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ABSTRACT: This work reports the analysis of mercury using a
spectrofluorometric method combined with a sequential injection
analysis (SIA) system. This method is based on the measurement
of fluorescence intensity of carbon dots (CDs), which is quenched
proportionally after adding mercury ions. Herein, the CDs
underwent environmentally friendly synthesis using a microwave-
assisted approach that provides intensive and efficient energy and
shortens reaction time. After irradiation at 750 W for S min in a
microwave oven, a dark brown CD solution with a concentration
of 2.7 mg mL™" was obtained. The properties of the CDs were
characterized by transmission electron microscopy, X-ray diffrac-
tometry, X-ray photoelectron spectroscopy, Fourier-transform
infrared spectroscopy, and UV—vis spectrometry. We presented
for the first time the use of CDs as a specific reagent for the determination of mercury in skincare products with the SIA system to
achieve rapid analysis and full automatic control. The as-prepared CD stock solution was diluted 10 times and used as a reagent in
the SIA system. Excitation and emission wavelengths at 360 and 452 nm, respectively, were used to construct a calibration curve.
Physical parameters affecting the SIA performance were optimized. In addition, the effect of pH and other ions was investigated.
Under the optimum conditions, our method showed a linear range from 0.3 to 600 mg L™" with an R* of 0.99. The limit of detection
was 0.1 mg L™". Relative standard deviation was 1.53% (n = 12) with a high sample throughput of 20 samples per hour. Finally, the
accuracy of our method was validated by comparison using inductively coupled plasma mass spectrometry. Acceptable recoveries
were also presented without a significant matrix effect. This method was also the first time that uses the untreated CDs for the
determination of mercury(Il) in skincare products. Therefore, this method could be an alternative for mercuric toxic control in other
sample applications.

Adding Hg

1. INTRODUCTION million Baht ($70 million).” Therefore, increasing public
At present, there has been increasing concern about the safety of awareness about mercury contamination in skincare products
cosmetic and pharmaceutical products used in everyday life. 1s necessary.

Mercury is a toxic metal that presents intentionally or Traditional techniques have been utilized for detecting
accidentally in some treatments of skin conditions, particularly mercury ions (Hg®") in skincare and cosmetic products such
whitening products. Mercury can be presented in these as titration,” neutron activation analysis,” and cold vapor atomic
products, although it is not listed on the label or on the product absorption spectrometry.8 Inductively coupled plasma mass

information. However, it may accumulate in the skin and exert
harmful side effects on the skin and internal organs when used in
large quantities for a long period of time. For example, in the case
of a woman who uses mercury-containing cream, mercury levels
are high in the hair, blood, and urine. The long-term use of
mercury-containing lighteners often produces a gray skin
color.'™® Therefore, many countries, including Thailand, have
prohibited the use of mercury in these products not higher than
1 mg L™'.* In Thailand, face whitening cream holds a 60% share
of the national market for facial lotion, with approximately 2100

spectrometry (ICP-MS) has become a powerful analytical

9,10

technique for Hg2+ analysis. However, the instrument is

Received: November 7, 2022
Accepted: February 1, 2023
Published: February 14, 2023

© 2023 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsomega.2c07175

v ACS Publications 7615 ACS Omega 2023, 8, 7615-7625


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kanokwan+Sakunrungrit"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cheewita+Suwanchawalit"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kanokwan+Charoenkitamorn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Apisake+Hongwitayakorn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Apisake+Hongwitayakorn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kamil+Strzelak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sumonmarn+Chaneam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c07175&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07175?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07175?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07175?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07175?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/8?ref=pdf
https://pubs.acs.org/toc/acsodf/8/8?ref=pdf
https://pubs.acs.org/toc/acsodf/8/8?ref=pdf
https://pubs.acs.org/toc/acsodf/8/8?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c07175?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

expensive, and it requires highly skilled operators. An alternative
for optical sensing systems for the detection of Hg*" can also be
based on the fluorescence assay because of its high sensitivity
and fast analysis. Many fluorescent probes, including organic
molecules, have been developed for fluorescent Hg** detection
in various samples based on the ionophore/fluorophore
reagent.] '~!* However, some reagents have difficult and multi-
step synthesis, a considerable amount of products, and chemical
toxicity. In addition, most reagents are insoluble in an aqueous
medium, which is an unfavorable condition of the sample
preparation medium and of the flow-based system including the
sequential injection analysis system (SIA). There are previous
works reported using the SIA for determination of Hg**, for
example, SIA with cold vapor atomic absorption spectrometry,
SIA with anodic stripping voltammetry,'® and SIA with
spectrophotometry."”

Nanoparticles have been used to address the abovementioned
problems. Recent advances in nanotechnology have provided
new methodologies for Hg*" sensing contaminants.' '’ For
example, colorimetric methods based on surface plasmon
resonance of gold nanoparticles have been used for testing
Hg2+.20 However, these gold nanoparticles are unstable, and
they require time-consuming modification processes. Among
these nanoparticles, carbon-based nanomaterials such as carbon
dots (CDs) are increasingly used in various fields, including
food, agricultural, industrial, health, and medical purposes,
because of their unique physical and chemical properties. CDs
have easy synthesis, biocompatibility, and low toxicity.”'
Elemental analysis showed that CDs are composed of C, H,
O, and N, depending on the carbon precursors. In general, CDs
should be further purified by using centrifugation, dialysis,
electrophoresis, or another separation technique to control the
size and improve the photoluminescence properties. Some
studies use CDs as a specific sensor for heavy metals.”>~>” Most
of the CD probes for Hg*" were apglied to analyze Hg*" in water
samples”® ** and breast milk.”® In addition, CDs were
investigated as the Hg*" sensor for bioimaging.****

As described previously, CDs have been applied for Hg**
analysis. However, CDs have never been applied for the
assessment of Hg?* in skincare products. Herein, we presented
an easy preparation of CDs through a one-step and short-time
method under a microwave-assisted approach by using common
chemical reagents such as citric acid and urea as initial
substances. The resultant CDs exhibited strong blue fluo-
rescence emission in aqueous solution. After adding Hg** to the
untreated CD solution, precipitation and aggregation of Hg-
CDs occurred. Simultaneously, fluorescence emission of the
solution turned off. Based on this phenomenon, a fluorometric
detection was explored and used for quantitative analysis of
mercury.

In this work, the feasibility of CDs for Hg** analysis in a real
sample was also demonstrated by employing the SIA system for
microliter handling to reduce the sample and reagent as well as
achieve the automatic operation. The developed procedure was
applied to monitor the Hg®" content in skincare products,
particularly whitening cream.

2. EXPERIMENTAL SECTION

2.1. Materials and Instruments. All the experiments were
performed in aqueous solution. Citric acid anhydrous 99.5%
(Loba Chemie Pvt., Ltd., India) and urea 99.5% (Loba Chemie
Pvt., Ltd., India) were used for CD synthesis. The standard
solution of 1000 mg/L Hg** was prepared by dissolving
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mercury(Il) acetate (Sigma-Aldrich, USA) in deionized water
and used as a stock solution. The working standard solution of
0.3—600 mg L™' Hg** was prepared by diluting the stock
solution. Acetate buffer (0.10 M) at pH 6 and 7 was prepared
from acetic acid (Carlo Erba, Italy) and sodium acetate (Sigma-
Aldrich, USA). Phosphate buffer (0.1 M) at pH 6 was prepared
from sodium phosphate (Sigma-Aldrich, USA). All of the
solutions were prepared in deionized water.

In this work, we aimed to quantitatively analyze Hg*" in
skincare products. Different products for skin conditions,
particularly whitening cream, were purchased from the online
market, local cosmetic shops, and supermarkets in Nakhon
Pathom, Thailand. For analysis, the exact weight of 0.10 g of the
sample was dissolved in 0.50 mL of 5% (v/v) HNO; (Carlo
Erba, Italy), and the volume was made to 25 mL in a volumetric
flask by 0.1 M acetated bufter at pH 7.0, which was then injected
to the SIA system. All samples were analyzed using the proposed
flow system and the ICP-MS reference method.

2.2. Microwave-Assisted Synthesis of CDs. The CDs
were synthesized by a microwave-assisted method of the
previously reported procedure with a slight modification.***”
The mixed solution composed of 1.00 g of citric acid and 1.00 g
of urea to 10.00 mL of deionized water was irradiated at 750 W
for S min in a microwave oven (Samsung model MW71B) to
give the CD suspension. Finally, the as-synthesized CDs were
collected and stored at 4 °C for further characterization and
application of Hg** detection.

Fluorescence quantum yield (QY) was determined by a
comparative method.”*~*’ Quinine sulfate in 0.1 M H,SO, was
used as a standard solution to calculate the QY of synthesized
CD samples, which were dissolved in deionized water. All the
absorbance values of the solutions at the excitation wavelength
were measured with a UV—vis spectrophotometer. Photo-
luminescence (PL) emission spectra of all the sample solutions
were recorded by a PerkinElmer LS-50B luminescence
spectrometer at an excitation wavelength of 360 nm. The
fluorescence quantum vyield of the as-prepared CDs was
calculated by comparing the UV—vis absorbance values and
the integrated fluorescence intensities (4., = 360 nm) of the CDs
with those of quinine sulfate solution. The absorbance values of
all solutions were maintained under 0.05 to minimize self-
absorption. The fluorescence quantum yield of obtained CDs
was calculated using the following equation:

EAn?
FAn?

h=4%

where @ is the quantum yield, A stands for the optical density, F
represents the integrated emission intensity, and 7 is the
refractive index of the solvent. “s” and “u” correspond to the
standard and the sample, respectively.

2.3. Microwave Digestion and ICP-MS for Method
Validation. For sample preparation, microwave digestion was
used. The exact weight of 0.20 g of each sample was transferred
into a microwave vessel. Then, 9.00 mL of nitric acid (conc. 65%,
w/w) and hydrogen peroxide (conc. 30% w/w) was added into
the microwave vessel as digestion reagents. Finally, under
microwave digestion around 50 min, the sample solution was
transferred into a volumetric flask, and the volume was made up
to 100 mL with deionized water. Afterward, the prepared sample
solutions were analyzed by ICP-MS. ICP-MS (7900 ICP-MS,
Agilent, USA), with a detection limit of mercury of 0.001 mg

https://doi.org/10.1021/acsomega.2c07175
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Figure 1. Schematic diagram of the SIA system for the determination of mercury.

L7!, was used as the standard method to validate mercury
analysis.

2.4. Characterizations. The properties of the as-prepared
CDs before and after reacting with Hg*" were characterized
extensively. The structures and morphologies were examined
using X-ray diffractometry (XRD; Aris, PANalytical, UK), X-ray
photoelectron spectroscopy (XPS) (Kratos Axis Ultra spec-
trometer, Manchester, UK, with a monochromic Al Ka source at
1486.7 eV), and transmission electron microscopy (TEM) (FE-
TEM/STEM-EDS, Thermo Scientific Talos F200X STEM,
USA). Fourier-transform infrared spectra of standard mercury-
(II) acetate, dried CDs, and dried Hg-CDs were recorded on
Frontier, PerkinElmer, USA. UV—visible absorption spectra
were recorded on Cary 60, Agilent, USA, and fluorescence
spectra were recorded using a spectrofluorometer (LS SS,
PerkinElmer, USA).

2.5. Sequential Injection Procedure. The SIA with a
syringe pump (Cavro XLP 6000, Switzerland) and a selection
valve (Cavro Smart Valve, Switzerland) was operated (Figure 1).
A 5 mL zero-dead-volume syringe was fitted with a holding coil.
The programmable pump and valve were automatically
controlled, via an RS-232 communication port, using the
program developed in C# language running under an MS-
Windows environment. The graphical user interface of the
program practically guided users to input parameters and steps
of the procedure as necessary. The amount of Hg*" in skincare
products was determined using an SIA coupled spectrofluor-
ometer. As shown in Table 1, the common sequential injection

Table 1. SIA Procedure Operated in This Work

flow rate volume flow
step (mL min~") (uL) direction event
1 10 3000 reverse  carrier aspirated
2 10 100 reverse standard/sample zone
segment 1 aspirated
3 10 300 reverse  reagent zone aspirated
10 100 reverse  standard/sample zone
segment 2 aspirated
S 2.5 3500 forward  zones sent to the

spectrofluorometer
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procedure has five steps for one cycle. First, a 3000 uL carrier
was aspirated into the system at a flow rate of 10 mL min~". Next,
two 100 uL segments of standard or sample (port 2) partition
with a 300 L segment of the diluted CD solution (port 3) were
sequentially aspirated into a holding coil, namely, sandwich
pattern, at a flow rate of 10 mL min™". Then, zone stacking was
sent to a reaction coil (PTFE, 0.75 mm, 100 cm) and
continuously propelled to the detection cell through port 4 at
a flow rate of 2.5 mL min~" with no need of any cleaning step.
The fluorescence intensity was recorded at an excitation
wavelength and emission wavelength of 360 and 452 nm,
respectively. A decreased signal (compared with the blank
sample) was observed because the fluorescence of the CDs was
quenched by Hg*" in the sample.

3. RESULTS AND DISCUSSION

3.1. Concentration and Size of CDs. The CDs were
synthesized by a microwave-assisted method as described above.
A hundred microliters of the as-prepared CD solution was
pipetted onto a glass slide and was evaporated at 80 °C for 24 h.
Finally, the concentration of the synthesized CDs was found to
be 2.7 mgmL™". The fluorescence quantum yield of the CDs was
calculated to be about 0.16%. This result might be due to the
effect of low energy transfer of large untreated CDs. However,
this QY value is sufficient for our application. To use the CDs as
areagent in the SIA system, the optimal concentration of the CD
solution was investigated by dilution to 0.54, 0.27, and 0.14 mg
mL™" and the concentration of 0.27 mg L™ showed the best
sensitivity. Therefore, the as-prepared stock CD solution was
diluted 10 times in deionized water. The clear diluted CD
solution was used as a reagent for Hg*" analysis with the SIA.
The stability of the CDs was also investigated by measuring the
fluorescence intensity and sensitivity of the flow system for Hg**
determination. The results revealed that the sensitivity of our
system was stable up to 3 months after preparation. Precision of
synthesis was considered by measuring the emission intensity at
452 nm of the 10 times dilution of the as-prepared CDs obtained
from each batch. Therefore, inter-batch precision of the
synthesis of CDs was reported as 2.9%RSD (n = 3).

https://doi.org/10.1021/acsomega.2c07175
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Figure 2. Typical TEM image of as-prepared CDs (A) and CDs’ size distribution (B). XRD pattern of the as-prepared CDs (C). FT-IR spectra of the
synthesized CDs and Hg-CDs (D). The UV—vis spectrum of the CD solution shows absorption at approximately 220—340 nm (E).
Photoluminescence emission spectra of the CDs in aqueous solutions at different excitation wavelengths (300—400 nm) (F).

3.2. Characterization of CDs. In this paper, the CDs were
synthesized using a microwave-assisted method. TEM was used
to characterize the morphology of the untreated CDs. The TEM
image (Figure 2A) shows spherical nanoparticles with consistent
dispersion. In this work, about 71% of the size distribution is in
the range of 10—20 nm (Figure 2B). After analyzing random
particles, the CD mean size was 14.7 & 4.8 nm. A small number
of particles are relatively of bigger size because of the
agglomeration of smaller particles. Figure 2C shows the XRD
patterns of the CDs obtained in the range from 10 to 70°. The
XRD pattern shows that the CDs have a broad diffraction peak at
27.2°, which indexes to the (002) plane of graphitic carbon.*"**
This peak reveals the predominately amorphous structure of the
as-prepared CDs.

The surface functional groups of CDs were characterized by
FT-IR (Figure 2D). A broad peak of approximately 3420 cm™
was indicative of OH stretching. Absorption bands at 3177 cm™
were attributed to NH,. These functional groups typically
existed on the surface of CDs.** The characteristic peaks of the
C=0 stretching vibration, which are a typical observation for
CDs, are shown at 1701 and 1661 cm™". The 1576 and 1350
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cm™" peaks were attributed to the stretching vibrations of C=C
and C—N, respectively.”** The FT-IR spectrum of dried Hg-
CDs was also evaluated. Two peaks at approximately 400—600
cm ™" were found dominant. Based on our reviews in previous
works, the characteristic peaks at 576 and 468 cm ™" were defined
as Hg—O in vibrational mode, which confirms the formation of
Hg—O on the surface of Hg-CDs.* Notably, the peaks of C=0
and broad peaks of —OH and —NH, were shifted, and their
intensities were reduced. The UV—vis spectrum of the CD
solution (Figure 2E) shows main absorption bands at
approximately 220, 260, and 340 nm, which correspond to the
carbon—carbon double bond’s 7 = 7* and aromatic ring’s 7 —
7* transitions. The absorption peak at 340 nm in the UV—vis
absorption spectra of the synthesized CDs confirmed that the
presence of the C=C functional group of the graphitic structure
occurs during the carbonization process.*”*” As shown in Figure
2F, when the CDs were excited at 360 nm, strong fluorescence
emission at 452 nm was observed. The maximum fluorescence
peak shifted from 420 to 530 nm with a change of excitation
wavelength from 300 to 400 nm, respectively.

https://doi.org/10.1021/acsomega.2c07175
ACS Omega 2023, 8, 7615-7625
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Figure 3. XPS spectra of the CD (A) and Hg-CD products (B) obtained.
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Furthermore, elemental compositions of CDs and Hg-CDs
were also investigated by the XPS technique.””*”*® Figure 3
presents the high-resolution XPS spectra of C (1s), N (1s), O
(1s), and Hg (4f) of CDs and Hg-CDs. The XPS survey scan
spectrum of the CDs (Figure 3A) revealed three apparent
binding peaks corresponding to the O (1s), N (1s), and C (1s).
The deconvolution spectrum of C (1s) showed four peaks at
284.64, 285.59, 287.05, and 288.44 eV, which can be attributed
to C=C (sp®), C—N, C—OH/C—0-C, and C=O0 groups,
respectively.”” The high-resolution N (1s) spectrum (Figure
3A) was deconvoluted into two peaks at 399.07 and 400.22 eV,
corresponding to C—NH, and O=N—C functional groups,
respectively. The O (ls) spectrum (Figure 3A) was
deconvoluted to three peaks at 530.84, 531.91, and 533.14 €V,
indicating the presence of —C—0/—N—-0O, —C=0, and C—
O—C functional groups, respectively."””' The XPS results
confirmed that there are many functional groups (—NH,,
—COOH, and —OH) on the surface of CDs corresponding with
FT-IR results. The XPS spectra of the Hg-CDs (Figure 3B) are
composed of O, N, C, and Hg elements. The C (1s) spectrum
could be deconvoluted into four peaks at 284.94, 286.03, 286.96,
and 288.52 €V, corresponding to the C=C (sp?), C—N, O—
C=0, and C=0 groups, respectively."” The N (Is) spectrum
reveals the presence of the amine group (C—NH, (398.56 V)
and O=N—C (399.74 eV)). The O (ls) spectrum was
deconvoluted to four peaks at 530.09, 531.47, 532.28, and
533.47 eV, suggesting the presence of —-C—0/—N-0, —C=
0, C—OH, and C—O—C groups, respectively.****" For Hg,
the (4f) spectrum found two geaks of 4f5/2 and 4f7/2 at 105.18
and 101.13 eV, respectively.’” The results showed that mercury
was adsorbed on CDs via oxygen-containing functional groups
and amine group in the adsorption of mercury ions."*>*

3.3. Detection of Mercury lons Using the Batch
Method. Fluorescence quenching of CDs was achieved by
hand mixing the aqueous solutions of CDs and Hg”. At first,
Figure 4 presents images of the untreated CDs and products

Figure 4. Photographs under visible (A; daylight lamp) and UV light
(B; Aex =365 nm). (The concentration of CDs is 0.27 mg mL ™", and the
concentration of Hg** is 60 mmol L™"). All photos were taken by S.C.

after reacting with Hg** under visible (Figure 4A) and UV light
(Figure 4B). The bright blue photoluminescence is strong and
easily seen with the naked eyes. In addition, 100 uL of the
diluted CDs was added to 3.00 mL of deionized water in a quartz
cuvette, and the fluorescence intensity of CDs was recorded as
blank. Then, the standard solution of 0—100 xL of 1000 mg L™*
Hg*" was added into 10 uL of solution increment each time.
Afterward, the solution was mixed by shaking the cuvette. After
Hg*" was introduced into the CD solution, Hg-CD aggregation
was induced; thus, fluorescence intensity of the CDs disappears
soon. The aggregation of CDs is enforced upon the addition of
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the mercury ion. Consequently, the color of solution turns from
pale yellow to colorless. However, UV—visible absorption of
CDs and CDs after adding Hg** solution is less sensitive, and it
could not be applied to real samples. Therefore, photo-
luminescence was used by measuring the maximum emission
peak at 452 nm with an excitation at 365 nm. As shown in Figure
SA,B, the fluorescence intensity decreased gradually with the
increase in Hg?* concentration. The formation of non-
luminescent Hg-CD aggregation might lead to quenching of
fluorescence intensity. A linear calibration curve (Figure SC)
was obtained, and it shows that the untreated CDs could be
utilized for quantitative analysis of Hg**. Based on the above
results, high selectivity toward Hg*" in aqueous solution could
be probably a coordinative interaction with Hg** -and the
carboxyl and hydroxyl groups on the surface of CDs. The
photoluminescence intensity decreases with the increasing
concentrations of Hg*". The photoluminescence quenching of
CDs was caused by Hg**chelation between surface functional
groups of CDs and Hg’* via charge transfer, leading to the
fluorescence quenching of the CDs.>*™>°

A dependence of the CD fluorescence intensity on the pH
value was reported. Similar to previous works,”" we found that
the intensity decreased when the pH value of the CD solution
was lower than 5. The fluorescence intensity of Hg-CDs is also
pH-dependent (Figure SD). At the acidic medium, low
quenching efficiency was observed, which results from the
dissociation of the Hg-CD compound caused by the protonation
of surface-binding carboxyls. With the increase in pH, the
deprotonation of the carboxylic groups in the CDs occurs. This
phenomenon may strengthen the covalent bond between Hg**
and CDs, which leads to higher quenching efficiency and lower
fluorescence intensity.”” At the high basic medium, the
precipitate of mercury hydroxide might occur and reduce the
Hg-CD compound. From the results, pH 7.0 was used. Various
types of medium solutions at pH 7 were further studied, which
are DI water, acetate buffer, and phosphate buffer, and the
results show that acetate buffer at pH 7 gives the best sensitivity.

3.4. Optimization of Physical Parameters Affecting the
SIA Performance. The experiment is shown in Figure 1. The
working standard solution of 0.3—600 mg L™' Hg*" was used to
optimize the physical parameters. First, the volumes of the
sample and reagent were optimized to reduce their amount
(Figure 6A,B). Notably, the solution volume needed for the
proposed SIA method can be reduced to the microliter level. We
found that 200 uL of the sample (divided in two aliquots of 100
uL intercalated with the reagent aliquot) was sufficient to cover
the analysis range with a satisfactory signal, and the CD reagent
solution at 300 L was selected for all further experiments. Next,
the flow rate sent to the spectrofluorometer, which has a
significant effect on the measured signal, was studied. In this
experiment, the flow rate varied from 2.5, §, 10, and 15 mL
min~". As shown in Figure 6C, the sensitivity decreased when
the flow rate was increased. In accordance with the sensitivity,
we selected 2.5 mL min~" as the optimal flow rate. In addition,
we observed that even if a flow rate higher than 10 mL min~" was
used, sample throughput was not significantly improved, but a
large noise was observed. At a 2.5 mL min~! flow rate, we
obtained a satisfactorily high throughput of 20 sample h™".

3.5. Effect of Other Metal lons. Figure 7 shows the results
of the effect of coexisting metal ions. First, batch experiments
were performed by evaluating the fluorescence intensity under
UV light. A hundred microliters of diluted CDs was added to a
medium of 3.00 mL of DI water in a vial, and then, 80 yL of 100
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mg L' metal ion solution was added (Figure 7A). The
fluorescence intensity was recorded with an emission wave-
length of 452 nm and excitation wavelength of 360 nm (Figure
7B). The effect of metal ions on Hg>* detection was also
investigated by injecting 200 L of 100 mg L™ for each metal
ion solution into the SIA system, and the signal profile and bar
graph are shown in Figure 7C and Figure 7D, respectively, which
were consistent with the data obtained from the batch
experiment (Figure 7A,B). Notably, interferences were not
observed from Cd**, Ba**, Ni**, Ca®*, Na*, K, and Zn**. Pb**
and Mn?* had a slight effect on the fluorescence intensity, which
could be negligible. This result may be due to the stability
constants between the Hg*" and carboxylic group, which are
higher than other metal ions leading to the formation of a Hg—O
non-fluorescent metal adduct.’” In the case of Fe** and Cu?*,
less fluorescence intensity might result from metal hydroxide
precipitation. Quenching of CDs by Fe** and Cu®*" was also
found in previous works.” In addition, 2 and 20 mg L™ Fe** and
Cu®" were tested by injecting to the SIA system. The results
showed that our method can tolerate the presence of Fe’* and
Cu®* at the tested levels. However, these ions are rarely found in
the tested skincare products.

3.6. Analytical Features. Figure 8A illustrates the signal
profile obtained from the SIA system with various concen-
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trations of Hg?* and calibration curve obtained from the signal
profile for the determination of Hg?" in samples (Figure 8B).
The horizontal axis is the concentration of Hg2+ in mg L7 and
the vertical axis is the difference between fluorescence intensity
of blank (I) and fluorescence intensity of the sample (I,). The
linear equation of 0.3—10 mg L™" is y = (0.846 + 0.040)x +
(4.243 + 0.192) with R* = 0.991 and of 10—600 mg L ™" is y =
(0.129 + 0.006)x + (12.123 + 2.119) with R* = 0.991. The
results showed that good precision with standard deviation and
relative standard deviation for Hg®" are 2.30 and 1.53%,
respectively (n = 12). This method has short-time analysis
with a sample throughput of 20 samples per hour. The limit of
detection, that is, the ratio of 3 times the standard deviation of
the background and the slope of the linear function (3 s/S), was
calculated to be as low as 0.1 mg L™, which is lower than the
permitted limit of mercury in skincare products in Thailand.* In
addition, the U.S. FDA regulations also say about prohibited and
restricted ingredients in cosmetics, which are limited to 65 mg
Hg L™ for eye area products and 1 mg Hg L™" for all other
cosmetics. Its presence is unavoidable under conditions of good
manufacturing practice (21 CFR 700.13).>” It should be noted
that the analytical features of our proposed method are sufficient
for determination of mercury in skincare products. Table 2
shows the figures of merit for some of the previously reported
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Figure 7. Photograph of fluorescence change under UV light (A) taken
by S.C. and emission spectra (B) of diluted CDs in acetate buffer pH 7.0
solution upon the addition of various metal ions, including Hg**, Pb**,
Cd**, Fe**, Ba®*, Cu®, Mn**, Ni*', Ca®, Na', K*, and Zn*". SIA
experiments with the same set of foreign metal ions used acetate buffer
pH 7.0 solution as the carrier (C, D).

methods and our method. This method has easy synthesis, and it
uses untreated CDs without the need of any modifications. In
addition, the measuring procedure is controlled automatically by
a computer.

3.7. Sample Analysis and Method Validation. The
applicability of the proposed method was evaluated by analyzing
skincare products (sampled from Nakhon Pathom, Thailand) as
real samples. First, the original samples were analyzed using the
proposed SIA method and the reference ICP-MS. Notably, no
Hg** was observed in all samples. Although Hg** was not found
in the tested skincare samples, the result agreed well with that
obtained from ICP-MS (with a detection limit of Hg** as low as
0.001 mg L™"). The matrix effect of skincare was investigated by
using spiked samples of 1 mg L™' Hg*". For SIA, the sample
solutions were directly injected into the system. For ICP-MS, a
dilution factor of 100 was applied and then calculated
backwards. Recoveries of each method are calculated and
reported in Table 3. By comparison of %recoveries obtained
from the SIA and ICP-MS, although %relative errors of some
samples were carried out at +5%,”° their %recoveries are
acceptable according to the AOAC method performance
requirements for heavy metal analysis, which are in the range
of 80—115.%” The accuracy of our method was further evaluated
by triplicate measurements of reference solution Hg** (Agilent
part number 8500-6940-HG), certified as 1.0 mg L. The
analysis of this sample using the proposed system showed that
the fluorescence intensity measurement Hg** was 1.01 + 0.02
mg L™". This result indicates the potential application of this
procedure in monitoring hazardous Hg**

4. CONCLUSIONS

Photoluminescent CDs have shown great application in
potential health and medical fields. Here, we have utilized the
microwave-assisted synthesis of untreated CDs as a specific
reagent in the SIA system for the detection of heavy metal ions,
which is mercury. In this work, although our CDs have a size of
147 + 4.8 nm in average, the CDs exhibited good optical
properties investigated corresponding to the “dots”.°" The CDs
showed potential as mercury ion sensors with a detection limit of
0.1 mg L™". There are several advantages, such as a wider linear
range and easy synthesis without the need for later purification
and modification steps. No significant difference was observed
between the results from our method and the results from ICP-
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Figure 8. Signal profile (A) and calibration curve (B) obtained from the proposed SIA operated under the optimum conditions. Error bars are derived

from three injections.
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Table 2. Figures of Merit for Some of the Previous Reports Utilizing CDs as a Reagent for Mercury Analysis

Sample CD precursor Synthesis procedure Linear range Precision LOD Automatics Reference

Lake water Flour Microwave-assisted ~ 0.0005-0.01 umol L' Not reported 0.5 nmol L! x 37

Urea and ethylenediamine

Tap water One-step pyrolysis 0.001-8 pmol L™! Not reported 6.2 nmol L™! x st
tetraacetic acid (EDTA)
Tap water Citric acid and triethylamine Hydrothermal 0.05—7 pmol L™! Not reported 2.8 nmol L™! x 2
Breast milk Citric acid and melamine Solid thermal method 2-14 pmol L™! %RSD < 6 0.44 pmol L™! x 3
Tap water and Citrus lemon juice and
Hydrothermal 0.001-1 pmol L™! %RSD 1.32 5.3 nmol L™! x 34
packed water ethylenediamine
Citric acid and 2,2-dimethyl- ~ Microwave-assisted
Tap water 0-4.2 pmol L™! %RSD <2 7.63 nmol L™! x 23
1,3-propanediamine pyrolysis

Tap water and

Eggshell membrane Hydrothermal 10-100 pmol L™! Not reported 2.6 umol L! x 2
lake water
Microwave-assisted 1.5-2991 pmol L™ 0.5 pmol L™! 4
skincare products Acetic and urea %RSD 1.53 This work
(untreated) (0.3-600 mg L) (0.1mgL™) 20 sample h™!

Table 3. Analysis Results of the Detection of Hg>" in Real Samples from Triplicate Analysis Comparison with ICP-MS and

Recovery Results of the Actual Samples (ND = Not Detectable)

Hg** (mg L™")

standard method (ICP-MS) proposed method
sample” original %recoveryb’c original %recoveryb’c Y%relative error”
1 ND 101.10 ND 87.1+24 —13.8
2 ND 100.83 ND 824 +3.9 —18.3
3 ND 90.77 ND 86.6 + 1.0 —4.6
4 ND 98.66 ND 81.8 + 6.6 -17.1
S ND 109.56 ND 114.0 + 5.7 4.05
6 ND 105.42 ND 104.2 + 3.8 -1.16
7 ND 93.94 ND 852 +2.7 —9.30
8 ND 100.60 ND 88.7 £ 2.9 —11.8
9 ND 105.94 ND 92.6 +3.4 —12.6

“Sample nos. 1—5 were the whitening face serum, no. 6 was the soothing gel, and nos. 7—9 were serum lotion. b%recovery = [(concentration of
spiked standard mercury solution — concentration of the sample)/concentration of standard mercury solution] X 100. “The concentration of
spiked standard mercury solution for ICP-MS and the proposed method is 1 mg L7\ 9%relative error = [(%recoverypmposed method — %0

TeCOverygq method)/%recoverYStd method] X 100.

MS with an acceptable percentage recovery of 81.8—114. This
method provides less recovery; however, the feature of cost-
effectiveness and convenience is better compared to the
standard ICP-MS. The SIA application based on CDs was
developed for the first time, providing a simple, automatic, rapid,
and low-cost analysis platform for the detection of mercury ions
in skincare products and heavy metal ion contamination. Our
method is environmentally friendly because the detection does
not rely on any toxic chemical reaction. Therefore, this system
has received considerable attention from scientists working with
quality control or working for agencies of safety and inspection
service. Furthermore, the SIA system could be further developed
as a portable device for on-site analysis.
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