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Abstract A novel and sensitive method based on nitrogen-
doped carbon quantum dots as a fluorescence probe coupled
with magnetic solid-phase extraction (MSPE) purification for
analysis of folic acid (FA) in human serum samples has been
established for the first time. In the developed system, mag-
netic nanoparticles coated with hexanoic acid (Fe3O4@C6)
were synthesized by a one-step chemical co-precipitation
method with good magnetic properties and dispersibility for
sample purification, and it is better to be separated from the
sample. High fluorescence nitrogen-doped carbon quantum
dots (N-CQDs), simply prepared using a one-step hydrother-
mal method with nitrilotriacetic acid, could be selectively
quenched by FA. Based on this phenomenon, a fluorescence
assay was proposed for specific determination of FA. Various
operational experiment parameters have been studied and op-
timized in detail. Under the optimum experimental conditions,
the detection limit of the proposed method for FAwas evalu-
ated to be 0.5 nM (S/N = 3), while the relative standard devi-
ation (RSD) was 1.2% (n = 6). Finally, the proposed method
was applied for determination of trace levels of FA from hu-
man serum samples and quantitative recoveries were achieved
within the range of 95.7–103.5%. All of the results showed
that the proposed method had significant application in further
research.

Keywords Nitrogen-doped carbon quantum dots .Magnetic
solid-phase extraction (MSPE) purification . Fluorescent
quenching . Folic acid determination . Human serum samples

Introduction

Folic acid (FA) belongs to water-soluble B group vitamins,
derived from its conjugates, folate polyglutamates, which ex-
ists widely in most foods, such as green leafy vegetables,
organ meats, and some fresh fruits [1–3]. It is one of the
significant components of hemotopoietic system and acts as
substrates and coenzymes, which was involved in transport
and enzymatic processing of one-carbon groups for the me-
tabolism from amino acid and nucleic acid [4, 5]. In general,
the normal level of FA in serum ranges from 7 to 42 nM [6].
Several chronic diseases (for example, macrocytic anemia as-
sociated with leucopenia, psychosis, heart attack, and stroke),
particularly those concerned with malformation during preg-
nancy and carcinogenic processes, are in connection with folic
acid deficiency [6, 7]. Taking the above considerations, devel-
oping a simple and rapid analytical method for determination
of FA is of great significance.

Some analytical techniques have been reported for deter-
mination of FA, such as spectrophotometry [8], photochemi-
cal fluorimetry [9], chemiluminescence [10], voltammetry [2],
and high-performance liquid chromatography methods [11].
Among the above methods, the fluorescence method has
attracted extensive attention because of its fast, simple, and
non-destructive operation analysis. Nevertheless, their appli-
cation in the direct analysis of FA is limited due to its poor
reproducibility and matrix interference, especially for trace
analysis in biological samples, such as plasma samples [6,
7]. In plasma samples, relatively high plasma protein binding,
low plasma concentrations, and occurrences of interfering
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lipids make accurate determination of FA a long-standing
challenging task. In that case, it still needs developing selec-
tive purification and determination techniques to reduce or
eliminate the influence of impurities in the matrix and gain
high sensitivity, high recoveries, and good precision [12–14].

At present, as one of the most challenging classes of new
materials, carbon quantum dots (CQDs) have been developed
as luminescent probes for sensing events, which constituted an
active field of research [15, 16]. In the merits of low toxicity,
good biocompatibility, excellent chemical inertness, and high
sensitivity and selectivity, they have popularized as an upstart
of the nanocarbon family in fluorescence assay [12, 17] and
have been widely used including metal ions [18, 19], inorgan-
ic anions [20], and organic compounds [21, 22] in the detec-
tion fields. Recently, to improve the fluorescence (FL) prop-
erties of CQDs, surface passivation and element doping (such
as N, S, B, and P) have been widely explored. Compared with
surface passivation, element doping is a powerful method be-
cause this method can effectively tune their intrinsic proper-
ties, like improving unique electronic and optical characteris-
tics of CQDs and providing more active sites on CQD surface
[12, 23, 24]. It has been reported that doping CQDs with
electron-rich N atoms could own rich chemical group and
offer more active sites, thus producing unique fluorescence
phenomena and unexpected properties [23, 25]. However,
the fluorescence assay is limited due to the poor fluorescent
carbon quantum dots’ selectivity and strong matrix effects of
complex samples. To overcome this drawback, the introduc-
tion of sample purification technique to the fluorescence assay
is one of the effective ways [26].

Magnetic solid-phase extraction (MSPE) with magnetic
nanoparticles as the adsorbents has elicited greatest interest
in complex matrix sample preparations in chemical analysis
[27]. In MSPE procedures, the magnetic adsorbents, contain-
ing Fe3O4 nanoparticles (NPs) with specific chemical func-
tional group modifications on their surface, are extensively
dispersed into the sample solution to achieve purification
[28]. In such dispersive mode, the contact-specific surface
area between the sorbents and the sample solution is suffi-
ciently large to eliminate matrix components interfering with
detection in the sample. Magnetic nanoparticles are super-
paramagnetic at room temperature, which could be readily
isolated from the sample matrix by an external magnetic field.
Magnetic isolation is significantly more convenient, econom-
ic, and efficient, which avoid time-consuming operation such
as filtration or centrifugation. Such advantages render MSPE
as a promising alternative technique for sample purification
and clean-up with high selectivity [29, 30].

The purpose of this work is to establish a simple, sensitive,
and accurate technique for analysis of folic acid based on
fluorescence probe detection coupled with MSPE purification
(Scheme 1). A range of magnetic nanoparticles coated with
fatty acids (C4–C11) were synthesized successfully by a one-

step chemical co-precipitation method, and then applied as
magnetic adsorbent for sample purification and clean-up.
The novel nitrogen-doped CQDs (N-CQDs) was prepared
by a one-step hydrothermal method of nitrilotriacetic acid
and showed good selective and high sensitive fluorescence
quenching for FA. Based on the property of sample purifica-
tion and fluorescent probe detection, the proposed method
was employed the first time for analysis of FA and was suc-
cessfully further applied for determination of FA in human
serum samples with a wide linear detection range, good selec-
tivity, and low detection limit.

Experimental

Materials

All the chemicals and reagents were of analytical grade and
employed without further purification. Ferric chloride (FeCl3·
6H2O) and ammonia solution were supplied by Tianjin
Zhiyuan Chemical Reagent Co., Ltd. (Tianjin, China).
Ammonium iron(II) sulfate hexahydrate ((NH4)2Fe(SO4)2·
6H2O), carbamide, ethanediamine, tartaric acid, and thiourea
were supplied by Guangzhou Jinhuada Chemical Reagent
Co., Ltd. (Guangzhou, China). Zinc sulfate (ZnSO4), sodium
hydrate (NaOH), citric acid, and sodium phosphate dibasic
(Na2HPO4) were purchased from Fengchuan Chemical
Reagent Co., Ltd. (Tianjin, China). Standard of folic acid
(FA), butyric acid, valeric acid, hexanoic acid, heptanoic acid,
octanoic acid, nonanoic acid, decanoic acid, and undecanoic
acid were all purchased from Aladdin (Shanghai, China).
Nitrilotriacetic acid was purchased from TCl (Shanghai)
Development Co., Ltd. (Shanghai, China). Deionized water
was provided by a Milli-Q system (USA).

Instruments

Agilent G9800A fluorescence spectrophotometer (Agilent
Technologies, USA) was applied for fluorescence analysis.
The ultraviolet–visible (UV-vis) spectra were obtained by a
UV-2450 UV-vis spectrophotometer (Shimazu Co., Japan).
Fourier transform infrared spectra (FT-IR) were recorded on
a TENSOR27 FT-IR spectrometer (Bruker, Germany).
Transmission electron microscope (TEM) images were col-
lected from a FEI Tecnai G2F20 transmission electron micro-
scope (FEI, Holland). Scanning X-ray photoelectron spectros-
copy (XPS) data for N-CQDs was measured by a PHI5000
Versaprobe-II (Shimazu Co., Japan) for analysis structure in-
formation of N-CQDs. A pH-meter Sartorius PB10 (Gttingen,
Germany) was used for the accurate pH adjustment. Vacuum
drying oven BPZ-6033 (Shanghai, China) was used to dry
synthesized nanomaterials. Other instruments including ultra-
sonic cleaner (Kunshan ultra-sonic instrument plant, Jiangsu,
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China), vortex mixer (Hanuo instrument Co.Itd, XH-B,
Shanghai, China), centrifuge (Shanghai surgical instrument
factory, 80-2, Shanghai, China), and vacuum drying oven
BPZ-6033 (Shanghai, China) were applied in the whole
experiments.

Preparation of standard solutions and human serum
samples

The stock standard solution (100 μmol L−1) of FA was pre-
pared by deionized triple-distilled water containing 100 μL of
10 mM NaOH. Working standard solutions were daily pre-
pared by dilution of the stock solution with water. The stock
solutions were stored in a refrigerator at ∼ 4 °C in the dark
(stable for at least 2 month) and then brought to room temper-
ature prior to use.

Humanwhole blood samples (5mL) of ten volunteers were
obtained from the First People’s Hospital of Yunnan Province
(Kunming, China) at early morning time and stored in a re-
frigerator at ∼ 20 °C until analysis. Each whole blood sample
was centrifuged at 5000 rpm for 10 min, and the upper plasma
was collected into a 10-mL centrifuge tube. Then the protein
precipitant and decolorizer of 400 μLNaOH (2.0M) and 0.4 g
ZnSO4 were added. The mixture was vortex blended approx-
imately for 1 min and deposited by centrifugation at 5000 rpm
for 10 min. The clear and colorless supernatant was

transferred to a new tube and diluted to the volume of 5 mL
with distilled water for further analysis.

Synthesis of nitrogen-doped carbon quantum dots

N-CQDs were synthesized via a one-step hydrothermal meth-
od [25]. In detail, 2.0 g of nitrilotriacetic acid was dissolved in
100 mL of deionized water. After ultrasonication in an ultra-
sonic bath for 5 min to form a white suspension, the solution
was transferred to a 150 mLTeflon-lined stainless-steel auto-
clave kept at 200 °C for 5 h, and then naturally cooled to room
temperature. Finally, the yellow aqueous solution was purified
by filtration through 0.22 μm filter and additionally centri-
fuged at 10,000 rpm for 15 min to remove large particles,
stored in a refrigerator at ∼ 4 °C until analysis.

Synthesis of fatty acid-coated magnetic nanoparticles
(MNPs)

The fatty acid-coated magnetic nanoparticles (MNPs) were
synthesized by a co-precipitation method with some modifi-
cation [31]. Ammonium ferrosulfate ((NH4)2Fe(SO4)2·6H2O,
4.10 g) and ferric chloride (FeCl3·6H2O, 2.82 g) were dis-
solved in 100 mL deionized water. After vigorous stirring to
80 °C in a water bath under N2 atmosphere, another solution
containing 200 μL or 200 mg of fatty acids (C4–C11) in 10 mL
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Scheme 1 Schematic of synthesis of N-CQDs and schematic of suggested mode for analysis of folic acid (FA)
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of acetone solution was added. After the mixtures were vigor-
ously stirred for 5 min, 10 mL of 28% (w/v) ammonia solution
was added. Subsequently, further fatty acids (2.0 mL or 2.0 g)
were slowly added to the obtained suspension within 3 min.
The reaction was maintained for 30min at 80 °Cwith constant
stirring under N2 atmosphere to produce a stable water-based
suspension. Until the solution was cooled down slowly to
room temperature, the suspension was precipitated with meth-
anol and the precipitates were separated by an external super-
magnet, which were washed alternately with deionized water-
methanol (1:1, v/v) for several times. Finally, the obtained
fatty acid (C4–C11)-coated MNPs were vacuum dried at
60 °C for 12 h.

Magnetic solid-phase extraction purification procedure

MSPE purification procedure was achieved as follows: first,
100 μL of the prepared Fe3O4-coated hexanoic acid
(Fe3O4@C6) suspension were added into 3 mL of deionized
water and sonicated for 5 min to ensure a good dispersion.
And then 1 mL of human serum samples was added to the
prepared sorbent suspension with pH 7.0, which was adjusted
by citric acid-disodium hydrogen phosphate buffer solution.
After the mixtures were vigorously stirred for 9 min, the ad-
sorption equilibrium was achieved. The adsorbent was sepa-
rated by an external super-magnet, and the supernatant was
collected for further analysis. Namely, the magnetic purifica-
tion procedure of human serum samples is completed.

Fluorescence detection procedure

All the fluorescence detection experiments were conducted by
the same procedure. Eighty-microliter N-CQDs synthesized
with nitrilotriacetic acid solutions were added to the purified
human serum samples in a new 10 mL centrifuge tube. The
mixtures were vortex-mixed approximately for 1 min and
equilibrated for 4 min before the measurements of fluores-
cence emission spectral. All of the fluorescence emission
spectra were determined at room temperature with excitation
wavelength at 350 nm, emission wavelength at 440 nm, and
the slit widths of the excitation and emission were both 5 nm.

Quenching data analysis

The quenching of fluorescence by FAwas described using the
Stern-Volmer equation:

F0=F ¼ 1þ KsvC

where Ksv is the Stern-Volmer quenching constant, C the con-
centration of FA, F0 and F the fluorescence intensity of N-
CQDs without FA and with different concentrations of FA,
respectively. The detection limit used the equation 3σ/m,

where σ is the relative standard deviation and m the slope of
calibration curve as described in details [32].

Results and discussion

Physical characterization of N-CQDs

As-prepared N-CQDs, synthesized with nitrilotriacetic acid
solutions, were characterized by TEM, FT-IR, XPS, and fluo-
rescence spectroscopy, respectively. The surface morphology
and microstructure of the as-prepared N-CQDs were investi-
gated by TEM at Fig. 1a. It revealed that N-CQDs were well
dispersed without obvious aggregation and had a lattice struc-
ture. The size distribution of N-CQDs fell within the range of
1–5 nm and an average diameter was about 3.7 nm. FT-IR was
used to evaluate the characteristic peaks of the as-prepared N-
CQDs. Amount of functional groups were observed from the
FT-IR spectra in Fig. 1b. The peaks at about 1581 cm−1 could
be ascribed to the characteristic absorption bands of the O–H
stretching vibration mode. The peak at 1405 cm−1 could be
attributed to the stretching vibrations of carboxylate (COO−).
Additionally, the characteristic absorption band of CH2

stretching at 2809 cm−1 was also observed, and the typical
absorption band at 1112 cm−1 implied the stretching vibrations
of C–N groups. As a consequence, it could conclude that the
surface of the water-soluble N-CQDs was occupied with hy-
drophilic groups (e.g., –COOH) and N-related groups (e.g.,
C–N). The above observations also confirmed that nitrogen
was successfully doped into the CQDs.

To gain further insight into the surface functionality and
elemental states of the as-prepared CDs, XPS was conducted.
As shown in Fig. 1c, the XPS full-scan spectra show that four
clear peaks around 283.2, 399.2, and 530.4 eVascribe to car-
bon, nitrogen, and oxygen, respectively. As illustrated in Fig.
1d, The C1s peaks at 283.6, 285.6, 286.9, and 287.8 eV can be
assigned to the form of C–C/C–H, C–N, C–O, and C=O,
respectively. The O1s spectra (Fig. 1e) mainly were made of
two peaks centered at 530.6 and 531.8 eV, suggesting that
oxygen exists in two forms of C=O and C–O groups, respec-
tively. The N1s peaks at 399 and 400.6 eV represented N–H
and C–N groups, respectively (Fig. 1f). These results further
indicated that nitrogen was successfully doped into the CQDs.

Spectroscopic properties of the N-CQDs

To investigate optical properties of the as-prepared N-CQDs,
the UV-vis absorption spectra and fluorescence spectra of the
as-prepared N-CQDs in aqueous solution were researched.
The aqueous solution of N-CQDs showed strong bright blue
fluorescence under UV lamp (365 nm) while showing almost
colorless under white light (the inset of Fig. 2a). The UV-vis
absorption spectrum (Fig. 2a) showed that the as-prepared N-
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CQDs had almost no absorption peaks in the wavelength
range of 200–450 nm. Meanwhile, the as-prepared N-CQDs
showed the maximum emission intensity at 350 nm with an
excitation wavelength at 440 nm. Like other reported N-CDs,
the as-prepared N-CQDs also exhibited excitation-dependent
fluorescence behaviors, which might be related to less surface
defects of the doped C-dots [33–35]. To further study the FL
properties of the as-prepared N-CQDs, the FL spectra of N-
CQDs were measured under different excitation wavelengths.
As shown in Fig. 2b, the emission peaks did not shift under
various excitation wavelengths that ranged from 270 to
450 nm, which indicated the uniformity of size and surface
states. The constant emission wavelength further indicated
that the as-prepared N-doped C-dots contained a unique single
emitter, which could avoid auto-fluorescence interference and
was favorable for the application of the water-soluble N-
CQDs in quantitative analysis [36].

The fluorescent properties of the synthesized N-CQDs
were further investigated under different conditions (storage
time and ionic strengths). As displayed in Fig. 2c, the fluores-
cence intensity remained stable at concentrations of NaCl as
high as 2 M, which verifies that N-CQDs have great stability
under high ionic strength conditions. Furthermore, the fluo-
rescence intensity of N-CQDs did not display significant
change after 3 months of storage or even under 365 nm UV
light for 180 min (Fig. 2d, e), showing their excellent
photostability. All of these properties are indicative of its po-
tential applications as an optical probe.

Optimization of magnetic purification procedure
conditions

As we know, the human serum sample contains various plas-
ma proteins, peptides, and fats, which may affect the accurate
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determination of target FA. Therefore, the main challenge was
to remove these impurity substances under the premise of
non-adsorption of target FA before analysis. For this purpose,
it is necessary to optimize the proposed method based on
MSPE purification procedure. In the developed system, the
adsorption mechanism was physisorption based on hydropho-
bic interactions. When the surface of Fe3O4 magnetic nano-
particles coated with hexanoic acid, it could enhance its hy-
drophobicity. As a group of water-soluble B group vitamins,
folic acid was hydrophilic, whereas other interference compo-
nents were hydrophobic. Because of hydrophobic interac-
tions, Fe3O4@C6 magnetic nanoparticles were more easily
combined with interfering components, so as to achieve puri-
fication. The study and optimization of the experiment vari-
ables were performed using the one variable at a time method.
And all the experiments were performed in triplicates, and
their average was applied as analytical signal.

Selection of adsorbent in magnetic purification procedure

In order to select the optimum magnetic adsorbent to remove
interference components as much as possible, eight different
kinds of fatty acid (C4–C11)-coated MNPs were synthesized to
investigate the adsorption ability. A comparative test was also
carried out with pureMNPs to determine whether coatings could
improve the purification efficiency (F1–F2)/F1, where F1 and F2
represented fluorescence intensity of human serum containing
target analyte FA before and after magnetic purification proce-
dures, respectively. The obtained results of experiments were
presented in Fig. 3a. The purification efficiency was improved
obviously when fatty acid-coated MNPs were applied as adsor-
bents. The results also indicated that the purification efficiency
improved remarkably with increasing the chain length of coat-
ings and reached maximum with alkyl chains of six carbon
atoms, and then reduced gradually with higher carbon atoms. It
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might suggest that a proper chain length provide enough Van der
Waals interactions for the adsorption of interference components
in human serum to achieve purification [31]. According to the
obtained results, the synthesized Fe3O4@C6 was chosen as ad-
sorbent to achieve human serum sample purification in the fur-
ther study. A suitable amount usage of the adsorbent should be
also carefully taken into account. Different amounts of prepared
Fe3O4@C6 suspension ranging from 0 to 250 μL were investi-
gated. Based on the results as shown in Fig. 3b, the purification
efficiency increased with the increase of Fe3O4@C6 amount up
to 100 μL which could effectively remove various matrixes and
provided the highest recoveries, and then it almost kept constant.

Consequently, 100 μL of the prepared Fe3O4@C6 suspension
was chosen for efficient and robust purification in the following
experiments.

Effect of purification time

The purification time should be sufficient to absorb interference
components to achieve purification within a reasonable time
without any carry over effect. The purification time profiles were
examined in the range of 3–15 min. Due to the shorter diffusion
route for Fe3O4@C6 NPs, purification of interference compo-
nents could be achieved in shorter time. The obtained results,
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shown in Fig. 3c, revealed that the quantitative efficiency im-
proved by enhancing the purification time from 3 to 9 min, and
then remained almost constant. Based on the results obtained,
MSPE purification procedure was almost complete when 9 min
was chosen. Overall, a time value of 9 min was adopted as the
optimum condition in the following experiments.

Optimization of fluorescence detection procedure
conditions

In addition to purification, fluorescence detection is another
important part for analysis of FA, it is also necessary to opti-
mize the conditions of fluorescence detection procedure.
Several analytical parameters were investigated and optimized
to obtain the optimal fluorescence response of the N-CQDs
system with FA.

Selection of N-CQDs in fluorescence detection procedure

In order to further extend the selectivity and enhance the deter-
mination sensitivity of the proposed method, several N-CQDs
synthesizedwith different carbon and nitrogen sources, including
citric acid, citric acid-urea, citric acid-ethylenediamine, tartaric
acid-thiourea, and nitrilotriacetic acid were investigated. As seen
in Fig. 4a, the highest quenching efficiency was obtained when
using nitrilotriacetic acid as the carbon and nitrogen sources to
synthesize N-CQDs. It might be because N-CQDs synthesized
with nitrilotriacetic acid possessed a strong affinity and good
biocompatibility towards FA. According to the satisfactory

results, N-CQDs synthesized with nitrilotriacetic acid were se-
lected as the optimum condition in the following experiments.
The influence of N-CQDs volume on the fluorescence
quenching intensity was also studied. The results (Fig. 4b) dem-
onstrated that the quenching efficiency increased rapidly from 20
to 80 μL and obtained the highest when the volume of N-CQDs
was 80 μL. Considering the obtained results, 80 μL N-CQDs
was selected as the optimal condition in all of the following
assays.

Effect of solution pH

In general, solution pH might play a role in the whole exper-
imental procedure because it would affect the state of target
analyte FA and interference components, as well as the surface
group of N-CQDs [14]. The effect of different initial pH
values was investigated from pH 4.0 to 9.0. As shown in
Fig. 4c, it was found that the quenching efficiency increased
with increasing solution pH until it reached 7.0. When the pH
value was higher than 7.0, the quenching efficiency decreased
gradually. Literature reported that FA could exist stably in
neutral environment [3] and have the potential to slightly de-
nature at lower or higher pH values [37]. There are two car-
boxyl groups in the molecular formula of folic acid (Scheme
1), which may be protonated in acidic solutions and decrease
the solubility. On the other hand, FA molecular may be
deprotonated at pH > 7.0, which decreased the association
between the N-CQDs and FA. Hence, pH 7.0 was used to
maintain the pH throughout the subsequent experiments.

Table 1 Analytical results for
folic acid in human serum
samples by the proposed method
and HPLC method (n = 6)

Samples Added (nM) The proposed method HPLC method

Found (nM) Recovery (%) RSD (%) Found (nM)

Serum 1 0 9.52 – – 9.46

10 19.87 103.5 2.3 19.72

20 28.84 96.6 3.6 28.93

30 39.46 99.8 2.8 39.38

Serum 2 0 15.98 – – 16.07

10 26.03 100.5 2.1 26.05

20 35.69 98.6 2.5 35.84

30 46.83 102.8 3.4 46.49

Serum 3 0 18.37 – – 18.35

10 27.94 95.7 3.7 28.16

20 38.54 100.9 3.9 38.48

30 47.65 97.6 2.3 47.73

Table 2 Comparisons of
analytical methods for analysis of
FA (n = 6)

Method LOD (nM) Recovery (%) RSDs (%)

Fluorescence detection after purification 0.5 95.7–103.5 2.1–3.9

Fluorescence detection without purification 3.0 90.4–98.6 5.8–7.5
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Effect of fluorescence quenching response time

In order to obtain the optimal fluorescence response between
of N-CQDs system with FA, the optimized fluorescence
quenching response time was investigated ranging from 0
to 20 min, respectively. Figure 4d shows the response
time between FA and N-CQDs. The results demonstrated
that the maximum quenching of fluorescence was ob-
served within 5 min, and no further distinct quenching
of fluorescence were observed even after 5 min. It indi-
cated that the equilibrium of the fluorescence quenching
reaction was attained. Therefore, the duration of 5 min
was chosen as the appropriate time for the fluorescence
detection procedure in the proposed method.

Method validation

Under the optimum experimental conditions, the analytical
performance of detection system for quantitative detection of
FAwas evaluated. As demonstrated in Fig. 5a, the FL intensity
N-CQDs at 440 nm gradually decreases with increasing con-
centration of FA. The fluorescence-quenched efficiency
showed linear increase with the increase of FA concen-
tration in a range of 0.01–30 μM (Fig. 5b). The cali-
bration curve could be expressed by the equation
Y = F0/F − 1 = 0.0112 × CFA + 0.0137 with a good
correlation coefficient of 0.9994 (where F and F0 rep-
resented the fluorescence intensities of the biosensor in
presence and absence of FA, respectively). The limit of
detection (LOD) was evaluated to be 0.5 nM (S/N = 3),
while the relative standard deviation (RSD) was 1.2%
(n = 6). The satisfactory results demonstrated that the
proposed method could be employed as an excellent
alternative for trace analysis of FA quantitatively.

Analysis of human serum samples

To further demonstrate the feasibility of the practical applica-
tion of this developed system, the proposed method was ap-
plied to detect FA levels in human serum samples (Fig. 5c).
The satisfactory and acceptable results demonstrated great re-
coveries (95.7–103.5%) and relative standard deviation

(RSD = 2.1–3.9%, n = 6) of the proposed method as listed
in Table 1, clearly confirming the good precision and accuracy
of the proposedmethod. As a contrast on the correctness of the
results, the FA concentrations of the same samples were ana-
lyzed simultaneously by the HPLC method. The results sum-
marized in Table 1 show that the FA concentrations found in
human serum samples are fairly close to the results of HPLC.
Moreover, the same samples were analyzed simultaneously by
fluorescence detection technique without purification for
comparison. As listed in Table 2, it could be concluded that
the analytical performance of the developed technique was
comparable better than fluorescence detection method without
purification, such as low detection limit, high sensitivity, high
efficiency, and good precision. It also indicated that the pro-
posed assay had great potential in the practical biological sam-
ple analysis, which could be successfully applied for detecting
FA levels in human serum samples.

The analytical results of this method were compared with
other methods reported for the determination of FA in Table 3.
The LOD of the method were comparable to or exceeded
those of other methods. Fluorescence analysis has unique ad-
vantages, such as simplicity, speed, and low consumption
compared with other methods. Fluorescence probes based on
QDs for detecting FA have been developed by previous re-
searchers. However, the LOD obtained was much higher than
our study. It is important that the prepared Fe3O4@C6 mag-
netic nanoparticles possess good biological compatibility so
that it can be directly applied to clean-up and purification of
FA in a complex biological serum sample. Although these
magnetic purification procedures make the experimental pro-
cess more complicated, they also increase the detection sensi-
tivity and reduce the detection limit.

Conclusion

In summary, a novel and sensitive method has been developed
for analysis of folic acid in human serum samples for the first
time based on fluorescence detection coupled with MSPE
purification. Fe3O4@C6 was synthesized by a one-step chem-
ical co-precipitationmethod for sample purification and clean-
up, and high fluorescence N-CQDs were simply prepared

Table 3 Comparisons of
analytical methods for the
analysis of folic acid (FA)

Method LOD pH Recovery (%) RSD (%) Reference

AuNPs/CPE 27 nM 6.5 – 5.01 [38]

Microemulsion electrokinetic
chromatography MEEKC

6.8 nM 9.2 99.8 ± 1.8 < 1.2 [39]

Mn-doped ZnS QDs/FL 11 μM 7–10 – – [40]

MSPE-FL 0.5 nM 7.0 95.7–103.5 1.2 This work
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using a one-step hydrothermal method with nitrilotriacetic ac-
id for fluorescence detection, respectively. It had some re-
markable advantages of high selectivity, high sensitivity, fast
response, and wide response range. Under the optimum ex-
perimental conditions, quantitative recoveries were achieved.
All of results showed that the proposed method could be a
powerful alternative for determination of trace levels of FA
from human serum samples, which had a significant applica-
tion in further researches.
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