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Abstract: Turmeric has been widely studied as a color indicator for pH variations due to its
halochromic properties. It has been tested in solution or included in some polymeric matrices.
Some studies have demonstrated that its change in color is due to the tautomeric species of cur-
cumin, and this property can be observed even if turmeric is assimilated in a film or nanofiber.
Chitosan/polyethylene oxide (PEO) polymers have been tested in previous studies. Polyvinyl alcohol
(PVA) nanofibers are used as potential carriers of drugs once they are insolubilized. The aim of this
work is to cross-link PVA with citric acid (CA) to insolubilize the nanofibers and determine the effect
on turmeric’s halochromic properties. The nanofibers were treated with a sodium hydroxide (NaOH)
solution, and a chromatic study was undertaken to determine color change. The change in color
was assessed by eye (subjective) and by spectroscopy (objective). The nanofibers were characterized,
in addition to the colorimetric study, by Fourier transform infrared (FTIR) spectroscopy and scan-
ning electron microscopy (SEM) as well. The results demonstrate how thermal treatment induces
cross-linking between the nanofibers, allowing them to keep their shape once the NaOH solution
is applied to them. The opposite effect (solubilization) can be observed for non-cross-linked (NCL)
samples. Although the final color varied, the cross-linked (CL) nanofibers’ halochromic behavior was
maintained. It was demonstrated that during cross-linking, ester groups are formed from the free
carboxyl group in the cross-linked CA and the ketones present in the curcumin under acid conditions.
So, CA acts as an acid catalyst to bond turmeric to the cross-linked PVA nanofibers.

Keywords: turmeric; citric acid; cross-linking

1. Introduction

The substantial progress and development that society has undergone in recent
decades has brought about a significant change in many people’s lifestyles. Nowadays,
human beings are purchasing smaller, safer, cheaper, and more rapidly produced prod-
ucts. Nanotechnology is a technique capable of producing and manipulating matter at the
nanometer scale to create new structures, materials, and products [1].

Nanotechnology has been able to demonstrate that materials at the nanometer scale
can offer different characteristics than when they are at a larger scale. For example, ceramic
materials have high brittleness except when they are present as nanoparticles, when they
can be malleable. When working at the nanometer scale, elements such as copper can form
substances that turn from opaque to transparent, and gold can change from insoluble to
soluble [1].

The advance of nanotechnology has driven development and innovation in the textile
industry, enabling the manufacture of smart and multifunctional textiles with applications
in various areas of health, pharmaceuticals, fashion, sports, transportation, protection, and
high-performance products. Smart textiles are able to detect an external stimulus, whether
mechanical, thermal, chemical, magnetic, electrical, optical, or physiological, and respond
to it. Functional fabrics are designed to exhibit functions in addition to their aesthetic
properties [2].
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The modification of textiles at the nanoscale allows the implementation of new func-
tionalities or improvements in their performance without overshadowing their initial
characteristics of lightness, flexibility, comfort, and aesthetics. The new functions provided
can include hydrophobicity [3-5], oleophobicity [6,7], antistatic properties [8,9], resistance
to wrinkling [10], improved resistance to mechanical stress [11-13], protection against
ultraviolet radiation [14,15], antibacterial capacity [14,16-18], and complex developments
such as flexible bioelectronics [19] among other characteristics.

In the textile industry, nanotechnology has also made its presence felt in the production
of fibers. One of the main objectives of chemical spinning is to produce fibers with the smallest
possible cross-section. Based on this objective, electrospinning has emerged as one of the most
promising technologies capable of producing fibers with a sub-micrometer or even nanometer
cross-section. Moreover, electrospinning is also a simple and versatile technique capable
of producing nanofibers with a multitude of morphologies using highly diverse materials,
from polymeric to ceramic materials, for example. The technique is able to offer exceptional
characteristics, such as a high surface-to-volume ratio, an ultrafine fibrous structure connected
to itself at a multitude of points, and high porosity and lightness [2,19-21].

Another feature of the electrospinning technique is the possibility of adding different
compounds to nanofibers, both superficially adhered and encapsulated inside them. Due
to the simplicity and versatility of the nanofiber morphologies that can be obtained, this
technology has been implemented in many industrial sectors, including self-cleaning
textiles with applications in medical devices and protective clothing [2,22], agrotextiles
with living matter inside the nanofibers [23], air filtration products, water treatment filters,
catalysis processes, enzyme immobilization, and solar cells. Nanofibers are used in a wide
variety of products in the biomedical sector, with applications including cellular tissue
repair and regeneration, wound healing and scarring, musculoskeletal tissue regeneration,
tendon/ligament regeneration, cancer diagnosis and treatment, and implant coating [2].

However, most of the research carried out to date has focused on the technical aspects
of nanofibers, and their aesthetic side has been completely overshadowed by their excellent
and diverse qualities that provide great value across many different sectors. However,
their aesthetic aspect can also provide technical value; several authors have used different
halochromic compounds encapsulated inside electrospun nanofibers as sensors to detect pH
changes in the environment. The incorporation of halochromic compounds into nanofibers
involves a dyeing process since the principle of halochromism is based on a color change in
the compound as a function of the pH in which it is found.

Agarwal et al. made electrospun PA 6 nanofibers that could encapsulate different
halochromic dyes, such as Phenol Red, Methyl Red, Bromothymol Blue, phenolphthalein,
and Bromocresol Green, with the aim of being able to detect color changes from pH 1 to pH
10, in a study that also determined the effect of the compound on fiber morphology [24].
Van der Schueren et al. used the halochromic dyes Bromocresol Purple and Brilliant Yellow
to dye PA 6.6. nanofibers, and they concluded that the incorporation of the pH indicator
did not influence the average diameter of the fibers; however, they did find an influence
on the formation of droplets during the process when the dye had not been properly
dissolved. Nanofibers incorporating both dyes demonstrated good characteristics as pH
indicators [25]. Tripathy et al. developed PA 6 nanofibers dyed with the halochromic dyes
Phenol Red, Bromocresol Purple, and phenolphthalein to determine the pH change of milk
as a function of its purity [26]. In the medical field, nanofibrous biosensors have been
designed with the dye Bromothymol Blue for the rapid and visual detection of wound
infection [27].

Naturally occurring dye compounds that offer halochromic characteristics have been
used by other authors due to their chemical composition, in addition to being renewable,
non-toxic, non-polluting, safe and biocompatible. Devarayan and Kim prepared electro-
spun cellulose nanofibers containing a natural pigment extracted from red cabbage; the
pigment’s anthocyanin content results in a color change across a pH range of 1 to 14. They
suggest a possible application in medical monitoring of alcohol intake levels via a saliva
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test [28]. Maftoonazad and Ramaswamy also employed red cabbage pigment along with
polyvinyl alcohol for the production of electrospun nanofibrous mats for monitoring pH
changes in fresh date packaging [29]. Extensive study has also been performed on curcumin,
a natural lipophilic pigment found in turmeric and extracted from Curcuma longa, which
possesses the ability to change its color due to its diketone groups being converted to the
keto-enol form when exposed to alkaline conditions [30] (see Figure 1). Researchers have
fabricated various nanofibers with encapsulated turmeric for visual monitoring of the pH
of fresh food packaging [30-32].
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Figure 1. Curcumin structure depending on pH.

The present research proposes polyvinyl alcohol (PVA) nanofibers incorporating
turmeric as a coloring agent in the polymeric solution for future application as a pH
sensor in the field of air filtration. PVA is characterized by being a hydrophilic, non-toxic,
biodegradable, biocompatible, semicrystalline polymer, qualities that allow it to be used in a
wide variety of sectors. However, it has low water stability, which limits its applicability; as
a result, PVA is often treated to ensure prolonged stability and improve its performance [33].
The methods studied to improve its stability in water have included crystallization by
freezing and thawing, irradiation, acid-catalyzed dehydration, heat treatments, radical
production, and treatment with formaldehyde or glutaraldehyde [34]. However, some
of these methods are toxic or expensive; therefore, several authors have used citric acid
(CA) as a green method for PVA cross-linking. CA is a non-toxic polycarboxylic acid that
can react with the hydroxyl groups of PVA chains and give rise to intermolecular and
intramolecular ester bonds between them. The cross-linking reaction between PVA and
CA occurs upon heating to high temperatures, from 130 to 220 °C, for long periods of time,
depending on the temperature [33,35,36].

The objective of this study was to determine if cross-linking between PVA and CA influ-
ences the ability of the halochromic sensor to detect pH changes and generate color changes
in turmeric. The possibility of creating non-water-soluble halochromic PVA nanofibers will
increase PVA’s field of application. Due to the possible presence of suspended substances
in the turmeric dispersion, the dispersion used in the study was filtered to avoid alterations
in the electrospinning process. Another unfiltered dispersion was used to evaluate whether
there are differences after filtration in terms of coloration and detection of pH change.

2. Materials and Methods
2.1. Materials

The nanofibers were composed of polyvinyl alcohol (PVA) Mw 61,000 g/mol with a
degree of hydrolysis of 98.0-98.8 mol% at 99% 4= 0.8 purity, purchased from Sigma-Aldrich
(Akralab, Alicante, Spain); turmeric, purchased from a local herbalist; and citric acid (CA)
at 99% purity purchased from Sigma Aldrich. The PVA with CA and turmeric dispersion
was prepared in distilled water.
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The vertical metal collector of the electrospinning system was covered with wax paper
supplied by Bosque Verde (Tarragona, Spain). The halochromic effect was evaluated using
a 10 g/L solution of sodium hydroxide (NaOH) supplied by Sigma Aldrich, which has a
pH value of 11-12.

2.2. Methods

To produce the dispersion to be electrospun, the turmeric was first dispersed at 5 g/L
in distilled water with electromagnetic stirring for 2 h. After this time, half of the prepared
dispersion was filtered using a sintered glass fiber disc with a nominal pore diameter of
1.2 um. Subsequently, in both turmeric dispersions (filtered and unfiltered). PVA was
added at 9% w/v and CA at 10% w/v with respect to the weight of PVA and stirred with an
electromagnetic stirrer at 80 °C until complete dissolution of the PVA.

To characterize the viscosity of the dispersions, a FUNGILAB Visco Elite R viscometer
from Instrumentacién Analitica (Barcelona, Spain) was used with an R3 spindle and a
stirring speed of 200 RPM. The electrical conductivity was measured at a temperature of
approximately 22 °C in both solutions with a Crison Basic 30 Conductimeter (Hach Lange
Spain. S.L.U., L’ Hospitalet de Llobregat, Spain). Surface tension was measured with a
KRUSS K9 tensiometer (Kriiss, Hamburg, Germany). For pH measurement, a GLP 22 pH
meter from CRISON (CRISON, Barcelona, Spain) was used.

The electrospinning process was carried out using a Spinbox instrument from Bioinicia
(Bioinicia, Paterna, Spain). The instrument’s vertical metallic collector was covered with
white waxed paper, which the nanofibers were deposited onto to facilitate their handling.
A 16-gauge capillary was chosen for the extrusion of the solutions to avoid clogging by
the non-dispersed compounds. The extrusion had the following characteristics: a rate
of 0.8 mL/h, an applied voltage of 19 kV, a distance between the extruder electrode and
the collector of 12 cm, and a process duration of 30 and 120 min. The temperature of the
environment where the experiment was performed was 25 °C, with a relative humidity
of 53%.

To cross-link the nanofiber veils, a TCF 120 oven from ARGO LAB (ARGO LAB, Carpi,
Italy) was used at a temperature of 190 °C for 10 min.

The first characterization of the nanofibrous veils was undertaken with the naked eye
by 5 volunteers to determine whether there was coloration in the electrospun nanofibers
and to determine which of them had a greater or lesser color tonality.

The color of the nanofiber veils was determined by using a MINOLITA CM-3600d
(Konica Minolta Business Solutins Spain, Barcelona, Spain) reflection spectrophotometer.
UV energy was included. The measurements were made with the CIE-Lab 10° standard
observer and the standard illuminant D65 [37]; the values for L, a, and b for the evaluation
of color and the total color difference (AE) were calculated using Equation (1).

DE = /(L— L")+ (a—a")® + (b —b*)’b? (1)

As the electrospun samples were circular in shape (see Figure 1), the color measure-
ment was conducted in the center of the circle.

The samples were examined by electron microscopy using a field emission scanning
electron microscope FESEM ULTRA 55(Carl Zeiss, Jena, Germany). Each sample was
placed on a surface and covered with a layer of gold and palladium using a sputter coater
in order to make the samples conductive. The samples were analyzed with the appropriate
magnification and with an acceleration voltage of 2 kV.

Fourier transform infrared (FTIR) spectra were recorded in order to characterize each
fabric’s surface. A JASCO FT/IR-4700 type A spectrometer (Jasco Spain, Madrid, Spain)
with an ATR accessory was used to record 16 spectra with a 4 cm ™! resolution.
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3. Results
3.1. Solution Characterization

As a starting basis for sample characterization, a single polyvinyl alcohol dilution was
tested against filtered (PVA_F) and unfiltered (PVA_NF) turmeric dispersions.

The dispersion was filtered through a sintered glass fiber disc to remove any turmeric
particles larger than 1.2 um that could interfere with the electrospinning process by ob-
structing the capillary exit or hindering the formation of the Taylor cone. Table 1 shows the
characterization parameters for the PVA preparations for electrospinning.

Table 1. Characterization of the PVA solutions: polyvinyl alcohol without additives (PVA), PVA with
non-filtered turmeric (PVA_NF), and PVA with filtered turmeric (PVA_F).

Reference PVA PVA_NF PVA_F
Viscosity (cP) 149.13 £+ 0.81 192.70 + 4.68 129.02 + 7.30
Conductivity (uS) 250.66 + 13.67 1534.60 £+ 13.56 1315.2 + 12.77
Surface tension (mN/m) 65.38 + 0.34 52.40 + 0.82 56.78 + 0.36
pH (pH) 5.30 £+ 0.01 2.59 + 0.01 2.54 +0.01

The characterization demonstrated the changes that occurred in the PVA starting
solution when citric acid and turmeric were added. It can be seen how the presence of these
compounds increased the viscosity up to 192.70 cP in the case of the PVA_NF dispersion;
however, when the dispersion was filtered, it had a value slightly lower than that of the
starting solution, 129.02 cP. The large increase in the conductivity parameter also observed
was due to the addition mainly of CA, since it dissociates into hydrogen ions and citrate
ions. The surface tension decreased only slightly in both dispersions with respect to the
PVA solution. However, there was a noticeable reduction in pH in the dispersions due to
their CA content with respect to the neutral pH from the initial submission.

3.2. Nanofiber Veil Characterization
3.2.1. Visual Color Test

In order to prove that, in addition to the filtration of the solution, there is also a differ-
ence in the color of the nanofiber mat due to the electrospinning time, two electrospinning
process times were employed, 30 and 120 min; thus, four samples were obtained: the
samples from the filtered (F) solution electrospun for 30 min (PVA_F_30) and 120 min
(PVA_F_120) and the nanofibers produced from the non-filtered (NF) solution electrospun
for 30 min (PVA_NF_30) and 120 min (PVA_NF_120). The visual appearance of the samples
can be seen in Figure 2. As can be observed, the PLA without turmeric is white for both
the 30 and 120 min samples (Figure 2a and 2b, respectively). As can also be seen, turmeric
inclusion gives a yellow color for both the 30 min and 120 min samples (Figure 2c and 2d,
respectively). The SEM results for the samples are show in Section 3.4.

The visual test was carried out by five volunteers. They were presented with the
four samples prior to cross-linking and were asked to rank, from highest to lowest, which
sample had the yellowest coloration following the incorporation of turmeric as a dye.
Figure 2 shows the samples presented to the volunteers. The samples were presented to
the individuals unlabeled; the volunteers simply had to order them from left to right, from
highest appreciation of yellowish hue to lowest.

All the volunteers, without knowing the order decided by the other volunteers or
the conditions for the electrospinning, ordered the samples in the same way, as shown
in Table 2.

Table 2. Visual color test results.

Reference Color ++++ Color +++ Color ++ Color + No Color

Volunteers

5) PVA_NF_120 PVA_NF_30 PVA_F_120 PVA_F_30 -
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a) b)
2cm 2cm
c) d)
2cm 2cm

Figure 2. Visual observation of electrospun nanofibers. (a) PVA_F_30; (b) PVA_F_120; (c) PVA_NF_30;
(d) PVA_NF_120.

3.2.2. Reflectance Spectroscopy
Initial Samples

Reflectance spectroscopy was carried out to determine the coloration of each sample
accurately and quantitatively. Measurements of the chromatic coordinates of each sample
were taken at four different positions.

Table 3 shows the CIE L*a*b* values obtained from the electrospun samples. Waxed
paper was used as the standard sample because it was used as the collector substrate on
which the nanofibers were collected and was kept during the analysis to facilitate the
handling of the nanofibers.

Table 3. CIE L*a*b* coordinates of the wax paper collector, PVA_NF_30 nanofibers, PVA_NF_120
nanofibers, PVA_F_30 nanofibers, and PVA_F_120 nanofibers.

Reference L* a* b* DL* Da* Db* DE*ab Difference
Wax paper (Standard) 94.45 0.69 —5.70 - - - - Original
PVA_NF_30 94.63 —3.72 15.07 0.18 —4.42 20.77 21.23 Yes
PVA_NF_120 96.42 —-2.92 19.36 1.97 —3.61 25.06 25.40 Yes
PVA_F_30 95.38 —0.41 —0.59 0.93 —1.11 5.11 5.31 Yes
PVA_F_120 97.60 —0.48 0.62 3.15 —-1.17 6.32 7.16 Yes

Table 3 shows that all the samples present a difference with respect to the standard
sample in their DE*ab values. It can be seen that the nanofiber samples produced from the
unfiltered PVA solution have higher color difference values, with the 30 min electrospun
sample having a value of 21.23 DE*ab and the 120 min sample having a value of 25.40 DE*ab.
Similarly, it can be observed that all the samples have very similar brightness values that
are close to the value obtained for the collector wax paper; however, it is noteworthy that
the samples electrospun for a longer time, PVA_NF_120 and PVA_F_120, have higher
brightness values, 96.42 and 97.60 L*, respectively.

Cross-Linked Samples

Due to the high solubility of PVA in water, a cross-linking process must be carried
out to facilitate the handling and applicability of the electrospun veils. After cross-linking,
a change in the color shade of the samples, including the waxed paper, can be observed.
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The CIE L*a*b* color coordinates of the electrospun samples after cross-linking are shown
in Table 4.

Table 4. CIE L*a*b* coordinates of the cross-linked samples: wax paper (standard); cross-linked
wax paper; PVA_NF_30_CL nanofibers; PVA_NF_120_CL nanofibers; PVA_F_30_CL nanofibers;
PVA_F_120_CL nanofibers.

Reference

L*

a* b*

DL*

Da*

Db*

DE*ab

Difference

Wax paper (Standard)

Wax paper_CL

PVA_NF_30_CL
PVA_NF_120_CL

PVA_F_30_CL

PVA_F_120_CL

94.45
92.11
94.07
95.71
94.21

0.69 -5.7
—1.24 9.37
—2.29 11.03
-3.83 19.82
—-1.37 7.89

—2.34
—0.38
1.26
—0.24

—-1.93
—2.98
—4.52
—2.06

15.07
16.73
25.52
13.59

15.37
17
25.95
13.75

Original
Yes
Yes
Yes
Yes

96.24 —1.35 8.59 1.78 —2.04 14.3 14.55 Yes

The waxed paper was also subjected to the same cross-linking process to see if it
undergoes alterations on its own.

The results obtained from the measurements of the cross-linked nanofibers show
chromatic differences in relation to the original samples. The values obtained for the color
differences with respect to the base surface on which the solutions were electrospun, waxed
paper, are shown. The brightness values were hardly altered after cross-linking.

The value of 15.37 DE*ab obtained for the cross-linked waxed paper shows a notable
color difference with respect to the original sample (0 DE*ab). The cross-linking of the un-
filtered samples, PVA_NF_30_CL and PVA_NF_120_CL, hardly alters the initial coloration
as the DE *ab values are similar to those before cross-linking. On the other hand, the color
difference for the PVA_F_30_CL and PVA_F_120_CL nanofibers has increased with respect
to the original samples, with values of 13.75 DE*ab and 14.55 DE*ab, respectively, obtained
after cross-linking.

In all cases, the samples show high luminosity values. It can be seen that the samples
electrospun for 120 min both present a higher luminosity than the samples that have been
electrospun using the same solution but for 30 min.

3.3. Halochromic Study

After the halochromic test was performed on the electrospun samples, both thermally
cross-linked and non-cross-linked, new chromatic values were obtained.

Table 5 shows the CIE L*a*b* values obtained from the electrospun samples after the
halochromic test was performed on the nanofibers. Waxed paper was still used as the
standard sample.

Table 5. CIE L*a*b* coordinates of the wax paper collector, PVA_NF_30_H nanofibers,
PVA_NF_120_H nanofibers, PVA_F_30_H nanofibers, and PVA_F_120_H nanofibers after the
halochromic test.

Reference

L* a* b* DL* Da* Db* DE*ab Difference

Wax paper (Standard)
PVA_NF_30_H

94.45
80.13
78.86
93.77
93.88

0.69 —5.70
10.71 —9.79
12.34 -10.13
1.34 —5.56
0.32 —3.37

—14.32

—15.59
—0.68
—0.57

10.01
11.65
0.64
—-0.37

—4.09
—4.42
0.15
2.33

17.94
19.96
0.95
243

Original
Yes
Yes
Yes
Yes

Figure 2 clearly shows the color change resulting from performing the halochromic

test. Figure 3a shows the results when the NaOH solution is in contact with the sample
with the unfiltered turmeric solution electrospun for 120 min (PVA_NF_120).

The halochromic test was also performed on the electrospun samples that were cross-
linked to obtain an insoluble PVA (Figure 3b). The values obtained are shown in Table 6.
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Figure 3. Halochromic behavior for PVA nanofibers: (a) non-cross-linked; (b) cross-linked.

Table 6. CIE L*a*b* coordinates of the cross-linked samples: the wax paper collector (standard), cross-
linked wax paper, PVA_NF_30_CL_H nanofibers, PVA_NF_120_CL_H nanofibers, PVA_F_30_CL_H
nanofibers, and PVA_F_120_CL_H nanofibers after the halochromic test.

Reference L* a* b* DL* Da* Db* DE*ab Difference

Wax paper (Standard) 94.45 0.69 -57 - - - - Original
Wax paper_CL 92.11 —1.24 9.37 —2.34 —-1.93 15.07 15.37 Yes
PVA_NF_30_CL_H 90.23 2.55 8.45 —4.22 1.86 14.15 14.88 Yes
PVA_NF_120_CL_H 90.06 2.95 7.87 —4.39 2.25 13.57 14.44 Yes
PVA_F_30_CL_H 91.56 —0.41 9.93 —2.89 —-1.11 15.64 15.94 Yes
PVA_F_120_CL_H 92.33 —0.03 9.4 —2.12 —0.72 15.11 15.27 Yes

3.4. SEM

The conditions used for PVA electrospinning were defined based on the microscopy
analysis to ensure that no bed or solvent presence was visible. Figure 4a shows PVA
nanofibers that have no bed but arrive at the collector without the complete evaporation of
the solvent. In contrast, Figure 4b shows clearly defined nanofibers with no solvent present.
Thus, these were the conditions selected when conducting this study and the ones reported
in Section 2.2.

Figure 4. PVA nanofibers. (a) Irregular nanofibers, solvent not evaporated; (b) regular nanofibers,
solvent correctly evaporated (PVA non-cross-linked 30 min).

When the citric acid and turmeric were included in the PVA solution, the parameters
varied, and although, apparently, a Taylor cone was created, the nanofibers generated beds,
which indicated that the conditions should be changed (Figure 5). However, no changes
were made to the electrospinning conditions as the solution parameters for conductivity
and viscosity were considerably increased by the addition of turmeric and CA (Figure 5a),
but they slightly decreased when filtered (Figure 5b), and in both cases, the Taylor cone
was consistent. Small changes in the parameter resulted in no nanofibers being formed.
Figure 5c shows the nanofibers” appearance once the nanofibers had been cross-linked (CL)
by thermal treatment.

Once the nanofiber veils were obtained, a drop of NaOH solution was placed on the
surface of the nanofibers and left to dry. This was done on both cross-linked (CL) and non-
cross-linked (NCL) nanofibers. The veils were subsequently analyzed by SEM in order to
determine the effect. As can be seen in Figure 6, the NCL nanofibers completely dissolved,
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whereas the ones that had been thermally treated to induce cross-linking between the PVA
and CA still showed a nanofiber net.

Figure 5. Effect of filtering and cross-linking on nanofibers. (a) Non-filtered non-cross-linked (NF-
NCL); (b) filtered and non-cross-linked (F-NCL); (c) filtered and cross-linked (F-CL).

(a) (b)

1 om 1 =m

Figure 6. Effect of NaOH solution (H) on nanofibers. (a) Filtered and non-cross-linked (F-NCL_H);
(b) filtered and cross-linked (F-CL_H).

3.5. FTIR

The FTIR spectra for the different samples were analyzed; the most important find-
ings are shown in Figure 7. The influence of CA cross-linking can be appreciated when
the spectra are compared with samples without the thermal treatment (NCL). The OH
stretching band is altered due to the cross-linking. As can be seen in Figure 7a, the peak is
centered around 3260 cm ! for the non-cross-linked (NCL) samples and represented by
lines, whereas the samples with thermal treatment show a shift towards a higher wave-
length centered around 3306 cm~!. When the effect of filtration is compared (filtered (F)
versus non-filtered (NF)), it can be clearly seen that there is a slight difference, mainly
observed in the region 800-500 cm !, which corresponds to the ring and OH bands [38].
For the non-filtered samples, the peaks in that region were lower, and this may be due to
the presence of agglomerated particles that were retained by the filter.

120 FNR

120 NFNR

—— 120FNR
002UA —— 120 FNR hum
- 120FR
' 120 FR_hum

2500 | [1850 1350 850 1500 1000 500

Wavenumber (cm) Wavenumber (cm™)

C) (b)

Figure 7. ATR—FTIR spectra from PVA nanofibers with turmeric and citric acid solution. (a) Com-
parison of filtered (F) and non-filtered samples (NF) that were cross-linked (CL) or non-cross-linked
(NCL); (b) comparison of halochromic behavior for cross-linked (CL) and non-cross-linked (NCL)
samples as obtained or following alkaline treatment (H).
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4. Discussion
4.1. Effect of Solution Filtration and Electrospinning Time on Nanofiber Color

Figure 8 shows the coordinates on the CIE L*a*b* space of the electrospun samples
and the collector wax paper of the nanofibers. The results show a brightness value for the
collector wax paper of 94.45 L*; however, the rest of the samples have values higher than
this, indicating a higher brightness in all the electrospun samples (Figure 8a).
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Figure 8. Colorimetry results for the samples. (a) Sample brightness results. (b) Chromatic co-
ordinates; blue circle: wax paper (standard); orange circle: PVA_NF_30 nanofibers; grey circle:
PVA_NF_120 nanofibers; yellow circle: PVA_F_30 nanofibers; green circle: PVA_F_120 nanofibers.

For the electrospinning samples, the lowest value obtained is for the PVA_NF_30
sample, with a value of 94.63 L*, while the filtered sample with the same electrospinning
process time, i.e., the PVA_F_30 sample, has a slightly higher brightness, with a value of
95.38 L*. The samples electrospun for a longer time, 120 min, have higher brightness values.
The sample electrospun from the unfiltered solution (PVA_NF_120) has a value of 96.42 L*,
while the filtered sample, PVA_F_120, has the highest brightness value, 97.60 L*.

Therefore, with respect to the electrospun samples, it is possible to state that the
filtration of the turmeric solution increases the luminosity of the nanofibrous mats, in
addition to it being possible to observe that a longer electrospinning time, i.e., a higher
deposition of nanofibers, is also a parameter that increases the luminosity value.

Regarding the color differences (DE*ab) (Figure 8b) with respect to the standard
sample, it can be observed that the unfiltered samples, PVA_NF_30 and PVA_NF_120,
have higher values than the filtered samples, 21.23 and 25.40 DE *ab, respectively. The
nanofibrous sample obtained from the turmeric solution filtered and electrospun for 30
min (PVA _F_30) has a value of 5.31 DE*ab, a lower value than the sample electrospun for
120 min from the same solution (PVA _F_120), which has a value of 7.16 DE *ab.

The results demonstrate in both cases the higher color difference, i.e., the higher
presence of color, in the nanofibers when electrospinning takes place for longer process
times, 120 min in this case. They also show a notable difference in coloration depending
on whether the PVA solution has been filtered or not, with the presence of darker areas
observed when the solutions have not been filtered (Figure 3b).

In Figure 8b, the chromatic coordinates measured on the samples show that the waxed
paper has a slight and barely noticeable blue coloration, with a value of —5.70 b*. The
coordinates of the PVA_F_30 nanofibers increase on the Y-axis with respect to the standard
sample, with a value of —0.59 b*; however, they remain very close to the center of both axes,
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so no color predominates on the nanofiber surface. The sample filtered and electrospun
for 120 min (PVA_F_120) shows a slight increase in coloration with respect to the previous
sample since it has chromatic coordinates of —0.48 a* and 0.62 b*, which is explained by a
slightly higher coloration in the nanofibers.

The electrospun nanofibers from the unfiltered turmeric solution have very different
chromatic coordinates than those obtained from the filtered solution. The PVA_NF_30
nanofibers have coordinates of —3.72 a* and 15.07 b*, which reflect a noticeable yellow
coloration due to their high value on the Y-axis. The PVA_NF_120 sample has coordinates
of —2.92 a* and 19.36 b*, where the value of +b*, responsible for the yellow coloration,
is higher than that for the rest of the samples, so this sample is the one with the greatest
yellow coloration.

The chromatic coordinates have demonstrated that a greater coloration is obtained
for the nanofibers when the turmeric solution is not filtered, in addition to the fact that a
more intense color is obtained with longer electrospinning times. These results, as could be
expected, agree with the results obtained from the volunteers” observations (Table 2).

The filtration of the solution did not make any difference to the appearance of the
nanofibers; while the image for the non-filtered samples has some areas with a higher
intensity of color (see Figure 3), the color was the same for the filtered (F) samples compared
to the non-filtered (NF) samples.

4.2. Effect of Cross-Linking on Nanofiber Color

From the data shown in Tables 3 and 4, it can be determined whether the thermal
cross-linking process has an influence on the color present in the electrospun nanofibers.

Figure 9a represents the values obtained from the original samples versus the cross-
linked nanofibrous samples. First of all, it is worth noting the influence of the thermal
process on the colorimetry of the waxed paper used as a collecting surface; it can be seen
that, after cross-linking, its brightness value has decreased to 92.11 L*, and at the same time
it has moved along the X-axis to give a value of 15.37 DE *ab, which shows an increase in
coloration with respect to its original color.
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[ ]
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Figure 9. Colorimetry results for the samples. (a) Sample brightness results. (b) Chromatic
coordinates; blue circle: wax paper (standard); orange circle: PVA_NF_30 nanofibers; grey cir-
cle: PVA_NF_120 nanofibers; yellow circle: PVA_F_30 nanofibers; green circle: PVA_F_120
nanofibers; blue square: cross-linked wax paper; orange square: PVA_NF_30_CL nanofibers;
grey square: PVA_NF_120_CL nanofibers; yellow square: PVA_F_30_CL nanofibers; green square:
PVA_F_120_CL nanofibers.

The electrospun samples after cross-linking show slightly lower values in terms of
brightness, as can be seen in the points plotted in Figure 9a; this could be due to the fact
that the heat treatment partially opacifies the light of the samples. Regarding the color
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differences, the same figure shows how the cross-linking process in the filtered samples,
PVA_F_30_CL and PVA_F_120_CL, increases their DE ab values until they are very close to
the DE *ab value of the collector wax paper.

From Figure 9b, it can be deduced that after cross-linking, the +b* value of the
PVA_NF_120_CL sample has remained stable since it had a value of 19.36 b* before the
heat treatment and a value of 19.82 b* afterward. In the case of the PVA_NF_30_CL sample,
while the cross-linking increased the chromatic coordinates on the Y-axis for the other
samples, these coordinate values slightly decreased in this case.

The +b* value of the heat-treated collector wax paper increased. Initially, it had a cold
white shade, and hence its value of —5.70 b* is towards the bluish area of the CIE L*a*b*
space. After cross-linking, it had a yellowish hue, as indicated by the 9.37 b* value.

The electrospun samples from the filtered solution (PVA_F_30_CL and PVA_F_120_CL)
underwent significant color changes after the cross-linking of the polymer. The original
samples presented a* and b* values very close to the center of the axes (0.0), thus represent-
ing a whitish coloration. However, the location of the points plotted for the cross-linked
samples in Figure 9b demonstrates the existence of a yellowish hue in the nanofibers. It is
noteworthy that although the b* values of these samples have increased, they remain below
the value obtained for the waxed paper; however, this can be explained by the nature of
the components. The wax of the paper may have undergone an oxidation process when
a high temperature was applied for the cross-linking of the PVA, which resulted in the
yellowish coloration.

4.3. Halochromic Behavior

The visual analysis performed allowed the determination of the color change in the
electrospun nanofibers after the halochromic test was performed on them. The data in
Tables 3 and 5 represent the color differences graphically and quantitatively.

Firstly, with respect to the brightness values, it can be seen in Figure 10a that the
initial samples have higher brightness values in all cases and that these values decrease
slightly when the final color is evaluated after the halochromic test. On the other hand, in
Figure 11a, it is also noticeable how a relationship is maintained between the initial color
difference versus the color difference after the color change; that is, the PVA_F_30 sample
represented by the yellow circle has the smallest color difference compared to this sample
after being subjected to the halochromic test, as indicated by the yellow square representing
the PVA_F_30_H sample.

Therefore, it is possible to affirm that the color shade after the halochromic test is also
influenced by the electrospinning process time and the filtration of the solution used. It
is noticeable how, in both the filtered and unfiltered solutions, the PVA_NF_120_H and
PVA_F_120_H samples, electrospun for 120 min, show a greater color difference after the
test than the samples made employing a shorter process time. The unfiltered samples,
PVA_NF_30_H and PVA_NF_120_H, show greater color differences with respect to the
filtered samples and the collector wax paper.

On the other hand, in Figure 10b, drastic changes in color shades are noticeable. The
initial sample PVA_NF_120 is shown in the upper left quadrant of the graph because it
has colorimetric values of —2.92 a* and 19.36 b*, which explains its notable yellowish hue.
However, the PVA_NF_120_H sample has values of 12.34 a* and —10.13 b*, which places
the gray square in the lower right quadrant of the graph, thus giving a final purple hue.
The same occurs with the rest of the samples, however, as in the DE *ab color difference
graph, the influence of lower coloration is maintained due to the electrospinning time and
the filtration of the electrospun solutions.

Therefore, by means of the halochromic test, it has been possible to determine the
existence of a color change from yellow to purple for the nanofibers electrospun from the
PVA and turmeric solutions. It has also been possible to affirm that the color intensity ratio
is maintained with respect to the electrospinning and filtration time of the solutions.
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Figure 10. Colorimetry results for the samples. (a) Sample brightness results. (b) Chromatic
coordinates; blue circle: wax paper (standard); orange circle: PVA_NF_30 nanofibers; grey cir-
cle: PVA_NF_120 nanofibers; yellow circle: PVA_F_30 nanofibers; green circle: PVA_F_120
nanofibers; blue square: cross-linked wax paper; orange square: PVA_NF_30_H nanofibers;
grey square: PVA_NF_120_H nanofibers; yellow square: PVA_F_30_H nanofibers; green square:
PVA_F_120_H nanofibers.
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Figure 11. Colorimetry results for the samples. (a) Sample brightness results. (b) Chromatic coor-
dinates; blue circle: wax paper (standard); orange circle: PVA_NF_30_CL nanofibers; grey circle:
PVA_NF_120_CL nanofibers; yellow circle: PVA_F_30_CL nanofibers; green circle: PVA_F_120_CL
nanofibers; blue square: cross-linked wax paper; orange square: PVA_NF_30_CL_H nanofibers; grey
square: PVA_NF_120_CL_H nanofibers; yellow square: PVA_F_30_CL_H nanofibers; green square:
PVA_F_120_CL_H nanofibers.

The curcumin in turmeric varies from a keto to an enol tautomer depending on the
pH. The enol form is present when it is dissolved in organic solvents or alkaline solutions,
whereas the keto form dominates in acid media [39,40]. This halochromic behavior is kept
when turmeric is included in some polymeric films or nanofibers [30-32]. In this paper, we
focus on PVA, and we demonstrate that PVA has the capability to form yellow nanofibers
which change their color when in contact with alkaline solutions. This is due to the fact that
alkaline solutions make the curcumin lose protons to give a net charge of —3. This shift
from the enol to the keto tautomeric form of curcumin is demonstrated by the FTIR spectra
(Figure 7b), where a variation can be seen in the OH stretching band (3800-3000 cm™1).
This is because the number of OH groups decreases when the curcumin moves from the
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keto to the enol form, and consequently, this is directly related to the color change from
yellow (pH < 7) to a reddish hue (pH > 7), as many authors have reported [39,40].

4.4. Effect of Cross-Linking on Halochromic Behavior

In the previous sections, the effect of thermal cross-linking on the colorimetric values of
the dyed nanofibers has been confirmed; similarly, the color change from yellow to purple
after the halochromic test has also been demonstrated. Therefore, in this section, we analyze
both of the factors that induce changes; i.e., we evaluate whether the thermal treatment
to which the nanofibrous veils are subjected to produce a water-insoluble polymer affects
the halochromic capacity generated by the encapsulation of turmeric inside the fibers. The
data shown in Tables 4 and 6 are plotted in Figure 11.

Figure 11a clearly demonstrates that all the cross-linked samples initially show higher
brightness values before, rather than after, the halochromic test. This phenomenon may
be due to the fact that the nanofibers change from a yellow color with high lightness to
a dark brownish shade, as can be seen in Figure 3. As an example of this, the sample
PVA_NF_120_CL (represented by a gray circle) had a lightness value of 95.71 L* and a
color difference value of 25.95 DE *ab (the highest of all the cross-linked samples) after
cross-linking; however, after the halochromic test, it had values of 90.06 L* and 14.44 DE
*ab, which also suggests a change in color and luminosity with respect to the collector
surface, but to a lesser extent.

Figure 11b shows the colorimetric values of each sample. It can be seen that the values
of the sample PVA_NF_120_CL place it in the upper left quadrant, with values —3.83 a*
and 19.82 b*, thus demonstrating its yellowish coloration. However, when the halochromic
test was performed, the PVA_NF_120_CL_H sample had values of 2.95 a* and 7.87 b*,
which placed it in the upper right quadrant, the sample having a brownish color. In the
PVA_NF_30_CL_H sample, the same occurs as for the sample electrospun for 120 min;
however, its values are lower due to the shorter deposition time during the electrospinning
and therefore its shorter coloration time.

The electrospun nanofibers from the filtered turmeric solution hardly underwent a
color change when the halochromic test was performed after cross-linking. As shown in
Figure 11b, the values obtained after the halochromic color change of the PVA_F_30_CL_H
and PVA_F_120_CL_H samples are very close to the values recorded for the same samples
after thermal cross-linking; moreover, it is observed that all the values are very close to the
color shade of the cross-linked wax paper.

The cross-linking between PVA and CA takes place following the reaction shown in
Figure 12. As can be seen, after the cross-linking, there are still free hydroxyl groups from
both PVA and CA; furthermore, there are carboxyl groups from CA as well. Turmeric
added to this solution can take part in different reactions that establish turmeric retention.
It is unlikely that hydrogen bonds can be formed between PVA and curcumin because
neither compound has functional groups that are predisposed to form hydrogen bonds
with each other, as they are formed between hydrogen atoms and another electronegative
atom. However, it is possible that ester bonds are established between CA and certain
ketones found in curcumin (see curcumin structure in Figure 1). Thus, we suggest that, due
to the cross-linking, an ester bond is established between the free carboxyl group in the
cross-linked CA and the ketones present in curcumin under acid conditions. Therefore,
CA acts as an acid catalyst to bond with curcumin. Due to this reaction, the hydroxyl
groups from curcumin are involved in the reaction, and consequently, the number of OH
groups to be ionized (O~) at pH > 7 is reduced. This could be the reason for the color
change associated with the halochromic effect when the nanofibers are cross-linked (CL) in
comparison to the non-cross-linked ones.
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Figure 12. PVA and CA reaction during the cross-linking reaction.

Samples with thermal treatment show a cross-linked (CL) effect, as can be observed
in the FTIR spectra (Figure 7). The OH stretching bands show a shift in the maximum
from 3260 cm ! for non-cross-linked samples (NCL) to 3306 cm ™! when the treated (CL)
samples were analyzed. This indicates that OH groups were involved in the cross-linking
reaction [41-43]. This behavior is also due to the hydroxyl groups from the keto form
of curcumin that react with carboxyl groups from CA to create ester groups. This cross-
linking between PVA and CA results in the insolubilization of the PVA nanofibers, as
can be seen from the SEM results (Figure 6). The characteristic absorption of the C=O
group in citric acid is observed at 1690-1750 cm~!. The SEM images show how a drop of
alkaline liquid can dissolve the NCL samples, whereas the CL samples remain unaltered.
This suggests that the thermal treatment enables the cross-linking of CA with PVA and
converts soluble nanofibers into insoluble ones. This thermal procedure increases the
applications of PVA as it can now be used in applications in which previously its high
solubility would have prevented this use. Furthermore, CA acts by bonding the turmeric
within the PVA-CA structure.

5. Conclusions

The use of turmeric as a natural pH indicator is well known; however, its halochromic
behavior when incorporated into PVA nanofibers insolubilized by cross-linking with CA
has not previously been demonstrated.

SEM microscopy showed the presence of PVA nanofibers, and their appearance, apart
from some beds, was not altered by the inclusion of CA or turmeric in the solution. This
means that both the turmeric and CA were completely dissolved. When the solution was
filtered, no variations were observed either.

The halochromic effect was determined subjectively by visual analysis and objectively
by spectrometry. Both results allow us to conclude that the non-filtered samples show
higher color intensity, even though some areas of darker color can be observed in the
non-filtered (NF) samples.

FTIR spectroscopy confirmed the tautomeric variation from the keto to the enol form
when NaOH was added to the surface of the nanofiber veil. Furthermore, this technique
demonstrated a cross-linking effect between CA and PVA.

The cross-linking treatment modifies the halochromic response but does not cancel it
out altogether. This is due to the ester formed between CA and the keto form of curcumin,
and we can conclude that CA plays a double role, on one hand, cross-linking with the
PVA nanofibers to make them insoluble, and on the other hand, acting as an acid catalyst
allowing the keto form to react with CA and bonding it to the nanofibers.

The advantage of this treatment is that the nanofibers maintain their structure even
when in an alkaline environment, whereas the non-cross-linked nanofibers become com-
pletely dissolved.
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This response allows insoluble PVA nanofibers to be generated and used as a non-
soluble sensor, opening the door to multiple applications, including applications in the
food industry and medicine.

In summary, we can highlight that CA acts as a catalyst, converting curcumin into
the keto tautomeric form. This form is able to react with CA in an esterification reaction.
Consequently, turmeric is entrapped by CA. The ester reaction binds some of the hydroxyl
groups and thus reduces the number of O-groups, which causes the change in color. This
implies a decrease in the color intensity, but the halochromic effect remains.

Author Contributions: Conceptualization, M.B.-A., PD.-G. and D.M.-G.; methodology, M.B.-A.;
software, D.M.-G; validation, .M. PD-G.; formal analysis, M.B.-A. and ].G.-P,; investigation, D.M.-G.
and G.-P-J.; resources, P.D.-G.; data curation, .M. and ]J.G.-P.,; writing—original draft preparation,
D.M.-G; writing—review and editing, M.B.-A.; visualization, ].G.-P.; supervision, ].G.-P. and I.M.;
project administration, P.D.-G.; funding acquisition, P.D.-G. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by INSTITUTO VALENCIANO DE COMPETITIVIDAD EMPRE-
SARIAL (IVACE), through the nominative line assigned to the Universitat Politecnica de Valencia,
approved by the Generalitat Valenciana Budget Act 2023.

Institutional Review Board Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Patra, K. Application of nanotechnology in textile engineering: An overview. J. Eng. Technol. Res. 2013, 5, 104-111. [CrossRef]

2. Pereira, C.; Pereira, A.M,; Freire, C.; Pinto, T.V,; Costa, R.S.; Teixeira, J.S. Nanoengineered textiles: From advanced functional
nanomaterials to groundbreaking high-performance clothing. In Handbook of Functionalized Nanomaterials for Industrial Applications;
Elsevier: Amsterdam, The Netherlands, 2020; pp. 611-714. [CrossRef]

3. Zhang, ].; France, P,; Radomyselskiy, A.; Datta, S.; Zhao, J.; van Ooij, W. Hydrophobic cotton fabric coated by a thin nanoparticulate
plasma film. . Appl. Polym. Sci. 2003, 88, 1473-1481. [CrossRef]

4. Bae, G.Y,; Gil Min, B.; Jeong, Y.G.; Lee, S.C.; Jang, ].H.; Koo, G.H. Superhydrophobicity of cotton fabrics treated with silica
nanoparticles and water-repellent agent. J. Colloid Interface Sci. 2009, 337, 170-175. [CrossRef]

5. Yu, M, Gu, G;; Meng, W.-D.; Qing, EL. Superhydrophobic cotton fabric coating based on a complex layer of silica nanoparticles
and perfluorooctylated quaternary ammonium silane coupling agent. Appl. Surf. Sci. 2007, 253, 3669-3673. [CrossRef]

6.  El-Khatib, E.M. Antimicrobial and self-cleaning textiles using nanotechnology. Res. J. Text. Appar. 2012, 16, 156-174. [CrossRef]

7. Artus, G.R; Zimmermann, J.; Reifler, FA.; Brewer, S.A.; Seeger, S. A superoleophobic textile repellent towards impacting drops of
alkanes. Appl. Surf. Sci. 2012, 258, 3835-3840. [CrossRef]

8.  Zhang, F,; Yang, J. Preparation of nano-ZnO and its application to the textile on antistatic finishing. Int. J. Chem. 2009, 1, 18.
[CrossRef]

9.  Shyr, T.-W,; Lien, C.-H,; Lin, A.-J. Coexisting antistatic and water-repellent properties of polyester fabric. Text. Res. J. 2011, 81,
254-263. [CrossRef]

10. Wang, C.C.; Chen, C.C. Physical properties of crosslinked cellulose catalyzed with nano titanium dioxide. J. Appl. Polym. Sci.
2005, 97, 2450-2456. [CrossRef]

11. Kumar, S.; Doshi, H.; Srinivasarao, M.; Park, J.O.; Schiraldi, D.A. Fibers from polypropylene/nano carbon fiber composites.
Polymer 2002, 43, 1701-1703. [CrossRef]

12. Jiang, K, Li, Q.; Fan, S. Spinning continuous carbon nanotube yarns. Nature 2002, 419, 801. [CrossRef]

13. Liu, Y.,; Wang, X.; Qi, K; Xin, J.H. Functionalization of cotton with carbon nanotubes. ]. Mater. Chem. 2008, 18, 3454-3460.
[CrossRef]

14. Saito, M. Antibacterial, deodorizing, and UV absorbing materials obtained with zinc oxide (ZnO) coated fabrics. J. Coat. Fabr.
1993, 23, 150-164. [CrossRef]

15.  Yang, H.; Zhu, S.; Pan, N. Studying the mechanisms of titanium dioxide as ultraviolet-blocking additive for films and fabrics by
an improved scheme. J. Appl. Polym. Sci. 2004, 92, 3201-3210. [CrossRef]

16. Calamak, S.; Shahbazi, R.; Eroglu, I.; Gultekinoglu, M.; Ulubayram, K. An overview of nanofiber-based antibacterial drug design.
Expert Opin. Drug Discov. 2017, 12, 391-406. [CrossRef]

17.  Kong, H.; Jang, ]. Antibacterial properties of novel poly (methyl methacrylate) nanofiber containing silver nanoparticles. Langmuir

2008, 24, 2051-2056. [CrossRef]


https://doi.org/10.5897/JETR2013.0309
https://doi.org/10.1016/B978-0-12-816787-8.00021-1
https://doi.org/10.1002/app.11831
https://doi.org/10.1016/j.jcis.2009.04.066
https://doi.org/10.1016/j.apsusc.2006.07.086
https://doi.org/10.1108/RJTA-16-03-2012-B016
https://doi.org/10.1016/j.apsusc.2011.12.041
https://doi.org/10.5539/ijc.v1n1p18
https://doi.org/10.1177/0040517510380775
https://doi.org/10.1002/app.22018
https://doi.org/10.1016/S0032-3861(01)00744-3
https://doi.org/10.1038/419801a
https://doi.org/10.1039/b801849a
https://doi.org/10.1177/152808379302300205
https://doi.org/10.1002/app.20327
https://doi.org/10.1080/17460441.2017.1290603
https://doi.org/10.1021/la703085e

Polymers 2023, 15, 4480 17 of 17

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

Yeo, S.Y,; Lee, H.J.; Jeong, S.H. Preparation of nanocomposite fibers for permanent antibacterial effect. J. Mater. Sci. 2003, 38,
2143-2147. [CrossRef]

Wan, X.; Zhao, Y.; Li, Z; Li, L. Emerging polymeric electrospun fibers: From structural diversity to application in flexible
bioelectronics and tissue engineering. Exploration 2022, 2, 20210029. [CrossRef]

Fadil, F.; Affandi, N.D.N.; Misnon, M.I; Bonnia, N.N.; Harun, A.M.; Alam, M.K. Review on electrospun nanofiber-applied
products. Polymers 2021, 13, 2087. [CrossRef]

Shah, M.A.; Pirzada, B.M.; Price, G.; Shibiru, A.L.; Qurashi, A. Applications of nanotechnology in smart textile industry: A critical
review. J. Adv. Res. 2022, 38, 55-75. [CrossRef]

Xue, J.; Wu, T.; Dai, Y,; Xia, Y. Electrospinning and electrospun nanofibers: Methods, materials, and applications. Chem. Rev. 2019,
119, 5298-5415. [CrossRef]

Sheng, J.; Zhang, M.; Xu, Y.; Yu, J.; Ding, B. Tailoring water-resistant and breathable performance of polyacrylonitrile nanofibrous
membranes modified by polydimethylsiloxane. ACS Appl. Mater. Interfaces 2016, 8, 27218-27226. [CrossRef]

Salalha, W.; Kuhn, J.; Dror, Y.; Zussman, E. Encapsulation of bacteria and viruses in electrospun nanofibres. Nanotechnology 2006,
17, 4675-4681. [CrossRef]

Agarwal, A.; Raheja, A.; Natarajan, T.S.; Chandra, T.S. Development of universal pH sensing electrospun nanofibers. Sens.
Actuators B Chem. 2012, 161, 1097-1101. [CrossRef]

Van der Schueren, L.; Mollet, T.; Ceylan, 0.; De Clerck, K. The development of polyamide 6.6 nanofibres with a pH-sensitive
function by electrospinning. Eur. Polym. |. 2010, 46, 2229-2239. [CrossRef]

Tripathy, S.; Reddy, M.S.; Vanjari, S.R.K;; Jana, S.; Singh, S.G. A step towards miniaturized milk adulteration detection system:
Smartphone-based accurate pH sensing using electrospun halochromic nanofibers. Food Anal. Methods 2018, 12, 612-624.
[CrossRef]

Bazbouz, M.B.; Tronci, G. Two-layer electrospun system enabling wound exudate management and visual infection response.
Sensors 2019, 19, 991. [CrossRef]

Devarayan, K.; Kim, B.S. Reversible and universal pH sensing cellulose nanofibers for health monitor. Sens. Actuators B Chem.
2015, 209, 281-286. [CrossRef]

Maftoonazad, N.; Ramaswamy, H. Design and testing of an electrospun nanofiber mat as a pH biosensor and monitor the pH
associated quality in fresh date fruit (Rutab). Polym. Test. 2019, 75, 76-84. [CrossRef]

Duan, M.; Sun, J.; Huang, Y.; Jiang, H.; Hu, Y.; Pang, J.; Wu, C. Electrospun gelatin/chitosan nanofibers containing curcumin for
multifunctional food packaging. Food Sci. Hum. Wellness 2023, 12, 614-621. [CrossRef]

Mohseni-Shahri, F.; Mehrzad, A.; Khoshbin, Z.; Sarabi-Jamab, M.; Khanmohamadi, F.; Verdian, A. Polyphenol-loaded bacterial
cellulose nanofiber as a green indicator for fish spoilage. Int. ]. Biol. Macromol. 2023, 224, 1174-1182. [CrossRef]

Yildiz, E.; Sumnu, G.; Kahyaoglu, L.N. Monitoring freshness of chicken breast by using natural halochromic curcumin loaded
chitosan/PEO nanofibers as an intelligent package. Int. J. Biol. Macromol. 2021, 170, 437—446. [CrossRef]

Lopez-Cordoba, A.; Castro, G.R.; Goyanes, S. A simple green route to obtain poly(vinyl alcohol) electrospun mats with improved
water stability for use as potential carriers of drugs. Mater. Sci. Eng. C 2016, 69, 726-732. [CrossRef]

Bolto, B.; Tran, T.; Hoang, M.; Xie, Z. Crosslinked poly(vinyl alcohol) membranes. Prog. Polym. Sci. 2009, 34, 969-981. [CrossRef]
Picén, D.; Torasso, N.; Baudrit, ].R.V.; Cerveny, S.; Goyanes, S. Bio-inspired membranes for adsorption of arsenic via immobilized
L-Cysteine in highly hydrophilic electrospun nanofibers. Chem. Eng. Res. Des. 2022, 185, 108-118. [CrossRef]

ISO 11664-2:2022; Colorimetry. Part 2: CIE Standard Illuminants. International Organization for Standardization: Geneva,
Switzerland, 2022.

Reddy, N.; Yang, Y. Citric acid cross-linking of starch films. Food Chem. 2010, 118, 702-711. [CrossRef]

Bich, V.T.; Thuy, N.T.; Binh, N.T.; Huong, N.T.M.; Yen, PN.D.; Luong, T.T. Structural and spectral properties of curcumin
and metal-curcumin complex derived from turmeric (Curcuma longa). In Physics and Engineering of New Materials; Springer:
Berlin/Heidelberg, Germany, 2009; pp. 271-278.

Perera, K.D.; Weragoda, G.K.; Haputhanthri, R.; Rodrigo, S.K. Study of concentration dependent curcumin interaction with
serum biomolecules using ATR-FTIR spectroscopy combined with Principal Component Analysis (PCA) and Partial Least Square
Regression (PLS-R). Vib. Spectrosc. 2021, 116, 103288. [CrossRef]

Liu, J.; Wang, H.; Wang, P.; Guo, M,; Jiang, S.; Li, X,; Jiang, S. Films based on k-carrageenan incorporated with curcumin for
freshness monitoring. Food Hydrocoll. 2018, 83, 134-142. [CrossRef]

Pazarauskaité, A.; Fernandez, E.N.; Sone, I.; Sivertsvik, M.; Sharmin, N. Combined Effect of Citric Acid and Polyphenol-Rich
Grape Seed Extract towards Bioactive Smart Food Packaging Systems. Polymers 2023, 15, 3118. [CrossRef]

de Campos, B.A ; da Silva, N.C.B.; Moda, L.S.; Vidinha, P.; Maia-Obi, L.P. pH-Sensitive Degradable Oxalic Acid Crosslinked
Hyperbranched Polyglycerol Hydrogel for Controlled Drug Release. Polymers 2023, 15, 1795. [CrossRef]

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.


https://doi.org/10.1023/A:1023767828656
https://doi.org/10.1002/EXP.20210029
https://doi.org/10.3390/polym13132087
https://doi.org/10.1016/j.jare.2022.01.008
https://doi.org/10.1021/acs.chemrev.8b00593
https://doi.org/10.1021/acsami.6b09392
https://doi.org/10.1088/0957-4484/17/18/025
https://doi.org/10.1016/j.snb.2011.12.027
https://doi.org/10.1016/j.eurpolymj.2010.09.016
https://doi.org/10.1007/s12161-018-1391-y
https://doi.org/10.3390/s19050991
https://doi.org/10.1016/j.snb.2014.11.120
https://doi.org/10.1016/j.polymertesting.2019.01.011
https://doi.org/10.1016/j.fshw.2022.07.064
https://doi.org/10.1016/j.ijbiomac.2022.10.203
https://doi.org/10.1016/j.ijbiomac.2020.12.160
https://doi.org/10.1016/j.msec.2016.07.058
https://doi.org/10.1016/j.progpolymsci.2009.05.003
https://doi.org/10.1016/j.cherd.2022.06.042
https://doi.org/10.1016/j.foodchem.2009.05.050
https://doi.org/10.1016/j.vibspec.2021.103288
https://doi.org/10.1016/j.foodhyd.2018.05.012
https://doi.org/10.3390/polym15143118
https://doi.org/10.3390/polym15071795

	Introduction 
	Materials and Methods 
	Materials 
	Methods 

	Results 
	Solution Characterization 
	Nanofiber Veil Characterization 
	Visual Color Test 
	Reflectance Spectroscopy 

	Halochromic Study 
	SEM 
	FTIR 

	Discussion 
	Effect of Solution Filtration and Electrospinning Time on Nanofiber Color 
	Effect of Cross-Linking on Nanofiber Color 
	Halochromic Behavior 
	Effect of Cross-Linking on Halochromic Behavior 

	Conclusions 
	References

