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Abstract
Folic acid (FA) is an essential vitamin in humans, and thus, rapid, accurate, and sensitive methods for its quantification in
different biological samples are needed. This work describes a novel, simple, and effective dual-emission fluorescence nanoprobe
for FA detection and quantification. The probe was covalently linked to amino-modified orange quantum dots (QDs) and
carboxyl-modified blue graphene quantum dots (GQDs). The resulting material exhibited two emission peaks at 401 and
605 nm upon excitation at 310 nm. The probe had good selectivity and sensitivity toward FAwith an exceptionally low detection
limit (LOD = 0.09 nM). This probe was effectively used to quantify FA in animal serum samples. The method has potential utility
for FA analysis in different types of biological samples.
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Introduction

Folic acid (FA) is a B-group vitamin essential for human and
animal health. As a substrate and coenzyme, it participates in
the metabolism of amino acids and nucleic acids via the addi-
tion, transport, and enzymatic treatment of one-carbon units
[1, 2]. The deficiency of this vitamin increases the risk of
cancer, cardiovascular disease, depression, cognitive decline,
Alzheimer’s disease, neural tube defects (NTD), and so on
[3–7]. The free FA concentration in serum, plasma, and eryth-
rocytes has been used as a biomarker for the effective diagno-
sis of a panel of health disorders [8]. FA is also very important
for normal homeostasis. Thus, portable, rapid, simple, sensi-
tive, accurate, and affordable methods for the detection and
quantification of FA in biological samples are needed.

The current methods for FA determination are based on
high-performance liquid chromatography (HPLC), capillary
electrophoresis (CE), surface-enhanced Raman scattering

(SERS), electrochemistry, and ELISA [1, 3, 9–12]. Most of
these methods require expensive equipment and complex
sample preparation and analysis [13]. The detection of trace
analytes by fluorescence spectroscopy is a potentially useful
technique. Versus traditional methods, fluorescence spectro-
scopic technique is fast, simple, sensitive, and selective, mak-
ing it attractive for a wide variety of practical applications.
Quantum dots (QDs) are the most promising, inorganic
nanomaterials in the analytical field due to their unique optical
and physical characteristics, such as adjustable size, high
quantum yield, large Stokes shifts, high optical stability, and
high absorption coefficients [14–16]. In recent years, the num-
ber of applications using QDs as fluorescent-sensing probes
has increased [17, 18]. The selectivity of the QDs is reduced
when the sample matrix contains substances with a similar
luminescence response as the analyte. To overcome this prob-
lem, radiometric fluorescence nanoprobes have been devel-
oped. The probe takes the intensity ratio at two emission
wavelengths as the output signal. This signal is self-
calibrated eliminating the interference originating from back-
ground and further improving the sensitivity, selectivity, and
accuracy of detection [19–21].

Here, we designed and synthesized a novel, simple, and
effective dual-emission fluorescence nanoprobe. The structure
of the dual-emission fluorescence nanoprobe and the working
principle for visual detection of FA are illustrated in Scheme 1.
To design such a dual-emission fluorescence nanoprobe for
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visual detection of FA, amino-modified orange QDs and
carboxyl-modified blue graphene quantum dots (GQDs) are
chemically combined through a condensation process and cat-
alyzed by EDC/NHS. These materials show two emission
peaks of 401 and 605 nm upon excitation at 310 nm. The free
FA in solution quenched the fluorescence of the probe leading
to a very low LOD (0.03 nM). This probe was successfully
utilized for the quantification of FA in animal serum samples.
The method is fast, simple, specific, and sensitive with poten-
tial applicability for different types of biological samples.

Materials and methods

Reagents and equipment

Anhydrous citric acid was bought from Sinopharm (Shanghai,
CHN). Tris (hydroxymethyl) aminomethane (Tris-HMA),
NaOH, FA, EDC, and NHS were purchased from Aladdin
(Shanghai, CHN). Water-soluble amino-modified QDs
(CdSe/ZnS) were bought from ZhongKeWuYuan
Biotechnology (Beijing, CHN).

The UV-Vis, FL, and Fourier-transform infrared (FT-IR)
spectra were recorded on a UV-Cary50 Bio (Victoria,
Australia), Lumina FL-4500 (Thermo Fisher, America), and
Vector-22 (Bruker, Germany), respectively.

Synthesis of GQDs

The preparation was performed according to the previous-
ly described procedure [22]. Briefly, 2 g Ca and 0.5 g
Tris-HMA were mixed in a 25-mL round-bottomed flask
and heated at 225 °C for 15 min. The final product pre-
cipitated after cooling to room temperature. Next, 5 mL of
ultrapure water was added with dissolved solids, pH was
adjusted to 7, the salt was removed by overnight dialysis,
and the GQDs were obtained and diluted to 50 mL for the
experiment.

Synthesis of dual-emission fluorescent nanoprobes

A dual-emission nanoprobe was synthesized by covalent
coupling between amino-modified orange QDs and
carboxyl-modified blue GQDs [23–25]. The specific steps
were as follows: First, 50 μL of GQDs and 30 μL of
1 mg/mL EDC/NHS were added in 1.5-mL centrifuge
tubes and shaken for 15 min to activate the carboxylic
groups. Afterward, 200 μL of QDs and 720 μL of
10 nM PBS (pH = 7.4) were supplemented, and the reac-
tion proceeded in the dark for 24 h. After centrifugation to
remove an excess of unreacted compounds, the synthe-
sized dual-emission fluorescence nanoprobe was kept for
further use as dispersion in 1 mL PBS.

Scheme 1 Synthesis of a dual-emission fluorescent nanoprobe and detection principle of FA

Fig. 1 a TEM diagram of GQDs. Bar = 10 nm. b TEM diagram of dual-emission fluorescence nanoprobe. Bar = 50 nm. c TEM diagram of QDs. Bar =
10 nm
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Fluorescence detection of FA

Briefly, 20 μL of dual-emission fluorescence nanoprobe was
diluted with PBS and mixed with the increasing amounts of
FA. The final concentrations of FA in the mixtures were 0.11,
0.22, 1.13, 2.27, 4.53, 11.33, and 22.66 nMwhile keeping the
sample volume constant (1 mL). Upon excitation at 310 nm,
emission signal from FAwas detected at 401 and 605 nm (at
room temperature). Experiments were performed at least in
triplicate using biological samples.

Selectivity of probes toward FA

The fluorescence intensity at 401 and 605 nm was measured
after mixing the dual-emission fluorescence nanoprobe with
the interfering substance and adding 100 μL of 22.66 nM FA

solution. In the presence of FA, the other substances from the
biological matrix such as carbohydrates, amino acids, and
metal ions were separately introduced into the nanoprobe so-
lution to investigate the selectivity.

Detection of FA in rabbit serum samples

The rabbit serum used in the experiment was purchased from
the BioChannel Company (Nanjing, PRC. Cat: BC-SE-
RAB001-100 ml, Lot: BC20190110), being kept at − 20 °C.
The serum samples were diluted 200 times with ultrapure
water because of the high FA content in rabbit serum. The
standard recovery of FAwas determined by adding increasing
amounts of analyte into the diluted serum samples.

Results and discussion

Characterization

TEM diagrams of GQDs and dual-emission fluorescence
nanoprobe are shown in Fig. 1. Figure 1a and c show that
GQDs and QDs were uniformly dispersed in water. Along
with this, two types of QDs are successfully connected by
chemical forces and dispersed densely and uniformly in an
aqueous solution.

The FT-IR absorption spectra of GQDs, QDs, and dual-
emission fluorescence nanoprobe are shown in Fig. 2. GQDs
and QDs were coupled by amide bonds formed between ami-
no and carboxyl groups. The hydroxyl and carboxyl groups
existed on the surface of GQDs (Fig. 2(c)). The absorption
maxima at 1456 cm−1 and 3446 cm−1 indicate in-plane bend-
ing and stretching vibrations of the O-H group, respectively
[26]. The absorption peaks at 1662 cm−1 and 1078 cm−1 arise
from C=O and C-O stretching vibrations, respectively. The

Fig. 2 FT-IR spectra of (a) QDs, (b) dual-emission fluorescence
nanoprobe, and (c) GQDs

Fig. 4 Stability of the fluorescence intensity of the dual-emission fluo-
rescence nanoprobe for 3 h

Fig. 3 (a) Fluorescence excitation spectra of the dual-emission fluores-
cence nanoprobe. (b) Fluorescence excitation spectra of QDs. (c)
Emission spectra of GQDs. (d) Emission spectra of the dual-emission
fluorescence nanoprobe. (e) Emission spectra of the QDs

Detection and quantification of folic acid in serum via a dual-emission fluorescence nanoprobe 7483



characteristic peaks of amino functional groups are observed
at the surface of QDs. The most intense absorption peaks at
3421 cm−1 (Fig. 2(a)) and 3450 cm−1(Fig. 2(b)) were assigned
to N-H stretching vibrations; signals at 1640 cm−1 and
1400 cm−1 originate from of the C=O stretching vibrations
(Fig. 2(b)). This confirms the formation of amide bonds in
the dual-emission fluorescence nanoprobe.

Optical properties

The fluorescence spectrum emissions of blue-emitting GQDs,
orange-emitting QDs, and dual-emission fluorescence

nanoprobe are shown in Fig. 3. The wavelength of GQDs’
fluorescence maximum emission is 401 nm, while QDs show
a maximum emission peak at 605 nm. Upon excitation at
310 nm, the blue-emitting GQDs and orange-emitting QDs
emitted intense blue and red fluorescence at 401 and
605 nm, respectively, which indicates that the functional
groups of GQDs and QDs have been successfully bonded.

Fluorescence stability

Fluorescence stability is an important parameter that indicates
whether the synthetic sensing material can be used in practical
detection. Stable fluorescence signal ensures the accuracy and
repeatability of the measurements. Therefore, we monitored
the stability of the dual-emission fluorescence nanoprobe
emission in an aqueous solution. The fluorescence emission
spectrum was measured every 30 min for 3 h. Figure 4 shows
that the ratio of fluorescence at two wavelengths remained
nearly constant for 3 h, indicating good stability of the dual-
emission fluorescence nanoprobe in solution. This makes it
suitable for daily analysis and detection.

Fluorescence sensing of FA using the emission
intensity ratio at two wavelengths

The sensitivity of the dual-emission fluorescence nanoprobe
toward FA was investigated next (Fig. 5). The fluorescence
spectra of the dual-emission fluorescence nanoprobe in the
presence of different amounts of FA were recorded.
Figure 5a shows that the fluorescence intensity at 401 and
605 nm decreased with FA concentration. The fluorescence
intensity ratio depends linearly on the FA concentration from
0.11- to 22.66-nM range (Fig. 5b). Linear regression analysis
showed I605/I401 = 3.4109–0.031 ×Concentration with a cor-
relation coefficient r = 0.9952. The detection limit (LOD) was
0.09 nM according to the formula LOD (S/N = 3σ/k) [27],

Fig. 5 a Emission spectra of the dual-emission fluorescence nanoprobe upon addition of increasing amounts of FA. b The linear dependence of
fluorescence intensity ratio (I605/I401) and FA concentration

Fig. 6 The fluorescence response of the dual-emission fluorescence
nanoprobe to interferences. The black bars indicate the fluorescence sig-
nal upon addition of 0.1 μM metal ions (Na+, K+, Mg2+, Mn2+, Zn2+,
Al3+, Ca2+, and Fe3+), glucose, amino acids (Thr, His, Lys, Met, Gly, Cys,
Glu, Phe, Val, and Leu), and protein (albumin, globulin, serum albumin).
The red bars represent the signal from 10 nM FA added to each of the
above solutions
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where σ is the standard deviation of the response and k is the
slope of the calibration curve. These results proved the high
selectivity, wide linear range, and low detection limit for the
detection and quantification of FA using a novel dual-
emission fluorescence nanoprobe. This makes it suitable as a
sensing material for FA analysis.

Selectivity and potential interferences for FA analysis
using a dual-emission fluorescence nanoprobe

Biological samples have a complex matrix, and evaluating
potential interferences is an essential step in the development
of FA sensors. To evaluate the selectivity of this dual-emission
fluorescence nanoprobe toward FA, the fluorescence reaction
of the probe was studied in the presence of competing analytes
such as glucose, protein, amino acids (Thr, His, Lys, Met, Gly,
Cys, Glu, Phe, Val, and Leu), metal ions (Na+, K+, Mg2+,
Mn2+, Zn2+, Al3+, Ca2+, and Fe3+), and protein (albumin,
globulin, serum albumin). After further addition of 10 nM
FA, the fluorescence intensity ratio (I605/I401) of the probe
changes greatly, even when it coexists with the interferences
whose concentrations (0.1μM) are at least 10 times than those
of FA. The fluorescence spectrum was measured under the
same conditions and the I605/I401 value slot tally was calculat-
ed. As shown in Fig. 6, under the same detection conditions,
only FA shows a significant fluorescence response compared

with blank samples, with the maximum increase in the I605/
I401 value. Since the interference ions do not have a significant
corresponding fluorescence to the probe at a concentration
higher than FA, it reflects the high selectivity of the probe
against the FA. Thus, the dual-emission fluorescence
nanoprobe had good specificity toward FA and low interfer-
ence in the presence of biological matrix substances.

Quenching mechanism of the dual-emission
fluorescence nanoprobe

In order to accurately judge the quenching mechanism of
QDs, the zeta potential of QDs and FA in PBS buffer solution
was measured. The zeta potentials of QDs and FA were −
40.8 mVand + 9.07 mV, respectively. The results showed that
the surface of QDs was negatively charged while the surface
of FA was positively charged, so it could be speculated that
there was a strong electrostatic interaction between QDs and
FA [28, 29]. FAwas adsorbed to the surface of QDs by elec-
trostatic interaction, and finally, the fluorescence quenching of
QDs was caused by charge transfer [28–31].

However, the absorption spectrum of FA does not overlap
with the emission spectra of GQDs—there was no potential
for FRET between FA and GQDs. FA can decay the radiative
emission of GQDs because the polar functional groups (-OH, -
COOH, and -NH2) of FA can establish hydrogen-bonding

Table 1 Quantification of FA in rabbit serum by a dual-emission fluorescence nanoprobe

Sample Add (nM) Found (nM) Recovery (%) RSD (%)

Rabbit serum sample 1 0 11.33 ± 0.13 – 0.97

1 12.31 ± 0.22 98.7 ± 1.9 1.94

2 13.33 ± 0.1 99.9 ± 2.4 1.06

3 14.32 ± 0.17 99.7 ± 2.0 2.37

Rabbit serum sample 2 0 24.92 ± 0.51 – 4.26

1 25.9 ± 0.54 98.5 ± 2.6 4.63

2 26.86 ± 0.47 97.2 ± 3.1 3.25

3 27.78 ± 0.39 95.6 ± 3.4 4.07

Table 2 The linear range and LOD for different methods developed for FA analysis

Method Linear range (μM) LOD (μM) Reference

Fluorescence 0.5–200 0.18 [34]

Fluorescence 0.2–100 0.08 [35]

Cyclic voltammetry 1.0 × 10−3–44.0 × 10−3 0.12 × 10−3 [36]

Capillary electrophoresis 12.0–48.0 0.612 [37]

ELISA 0.36 × 103–2.90 × 103 40.78 [2]

Surface-enhanced Raman scattering 0.5–25.0 0.3 [11]

Fluorescence 0.01–30 0.5 × 10−3 [38]

Fluorescence 0.11 × 10−3–22.66 × 10−3 0.03 × 10−3 This work
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interactions with -OH and -COOH groups on the surface of
GQDs leading to fluorescence quenching of carbon dots [22,
32, 33].

Detection of FA in animal serum

Because of the high FA content in rabbit serum, the serum
samples were diluted 200-fold to fall into the calibration
curve, which underscores the excellent sensitivity of this
method. The standard recovery of FA was determined by
adding increasing amounts of analyte into the diluted serum
samples. The 200-fold diluted rabbit serum samples contained
11.33–24.92 nM of FA (Table 1). In addition, the recovery rate
of FA in the standard recovery experiment was 95.6–99.9%,
while the relative standard deviation (RSD) was below 5%.
Therefore, this newly developed dual-emission fluorescence
nanoprobe was suitable for quantification of FA in animal
serum, and the newly developed method might be applicable
to biological samples.

Comparison with reported methods

This method had very low detection limits and high sensitivity
(Table 2), making it an interesting candidate for practical de-
tection and quantification of FA in real samples.

Conclusion

In this work, we developed a novel dual-emission fluores-
cence nanoprobe chemically linked to orange and blue quan-
tum dots. This probe exerts dual-wavelength emission via
single-wavelength excitation. The main advantages of this
probe are its wide linear range, high sensitivity, and good
selectivity. Compared with traditional methods, this probe of-
fers rapid determination and quantification of FA with a de-
tection limit below all other competing methods. It has utility
in serum samples and thus has a great potential for practical
applications.
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