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ABSTRACT: We propose a label-free biosensor platform to
investigate the binding kinetics using antigen—antibody
interaction via electrochemical and surface plasmon resonance
(SPR) techniques. The L-cysteine in situ capped cadmium
sulfide (CdS; size < 7 nm) quantum dots (QDs) self-
assembled on gold (Au) coated glass electrode have been
covalently functionalized with apolipoprotein B-100 antibodies
(AAB). This protein conjugated QDs-based electrode (AAB/
CysCdS/Au) has been used to detect lipid (low density
lipoprotein, LDL) biomolecules. The electrochemical impedi-
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metric response of the AAB/CysCdS/Au biosensor shows higher sensitivity (32.8 kQ yM™'/cm?) in the detection range, S—120
mg/dL. Besides this, efforts have been made to investigate the kinetics of antigen—antibody interactions at the CysCdS surface.
The label-free SPR response of AAB/CysCdS/Au biosensor exhibits highly specific interaction to protein (LDL) with association
constant of 33.4 kM ™" s™" indicating higher affinity toward LDL biomolecules and a dissociation constant of 0.896 ms™". The
results of these studies prove the efficacy of the CysCdS-Au platform as a high throughput compact biosensing device for

investigating biomolecular interactions.

C olloidal semiconductor quantum dots (QDs) have
recently been projected for many applications including
single cell labeling and imaging, tissue imaging, in vivo and ex
vivo tumor imaging, assay labeling, fluorescence resonance
electron transfer and biosensor development.' ™ This has been
possible because of the exceptional properties, such as the
broad excitation spectra stretching into the ultraviolet region,
narrow emission spectra, large Stokes shift, high resistance to
photobleaching, stronger fluorescence, and excellent redox
behavior, etc, associated with QDs.* The charge carriers
(electrons/holes) in these QDs exhibit quantum confinement
effect at room temperature and can be tuned by controlling
their quantum yield.” The bioconjugation of these QDs can be
achieved via covalent bond formation between QDs surface and
desired biomolecules.*~” The conjugation of QDs can be easily
achieved through cross-linking of carboxylic acid and amine
(COOH-NH,) since these do not require any modification of
the biomolecules (antibodies/oligonulceotides). Many ap-
proaches for capping and dispersion of CdS QDs have been
investigated.” Xing et al. have compared characteristics of
various QD-conjugation methods for immunohistochemical
staining.” The tunable optical/electronic properties of cadmium
sulfide (CdS) and their surface hydrophilicity due to surface
modification capabilities make them good candidates for
detection of desired biomolecules."
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The numerous advantages of QDs combined with antibody—
antigen specificity enable the development of QDs-based
biosensors.'"'> The CdS QDs can be used for both
bioconjugation and amplification of the output signal leading
to higher stability, sensitivity, and reliability of the desired
biosensing devices.'>'* Further, CdS QDs on Au substrate, by
virtue of its desirable electrical properties may potentially
facilitate identification of the biomolecules. Dhyani et al. have
reported that the CdS QDs exhibit excellent redox activity
because of higher charge detaching efficiency and synergetic
effects.'> Shen et al. have studied interaction between human
adult hemoglobin (Hb) and CdS QDs using circular dichroism,
fluorescence and Raman spectroscopic techniques under
physiological pH.'® It has been found that the presence of
CdS QDs dramatically alters the conformation of Hb,
quenched the intrinsic fluorescence of Hb, and decreases the
a-helix content of the secondary structure.'®

The surface plasmon resonance (SPR) based biosensors have
recently attracted much attention toward the development of
diagnostic tools because of the ease of use, specificity, and high
sensitivity to the target analyte, speed, capability for continuous
monitoring, and multiplexing coupled with low-cost, portable
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Scheme 1. Schematic Representation of Apolipoprotein B100 (AAB) Functionalized CdS Quantum Dots Based Biosensor

Platform for LDL Detection
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instrumentation.'”'® Xiao et al. have demonstrated a layer-by-

layer surface decoration of QDs on gold (Au) substrate and
investigated the interactions between the QDs and different
proteins using in situ SPR technique.'® Zayats et al. have
reported photoelectrochemical properties of the Au-CdS
nanoparticles array on a Au surface for detection of
acetylcholine esterase using SPR spectroscopy.”® Thus, Au-
CdS QDs can be used to enhance the SPR signal resulting in
higher sensitivity and selectivity for detection of antigen or
biomolecules. The main advantage of the SPR system lies in its
application for determination of both the affinity and binding
kinetics of antibody—antigen interactions. Besides this, SPR
allows real-time, rapid, and kinetics of noncovalent antibody—
antigen interactions. By evaluation of the association/
dissociation rates of the antibody—antigen interaction, anti-
bodies with desired binding characteristics can be recognized. A
fast association rate and a slow dissociation rate may result in
the enhancement of immunosensor efficacy.

Attempts have recently been made toward the fabrication of
biosensors for low density lipoprotein (LDL) detection.”"
Snellings et al. have modified the Au surface using dextran
sulfate (DS) modified self-assembled monolayer (SAM) of 11-
mercapto-1-undecanol for detection of lipoprotein.”* Matharu
et al. have fabricated LDL sensor based on specific LDL-
heparin interaction using SPR technique.”® Jie et al. have
utilized apolipoprotein B-LDL interaction for the fabrication of
CdS nanocrystal based electroluminescence biosensor for LDL
detection.”* In spite of these developments, there is a
considerable scope to fabricate LDL biosensors with improved
characteristics.
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It has recently been revealed that the cholesterol-enriched
LDL in plasma can promote deposition of the plasma lipids in
the artery wall and thereby elicit the formation of fatty streaks,
atherosclerotic plaques, or both. The apolipoprotein B-100
(AAB) synthesized by the liver is known to act as a ligand for
the LDL receptor on the surface of the liver cells. The
mutations in LDL receptor or Apo B-100 may decrease the
receptor-mediated uptake of LDL resulting in high level of LDL
in plasma.”'~*® Friedewald et al. have reported that estimation
of LDL-C concentration in plasma can be estimated by an
indirect method without the use of preparative ultracentrifug-
ing.*® However, for general clinical applications, these methods
require additional steps that are time-consuming,

In this paper, we demonstrate a label-free biosensor using
self-assembled L-cysteine in situ capped CdS QDs on Au
platform. The electrochemical impedance spectroscopy (EIS)
and SPR techniques have been used to detect LDL using
covalently conjugated protein (AAB) with L-cysteine capped
CdS QDs on transducer surface. Besides this, the kinetic
behavior of the antigen—antibody interactions has been
evaluated using SPR technique.

B EXPERIMENTAL RESULTS

Fabrication of QDs-Based Biosensing Platform. The
details of preparation of colloidal L-cysteine in situ capped CdS
QDs have been described in the Supporting Information. To
construct CdS QDs based biosensing platform, the Au plates
are cleaned with acetone, ethanol and with copious amount of
deionized water. Further, Au plates are treated with piranha
solution (H,SO,/H,0,; 7:3) for about S min followed by
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Figure 1. (i) X-ray diffraction pattern of CysCdS/Au film, (ii) UV—visible spectroscopy studies of sysnthesis CdS nanoparticles, (iii) FT-IR studies
of different films, and (iv) Raman studies of (a) TGA/Au film and (b) CysCdS/Au film.

rinsing with deionized water and later with acetone and
ethanol. The precleaned Au plate is then immersed into a 10
mM thioglycolic acid (TGA) solution for about 24 h at room
temperature (25 °C) in dark conditions. The thiol (SH) group
of TGA gets attached to Au surface via electrostatic interactions
due to intrinsic property of Au which shows higher affinity
toward Au surface. The Au plate is then washed with ethanol
and acetone followed by deionized water to remove the TGA
molecules. Again, the TGA/Au surface is used to treat EDC-
NHS chemistry in which EDC (0.2 M) works as a coupling
agent and NHS (0.05M) works as an activator. EDC-NHS
activates the —COOH group in TGA. For SAM formation onto
Au surface, the TGA/Au plate is dipped in L-cysteine in situ
capped using CdS QDs solution for 4 h at room temperature
under dark conditions.”* The —NH, terminal of CysCdS
quantum dots bind covalently with —COOH group of TGA
and allow the formation of amide bond C—N. Again, the
CysCdS/Au surface is treated for 4 h with EDC-NHS solution
for activation of —COOH group of CysCdS. Then, AAB
solution (1 mg/mL) is spread onto CysCdS/Au surface
overnight in a humid chamber (at 4 °C) followed by washing
with PBS containing 0.05% to remove any unbound AAB. This
results in C—N bond formation between the —COOH group of
CysCdS/Au and the —NH, terminal of AAB. Lastly, bovine
serum albumin (BSA = 2 mg/dL) has been used for blocking
the nonspecific adsorption of LDL (Scheme 1).

B RESULTS AND DISCUSSION

Structural Studies. The results of X-ray diffraction (XRD)
studies of the CysCdS/Au film shown in Figure 1i, indicate
polycrystalline nature of the CysCdS film deposited onto Au
substrate. The CdS QDs are known to exist in two forms
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mainly the hexagonal (Wurtzite) and the cubic (Zincblend)
crystalline structure. The presence of peaks with 26 values at
24.8°, 43.3° and 77.7° may be associated with planes (100),
(110), and (204), respectively [JCPDS (6-314)] indicating
mixed hexagonal and cubic phase. The other reflection plane
found at (111) pertains to the characteristic peak seen at 38.2°
[JCPDS (65-2870)] and is due to the presence of Au on glass
substrate.

The UV—visible spectra of CdS and CysCdS QDs are shown
in Figure lii. In spectra a, absorption increases from 370 to 265
nm because of quantum confinement effect confirming the
formation of CdS QDs. After L-cysteine modification, the
absorption monotonically increases in the region, 492—200 nm
[spectra b]. The radius (r) of CysCdS quantum dots has been
evaluated using the effective mass approximation model [eq

1]‘30
|

where AE is the increase in the band gap energy, € = 5.7 is the
relative dielectric constant, and m, = 0.19m; and m;, = 0.8m, are
the effective masses of electrons and holes, respectively. It has
been found that the radius of CysCdS QDs is about 4—6 nm.

FT-IR spectra of the CysCdS/Au electrode (a) and AAB/
CysCdS/Au bioelectrode (b) are shown in Figure liii. An
intense peak at 1076 cm™' is assigned to C—O stretching
because of the presence of the carboxylic group of TGA on Au
surface. The intense peaks seen at 453 cm™" and 645 cm™ in
the fingerprint region arise because of Cd—S bending (a). The
peak observed at 2299 cm™' is attributed to S—H stretching
resulting from thiol (—SH) complex with the core CdS
quantum dot. The peaks found at 1600 and 1435 cm™" are due
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Figure 2. SEM studies of (a) CysCdS/Au, (b) AAB/CysCdS/Au, TEM analysis of (c) synthesis CysCdS nanoparticles (inset zoom image) and

lattice fringes of CysCdS nanoparticles (d) (inset SAED pattern).

to amide bond II (—NH,) and —COO symmetric and
unsymmetrical stretching induced by bonding of —SH with
the core CdS. In the FT-IR spectra (b), intensity of the peak
found at 1600 cm™ increases due to amide II (—NH,)
stretching. This is attributed to antibody (AAB) and BSA
functionalization onto CysCdS/Au surface and the peak at
1427 cm™" is shifted toward the lower wavenumber because of
AAB incorporation. The stretching band found at 1812 cm™" in
both spectra arising from C=0 bond may be due to formation
of CysCdS. The IR band found at 2911 cm™ is assigned to C—
H stretching vibrations (asymmetric) of >CH, of the AAB
immobilized on CysCdS/Au surface (b). The intensity of
>CH, stretching vibration is found to be increased as compared
to that of CysCdS/Au film. The peak intensity at 3290 cm™"
corresponding to N—H stretch increases significantly in the
case of AAB/CysCdS/Au electrode compared to that of
CysCdS/Au film, because of the presence of amide A of the
AAB molecules immobilized on the surface. In spectra b, an
additional peak appearing at 1300 cm™" corresponds to amide
III vibration. To confirm the presence of thiol in gold surface,
we have investigated the Raman studies for TGA/Au (a) and
CysCdS/Au (b) films (Figure liv). The Raman bands seen at
763 and 663 cm™' are asssigned to the C—S stretching
vibrations of adsorbed thiol molecules (a). The 663 cm™" band
is attributed to the C—S stretching vibration for a gauche
conformer of S—C—C chain, whereas the band at 763 cm™!
typical of a trans conformer.*' More details of Raman studies
are given in the Supporting Information.

Contact Angle Studies. The contact angle (CA) measure-
ments have been carried out to delineate the hydrophilic/
hydrophobic nature of the Au surface by sessile drop method

is
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using a drop shape analyzer [Figure S1, Supporting
Information]. The CA for the bare Au (image a) is found to
be 77° indicating its hydrophobic nature. A CA of 48°
measured at CysCdS/Au surface (image b) indicates the
improved hydrophilicity of the modified surface. This is due to
dominant hydrophilic property of L-cysteine modified CdS
QDs that covalently bind with the Au surface thus reducing the
hydrophobicity of the Au surface. After immobilization of AAB
on CysCds/Au (image c) surface, the value of CA decreases to
38° indicating improved hydrophilic nature of the Au surface
which is attributed to the covalent attachment of AAB with
CysCds/Au.

Morphological Studies. Figure 2a and b show, respec-
tively, the scanning electron micrograph (SEM) image of
CysCdS/Au film before and after AAB functionalization. The
CysCdS film (image a) with porous morphology structure gets
agglomerated and appears as a bunch of CdS quantum dots.
After antibody functionalization (image b), the surface shows a
network-like structure. The agglomerated CdS QDs are coated
with antibodies through strong covalent bond formation. The
AAB functionalized CysCdS QDs appear as bunches of
spherical structures that are connected to each other resulting
in higher rough surface. This porous morphological structure of
CysCdS can be used for AAB probing. The TEM image of the
CysCdS QDs (Figure 2c) shows well-dispersed and uniformly
distributed CdS QDs due to capping agent (L-cysteine)
appearing as spherical in shape. The average size of the
CysCdS QDs varies from S to 7 nm. The spherical structure of
CysCdS QDs with the crystal lattice planes can be seen inside
the boundaries of these spherical grains. Inset ¢ shows the
magnified image of CysCdS nanocrystals. It can be clearly seen

dx.doi.org/10.1021/ac403543g | Anal. Chem. 2014, 86, 1710—-1718
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Figure 3. (i) Cyclic voltammogram (CV) of different electrodes in PBS solution (50 mM, pH 7.4, 0.9% NaCl) containing S mM [Fe(CN)(* 7+,
(ii) CV of AAB/CysCdS/Au bioelectrode as function of scan rate (20—200 mV/s) (inset anodic peak current vs root-mean-square of scan rate), (iii)
electrochemical impedance spectroscopy (EIS) spectra of electrodes in PBS solution (50 mM, pH 7.4, 0.9% NaCl) containing S mM
[Fe(CN)¢]*~*, and (iv) effects of different concentration of $*~ on Cd using CV (inset anodic current vs S>~ ions).

that the lattice fringes of CdS QDs arise due to its high
crystalline structure (image d). The lattice spacing of CysCdS
QD:s is found to be as d;;, = 0.205 nm for the plane (110). The
specific area electron diffraction (SAED) pattern of the
CysCdS/Au electrode obtained from TEM studies (Figure
2d, inset) is in agreement with results of the XRD studies.

Cyclic Voltammetry (CV) Studies. CV studies have been
carried out for different electrodes in the potential range, —0.7
V to +0.9 V vs Ag/AgCl (Figure 3i). Curve a shows well-
defined oxidation and reduction peaks of bare Au electrode
with peak-to-peak separation of 0.28 V. In the case of the
thiolated Au electrode (curve b), after TGA treatment on Au
surface, the peak current increases to 0.241 uA. The ratio of the
cathodic to anodic current is close to 1, indicating quasi-
reversible redox process at the electrode. The oxidation/
reduction current of the CysCdS/Au electrode (curve c) is
found to be higher compared to that of other electrodes. This is
attributed to the fact that the CysCdS QDs act as a mediator
and establish an electronic pathway to transport [Fe-
(CN)4J>* species toward the electrode leading to reduced
tunnelling distance and good diffusion efliciency. After BSA and
AAB immobilization onto CysCdS/ITO surface (curve d), the
electrochemical current (or oxidation/reduction peaks) sharply
decreases. This is because of the insulating properties of BSA
and AAB molecules that perhaps obstruct (or impede) the
acceleration of electrons and decrease mass transportation
toward the electrode.
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The surface charge density (Q,q,) of BSA-antibodies
adsorbed onto CysCdS/Au electrode has been calculated
from the difference between the anodic oxidation and cathodic
reduction charges in the presence of the adsorbing protein,
after subtracting the small difference between these two charges
in the absence of protein,”” using eq 2

Qu=1Q)-Q/1-[Q,-Q/] )

where QP and QP are the surface charge densities of anodic peak
and cathodic peaks of AAB/CysCdS/Au, respectively, in the
presence of protein. Q, and Q, are the surface charge densities
of anodic peak cathodic peaks of CysCdS/Au, respectively. The
surface concentration of proteins adsorbed (S) on CysCdS/Au
electrode surface has been calculated to be 3.48 X 10™7 mol/
cm® using Q,4M,/nF, where n is the number of electrons
transferred (1), F is the Faraday constant (96 584 C/mol), and
M, is the molar mass of the protein. Jin et al. have reported the
surface coverage of electroactive cytochrome ¢ as 9.1 pmol-
cm ™ for mercaptounadecanoic acid modified p-Au electrode.*
Thus, this CysCdS/Au platform provides a higher surface
concentration due to incorporation of the CdS quantum dots.

Figure 3ii illustrates the CVs of AAB/CysCdS/Au bioelec-
trode with scan rate varying from 20 to 200 mVs™'. With
increasing scan rates, there is an increase in both the cathodic
and anodic peak currents with no shift in voltage, indicating a
stable system. The inset in Figure 3ii shows the variation of
anodic peak currents with the scan rate from 20 to 200 mVs™
revealing a surface controlled diffusion and quasi-reversible

dx.doi.org/10.1021/ac403543g | Anal. Chem. 2014, 86, 1710—1718
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Figure 4. (i) EIS response of AAB/CysCdS/Au bioelectrode as a function of LDL concentrations (5—120 mg/dL) in PBS solution containing S mM
[Fe(CN)4J>~"*, (ii) calibration plot between impedance response and different concentration of LDL, (iii) SPR response of AAB/CysCdS/Au
bioelectrode as a function of LDL concentrations (5—120 mg/dL), 1-baseline, 2-association phase, 3-dissociation phase, 4-regeration, and S-baseline,

and (iv) linear fit plot SPR angles vs LDL concentration.

process. The diffusivity of the AAB/CysCdS/Au bioelectrode in
presence of redox species has been estimated to be 7.45 X 107°
cm?/s usin, i, = (269 000)rn*2AD"2Cy"/? (Randles—Sevcik
equation),2 where i, = redox peak current (A), n = number of
electrons transferred in the redox event (1), A = electrode area
(cm?), D diffusion coefficient (cm?/s), C surface
concentration (mol/cm?), v = scan rate (mV/s). Mishra et al.
have reported the diffusivity of ferrocyanide as 6.3 X 10~¢ cm?/
s for the antibody (human cardiac myoglobin) functionalized
ZnS-tGO (ZnS nanocrystals decorated reduced graphene
oxide) composite electrode.** The proposed AAB/CysCdS/
Au Dbioelectrode provides comparable diffusivity of redox
species as in literature.>

Impedance Spectroscopy Studies. EIS is versatile and
efficient tool for observing the dynamics of antibody—antigen
interactions. In EIS, the response of an electrochemical cell to a
small amplitude sinusoidal AC signal as a function of frequency
0.01—10° Hz at a bias potential of 0.25 V. Electrical impedance
(Z) can be defined as the ratio of an incremental change in
voltage V(t), due to change in current I(t), and is given by Z =
(V(£))/(I(t)) = 1/Y = V, sin(2aft) /I, sin(2aft + ¢),>” where Y
represents the complex conductance or admittance, V;, and I
are the voltage and current (maximum), and ¢, f, and ¢ are the
time, frequency, and phase shift between the voltage—time and
current—time functions. The impedance can be described either
by the modulus 1Z] and the phase shift ¢ or by the real part (Z’)
and the imaginary part (Z”) of the signal through Nyquist plot
representation. The simplest and most frequently used
equivalent circuit for modeling the EIS experimental data is
the Randles circuit (Scheme S1b, Supporting Information), that
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comprises of the electrolyte (R), in series with the capacitance
of the dielectric layer (Cy), the charge-transfer resistance (R),
and the Warburg impedance (Z,,). A typical shape of Nyquist
plot includes a semicircle region lying on the real axis followed
by a straight line. The linear part (y = 7/4), observed in the
low frequency range, indicates a mass-transfer limited process,
where the semicircle portion indicates a charge-transfer limited
process, observed in the high frequency range (Scheme Sla,
Supporting Information). The imaginary component, at high
frequency falls to zero because it offers no impedance. The
capacitance Cy offers high impedance as the frequency drops
and hence, the current flows mostly through R, and Ry The
double layer capacitance or constant phase element (CPE) can
be calculated from the frequency at the maximum of the
semicircle (@ = 2f = 1/R,Cyq). The charge-transfer resistance
R and the double layer capacitance Cy are the most important
electrical parameters for analyses of the change in impedance
for antibody—antigen interactions. The parameter of interest
here is R, that can be extracted from the fitted circuit model.
Figure 3iii shows the R, value of the CysCdS/Au (c) as 1.99
kQ, which is low compared to that of the bare Au (a) and
TGA/Au electrodes (b). This is because CdS QDs act as a
mediator for electron transfer and reduce the electron
tunnelling distance from the redox probe [Fe(CN)s]*~/*" in
bulk solution to electrode resulting in a decrease of R,. The
increased Cy of AAB/CysCdS/Au (18.2 uF) compared to that
of CysCdS/Au (7.04 uF) is because of the presence of AAB
molecules that have been prepared in PBS containing 150 mM
NaCl. The presence of the salt may increase the Cy value as the
reported literature.*® After AAB immobilization onto CysCdS/

dx.doi.org/10.1021/ac403543g | Anal. Chem. 2014, 86, 1710—1718
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Au surface, the R, value increases to 3.34 kQ (Table Sl,
Supporting Information). This is attributed to the antibody
(AAB)—CysCdS interaction which impedes the transfer of ions
from bulk solution to electrode or antibody and BSA acts as an
insulating material which covalently binds with CysCdS
resulting in blocking of charge transfer through the diffusion
layer. The presence of bulky protein molecules causes steric
hindrance to the electron transfer.

Effect of S~ lons on CysCdS/Au Electrode. The
electrochemical properties of CysCdS/Au electrodes have
been investigated by varying the concentration of S*~ ions or
Na,S precursor during in situ synthesis of CysCdS using CV
and EIS techniques. It has been found that magnitude of
current using CV studies increases on adding S*~ ions [Figure
3iv], indicating increased current dependence on concentration
of the $*> ions. This may be due to adsorption of $>~ ions onto
the CysCdS surface. The CysCdS/Au electrode with higher
concentration of S*>” ions exhibits good catalytic redox
behavior. Yang et al. have reported sulfur-doped graphene as
an efficient metal-free cathode catalyst for oxygen reduction.’”
The similar results are observed using EIS studies, wherein the
R, value decreases linearly with increasing S*~ ions
concentration (Figure S2i and ii, Supporting Information).
This is attributed to increased accumulation of S* ions on
electrode surface resulting in enhanced [Fe(CN)4]*>~/#" redox
species toward electrode leading to decreased R Besides this,
the Cy value between the electrode and electrolyte has been
found to increase with increased S*~ concentration (Table S2,
Supporting Information). This optimized concentration of
CysCdS based electrode has been used for biosensing.

Impedimetric Response Studies. The impedimetric
response for the AAB/CysCdS/Au bioelectrode as a function
of lipid (LDL) concentration (5—120 mg/dL) with an
incubation time of about S min is obtained from the Nyquist
plots (Figure 4i). The change in R, value or dielectric/blocking
properties of the AAB/CysCdS/Au bioelectrode arises because
of antigen—antibody interaction at electrode/electrolyte inter-
face. It can be seen that the R, value increases linearly for the
AAB/CysCdS/Au bioelectrode on addition of LDL concen-
tration (Figure 4ii). Higher R value indicates that the presence
of the insulating layer of LDL onto AAB/CysCdS/Au
bioelectrode surface inhibits penetration of the redox species
toward the electrode, resulting in higher diameter of EIS
spectra and lower charge transfer rate constant. The negative
charge carried by the LDL molecules perhaps blocks the
electron transfer of the [Fe(CN)4]*>™/*" redox couple resulting
in higher impedance. The bioelectrode when treated with 0.2 M
glycine solution of pH 2.4 for about two minutes results in 95%
of the regeneration of the bioelectrode. The plot between R
value and LDL concentration (5—120 mg/dL) yields Ro(Q2) =
384.4(Q) + 246 Q mgdL™ X LDL concentartion. The
sensitivity of this AAB/CysCdS/Au bioelectrode is found to be
as high as 32.8 kQ uM™'/cm® (Table S3, Supporting
Information) with regression coefficient (r*) as 0.994. It has
been found that this impedimetric biosensor sensor exhibits a
low detection limit of 16.03 mg/dL. In Supporting Information
Table S3, compared to other reported biosensors,”>® the
proposed biosensor shows a low detection limit and is capable
of detecting LDL (up to 120 mg/dL) in the physiological range
of LDL human blood. This AAB/CysCdS/Au biosensor
exhibits a good linearity as 5—120 mg/dL as compared to
that in the literature.”**"
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SPR Studies. Figure S3 (Supporting Information) shows
SPR spectra of the self-assembled CysCdS onto Au disc with
AAB functionalization before a and after b. The surface
plasmon angle shifts to higher value (from 0.043 to 0.288
millidegree) after AAB functionalization on CysCdS/Au
surface. The SPR response of the AAB/CysCdS/Au biosensor
has been studied at room temperature (298 K) using PBS
solution (50 mM, pH 7.4, 150 mM NaCl) as a function LDL
concentration. The excess lipid (LDL) solution is removed
after completion of binding time and then, the buffer is injected
again to the cuvette using automatic sequence to bring identical
conditions prior to the binding phase. The difference in the
SPR angle before and after the binding phase has been utilized
to analyze the binding of LDL with AAB/CysCdS/Au
bioelectrode. Figure 4iii shows typical SPR sensogram obtained
for the AAB/CysCdS/Au bioelectrode in presence of various
LDL concentrations. The time dependent increment in the
SPR angle during association indicates successful binding of
LDL onto AAB/CysCdS/Au surface. The calibration plot of
the change in angle (Am°) vs LDL concentration exhibits
increase in the SPR angle with increasing LDL concentration
[Figure 4iv]. The linearity of this SPR is obtained in the range,
5—120 mg/dL with regression coefficient (r*) of 0.982 and
standard deviation as 8.26. This fabricated AAB/CysCdS/Au
biosensor can be used to quantify LDL in the physiological
range (<120 mg/dL). The sensitivity of the AAB/CysCdS/Au
biosensor has been calculated to be as 290.0 m° uM ™" from the
calibration curve with a lower detection limit of 0.08 xM.

Kinetic Analysis of AAB—LDL Interaction. The kinetic
analysis of the AAB—LDL interaction has been investigated
using SPR at room temperature (298 K). The nonlinear curve
fitting has been performed to evaluate the association phase
during binding using kinetics evaluation software. The binding
reaction equation for the two macromolecular interactants is
[A] + [B] < [AB].>> The rate of formation of complex in
association phase, is given by

d[AB]
——— = K,[A][B] — k4[AB
dt a[ ][ ] d[ ] (3)
The integrated rate equation for associated phase is given as
_ kiCR (1 — e GICHRy | R
" kCH Ky 0
orR, = E(1 — ¢™) + R, )

where K, is the association rate constant, Ky is the dissociation
rate constant, R, represent the signal at zero time, and
(k,CR1)/ (k,C + k;) is maximal of change in the response. The
relevant kinetic information is obtained from k; = k,C + k4. The
k, and k4 are evaluated from the plot of k, versus C (LDL
concentration) where slope of curve gives the value of k, and y-
intercept gives the information about k4. The observed values of
k, and k, rate constants for AAB-LDL binding are estimated to
be 33.4 X 10> M™' 57" and 8.96 X 1072 s7', respectively, with
the equilibrium constant for association (K, = k,/k;) as 3.7 X
10° M™". The proposed biosensor shows higher k, and k, values
compared to those obtained using SAM of 4-aminothiophenol
of Au substrate (0.0967 kM~ s7! and 2.64 X 10~* s71).>
Selectivity and Stability Studies. To determine specific-
ity of the AAB/CysCdS/Au electrode toward LDL (60 mg/dL)
detection, the effect of analytes, such as free cholesterol (150
mg/dL), cholesteryl oleate (150 mg/dL) and triglyceride (150
mg/ dL) has been investigated using EIS technique in similar
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conditions as used for LDL detection (Figure S4i, Supporting
Information). The results reveal that there is negligible change
(reduced 98.99%) in the impedance signal in presence of these
analytes indicating non-interference. These results indicate that
the AAB/CysCdS/Au electrode shows high selectivity toward
LDL detection as is evident by low relative standard deviation
(RSD) 0.43% (n = S).

The storage stability of the AAB/CysCdS/ITO bioelectrode
has been determined by observing the R, value at regular
intervals of time for 90 days. The AAB/CysCdS/ITO
bioelectrode is stored at 40 °C when not in use. The
bioelectrode is found to exhibit 95% response up to about 42
days after which the R value decreases and reaches 85% of R,
in 90 days with RSD value of 5.8% (n = 12) (Figure S4ii,
Supporting Information).

Reproducibility Studies. The reproducibility of the AAB/
CysCdS/ITO biosensor has been conducted using EIS
technique for different working electrodes under the same set
of conditions with concentration of LDL (60 mg/dL) (Figure
S4iii, Supporting Information). It has been found that this
biosensor shows good reproducibility for different electrodes
(five) with constant sensor surface area as evidenced by the
relative standard deviation (RSD) of 0.55% (mean value = 2.09
kQ). The low RSD (0.55%) of this fabricated AAB/CysCdS/
ITO biosensor indicates good precision.

Bl CONCLUSION

In summary, a novel biosensor based on protein (AAB)
functionalized CysCdS on gold substrate has been fabricated to
evaluate the antigen—antibody binding kinetics for lipid (LDL)
detection via EIS and SPR techniques. The electrochemical
performance of the proposed CysCdS/ITO electrode has been
investigated by tuning the S*~ ions (sulfur) during CysCdS
formation. The observed higher value of association and
dissociation rate constants of AAB-LDL binding reveal strong
affinity between CysCdS functionalized AAB and LDL
molecule. The electrochemical properties of fabricated
CysCdS/Au electrode can be controlled by varying concen-
tration of S*” ions during in situ synthesis of CysCdS. The
AAB/CysCdS/Au electrode shows a good selectivity for LDL
detection and exhibits detection range as 5—120 mg/dL within
the physiological range of LDL in blood/serum. The CysCdS
QDs provide a biocompatible and favorable environment
because of high surface-to-volume ratio resulting in enhanced
loading capacity of AAB. This AAB/CysCdS/Au biosensor
shows higher sensitivity as 32.8 kQ yM™'/cm* (impedance) or
290.0 m® uM~' (SPR) and fast response. The application of
self-assembled CysCdS QDs not only improves the electro-
chemical conduction behavior of this biosensor but also results
in enhanced SPR angle change. The high sensitivity combined
with specificity of LDL—AAB binding, toward LDL detection
using CysCdS nanocrystals is a potential platform that can be
used to detect other lipids, such as VLDL, triglycerides, etc.
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