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A B S T R A C T

Ratiometric fluorescent films with high amine sensitivity and stability were developed to monitor the freshness of 
beef and pork. Fluorescein isothiocyanate (FITC) and red carbon quantum dots (R-CQD) were used as the amine- 
responsive indicator and internal reference, respectively. The electrospun films prepared by immobilizing FITC 
and R-CQD complex (F-R) into polyvinylidene fluoride (PVDF) under 35 %, 55 % and 75 % of relative humidity 
(RH) were named F-R@PVDF-1, F-R@PVDF-2 and F-R@PVDF-3, respectively. In comparison, the F-R@PVDF-2 
film exhibited the highest sensitivity to trimethylamine (TMA), demonstrating a limit of detection (LOD) value of 
1.59 μM, and meanwhile high stability during storage with ΔE value of 1.99 after 14 days of storage at 4 ◦C. The 
F-R@PVDF-2 film also showed a significant fluorescent red-to-brown color change during meat freshness 
monitoring at 4 ◦C. Conclusively, this study reported a new ratiometric fluorescent film that can be used to track 
the freshness of meats in food packaging.

1. Introduction

Humans rely on livestock meat as a major source of high-quality 
protein, high-quality fat, minerals and other nutrients for daily use. 
However, livestock meats are prone to microbial contamination during 
production, transportation, sales and other intermediate links. Volatile 
biogenic amines are produced by decarboxylation of amino acids and 
amination of carbonyl organic compounds, which can be utilized as a 
freshness indicator for meats (Siripongpreda, Siralertmukul, & Rod
thongkum, 2020; Vasconcelos et al., 2021). Therefore, the detection of 
biogenic amines is crucial for monitoring the freshness of livestock 
meats.

Optical sensors have attracted more and more attention because of 
their high sensitivity, quick response time, and ease of use. They have 
demonstrated significant promise in the evaluation food quality and 
safety assessment (Jeon et al., 2020; Liu et al., 2024; Zhan et al., 2021). 
Nowadays, a variety of fluorescent and visible light sensors based on the 
response of dyes and pigments to volatile biogenic amines have been 
developed to monitor freshness of protein-rich foods in intelligent food 

packaging systems (Alizadeh Sani et al., 2024; Ma et al., 2021; Pirsa, 
Sani, & Mirtalebi, 2022; Shi et al., 2023). However, some fluorescent 
sensors among these reported optical sensors generally displayed a 
single fluorescence intensity change, making it difficult to observe weak 
changes of fluorescence with the naked eye (Lin, Zhang, Huang, & Li, 
2024; Wang, Yu, Zhao, Lu, & Wang, 2021; Zhang, Wang, Xu, Shi, & 
Yang, 2022). The dual-emission ratiometric fluorescence sensors could 
provide better applicability due to their high signal-to-noise ratio and 
automatic calibration ability than single-emission fluorescent sensors (Li 
et al., 2020; Song et al., 2024). Moreover, dual-emission fluorescent 
sensors with multiple color changes are more conducive to visual 
observation (Shen, Wei, Zhu, Cao, & Han, 2022). Recently, there has 
been a lot of focus on developing ratiometric fluorescence sensors for 
freshness monitoring of protein-rich foods by using fluorescent nanop
robes, such as silver and gold nanoclusters (Zhang et al., 2022), N, S- 
carbon dots and CdTe quantum dots (Yan et al., 2022).

Electrospinning is a simple, versatile, and low-cost emerging tech
nique to produce nanofibers. Electrospun films generally have porous 
structures and high specific surface areas, making them useful for gas 
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sensing. Hence, electrospun films with good gas sensitivity have been 
developed to monitor food freshness (Goudarzi, Moshtaghi, & Shahbazi, 
2023; Liu et al., 2023; Pereira, de Sousa Picciani, Calado, & Tonon, 
2023; Rezaei, Tajik, & Shahbazi, 2023; Wu et al., 2024). For example, an 
amine-sensitive ratiometric fluorescent film was constructed by mean of 
electrospinning method using isothiocyanate, protoporphyrin IX and 
cellulose, and its fluorescence color changed from red to yellow-green 
during the storage of shrimp and crab (Jia et al., 2019).

Fluorescein isothiocyanate (FITC) exhibits green color fluorescence 
with high quantum yield, pH sensitivity, good stability and biocom
patibility. Recent studies demonstrated the promising potential of using 
FITC-based film to monitor shrimp freshness (Quan et al., 2021; Yang, 
Ding, Li, & Han, 2024). Metal-free carbon quantum dots (CQD) have 
received considerable attention in food safety area, due to their unique 
optical properties, high stability, water solubility, promising biocom
patibility, and functional properties without cytotoxicity (Khan, Ezati, 
Kim, & Rhim, 2023). CQD with diverse fluorescent colors have been 
widely synthesized (Yang et al., 2023). Given that green color contrasts 
sharply with the red color-possibly the sharpest contrast (Zhang et al., 
2013), in this study, we aimed to develop a new ratiometric fluorescent 
sensor with high color visibility by using green fluorescent FITC and red 
fluorescent carbon quantum dots (R-CQD). Herein, FITC and R-CQD 
were served as amin-responsive indicator and internal reference, 
respectively. Subsequently, the FITC and R-CQD composite (F-R) fluo
rescent probe was dispersed in polyvinylidene fluoride (PVDF) film by 
electrospinning method to form hydrophobic and porous films. The ef
fect of different relative humidity (RH) on the gas sensing ability and 
stability of the electrospun films were also investigated, since environ
mental humidity is one of the most important factors for the fiber 
morphology during electrospinning process. Finally, the feasibility of 
using fabricated ratiometric fluorescent electrospun film in food pack
aging system to monitor livestock meats (beef and pork) were 
investigated.

2. Materials and methods

2.1. Materials and reagents

Fresh beef (tenderloin) and pork (tenderloin) were purchased from 
Jimailong supermarket markets (Zhenjiang, China). Neutral red was 
purchased from Aladdin Biochemical Technology Co., Ltd. (Shanghai, 
China). N, N-Dimethylformamide (DMF), boric acid and magnesium 
oxide were purchased from Yien Chemical Technology Co., Ltd. 
(Shanghai, China). Other chemicals, including citric acid monohydrate, 
PVDF, acetone, hydrochloric acid and TMA solution were purchased 
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

2.2. Synthesis of R-CQD

Firstly, R-CQD was synthesized using neutral red and citric acid 
through hydrothermal method under high pressure as reported in a 
previous study with a slight modification (Gao et al., 2018). A 2.1 g of 
citric acid monohydrate was added to 10 mL of ultra-pure water and 
magnetically stirred for 5 min for sufficient dissolution. Thereafter, 2.9 
mg of neutral red powder was added under constant, stirring to obtain a 
molar ratio of citric acid monohydrate to neutral red of 1000:1. Then, 
the citric acid monohydrate and neutral red mixture was transferred to a 
30 mL of Teflon reactor and heated at 180 ◦C for 3 h to form R-CQD 
solution. The obtained R-CQD solution was centrifuged at 11000 rpm for 
15 min, and the supernatant was further filtered by using a microporous 
filter membrane with a pore size of 0.22 μm. Finally, the filtrate was 
dried by freeze-drying to obtain R-CQD powder.

The relative quantum yield (QY) of R-CQD was measured by using 
quinine sulfate (QS) as the standard. Firstly, quinine sulfate was dis
solved into a 0.1 M of H2SO4 aqueous solution to obtain quinine sulfate 
solutions with different concentrations. At the same time, different 

concentrations of R-CQD solution were prepared by dispersing R-CQD 
powder to water. The absorbance values of R-CQD and quinine sulfate 
solutions were determined by mean of UV–Vis spectrophotometer 
(Agilent CARY 100, Varian Corporation, USA) to ensure that the 
absorbance value was less than 0.1. The fluorescence emission spectrum 
(excitation wavelength is 360 nm) was scanned by a fluorescence 
spectrophotometer (F98, Prismatic Technology, China), and the curve 
integration (peak area) of R-CQD and quinine sulfate solution was 
calculated. Finally, the curve was drawn with the absorbance as the 
horizontal coordinate and the fluorescence peak area as the vertical 
coordinate.

The relative quantum yield (QY) of R-CQD was calculated using the 
following expression: 

φx = φQs

(
Gradx

GradQs

)(
η2

x
η2

Qs

)

(1) 

where, φx is the relative quantum yield of R-CQDs, φQs is the relative 
quantum yield of quinine sulfate, which is 0.54, and Gradx and GradQs 
are the slopes of R-CQD and quinine sulfate linear equations, respec
tively. ηx and ηQs are the refractive indices of R-CQD and quinine sulfate 
solutions respectively (Both 1.33).

2.3. Construction of R-CQD@FITC probe

Firstly, R-CQD powder was dissolved in water using ultrasonication 
to obtain a concentration of 1 mg/mL. Then, various R-CQD@FITC ratio 
fluorescent probes were constructed by mixing 1 mL of R-CQD solution 
with 40 μL of FITC solution with different concentrations to make that 
the mass ratios of R-CQD: FITC were 2000:1, 1000:1, 500:1, 333:1, 
250:1 and 200:1, respectively. To determine the optimal volume ratio 
between R-CQD solution and FITC solution, R-CQD@FITC solutions 
were mixed evenly with 150 μL of 1 M TMA solution for 3 min reaction. 
The fluorescence spectra of R-CQD@FITC before and after the reaction 
were recorded by means of fluorescence spectrophotometer.

2.4. Preparation of electrospinning fluorescent films

Firstly, 1.5 g of PVDF powder was added to 10 mL of a mixed solvent 
(acetone: DMF = 1:4, V/V) and stirred magnetically at 40 ◦C for 3 h to 
form a clear solution. The optimized R-CQD@FITC solution was added 
to PVDF solution under stirring for 30 min, followed with ultrasonic 
treatment for 30 min to remove bubbles. The obtained solution was 
inhaled into a disposable syringe using metal needles (inner diameter of 
0.84 mm). The positive and negative voltage of the electrospinning 
machine were set to 15 and − 3 kV, respectively. The internal ambient 
temperature of the spinning machine was set to 35 ◦C, and ambient RH 
was set to 35 %, 55 % and 75 %. The distance between the syringe and 
receiver was adjusted to 20 cm. Afterwards, the flow rate of the solution 
was set to 0.001 mm/s and the receiver was controlled to run at 50 r/ 
min. The surface of the receiver was covered with a silicone oil paper. 
The fluorescent films fabricated under the RH of 35 %, 55 % and 75 % 
were named as F-R@PVDF-1, F-R@PVDF-2 and F-R@PVDF-3, respec
tively. Blank PVDF solution for electrospinning was prepared by dis
solving 1.5 g of PVDF powder in 10 mL of solvent (acetone: DMF = 1:4, 
V/V), 40 μL of ethanol, and 1 mL of water.

2.5. Determination of color stability of the films

The fluorescent films were stored in an incubator at 4 ◦C and their 
fluorescent images were captured every 24 h by using a digital camera in 
a UV box (Excitation wavelength:365 nm). The L* (lightness), a* (red-to- 
green) and b* (blue-to-yellow) values of the images were collected using 
the image processing software developed by our research group. Parallel 
experiments were conducted for 3 times, and the average value was 
taken as the result. The total color difference (ΔE) was calculated by 
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using the following equation: 

ΔE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(ΔL*)2
+ (Δa*)2

+ (Δb*)2
√

(2) 

where ΔL* = L* − L0*, Δa = a* − a0*, Δb = b* − b0*; L*, a* and b* are 
the color parameter of the films after a certain storage time; and L0*, a0*, 
and b0* are the initial color parameters of the films.

2.6. Determination of sensitivity of the films to trimethylamine (TMA)

Fluorescent films (1 × 1 cm) were adhered to the top of a reaction 
chamber with 25 ◦C and 75 % RH for an hour to reach equilibrium. 
Then, a drop of TMA solution was injected into the closed laboratory and 
left for an hour to make sure the complete reaction between fluorescent 
films and TMA. The L*, a* and b* values of fluorescent films were also 
obtained using the digital camera in a UV box (Excitation wavelength: 
365 nm). The concentration of TMA in the chamber was calculated by 
the following expression: 

C =
WS VS ρS

M V
(3) 

where C (mol/L) is the concentration of TMA in the reaction chamber; ρs 
is the density of TMA solution (g/mL); Vs is the volume of TMA solution 
(mL); Ws is the mass fraction of TMA in solution. M is the molar mass of 
TMA (g/mol); and V is the volume of reaction chamber (L).

The limit of detection (LOD) values of the fluorescent films to TMA 
can be calculated by the following equation: 

LOD = 3σ/N (4) 

where σ is the standard deviation of the 13 repeated blank measure
ments and N is the absolute value of the slope of the calibration curve.

The influence of different humidity on the sensing ability of fluo
rescent films was also determined. Firstly, reaction chambers with 
different relative humidity were prepared using MgCl2 saturated solu
tion (30 % RH), NaBr saturated solution (60 % RH), and ZnSO4 saturated 
solution (90 % RH). F-R@PVDF-2 film was adhered to the top of reaction 
chambers for an hour to reach equilibrium. Then, a drop of TMA solution 
was injected to the chamber to obtain a final gas concentration of 400 
μM. The total color difference (ΔE) of F-R@PVDF-2 film before and after 
reaction was calculated.

2.7. Characterization of films

The microstructures of films were observed by using scanning elec
tron microscopy (SEM) and confocal laser scanning microscopy (CLSM). 
For SEM observation, a small piece of film after drying was pasted onto 
objective table with conductive glue, followed by a 5 min of gold-spray 
treatment. The diameter of electrospun fiber of the films was analyzed 
by using Nano Measurer software. For CLSM observation, a piece of film 
was placed in the center of glass slide, and covered with a coverslip. The 
sample was observed with the help of cedar oil. The excitation wave
length of the CLSM was set to 488 nm.

The hydrophobicity of the films was determined to their water 
contact angle (WCA). The films (20 × 20 mm) were evenly affixed to a 
glass slide, and the slide was placed on the horizontal work table. When 
a drop of distilled water was dropped onto the sample surface, the high- 
speed camera was used to continuously capture the image of water 
droplets.

2.8. Application in meat freshness monitoring

A piece of 90 g of fresh beef (tenderloin) and pork (tenderloin) were 
placed in plastic petri dishes (diameter of 9 cm) and F-R@PVDF-2 film 
(2 × 1 cm) attached to the lids. The petri dishes were sealed with 
vaseline and stored in a refrigerator at 4 ◦C. The fluorescence images of 

the films in a UV box were captured by using a digital camera every 24 h 
for 6 days.

The total volatile basic nitrogen (TVB-N) content of beef and pork 
were determined by an automatic Kjeldahl apparatus (Chinese standard 
GB 5009.228–2016). Briefly, 50 g of meat sample was diced into small 
pieces through a meat grinder. Then, 10 g of the diced sample was added 
to 75 mL of distilled water for further homogenization. The mixture was 
filtered using filter paper and the filtrate was then transferred to a 
distillation tube containing 1 g of MgO powder. The distillation tube was 
placed onto the automatic Kjeldahl apparatus, and TVB-N gases were 
blown by water vapor and finally absorbed by using 30 mL of boric acid 
(20 g/L). The boric acid solution was titrated with 0.1 M HCl solution by 
automatic acid-base titrator. In the control group, 75 mL of distilled 
water without diced meat sample were used. The content of TVB-N was 
calculated according to the amount of 0.1 M HCl used in the titration 
process by using the following equation: 

X =
(V1 − V2) × C × 14

m
×100 (5) 

where X is the content of TVB-N in meat (mg/100 g); C is the concen
tration of HCl (mol/L); m is the weight of the meat sample (g); V1 is the 
volume of 0.1 M HCl used in the process of sample titration (mL); and V2 
is the volume of HCl used in the control group (mL).

2.9. Statistical analysis

All experiments were repeated triplicate to calculate their average 
values. A one-way analysis of variance (ANOVA) followed by Duncan's 
multiple range test was used to separate the significant differences (P <
0.05) between groups.

3. Results and discussion

3.1. Optimization of R-CQD synthesis conditions

R-CQD was synthesized by one-step hydrothermal method. The 
synthesis temperature and time are important factors affecting the 
fluorescence intensity of carbon quantum dots. As shown in Fig. S1A, 
when the synthesis temperature was fixed at 180 ◦C, the fluorescence 
intensity of R-CQD gradually increased to the maximum after 3 h of 
synthesis time, indicating highest QY. Then, the fluorescence intensity of 
R-CQD gradually decreased with the increase of synthesis time. This may 
be because that R-CQD was further dehydrated and carbonized, and the 
overlap of electron clouds between R-CQD led to electron transition, 
making the fluorescence quench of R-CQD (Xia, Zhu, Feng, Yang, & 
Yang, 2019). Evidently from Fig. S1B, the fluorescence intensity of R- 
CQD gradually increased when the heating temperature increased from 
140 ◦C to 180 ◦C and then decreased at higher temperature, under a 
synthesis time of 3 h. This was most likely caused by R-CQD being 
over‑carbonized at temperatures higher than 180 ◦C, which made their 
tiny size effect less noticeable, and led to a decrease in fluorescence 
intensity. Therefore, the optimum synthesis condition of R-CQD was 
180 ◦C for 3 h. Fig. S1C shows the fitting curve of the fluorescence curve 
integral and absorbance relationship of R-CQD and QS. The QY of R- 
CQD was calculated to be 26.77 %.

3.2. Characterization of R-CQD

The morphology and particle size of the prepared R-CQD were 
investigated using transmission electron microscopy (TEM). As shown in 
Fig. 1A, R-CQD presented a spherical morphology, and the carbon 
nanoparticles are highly dispersed and homogeneous with an average 
particle size of 2.48 nm (Fig. 1C), which was consistent with the fact that 
CQD generally has small size. The HRTEM image exhibited a clear lattice 
structure with a lattice spacing of 0.21 nm which was similar to the 
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(100) facet of graphitic carbon (Fig. 1B) (Si et al., 2018). Fig. 1D showed 
the FTIR spectrum of the R-CQD. The characteristic peak at 3492 cm− 1 

coincided with the typical stretching vibration of the hydroxyl group 
(Song et al., 2024). The absorption peak at 1685 cm− 1 corresponded to 
the stretching vibration of C––O (Liu et al., 2015). Likewise, absorption 
peak at 1213 cm− 1 was attributed to the stretching vibration of C-O-C, 
suggesting that the R-CQD was rich in oxygen-containing groups 
(Shangguan et al., 2016). In addition, the characteristic absorption 
peaks at 1627 cm− 1 and 1388 cm− 1 correspond to C––C and C–N, 
respectively (Liu et al., 2017). The absorption peak at 3284 cm− 1 was 
caused by N–H tensile vibration (Qu et al., 2016). Citric acid acted as 
the main carbon donator of R-CQD and neutral red provided nitrogen 
source. These findings indicated a successful doping of nitrogen ele
ments into R-CQD.

The functional groups on the surface of R-CQD were further studied 
using X-ray photoelectron spectroscopy (XPS). As reported in Fig. S2A, 
the XPS spectrum of R-CQDs showed three distinct peaks at 285.08, 
399.08 and 532.08 eV, which were attributed to C1s, N1s, and O1s, 
respectively. It could be seen that R-CQD was composed of three ele
ments: carbon, nitrogen and oxygen. Among them, O element accounts 
for the largest proportion of 53.88 % followed by C element (44.14 %) 
and N element (1.98 %). The high-resolution C1s spectrum (Fig. S2B) 
could be further decomposed into three carbon states at 284.78 eV, 
286.68 eV and 288.88 eV. The characteristic peak at 288.88 eV corre
sponded to C–O and C–N bonds. The characteristic peak at 286.68 eV 

was attributed to the C––O bond. The characteristic peak at 284.78 eV 
corresponded to the C––C and C–C bonds, which might generate a series 
of emission wells between the π and π* states of C––C (Liu, Pang, Xu, & 
Zhang, 2016). Fig. S2C shows that the O1s spectrum could also be 
divided into three components at 531.98 eV, 533.28 eV, and 532.28 eV, 
which were related to C–O, C––O, and C-OH/C-O-C, respectively (Gao 
et al., 2018). Peaks at 399.28 eV and 401.48 eV in Fig. S2D indicated 
that nitrogen primarily existed in the form of C–N and N–H bonds 
(Song et al., 2017), verifying the successful doping of N element in R- 
CQD.

3.3. Fluorescence properties of R-CQD and FITC

Fig. 2A shows the fluorescence emission spectra of R-CQD at 
different excitation wavelengths. As the excitation wavelength increased 
from 380 nm to 500 nm, R-CQD reached the maximum emission peak at 
the excitation wavelength of 470 nm, and the corresponding maximum 
emission wavelength was 610 nm. Moreover, the wavelength of the 
emission peak did not change with the excitation wavelength, indicating 
excitation-independent emission behavior.

FITC reached its maximum fluorescence intensity at an excitation 
wavelength of 470 nm (Fig. 2B). As the excitation wavelength increased 
from 400 nm to 500 nm, the emission peak of FITC remained at 519 nm. 
Fig. 2C-D illustrate the colors presented by R-CQD and FITC under 
natural light and 365 nm UV light irradiation. R-CQD solution presented 

Fig. 1. (A) TEM, (B) HRTEM images, and (C) particle size distribution of the R-CQD; and (D) FTIR spectrum of R-CQD.
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red color under both daylight and UV light. FITC displayed yellow color 
under daylight, while green fluorescence under 365 nm of UV light. R- 
CQD and FITC could serve as a ratio fluorescent probe R-CQD@FITC, 
with FITC acting as the TMA-sensitive component of R-CQD@FITC, and 
R-CQD serving as the internal reference. Since the maximum excitation 
wavelength for both R-CQD and FITC was 470 nm; therefore, 470 nm 
was used as the excitation wavelength for R-CQD@FITC ratiometric 
fluorescent probe.

3.4. Optimization of R-CQD@FITC ratio

Fig. S3 A shows the fluorescent spectra of FITC after reacting with 
0–340 μM of TMA. The maximum wavelength was 519 nm and the 
corresponding fluorescent intensity increased with increasing TMA 
concentration. A good linear relation was found between the fluorescent 
intensity at 519 nm and TMA concentration (Fig. S3B), indicating that 
FITC could be used for TMA sensing. In comparison, R-CQD did not show 
obvious change in maximum wavelength (Fig. S3C) and maximum 
fluorescent intensity (Fig. S3D) upon reacting with TMA. Therefore, 
FITC and R-CQD could be used to construct a ratio fluorescent probe to 
TMA.

The mass ratio of R-CQD and FITC was optimized to obtain the 
highest gas sensitivity. Fig. 3A-F show the fluorescent spectra and color 
of R-CQD@FITC fluorescent probes before and after reaction with TMA. 
When the mass ratio of R-CQD: FITC was greater than 500:1, the fluo
rescent color of the solutions after the reaction did not change signifi
cantly. This may be due to the insufficient content of FITC in the ratio 
probe. The color of R-CQD@FITC fluorescent probes after reacting with 
TMA significantly turned from red to yellow when the mass ratio of R- 
CQD: FITC was 333:1 or 250:1. However, further increasing FITC con
tent made the original fluorescent color of R-CQD@FITC become yellow, 
indicating that the change in fluorescent color after reacting with TMA 

was very weak.
The fluorescent intensity ratio, namely F519/F610, could indicate the 

intensity of green color in comparison to red color, with a deeper green 
color when the ratio was higher. It can be seen that the difference values 
of F519/F610 before and after reaction with TMA (Δ(F519/F610)), firstly 
increased and reached the maximum at the mass ratio of 250:1 (R-CQD: 
FITC) (Fig. 3G), indicating the highest color change. Therefore, the 
fluorescent probe with a mass ratio of 250:1 (R-CQD: FITC) was utilized 
for subsequent experiments.

3.5. Response of R-CQD@FITC to TMA solution

Fig. 4A shows the fluorescent spectra of the optimized R-CQD@FITC 
probe in response to different concentrations of TMA. As the concen
tration of TMA increased from 0 μM to 340 μM, the emission intensity of 
the fluorescent probe at 519 nm increased, while the emission intensity 
at 610 nm remained almost constant. Correspondingly, the fluorescent 
color of R-CQD@FITC solution changed from red to yellow under a 365 
nm UV light (Fig. 4C). Meanwhile, the F519 /F610 value showed a good 
linear relationship with TMA concentration in the range of 0 μM to 340 
μM, with a correlation coefficient R2 of 0.9869 (Fig. 4B). Hence, the R- 
CQD@FITC ratiometric fluorescent probe could be used for TMA 
sensing.

3.6. Micromorphology of electrospun films

The micromorphology of electrospun film fabricated under different 
RH was observed using SEM and CLSM. The surface of the blank PVDF 
electrospun film changed from smooth to rough (Fig. 5A) and the 
average diameter of the fibers increased from 470 nm to 909 nm with 
the increase of RH (Fig. 5B). This was probably due to the fact that water 
vapor as a non-solvent for PVDF would deposit on the PVDF fiber during 

Fig. 2. Fluorescence emission spectra of (A) R-CQD and (B) FITC with excitation of different wavelengths. Photographs of (C) R-CQD and (D) FITC under visible and 
365 nm UV light.
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the evaporation of solvent (acetone and DMF mixture), which led to an 
increase in fiber diameter and surface roughness (Mailley, Hebraud, & 
Schlatter, 2021). Similar phenomenon was also observed in roughness 
(Fig. 5C) and diameter (Fig. 5D) of R-F@PVDF fibers. In comparison, the 
addition of R-CQD@FITC to PVDF led to an increase of fiber diameter. 
This could be due to the physical position occupation of R-CQD@FITC 
within PVDF fibers, and the presence of hydrophilic groups on R-CQD 
that decreased the evaporation efficiency of the solvent. Moreover, the 
fibers were severely agglomerated at high RH (75 % RH), which was not 
beneficial for gas sensing, since that the agglomerated fibers would 
make the R-CQD@FITC embedded deeply inside of the PVDF polymers, 
so that the combination between R-CQD@FITC and target gases would 
be limited to same extent. CLSM images (Fig. 5E) showed the red fluo
rescence resulting from R-CQD@FITC, and the fluorescence color in
tensity was nearly equal along the fibers, indicating the uniform 
dispersion of R-CQD@FITC within PVDF.

3.7. Surface hydrophobicity of electrospun films

The WCA could be used to describe the hydrophilicity/ 

hydrophobicity of the surface of electrospun films. Fig. 6 showed that 
with the increase of the RH during electrospinning from 35 % to 75 %, 
the WCA values of the blank PVDF films increased from 117.34◦ to 
142.78◦, and the hydrophobicity of the electrospun film gradually 
increased. This may be due to the increase in the average diameters and 
surface roughness of the electrospun fibers that reduced the wettability 
of the fabricated film (Piedrahita, Baba, Quintana, Bardon, & Choquet, 
2024). The R-F@PVDF films exhibited lower WCA compared to that of 
blank PVDF films. This was probably because the surface of R-CQD 
contained numerous hydrophilic groups such as hydroxyl groups, 
reducing the hydrophobic characteristics of the electrospun film. How
ever, all of their WCA were still higher than 90◦, indicating a hydro
phobic surface. Among three R-F@PVDF films, the WCA of R-F@PVDF-3 
film presented the highest WCA despite of its uneven micromorphology.

3.8. Self-stability of electrospun films

The fluorescent color stability of the electrospun film has an 
important influence on the indication accuracy for meat freshness 
monitoring. Fig. S4A shows the fluorescent images of the electrospun 

Fig. 3. Fluorescence spectra of R-CQD@FITC probes before and after reaction with TMA, under an excitation wavelength of 470 nm. The mass ratios of R-CQD: FITC 
were (A) 2000:1, (B) 1000:1, (C) 500:1, (D) 333:1, (E) 250:1 and (F) 200:1, respectively. The insets were fluorescent images of R-CQD@FITC probes before and after 
reaction. (G) Difference of F519/F610 of R-CQD@FITC probes before and after the reaction with TMA.
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films for 14 d storage under 4 ◦C. The color changes of F-R@PVDF-1 film 
and F-R@PVDF-2 film were almost imperceptible, while the fluorescent 
color of F-R@PVDF-3 film showed a slight fading. In general, the color 
change ΔE < 5 is considered to be a range of chromaticity that is not 
easily observed by the naked eye (Zhang et al., 2021). On the 7th day, 
the ΔE of F-R@PVDF-1, F-R@PVDF-2 and F-R@PVDF-3 film were 1.26, 
1.14 and 2.15, respectively, indicating that all three electrospun films 
have shown good stability within 7 days (Fig. S4B). After storage at 4 ◦C 
for 14 days, the ΔE values of F-R@PVDF-1 and F-R@PVDF-2 films were 
1.87 and 1.99, respectively, while the ΔE value of F-R@PVDF-3 film 
increased to 6.66. Therefore, the F-R@PVDF-1 and F-R@PVDF-2 film 
had better stability compared to that of F-R@PVDF-3 film.

3.9. Response of electrospun films to TMA

The responses of the CQD/PVDF and CQD@PVDF film to TMA were 
evaluated, since TMA is one of the most representative volatile amines 
during meat spoilage. The fluorescent color response of the F-R@PVDF 
films to TMA was shown in Fig. 7. As the concentration of TMA in
creases, the fluorescent color of the electrospun films changed from red 
to orange, and then to brown. At a certain TMA concentration (150 μM), 
the color difference ΔE of F-R@PVDF-1 film, F-R@PVDF-2 film and F- 
R@PVDF-3 film were 21.02, 24.64 and 12.61, respectively, indicating 
the highest gas sensitivity of F-R@PVDF-2 film. This result could be 
explained based on their micromorphology as depicted in Fig. 5. The 
fiber surface of the F-R@PVDF-2 film was rougher with a lot of nano- 
pores as compared to F-R@PVDF-1 film that had very smooth fibers. 
The rough surface increased the specific surface area of fibers, and nano- 
pores were conducive to the diffusion of TMA into the fibers to combine 
with FITC. Compared with F-R@PVDF-2 film, the fibers of F-R@PVDF-3 
film were severely agglomerated and R-CQD@FITC was largely 
embedded deeply inside of fibers, reducing the contact area between the 
fluorescent probes and TMA. The ΔE of F-R@PVDF-2 film and F- 
R@PVDF-3 film showed linear relationships with TMA concentration in 
the range of 0–200 μM, 0–150 μM, and 0–300 μM, respectively. Ac
cording to these linear correction curves, the LOD values of F-R@PVDF-1 
film, F-R@PVDF-2 film and F-R@PVDF-3 film to TMA were calculated to 
be 2.52 μM, 1.59 μM and 3.40 μM, respectively, verifying the best gas 

sensitivity of F-R@PVDF-2 film. Table S1 shows the linear range and 
LOD of F-R@PVDF-2 film to TMA, compared with other reported works. 
It can be seen that F-R@PVDF-2 film had good gas sensitivity. The 
principle of reaction between F-R@PVDF-2 film and TMA was shown in 
Fig. 7C. The fluorescent intensity of FITC (Green fluorescent color) was 
enhanced, while that of R-CQD (Red fluorescent color) remained con
stant, upon reacting with TMA.

In addition, considering that F-R@PVDF-2 film had comparable 
stability with F-R@PVDF-1 film, therefore, the F-R@PVDF-2 film was 
used for further application.

3.10. Response of F-R@PVDF-2 film to TMA at different RH

In practical application, the F-R@PVDF-2 film would be fixed in a 
sealed package containing fresh meats, which would lead to high RH 
inside of the packaging. Therefore, the effect of RH on the sensing ability 
of F-R@PVDF-2 film was investigated. As shown in Fig. S5A, the fluo
rescent color of F-R@PVDF-2 film changed from red to orange and then 
to deep brown after exposure to TMA. The F-R@PVDF-2 film became 
deep brown at around 160 s, 250 s and 300 s, under the RH of 30 %, 60 % 
and 90 %, respectively. This resulted indicated that under a higher RH, 
the reaction between F-R@PVDF-2 film and TMA turned to reach 
equilibrium more slowly. This could also be seen from the change of ΔE 
values along with reaction time in Fig. S5B. However, the final ΔE 
values of F-R@PVDF-2 film under different 30 %, 60 % and 90 % RH 
were 31.5, 30.6 and 30.1, respectively. These results indicated that a 
higher RH mainly reduced the reaction rate, other than the reaction 
degree. This could be because that under a high RH, a part of TMA was 
first combined to water molecules other than directly reaction with 
FITC, which reduced the reaction rate. But afterwards, TMA concen
tration in the reaction chamber decreased as consumed by FITC, so that 
TMA dissolved in water vapor was gradually released from water vapor 
and then diffused to react with FITC.

3.11. Application of F-R@PVDF-2 film

The F-R@PVDF-2 film exhibited good hydrophobicity, color stabil
ity, and sensitivity to TMA, making it suitable for visual monitoring of 

Fig. 4. (A) Fluorescence spectra of R-CQD@FITC fluorescent probe with different concentrations of TMA at a 470 nm excitation, (B) linear relationship between F519 
/F610 and TMA concentration, and (C) the fluorescent images of R-CQD@FITC solutions after reacting with different concentrations of TMA under a 365 nm UV light.
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Fig. 5. (A) SEM images and (B) fiber diameter distributions of the blank PVDF films prepared under different RH during electrospinning process. (C) SEM images and 
(D) fiber diameter distributions of the R-F@PVDF films prepared under different RH during electrospinning process. (E) CLSM images of R-F@PVDF films.
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the freshness of beef and pork. Chinese standard was used to determine 
the freshness of beef and pork based on their TVB-N contents. Evidently 
from Fig. 8A, fluorescent color of F-R@PVDF-2 film gradually turned 
from red to brown, indicating the reaction between the F-R@PVDF-2 
film and volatile gases from meats. TVB-N values of beef (Fig. 8B) and 
pork (Fig. 8C) gradually increased with the storage time. The Chinese 
standard GB 2707–2016 states that the rejection limits of TVB-N level for 
fresh beef and pork was 15 mg/100 g.

The TVB-N content of beef increased from 7.34 mg/100 g to 13.56 
mg/100 g at the 4th day, indicating that the beef was still fresh. 

According to the calibration curve between TVB-N content and storage 
time, the TVB-N content of beef reached 15 mg/100 g after nearly 4.4 
day. At this point, the ΔE value of F-R@PVDF-2 film was 13.5, indicating 
this color change was obvious for the naked eye as ΔE > 5. The TVB-N of 
pork increased from 8.45 mg/100 g to 13.85 mg/100 g over 3 days, 
indicating that the pork was still fresh on the third day. According to the 
calibration curve between TVB-N content and storage time, the TVB-N 
content of pork increased to 15 mg/100 g nearly after 3.7 day, indicating 
that the pork was not fresh. At this point, the ΔE value of the F-R@PVDF- 
2 film increased to 9.0, meaning that this color change was evident for 
the naked eye. As a result, the F-R@PVDF-2 film could realize the visual 
monitoring of the beef and pork freshness.

4. Conclusion

R-CQD with maximum excitation and emission wavelength of 470 
and 610 nm was successfully synthesized. R-CQD and FITC complex 
with the optimal mass ratio of 1:250 was used as the ratiometric fluo
rescent probe for TMA. Afterwards, highly hydrophobic fluorescent 
electrospun films were prepared by immobilizing R-CQD@ FITC into 
PVDF. During electrospinning process, RH exhibited a significant effect 
on the micromorphology, hydrophobicity, stability, and gas sensitivity 
of the films. The F-R@PVDF-2 film prepared at 55 % RH showed good 
hydrophobicity, stability, and TMA sensitivity with LOD to TMA of 1.59 
μM. The F-R@PVDF-2 film showed a significant fluorescent color change 
from red to brown during the visual monitoring of pork and beef 
freshness at 4 ◦C. Conclusively, this study presented a new ratiometric 
fluorescent sensor to monitor meat freshness in intelligent food pack
aging system.

Fig. 6. The WCA images of the blank PVDF films and R-F@PVDF films.

Fig. 7. (A) The fluorescent images of the F-R@PVDF films in response to TMA at different concentrations. (B) The plot of ΔE values of the films versus the con
centration of TMA. (C) Principle diagram of TMA and R-CQD@FITC reaction.
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