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Abstract

A novel internal standard electrochemiluminescence (ECL) sensor has been designed for the detection of ascorbic acid (AA). The
adopted dual-emission luminophore (NSGQDs-PEI-luminol-Pt) is composed of nitrogen and sulfur double-doped graphene quan-
tum dots (NSGQDs, as the main luminophore), luminol (as the auxiliary luminophore and internal standard), platinum nanoparticles
(Pt NPs, as the co-reaction accelerator), and polyetherimide (PEI, as the linker of NSGQDs and luminol). The results suggest
obviously enhanced ECL intensities by the Forster resonance energy transfer (FRET) between luminol (donor) and NSGQDs
(acceptor). In this sensing system, the cathodic ECL intensities of NSGQDs (ECL-1, —1.8 V vs. Ag/AgCl) gradually decrease with
increasing concentration of AA, while the anodic ECL intensities of luminol (ECL-2, 0.3 V vs. Ag/AgCl) almost remain essentially
constant at a potential window from —2.0 to 0.4 V. The natural logarithm of the ratio between ECL-1 and ECL-2 (In / gcp-1/ECL-2))
shows a good linear relationship with AA concentration ranging from 10 to 360 nM. The regression equation is In / gcp-1/ecL2) =~
0.0059 cax +3.55 (R* = 0.992) with a limit of detection of 3.3 nM. Such sensor has also been applied for monitoring AA in human

serum. The recovery range was 96.5-105.3% and the relative standard deviation was 1.3-3.3%.
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Introduction

Electrochemiluminescence (ECL) technology has become a
powerful analytical tool due to the low cost, simple operation,
fast analysis, and high sensitivity [1]. It is well known that the
measurement accuracy and efficiency of ECL directly limit
the wide application of ECL sensors. However, the self-
annihilating ECL luminophore alone is unable to provide a
high enough signal. Since C,0,4> was first reported as a co-
reactant, it has become a fashion to construct a binary system
of ECL luminophores and co-reacting reagents in order to
obtain significantly enhanced ECL signals. Commonly used
co-reaction reagents include hydrogen peroxide, persulfate,
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and tripropylamine [2]. In addition, different methods have
also been used to improve the ECL system, such as resonant
energy transfer [3] and introduction of nanomaterials [4].
Forster resonance energy transfer (FRET) can improve the
ECL intensity and stability of single luminescent material
through energy transfer between donor and acceptor.
Nanomaterials can play a variety of roles in ECL, for example,
luminophores, co-reaction accelerators, and carriers.

Graphene quantum dots (GQDs), as a kind of novel zero-
dimensional nanomaterials, possess some unique properties,
such as low toxicity, excellent biocompatibility, good stabili-
ty, and water solubility [5]. However, the primal GQDs with-
out passivated surface often present low ECL efficiency [6].
Heteroatom doping is considered to be a valid method to tune
the surface state, optical properties, and chemical features of
GQDs [7]. For example, the electrochemical properties, sur-
face chemical activity, and quantum yield are improved by
sulfur or nitrogen doped GQDs [8, 9]. Therefore, GQDs dop-
ing with diverse elements are becoming a research topic.

To solve some potential systematic errors caused by single
ECL technology and make the detection results more
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convincing, the ratiometric ECL sensors with dual-emission sig-
nals have been introduced [10]. For example, a ratiometric ECL
sensor based on CdS nanocrystal and luminol has been devel-
oped for mp53 oncogene detection [11], and a dual-wavelength
ratiometric electrochemiluminescence resonance energy transfer
aptasensor has been constructed for amyloid-[3 protein detection,
which based on the carbon nitride nanosheet as the energy donor
and metal-organic framework as the acceptor [12]. However,
when the dual signals change simultaneously, the reference sig-
nal cannot express the real status of the ECL system, which
makes the reproducibility of the assay doubtful. The internal
standard method has been introduced as an indirect or relative
calibration method to solve this problem [13], which has been
widely used in chromatography [14], fluorescence (FL) [15],
Raman spectroscopy [16], and photoelectrochemical sensing
[17]. That is to say, one ECL signal of the system remains con-
stant as an internal reference while the other ECL signal changes
sensitively according to the target, which can not only effectively
avoid potential interferences but also greatly improve the
reproducibility.

The dosage of ascorbic acid (AA) in human serum can be
used as an indicator of some chronic diseases. The average
level of AA in serum for a large number of people is 0.2 mg
per 100 mL [18]. A series of methods have been developed to
detect AA, including high-performance liquid chromatogra-
phy [19], electroanalysis [20], ECL and so on [21].

Inspired by the above research, we present a novel com-
posite (NSGQDs-PEI-luminol-Pt) to construct an internal
standard ECL sensor for the detection of AA. Here, nitrogen
and sulfur double doped graphene quantum dots (NSGQDs)
and luminol are integrated into one nanostructure as the dual-
emission luminophore, NSGQDs as the main luminophore,
luminol as the auxiliary luminophore and internal standard,
platinum nanoparticles (Pt NPs) as a co-reaction accelerator,
and polyetherimide (PEI) as a linker of NSGQDs and luminol.
The stable ECL signals corresponding to NSGQDs and
luminol have been observed at —2.0 V (ECL-1) and 0.4 V
(ECL-2), respectively. With the increasing concentration of
AA, the ECL-1 decreases gradually, whereas ECL-2 remains
almost constant, which can be considered an internal standard
calibration (Scheme 1). The internal standard ECL system can
avoid the detection errors of the false positive or negative
results generated by the single peak ECL. It will be a good
choice for the detection of AA or other small molecules in
organisms.

Experiment section
Reagents and materials

Ascorbic acid (AA, 99%), polyetherimide (PEI, 99%), and
glutaric dialdehyde (GA, 50%), citric acid (99%), L-cysteine
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(97%), and chloroplatinic acid (H,PtCls-6H,0, 99%) were got
from Sigma-Aldrich Chem. Co. (St. Louis, MO, USA). N-
Hydroxy succinimide (NHS, 99%) and N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
(EDC, 99%) were acquired from J&k Chemical Co.
(Beijing, China). 0.1 M phosphate buffer (PB, pH 7.4) was
prepared by using 0.1 M Na,HPO, and 0.1 M KH,PO, con-
taining 0.1 M KCL. 5.0 mM [Fe(CN)¢]* " solution
(0.1 M PB, pH 7.4) was prepared by K4Fe(CN)g and
K3Fe(CN)g. Multi-walled carbon nanotubes (MWNTs, D =
40-60 nm) were purchased from Aladdin Reagent Co. Ltd.
(Shanghai, China; www.aladdin-e.com). All chemicals were
analytical grade and used as received without further
purification. Ultrapure water (Millipore, 18.2 MQ-cm) was
used throughout this work.

Apparatus

Electrochemical determination was conducted on a CHI 660E
electrochemical workstation (Shanghai Chenhua Instruments,
China). ECL detection was performed using a model MPI-A
electrochemiluminescence analyzer (Xi’an Remex Analysis
Instruments Co. Ltd., China). The potential scanning range
is from —2.0 to 0.4 V (vs. Ag/AgCl) and the photomultiplier
tube was set at 600 V. A three-electrode system was
employed: a glassy carbon electrode (GCE, ® =4.0 mm) or
modified GCE as working electrode, a platinum wire as coun-
ter electrode, and an Ag/AgCl electrode (saturated KCl) as
reference electrode. The UV 2600 spectrometer (Shimadzu,
Japan) was used to record the UV-vis spectra in the range from
200 to 800 nm. JEM-1200EX transmission electron micros-
copy (TEM) was applied to receive the morphology and struc-
ture of the materials at an accelerating voltage of 120 kV
(JEOL, Japan). Scanning electron microscopy (SEM) images
and energy-dispersive spectra (EDS) were acquired on a field-
emission SEM (ZEISS, Germany). The X-ray photoelectron
spectroscopy (XPS) analysis was obtained using a VG
Scientific ESCALAB 250 spectrometer (Thermoelectricity
Instruments, USA).

Preparation of the different composites

PEl-luminol-Pt PEI, an amino-rich polyelectrolyte, has been
used as both a functional agent and a reductant with the assis-
tance of formic acid to fabricate Pt NPs. First, PEI (4 mL,
0.05%), luminol (1.5 mL, 5 mM), GA (100 uL, 1%), and
5 mL of water were added into a 25-mL round-bottom flask
and then stirred for 2 h at room temperature to make PEI and
Iuminol cross-link sufficient. Next, H,PtClg solution (0.5 mL,
0.1 M) and 1 mL of formic acid were added into the above
mixture. To accelerate the reaction, the above mixture was
refluxed at 80 °C for 30 min (Scheme 1b).
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Scheme 1 The preparation of (a) NSGQDs and (b) NSGQDs-PEI-luminol-Pt composite. (¢) Possible ECL mechanism of NSGQDs-PEI-luminol-Pt

system

NSGQDs-PEI-luminol-Pt The dual-emission luminophore
was obtained as follows. First, NSGQDs were prepared
according to the literature with slight modification
(Scheme 1a) [22]. Then, 500 uL of NSGQDs was activat-
ed by EDC/NHS (v/v=4:1) solution for 40 min at 4 °C
and mixed with 1 mL of PEI-luminol-Pt, which shortens
the distance of the donor-receptor pair and produces an
enhanced ECL luminescence signal, resulting in a signif-
icant quenching of the ECL of NSGQDs improving the
sensitivity of the sensor. The mixture was stirred for 12 h
at 4 °C. Last, the precipitates were collected by centrifu-
gation and redispersed in 2 mL of water.

Fabrication of the ECL sensor

Prior to modification, each GCE was polished with
0.3 um and 0.05 pm alumina respectively to achieve a
mirror-like surface. Afterwards, 5 pL of MWCNTs dis-
persion was coated on the surface of the GCE and dried in
air. Then, 10 uL NSGQDs-PEI-luminol-Pt was dropped
on and dried in air (denoted as NSGQDs-PEI-luminol-Pt/
MWCNTs/GCE). ECL analyses were executed in
0.1 M PB (pH 7.4) including 5 mM H,O, and different
concentrations of AA.

Results and discussion

Characterization of NSGQDs and NSGQDs-PEI-
luminol-Pt

The morphologies of NSGQDs and NSGQDs-PEI-luminol-Pt
composite were characterized by TEM and SEM, respective-
ly. The NSGQDs show a spherical structure with the size
around 1.5-5.5 nm (Fig. 1a). The high-resolution transmission
electron microscope (HR-TEM) image exhibits that the lattice
distance is 0.27 nm (Fig. 1b). The SEM image of the
NSGQDs-PEI-luminol-Pt composite exhibits homogenously
flower-like shape with an average diameter of 1 um (Fig.
Ic). The element type and chemical state of NSGQDs-PEI-
luminol-Pt composite were examined by XPS. As depicted
in Fig. 1d, the characteristic peaks at 284.5, 399.9, and
532.5 eV belong to C 1s, N 1s, and O 1s respectively, and
the peak at 72.5 eV belongs to Pt 4f. The results prove the
presence of C, N, O, and Pt in NSGQDs-PEI-luminol-Pt com-
posite. Additionally, the proposed composite was analyzed by
HR-XPS spectra. As shown in Fig. le, the raw data of C 1s
spectra can be fitted by three components of C-C (284.6 eV),
C-N (285.7 V), and O-C=0 (288.6 eV). As depicted in Fig.
1f, two peaks at 399.8 and 402.1 eV correspond to C-NH, and
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Fig. 1 (a) TEM and (b) HR- TEM images of the NSGQDs, (¢) SEM image of the NSGQDs-PEI-luminol-Pt, (d) XPS analysis for the full region, and

HR-XPS spectra of (e) C 1s and (f) N 1s of NSGQDs-PEI-luminol-Pt

-NR;"/-NH;" respectively in high-resolution N 1s spectra.
The above characterization indicates the successful prepara-
tion of NSGQDs-PEI-luminol-Pt composite.

Optical and electrical properties

The optical and electrical properties of the NSGQDs-PEI-
luminol-Pt were also investigated via FL and ECL. As shown
in Fig. 2A, a significant spectral overlap is observed from the
FL emission spectrum of luminol (curve a) and the excitation
spectrum of NSGQDs (curve b), indicating that the FRET
between luminol (donor) and NSGQDs (acceptor) is possible.
In other words, the NSGQDs can receive energy from luminol
and can be excited to generate luminescence signal subse-
quently [23]. As shown in Fig. 2B, two ECL peaks are ob-
served from NSGQDs-PEI-luminol-Pt, suggesting luminol
and NSGQDs are co-existed in this dual-emission
luminophore. The shoulder ECL peak located at 425 nm
(ECL-2) is assigned to luminol, while the maximum ECL
emission located at 484 nm (ECL-1) is raised from NSGQDs.

Furthermore, the ECL behaviors of luminol, PEI,
NSGQDs, NSGQDs-PEI-luminol, and NSGQDs-PEI-
luminol-Pt were studied comparatively at the potential
window of —2.0 to 0.4 V (Fig. 3A). A small anodic ECL
peak (0.4 V) is observed from luminol in 0.1 M PB
(pH 7.4) containing 5 mM H,O, as a co-reactant (curve
a), while almost no obvious signal is detected in PEI so-
lution (curve b). A weak cathodic ECL signal is obtained
on NSGQDs (curve ¢), as well as a weak cathodic ECL
signal and an anodic ECL signal are displayed on
NSGQDs-PEI-luminol (curve d). Interestingly, a very high
cathodic peak (ECL-1, —1.8 V, main emission from
NSGQDs) accompanied by a weak anodic peak (ECL-2,
0.3 V, auxiliary emission from luminol) is appeared on
NSGQDs-PEI-luminol-Pt (curve e). Compared with
NSGQDs-PEI-luminol, dependent on the dual-emission
luminophore NSGQDs-PEI-luminol-Pt, the ECL-1 is im-
proved. Due to the presence of Pt NPs, the reaction be-
tween luminol and H,O, was accelerated and further en-
hanced ECL-1 via FRET.

Fig. 2 (A) FL (a) emission spec- A
trum for luminol and (b) excita-

tion spectrum for NSGQDs. (B)
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The effect of dissolved O, to the ECL response has been
investigated by comparing the signals before and after deaer-
ation (Fig. 3B). No obvious change in ECL peak position and
intensity has been observed, indicating that dissolved oxygen
in solution has little effect on ECL reaction process.

ECL mechanism of NSGQDs-PEIl-luminol-Pt

The possible ECL. mechanism of the NSGQDs-PEI-luminol-Pt
system is proposed (Scheme 1C). Since NSGQDs and luminol
are integrated into one nanostructure, which can be oxidized syn-
chronously on the surface of GCE. After the electrochemical
oxidation, luminol anions (LH ) and NSGQDs are converted into
luminol radicals (L") [24] and NSGQDs cations (NSGQDs"),
respectively. Superoxide radical (O,™) are produced by decom-
position of H,O,. Afterwards, L™ reacts with O, to generate the
excited state 3-aminophthalate (AP* ). Next, AP*" releases en-
ergy by giving an ECL emission at 425 nm (422) which can be
absorbed by NSGQDs" with a emission at 484 nm (/1) based on
the FRET between luminol and NSGQDs. Owing to the co-
existence of luminol and NSGQDs, the energy transfer distance
between luminol (donor) and NSGQDs (acceptor) is shortened,
which makes FRET easy to realize. At the same time, Pt NPs
have excellent catalytic performance which can accelerate the
production of O, from H,05. The corresponding ECL route is
proposed as follows:

LH —e —»LH —L +H" (1)
L' 4 Oy —LOy, —AP* "+ N, (2)
AP* " 5AP? 4 hv2 (3)
NSGQDs—e —NSGQDs™" (4)
NSGQDs + 05 + hv2—NSGQDs" (5)
NSGQDs —NSGQDs + hvl (6)

Measurement of AA

Under the optimal experimental conditions (Fig. S6), the
ECL-1 decrease with the increasing AA concentration from
10 nM to 360 nM, while the ECL-2 as internal standard signal

20 -15 -1.0 -05 0.0 05
Potential/V(vs Ag/AgCl)

almost remain unchanged (Fig. 4A). The calibration plot was
constructed by the natural logarithm of the ratio between
ECL-1 and ECL-2 (In / (gcL 1/6cL2)) and the concentration
of AA (Fig. 4B). The linear equation of this ECL system is
In / (ECL-1/ECL-2) =~ 0.0059 cant 3.55 (R2 = 0992) with a
limit of detection (LOD) of 3.3 nM (S/N = 3). Compared with
the previous method, the proposed sensor can detect AA with
higher sensitivity and wider linear range (Table 1), but it is
disposable.

Stability and selectivity of the ECL sensor

The stability of the present internal standard ECL sensor has
been evaluated by the consecutive cyclic potential for 200 s in
different AA concentrations (0.1 M PB containing 5 mM
H,0,, pH 7.4) (Fig. 5a, Fig. S7). As depicted in Fig. 5a, the
relative standard deviations (RSD) of ECL-1 and ECL-2 are
0.58% and 1.8% in 60 nM AA, indicating that reversibility
and reliability of the system meet the regular requirements.
The selectivity of the internal standard ECL system toward
different interferences was investigated using various biolog-
ically relevant co-existing species including amino acid mol-
ecules of cysteine (Cys), phenylalanine (Phe), and tryptophan
(Trp); small biological molecules of creatinine (Cre), glucose
(Glu), and globulins (Glb); and common inorganic ions such
as K*, Na*, Ca?*, Fe**, and Fe** (Fig. 5b). The concentration
of interference substances is100-fold (vs molecules) or even

Table 1 Comparison assay of different strategies for AA detection
Method LOD (uM) Linear range(uM) Reference
Electrochemistry 7.71 15-800 [25]
Photoluminescence 1.25 3.33-400 [26]
Fluorescence 0.13 0.5-200 [27]
Fluorescence 0.3 1-750 [28]
luminescent 0.0043 0.03-0.22 [29]
colorimetric 03 1-110 [30]
Electrochemiluminescence 70 0.1-100 [31]
Electrochemiluminescence 0.0033 0.01-0.36 This work
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1000-fold (vs common inorganic ions) that of AA (300 nM).
Compared with the target AA, the small changes of ECL
intensity appear with the addition of the interference sub-
stances, whereas a significantly decreased intensity present
when AA is added (Fig. 5b).

Real applicability

To investigate the applicability of this strategy in real practice,
human serum samples were selected for assay using the stan-
dard addition method. Prior to use, the samples were diluted
100-fold with 0.1 M PB (pH =7.4) and spiked with different
concentrations of AA. Under the same conditions as the stan-
dard sample, the ECL analyses were executed in 3 mL sample
solution including 5 mM H,0, with the proposed sensor. The
results are listed in Table 2, and the recovery rates are in the
range of 96.5-105.3% with the RSD ranged from 1.3 to 3.3%,

Table 2 Recovery tests for AA in human serum

Sample Added (nM) Found (nM) RSD (%) (n=3) Recovery (%)
1 50 47.5 1.3 105.2

2 150 1554 33 96.5

3 250 252.1 1.5 99.1

@ Springer

indicating that the proposed method can be effectively used
for AA detection in real sample.

Conclusion

In this work, an internal standard ECL sensor was prepared
based on NSGQDs-PEI-luminol-Pt composite as a novel
luminophore for sensitive detection of AA. The proposed in-
ternal standard ECL sensor exhibits a strong cathodic ECL-1
signal and an almost constant anodic ECL-2 signal and an
improved sensitivity and accuracy for the detection of AA,
possibility of employment in other ECL system.
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