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HIGHLIGHTS

e QCM based immunosensor is devel-
oped for Interleukin-6 detection.

eThe prepared immunosensor is
characterized by several methods.

e The prepared immunosensor shows
high stability and selectivity.

e The prepared immunosensor is ad-
vantageous in comparison with the
other analytical methods.
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GRAPHICAL ABSTRACT

ABSTRACT

Interleukin 6 (IL-6) acts as both a proinflammatory and anti-inflammatory cytokine and is generally
utilized as an important diagnostic biomarker for sepsis. In addition, the high levels of IL-6 measured in
plasma have been associated with pathological inflammation. A novel quartz crystal microbalance (QCM)
immunoassay method was presented for high sensitivity and selectivity detection of interleukin-6 (IL-6)
based on gold nanoparticles functionalized sulfur-doped graphene quantum dot (AuNPs/S-GQD) and
hollow ZnS—CdS nanocage (h-ZnS-CdS NC). Firstly, AuNPs/S-GQD nanocomposite was synthesized in the
presence of tetrachloroauric acid and then conjugated onto anti-IL-6 antibodies by amino-gold affinity.
The sandwich-type QCM immunoassay probe was prepared by immune-reaction between AuNPs/S-
GQD/QCM immobilized with anti-IL-6 capture antibodies and h-ZnS-CdS NC including detection anti-
IL-6 antibodies in the presence of target IL-6. The prepared QCM immunoassay probe was character-
ized by transmission electron microscopy (TEM), scanning electron microscope (SEM), x-ray diffraction
(XRD) method, x-ray photoelectron spectroscopy (XPS), Raman spectroscopy, UV—vis spectroscopy,
Fourier transform infrared spectroscopy (FTIR), cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS). The QCM immunosensor showed a linearity range (0.01—2.0 pg mL~!) and a low
detection limit (3.33 fg mL~"). Lastly, high stable and selective QCM immunosensor was applied to
prepared plasma samples with good recovery.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

One of significant biomarkers associated with chronic inflam-
mation is inflammatory cytokines. Especially, the chronic inflam-
mation can result in chronic diseases such as heart disease and
arthritis [1]. IL-6 as inflammatory pluripotent cytokine is secreted
by non-lymphoid cells and is an efficient biomarker for monitoring
immune response in cancer progress [2]. The medical ailments such
as acute stressors and cortisol secretion are directly related to IL-6
levels [3]. In addition, IL-6 has valuable role on metabolism
responsible for glucose intake and insulin activity [4]. Moreover, its
overexpression has been investigated in some tumor cells corre-
sponding to microenvironment and immunomodulation [5]. When
many scientists want to show the effects of high IL-6 concentration,
they can find the direct link between inflammation and cancer on
the basis of IL-6 concentration [2]. IL-6's amount is
15.0—80.0 pg mL~! in healthy people. Nonetheless, this ratio can
increase until nanogram orders in diseases [6] and some significant
diseases such as prostate [7] and breast cancer [8] start to emerge.
Thus, IL-6 determination methods in plasma can be important
monitoring system [9]. Up to now, the valuable analytical methods
such as SERS-based flow biosensor, enzyme-linked immunosorbent
and chemiluminescence were presented for protein biomarker
analyzes [10,11]. Nonetheless, the long analysis time and costly
instrumentation are needed on these methods [12]. Hence, more
simple and easy analytical methods such as plasmonic biosensor
microarrays [13] and surface plasmon resonance [11] were pre-
pared and applied for IL-6 quantifications. Nonetheless, crucial
disruptions occur due to low sensitivity towards analyte molecule.
Currently, nano-structured materials have important attention in
high sensor responses. In this regard, biosensors/immunosensors
based on nanocomposites are important alternative to complex-
bulky devices.

Carbon-based nanomaterials such as graphene are currently
utilized as support agent to increase Au NPs’sensor efficiency [14].
Graphene quantum dot as a member of 0-dimensional graphene
family has considerable attention on sensor/biosensor technology
owing to optoelectronic properties and high conductivity [15]. In
addition, carbon as reducing agent may reduce Au>* to Au NPs
without surfactant, indicating environmentally friendly synthesis
method.

CdS as excellent semiconductor material has about 2.4 eV of
narrow band gap. However, pure CdS can result in corrosive effect
on many sensor applications [16,17]. Hence, materials’ construction
having heterojunction structure is an effective technique to elimi-
nate this corrosive effect. The obtaining of better sensor perfor-
mance can be provided by coupling materials with matching
bandgaps. ZnS having 3.5 eV of narrow band gap is widely utilized
in solar cell and catalysis applications [18]. The prepared hetero-
junction structures with coupling ZnS with CdS can increase the
binding affinities of the electrode materials as QCM or voltammetry
[19].

Metal-organic frameworks (MOFs) as a class of functional ma-
terials can be prepared via the unification of organic ligands and
metal ions. Due to MOFs’ perfect crystallinity, biocompatibility and
structural properties [20], they are currenty used in immunosensor
technology [21—23]. Especially, MOFs with hollow structure have
different advantages such as interior cavity and cavity volume. In
addition, thin-shelled structures of hollow MOFs with a short
charge transfer distance provide the easy complex formation with
organic/inorganic agents [19].

Herein, a novel sandwich type QCM immunosensor based on
gold nanoparticles functionalized sulfur-doped graphene quantum
dot and hollow ZnS—CdS nanocage for IL-6 detection was devel-
oped. The results of analytical application demonstared that hollow

Analytica Chimica Acta 1148 (2021) 338202

ZnS—CdS nanocage based QCM immunosensor had sensitive
detection limit of 3.33 fg mL~!, perfect stability and selectivity.
Thus, this study will provide a new opportunity for practical clinical
application.

2. Experimental
2.1. Materials

Antigen IL-6, capture antibody1-IL-6 (anti-IL-6-Abq), detection
antibody2-IL-6 (anti-IL-6-Ab,), bovine serum albumin (BSA),
vascular endothelial growth factor (VEGF), protein p53 (p53),
interleukin-8 (IL-8), interleukin-1f (IL-1B), Zn(NOs3),-6H,0, 2-
methylimidazole (2-MlI), 1-methylimidazole (1-MI), tannic acid
(TA), thioacetamide (TAE), CdCl,-2.5H,0, citric acid (CA), 3-
mercaptopropionic acid (3-MPA), HAuCly-3H,0, 2-amino-3-
sulfhydrylpropanoic acid (ASP), N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide (EDC), N-hydroxysuccinimide (NHS) were ob-
tained from Sigma-Aldrich. Phosphate buffer solution (PBS, 0.1 M,
pH 7.0) was utilized as diluting and desortion agent.

2.2. Instrumentation

SEM and XRD images were obtained by using ZEISS EVO 50 SEM
analytical microscopy and Rigaku X-ray diffractometer, respec-
tively. XPS analysis was carried out by using PHI 5000 Versa Probe.
TEM measurements were carried out by JEOL 2100 TEM. Gamry
Reference 600 work-station (Gamry, USA) was utilized for CV and
EIS measurements. FTIR measurements were obtained by Bruker
Tensor 27 FT-IR with DTGS detector. QCM system (INFICON Ac-
quires Maxtek) was used for analytical application of Interleukin-6.

2.3. Synthesis of sulfur-doped graphene quantum dot (S-GQD), gold
nanoparticles functionalized S-GQD (AuNPs/S-GQD)
nanocomposites as QCM sensor platform and QCM modification
with AuNPs/S-GQD

CA (3.0 g) and 3-MPA (400.0 pL, 4.0 mmol) was firstly subjected
to pyrolysis treatment at 250 °C for 1 h for S-GQD preparation. After
cooling process, S-GQD was collected as bright yellow suspension.
After that, the collected bright yellow S-GQD was washed with
deionized water and stored at 25 °C. The collected bright yellow S-
GQD was used as the reducing agent in process of AuNPs/S-GQD
nanocomposite preparation. HAuCls-3H,0 (200.0 pM) was firstly
transferred into S-GQD solution (0.25 mg mL~!) for 20 min at 25 °C.
The color transformation stage from yellow to pink indicated
AuNPs/S-GQD nanocomposite formation. Finally, AuNPs/S-GQD
nanocomposite was dried at 25 °C.

Firstly, gold surfaces of QCM chips were cleaned by acidic
piranha solution (3:1 H3S04:H;0,, v/v) on bath system for 30 min.
After that, the cleaned QCM chips were immersed into AuNPs/S-
GQD nanocomposite solution (20.0 mg mL~") under strong stir-
ring for 1 h. Lastly, gold-sulfur affinity between QCM chip and
AuNPs/S-GQD nanocomposite provided QCM chip modification
(AuNPs/S-GQD/QCM).

2.4. anti-IL-6-Ab; and antigen IL-6 immobilization on QCM sensor
platform

After development of QCM sensor platforms with AuNPs/S-GQD
nanocomposite, anti-IL-6-Ab; (20.0 uL, 10.0 pg mL™!) was dropped
on QCM sensor platforms at 37.0 °C and QCM chips were main-
tained in closed box during 60 min for the successful immobiliza-
tion via amino-gold affinity [24]. Hence, anti-IL-6-Ab{/AuNPs/S-
GQD/QCM chips were obtained and antigen IL-6 immobilization
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Scheme. 1. Schematic presentation of (A) QCM sensor platform, (B) ASP-h-ZnS-CdS NC with anti-IL-6-Ab, conjugation and (C) developed QCM immunosensor.
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started on anti-IL-6-Ab;/AuNPs/S-GQD/QCM chips. Firstly, BSA
blockage was provided on anti-IL-6-Ab;/AuNPs/S-GQD/QCM chips
to eliminate non-specific interactions. This blockage treatment was
performed by immersion of anti-IL-6-Ab;/AuNPs/S-GQD/QCM chip
into BSA solution (2.0% w/v) at 37.0 °C for 60 min. Then, anti-IL-6-
Ab1/AuNPs/S-GQD/QCM chips were incubated to immerse into
antigen IL-6 solutions with different concentrations for 60 min at
37 °C, providing IL-6/anti-IL-6-Ab1/AuNPs/S-GQD/QCM chips.
Chips were washed with 0.1 M PBS (pH 7.0) to remove unbounded
IL-6 proteins. QCM chips were preserved without pressure fluctu-
ations at 25 °C and QCM sensorgrams were also obtained in an
enclosed cabinet to prevent from external environmental
influences.

2.5. Synthesis of Zn-based zeolitic imidazolate rhombic
dodecahedrons (ZIF-8 RDs), yolk-shelled ZIF-8 RDs, hollow ZnS
nanocage (h-ZnS NC), hollow ZnS—CdS nanocage (h-ZnS-CdS NC),
ASP incorporated h-ZnS-CdS NC (ASP-h-ZnS-CdS NC) and ASP-h-
ZnS-CdS NC with anti-IL-6-Ab, conjugation

After preparation of Zn(NOs);-6H,0 solution in methanol
(100.0 mL), the prepared solution was transferred into methanol
solution containing 2-MI and 1-MI under strong stirring. After the
incubation of the prepared solution at 25 °C for 12 h, ZIF-8 RDs
(average size of about 2.33 + 0.07 um) was obtained and dried at
70 °C [25]. After that, ZIF-8 RDs (100.0 mg) was transferred into
methanol solution containing TA (2.0 g) under stirring treatment
for 10 min. After yolk-shelled ZIF-8 RDs was washed with methanol
(50.0 mL), the product was collected via centrifugation at
10,000 rpm [26]. After TAE (1.00 g) solution preparation in ethanol
(100.0 mL), this solution was mixed with yolk-shelled ZIF-8 RDs
(100.0 mg). After strong stirring, the dispersion was transferred to a
Teflon stainless steel at 150 °C for 12 h. The obtained h-ZnS NC was
washed with methanol and dried at 25 °C. Lastly, h-ZnS NC
(25.0 mg) was transferred to CdCl,-2.5H,0 (2.00 mg) aqueous so-
lution and the dispersion was maintained at 120 °C for 2 h. After
drying treatment, h-ZnS-CdS NC was obtained. After that, the ob-
tained h-ZnS-CdS NC (10.0 mg) was mixed with 0.1 mM ASP
aqueous solution (1.0 mL) at 50 °C for 20 min under stirring
treatment. ASP-h-ZnS-CdS NC product was collected at 10,000 rpm
for 30 min and dried under argon gas. Then, ASP-h-ZnS-CdS NC
dispersion (5.0 pL, 5.0 mg mL~') was mixed with EDC/NHS solution
(10.0 pL, 5.0 mM/1.0 mM) to activate —COOH groups of ASP-h-ZnS-
CdS NC. After the activation of —COOH groups, IL-6-Ab; (20.0 pL,
10.0 pg mL~1) was incubated to ASP-h-ZnS-CdS NC via strong ester
formation between —COOH of ASP-h-ZnS-CdS NC and —NH> of IL-
6-Ab; (anti-IL-6-Aby/ASP-h-ZnS-CdS NC) [27]. Finally, anti-IL-6-
Ab;/ASP-h-ZnS-CdS NC was dispersed in 0.1 M PBS (pH 7.0) and
stored at 4 °C.

2.6. QCM measurements

A novel QCM immunosensor based on AuNPs/S-GQD/QCM chip
and ASP-h-ZnS-CdS NC as signal amplification was prepared by
antibody-antigen interaction. Firstly, each of IL-6/anti-IL-6-Ab;/
AuNPs/S-GQD/QCM chips was emplaced into the detection vessel.
After washing with 0.1 M PBS (pH 7.0), anti-IL-6-Ab,/ASP-h-ZnS-
CdS NC conjugation solution (20.0 pL, 15.0 mg mL~!) was given into
detection vessel and subjected to immune reaction with each of IL-
6/anti-IL-6-Ab1/AuNPs/S-GQD/QCM chips for 30 min (QCM/S-GQD/
AuNPs/anti-IL-6-Ab4/IL-6/anti-IL-6-Ab2/ASP-h-ZnS-CdS). The final
substrates’ frequencies were monitored in 0.1 M PBS (5.0 mL, pH
7.0, 1.0 mL min~! of flow-rate) and the changes in the frequency
were registered.
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2.7. Sample preparation

IL-6 free plasma samples were supplied from Blood Bank in
TURKEY. Sample preparation protocol was explained in detail on
Supplementary Data [28].

3. Results and discussion
3.1. Immunosensor principle for antigen IL-6 recognition

In this report, sensitive voltammetric immunoassay method was
developed for antigen IL-6 recognition by AuNPs/S-GQD/QCM as
sensor platform and h-ZnS-CdS NC material as signal amplification.
Firstly, AuNPs/S-GQD/QCM chip as sensor platform was efficiently
prepared by gold-sulfur affinity in Section 2.3. The primary purpose
of developed AuNPs/S-GQD/QCM chip was effective carrier for anti-
IL-6-Ab; via amino-gold affinity. In addition, graphene quantum
dot was utilized as support agent for sensor performance
enhancement of Au NPs [14] and prevention of Au NPs aggregation
[29] (Scheme 1A).

Secondly, ZIF-8 RDs was prepared according to the literature
[30]. After ZIF-8 RDs conversion into yolk-shelled ZIF-8 RDs by
chemical etching, h-ZnS NC was obtained by sulfurization treat-
ment with TAE. Eventually, hydrothermal cation-exchange treat-
ment provided h-ZnS-CdS NC formation. Finally, ASP incorporated
h-ZnS-CdS NC was prepared for anti-IL-6-Ab; conjugation (Scheme
1B). We can say that the highly stable QCM immunosensor was
prepared in present report owing to strong ester bonds between
—COOH of ASP incorporated h-ZnS-CdS NC and —NH,, of anti-IL-6-
Ab,. Semiconductor materials as ZnS show excellent chemical and
physical properties [31]. Especially, heterojunction construction
between ZnS and CdS can provide high efficiency for sensor ap-
plications [32]. Thus, selective and sensitive QCM immunosensor
between AuNPs/S-GQD/QCM chip and ASP incorporated h-ZnS-CdS
NC was developed for interleukin-6 analysis in this study (Scheme
10).

3.2. Characterization of S-GQD and AuNPs/S-GQD nanocomposite
as QCM sensor platform

Fig. 1A demonstrated the surface morphology of S-GQD, indi-
cating homogeneous and well dispersion. Fig. 1A showed the nar-
row sized distribution of S-GQD with average diameter of
4.2 + 0.7 nm [33]]. Fig. 1B indicated HRTEM image of S-GQD having
the lattice spacing distance corresponded to (120) plane of gra-
phene. According to Fig. 1C and 1D, S-GQD’s height was obtained to
be average 1.0 nm. Fig. 1E demonstrated the successful AuNPs for-
mation on TEM image of AuNPs/S-GQD nanocomposite and the
mean diameter of nanocomposite was observed to be 16—18 nm.
Also, Fig. 1F showed two distinct fringes as outer and inner part,
indicating the nanocomposite formation like core-shell type be-
tween AuNPs and S-GQD. This formation was corresponded to Au>*
attachment on S-GQD nanomaterial via specific Au-thiol linkage.
Due to S-GQD nanomaterial as efficient reducing agent, the reduced
species can turn into Au NPs to form core-shell type nano-
composite. Lastly, EDS analysis (Fig. 1G) of AuNPs/S-GQD nano-
composite showed the presence of C, Au and S elements, clearly
indicating the successful doping treatment of sulfur on graphene
quantum dots and AuNPs formation on S-GQD.

The optical properties of S-GQD and AuNPs/S-GQD such as
UV—visible spectroscopy were investigated (Fig. 2A). The absorp-
tion band at about 285/nm was observed for S-GQD, indicating
successful sulfur doping on graphene quantum dots with gra-
phitic’s obvious absorption band [34]. However, the absorption
band intensity at about 285 nm started to weaken during AuNPs
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Fig. 1. (A) TEM, (B) HRTEM, (C) AFM images of S-GQD, (D) Topography of S-GQD obtained from AFM, (E) TEM image of AuNPs/S-GQD nanocomposite, (F) HRTEM image of AuNPs/S-

GQD nanocomposite, (G) EDS analysis of AuNPs/S-GQD nanocomposite.
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Fig. 2. (A) UV—visible spectra, (B) Raman spectra, (C) XRD patterns and (D) FTIR spectra of S-GQD and AuNPs/S-GQD nanocomposite.

formation on S-GQD, corresponding to reducing agent behavior of
S-GQD for HAuCly+3H,0 solution. In addition, the absorption band
of Au NPs at 520 nm was observed for nanocomposite [35], con-
firming the successful formation of Au NPs.

Raman spectroscopy was also utilized for the atomic structure’s
characterization of S-GQD and AuNPs/S-GQD nanocomposite
(Fig. 2B). The peaks at 1350 and 1600 cm~! on Raman spectrum of
S-GQD were attributed to D and G bands resulting from graphite
and C—C bond vibrations, respectively [36]. D band intensity clearly
decreased on Raman spectrum of AuNPs/S-GQD nanocomposite,
indicating defects’ decrease on S-GQDs. In addition, the bands
demonstrated blue-shifts such as 1342 for D band and 1591 cm™!
for G band. Lastly, Ip/Ig ratio value decreased from 0.94 to 0.83.

Hence, these results indicated that the preparations of S-GQDs and
AuNPs/S-GQD nanocomposite were performed in this study.
According to XRD patterns (Fig. 2C), the peak at 26 = 28.5°
corresponding to (002) plane of graphite confirmed S-GQDs pres-
ence [37]. After AuNPs/S-GQD nanocomposite preparation, the
peaks at 20 = 38.1° and 44.7° attributing to (111) and (200) planes
showed that AuNPs formation on sulfur-doped graphene quantum
dot was accomplished. Finally, FTIR spectra of S-GQD and AuNPs/S-
GQD nanocomposite were obtained (Fig. 2D). The intensitive peak
at 3489 cm~! corresponding to stretching vibration of O—H
confirmed S-GQD’s hydrophilic feature. The peaks at 2931 and
2292 cm~! were attributed to the stretching vibrations of C—H in
graphitic structure and S—H bond on S-GQD spectrum. Also,



N. Atar and M.L. Yola

absorption bands at 1569 and 1479 cm™! were corresponded to
bending vibration of C=C bond of graphene. Finally, the absorption
bands at 1053 cm~! and 802 cm™! corresponding to S—S bond and
C—S stretching indicated successful sulfur doping treatment on
graphene quantum dot. For AuNPs/S-GQD nanocomposite, the peak
at 719 and was attributed to Au—S [38,39], indicating nano-
composite formation between AuNPs and S-GQD.

3.3. Characterization of ZIF-8 RDs, yolk-shelled ZIF-8 RDs, h-ZnS NC
and h-ZnS-CdS NC

The obvious XRD peaks belonging to (002), (112), (022), (013)
and (222) planes demonstrates the successful synthesis of ZIF-8
RDs [40,41]. Also, XRD pattern of yolk-shelled ZIF-8 RDs is similar
to that of ZIF-8 RDs and it is concluded that the applied chemical
etching treatment can not damage the crystal structure (Fig. 3A).
The typical rhombic dodecahedral structure on Fig. 3B confirmed
the successful formation of ZIF-8 RDs. In the same way, the rhombic
dodecahedral morphology was protected during chemical etching
(Fig. 3C) for yolk-shelled ZIF-8 RDs. TEM image of ZIF-8 RDs
(Fig. 3D) showed normal structure of rhombic dodecahedral
morphology. Finally, the existing space between the interior cores
and the outer shells (Fig. 3E) indicated that the etching treatment
occurred to form yolk-shelled ZIF-8 RDs [41,42]. Fig. 4A and Fig. 4B
indicated that after various chemical treatments, rhombic do-
decahedron morphology of h-ZnS NC and h-ZnS-CdS NC structures
was protected. In addition, the obvious rhombic structure of h-ZnS-
CdS NC was observed on Fig. 4C, indicating the verification of h-
ZnS-CdS NC structure’s SEM image. Finally, EDS analysis (Fig. 4D)
showed that the presence of Zn, Cd and S elements confirmed the
successful formation of h-ZnS-CdS NC material. FTIR spectra of ASP,
h-ZnS-CdS NC and ASP-h-ZnS-CdS NC were given on Fig. 4E.
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Absorption bands at 3352 cm™ !, 3022 cm~, 2568 cm™1, 1589 cm ™,
1412 cm~ ! and 1151 cm ™, corresponding to O—H, C—H, S—H, C—C,
H—C—H and C—O, respectively, were shown for ASP. Extra different
absorption bands at 614 cm~! and 579 cm™, attributing to Cd—S
and Cd—S—Zn bending, were observed on FTIR spectrum of h-
ZnS-CdS NC and the absorption band at 2568 cm™! relating to S—H
disappeared. S—H band disappearance confirmed disulphide (S—S)
bond formation between ASP and h-ZnS-CdS NC [43].

Fig. S1A showed the certain XRD peaks belonging to (111), (220)
and (311) and these peaks are in harmony with literature for h-ZnS
NC [44]. In the same way, the certain XRD peaks belonging to (100),
(002),(101), (102), (110), (103) and (112) are consistent to literature
for h-ZnS-CdS NC material [45]. Thus, h-ZnS-CdS NC material
consists of ZnS and CdS. In addition, the presence of h-ZnS-CdS NC
material was confirmed by XPS. Zn, Cd ana S peaks were observed
on XPS survey spectra (Fig. S1B) and these XPS survey peaks
demonstrated that the results of XPS and EDS were in harmony. The
binding energies at 1048.1 eV for Zn2p*/? and 1026.7 eV for Zn2p'/?
on high-resolution spectrum of Zn indicated the valence state of
Zn** (Fig. S1C) [46,47]. The binding energies at 406.1 eV and
413.8 eV, corresponding to Cd 3d°? and Cd 3d3?, showed the
cadmium presence on h-ZnS-CdS NC material (Fig. S1D) [47,48].
Lastly, XPS peaks at 163.3 eV and 162.2 eV were attributed to S2p'/?
and S2p3? specific peaks, respectively (Fig. S1E) [49]. Optical
properties of h-ZnS NC and h-ZnS-CdS NC were highlighted by
UV—visible spectroscopy (Fig. S1F). The absorption band of h-ZnS-
CdS NC material shifted to more positive (about 500 nm) in com-
parison with h-ZnS NC (about 350 nm). This positive absorbance
shift was corresponded to CdS incorporation into h-ZnS NC [26].
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Fig. 3. (A) XRD patterns of ZIF-8 RDs and yolk-shelled ZIF-8 RDs; SEM images of (B) ZIF-8 RDs and (C) yolk-shelled ZIF-8 RDs; TEM images of (D) ZIF-8 RDs and (E) yolk-shelled ZIF-8

RDs.
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Fig. 5. (A) EIS and (B) CV at (a) bare GCE, (b) AuNPs/GCE, (c) AuNPs/S-GQD/GCE, (d) anti-IL-6-Ab;/AuNPs/S-GQD/GCE, (e) BSA/anti-IL-6-Ab;/AuNPs/S-GQD/GCE, (f) IL-6/BSA/anti-IL-
6-Ab/AuNPs/S-GQD/GCE, (g) NC CdS—ZnS-h-ASP/anti-IL-6-Ab,/IL-6/BSA/anti-IL-6-Ab; /AuNPs/S-GQD/GCE in 1.0 x 102 M K3Fe(CN)s including 0.1 M KCl and (C) QCM responses
(frequency vs. time) of (a) anti-IL-6-Ab;/AuNPs/S-GQD/QCM, (b) IL-6/anti-IL-6-Ab;/AuNPs/S-GQD/QCM, (c) anti-IL-6-Ab,/ASP-h-ZnS-CdS NC conjugated to IL-6/anti-IL-6-Ab,/

AuNPs/S-GQD/QCM (Final immunosensor including 1.0 pg mL~! IL-6).

3.4. Immunosensor’s electrochemical and QCM characterizations

Firstly, EIS method was utilized for immunosensor’s character-
ization in 1.0 x 10~3 M KsFe(CN)s including 0.1 M KCl solution
(Fig. 5A). The small capacitive resistance was observed at bare GCE
(curve a). When S-GQD/GCE (curve b) and AuNPs/S-GQD/GCE
(curve c) were used, due to electron transfer’s facilitation and
high conductivity on electrode surface [50,51]. They caused a
decrease in capacitive resistance in comparison with bare GCE.
When anti-IL-6-Ab;, BSA, antigen IL-6 and anti-IL-6-Aby/ASP-h-
ZnS-CdS NC were gradually conjugated to AuNPs/S-GQD/GCE
(curve d-g), electron transfer was gradually appeared to be more
difficult owing to inhibition effects of antibody-antigen interaction
on electrode surface. Thus, it is concluded that efficient immobili-
zation and conjugation of antibody-antigen on electrode surface
are successfully performed.

Secondly, CV method was applied to the developed electrodes

for investigation of antibody-antigen interactions in

1.0 x 1073 M K3Fe(CN)g including 0.1 M KCl solution at 100 mV s~!
(Fig. 5B). Curve a demonstrated that bare GCE had electrochemical
anodic and cathodic signals for KsFe(CN)g. Due to optical and
physicochemical properties of AuNPs [52] and large surface area,
quantum confinement and edge effects of graphene quantum dots
[53], the more obvious current signals were observed (curve b and
curve c). The successful immobilization of anti-IL-6-Ab; on AuNPs/
S-GQD/GCE was confirmed by obvious decreases in current signals
(curve d). In addition, the blockage effect of BSA provided further
decreases in current signals (curve e). Lastly, IL-6/BSA/anti-IL-6-
Ab1/AuNPs/S-GQD/GCE (curve f) and ASP-h-ZnS-CdS NC based
immunosensor (curve g) showed the important decreases in elec-
trochemical catalytic effect due to specific interactions between
antigen IL-6 and anti-IL-6-Ab,. Hence, the successful immuno-
sensor preparation was provided for antigen IL-6 detection in this
study. Finally, QCM characterizations were gradually provided for
developed immunosensor. Sensorgram a showed the initial base-
line at anti-IL-6-Ab1/AuNPs/S-GQD/QCM. The immunoreaction was
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seen with QCM frequency increase on Sensorgram b, indicating
antigen IL-6 immobilization with anti-IL-6-Ab; on QCM gold sur-
face. After that, the more frequency shifts were observed by specific
antibody-antigen interactions between IL-6/anti-IL-6-Ab;/AuNPs/
S-GQD and anti-IL-6-Ab,/ASP-h-ZnS-CdS NC. According to Fig. 5C,
the proven interaction by CV and EIS experiments was again
confirmed via QCM method.

3.5. Optimization studies for QCM applications

The effects of pH, anti-IL-6-Ab;/ASP-h-ZnS-CdS NC solution
concentration and immune reaction time between anti-IL-6-Aby/
ASP-h-ZnS-CdS NC and IL-6/anti-IL-6-Ab;/AuNPs/S-GQD/QCM
chips were evaluated on Fig. S2.

3.6. Linearity range

The found linearity (Fig. 6) between QCM immunosensor and IL-
6 concentration was y (Hz) = 50.029x(pg mL™!) - 0.1701 (inset of
Fig. 6). The values as 0.01 pg mL~! and 3.33 fg mL~! were calculated
for quantification limit (LOQ) and detection limit (LOD), respec-
tively, by equations (1) and (2):

LOQ=10.0S/m (1)
LOD=33S/m (2)

Where S is standard deviation of intercept and m is slope of cali-
bration equation. Some collation parameters between QCM
immunosensor and some analytical methods for IL-6 detection
were demonstrated on Table 1. Firstly, it is concluded that more
simple, fast, selective and sensitive QCM based immunosensor was
presented via this study in comparison with other analysis
methods. Especially, stable QCM signals were observed by strong
ester bonds between —COOH of ASP incorporated h-ZnS-CdS NC
and —NH, of anti-IL-6-Ab,. In addition, this esterification reaction
can not require a crosslinker, indicating an environmentally
friendly immunosensor. The synthesis procedure including AuNPs/
S-GQD and ASP-h-ZnS-CdS NC nanomaterials was low-cost and
easy. Moreover, QCM based immunosensor can analyze antigen IL-
6 in shorter time than ELISA. The used analytical methods such as
surface-enhanced raman spectroscopy for IL-6 detection are high-
cost and complicated in comparison with QCM immunosensor.
Thus, some important clinical applications can be successfully
performed by the developed QCM immunosensor.

0.01 pg mLIL-6

l

2pg mt' IL-6

¥ = 50.029% - 0.1701
R =0.9999

0 10 20 30 40 50 60
Time (min)

Fig. 6. Concentration effect (from 0.01 to 2.0 pg mL™" IL-6) on QCM frequency, Inset:
Calibration curve for QCM immunosensor.
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3.7. Recovery

Initially, recovery tests (Table S1) were carried out to show the
selectivity of QCM based immunosensor in prepared plasma sam-
ples. Recovery values were calculated as ratio between the found
value and the real value. Close values to 100.00% indicated that
QCM based immunosensor can detect antigen IL-6 with high
selectivity in the presence of interference protein biomarkers such
as BSA, VEGF, p53, IL-8 and IL-1f. Furthermore, standard addition
technique was utilized to demonstrate the effects of interference
protein biomarkers and the calibration curve of 'y
(Hz) = 50.183x(pg mL™') + 1.2379 was obtained. According to the
obtained slopes in direct calibration and standard addition tech-
niques, QCM based immunosensor having high selectivity was
successfully prepared for IL-6 detection.

3.8. Selectivity

To show the another selectivity test of QCM based immuno-
sensor, QCM based immunosensor was utilized for other bio-
markers (Fig. S3A). The comparison with the frequency shift for
target IL-6 and interference protein biomarkers with high con-
centration indicated that the frequency shifts of QCM based
immunosensor were small for BSA, VEGF, p53, IL-8 and IL-1. Thus,
QCM based immunosensor responses had satisfactory selectivity
for antigen IL-6 (Fig. S3B).

3.9. Reproducibility, stability and reusability

The immunosensors based on antigen-antibody interaction
with non-covalent binding such as electrostatic and hydrogen
bonding can be affected by obvious conditions (acidic/alkaline so-
lution or sonication). Especially, the immunoreagents can be
exposed to functional damages. In this regard, 30 QCM based
immunosensors including 1.0 pg mL~! IL-6 were prepared for
reproducibility test. The RSD value of obtained 30 frequency shifts
could be calculated as 1.28%, indicating the reliability of the
immunosensor production procedure.

Moreover, the storage stability of QCM based immunosensor
was investigated during 8 weeks. The whole QCM based immu-
nosensors including 1.0 pg mL~! IL-6 were stored at 4 °C. According
to Fig. S3C, frequency shifts were about 98.3% of original value
during 8 weeks, confirming long-time storage stability.

Lastly, the reusability of QCM based immunosensor including
1.0 pg mL~! IL-6 was investigated. The RSD value of obtained fre-
quency shifts was 1.36% for at least 40 usage of one QCM based
immunosensor. Thus, the prepared QCM based immunosensor had
a high degree of reusability.

4. Conclusions

In conclusion, a novel QCM immunosensor based on AuNPs/S-
GQD and ASP-h-ZnS-CdS NC nanomaterial for Interleukin-6
detection was developed and applied to IL-6 free plasma samples
with high selectivity. This QCM immunosensor consisted of the
sandwich-type immunoreactions. QCM immunosensor’s highlights
are as follows: (i) highly stable QCM immunosensor was prepared
due to strong ester bonds. (ii) environmentally friendly immuno-
sensor without a crosslinker was presented. (iii) the analysis of
Interleukin-6 was performed in short time comparison with con-
ventional methods such as ELISA. A linearity of 0.01—2.0 pg mL~!
was obtained with detection limit of 3.33 fg mL™! by this novel
QCM immunosensor. Hence, the developed QCM immunosensor
can be used as alternative method for clinical diagnosis.
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Table 1

Comparison of QCM immunosensor with other methods for antigen IL-6 detection.
Biosensor/Method Linear Range LOD Ref.
Impedimetric 5.00—100.0 pg mL™! 1.60 pg mL™! [54]
Impedimetric 1.0 pgmL~' -15.0 ug mL~! 0.33 pg mL™" [55]
DPV 0.0-100.0 pg mL~! 1.0 pg mL™! [56]
AgNP-TiP 0.0005-10.0 ng mL™" 0.1 pg mL™! [57]
SERS 1.0pgmL~'-1.0 ugmL™' 1.0 pg mL™! [58]
LFIA 2.0-500.0 pg mL~! 0.37 pg mL™! [59]
Aptamer-coated AuNPs 3.3-125.0 pyg mL~! 1.95 pg mL~! [60]
GO thin film 1.0-300.0 pg mL ™" 1.0 pg mL™! [61]
SERS-ICA 10.0-100.0 pg mL~! 7.897 pg mL~! [62]
LFIA 2.0-500.0 pg mL™! 0.37 pg mL™! [59]
Impedimetric 0.02—16.0 pg mL™" 6.00 fg mL™! [63]
ELISA/Colorimetric 10.24—400.0 pg mL~! 1.00 pg mL~! [64]
ELISA/Colorimetric 3.0-1000.0 pg mL™! 3.00 pg mL™! [65]
QCM immunosensor 0.01-2.0pgmL! 3.33 fgmL! This study

AgNP—TiP: Silver nanoparticle—hollow titanium phosphate sphere; SERS: Surface-enhanced Raman scattering; LFIA: lateral flow immunoassay; AuNPs: Gold nano-
particles; GO: Graphene oxide; SERS-ICA: surface enhanced Raman scattering immunochromatographic assay; LFIA: lateral flow immunoassay.
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