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A flexible and energy independent fluorescence
radiation fiber film dosimeter fabricated by
electrostatic spinning†

Mingshuo Tang, Zhiwei He, Zhihao Wang and Yunlong Wang *

Doping fluorescent substances in polymer matrices has shown promising applications in radiation dose

sensing. In this work, quinoline dye based polyvinyl chloride fibrous films with fiber diameters of 123 nm,

540 nm and 864 nm were obtained by electrostatic spinning. The introduction of the fiber film structure

makes the fluorescent film dosimeter flexible and lightweight compared to normal solid fluorescent films

and further extends the linear range of X-ray detection to 0–350 Gy. Furthermore, the dosimeter shows

energy and dose rate independence, and the sensitivity of the dosimeter can be improved by the appli-

cation of fiber films with thinner diameters. This flexible fiber membrane provides a candidate material for

wearable visual dosimeters.

Introduction

X-rays have been widely used in medical treatment, industrial
testing, sterilization, security screening and scientific research
since being discovered by Roentgen in 1895, and radiation pro-
tection against the concomitant harm from X-rays has always

been a critical issue.1,2 Thus, quantifying the dose of X-rays is
necessary, especially when they are applied for tumor radio-
therapy, where the cumulative irradiation dose delivered to the
target tissue can reach 50 Gy.3,4 Furthermore, many other
activities of human beings, such as space exploration,5,6 indus-
trial CT7,8 and flaw detection,9 also face the threat of X-rays;
thus, dosimeters have been critical tools for practitioners in
related industries.

Numerous dosimeters have also been invented to accurately
calibrate the dose, for instance, ionization chambers,10 semi-
conductor dosimeters,11 and chemical film dosimeters,12 but
significant efforts are still needed to achieve an ideal dosim-
etry system. Ionization chambers or semiconductor dosimeters
provide fine accuracy and direct read-out of the dose; however,
the complex power supply and electronic readout systems
make their cost relatively high, and the dead time greatly
impacts their accuracy and reliability when the dose rate
increases.13–15 The response of some film dosimetry systems
greatly depends on the energy of X-rays, and the existing film
dosimeters are solid sheets and not flexible to adapt to the
surface of target surfaces.16,17 Besides, many dosimeters such
as thermoluminescent dosimeters cannot detect spatial dose
distribution or require complex pretreatment, readout and cali-
bration procedures.18,19 Finally, commercially available per-
sonal dosimeters are not only inconvenient to observe or
uncomfortable to wear, but they also struggle to adapt to the
shape of the human body, hindering accurate measurement of
the important areas of the body. Therefore, a flexible and wear-
able fluorescent X-ray dosimeter is urgently needed.20–23

Compared to numerous other dose detection methods, fluo-
rescence sensing has proven to be a powerful tool for detecting
X-ray doses due to its high sensitivity, real-time performance,
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low cost and convenient visualization.24,25 In addition, pro-
portional fluorescence sensing measures the change in fluo-
rescence intensity and the ratio of two different wavelengths,
which is dependent on processes such as intramolecular
charge transfer (ICT),26 excited state intramolecular proton
transfer (ESIPT), etc., and has the advantage of self-intensity
calibration.

In recent years, polymer fluorescent films have emerged as
promising dosimeters because of the advantages of high sensi-
tivity, ease of fabrication, and good flexibility.27–29 After X-ray
irradiation, the color of these films’ fluorescence was found to
change in the visible region, which can be easily differentiated
by the naked eye with the help of a black light UV lamp, pro-
viding an ideal candidate for wearable dosimeters. For
instance, Zhang et al.30 recently designed a pH-sensitive fluo-
rescent quinoline derivative with a significant shift from blue
to red spectra after acidification. They found that the H+ ions
generated by poly(methyl methacrylate) (PMMA) and poly(vinyl
chloride) (PVC) under γ-ray irradiation can trigger this shift,
and the fluorescence intensity ratio of two fixed wavelengths
(I585 nm/I468 nm) has a linear response to the absorbed dose
over a wide dose range (80–4060 Gy). However, the stiff and
solid films are not suitable for wearable dosimeters, and the
dependence on proton energy remains unclear.

In recent years, as the demand for flexible dosimeters has
increased polymer fiber films have been gradually proposed to
serve as the carrier of radiation dosimeters to improve their
shape adaptability.31–34 The first type of fiber film dosimeter is
based on PCDA, a radiochromic reagent that darkens its color
through radiation-induced polymerization. For instance, Qi et
al.31 prepared a PEO/PCDA nanofiber fiber film using an
electrostatic spinning technique and proved that the absor-
bance remains linear with the variation in absorbed doses,
and the sensitivity of the dosimeter also showed a linear
increasing trend with the increase in the PCDA content. Vo
et al.35 successfully prepared a PCDA-based PLA composite
fiber dosimeter using centrifugal spinning and achieved an
X-ray absorbed dose detection range of 2.2–40 Gy. The compo-
site fiber film changed from white to dark blue after X-ray
irradiation in the range of 2.2–15.0 Gy and the increase of ΔE
showed pseudo-linear behavior. In the dose range of 15.0–40.0
Gy, the chromaticity difference variation is almost saturated
and the detection range is relatively narrow. Fiber films were
also applied in fluorescent radiation dosimeters; for instance,
Al-Hazmy et al.36 found that the irradiation of γ-rays (dose =
420 mR) caused the disappearance of a resolved Franck–
Condon fluorescence peak at 561 nm and a blue shift of 4 nm
on the DBDMA-doped fiber film, while only increasing the
emission intensity with an ordinary thin layer film, thus pro-
viding a potent candidate as an efficient sensor for dosimetric
devices. These findings confirmed fiber films can serve as car-
riers of radiation-sensitive materials and provide additional
benefits.37 As reported in many literature studies, electrostatic
spinning is a technique capable of producing uniform nano-
fibers, and the properties of fibers can be easily tuned through
parameters that are applied in the spinning process, for

instance, the voltage, concentration of the polymer solution,
and the feeding rate.38–41 In the electrostatic spinning process,
the polymer in the spinning solution is driven by an electric
field force. When the voltage reaches a critical value, the
charged part of the solution forms a jet stream and splits.42–44

After evaporation of the solvent and curing of the fibers, the
film of nanofibers with a uniform diameter is finally obtained
at the winding device. Compared to ordinary spinning tech-
niques such as dry spinning and wet spinning, electrostatic
spinning avoids the poor dispersity of produced fibers.45,46

In order to prepare a flexible fluorescence film radiation
dosimeter, highly sensitive fluorescence that responds to radi-
ation is needed, and a pH-responsive organic quinoline fluoro-
phore dye (QFD) which was reported by Pei and coworkers was
selected in the current work.30 The QFD was synthesized fol-
lowing their previous report. The QFD can work as a ratio-
metric probe, providing a quantitative response to the concen-
tration of H+ ions produced by PVC after high energy
irradiation. The single-component fluorescent quinolinophore
provides a convenient detection method for high-energy radi-
ation with better reproducibility than traditional ratiometric
sensing composed of two or more dyes. However, a deviation
from linear relationship and inhomogeneity were obviously
observed from the reported results.

In this paper, homogeneous PVC fiber films based on fluo-
rescent quinolinophores are prepared via electrostatic spin-
ning methods proposed for the detection of X-ray doses. The
changes in fluorescence spectra were investigated when the
film was irradiated by X-ray doses, as well as the visible color
shift of the fluorescence from blue to red. The fluorescence
intensities of the emission peaks in the blue region and the
emission peaks in the red region were measured, and then a
linear relationship was established between the X-ray dose and
the intensity ratio (Ired/Iblue). The energy and dose rate depen-
dence of the dosimetric film was also investigated, to verify its
versatility as an X-ray radiation dosimeter. Using the nanofiber
film dosimeter prepared by electrostatic spinning, the flexi-
bility was significantly increased. Furthermore, we found that
not only the sensitivity but also the dose detection range of
the dosimeter was improved since the formation of a fiber film
greatly decreased the self-absorption effect. The effect of the
diameter of the fibers generated by electrostatic spinning on
the sensitivity was also investigated by increasing the fiber dia-
meter in the nanometer range. Besides, the preparation of the
fiber film greatly enhanced the flexibility and shape adapta-
bility of the fluorescent radiation dosimetric film, providing a
candidate for wearable visual dosimeters.

Results and discussion

As shown in Fig. S1,† the QFD was successfully synthesized fol-
lowing the previous literature30 and was verified using
1H-NMR characterization. The QFD was co-dissolved with PVC
in tetrahydrofuran and then injected into the template to evap-
orate the solvent at room temperature to form a homogeneous
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solid fluorescent film. The obtained film is placed in a vacuum
oven to further remove the residual solvent. The PVC films
exhibit blue fluorescence under 365 nm UV excitation, and the
photoluminescence color changes from blue to red when the
films are irradiated with X-rays at a dose rate of 4.98 Gy min−1

for 13 different doses (14.94–373.5 Gy). Fig. 1a illustrates the
mechanism by which QFD responds to X-ray irradiation. The
fluorescent dye-doped PVC film shows a fluorescence emission
with the intensity peaking at ∼484 nm (λem) under 420 nm
light excitation, while the emission in the red region can be
neglected. When the X-ray dose increases, a distinct peak
appears at ∼570 nm, while the fluorescence intensity in the
blue region decreases and the wavelength of its emission peak
exhibits a blue shift (λem = 478 nm). As shown in Fig. 1b, the
visible fluorescence color of the composite film shifted from
blue to red gradually. As shown in Fig. 1c and d, when the
X-ray dose increased gradually from 0 to 124.5 Gy, the ratio of
the emission peak in the red region to that in the blue region
shows a linear increase trend with a coefficient of determi-
nation of linear fitting (R2) of 0.98, but deviates from the linear
relationship obviously after the dose continues to increase.
Except for the improved homogeneity of the film dosimeter
induced by the electrospinning technique, the decrease of the
self-absorption also expands the linear response region of the
dosimeter. As shown in Fig. S2,† the UV-vis absorbance of the
solid fluorescent films before and after irradiation was
recorded. When irradiated with X-rays, the fluorescence dye

dissolved in the solid film shows an increase in absorbance in
the visible light band region except for the red-light region.
Therefore, Iblue was reduced by the self-absorption in the solid
film, while Ired was not weakened. The ratio of Ired/Iblue
increases accordingly and deviates from the linear law. When
the dosimeter is fabricated into fiber films with electrostatic
spinning, the thickness of the matrix reaches sub-micrometers
and greatly decreases the self-absorption effect, therefore
expanding the linear region when the absorbed dose exceeds
124.5 Gy. At a dose of 373.5 Gy, the red fluorescence spectrum
(λem = 604 nm) occupies almost the entire fluorescence spec-
trum, and the emission peaks in the blue region are almost
invisible. The shift of the fluorescence emission peak is attrib-
uted to the production of protons from X-ray irradiation of the
PVC substrate (Fig. 1a), and the induced H• binding to Cl• can
produce HCl, as reported in previous literature.30 Due to the
combination of H+ with the electron pair on the N atom of the
quinoline group, the binding at this site enhances the charge
transfer in the quinoline ring; therefore, the emission in the
red region increases gradually, while the emission in the blue
region decreases respectively.

An ideal dosimeter should be energy or dose-rate indepen-
dent. To probe the energy dependence of the film, the compo-
site film was irradiated at different high voltages of 20 kV, 60
kV and 140 kV with an X-ray tube while maintaining a tube
current of 2 mA. The photoluminescence spectra after X-ray
irradiation are shown in Fig. 2a–c. To probe the dose rate
dependence of the films, the irradiation was performed at
dose rates of 4.98 Gy min−1 and 19.3 Gy min−1 at a high
voltage of 140 kV, respectively. The photoluminescence spectra
after X-ray irradiation are shown in Fig. 2c and d. The ratio of
fluorescence intensity between the red region emission peaks
and the blue region emission peaks (Ired/Iblue) was linearly cor-
related with the received X-ray dose as shown in Fig. 2e and f
respectively, indicating that energy and the dose rate had no
significant effect on the fluorescence film dosimetric system.
Therefore, the QFD/PVC composite film can behave as an
energy and dose rate independent radiation system below 125
Gy, but deviates from the linear relationship obviously after
the dose continues to increase. Besides, the lack of flexibility is
also a factor that limits its widespread application. Thus, elec-
tron spinning was applied with the QFD/PVC composite radi-
ation system to address these issues.

In the process of electrostatic spinning, the diameter of
PVC nanofibers depends on the concentration of the spinning
solution and various parameters of electrostatic spinning
(voltage, distance, temperature, humidity, rotational speed,
etc.). Therefore, the effect of spinning liquid concentration
and the voltage level on the fiber diameter is investigated.
Fig. 3 shows the SEM images of PVC fibers with two concen-
trations of 10% and 15% at a spinning voltage of 15 kV, a spin-
ning distance of 14 cm and a fluorescent dye concentration of
1‰. As shown in Fig. 3a and b, uniform fibers were success-
fully prepared under the above conditions. When the concen-
tration of the spinning solution was increased from 10% to
15%, the fiber diameter increased significantly and the

Fig. 1 Fabrication and radiation response of solid QFD films without
the fiber structure. (a) Schematic illustration of QFD’s visual sensing of
X-ray irradiation by QFD/PVC composite films. (b) Photographs of QFD
(0.1 wt%) in PVC after exposure to different X-ray doses under 365 nm
UV excitation. (c) Steady-state emission spectra of QFD (0.1 wt%) in PVC
under 420 nm light excitation after exposure to different doses of
X-rays. (d) Linear fitting relationship between the fluorescence intensity
ratio (Ired/Iblue) and absorbed X-ray doses.
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average diameter increased from 123 nm to 540 nm, and the
fibers obtained were smoother. As the concentration increases,
the viscosity of the polymer jet increases, which improves the

resistance to stretching by electric field forces, and thus the
fiber diameter becomes coarser. In addition, the viscosity of
the spinning solution is low at low concentrations. A lower
concentration will induce lower polymer chain entanglement;
if the entanglement continues to decrease, it will result in fre-
quent interruptions of the polymer jet and splitting of the jet
into a large number of small point-bearing droplets by electric
field forces. In contrast, if the concentration exceeds the criti-
cal concentration, the pressure in the syringe will be too high
to finish the spinning procedure. Therefore, the voltage is
decreased to 10 kV to obtain a smooth and uniform fiber film.
The SEM in Fig. 3c shows that by decreasing the voltage to 10
kV, smooth fibers with an average diameter of 864 nm were
successfully prepared. The increment of the diameter of the
fibers is because the charges on the polymer jet and the repul-
sive forces between the polymer and jet accordingly decrease
as the applied voltage decreases. By tuning the above con-
ditions, fluorescent fiber films with three different diameters,
which are 123 nm, 540 nm and 864 nm, are successfully
obtained.

Three fluorescent nanofiber films with different diameters
(123 nm, 540 nm, and 864 nm) were prepared using electro-
static spinning and irradiated with X-rays also at a dose rate of
4.98 Gy min−1. The photoluminescence spectra of these
fibrous membranes irradiated with different doses of X-rays at
the 420 nm excitation wavelength are shown in Fig. 4a–c.
Meanwhile, in order to maintain the same conditions as the
nanofiber films, we mixed quinoline dye and PVC into a
solvent of THF : DMF (1 : 1), which was evaporated at room
temperature and vacuum degassed to obtain a polyvinyl chlor-
ide precursor film dosimeter for comparison. The fluorescence

Fig. 3 SEM photographs of QFD-doped PVC fiber films at different pre-
cursor concentrations and voltages in electrostatic spinning. (a, a’)
10 wt%, 15 kV; (b, b’) 15 wt%, 15 kV; and (c, c’) 15 wt%, 10 kV.

Fig. 2 Energy dependence of QFD films as an X-ray radiation detection
material. (a–c) Steady-state emission spectra of QFD (0.1 wt%) in PVC
under 420 nm light excitation after irradiation with different doses of
X-rays at tube voltages of 20 kV, 60 kV, and 140 kV and a tube current of
2 mA. (d) Steady-state emission spectra of QFD (0.1 wt%) in PVC under
420 nm light excitation after irradiation with different doses of X-rays at
a tube voltage of 140 kV and a tube current of 6 mA. (e) The linear fitting
relationship between the fluorescence intensity ratio (Ired/Iblue) and the
irradiated X-ray dose at different energies. (f ) The linear fitting relation-
ship between the fluorescence intensity ratio (Ired/Iblue) and the
absorbed X-ray dose at different dose rates.

Fig. 4 Effect of fiber thickness on the radiation response of QFD fiber
films. (a–c) Steady-state emission spectra of QFD (0.1 wt%) in PVC fiber
films with diameters of 123 nm, 540 nm, and 864 nm under 420 nm
light excitation after exposure to different doses of X-rays. (d) The linear
fitting relationship between the fluorescence intensity ratio (Ired/Iblue) of
the three different diameters of nanofiber films and the precursor film
and the irradiation X-ray dose.
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intensity ratio (Ired/Iblue) of the emission peaks in the red
region and the emission peaks in the blue region was linearly
correlated with the absorbed X-ray dose (the fitted data are
shown in Table 1). Linear response relationships were
obtained for precursor film dosimeters and fiber film dosi-
meters of different diameters, respectively (Fig. 4d), where the
X-ray dose was determined using a Fricke dosimeter.
Consistent with the findings above, as shown by the green
fitted straight line in Fig. 4d, we found that the polyvinyl chlor-
ide precursor fluorescent film dosimeters responded linearly
only in the range of 15–150 Gy, and the fluorescence intensity
ratios showed a nonlinear trend beyond 150 Gy. However, the
fluorescent nanofiber film successfully maintains the linear
response beyond 150 Gy and finally reaches approximately 350
Gy, far exceeding the range of the solid film dosimeter. On the
other hand, as shown in Fig. 4d and Table 1, the slopes of the
fitted straight lines of the three nanofiber films are larger than
that of the solid film and their R2 values are higher than that
of the solid film dosimeters, which implies an increase in the
sensitivity and detection range. When PVC fiber films are irra-
diated with X-rays, HCl is produced in the matrix. The pro-
duction of this acid is related to the radiation dose. Due to the
larger surface area of fibrous films, their contact area with air
is increased, allowing better oxygen penetration into the
material than non-fibrous membranes. Since oxygen under
radiation can participate in and accelerate the radiation split-
ting of polymers,47 fibrous films (with smaller diameters) can
produce more acid at the same radiation dose, resulting in a
stronger acid-responsive fluorescent molecule response.
Accordingly, the finer the fiber, the more acid is produced.
Therefore, as the diameter of the nanofibers becomes thinner,
the sensitivity of the corresponding dosimeter increases.
Taking Ired/Iblue = 1.6 as an example, the absorbed doses
needed to reach this ratio by the fiber membranes with dia-
meters of 123 nm, 540 nm, and 864 nm are 193 Gy, 244 Gy,
and 279 Gy, respectively, and this increase in sensitivity may
be attributed to the fact that the specific surface area of the
fibers is inversely proportional to their diameters. The dia-
meter of the fibers in the films may be a decisive factor in
increasing the sensitivity, and the 150 nm diameter fiber film,
which is the finest fiber produced in this work, causes a faster
red shift of the emission peaks in the red region at the same
dose of irradiation, thus obtaining the highest sensitivity in
the X-ray dose detection.

We used dosimeters based on fluorescent dye nanofibers
(average diameters: 123 nm and 864 nm) for fluorescence visual-
ization experiments after X-ray exposure. The fibrous films were
irradiated with different doses of X-rays and showed color
changes under 365 nm UV excitation, as shown in Fig. 5a and b.

The leftmost part of Fig. 5b shows the film without X-ray
irradiation with strong blue fluorescence. As the dose accumu-
lates, the acid produced by X-ray irradiation of the PVC substrate
increases, and the pH-sensitive fluorescent dyes cause a visual
color change, and the photoluminescent color of the film gradu-
ally changes from blue to red and further deepens. The digital
images were then processed with photo processing software to
obtain RGB values, and the B/R ratio was obtained as shown in
Fig. 5c. The B/R ratio showed a decrease with the absorbed doses
and could be fitted as a sum of exponential decay and linear
descent. Thus, the dosimetric properties of the film provide
potential for dose measurement using digital photos. We placed
lead plates with different patterns on top of a fluorescent nano-
fiber dosimeter to distinguish between X-ray exposed and unex-
posed areas. Then, it was placed under X-ray irradiation and the
film was removed after the radiation dose reached 199.2 Gy. As
shown in Fig. 5d and e, under 365 nm UV excitation, the red
region indicates the X-ray exposed region of 199.2 Gy, while the
blue region is the non-irradiated region, showing the spatial
resolution of the dosimeter. Besides, as shown in Fig. S3a and
b,† the fluorescence fiber film dosimeter shows perfect flexibility

Table 1 Slope and R2 obtained by linear fitting in Fig. 4d

123 nm 540 nm 864 nm Solid film

Slope 0.00653 0.00572 0.00498 0.00318
R2 0.99488 0.99779 0.99129 0.955

Fig. 5 Visual readout and patterning of QFD fiber dosimeters. (a)
Photographs of QFDs (0.1 wt%) in 123 nm PVC fiber films after exposure
to different X-ray doses under 365 nm UV excitation. (b) Photographs of
QFDs (0.1 wt%) in 864 nm PVC fiber films after exposure to different
X-ray doses under 365 nm UV excitation. (c) The linear fitting relation-
ship between the B/R ratio and irradiated X-ray dose (QFD-doped
864 nm PVC fiber film). (d and e) Photograph of the QFD-doped 123 nm
PVC fiber film after X-ray irradiation using a lead pattern to form “ ”

and “NJ” patterned radiation fields. (f ) Photograph of the QFD-doped
123 nm PVC fiber film without X-ray irradiation. (g) Photograph of a fibre
film dosimeter with a diameter of 123 nm after radiation patterning. (h)
Photograph of a fiber film dosimeter with a diameter of 123 nm after
irradiation patterning and storage for 7 days.
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and shape adaptability and can conveniently fit the arm model,
providing spatially resolved dosimeter measurement.

The film dosimeter also shows good durability after
irradiation. As shown in Fig. 5, a film dosimeter was irradiated
to form a fluorescent pattern and then stored under normal
conditions for 7 days after irradiation. As shown in Fig. 5f–h,
the patterns on the fiber dosimeters were unchanged after 7
days after irradiation. The film dosimeter also provides
mechanical properties suitable for wearable dosimeter appli-
cations. Fig. S3c and d† show the stress–strain curves of fiber
film dosimeters. The maximum tensile stress and the elonga-
tion at maximum tensile stress of the fiber membrane dosi-
meter with a diameter of 864 nm were 5.137 MPa and 23.1%,
while those of 123 nm were 1.477 MPa and 23.8%, respectively.
Besides, the film has a fabric weight as light as 25 g m−2, and
thus has the potential to be a wearable detection device for
radiation monitoring, such as dosimeters sewn onto surgical
gowns or gloves for operators in interventional radiotherapy.

In order to demonstrate the advantages of fiber membrane
dosimetry and the novelty of our work, a comparison table
between reported work and this work is shown in Table 2.
While the fiber film dosimeter inherits and increases the high
sensitivity of the fluorescence dosimeter, there was also an
extension of its linear response range to 0–350 Gy with
improved linearity. At the same time, the color phase change
provides a more intuitive display of the absorbed dose com-
pared to these based on the fluorescence intensity or color
density.

Conclusions

In summary, by introducing an electrostatic spinning gener-
ated fiber film, a flexible and energy-independent PVC fluo-
rescence radiation fiber film dosimeter containing fluorescent
quinolinophores was prepared. A linear relationship was estab-
lished between the X-ray dose and the intensity ratio (Ired/Iblue),
and the energy and dose rate dependence of the dosimetric
film was also investigated, to verify its versatility as an X-ray
radiation dosimeter. The dosimeter in the form of fiber films
produced by electrostatic spinning decreases the thickness of
the matrix and greatly decreases the self-absorption effect,
thereby expanding the linear region. Besides, the decrease in
the thickness also increases the penetration of oxygen into

PVC and can increase the production of H+ ions, making the
dosimeter more sensitive. The visible color shift of the fluo-
rescence from blue to red also provides a readout technique
through the B/R ratio obtained in the digital camera. The flexi-
bility of the fiber film makes it capable of adapting to the
anatomy of the human body, and the low fabric weight makes
it a candidate for wearable visual dosimeters.

Experimental section
Materials

2-Methylquinoline (purity, 98%), p-toluenesulfonamide
(purity, 99%), p-dimethylaminobenzaldehyde and polyvinyl
chloride were purchased from Aladdin Biochemical
Technology Co. Petroleum ether and N,N-dimethylformamide
(DMF) were purchased from Shanghai McLean Biochemical
Technology Co. Ethanol was purchased from Sinopharm
Chemical Reagent Co. Tetrahydrofuran (THF) was purchased
from Nanjing Chemical Reagent Co. Ultrapure water was used
in all experiments, and all chemicals were used directly
without further purification.

Synthesis of fluorescent dye

2-Methylquinoline (1.43 g) and p-toluenesulfonamide (1.79 g)
were mixed in 10 ml of toluene, heated to 120 °C and stirred
for 30 min. Then p-dimethylaminobenzaldehyde (2.09 g) was
added and the reaction was continued for 120 h at 120 °C.
After the reaction, the sample was cooled to room temperature
filtered and recrystallised in ethanol. The resulting sample was
then further purified in a liquid chromatography column to
finally obtain yellow crystals.

Preparation of polymer solutions and fiber film dosimeters

PVC powder and quinoline dye (1/1000, wt/wt) were co-dis-
solved in a solvent mixture of tetrahydrofuran and N,N-di-
methylformamide (1/1, wt/wt), and then stirred at 50 °C for
2 hours using a magnetic stirrer. After complete dissolution, it
was left at room temperature to remove air bubbles to finally
obtain a homogeneous spinning solution.

Fluorescent nanofiber films were prepared using the
electrostatic spinning technique and the spinning solution
was formulated with a concentration of 10% and 15%, respect-
ively. The spinning solution was injected into a 20 ml syringe

Table 2 Comparison table between existing work and this work

Shape Linearity Response region Response method

Choudhary et al.25 Solution Good 0–200 Gy Ratiometric fluorescence
Pei et al.30 Solid film Fair 0–4 kGy Ratiometric fluorescence
Kinashi et al.23 Fiber film Nonlinear 0–20 Gy Color density
Vo et al.35 Fiber film Nonlinear 0–40 Gy Color density
Vo et al.32 Fiber film Nonlinear 0–80 Gy Color density
Al-Hazmy et al.27 Fiber film N/A (single dose point) Fluorescence shift
Wang et al.24 Solid film Not reported 0–10 kGy Color density
Qin et al.48 Gel Good 0–15 Gy Fluorescence intensity
This work Fiber film Good 0–350 Gy Ratiometric fluorescence
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and the syringe pump was advanced at a flow rate of 5.5 ml
h−1. The applied voltage was 10–15 kV and the high-voltage
power supply was connected to the tip of the needle using a
high-voltage clamp. Aluminium foil was placed over the cylind-
rical collector and the distance from the tip of the needle to
the collector was fixed at 10 cm. The needle was made to reci-
procate at a uniform speed using a reciprocating pump to
obtain a nanofiber dosimeter of uniform thickness. At the end
of the winding, the fiber film was evaporated overnight at
room temperature, which ensured complete evaporation of the
solvent.

Characterization

Images of the morphology of electrostatically spun PVC nano-
fibers were obtained using a scanning electron microscope
(Hitachi SU8220, Japan). The average diameter of the fibers
was obtained from the SEM images using image processing
software (ImageJ). Steady-state emission spectra were acquired
on a microplate reader (InfiniteM200PRO) with an excitation
light wavelength of 420 nm. Photographs were taken using a
digital camera (Nikon D3100). Continuous X-ray radiation was
generated using an X-ray tube with a Mo target and the dose
rate of X-rays was measured with a Fricke dosimeter. The
sample was irradiated for a certain time at room temperature
and the dose rate and the time of irradiation were multiplied
to obtain the absorbed dose.
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