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Abstract: Electrospinning of polymer material has gained a lot of interest in the past decades. Various
methods of electrospinning have been applied for different applications, from needle electrospinning
to needleless electrospinning. A relatively new variation of electrospinning, namely near-field
electrospinning, has been used to generate well-defined patterns. This variation of electrospinning,
also known as near-field direct-write electrospinning, allows for precise control of the fiber deposition,
sacrificing on the thickness of the resulting fibers. Typically, for this method, melt electrospinning is
preferred, since it provides a higher viscosity of the polymer and thereby better control of the fiber
deposition. However, when mixing additives into the spinning dope, a solution spinning approach is
preferable since it provides a more homogeneous distribution of the additives in the spinning dope.
A fluorescent spinning dope of dissolved PET with fluorescent carbon quantum dots has been used
to generate the fluorescent patterns. These can be used to generate logos, bar codes, or QR codes to
encode information about the material, such as watermarks or counterfeiting tags.

Keywords: near field direct write electrospinning; carbon dots; PET solution electrospinning; fluores-
cence labeled PET nanofibers; cellulose electrospinning

1. Introduction

Electrospun nanofiber technology has garnered widespread interest for its adaptabil-
ity, enabling the creation of intricate designs and multifunctional structures from a broad
spectrum of materials and innovative fabrication approaches. These features give them
unique properties that can be applied in various applications such as food packaging [1],
membranes for wastewater treatment [2], ultra-flexible batteries [3], sensors [4], and solar
cells [5]. The electrospinning process requires a high-voltage power supply (HVPS), a
syringe with a steel needle or capillary tube, and a metal collector. When an electrically
conductive precursor solution is subjected to a critical electric field, surface tension is
overcome, forming a Taylor cone. The cone’s tip ejects a charged jet, initiating the electro-
spinning process [6]. As the jet travels through the air, evaporation and charge dissipation
cause it to thin and destabilize during the jet thinning phase. It eventually solidifies and
deposits as fibers onto the collection surface in the final solidification step. The needle-to-
collector distance directly affects the electric field strength, influencing the spinning jet’s
trajectory, deposition time, and fiber morphology [7]. When the spinning head operates in
a translational 3D space, solution electrospinning transitions to near-field electrospinning
(NFE). NFE is categorized as additive manufacturing technologies, commonly referred
to as 3D printing, and occurs when the nozzle-to-collector distance is reduced to a few
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millimeters or less, minimizing jet bending and whipping [8]. Apart from the reduced dis-
tance between the needle and the collector, the system setup remains identical to standard
electrospinning. Reducing the distance to 500 µm–3 mm helps prevent jet instability, such
as bending or whipping. This shorter distance ensures the use of the stable region of the
electrospun jet near the needle, making the system particularly suitable for direct writing
applications [9]. This produces a straight jet perpendicular to the collector, enabling resolu-
tions of several hundred nanometers in printed constructs [8,10]. Sun and colleagues were
the first to introduce the near-field electrospinning process and coined the term “NFES”.
Their main goal was to fabricate aligned, continuous, and controllable fibers ranging from
50 to 500 nm, addressing the limitations of traditionally electrospun random fibers. The
random deposition of fibers often restricts scaffold design possibilities; therefore, tech-
niques such as NFES and melt electro-writing (MEW) were developed to provide solutions
for achieving orderly fiber deposition [11,12]. Near-field electrospinning is an advanced
technique for producing micro- to nano-scale fibers with precise alignment and control.
It can be used to create microfibers with large pores and, when combined with solution
electrospinning, can fabricate substrates with optimal pore sizes and porosity [13]. In 2003,
Kameoka et al. introduced a method to control individual electrospun fibers by minimizing
the air gap distance and moving the polymer spinneret relative to the collector to prevent
bending instabilities with precise movement between the polymer source and the collector;
this technique enables the direct “writing” of fibers, allowing for the creation of specific
geometries in a controlled, layer-by-layer manner [11]. Wang et al. utilized NFES technol-
ogy to deposit a poly(vinylidene fluoride-co-trifluoroethylene) (P(VDF-TrFE)) nanofiber
mesh with an average fiber diameter of approximately 370 nm. These nanofibers were
used as a broad-bandwidth acoustic sensor based on a piezoelectric nanofiber mesh [14].
Poly(vinylidene fluoride) (PVDF) microfiber sensors for detecting weak mechanical excita-
tions were produced using the NFES technique. PVDF microfibers were electrospun onto
a Cu/PET substrate with a distance between the needle and collector of 1.5 mm. Due to
in situ polarization during the NFES process, the PVDF microfibers exhibit piezoelectric
properties, enabling them to function as self-powered sensors and nanogenerators for
sensing and harvesting mechanical energy [15]. George et al. achieved control over the
straightness, diameter, and inter-wire spacing of graphitized carbon nanowires. The carbon
nanowires were fabricated by stabilizing patterned polyacrylonitrile (PAN) wires, which
were obtained using near-field electrospinning, followed by pyrolysis [16]. A recent study
introduced an innovative approach to developing a 2D circular-shaped polyvinylidene
fluoride (PVDF) fiber piezoelectric sensor using a direct-write near-field electrospinning
system. Key parameters such as voltage, feeding rate, and needle-to-collector distance were
optimized using the uniform design method. The sensor’s 2D circular fibers, integrated
with radial electrodes and polyethylene terephthalate (PET) film, were shown to exhibit
effective multi-directional sensing capabilities, demonstrating its potential in dynamic
behavior measurements [17]. A recent study by Huang et al. introduced a highly sensitive
and anisotropic strain sensor fabricated using near-field electrospinning. The resulting
strain sensor exhibited a high gauge factor and excellent stretchability, making it ideal for
applications in robotic sensing and health monitoring [18]. The development of flexible
piezoresistive (PR) sensors using near-field electrospinning was conducted by Huang et al.
by introducing a grid-like polyurethane fiber spacer layer at the interface, which improved
sensor characteristics. This strategy provides a universal method to improve the per-
formance of contact-dominant sensors without altering the active materials, making it
a promising technique for flexible electronics and wearable sensors [19]. This research
demonstrates the significant potential of near-field electrospinning for precise fabrication
of polymeric membranes with controlled pore structures, making it a promising technique
for applications in filtration, tissue engineering, and advanced material development.

PET represents the single largest volume of fibers consumed worldwide, making it the
most extensively used synthetic fiber. It is a semicrystalline thermoplastic polyester pro-
duced through the esterification of terephthalic acid and ethylene glycol [20,21]. Polyethy-
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lene terephthalate nanofibers, commonly known as polyester fibers, are widely used in the
biomedical field [22], packaging [23], and filtration [24]. Recently, carbon quantum dots
(CQDs) have gained significant attention as novel luminescent indicators. These emerging
carbon nanomaterials, typically less than 10 nm in size, possess several unique proper-
ties, including low toxicity, eco-friendliness, extremely low density, and excellent optical
characteristics. Due to these features, CQDs have found wide applications in fields such
as drug delivery, catalysis, sensing, bioimaging, and solar cells [25–27]. Given the limited
literature on near-field electrospinning, we aimed to contribute to this emerging field for
the first time, to the best of our knowledge. By exploring new methodologies for producing
PET nanofibers through NFES, we sought to expand the understanding and potential
applications of this technique. On the other hand, carbon quantum dot nanoparticles were
utilized as fluorescent agents to produce fluorescent composite nanofibers. The impact
of these fluorescent agents on the optical properties of the nanofibers was evaluated by
incorporating CQD nanoparticles at various concentrations. By successfully depositing
uniform PET fibers and incorporating fluorescent carbon quantum dots, we were able to
create logos and scannable QR codes using near-field electrospinning technology. Different
concentrations of PET solutions, both with and without CQDs, were spun using a 3D
printer, and the electrospun PET mats were covered on both sides with a cellulose acetate
NF layer.

2. Material and Methods
2.1. Materials

Cellulose Acetate (CA), MN 30,000 GPC was supplied from ALDRICH Chemistry.
Sodium hydroxide (NaOH) and dichloromethane (DCM) were purchased from VWR LIFE
SCIENCE. Trifluoroacetic acid (TFA) was supplied from Iris Biotech and polyethylene
terephthalate powder (PET) from GoodFellow. Ethanol was purchased from Avantor
(Radnor Township, PA, USA) and acetone from Sigma Aldrich (St. Louis, MO, USA). All
materials were used without further purification.

2.2. Preparation of Spinning Dope

Polyethylene terephthalate powder solutions were prepared using trifluoroacetic
acid as the solvent [28]. The PET concentration in the solutions ranged from 25% to 40%
(w/v). The optimal concentration was found to be 35% (w/v). The solutions were stirred
overnight at room temperature to ensure homogeneity. The resulting polymer solutions
were doped with 0.05% CQDs and mixed thoroughly until uniform. Additionally, other
CQD concentrations, ranging from 0.05% to 0.2%, were also investigated.

To increase the volatility of the spinning dope, dichloromethane was introduced as
a co-solvent. Both 30:70 and 50:50 (v/v) DCM/TFA solutions were tested, with PET and
CQD concentrations in the aforementioned ranges. The solutions were stirred overnight
before use to ensure homogeneity.

For the generation of nonwoven fiber mats with far-field electrospinning, solutions of
cellulose acetate powder and acetone as solvent were prepared [29]. The CA concentration
was kept at 12.5% (w/v) for all experiments. The solutions were stirred until homogeneous
before use.

2.3. Electrospinning Process

The near-field electrospinning setup consisted of a Creality CR-10S Pro V2 3D printer
as the spinning platform [30]. The melt printing head on the Z/X axis of the 3D printer was
replaced with a needle, connected to a syringe pump transporting the spinning dope from
a glass syringe to the tip of the needle. The near-field spinning setup is shown in Figure 1.

A 3 kV high-voltage power supply was connected to the needle with a crocodile
mount, and the collector plate was connected to ground. Each sample has been created
on a piece of aluminum foil placed on top of an insulating layer of glass separating the
collector and printer bed to protect the control electronics and Nema 17 motors of the 3D
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printer. For the same reason, the needle has been mounted on a block of Teflon, as can be
seen in Figure 1.

Figure 1. The near-field direct-write electrospinning setup writing a QR code from a 40% PET/TFA
solution.

After the syringe pump was started and a droplet had formed at the end of the needle,
the high-voltage supply was turned on and the spinning process started. Once stable
electrospinning has been achieved, the programmed pattern of the G-code was initiated. To
establish the electrospinning parameters for solution direct writing with different spinning
dopes, a simple grid pattern was used for testing. The grid patterns were created with the
program Ultimate Cura 5.7.0 [31], which exports the pattern as G-code. Other patterns,
such as a QR code were generated with the help of an online QR code generator [32]. The
logo associated with Aalborg University, as well as the QR code, was converted into an
STL file, which can be read by Ultimate Cura and translated into a printable G-code with
the corresponding printing parameters of the Creality CR-10S Pro V2 3D printer. When
printing the QR code, the program was set to move the printer head 0.5 mm up after the
first layer to accommodate for the shortened distance from the created fibers. Afterward,
four additional layers were printed at the new height.

To release the logo from the aluminum, it was placed face down on a piece of paper
in a petri dish and was etched with 2 molar NaOH for 10 min. By carefully removing the
aluminum foil, the logo is then laid on the piece of paper, making removal straightforward.
Furthermore, the logo was placed between two new pieces of paper and rinsed with water
through the paper to preserve the structure. It was then completely dried in a heating
cabinet before being stacked upon a nonwoven CA mat. To conceal the watermark pattern
created with near-field direct write electrospinning, the logo was embedded within far-field
electrospun layers of CA.

2.4. Preparation and Characterization of Carbon Quantum Dots

Carbon quantum dots were prepared via pyrolysis following reported methods of
carbon synthesis using citric acid and urea as precursors [33,34]. Pyrolysis was achieved by
heating a solution adjusted to a mass ratio of 2:1 urea to citric acid in a common microwave
at 650 W for four minutes. Post-pyrolysis, the CQDs were suspended in Milli-Q water
and sonicated for one hour. The suspension was then centrifuged at 3000 rpm for 20 min,
and only the supernatant was retained. Ultraviolet/visible (UV/Vis) spectroscopy was
performed to record the light absorbance of the carbon quantum dots using a Shimadzu
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UV-1800 spectrophotometer in the range of 300 nm to 600 nm. The wavelength of maximal
absorbance was used as the excitation wavelength for fluorescence spectroscopy, which
was conducted using an ISS Chronos DFD fluorescence lifetime spectrometer coupled to an
ISS K520 digital frequency domain and a P110 lamp power supply. Emission measurements
were made by scanning in 1 nm steps with an accumulation time of 0.3 s. Measurements
were made on diluted samples from the stock solution. Dynamic light scattering (DLS)
measurements were performed using a Brookhaven NanoBrook Series instrument, and
measurements were analyzed with the BIC Particle Solutions software. The measurements
were taken at 90◦ angle, at 25 ◦C, for a total of 30 s per measurement and 30 s equilibration
time. The expected particle size range of 10 nm to 50 nm was set in the measurement
window. Ten automated measurements were taken, and a refractive index of 1.693 was
used for the sample parameters [35]. The carbon quantum dot stock was lyophilized for
long-term storage.

3. Results and Discussion
3.1. Carbon Quantum Dots Synthesis and Characterization

Carbon quantum dots were successfully synthesized with the above-mentioned
method. The carbon quantum dots showed strong fluorescence in the visible wavelength
regime when excited with a 314 nm UV lamp. This is also in agreement with the reported
fluorescence of similarly produced CQDs [33,34]. Absorption spectroscopy of the CQDs
showed a global maximum at 410 nm (Figure 2a), which has been used as the excitation
wavelength for fluorescence emission measurements (Figure 2b). In addition, the particle’s
excitation spectrum was measured to assess the ensemble of wavelengths contributing to
the observed fluorescence emission (Figure 2c).

(a) (b) (c)

Figure 2. Photoluminescence characterization of the produced carbon quantum dots.
(a) UV/spectroscopy results depicting the intensity of light absorbance (au) with respect to wave-
length. (b) fluorescence spectrometry emission spectrum for 410 nm excitation wavelength, showing
emission maxima at 529 nm. (c) fluorescence spectrometry excitation spectrum for emission of
529 nm wavelength.

The calculated diameter from the DLS experiments based on five consecutive measure-
ments yielded a broad size distribution around 21 ± 11 nm, which is in good agreement
with the findings of Qu Songnan et al. [34] using transmission electron microscopy and
atomic force microscopy. DLS measurements of CQD diameter measured after some storage
time yielded consistently larger diameters than the first measurements of freshly prepared
CQDs. The average diameter of the aged sample of CQD was calculated to be 185 nm
(Figure 3). This value is based on ten measurements with two replicas. The particle’s
photoluminescent properties were consequentially re-inspected after the difference in size
estimations was measured, yet they presented the same characteristics as previously found.
Increases in size estimations of CQDs using DLS have been reported to be associated with
long-term degradation of fluorescent impurities depositing on CQDs over time [36] and
were neglected in light of the consistent photoluminescent profile.
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Figure 3. DLS distribution of CQD measurements conducted at a second time, x-axis in logarithmic
scale. Inset: Histogram of the mean diameter estimations from DLS measurement with a red line
indicating the average mean diameter estimation at 185 nm

3.2. Near-Field Direct Writing of PET Spinning Dope

The experiments consisted of three segments: a simple grid pattern to evaluate viable
parameters, a logo to test the ability to create specific shapes, and embedding them within
nonwoven, far-field, electrospun mats where the shapes become fluorescent under UV light
due to added CQDs. Lastly, a QR code was created to test the precision of the setup and
explore the possibility of preserving data in electrospun fibers.

For the grid pattern, it was observed that the distance between the collector and the
needle gave the most reliable results, around 5 mm, with a voltage of around 2.5 kV. The
flow rate was in the range of 0.6 to 0.8 mL/h. Difficulties occurred when attempting to
deposit fiber on top of the fibers, due to either the precision of the 3D printer of ±0.1 mm [30]
or electrostatic charge repulsion between wet deposited fibers and incoming fibers. These
parameters are within the typical ranges of near-field electrospinning [12].

Electrospinning a spinning dope with only TFA as solvent produced almost exclusively
fibers that merge at the intersections due to excess solvent. To reduce this effect, DCM was
added as a co-solvent to increase volatility [37]. As the humidity was not controllable in this
setup, the ratio between solvent and co-solvent was adjusted to accommodate changes in
humidity. It was observed that a sample may contain both wet and dry fibers. An example
of this can be seen in Figure 6a, where both thick, nonuniform fibers and thin, uniform
fibers are present. The humidity has a large impact on the electrospinning process, which
can lead to inconsistent fiber diameters [38].

The speed of the 3D printer was fixed at 200 mm/s. The relative speed between the
collector and jet was therefore adjusted through the processing parameters for a solution or
by adapting the spinning dope. It has previously been shown that an increase in the relative
speed between jet and collector results in thinner fibers [39] and reduces fiber curling [40].
In addition, Hutmacher et al. [41] have previously shown in melt electrospinning that the
collector speed needs to match the jet speed to obtain straight fiber deposition and that
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a change in the jet speed, such as lowering the flow rate, has to be accommodated by a
corresponding change in collector speed.

In Figure 4a it can be seen that the given parameters resulted in straight fibers with
an average fiber radius of 34 µm ± 4.59 as shown in the histogram of Figure 4b. This
is in contrast with Figure 5a, where a higher flow rate and humidity led to a higher jet
speed, and as the collector speed was held constant, wavy fibers appeared. In near-field
electrospinning, a shorter distance between the needle and the collector can result in wavy
fibers due to the rapid deposition of fibers before they have a chance to fully solidify. This is
often caused by the incomplete elongation of the polymer jet at short deposition distances,
leading to irregular fiber alignment or wavy morphologies [40,42]. The average radius of
these fibers was measured to be 19 µm ± 4.04 as seen in Figure 5b. Despite being able to
create straight fibers in Figure 6a, there is a general shift in the grid from layer to layer,
which is assumed to be mechanical as the shift becomes consistently larger from left to right.
The fibers of the shifted grid were measured to be 29 µm ± 7.67 (Figure 6b). This is the
first time that PET has been used in near-field direct-write electrospinning from solution.
Although other polymers have been used in near-field direct-write electrospinning and
also yield thinner fibers, none of those have been achieved from solution [43,44].

(a) (b)

Figure 4. (a) SEM image of fibers created from a spinning dope of 35% PET in 30:70 DCM/TFA with
0.1% CQDs, a distance of 5 mm, a voltage of 2.43 kV, and a flow rate of 0.8 mL/h. The temperature
was 20.5 ◦C, and the relative humidity was 40.1%. (b) Fiber radii distribution of SEM image measured
in µm. The average fiber radius was measured to be 33.75 ± 4.59 µm.

(a) (b)

Figure 5. (a) SEM image of fibers created from a spinning dope of 35% PET in 30:70 DCM/TFA, a
distance of 4 mm, a voltage of 2.55 kV, and a flow rate of 0.6 mL/h. The temperature was 21.5 ◦C,
and the relative humidity was 34%. (b) Fiber radii distribution of SEM image measured in µm. The
average fiber radius was measured to be 19.11 µm ± 4.04.
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(a) (b)

Figure 6. (a) SEM image of fibers created from a spinning dope of 35% PET in 30:70 DCM/TFA with
0.1% CQDs, a distance of 5 mm, a voltage of 2.43 kV, and a flow rate of 0.8 mL/h. The temperature
was 20 ◦C, and the relative humidity was 41.1%. (b) Fiber radii distribution of SEM image measured
in µm. The average fiber radius was measured to be 29.09 µm ± 7.67.

3.3. Solution Direct Write Electrospinning Containing Carbon Quantum Dots

A PET solution of 40 wt% in 30:70 DCM/TFA with 0.2% CQDs has been deposited as
thin fibers with direct-write near-field electrospinning in the form of a logo seen in Figure 7.
Although the fiber placement is not perfect over the whole structure, the logo itself is well
resolved and recognizable. The logo had to be structurally stable enough to be removed
from the underlying collector foil and transferred onto the CA matrix.

The CQDs cause a yellow tint, visible in ambient light, and add fluorescent properties
to the spun fibers, which is more apparent at high concentrations (above 0.1 wt% CQDs
in solution). Imperfections in the CA matrix originate from residuals being released from
the logo when not properly rinsed, revealing the logo due to excess NaOH in the fibers.
The resulting mat had a texture similar to cotton or wool, as seen in the top right corner of
Figure 8a. The logo was visible through the CA mat in ambient light when the concentration
of CQDs in the spinning dope was above 0.05%. In Figure 8, the logo was spun from a
spinning dope containing a concentration of 0.05% CQDs, and the logo is still visible under
UV light but concealed when lit only by ambient light.

Figure 7. A fluorescent AAU logo on aluminum foil, in UV light. Fibers created from a spinning
dope of 40% PET in 30:70 DCM/TFA with 0.2% cQDs, electrospun at a distance of 4 mm, a voltage of
2.6 kV, and a flow rate of 0.8 mL/h at room temperature and a relative humidity of 36%.
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(a) (b) (c)

Figure 8. AAU logo was spun (a): Under UV light, in ambient light. (b): Only UV light, and without
ambient light, and (c): Only ambient light, and no UV light. With 30% PET in 30:70 DCM/TFA and
0.05% CQDs, spinning dope, made in near-field encased in nonwoven CA mat of 12.5% CA in acetone
spinning dope, made in far-field.

The main objective was to create a recognizable logo outline and fill it in. The fibers
within did not have to be dry or uniform, nor lay exactly on top of each other, as scaffolding
was not the goal. However, some precision is required to obtain a proper resolution. The
importance of these factors increases as the size of the figure decreases and is even more
paramount in the case of a QR code that has to be scannable.

3.4. Precision and Information Storage with Solution Near-Field Direct Write Electrospinning

A QR code was created to examine the precision of the fiber deposition. The QR code,
representing the letters “AAU”, was chosen and written using the same method as the
grid and logo. To allow for better resolution of the QR code, the amount of small isolated
squares was limited. Since the solution near-field direct write electrospinning is continuous,
thin fibers were deposited in between individual shapes, forming bridges between each
section, as can be seen in Figure 9. The thicker fibers dragged along the surface of the QR
code seen in Figure 9 are the result of partial drying of the Taylor cone, which is dragged
from the needle onto the surface. These fibers did not have any effect on the readability of
the QR code, since the error margin of a QR code can be up to 30% of its entire area before
it is no longer readable [45]. As can be seen in Figure 9. The thicker fibers being formed
due to partial drying of the Taylor cone are only of concern if they are placed outside the
QR code structures.

Increasing the size of the QR code leaves more room for error at the expense of the
possible applications and production time. The QR code presented in Figure 9 was machine-
readable when illuminated with UV light. In order to increase the precision of the solution,
direct-write electrospinning and miniaturization of the QR code down to the mm or even
sub-millimeter range, the jet would have to be stopped to avoid bridging. Enabling an
easier transfer of the QR code, a direct spinning onto the nonwoven mat or fabric, and
subsequently covering it with a top layer would be preferable for production purposes.
Alternatively, a support mat of fibers without the CQDs could be written underneath the
QR code to keep everything in place and transfer the whole patch onto the fabric.

The spinning dope with DCM as a co-solvent for the QR code turned out to dry
too fast and resulted in the deposition of dried patches of PET/CQDs onto the surface,
rendering the QR code pattern unreadable. A spinning dope consisting of TFA as the sole
solvent resulted in the successful creation of a machine-readable QR code. During the near-
field direct write solution electrospinning, in contrast to classical far-field electrospinning,
a relatively high humidity turned out to be optimal since an increase in precision was
observed due to the lower evaporation speed of the solvent. However, this is a fine balance
since excessive humidity results also in wet fibers that start to merge and melt into each
other, forming a polymer film instead of polymer fibers in the desired shape. A polymer



Materials 2024, 17, 6242 10 of 12

film embedded into a fabric will always be perceived as a disturbance in the fabric, and
therefore isolated fibers are preferred.

Figure 9. QR code created from a spinning dope of 28% PET and 0.05% CQDs in TFA, a spinning
distance of 2 mm to 2.5 mm, voltage of 1.5 kV, flow rate of 0.55 mL/h and needle diameter of 2 mm.
The temperature was 21.5 ◦C and the relative humidity was 47%. This QR code is approximately
150 × 150 mm in size.

The applications and possible alterations of the solution near-field direct write electro-
spinning are vast. The main advantage of electrospinning homogeneous spinning dopes
is the creation of new composite materials, such as fibers with CQDs. Near-field direct-
write electrospinning from solution allows for the generation of mixed polymer fibers and
composite material (e.g., fiber-CQD composite).

4. Conclusions

By using solution near-field direct-write electrospinning, the deposition of dry, uni-
form, aligned fibers was demonstrated. The method allows for the writing of any possible
pattern that could be shown with the creation of a logo and a machine-readable QR code.
These patterns can be integrated seamlessly into other fabrics, as demonstrated for a non-
woven CA mat with the logo embedded into it and only being visible under UV light.
This method holds great promise for various applications ranging from watermarking to
material labeling for circular economy and recycling.

Author Contributions: Conceptualization, P.F.; Methodology, P.F.; Investigation, M.P., M.A.-M., L.S.B.,
F.H.G., H.H.M., N.F.H.B. and Y.J.H.; Data curation, F.M.; Writing—original draft, M.P., M.A.-M., L.S.B.,
F.H.G., H.H.M., N.F.H.B. and Y.J.H.; Writing—review & editing, F.M. and P.F.; Supervision, P.F.; Project
administration, P.F. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare that they have no competing interests.



Materials 2024, 17, 6242 11 of 12

References
1. Aman Mohammadi, M.; Hosseini, S.M.; Yousefi, M. Application of electrospinning technique in development of intelligent food

packaging: A short review of recent trends. Food Sci. Nutr. 2020, 8, 4656–4665. [CrossRef] [PubMed]
2. Cui, J.; Li, F.; Wang, Y.; Zhang, Q.; Ma, W.; Huang, C. Electrospun nanofiber membranes for wastewater treatment applications.

Sep. Purif. Technol. 2020, 250, 117116. [CrossRef]
3. Pu, S.; Zan, G.; Zhou, H.; Dong, K.; Mao, X.; Wu, Q.; Wu, T. Sustaining 500,000 Folding Cycles through Bioinspired Stress

Dispersion Design in Sodium-Ion Batteries. Angew. Chem. Int. Ed. 2024, e202417589. [CrossRef]
4. Lin, H.; Peng, Y.; Zhang, F.; Ke, X.; Sai, L.; Wang, F.; Zhou, H.; Zheng, N.; Huang, Z.; Zhou, H. Sandwich-structured electrospun

polyvinylidene difluoride sensor for structural health monitoring of glass fiber reinforced polymer composites. Microstructures
2024, 4, 2024053. [CrossRef]

5. Mohtaram, F.; Borhani, S.; Ahmadpour, M.; Fojan, P.; Behjat, A.; Rubahn, H.G.; Madsen, M. Electrospun ZnO nanofiber interlayers
for enhanced performance of organic photovoltaic devices. Sol. Energy 2020, 197, 311–316. [CrossRef]

6. He, F.; Wang, Y.; Liu, J.; Yao, X. One-dimensional carbon based nanoreactor fabrication by electrospinning for sustainable catalysis.
Exploration 2023, 3, 20220164. [CrossRef]

7. Ji, D.; Lin, Y.; Guo, X.; Ramasubramanian, B.; Wang, R.; Radacsi, N.; Jose, R.; Qin, X.; Ramakrishna, S. Electrospinning of
nanofibres. Nat. Rev. Methods Prim. 2024, 4, 1. [CrossRef]

8. Xu, H.; Yagi, S.; Ashour, S.; Du, L.; Hoque, M.E.; Tan, L. A review on current nanofiber technologies: Electrospinning, centrifugal
spinning, and electro-centrifugal spinning. Macromol. Mater. Eng. 2023, 308, 2200502. [CrossRef]

9. Nadaf, A.; Gupta, A.; Hasan, N.; Ahmad, S.; Kesharwani, P.; Ahmad, F.J. Recent update on electrospinning and electrospun
nanofibers: Current trends and their applications. RSC Adv. 2022, 12, 23808–23828. [CrossRef]

10. Xie, Y.S.; Cheng, Y.; Lyu, Y.; Li, R.; Han, J.C. Printable, flexible ceramic fiber paper based on electrospinning. Rare Met. 2024,
43, 2739–2746. [CrossRef]

11. King, W.E., III; Bowlin, G.L. Near-field electrospinning and melt electrowriting of biomedical polymers—Progress and limitations.
Polymers 2021, 13, 1097. [CrossRef] [PubMed]

12. Nazemi, M.M.; Khodabandeh, A.; Hadjizadeh, A. Near-field electrospinning: Crucial parameters, challenges, and applications.
ACS Appl. Bio Mater. 2022, 5, 394–412. [CrossRef] [PubMed]

13. Zhong, H.; Huang, J.; Luo, M.; Fang, Y.; Zeng, X.; Wu, J.; Du, J. Near-field electrospun PCL fibers/GelMA hydrogel composite
dressing with controlled deferoxamine-release ability and retiform surface for diabetic wound healing. Nano Res. 2023, 16, 599–612.
[CrossRef]

14. Wang, W.; Stipp, P.N.; Ouaras, K.; Fathi, S.; Huang, Y.Y.S. Broad bandwidth, self-powered acoustic sensor created by dynamic
near-field electrospinning of suspended, transparent piezoelectric nanofiber mesh. Small 2020, 16, 2000581. [CrossRef]

15. Jiang, H.; Luo, X.; Chen, Q.; Xu, F.; Zhu, G.; Jiang, Z.; Guliakova, A.A. Near-field electrospinning fabrication of piezoelectric
polymer microfiber sensors for detection of weak mechanical excitation. IET Nanodielectr. 2023, 6, 64–72. [CrossRef]

16. George, D.; Garcia, A.; Pham, Q.; Perez, M.R.; Deng, J.; Nguyen, M.T.; Zhou, T.; Martinez-Chapa, S.O.; Won, Y.; Liu, C.; et al.
Fabrication of patterned graphitized carbon wires using low voltage near-field electrospinning, pyrolysis, electrodeposition, and
chemical vapor deposition. Microsyst. Nanoeng. 2020, 6, 7. [CrossRef]

17. Chou, H.M.; Yang, H.C. 2D circular-shaped sensor of poly (vinylidene fluoride) piezoelectric fibers fabricated through near-field
direct-write electrospinning. Mod. Phys. Lett. B 2023, 37, 2340013. [CrossRef]

18. Huang, Y.; You, X.; Fan, X.; Wong, C.P.; Guo, P.; Zhao, N. Near-Field Electrospinning Enabled Highly Sensitive and Anisotropic
Strain Sensors. Adv. Mater. Technol. 2020, 5, 2000550. [CrossRef]

19. Huang, Y.; You, X.; Tang, Z.; Tong, K.Y.; Guo, P.; Zhao, N. Interface Engineering of Flexible Piezoresistive Sensors via near-Field
Electrospinning Processed Spacer Layers. Small Methods 2021, 5, 2000842. [CrossRef]

20. Guo, Y.; He, W.; Liu, J. Electrospinning polyethylene terephthalate/SiO2 nanofiber composite needle felt for enhanced filtration
performance. J. Appl. Polym. Sci. 2020, 137, 48282. [CrossRef]

21. Ko, Y.; Hinestroza, J.P.; Uyar, T. Structural Investigation on Electrospun Nanofibers from Postconsumer Polyester Textiles and
PET Bottles. ACS Appl. Polym. Mater. 2023, 5, 7298–7307. [CrossRef]

22. Jafari, S.; Hosseini Salekdeh, S.S.; Solouk, A.; Yousefzadeh, M. Electrospun polyethylene terephthalate (PET) nanofibrous conduit
for biomedical application. Polym. Adv. Technol. 2020, 31, 284–296. [CrossRef]

23. Ahmed, H.; Saleem, P.; Yasin, S.; Saeed, I. The application of modified polyetheleneterphthalate (pet) nanofibers; Characterization
and isotherm study. J. Phys. Conf. Ser. 2021, 1853, 012006. [CrossRef]

24. Bonfim, D.P.; Cruz, F.G.; Guerra, V.G.; Aguiar, M.L. Development of filter media by electrospinning for air filtration of
nanoparticles from PET bottles. Membranes 2021, 11, 293. [CrossRef]

25. Pebdeni, A.B.; Hosseini, M.; Barkhordari, A. Smart fluorescence aptasensor using nanofiber functionalized with carbon quantum
dot for specific detection of pathogenic bacteria in the wound. Talanta 2022, 246, 123454. [CrossRef]

26. Shahba, H.; Sabet, M. Two-step and green synthesis of highly fluorescent carbon quantum dots and carbon nanofibers from pine
fruit. J. Fluoresc. 2020, 30, 927–938. [CrossRef]

27. Nie, X.; Wu, S.; Mensah, A.; Lu, K.; Wei, Q. Carbon quantum dots embedded electrospun nanofibers for efficient antibacterial
photodynamic inactivation. Mater. Sci. Eng. C 2020, 108, 110377. [CrossRef]

http://doi.org/10.1002/fsn3.1781
http://www.ncbi.nlm.nih.gov/pubmed/32994928
http://dx.doi.org/10.1016/j.seppur.2020.117116
http://dx.doi.org/10.1002/anie.202417589
http://dx.doi.org/10.20517/microstructures.2024.30
http://dx.doi.org/10.1016/j.solener.2019.12.079
http://dx.doi.org/10.1002/EXP.20220164
http://dx.doi.org/10.1038/s43586-023-00278-z
http://dx.doi.org/10.1002/mame.202200502
http://dx.doi.org/10.1039/D2RA02864F
http://dx.doi.org/10.1007/s12598-023-02562-z
http://dx.doi.org/10.3390/polym13071097
http://www.ncbi.nlm.nih.gov/pubmed/33808288
http://dx.doi.org/10.1021/acsabm.1c00944
http://www.ncbi.nlm.nih.gov/pubmed/34995437
http://dx.doi.org/10.1007/s12274-022-4813-5
http://dx.doi.org/10.1002/smll.202000581
http://dx.doi.org/10.1049/nde2.12053
http://dx.doi.org/10.1038/s41378-019-0117-7
http://dx.doi.org/10.1142/S0217984923400134
http://dx.doi.org/10.1002/admt.202000550
http://dx.doi.org/10.1002/smtd.202000842
http://dx.doi.org/10.1002/app.48282
http://dx.doi.org/10.1021/acsapm.3c01232
http://dx.doi.org/10.1002/pat.4768
http://dx.doi.org/10.1088/1742-6596/1853/1/012006
http://dx.doi.org/10.3390/membranes11040293
http://dx.doi.org/10.1016/j.talanta.2022.123454
http://dx.doi.org/10.1007/s10895-020-02562-7
http://dx.doi.org/10.1016/j.msec.2019.110377


Materials 2024, 17, 6242 12 of 12

28. Kenwright, A.; Peace, S.; Richards, R.; Bunn, A.; MacDonald, W. End group modification in poly (ethylene terephthalate). Polymer
1999, 40, 2035–2040. [CrossRef]

29. Orlando, R.; Afshari, A.; Fojan, P. Cellulose acetate-TiO2 and activated carbon electrospun composite fibre membranes for toluene
removal. J. Ind. Text. 2023, 53, 15280837221150200. [CrossRef]

30. Creality. Creatily 3D Printer, CR-10 V2. Available online: https://www.crealitycloud.com/product/details/CR-10-V2-60482e235
852812341df358c (accessed on 5 August 2024).

31. UltiMaker. UltiMaker Cura 5.7.0. Available online: https://ultimaker.com/software/ultimaker-cura/ (accessed on 3 May 2024).
32. Generator, T.I.B. Barcode.tec. Available online: https://barcode.tec-it.com/en/QRCode?data=AAU%0A (accessed on 3

May 2024).
33. Qu, S.; Liu, X.; Guo, X.; Chu, M.; Zhang, L.; Shen, D. Amplified Spontaneous Green Emission and Lasing Emission from Carbon

Nanoparticles. Adv. Funct. Mater. 2014, 24, 2689–2695. [CrossRef]
34. Qu, S.; Zhou, D.; Li, D.; Ji, W.; Jing, P.; Han, D.; Liu, L.; Zeng, H.; Shen, D. Toward Efficient Orange Emissive Carbon Nanodots

through Conjugated sp2-Domain Controlling and Surface Charges Engineering. Adv. Mater. 2016, 28, 3516–3521. [CrossRef]
[PubMed]

35. Mulkerns, N.M.C.; Hoffmann, W.H.; Ramos-Soriano, J.; de la Cruz, N.; Garcia-Millan, T.; Harniman, R.L.; Lindsay, I.D.; Seddon,
A.M.; Galan, M.C.; Gersen, H. Measuring the refractive index and sub-nanometre surface functionalisation of nanoparticles in
suspension. Nanoscale 2022, 14, 8145–8152. [CrossRef] [PubMed]

36. Javed, N.; O’Carroll, D.M. Long-term effects of impurities on the particle size and optical emission of carbon dots. Nanoscale Adv.
2021, 3, 182–189. [CrossRef] [PubMed]

37. Veleirinho, B.; Rei, M.F.; Lopes-DA-Silva, J. Solvent and concentration effects on the properties of electrospun poly (ethylene
terephthalate) nanofiber mats. J. Polym. Sci. Part B Polym. Phys. 2008, 46, 460–471. [CrossRef]

38. Mailley, D.; Hébraud, A.; Schlatter, G. A review on the impact of humidity during electrospinning: From the nanofiber structure
engineering to the applications. Macromol. Mater. Eng. 2021, 306, 2100115. [CrossRef]

39. Su, Y.; Qiu, T.; Song, W.; Han, X.; Sun, M.; Wang, Z.; Xie, H.; Dong, M.; Chen, M. Melt Electrospinning Writing of Magnetic
Microrobots. Adv. Sci. 2021, 8, 2003177. [CrossRef]

40. Zhu, Z.; Chen, X.; Huang, S.; Du, Z.; Zeng, J.; Liao, W.; Fang, F.; Peng, D.; Wang, H. The process of wavy fiber deposition via
auxiliary electrodes in near-field electrospinning. Appl. Phys. A 2015, 120, 1435–1442. [CrossRef]

41. Brown, T.D.; Dalton, P.D.; Hutmacher, D.W. Direct Writing By Way of Melt Electrospinning. Adv. Mater. 2011, 23, 5651–5657.
[CrossRef]

42. Ru, C.; Chen, J.; Shao, Z.; Pang, M.; Luo, J. A novel mathematical model for controllable near-field electrospinning. Aip Adv. 2014,
4, 017108. [CrossRef]

43. Bisht, G.S.; Canton, G.; Mirsepassi, A.; Kulinsky, L.; Oh, S.; Dunn-Rankin, D.; Madou, M.J. Controlled Continuous Patterning
of Polymeric Nanofiberson Three-Dimensional Substrates Using Low-VoltageNear-Field Electrospinning. Nano Lett. 2011,
11, 1831–1837. [CrossRef]

44. Shin, D.; Kim, J.; Choi, S.; Lee, Y.B.; Chang, J. Droplet-jet mode near-field electrospinning for controlled helix patterns with
sub-10 µm coiling diameter. J. Micromech. Microeng. 2019, 29, 045004. [CrossRef]

45. Dansk Standard. Informationsteknologi—Teknikker til Automatisk Identifikation og Datafangst—Specifikation af Stregkodesymboler
i QR-Kodefamilien = Information Technology—Automatic Identification and Data Capture Techniques—QR Code Bar Code Symbology
Specification, 2nd ed.; DS/ISO/IEC 18004; Elektronisk Udgave; Danish Standards Association: Nordhavn, Denmark , 2015.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.1016/S0032-3861(98)00433-9
http://dx.doi.org/10.1177/15280837221150200
https://www.crealitycloud.com/product/details/CR-10-V2-60482e235852812341df358c
https://www.crealitycloud.com/product/details/CR-10-V2-60482e235852812341df358c
https://ultimaker.com/software/ultimaker-cura/
https://barcode.tec-it.com/en/QRCode?data=AAU%0A
http://dx.doi.org/10.1002/adfm.201303352
http://dx.doi.org/10.1002/adma.201504891
http://www.ncbi.nlm.nih.gov/pubmed/26919550
http://dx.doi.org/10.1039/D2NR00120A
http://www.ncbi.nlm.nih.gov/pubmed/35616244
http://dx.doi.org/10.1039/D0NA00479K
http://www.ncbi.nlm.nih.gov/pubmed/36131876
http://dx.doi.org/10.1002/polb.21380
http://dx.doi.org/10.1002/mame.202100115
http://dx.doi.org/10.1002/advs.202003177
http://dx.doi.org/10.1007/s00339-015-9330-x
http://dx.doi.org/10.1002/adma.201103482
http://dx.doi.org/10.1063/1.4861705
http://dx.doi.org/10.1021/nl2006164
http://dx.doi.org/10.1088/1361-6439/ab025e

	Introduction
	Material and Methods
	Materials
	Preparation of Spinning Dope
	Electrospinning Process
	Preparation and Characterization of Carbon Quantum Dots

	Results and Discussion
	Carbon Quantum Dots Synthesis and Characterization
	Near-Field Direct Writing of PET Spinning Dope
	Solution Direct Write Electrospinning Containing Carbon Quantum Dots
	Precision and Information Storage with Solution Near-Field Direct Write Electrospinning

	Conclusions
	References

