NHS [66]. On the other hand,
Protein G on the MPS coated Au surface makes inclined
bonding with the amine reactive groups, and this angled
bonding causes the sloping direction of Protein G.

After BSA blocking, which is used to prevent non-
specific binding, BSA is more likely to hinder the
antibody to engage the target cell. Because of the
hindrance of BSAs on the sensor surface and the angle of
protein Gs, the resonance frequency shift caused by target
cell capturing with the MPS coated sensor is lower when
compared with the resonance frequency shift for the
system coated with MUA. The impact of BSA blocking
also investigated by AFM measurements (Figure 6). In
Figure 6A, the BSA on the MPS layer is similar to the one
as illustrated in Figure SA where BSA molecules created a
more compact surface. The more compact sensor surface
having more amine reactive groups as in Method E
naturally have more BSA attached on the surface. The
dense layer of BSA molecules with dimensions 4 nm X
4 nm x 14 nm [67] inhibits the inclined IgGs on the MPS
coating with dimensions 4 nmx8.5nmx14.5nm as in
explained in Figure 5. Conversely, it is expected that the
hindrance effect of quantitatively fewer BSA molecules
on MUA coating on the IgGs uprightly placed the sensor
surface is much less. This less hindrance effect on the IgGs
on MUA coating provides the IgGs to capture the target
cells readily.
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Fig. 6. The AFM analysis of the BSA layer on A) MPS and B)
MUA coatings.

Even though MPS coating results in a uniform protein
G layer on the sensor surface, the BSA layer on MPS and
pH reduces the cell binding. Also MPS is pH, coating
repetition and time sensitive that makes it difficult to
control the surface uniformity [36].

Due to the disadvantages of MPS coating and in the
light of the QCM measurements, method D that includes
MUA coating, EDC/NHS cross-linking, protein G, CD19
antibody and BSA passivation was determined as the
optimum method for surface functionalization to capture
B lymphoblast cells. In order to visualize the cells on
functionalized gold surfaces, the method D was applied to
gold-coated surfaces for bright field optical micrographs
(Figure 7).

| B B B B B B | B B L R | §:
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20 Protein G oo Ecssmasa ity
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I |
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B lymphoblast
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Fig. 8. QCM frequency shifts for the main steps of the method D
and concentration dependency. Error bars indicate the standard

deviation from the average values; P <0.05 between the concen-
tration pairs of 10° and 10, 10° and 10°, 10* and 10° cell/mL..
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110 um

\ \

Fig. 7. Bright-Field Optical Micrographs of the cells captured on
modified gold surfaces: A) Planar gold surface, B) Square gold
surface on glass. Black arrows indicate the cells captured on the
surface.

Figure 7A shows a QCM sensor surface and Figure 7B
shows square shaped gold pads on a glass substrate. The
black arrows indicate the captured cells on the surface.

The method D was also tested by changing the
concentration of the B lymphoblast cells (Figure 8).
Injection of 10°, 10* and 10° cells per mL to the QCM
chamber resulted in 1.9 Hz, 15.2Hz and 66.2 Hz fre-
quency shift, respectively. The QCM frequency response
was also consistent with the dose increment.

4 Conclusion

Our goal is to develop a biochip to capture B lymphoblast
cells on the gold-coated sensor surface and quantify the
cells. In order to capture B lymphoblast cells, the gold
surfaces can be functionalized with CD19 antibody as
recognition elements. As a first step towards the biochip,
an immobilization technique for the CD19 antibody has to
be determined. Here, we report the QCM results of
various surface modification strategies to immobilize
CD19 antibody on gold surface and capture B lympho-
blast cells. The protein G has significant impact on cell
capture efficiency. Even though higher amount of CD19
antibody bind to surface in method F, higher cell capture
ratio measured for method E is due to the protein G
presence and orientation of the CD19 antibody. MPS and
Sulfo-SMCC combination did not result in high cell
capture ratios for QCM as multiple layers of MPS
required to increase the Sulfo-SMCC binding. It was also
validated that protein G has affinity to bare gold surface
(method A). Self assembled monolayer of MUA followed
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by EDC/NHS activation has been used for antibody
immobilization, and the CD19 immobilization resulted in
higher cell capture when used together with protein G.
The unprecedented MPS-EDC/NHS method has also
advantages for biosensors to enable a smoother sensor
surface and more homogeneous receptor dispersion on
the surface, but BSA blocking and pH dependency reduce
the cell binding ratios. In the case of MPS-EDC/NHS
combination, another blocking agent other than BSA
should be tested. For these reasons, MUA >EDC/NHC>
protein G > CD19 antibody > BSA layers are preferred to
capture B lymphoblast cells. After determining the
optimum method, we performed concentration experi-
ments. The QCM sensor surface was functionalized using
the optimum method and different cell concentrations
were introduced to QCM chamber. Minimum 10° cell per
mL was measured as 1.9 Hz frequency shift whereas
10° cell per mL was measured as 66.2 Hz frequency shift.
Our next efforts will be to apply and optimize the
preferred immobilization procedure for gold surfaces in a
microfluidic platform. As an alternative to the method D,
method A can be also preferred for surface functionaliza-
tion. Method D provided higher cell capture ratio, and the
statistical test result suggests method A is not significantly
different from method D. For long-term stability covalent
binding provides stronger bonds compared to surface
adsorption thus method D was chosen as the optimum
method.
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