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Abstract

Glycated hemoglobin (HbAlc) is one of the most popular biomarkers which can be utilized for the diagnosis and control of
diabetes in clinical practice. In this study, a sandwich paper-based electrochemiluminescence (ECL) biosensor has been devel-
oped using the zirconium metal-organic framework/Fe;O4(trimethyl chitosan)/gold nanocluster (Zr-MOF/Fe;04(TMC)/AuNCs)
nanocomposite as tracing tag to label anti-HbA1c monoclonal antibody and reduced graphene oxide (rGO) as immobilization
platform of sensing element. The screen-printed electrodes (SPEs) were constructed and modified by sputtering a thick layer of
gold on the paper substrate, followed by electrochemical reduction of aminophenylboronic acid (APBA )—functionalized GO to
rGO/APBA, respectively. Different types of surface analysis methods were applied to characterize the Zr-MOF/Fe;04(TMC)/
AuNCs nanomaterials fabricated. Finally, antibody-labeled Zr-MOF/Fe;O4(TMC)/AuNCs nanocomposites were subjected to
HbA Ic in the sample and on the paper-based SPE. Quantitative measurement of HbA1c was performed using ECL and cyclic
voltammetry (CV) over a potential range of —0.2 to 1.7 V vs gold reference electrode with a sweep rate of 0.2 V.s™' in the
presence of triethylamine as a co-reactant after sandwiching the HbA 1 ¢ target between antibody and APBA on the sensing area.
This immunosensor demonstrated the desirable assay performance for HbAlc with a wide response range from 2 to 18% and a
low detection limit (0.072%). This new strategy provides an effective method for high-performance bioanalysis and opens
avenues for the development of high-sensitive and user-friendly device.

Keywords Glycated hemoglobin - Electrochemiluminescence - Metal organic framework - Nanocluster - Gold nanocluster -
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Introduction

Glycated hemoglobin (HbAlc) formed by non-enzymatic
reaction of N-terminal valine residue of the Hb 3-chains
exposed to plasma glucose is the most important long-term
index reflecting the average blood glucose level over the
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past 2 to 3 months [1-3]. In 2010, the American Diabetes
Association (ADA) established the blood concentration of
HbAlc over 5.7% and 6.5% as another criterion for the
diagnosis of pre-diabetes and diabetes, respectively [1, 4,
5]. Therefore, the HbA 1c determination in blood sample is
important for healthcare providers to make a diagnosis and
monitor long-term progress of diabetes without the influ-
ence of short-term fluctuation of blood glucose [6]. Up to
now, various analytical methods have been established for
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measurement of HbAlc including ion-exchange high-per-
formance liquid chromatography (HPLC), boronate affini-
ty chromatography, liquid chromatography-tandem mass
spectroscopy (LC-MS/MS), immunoassay, and chemilu-
minescence flow cells [4, 7-9]. Most of these methods
have common disadvantages including long time of analy-
sis and multiple processing steps for each test, as well as
they are not available in resource-limited settings owing to
the lack of basic infrastructure and/or professional staff.
Many types of biosensor-based diagnostic tools have been
established and reported during the last decade. Among the
various electrochemical, fluorescence, and colorimetric
biosensors, electrochemiluminescence (ECL) assay have
attracted significant research attention due to their remark-
able characteristics including high sensitivity, easy con-
trollability, low background intensity, wide dynamic
range, and no necessity for excitation light source
[10-12]. As an example, Zhao et al. introduced an ECL
biosensor for HbAlc based on immobilization of fructosyl
amino acid oxidase (FAO) onto an Au/titania nanotubes/
indium-tin-oxide (ITO) and luminol [13]. In another work,
Zhang et al. developed an ECL immunosensor platform for
detecting HbAlc based on [Ru(bpy)s]**-doped mesopo-
rous polydopamine (MPDA) [14]. However, despite all
progress in biosensing assay of HbAlc, the limitation still
remains owing to the high possibility of false positive/
negative and enzyme instability [13, 15].

ECL labels are important in ECL-based biosensors. During
the past decade, various labels have been utilized in this sys-
tem from the popular luminophore such as [Ru(bpy);]** and
luminol, to emerging nanomaterials including perovskite
nanocrystals, metal nanoclusters, and carbon nitride nano-
sheets [16-20].

However, most existing labels still suffer from poor sensitiv-
ity, low stability, and environmental toxicity. Hence, it is still of
great significance to explore new efficient and biocompatible
ECL labels for the further development of the field. Bovine se-
rum albumin—capped gold nanoclusters (BSA-AuNCs) are new-
ly emerged luminophores with direct electron transition charac-
teristics, uncommon optical and electrochemical properties, ver-
satile molecule-like features, and good biocompatibility [21, 22].
However, the luminous intensity of AuNCs is much lower than
those of the popular luminophores. Recently, significant research
efforts have been developed to improve the luminescence inten-
sity and stability of AuNCs, using procedures like Au
nanoclusters@graphene quantum dots nanocomposite, electro-
catalytic excitation and aggregation-induced emission (EEAI),
and on-electrode peroxidation of AuNCs [23-25]. However,
new procedures are still in urgent demand to enhance the emis-
sion and stability of AuNCs.

2D metal-organic framework (MOF) nanosheets as an
emerging class of multifunctional materials have received
considerable attention in recent years [12, 26]. In comparison
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with the conventional 3D bulk MOF crystals, 2D MOF nano-
sheets have superior proportions of exposed metal atoms/or
catalytic active sites and higher surface area, which can ensure
fast electron and mass transfer, and electrocatalytic activity
[27, 28]. Such unique characteristics endow 2D MOFs with
excellent potential for applications in electrochemical biosen-
sors, catalytic, and energy storage.

Introducing nanoparticles into MOF can improve the sen-
sitivity of assay. But, this way might not meet the requirement
for enhancing the emission of AuNCs in ECL-based biosen-
sor. One strategy that aims to address this limitation is to use a
co-reaction accelerator, leading to higher concentration of re-
active intermediates and promoting the reaction rate between
luminophore and co-reactant, thereby producing an amplified
ECL signal [29]. However, the efficiency of the accelerator
reduces due to the function of separating luminophore and co-
reaction accelerator. Integrating luminophore and co-reaction
accelerator within a nanostructure could help to avoid this
limitation and leads to high-sensitive detection of clinically
biomarkers. In fact, in comparison to a single kind of
material/or nanomaterial, nanocomposites can further amplify
the electrode signal and improve the sensitivity of ECL system
because of materials synergistic effect mutually.

Herein, an ECL assay for HbAlc detection was de-
signed based on antibody-labeled zirconium metal-
organic framework/Fe;Oy4(trimethyl chitosan)/gold
nanocluster (Zr-MOF/Fe;04(TMC)/AuNCs) nanocompos-
ites as signal amplification unit and the reduced graphene
oxide/aminophenylboronic acid (rGO/APBA) modified
paper-based Au electrode as sensing platform. Signal am-
plification using Zr-MOF/Fe;04(TMC)/AuNCs nanocom-
posites came from two strategies: First, the TMC-
functionalized Fe;O4 nanoparticles which were integrated
into the Zr-MOF nanosheets provided a high number of
positively charged amine-capped nanoparticles for electro-
static interactions with negatively charged BSA-capped
AuNCs to obtain the self-enhanced ECL emitter. Second,
the Zr-MOF/Fe;04(TMC) composites as a co-reaction ac-
celerator promote the conversion of co-reactant TEA into
the TEA free radicals (TEA®); the obtained Zr-MOF/
Fe;04(TMC)/AuNCs* exhibited superior ECL property.
Additionally, the magnetic property of nanocomposites fa-
cilitated the bioseparation during biosensing assay. As far
as we know, the synthesis or using Zr-MOF/Fe;O04(TMC)/
AuNCs has never been reported and this multifunctional
nanocomposite structures has been described for the first
time in this study. As an alternative, we employed rGO/
APBA paper-based gold screen-printed electrodes (Au-
SPEs) for successful anchoring of HbA 1c-antibody- nano-
composites in our system. Incorporation of rGO onto the
paper-based Au-SPEs surface not only enhance the electri-
cal conductivity but also lead to a better interaction be-
tween capture APBA and target HbAlc.
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Materials and methods

Detailed materials and instruments can be found in the sup-
plementary information.

Synthesis of Zr-MOF/Fe;0,4(TMC)/AuNCs
nanocomposites

A two-step procedure has been employed to synthesize the Zr-
MOF/Fe;04(TMC)/AuNCs nanocomposites. The synthesis
process for Zr-MOF/Fe;04(TMC)/AuNCs are illustrated in
Scheme 1A.

Formation of Zr-MOF/Fe;0,(TMC) nanocomposites The syn-
thesis of the Zr-MOF/Fe;04(TMC) composites was accom-
plished using the procedure described by He et al., with
minor modifications [30]. For this purpose, Fe;O04(TMC)
was initially prepared by the co-precipitation method as
reported in our previous works [31-33]. Detailed synthesis
can be found in the supplementary information. Then, 1 mL

of dispersed Fe;O4(TMC) nanocomplexes in DMF was
added to the mixture of 10 mg ZrCly, 240 pL acetic acid,
50 uL H,0, and 10 mg TCPP in 1 mL DMF. After 45 min
of sonication, the resulting mixture was transferred into a
100-mL Teflon-lined stainless steel autoclave, sealed and
kept at 120 °C for 24 h. The mixture was allowed to cool at
RT, and then, the product was washed 3 times with ethanol
and DI. Finally, the Zr-MOF/Fe;O4(TMC) nanosheets were
dispersed in 0.01 M phosphate buffered saline (PBS) and
stored at 4 °C.

Preparation of Zr-MOF/Fe;04(TMC)/AuNCs nanocomposites
The luminescent AuNCs were prepared by the green synthesis
method according to previous procedures with slight modifica-
tions [23, 34]. Detailed synthesis can be found in the supplemen-
tary information. Subsequently, the appropriate amounts of Zr-
MOF/Fe;04(TMC) nanocomposites (1.2 mg in 1.25 mL PBS
(0.01 M)) were exposed to these AuNCs (10 mL). Then, the pH
was adjusted to 7.2 with 0.01 M NaOH and stirred for 24 h at
RT. Ultimately, the magnetic Zr-MOF/Fe;04(TMC)/AuNCs

Scheme 1 Schematic
representation of the Zr-MOF/
Fe;04(TMC)/AuNCs
nanocomposite synthesis (A).
Schematic illustration of the
principal mechanism for HbAlc
detection by ECL biosensing
platform. Preparation of the
modified paper-based Au-SPE
and assay steps (B); ECL mecha-
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nanocomposites were collected using an external magnet and
washed with DI before drying.

Conjugation of antibody on to the Zr-
MOF/Fe30,4(TMC)/AuNCs nanocomposites

Zr-MOF/Fe;04(TMC)/AuNCs and anti-HbAlc monoclonal
antibody were conjugated using EDC/NHS by integrating
the NH, groups of TMC and the COOH groups of antibodies.
To do this, initially, 9.5 mg EDC and 11.5 mg NHS were
dissolved in 5 mL PBS containing monoclonal antibody
(5 ng). After 1 h shaking at RT, 0.5 mg of Zr-MOF/
Fe;04(TMC)/AuNCs was added to the mixture. The resulting
solution was shaken in the dark for 5 h at RT, and then, the
final product was washed several times with PBS and stored in
the dark at 4 °C.

Preparation and modification of screen-printed elec-
trode (SPE)

Cellulose acetate (CA) fibers were fabricated through
electrospinning and followed by post-treatment steps accord-
ing to the previously developed procedure [35]. Detailed pro-
tocols for preparation of cellulose paper and fabrication of
paper-based SPE are listed in the supplementary information.

Paper-based SPE modification

Detailed protocols for immobilization of APBA on to the GO
and preparation of rGO/APBA modified paper-based Au SPE
are listed in the supplementary information.

Separation and quantitative determination of HbA1c

HbA1c separation from sample The separation of HbAlc
from the sample was carried out by gently stirring the solution
at RT. Fundamentally, various concentrations of HbAlc were
prepared and then, 25 pL of antibody-Zr-MOF/Fe;O4(TMC)/
AuNCs nanocomposites (2 mg.mL ") was added to each con-
centration (100 uL). The above products were incubated un-
der gentle shaking for 1 h. After attachment of antibody-
functionalized nanocomposites to HbAlc, the nanocompos-
ites were separated, washed, and diluted in 100 uL PBS.
Subsequently, the resulting mixture was dropped on the elec-
trodes and the final interaction was accomplished with APBA
which conjugated covalently to rGO on the surface of paper-
based SPE. After 45 min of incubation, the electrodes were
washed with PBS and subjected to ECL measurements.

Electrochemiluminescence measurement The performance of
the biosensor was evaluated by ECL experiment. The CV was
scanned from —0.2 to 1.7 V, and a sweep rate of 0.2 Vs
using a solution of 0.1 M NaClO,4 containing 70 mM TEA
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(100 pL) as the co-reactant at RT. The stability of the con-
structed paper-based biosensor was investigated after
14 weeks of storage at 4 °C and compared to that of newly
prepared electrode. The stability of the Zr-MOF/
Fe;04(TMC)/AuNC nanocomposite-labeled antibody was al-
so evaluated by storing the nanocomposite-labeled antibody
in 0.1 M PB (pH 8.5) solution at 4 °C and with time-
dependent fluorescence checking of the release of AuNC par-
ticles from the pores of nanocomposite-labeled antibody.
Furthermore, the reproducibility, specificity, and repeatability
of the biosensor were studied via measurement of HbAlc in
four separate assay runs.

Real sample analysis

Whole blood samples from non-diabetic and diabetic patients
were collected in tubes containing ethylenediaminetetraacetic
acid (EDTA). Then, 20 puL of samples was added to 1 mL red
cell lysis buffer. Afterward, HbA1c of the blood samples were
measured according to the procedure described in the
“Separation and quantitative determination of HbAlc”
section.

Result and discussion

The goal of the present study was to offer a powerful combi-
nation of 2D MOF nanosheets, luminescent AuNCs,
nanomaterials, and papers for developing a sandwich-type
format paper-based ECL biosensing platform. In this work,
Zr-MOF/Fe;04(TMC)/AuNCs nanocomposites and paper-
based SPEs were employed to design a sensitive disposable
system for detecting HbAlc. The use of Zr-MOF/
Fe;04(TMC)/AuNCs nanocomposites, as nanocarrier and
ECL detector signal to label antibody, enhances the sensitivity
ofthe assay due to the encapsulation of large number of Fe;O4
(TMC) nanoparticles in the cavity of frameworks, as well as
the good film-forming ability of TMC, making a welcoming
positively charged surface for loading a great number of neg-
atively charged BSA-capped AuNCs inside the Zr-MOF/
Fe;04(TMC) composite through electrostatic interaction
[36]. Furthermore, the Zr-MOF/Fe;04(TMC) composites as
a co-reaction accelerator successfully stimulated the genera-
tion of active intermediate radicals, which could react with
AuNCs to produce excited state species AuNCs” for generat-
ing ECL remarkably. The paper-based SPEs were subjected to
some modifications including electrochemical reduction of
GO to rGO and APBA immobilization which was earlier co-
valently attached to GO. The employ of rGO not only en-
hanced the surface area due to the folds but also improved
the electron transfer on the electrode surface that resulted in
remarkable ECL signal. Finally, antibody-labeled Zr-MOF/
Fe;04(TMC)/AuNCs nanocomposites were introduced to
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target analyte, and on the paper-based SPEs, detection was
then recorded when HbAlc interacted with APBA on the
sensing area. An overview of the recognition process is pre-
sented in Scheme 1B.

Characterization of Zr-MOF/Fe;0,(TMC)/AuNCs
nanocomposites

FTIR spectroscopy was used to investigate protein change and
the analysis of the secondary structure in particular (see more
details in supplementary information, Fig. S1). The quality
and structural identity of fabricated nanocomposites are deter-
mined using XRD analysis (see more details in supplementary
information, Fig. S2).

The size and shape of the Zr-MOF nanosheets, Zr-
MOEF/Fe;0,4 (TMC) composites, and AuNCs and Zr-MOF/
Fe;04(TMC)/AuNCs nanocomposites were investigated by
TEM (Fig. 1). As shown in Fig. 1A, Zr-MOF-TCPP exhibited
a well-spread two-dimensional nanosheet structures. As can
be seen in Fig. 1B, the Zr-MOF nanosheets were embedded
with well-defined core/shell structures of the Fe;O4(TMC)
nanoparticles with a mean diameter of 12 nm. The TEM im-
age of AuNCs (Fig. 1C) shows uniform spherical shapes with
a mean size in the range of 3—5 nm which were distributed in

A

Fig. 1 TEM image of Zr-MOF nanosheets (A), Zr-MOF/ Fe;04(TMC)
composites (B), and AuNCs (C). SEM image of Zr-MOF nanosheets (D)
and Zr-MOF/ Fe;04(TMC) composites (E). UV-Vis and florescence in-
tensity absorbance (F) of Zr-MOF/ Fe;04(TMC) composites (1), AuNCs

the locations marked with red circles. The layers of AuNCs on
the surface of Zr-MOF/Fe;04(TMC)AuNCs were not visible
in TEM image, which is probably due to the small size of the
AuNCs and the background of Zr-MOF/Fe;04(TMC). The
particle size and layer thickness for the structures were further
monitored by SEM images. As shown in Fig. 1D, the Zr-MOF
nanosheets were composed of many irregular two-
dimensional sheets with mean sizes of 1 um in length and a
width of 300 nm. In Zr-MOF/Fe;04(TMC), the Fe3s04(TMC)
shows a scalloped structure around the MOF sheets, which
indicates that there is a strong interaction between the MOF
and Fe;04(TMC) (Fig. 1E).

Figure 1F shows the UV-Vis spectra of Zr-MOF/
Fe;04(TMC) composites and AuNCs and Zr-MOF/
Fe;04(TMC)/AuNCs nanocomposites. As can be seen, a
small absorption band was observed in samples containing
Zr-MOF/Fe;04(TMC) composites at 400 nm, which could
be caused by the ligand to metal charge transfer [37]. A sig-
nificant UV-Vis absorbance was not detected in AuNCs and
Zr-MOF/Fe;04(TMC)/AuNCs nanocomposites, due to the
quantum size and surface functionalization with BSA [38,
39]. Figure 1F also displays the fluorescence intensity of the
synthesized AuNCs and Zr-MOF/Fe;04(TMC)/AuNCs nano-
composites in PBS. The maximum fluorescence emission

Absorbance (a..u)
(n'e) ANSUUI 2OUIISIION]

250 350 450 550 650 750

Wavelength (nm)

(2), and Zr-MOF/Fe;04(TMC)/AuNC (3) solutions and inset image
shows the Zr-MOF/ Fe;04(TMC)/AuNC under visible light (a) and UV
illumination (b)
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spectra of AuNCs is located at about 650 nm (excitation at
about 300 nm). However, the fluorescence intensity of Zr-
MOF/Fe;0,4 (TMC)/AuNCs nanocomposites was significant-
ly higher than that of AuNCs under the same condition.
According to the spherical jellium model, the emission spectra
at 650 nm indicates the presence of Au,s clusters [34].
Moreover, the Zr-MOF/Fe;04(TMC)/AuNCs nanocompos-
ites (inset of Fig. 1F) show a dark yellow color under visible
light and emit red fluorescence under the UV illumination
(365 nm).

In this study, a combination of ECL and CV measurements
were implemented to validate the possible luminescent mech-
anism of Zr-MOF/Fe;04(TMC) and AuNCs and Zr-MOF/
Fe;04 (TMC)/AuNCs on the paper-based SPE surface
(Fig. 2). The ECL signal is achieved in the presence of TEA
as a co-reactant. As can be seen in Fig. 2A curve a, no distinct
ECL emission could be observed from the bare Au-SPE in
PBS solution, while an obvious ECL emission was obtained
with TEA (curve b). The ECL signal of TEA slightly altered
(curve c, f, and h) upon addition of Zr-MOF/Fe;04(TMC),
Fe;04(TMC), and Zr-MOF to the Au-SPE, revealing that
these nanocomposites had no direct effect on ECL response.
In contrast, after the addition of AuNCs, an obvious ECL
signal with the peak intensity of 168 a.u. could be observed
(curve d), suggesting that the ECL emission certainly was
formed by the excited state of AuNCs. Weak ECL signals
were observed in Fe;04(TMC)/AuNCs and Zr-MOF/AuNCs

>

550

450

350

250

150

ECL Intensity (a.u.)

-50

Ip/mA

Fig.2 ECL (A) and CV spectra (B and C) of the bare Au-SPE in PBS (a),
bare Au-SPE in TEA (b), Zr-MOF/Fe;04(TMC) nanocomposites (c),
AuNCs (d), Zr-MOF/Fe;04(TMC)/AuNCs nanocomposites (e),
Fe;04(TMC) (f), Fe304(TMC)/AuNCs (g), Zr-MOF (h), Zr-MOF/
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due to the low AuNCs loaded in nanocomposites (curves g
and 1). Compared with the ECL of AuNCs in the presence of
TEA, the Zr-MOF/Fe;04(TMC)/AuNCs nanocomposites ex-
hibited higher ECL peak intensity at 500 a.u, declaring that the
Zr-MOF/Fe;04(TMC) could effectively enhance the ECL sig-
nal of AuNCs (curve e). The above phenomenon implied that
AuNCs loading on Zr-MOF/Fe;04(TMC) were increased in
comparison with Zr-MOF/AuNCs and Fe;O4(TMC)/AuNCs.
In the Zr-MOF/Fe;O4(TMC) composites, Zr-MOF provided
an effective 2D nanosheet to capture a huge amount of
Fe;04(TMC) and subsequently AuNCs. In fact, the Zr-
MOF/Fe;04(TMC) as a nanocarrier and co-reaction accelera-
tor can stimulate and also enhance the decomposition of TEA
to increase the amount of TEA®, which consequently promot-
ed the ECL reaction rate of luminophore/TEA system for
boosting the ECL signal remarkably. Afterward, the electro-
chemical characteristic of Zr-MOF/Fe;O4(TMC) was evaluat-
ed to clarify the catalytic mechanism. Compared with the bare
paper-based Au-SPE in PBS (Fig. 2B curve a), the CV of bare
Au-SPE in 0.1 M NaClOy containing 70 mM TEA exhibited
an obvious anodic peak at the potential of 1.23 V attributable
to the oxidation of TEA (Fig. 2B, curve b). As Fig. 2B curve ¢
shows, under the same conditions after the addition of Zr-
MOF/Fe;04(TMC) nanocomposites, the anodic peak current
slightly increased due to the rise in electron transfer rate at the
electrode surface. With the AuNCs, the TEA current remained
high (~20% higher compared to curve b) (Fig. 2B curve d).
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The oxidation peak of Zr-MOF/Fe;O4(TMC)/AuNCs shifted
negatively from 1.16 to 0.99 V, suggesting that the Zr-MOF/
Fe;04(TMC) as an accelerator can enhance the oxidation of
AuNCs-TEA to form the more reductive intermediate radi-
cals. For Fe;04(TMC) and Fe;04(TMC)/AuNCs, the poten-
tials of the anodic peaks had no obvious changes from curve b,
although a slight reduction in currents was observed (Fig. 2C,
curves f and g). When Zr-MOF and Zr-MOF/AuNCs were
measured in TEA solution, curves h and i demonstrated an
obvious rise in currents, which shifted negatively from 1.23 to
1.06 compared with pure TEA solution. These results further
prove that the Zr-MOF in the Zr-MOF/Fe;04(TMC)/AuNCs
structure could interact with TEA to accelerate the reduction
of TEA for the significant enhancement of TEA'.

According to anodic ECL process of Zr-MOF/Fe;04(TMC)/
AuNC:s in the presence of TEA, the possible ECL mechanism on
the SPE could be described by Egs. (1)~(5). During the positive
potential scanning, the Zr-MOF/Fe;O4(TMC)/AuNCs were ox-
idized to Zr-MOF/Fe;0,4 (TMC)/AuNCs* [Eq. (1-2)].
Meanwhile, a fraction of TEA™ was then deprotonated to from
a highly reducing radical TEA" [Eq. (3)]. Subsequently, Zr-
MOF/Fe;04(TMC)/AuNCs™ could be reduced by TEA", pro-
ducing the excited Zr-MOF/Fe;04(TMC)/AuNCs* [Eq. (4)],
and generating ECL emission [Eq. (5)]. In this work, the electro-
catalytic reaction produced a large amount of AuNCs™ on the
surface of SPE for augmenting the ECL signal [Eq. (4)—(5)]
(Scheme 1C) [40].

TEA—e —TEA™" (1)
Zr—MOF /Fe;04(TMC) /AuNCs + TEA""—TEA

+ Zr—MOF /Fe;04(TMC) /AuNCs ™ (2)
OH + TEA"*—TEA" + H,0 (3)
Zr-MOF /Fe30,4(TMC) /AuNCs* (4)

+ TEA"—Zr-MOF /Fe304(TMC) / AuNCs *
+ TEAoxidate
Zr-MOF /Fe304(TMC) /AuNCs*—Zr-MOF /Fe;04(TMC) /AuNCs + hv

(5)

To confirm the advantages of the Zr-MOF/Fe;04(TMC)/
AuNC s signal probe, the ECL signal intensity of the nanobio-
sensor was examined using AuNcs and Zr-MOF/
Fe304(TMC) with the solution of AuNCs and AuNCs-
loaded Zr-MOF/Fe;04(TMC) nanocomposites. These results
demonstrate that the ECL intensity of the AuNCs in the pres-
ence of Zr-MOF/Fe;04(TMC) was enhanced, which indicates
that Zr-MOF was an accelerator for AuNCs to improve the
ECL response (Fig. 2D, curves a and b). The comparison
between Zr-MOF/Fe;04(TMC)/AuNCs nanocomposites
(Fig. 2D, curve c) and the mixture of Zr-MOF/Fe;04(TMC)
and AuNCs (Fig. 2D, curve b) revealed that the ECL signal

intensity of the nanocomposites is more than 2-fold of the Zr-
MOF/Fe;04 (TMC) and AuNCs in solution. A high reaction
efficiency between the formed TEA™ and the adjacent
AuNCs was achieved before the disappearance of the radical
species for the Zr-MOF/Fe;04(TMC)/AuNCs nanocompos-
ites. In the solution state, the generated TEA™ had a long
diffusion distance from Zr-MOF/Fe;04(TMC) and AuNCs,
resulting in significantly lower reaction efficiency and ECL
response.

Characterization of the modified electrode

In this study, rtGO/APBA was used to modify the surface of
paper-based SPE. The rGO not only enhanced the surface
area to volume ratio but also improved the electron transfer
on the surface of electrode, leading to signal amplification
in ECL system [41, 42]. To achieve the maximum ECL
sensitivity, the optimal concentrations of rGO/APBA were
evaluated. For this purpose, electrochemical reduction of
GO/APBA with different concentrations (20, 40, 60, 80,
and 100 pg.mL™") was carried out on the surface of elec-
trodes. As shown in Fig. S3, the maximum ECL response of
biosensor was detected at 40 ug.mLf1 of rGO/APBA;
hence, subsequent experiments were achieved in this con-
dition. In the next step, the function and active surface area
of the rGO/APBA-modified electrodes were studied by EIS
and CV in the presence of 1 mM [Fe(CN)6]> ' as a redox
probe. Also, the same redox probe was used to evaluate the
electron transfer resistance (R.,) of the modified electrode
(see more details in supplementary information, Fig. S4).
ECL was also implemented to validate the effect of rGO-
modified paper-based SPE surface (see more details in
supplementary information, Fig. S5).

The surface morphology of modified TMC/CNs, Au-SPE,
GO/APBA-Au-SPE, and rGO/APBA-Au-SPE was examined
using SEM (see more details in supplementary information,
Fig. S6). Surface analyses of bare Au-SPE and electrodes cov-
ered with GO/APBA and rGO/APBA were achieved using
AFM (see more details in supplementary information, Fig. S7).

Optimization of detection condition

To achieve the maximum sensitivity of the ECL biosensor, the
optimal concentration of antibody-conjugated Zr-MOF/
Fe;04(TMC)/AuNCs nanocomposites was investigated. The
detailed optimization of detection condition is given in the
supplementary information (Fig. S8).

Analytical performance for quantitative
determination of HbA1c

To evaluate the performance of the assay, HbAlc with dif-
ferent concentrations were assessed using sandwich-type
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model by means of the paper platform modified with rGO/
APBA as sensing surface, along with Zr-MOF/Fe;O4(TMC)/
AuNCs-labeled antibody as signal element, co-reaction accel-
erator, and also separating/enrichment tool. Different
amounts of standard solutions were prepared by diluting
the known concentrations of HbAlc 0-20% with normal
plasma samples [43]. ECL analyses were performed in trip-
licates for each concentration by means of CV mode. The
calibration curve exhibited a good relationship between the
various concentrations of HbAlc from 2 to 18% and ECL
responses (Fig. 3). As can be seen in Fig. 3A, the ECL
intensity increased linearly with the rising of HbAlc concen-
trations in standard samples. The calibration curves for
HbAlc biosensor are shown in Fig. 3B. The linear equation
fitted to the data was Igcp =21.885 C (%) + 384.94 with the
correlation coefficient (R%) of 0. 0.9811. Under optimal con-
ditions, the detection limit of this assay was calculated to be
0.072%. Table 1 displays the limit of detection and linear
response range obtained by the current study and previously
reported works. In comparison with some ECL-based bio-
sensors for detecting HbAlc, the existing method offers low
detection limit and good sensitivity that can be contributed
to the use of Zr-MOF/Fe;04(TMC)/AuNCs nanocomposites
as tracing tag to label antibody and rGO/APBA on the sur-
face of paper-based SPE as sensing element. As shown in
Table 1, the LOD of this biosensor is only slightly higher
than that of other types of biosensors such as impedance and
amperometric, however, the linear range has been signifi-
cantly wider. Furthermore, the reproducibility of the paper-
based SPE was studied via measurement of HbAlc in four
separate assays run. The intra-assay reproducibility of CV
measurements for 3, 10, and 16% of HbAlc were calculated
to be 4.1, 2.6, and 3.1%, respectively, while the inter-assay
reproducibility were 3.8, 1.8, and 2.8%, respectively. These
results demonstrate that we accomplished our goal of pre-
senting an appropriate biosensor for HbAlc detection with
acceptable reproducibility.

A

ECL Intensity (a.u.)

Time (S)

Fig. 3 ECL results for HbAlc detection using a solution of 0.1 M
NaClO, containing 70 mM TEA (100 pL) at the scan rate of 0.2 V.s™';
the concentrations of HbA 1¢ was in the range of 0-20% (A). Calibration

@ Springer

Specificity and stability of the developed paper-based
SPE biosensor

The detailed investigation of specificity and stability are given
in the supplementary information (Fig. S9).

Response characteristics of the developed paper-
based SPE biosensor

The reliability of our paper-based SPE biosensor was evaluated
by performing the assay with six whole blood samples and com-
paring the results with those obtained via immunoturbidimetry
(IT) assay kit (Elitech clinical system SAS, France). The RSDs of
the determination, calculated from three repeated measurements
for diabetic and control specimens, are demonstrated in Table S1.
An obtained RSD less than 4% was the indicator of appropriate
accuracy of the presented biosensor and was in concordance with
results of other HbAlc ECL assays in diagnostic judgment. The
existence of a remarkable correlation between IT assay and our
biosensor confirms that the proposed system could be utilized for
the clinical diagnosis of HbA lc in real specimens.

Conclusion

A practical ECL paper-based assay for HbA 1c measurement has
been presented by using a double-signal amplification strategy.
First, TMC functionalized Fe;O4 nanoparticles of Zr-MOF/
Fe3;0,4 nanocomposites as nanocarrier provided a high positively
charged surface for loading a large number of negatively charged
BSA-capped AuNCs within the nanocomposite as nanocarrier.
Second, The Zr-MOF/Fe;04(TMC) as a co-reaction accelerator
could increase the overall efficiency between luminophore and
co-reactant for ECL signal amplification. Antibody-labeled Zr-
MOF/Fe;04(TMC)/AuNCs nanocomposites can selectively cap-
ture and separate the HbAlc from nonglycated Hb species and
also other glycated proteins in human blood sample. Finally, the

’;\ 800 1 y=21.885x+384.93 L
> R2=0.981 e ®
] B
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p, 000 g
= g ..
7
S 40 e
=
5
3 200{ 5"
®) .
=
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HbAIlc concentration (%)

plot of HbAlc nanosensor between 0 and 20%. Each data point is the
average of three replicates (B)
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Table 1  Comparison of the analytical performance of the present ECL-based biosensor with other related HbA 1¢ biosensors
Method Principle Surface modification Label Linearity LOD Ref.
(%) (%)
Chemiluminescence Boronate affinity 3-APBA Luminol 2.5-17 - [44]
Quartz crystal Enzymatic Au nanoparticles (AuNPs) 4.6-13.5 0.147 [45]
microbalance
Cyclic voltammetry Boronate affinity 4-MPBA gold nano-flowers 2-20 0.65 [46]
Impedance Boronate affinity 3-APBA 0.1-8.36  0.024 [47]
Amperometry Boronate affinity 3-APBA-bound conducting 0.1-1.5  0.052 [48]
polymer- AuNPs
Electrochemiluminescence immunosensor Ru(bpy);>*-doped mesoporous polydopamine 0.1-18.5 0.015 [14]
Electrochemiluminescence Boronate affinity rGO/APBA Zr-MOF/Fe304 2-18 0.072 This work
(TMC)/AuNCs

suitable combination of rGO/APBA and paper-based Au-SPE
provided an optimized platform for successful anchoring of
HbA 1c-antibody-nanocomposites in our system. The present
combination of 2D MOF nanosheets, Fe;04(TMC)
nanoparticles, AuNCs, and rGO/APBA-modified paper-based
Au electrode effectively led to fabrication of an ideal biosensing
platform and provided benefits including short assay time, ac-
ceptable reproducibility, low detection limit, wide linear range,
and remarkable selectivity. Consequently, it is believed that the
proposed system based on the employment of Zr-MOF/
Fe;04(TMC) as nanocarrier and co-reaction accelerator for in-
creasing the ECL signal can provide a new perspective for signal
amplification in ECL biosensor.

At present, our system was limited at the medical labo-
ratory setting. To develop a sensitive and biocompatible
device for the detection of HbAlc level at anywhere and
anytime, we need to realize the integration of the detection
system and combine our system with a portable measuring
system.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00604-021-04959-y.
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