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Abstract: In this study, a fluorescence sensor based on nitrogen and phosphorus co-doped carbon
dot/silver nanoparticle (NPCD/AgNP) nanocomposites was developed for metformin hydrochloride
(MFH) detection. We first utilized the reducing nature of the NPCDs to prepare AgNPs from Ag*
and subsequently prepare NPCD/AgNP nanocomposites. The nanocomposite material was charac-
terized by various methods, including electron microscopic methods (SEM and TEM), spectroscopic
methods (UV-Vis, PL, FTIR, and XPS spectroscopy), light scattering (ELS), and XRD. Further, we
utilized the enhanced fluorescence of the NPCDs as well as the overlap between the fluorescence
emission spectrum of the NPCDs and the absorption spectrum of the AgNPs to use the NPCD/AgNP
nanocomposites as an effective inner filter effect (IFE) pair for sensing MFH. The IFE between NPCDs
and AgNPs in the nanocomposite material resulted in a significant quenching of the fluorescence
intensity of the nanocomposites compared to that of the pure NPCDs. However, the fluorescence was
recovered when MFH was introduced into the nanocomposite solution. The fluorescence intensity
of the nanocomposites increased linearly as the MFH concentration increased from 2 to 100 pg/L.
This detection method showed good sensitivity compared to other methods. It also showed high
selectivity and high sensing potential for MFH in human serum and yielded acceptable results.

Keywords: inner filter effect; fluorescence recovery; NPCD/AgNP nanocomposites; metformin hy-
drochloride

1. Introduction

Diabetes is a chronic health condition that affects the body’s metabolism. Most of
the food that is consumed is broken down into glucose and released into the bloodstream.
Increased blood sugar levels signal the pancreas to release insulin, which primarily governs
the cellular uptake of blood sugar in the body for its use as energy. The body of a diabetic
person either cannot effectively use the produced insulin (type I diabetes) or cannot produce
enough insulin (type II diabetes) [1-3]. When the insulin is insufficient or when cells stop
responding to insulin, blood sugar levels increase. Over time, this can cause serious health
problems. The number of diabetic patients is increasing every year and is predicted to
reach 700 million by 2045 [4].

Metformin hydrochloride (MFH) is an effective antidiabetic drug from the biguanide
class and has been used to control blood glucose levels in patients with type II diabetes [5,6].
MFH inhibits complex I (NADPH: ubiquinone oxidoreductase) formation in the mitochon-
drial respiratory chain, thereby increasing the ratio of cellular AMP to ATP. This in turn
activates the AMP-activated protein kinase (AMPK) and regulates the AMPK-mediated
transcription of the target genes. This eventually prevents hepatic gluconeogenesis and
enhances insulin sensitivity and fatty acid oxidation, ultimately leading to a decrease in
glucose levels. Therefore, MFH is the first choice for diabetic patients according to inter-
national instructions [7]. In addition, the anti-aging and anti-cancer effects of MFH have
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attracted considerable attention from scientists [8]. However, excess MFH in the body is
excreted through urine, while the accumulation of MFH in the human body can cause
side effects [9]. Hence, it is necessary to develop effective methods for monitoring MFH
elimination in diabetic patients.

Many methods, such as spectrophotometric [6,10,11], voltammetric [12], chromato-
graphic (e.g., HPLC) [13], and electrochemical [14] methods, have been reported for the
detection and quantification of MFH. Among these techniques, the specificity, sensitivity,
operational simplicity, and ease of sample preparation render fluorescence-based tech-
niques the most promising and attractive for sensing different analytes. In this study, we
developed a fluorescence sensor for the detection of MFH by harnessing the inner filter
effect (IFE) between nitrogen and phosphorus co-doped carbon dots (NPCDs) and silver
nanoparticles (AgNPs).

An overlap between the absorption spectrum of an acceptor and the fluorescence
excitation or emission spectrum of a donor can result in an IFE, wherein the fluorescence
intensity of the donor is quenched [15]. IFEs can be further classified into primary and
secondary IFEs. In the former, the excitation beam is attenuated by the volume of the
sample, while in the latter the emission of the fluorophore is attenuated by a molecule
present in the solution. Usually, the IFE is an undesirable phenomenon in fluorescence
measurements [16]. However, in this study, we utilized the IFE to design a “turn on”
fluorescence-based sensor, which could pave the way for developing new and effective
strategies for sensing analytes. Compared to “turn off” fluorescence sensors, the “turn on”
fluorescence sensors are more preferable because the likelihood of false positives is reduced.

Previous studies have shown that the unique physical and chemical properties of
carbon dots (CDs) and silver nanoparticles (AgNPs) render them an outstanding pair for
exhibiting IFE [17-19]. CDs have distinct properties, including outstanding photostability
and photoluminescence, tunable surface functionalities, high solubility, low toxicity, and
good biological properties, such as biocompatibility and cell membrane permeability; thus,
they can serve as excellent electron donors and acceptors [20-22].

AgNPs have attracted considerable attention owing to their unique optical, thermal,
electrical, and biological properties. Particularly, AgNPs have a tunable absorption spec-
trum and extremely high extinction coefficient [23], rendering them an appropriate acceptor
for achieving effective IFE with CDs.

Recently, carbon/AgNP-based nanomaterials have been employed for various pur-
poses; for instance, graphene oxide/AgNP nanocomposites have been used as antibac-
terial agents [24], graphene oxide/AgNP hybrids act as effective substrates for surface-
enhanced Raman spectroscopy [25,26], and mesoporous carbon/AgNP nanohybrids have
been employed as nonenzymatic hydrogen peroxide sensors [27]. However, the synthesis of
carbon/AgNP-based nanomaterials requires additional reductants such as sodium borohy-
dride, sodium citrate, and ascorbic acid to synthesize AgNPs, and this is a time-consuming
and complex process. Moreover, the reductant ions on the surface of AgNPs can limit
their applications.

In this study, we fabricated a fluorescence sensor based on the IFE in a CD/AgNP
nanocomposite material for MFH detection. Most fluorescence sensors are based on the
fluorescence of CDs. The abundant number of hydroxyl and carboxyl groups make the
CDs good reducing and stabilizing agents for the synthesis of metal nanomaterials [28].
The negatively charged carboxyl groups on the CDs can stabilize the metal particles in
solution [29], while the hydroxyl groups allow CDs to act as green reducing agents in
the synthesis of metal nanoparticles [30]. Therefore, the fluorescence of CDs and their
possible function as reducing and stabilizing agents should be harnessed in the design and
fabrication of CD/AgNP nanocomposite-based sensors.

NPCDs were successfully synthesized in our previous study [20]. The fluorescence
output of NPCDs was significantly enhanced compared to that of the pristine CDs. The
numbers of negatively charged functional groups and amine groups increased due to the
presence of nitrogen and phosphorus. The amine groups has a strong binding affinity
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toward the surface of the AgNPs; thus, NPCDs can bind and increase the negative surface
charge of AgNPs and enhance the IFE between the NPCDs and these nanoparticles [31,32].
Therefore, in this study, we used NPCDs as fluorophores and reducing agents instead of
pristine CDs. The mechanism of “turn on” fluorescence for MFH detection is illustrated in
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Scheme 1. [llustration of the NPCD/AgNP-nanocomposite-based system used for MFH detection.

2. Chemicals and Experiments
2.1. Chemicals

All chemicals, namely (NH4),HPOy, citric acid monohydrate, AgNO3, MFH, glycine,
alanine, methionine, cysteine, lysine, glucose, saccharose, Na;SO4, KNO3, CaCly, MgCl,,
FeCly, human serum, and deionized (DI) water, were purchased from Sigma-Aldrich
(MA, USA).

2.2. Instruments

Photoluminescence (PL) and UV-Vis spectra were obtained on a QuantaMaster TM
50 PTI (Photon Technology International, San Diego, CA, USA) spectrofluorometer and a
G1103A (Agilent, Santa Clara, CA, USA) UV-Vis spectrophotometer. The structure and
morphology of the samples were characterized by transmission electron microscopy (TEM;
Tecnai, F30S-Twin, Hillsboro, OR, USA) and scanning electron microscopy (SEM; S-4700,
Hitachi Ltd., Tokyo, Japan). The particle size distribution was determined by electrophoretic
light scattering (ELS; Photal Otsuka Electronics, ELS 8000, Osaka, Japan). Fourier transform
infrared (FTIR) spectroscopy was performed on a Nicolet 6700 spectrometer (Thermo
Scientific, Waltham, MA, USA). X-ray photoelectron spectroscopy (XPS) and powder
X-ray diffraction (XRD) were performed on an X-ray photoelectron spectrometer (PHI
5000, Chigaski, Kanagawa, Japan) and an X-ray source (Rigaku/Smartlab, Tokyo, Japan),
respectively.

2.3. Preparation of NPCDs

NPCDs were fabricated in our previous paper [20]. Briefly, a mixture of (NH4), HPO4
(5 g), citric acid monohydrate (2 g), and DI water (30 mL) was poured into a 50 mL Teflon-
lined stainless-steel autoclave and heated at 180 °C for 4 h. After cooling, the solution was
filtered through a 0.22 um polyethersulfone membrane and then dialyzed using a dialysis
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bag (MWCO: 1000 Da) for 48 h. The dialyzed, light-violet-colored solution was lyophilized
to obtain a powdery substance.

2.4. Preparation of NPCD/AgNP Nanocomposites

The NPCD solution (1.2 mL, 0.075 g/mL) was added to DI water (8.8 mL) and the
mixture was sonicated for 30 min and heated to 90 °C. Following this, AgNOj3 (200 puL,
0.15 M) was added to the solution and the mixture was stirred for 40 min. During stirring,
the color of the solution first changed to light yellow and then to brown, indicating the
successful formation of AgNPs.

2.5. Fluorescence Sensing of MFH

The MFH sensing experiments were performed at room temperature. First, a solution
of NPCD/AgNP nanocomposites (3 mL, 3.03x10~% g/mL) was prepared. Then, different
amounts of MFH solution were added dropwise into the NPCD/AgNP solution to obtain
final concentrations of MFH from 2 to 100 pg/L. The volume was filled up to the mark
using DI water, and the pH was controlled at 7.4. The samples were allowed to equilibrate
for 10 min before performing fluorescence measurements (Aex = 330 nm). To determine the
standard deviations, the experiment for each concentration was repeated three times.

2.6. Detection of MFH in Human Serum

First, human serum (30 pnL) was added to DI water (1970 pL) to obtain a 2 mL human
serum solution. Then, the NPCD/AgNP solution (1000 pL, 9.1 x 103 g/mL) was added
to the human serum solution and the solution was sonicated for 30 min. A certain volume
of the MFH solution was added dropwise into the solution, followed by dilution with DI
water and a pH control of 7.4 before the fluorescence measurements. MFH in the human
serum samples was detected using the method described above.

2.7. Selectivity

The fluorescence response from other amino acids, carbohydrates, and electrolytes
was studied to investigate the specificity of the NPCD/AgNP nanocomposites-based
fluorescence sensor for MFH detection.

3. Results and Discussion
Characterization of NPCD/AgNP Nanocomposites

The optical properties of the NPCDs and NPCD/AgNP nanocomposites were ex-
amined by UV-Vis absorption and fluorescence spectroscopy. The light violet NPCD
solution exhibited an absorption peak at 335 nm (Figure 1), which was the same as the
peak position reported previously [33,34]. In the spectrum of the brown aqueous solution
of the NPCD/AgNP nanocomposites, the NPCD peak was observed to shift to a longer
wavelength (345 nm), along with the appearance of a new and prominent peak at 446 nm
in the visible range. This was in good agreement with the surface plasmon resonance peak
from 400 to 450 nm observed for AgNPs synthesized using different reducing agents, such
as silver trisodium citrate and sodium borohydride [35]. This confirmed the successful
reduction of NPCDs to form AgNPs.
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Figure 1. UV-Vis spectra of the aqueous solution of the NPCDs and NPCD/AgNP nanocomposites
(inset: color of the aqueous solutions of (a) NPCDs and (b) NPCD/AgNP nanocomposites).

The fluorescence emission spectrum of the NPCD solution showed a peak at 445 nm
upon the excitation peak at 360 nm (Figure 2). In the emission spectrum of NPCD/AgNP
nanocomposites, this peak was red-shifted to 475 nm, with the excitation peak being visible
at 330 nm. Moreover, the fluorescence intensity of the NPCD/AgNP nanocomposites was
significantly quenched compared to that of the NPCDs. This quenching can be explained
by the IFE in the nanocomposite material, which is clearly described in Section 2.1.
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Figure 2. (A) Excitation fluorescence spectra (1, 2') and emission fluorescence spectra (1, 2) of the
NPCDs (2/, 2) and NPCD/AgNP nanocomposites (1/, 1), (B) magnified excitation and emission
fluorescence spectra of the NPCD/AgNP nanocomposites.

SEM, TEM, and ELS were used to analyze the morphology and size of the NPCD/AgNP
nanocomposites. The synthesized AgNPs were spherical and relatively monodispersed,
and the size distribution ranged from 14 to 47 nm, with an average size of 25.9 nm
(Figure 3A-D). The crystal structure of the AgNPs shown in a high-resolution TEM image
(Figure 3E) was further characterized via powder XRD.

Figure 3F shows the powder XRD patterns of the NPCD/AgNP nanocomposites. The
six peaks at 38.09°, 44.27°, 64.48°, 77.31°, 81.55°, and 98.01° can be assigned the (111), (200),
(220), (311), (222), and (400) planes, with lattice fringe distances of 2.36, 2.04, 1.44, 1.23,
1.17, and 1.02 A, respectively. Therefore, there is a high degree of similarity between the
XRD pattern of the synthesized nanocomposites and that of pure crystalline Ag (0) with a
face-centered cubic crystal structure (PDF 04-0783).
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Figure 3. (A) SEM image, (B,C) TEM images, and (D) ELS analysis of the NPCD/AgNP nanocompos-
ites. (E) High-resolution TEM image and (F) powder XRD pattern of NPCD/AgNP nanocomposites.

The XPS profile of the nanocomposites shows typical peaks corresponding to Ag
3p (Ag 3pl/2, and Ag 3p3/2), O 1s, N 1s, Ag 3d, C 1s, and P 2p at 604, 573, 533, 402,
369, 285, and 131 eV, respectively (Figure 4A). The weight percentages of Ag, C, O, N,
and P were determined to be 9.66%, 39.65%, 37.58%, 8.82%, and 4.29%, respectively. The
high-resolution XPS profiles of the Ag 3d and C 1s peak are shown in Figure 4B,C. The Ag
3ds/p and Ag 3d3,;, peaks at 367 and 374 eV, respectively, correspond to the metallic state of
Ag (0). Because of the C = O, C-O, C-N/C-P, and C-C/C = C, which have a sp2 graphitic
structure [36], the Cls peak can be deconvoluted into four peaks at 288.3, 286.3, 285.2,
and 284.5 eV, respectively. The high-resolution XPS profiles of P 2p and N 1s, which were
similar to those in our previous study [20], further confirm the existence of these bonds on
the surface of the NPCDs covering the AgNPs. The FTIR spectra of the NPCDs and the
NPCD/AgNP nanocomposites (Figure 4D) further support these assignments. The peaks
at 33002500, 3000-2800, 2332, 1702, 1600, 1259, 1211, and 1047 cm ! in the FTIR spectrum
of the NPCDs correspond to the stretching vibrations of O-H, N-H, P-H,C =0, C=N,
P = O, C-0O, and P-O bonds, respectively, belonging to the carboxyl, hydroxyl, amine, and
phosphate group. These peaks can also be observed in the spectrum of the NPCD/AgNP
nanocomposites, which indicates that after behaving as a reducing agent in the synthesis of
AgNPs, the NPCDs could act as one of the components to form a nanocomposite material
with AgNPs. However, there are some differences in the range and sharpness of some
peaks in the spectrum of the nanocomposites compared to that of pure NPCDs. This shows
that NPCDs contain abundant negative charged functional groups and amine groups, they
bind and have interactions with the surfaces of AgNPs, and they increase the negative
charge of AgNPs. These interactions did not change the chemical bonds in functional
groups of NPCDs but can affect the bonding vibration frequency and lead to variations in
the spectrum.
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Figure 4. (A-C) XPS spectra of NPCD/AgNP nanocomposites. (D) FTIR spectra of the NPCDs and
the NPCD/AgNP nanocomposites.

4. Detection of MFH
4.1. Mechanism of Sensing

Because of the presence of the AgNPs, the nanocomposites exhibited an absorption
peak at 446 nm (Figure 1). The emission peak at 475 nm was observed because of the
NPCDs (Figure 2). Therefore, there was an overlap between the absorption and emission
peaks, as illustrated in Figure 5A, and this overlap triggered the IFE, leading to a dramatic
quenching of the fluorescence intensity of the NPCD/AgNP nanocomposites compared to
that of the pristine NPCDs. The introduction of MFH to the NPCD/AgNP nanocomposites
“turned on” the fluorescence. Interestingly, this phenomenon was not observed for the pure
NPCDs. In other words, the addition of MFH did not alter the fluorescence intensity of
the NPCDs but “turned on” (recovered) the fluorescence of the NPCD/AgNP (Figure 5B).
Scheme 1 and Figure 6 clearly explain this difference. The NPCDs have an overall negative
charge because of the negatively charged function groups, such as the carboxyl, hydroxyl,
and phosphate groups on its surface. In a previous study, we demonstrated that the
NPCDs have a negative zeta potential [20]. Thus, besides acting as a reductant in the
synthesis of the AgNPs, NPCDs also acted as one of the components in the NPCD/AgNP
nanocomposites. The NPCDs existed around the surface of the AgNPs, rendering the
nanocomposites negatively charged. Upon the addition of the positively charged MFH
molecules [37], the zeta potential of the nanocomposites changed from —39 to —15 eV,
suggesting the existence of electrostatic interactions between the nanocomposites and MFH
molecules. Because of the electrostatic interactions, the NPCDs were separated from the
surfaces of the AgNPs, weakening the IFE between them and recovering the fluorescence
intensity of the NPCDs. This is the basic mechanism for the design and fabrication of a

“turn on” fluorescence sensor for MFH detection.
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Figure 5. (A) Overlap of the absorption and emission spectra of the NPCD/AgNP nanocomposites.
(B) Fluorescence response of the NPCDs and the NPCD/AgNP nanocomposites (inset: magnified
fluorescence spectra of the NPCD/AgNP nanocomposites) in the presence and absence of MFH

(15 ug/L).
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Figure 6. The basis of the zeta potential values of (A) the NPCD/AgNP nanocomposites and (B) the
NPCD/AgNP nanocomposites + MFH (50 pg/L) solution.

To study the kinetics of the IFE in the NPCD/AgNP nanocomposites, the fluorescence
intensity of the nanocomposite solution was recorded every 2 min upon the addition of
10 pg/L MFH. A steady increase in the fluorescence intensity of the nanocomposites was
observed from 2 to 10 min (Figure 7). Thereafter, the intensity did not change significantly
and remained relatively stable. Therefore, 10 min was determined to be the optimal time

for experiments.
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Figure 7. (A) Fluorescence spectra and (B) changes in the relative fluorescence intensity (I/Ip) of the
NPCD/AgNP nanocomposties in the presence of MFH (10 ug/L) as a function of time.

4.2. Sensing

The fluorescence spectra of the NPCD/AgNP nanocomposites upon the addition of
various concentrations of MFH are shown Figure 8. The intensity of the nanocomposites
was steadily recovered at MFH concentrations of 2-100 pg/L. The linear response could be
expressed using the equation 1/1, = 1.20691 + 0.0199 Cy;, with a correlation coefficient (R?)
of 0.99308. The sensing experiment was repeated three times, and the data were plotted
along with the standard deviations. Moreover, the limit of detection was calculated based
on the formula as follows [38]:

LOD =30/k

where o is the standard deviation of the blank solution and k is the slope of the calibration
curve. With o and k values of 0.0117 and 0.0199, respectively, the LOD was calculated to
be 1.76 ug/L. Table 1 shows a comparison of the results obtained using our MFH sensing
method and those obtained with other methods reported previously.
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Figure 8. (A) Fluorescence response and (B) relative fluorescence results for the NPCD/AgNP
nanocomposites in the presence of various concentrations of MFH.



Nanomaterials 2022, 12, 1297 10 of 13
Table 1. Results of MFH detection using our method and previously reported methods.
Method Linear Range LOD Reference

RPHPLC 0.54 pug/mL [39]
HPLC-UV 10-30 pg/mL [40]
HPLC 5-150 ug/mL 0.89 pg/mL [41]
Voltametric 0.165-662 pg/mL 0.08 ug/mL [42]
Voltametric 0.132-0.993 pg/mL 0.011 pg/mL [12]
Elecrochemical-FIA 0.17-16600 pg/mL 0.13 ug/mL [43]
CE 0.25-3.5 ug/mL 0.1 ug/mL [44]
LC-MS/MS 2.5x1074-0.01 pg/mL 25x10*ug/mL [45]

Fluorescence 2%x1073-0.1 pg/mL 1.76x1073 pg/mL Our method

4.3. Determination of MFH in Human Serum

Practicality and reliability are important factors in evaluating the effectiveness of a
sensor. Hence, we attempted MFH detection in human serum using our NPCD/AgNP
nanocomposite sensor. Table 2 suggests that the recovery of MFH ranges from 95.7% to
138.8%. The experiment was performed three times and the relative standard deviations
(RSDs) were less than 5%. Thus, this is a practical approach for the potential sensing
of MFH.

Table 2. Detection of MFH in human serum.

Sample Added (ug/L) Founded (ug/L) Recovery (%) (’I:i];) n
1 3 3.5 118.3 7.3 3. =
2 5 6.9 138.8 4.4 -
3 15 14.4 95.7 1.9 =
4 20 233 116.6 4.8 '
5 30 30.9 102.9 3.5 R T

Wavelength (nm)

4.4. Selectivity

A good sensor must also be highly selective for analyte detection. We investigated
the specificity of the NPCD/AgNP nanocomposite material for MFH detection. MFH
sensing is often performed in human serum, human urine, and pharmaceutical samples.
Hence, to confirm the anti-interference ability of the nanocomposite sensor, the fluorescence
responses of some amino acids, carbohydrates, and electrolytes were studied.

As shown in Figure 9, in the absence of MFH, the introduction of other substances
and ions into the NPCD/AgNP nanocomposite solution could not recover the fluorescence.
However, the fluorescence was “turned on” when MFH was added in the presence of other
compounds. In other words, the other compounds did not interfere in MFH sensing.

As we stated, the sensing mechanism is based on electrostatic interactions between the
negatively charged nanocomposites and the positively charged MFH molecules. Therefore,
MFH molecules must be in a protonated state. According to the previous research, in
aqueous solution and at physiological pH values ranging from 6.9 to 7.4, metformin
(MET) remains in the mono-protonated state. There are two possible protonation sites
and these two protonated forms can tautomerise to produce another protonated state.
MFH is a protonated form of MET [46]. Therefore, to ensure an electrostatic interaction
with the negatively charged NPCD/AgNP nanocomposites, first amino-rich acids such
as lysine or other amino acids and compounds need to be in the protonated state in the
solution at a pH value of 7.4. However, the protonation possibilities of the substances differ.
Moreover, steric hindrance is one of factors that is often exploited to control selectivity
because it affects the interactions between molecules. The differences in structure between
the compounds result in the various steric hindrances. Therefore, there is a difference
in the interaction possibilities of MFH and other compounds to the negatively charged
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NPCD/AgNP nanocomposites; thus, the other amino acids and compounds could not act
as MFH to “turn on” the fluorescence of the nanocomposites.
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Figure 9. Fluorescence response of the NPCD/AgNP nanocomposites upon the addition of 50 pg/L
of different substances (A), and ions (B).

Although electrostatic interactions with negatively charged NPCD/AgNP nanocom-
posites are expected upon the addition of certain representative cations such as Na*, K,
CaZt, Mg2+, and Fe?*, there was no fluorescence recovery. This is because the AgNPs and
the surrounding NPCDs in the NPCD/AgNP nanocomposites have average sizes of 25.9
and 4.1 nm, respectively, while the cations listed in Figure 9 are smaller in size. Therefore,
although the cations are involved in electrostatic interactions with NPCDs, the interactions
are not strong enough to remove the NPCDs away from the vicinity of the AgNP surface;
thus, the IFE between NPCDs and AgNPs in the nanocomposites cannot be effected.

5. Conclusions

In conclusion, the prepared NPCDs exhibited excellent performance as a reducing
agent and a fluorescence source. Hence, a NPCD/AgNP nanocomposite material was
successfully synthesized and effectively utilized as an ideal IFE pair to fabricate a “turn on”
fluorescence sensor for MFH detection. The fluorescence of the NPCD/AgNP nanocom-
posites was “turned on” when MFH was added to the solution, and the intensity of the
nanocomposites increased steadily with increasing MFH concentration. A linear response
with an R? value of 0.99308 and LOD of 1.76 ug/L was obtained in the MFH concentration
range of 2-100 pg/L. The design and operation of the fabricated MFH sensor are simple
and do not require expensive instruments. Moreover, compared to other reported methods,
our method is more sensitive, with a lower linear range and LOD value. Therefore, the
simplicity and sensitivity of this sensor render it potentially viable for MFH sensing and
other biomedical sensing applications.

Author Contributions: Conceptualization, J.-H.K.; investigation, T.-H.L.; writing—original draft,
T.-H.L.; writing—review and editing, S.-].P. All authors have read and agreed to the published version
of the manuscript.



Nanomaterials 2022, 12, 1297 12 of 13

Funding: This research was supported by the Basic Science Capacity Enhancement Project through
the Korea Basic Science Institute (National Research Facilities and Equipment Center) grant funded
by the Ministry of Education (Grant Number 2019R1A6C1010016).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Guariguata, L.; Whiting, D.; Weil, C.; Unwin, N. The International Diabetes Federation Diabetes Atlas methodology for estimating
global and national prevalence of diabetes in adults. Diabetes Res. Clin. Pract. 2011, 94, 322-332. [CrossRef] [PubMed]

2. Klingensmith, G.J.; Lanzinger, S.; Tamborlane, W.V.; Hofer, S.E.; Cheng, P.Y.; de Beaufort, C.; Gal, R.L.; Reinehr, T.; Kollman,
C.; Holl, RW. Adolescent type 2 diabetes: Comparing the Pediatric Diabetes Consortium and Germany/Austria/Luxemburg
Pediatric Diabetes Prospective registries. Pediatr. Diabetes 2018, 19, 1156-1163. [CrossRef] [PubMed]

3. Pacaud, D.; Schwandt, A.; de Beaufort, C.; Casteels, K.; Beltrand, J.; Birkebaek, N.H.; Campagnoli, M.; Bratina, N.; Limbert, C.;
O'Riordan, S.M.P,; et al. A description of clinician reported diagnosis of type 2 diabetes and other non-type 1 diabetes included in
a large international multicentered pediatric diabetes registry (SWEET). Pediatr. Diabetes 2016, 17, 24-31. [CrossRef] [PubMed]

4. Frauenfeld, L.; Nann, D.; Sulyok, Z.; Feng, Y.S.; Sulyok, M. Forecasting tuberculosis using diabetes-related google trends data.
Pathog. Glob. Health 2020, 114, 236-241. [CrossRef] [PubMed]

5. Gedawy, A.; Al-Salami, H.; Dass, C.R. Development and validation of a new analytical HPLC method for simultaneous
determination of the antidiabetic drugs, metformin and gliclazide. J. Food Drug Anal. 2019, 27, 315-322. [CrossRef]

6.  Basavaiah, K.; Rajendraprasad, N. Selective Spectrophotometric Determination of Metformin Hydrochloride in Pharmaceuticals
and Urine Using Two Nitrophenols as Chromogenic Agents. Anal. Bioanal. Chem. Res. 2017, 4, 41-51.

7. Rena, G.; Pearson, E.R.; Sakamoto, K. Molecular mechanism of action of metformin: Old or new insights? Diabetologia 2013, 56,
1898-1906. [CrossRef]

8. Li, D.H.; Yeung, S.C.J.; Hassan, M.M.; Konopleva, M.; Abbruzzese, ].L. Antidiabetic Therapies Affect Risk of Pancreatic Cancer.
Gastroenterology 2009, 137, 482-488. [CrossRef]

9.  Hsu, W.-H,; Hsiao, P-J.; Lin, P-C.; Chen, S.-C.; Lee, M.-Y;; Shin, S.-J. Effect of metformin on kidney function in patients with type
2 diabetes mellitus and moderate chronic kidney disease. Oncotarget 2017, 9, 5416-5423. [CrossRef]

10. Mubeen, G.; Noor, K. Spectrophotometric Method for Analysis of Metformin Hydrochloride. Indian J. Pharm. Sci. 2009, 71,
100-102. [CrossRef]

11. Pyzowski, J.; Lenartowicz, M.; Sobanska, A.W.; Brzezinska, E. Fast and Convenient NIR Spectroscopy Procedure for Determination
of Metformin Hydrochloride in Tablets. |. Appl. Spectrosc. 2017, 84, 710-715. [CrossRef]

12.  Attia, A.K,; Salem, W.M.; Mohamed, M.A. Voltammetric Assay of Metformin Hydrochloride Using Pyrogallol Modified Carbon
Paste Electrode. Acta Chim. Slov. 2015, 62, 588-594. [CrossRef] [PubMed]

13.  Gulsun, T.; Sahin, S. Development and Validation of a RP-HPLC Method for Simultaneous Determination of Metformin
Hydrochloride, Phenol Red and Metoprolol Tartrate for Intestinal Perfusion Studies. Lat. Am. |. Pharm. 2016, 35, 50-57.

14. Tiwari, D.C,; Jain, R.; Sharma, S. Development of Polymer Composite Electrode to Analyze Metformin Hydrochloride Drug in
Pharmaceutical Formulation with Higher Current Response. Asian J. Chem. 2012, 24, 1747-1750.

15.  Al-Hashimi, B.; Omer, K.M.; Rahman, H.S. Inner filter effect (IFE) as a simple and selective sensing platform for detection of
tetracycline using milk-based nitrogen-doped carbon nanodots as fluorescence probe. Arabian J. Chem. 2020, 13, 5151-5159.
[CrossRef]

16. Kumar Panigrahi, S.; Kumar Mishra, A. Inner filter effect in fluorescence spectroscopy: As a problem and as a solution. J.
Photochem. Photobio. C Photochem. Rev. 2019, 41, 100318. [CrossRef]

17.  Mu, X.W,; Wu, M.X,; Zhang, B.; Liu, X.; Xu, S.M.; Huang, Y.B.; Wang, X.H.; Song, D.Q.; Ma, P.Y; Sun, Y. A sensitive “off-on”
carbon dots-Ag nanoparticles fluorescent probe for cysteamine detection via the inner filter effect. Talanta 2021, 221, 121463.
[CrossRef]

18. Cayuela, A.; Soriano, M.L.; Valcarcel, M. Reusable sensor based on functionalized carbon dots for the detection of silver
nanoparticles in cosmetics via inner filter effect. Anal. Chim. Acta 2015, 872, 70-76. [CrossRef]

19. Zhang, J.; Dong, L.; Yu, S.H. A selective sensor for cyanide ion (CN-) based on the inner filter effect of metal nanoparticles with
photoluminescent carbon dots as the fluorophore. Sci. Bull. 2015, 60, 785-791. [CrossRef]

20. Le, T.H.; Lee, H].; Kim, J.H.; Park, S.J. Detection of Ferric Ions and Catecholamine Neurotransmitters via Highly Fluorescent
Heteroatom Co-Doped Carbon Dots. Sensors 2020, 20, 3470. [CrossRef]

21. Ming, EL.; Hou, J.Z.; Hou, CJ.; Yang, M.; Wang, X.F; Li, ].W.; Huo, D.Q.; He, Q. One-step synthesized fluorescent nitrogen doped
carbon dots from thymidine for Cr (VI) detection in water. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2019, 222, 8. [CrossRef]
[PubMed]

22. Su,Y,;Shi, B, Liao, S.; Zhao, J.; Chen, L.; Zhao, S. Silver Nanoparticles/N-Doped Carbon-Dots Nanocomposites Derived from

Siraitia Grosvenorii and Its Logic Gate and Surface-Enhanced Raman Scattering Characteristics. ACS Sustain. Chem. Eng. 2016, 4,
1728-1735. [CrossRef]


http://doi.org/10.1016/j.diabres.2011.10.040
http://www.ncbi.nlm.nih.gov/pubmed/22100977
http://doi.org/10.1111/pedi.12712
http://www.ncbi.nlm.nih.gov/pubmed/29923263
http://doi.org/10.1111/pedi.12426
http://www.ncbi.nlm.nih.gov/pubmed/27748026
http://doi.org/10.1080/20477724.2020.1767854
http://www.ncbi.nlm.nih.gov/pubmed/32453658
http://doi.org/10.1016/j.jfda.2018.06.007
http://doi.org/10.1007/s00125-013-2991-0
http://doi.org/10.1053/j.gastro.2009.04.013
http://doi.org/10.18632/oncotarget.23387
http://doi.org/10.4103/0250-474X.51947
http://doi.org/10.1007/s10812-017-0534-z
http://doi.org/10.17344/acsi.2014.950
http://www.ncbi.nlm.nih.gov/pubmed/26454593
http://doi.org/10.1016/j.arabjc.2020.02.013
http://doi.org/10.1016/j.jphotochemrev.2019.100318
http://doi.org/10.1016/j.talanta.2020.121463
http://doi.org/10.1016/j.aca.2015.02.052
http://doi.org/10.1007/s11434-015-0764-5
http://doi.org/10.3390/s20123470
http://doi.org/10.1016/j.saa.2019.117165
http://www.ncbi.nlm.nih.gov/pubmed/31185440
http://doi.org/10.1021/acssuschemeng.5b01698

Nanomaterials 2022, 12, 1297 13 of 13

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Liu, X.; Atwater, M.; Wang, J.; Huo, Q. Extinction coefficient of gold nanoparticles with different sizes and different capping
ligands. Colloids Surf. B 2007, 58, 3—7. [CrossRef] [PubMed]

Tang, J.; Chen, Q.; Xu, L.G.; Zhang, S.; Feng, L.Z.; Cheng, L.; Xu, H.; Liu, Z.; Peng, R. Graphene Oxide-Silver Nanocomposite as a
Highly Effective Antibacterial Agent with Species-Specific Mechanisms. Acs Appl. Mater. Interfaces 2013, 5, 3867-3874. [CrossRef]
[PubMed]

Ren, W.; Fang, Y.X.; Wang, E.K. A Binary Functional Substrate for Enrichment and Ultrasensitive SERS Spectroscopic Detection of
Folic Acid Using Graphene Oxide/Ag Nanoparticle Hybrids. Acs Nano 2011, 5, 6425-6433. [CrossRef]

Qian, Z.J.; Cheng, Y.C.; Zhou, X.F; Wu, ].H.; Xu, G.J. Fabrication of graphene oxide/Ag hybrids and their surface-enhanced
Raman scattering characteristics. J. Colloid Interface Sci. 2013, 397, 103-107. [CrossRef]

Habibi, B.; Jahanbakhshi, M. A novel nonenzymatic hydrogen peroxide sensor based on the synthesized mesoporous carbon and
silver nanoparticles nanohybrid. Sens. Actuators B Chem. 2014, 203, 919-925. [CrossRef]

Singh, I.; Arora, R.; Dhiman, H.; Pahwa, R. Carbon Quantum Dots: Synthesis, Characterization and Biomedical Applications.
Turkish J. Pharm. Sci. 2018, 15, 219-230. [CrossRef]

Li, M.X.; Chen, T.; Gooding, J.J.; Liu, ].Q. Review of Carbon and Graphene Quantum Dots for Sensing. ACS Sens. 2019, 4,
1732-1748. [CrossRef]

Ma, J.L,; Yin, B.C.; Wu, X,; Ye, B.C. Simple and Cost-Effective Glucose Detection Based on Carbon Nanodots Supported on Silver
Nanoparticles. Anal. Chem. 2017, 89, 1323-1328. [CrossRef]

Kumar, N.; Seth, R.; Kumar, H. Colorimetric detection of melamine in milk by citrate-stabilized gold nanoparticles. Anal. Biochem.
2014, 456, 43-49. [CrossRef]

Verma, A.; Shivalkar, S.; Sk, M.P,; Samanta, S.K.; Sahoo, A.K. Nanocomposite of Ag nanoparticles and catalytic fluorescent carbon
dots for synergistic bactericidal activity through enhanced reactive oxygen species generation. Nanotechnology 2020, 31, 405704.
[CrossRef] [PubMed]

Lin, L.P; Rong, M.C.; Luo, E; Chen, D.M.; Wang, Y.R.; Chen, X. Luminescent graphene quantum dots as new fluorescent materials
for environmental and biological applications. Trac-Trend. Anal. Chem. 2014, 54, 83-102. [CrossRef]

Zhou, X.; Ma, PP,; Wang, A.Q.; Yu, C.F; Qian, T.; Wu, S.S.; Shen, ]. Dopamine fluorescent sensors based on polypyrrole/graphene
quantum dots core/shell hybrids. Biosens. Bioelectron. 2015, 64, 404—410. [CrossRef] [PubMed]

Fu, LM,; Hsu, ].H.; Shih, M.K,; Hsieh, C.W.; Ju, W.J.; Chen, Y.W.; Lee, B.H.; Hou, C.Y. Process Optimization of Silver Nanoparticle
Synthesis and Its Application in Mercury Detection. Micromachines 2021, 12, 1123. [CrossRef] [PubMed]

Xu, Q.; Li, B.F; Ye, Y.C,; Cai, W,; Li, WJ.; Yang, C.Y,; Chen, Y.S,; Xu, M,; Li, N.; Zheng, X.S.; et al. Synthesis, mechanical
investigation, and application of nitrogen and phosphorus co-doped carbon dots with a high photoluminescent quantum yield.
Nano Res. 2018, 11, 3691-3701. [CrossRef]

Rena, G.; Hardie, D.G.; Pearson, E.R. The mechanisms of action of metformin. Diabetologia 2017, 60, 1577-1585. [CrossRef]

Liu, Y.P; Ren, T.B.; Cheng, D.; Hou, ].N.; Su, D.D.; Yuan, L. An ESIPT-Based Ratiometric Fluorescent Probe for Highly Sensitive
and Rapid Detection of Sulfite in Living Cells. Chemistryopen 2019, 8, 1251-1257. [CrossRef]

Sahoo, PK.; Sharma, R.; Chaturvedi, S.C. Simultaneous Estimation of Metformin Hydrochloride and Pioglitazone Hydrochloride
by RPHPLC Method from Combined Tablet Dosage Form. Indian J. Pharm. Sci. 2008, 70, 383-386.

Al-Rimawi, F. Development and validation of an analytical method for metformin hydrochloride and its related compound
(1-cyanoguanidine) in tablet formulations by HPLC-UV. Talanta 2009, 79, 1368-1371. [CrossRef]

Riaz, M.K; Niaz, S.; Asghar, M.A_; Shafiq, Y.; Zehravi, M.; Shah, S.S.H.; Rehman, A.A.; Khan, K. Simultaneous Determination,
Validation and Forced Degradation Studies of Metformin and Empagliflozin Using New HPLC Analytical Method. Lat. Am. .
Pharm. 2020, 39, 2257-2265.

Momeni, S.; Farrokhnia, M.; Karimi, S.; Nabipour, I. Copper hydroxide nanostructure-modified carbon ionic liquid electrode as
an efficient voltammetric sensor for detection of metformin: A theoretical and experimental study. . Iran. Chem. Soc. 2016, 13,
1027-1035. [CrossRef]

Khaled, E.; Kamel, M.S.; Hassan, H.N.; Abd El-Alim, S.H.; Aboul-Enein, H.Y. Miniaturized ionophore-based potentiometric
sensors for the flow-injection determination of metformin in pharmaceutical formulations and biological fluids. Analyst 2012, 137,
5680-5687. [CrossRef] [PubMed]

Song, J.-Z.; Chen, H.-F; Tian, S.-J.; Sun, Z.-P. Determination of metformin in plasma by capillary electrophoresis using field-
amplified sample stacking technique. . Chromatogr. B Biomed. Sci. Appl. 1998, 708, 277-283. [CrossRef]

Abbas Moussa, B.; Mahrouse, M.A.; Fawzy, M.G. A validated LC-MS/MS method for simultaneous determination of linagliptin
and metformin in spiked human plasma coupled with solid phase extraction: Application to a pharmacokinetic study in healthy
volunteers. J. Pharm. Biomed. Anal. 2019, 163, 153-161. [CrossRef] [PubMed]

Mondal, S.; Samajdar, R.N.; Mukherjee, S.; Bhattacharyya, A.J.; Bagchi, B. Unique Features of Metformin: A Combined Experi-
mental, Theoretical, and Simulation Study of Its Structure, Dynamics, and Interaction Energetics with DNA Grooves. |. Phys.
Chem. B 2018, 122, 2227-2242. [CrossRef] [PubMed]


http://doi.org/10.1016/j.colsurfb.2006.08.005
http://www.ncbi.nlm.nih.gov/pubmed/16997536
http://doi.org/10.1021/am4005495
http://www.ncbi.nlm.nih.gov/pubmed/23586616
http://doi.org/10.1021/nn201606r
http://doi.org/10.1016/j.jcis.2013.01.049
http://doi.org/10.1016/j.snb.2014.06.096
http://doi.org/10.4274/tjps.63497
http://doi.org/10.1021/acssensors.9b00514
http://doi.org/10.1021/acs.analchem.6b04259
http://doi.org/10.1016/j.ab.2014.04.002
http://doi.org/10.1088/1361-6528/ab996f
http://www.ncbi.nlm.nih.gov/pubmed/32498056
http://doi.org/10.1016/j.trac.2013.11.001
http://doi.org/10.1016/j.bios.2014.09.038
http://www.ncbi.nlm.nih.gov/pubmed/25278481
http://doi.org/10.3390/mi12091123
http://www.ncbi.nlm.nih.gov/pubmed/34577766
http://doi.org/10.1007/s12274-017-1937-0
http://doi.org/10.1007/s00125-017-4342-z
http://doi.org/10.1002/open.201900242
http://doi.org/10.1016/j.talanta.2009.06.004
http://doi.org/10.1007/s13738-016-0816-z
http://doi.org/10.1039/c2an35696a
http://www.ncbi.nlm.nih.gov/pubmed/23050261
http://doi.org/10.1016/S0378-4347(97)00635-X
http://doi.org/10.1016/j.jpba.2018.09.052
http://www.ncbi.nlm.nih.gov/pubmed/30312887
http://doi.org/10.1021/acs.jpcb.7b11928
http://www.ncbi.nlm.nih.gov/pubmed/29397734

	Introduction 
	Chemicals and Experiments 
	Chemicals 
	Instruments 
	Preparation of NPCDs 
	Preparation of NPCD/AgNP Nanocomposites 
	Fluorescence Sensing of MFH 
	Detection of MFH in Human Serum 
	Selectivity 

	Results and Discussion 
	Detection of MFH 
	Mechanism of Sensing 
	Sensing 
	Determination of MFH in Human Serum 
	Selectivity 

	Conclusions 
	References

