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ABSTRACT: In this study, a colorimetric pH indicator was developed using nanofibrous mats of polylactide (PLA) including
turmeric, a natural dye. Firstly, nanofibrous mats were produced by dissolving PLA at different concentrations in chloroform
(CHL)/dimethylformamide (DMF) at various volume ratios, and morphological analysis was performed. Subsequently, turmeric was
added at a concentration of 2% wt. to the polymer solution having a PLA concentration of 10% in 75/25 CHL/DMF, and nanofibrous
pH indicators were produced. Then, pH indicators containing turmeric were immersed into pH buffer solutions (pH 1, 4, 7 and 10), and
color variations were measured using a spectrophotometer. It was foreseen that the produced pH indicators have the potential to be used
in intelligent food packaging applications.
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POLIKAKTIT ESASLI NANOLIF pH INDIKATORLERININ
TASARIMI VE GELIiSTiRILMESI

OZ: Bu caligmada, dogal bir boyarmadde olan turmerik igeren, polilaktit (PLA) esasl nanolif yiizeyler kullanilarak kolorimetrik
pH indikatorii  gelistirilmistir. Oncelikle, farkli konsantrasyonlarda PLA polimeri, gesitli hacim oranlarinda kloroform
(CHL)/dimetilformamid (DMF) icerisinde ¢ozdiiriiliip, elde edilen karigimlarla elektroegirme yontemi ile nanolif yiizeyler tiretilmis ve
morfolojik analizler gergeklestirilmistir. Ardindan, agirlik¢a %2 oraninda turmerik, %10 PLA konsantrasyonuna sahip 75/25 CHL/DMF
cozeltisi igerisine ilave edildikten sonra bu karisimdan nanolifli pH indikatorii tiretilmistir. Turmerik iceren bu pH indikatorlii, pH
tampon ¢ozeltilerine daldirilarak, spektrofotometrede renk degisimleri &lgiilmiistiir. Uretilen pH indikatdrlerinin, akilli gida
paketlemelerinde potansiyel olarak kullanilabilecegi dngorilmiistiir.
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1. INTRODUCTION

The need of using sustainable and biobased polymers increases
globally due to environmental concerns. PLA is a biobased,
biodegradable and biocompatible aliphatic polyester, which is
derived from renewable resources, i.e., corn starch and sugar cane.
Due to its good mechanical and thermal properties, PLA is used in
various engineering applications instead of petroleum-based
polymers i.e., polyethylene terephthalate (PET) and polystyrene
(PS) [1, 2]. PLA is a suitable polymer to be processed in different
production methods such as single and twin screw extrusion, blown
film extrusion, solution casting, and electrospinning.

Electrospinning is a practical technique to fabricate ultrafine
polymer fibers in different diameters ranging from nanometers to
micrometers by applying an electric field on the polymer solution.
This technique is also convenient to incorporate various
compounds i.e.,, dyestuff, nanoparticles, antioxidants,
antimicrobials and drugs, into the polymer solution to develop
nanofibrous mats with improved properties. In addition,
electrospun nanofibers have outstanding properties such as high
porosity, small pore size, and a very high surface area to volume
ratio [3]. Accordingly, electrospun PLA nanofibers show great
potential in tissue engineering [4], drug delivery [5], filtration [6],
sensor application [7], and food packaging [8].

Intelligent food packaging has emerged due to growing consumer
concerns about food quality. In these packaging systems, gas
sensors, time-temperature indicators and pH indicators are used [9].
During the deterioration of food, pH of the medium changes. A pH
indicator is able to sense changes in the pH and warns the consumers
visually by changing its color. These indicators include a pH-
sensitive dye and a matrix that immobilizes the dye [10]. For this
purpose synthetic dyes such as bromocresol purple, bromothymol
blue, and methyl red can be used [11, 12]. However, pH-sensitive
synthetic dyes have harmful effects on the human health since they
are toxic and allergenic [13]. For this reason, dyes from natural
resources have become remarkable in recent years. On the other
hand, since nanofibrous mats respond to functionalization faster
than polymer films due to their high surface area [14], they are
appropriate materials to be used as a matrix in the development of a
pH indicator.

The main goal of this study was to investigate the electrospinning
behavior of PLA and develop PLA-based nanofibrous mats.
Subsequently, the polymer solution, resulting in good fiber
morphology, was chosen and a natural dye, turmeric, was added,
and an environmentally friendly nanofibrous colorimetric pH
indicator was developed for potential use in intelligent food
packaging applications.

2. MATERIALS AND METHODS
2.1 Materials

Commercial grade of PLA (4060D), which is amorphous with D-
lactide content of 12 mol% and has a molecular weight of 190
kg/mol, was supplied from NatureWorks LLC (USA). CHL (99%
purity, Sigma-Aldrich) and DMF (99% purity, Sigma-Aldrich)
and were used as solvents. Turmeric, a natural dye, was supplied

from GemmaNatural (Turkey). pH buffer solutions (pH 1, 4, 7 and
10) were supplied from ISOLAB Chemicals (Turkey).

2.2 Sample preparation

The polymer solutions were prepared by dissolving PLA, with
three different polymer concentrations (5, 7.5, and 10 %wt.), in
CHL/DMF (C%-D%) solvent blend at different volume ratios
100-0, 75-25, 50-50, 25-75, 0-100 v/v %) for 4h at 50°C. Turmeric
(2% wt.) was added to the PLA polymer solution, having a
concentration of 10% in 75/25 CHL/DMF, and the final solution
was magnetically stirred for 20h at room temperature.

An electrospinning device of Inovenso Nanospinner24 (Turkey)
was used to produce electrospun nanofibrous mats. The applied
voltage was in the range of 10-15 kV and tip-to-collector distance
and feed rate were fixed at 15-17 cm and 1-1.5 ml/h, respectively.

2.3 Methods

The morphology of electrospun mats was investigated by a Tescan
Vega3 scanning electron microscope (SEM). Before imaging,
samples were cut into a size of 1cm x 1cm and mounted on a stub
and placed into a Quorum Sputter Coater to be coated with a thin
layer of Au/Pd for 165 seconds. To measure the diameter of the
nanofibers, SEM images at high magnification (5kX) were
analyzed with ImageJ software. 100 measurements were taken on
each sample, and average nanofiber diameters were calculated.

The nanofibrous indicators were cut in a size of 20 X 20 mm and
immersed in each pH buffer solutions. The colors of the pH
indicators were determined wusing a Datacolor 3890
spectrophotometer. The values of L* (brightness), a* (red/green)
and b* (yellow/blue) were measured, and the mean values of L*,
a* and b* were used to calculate the total color difference (AE)
with Equation (2) [10].

AL =L —Ly; Aa® =a—ay; Ab* =b — b, (D)
AE = [(AL")? + (Aa*)? + (Ab*)?]V/? )

3. RESULTS AND DISCUSSION
3.1. Morphological analysis

It was observed that none of the solutions with 5 wt% PLA
concentration produced fibers since the number of entanglements
in the polymer solutions was inadequate.

When the polymer concentration increased to 7.5 wt %, beads
were observed in SEM images (Figure 1) almost at each solvent
ratio. It was concluded that bead formation was unavoidable due
to inherent amorphous structure and low polymer concentration.
On the other hand, since the dielectric constant of DMF is higher
than that of CHL, the polymer jet carries more free charge and
stretches more under an electric field [15]. In addition, DMF has
a high boiling point, which increases the solvent evaporation time
and provides the polymer jet with sufficient time for stretching
[16]. Thus, when the DMF content increased, the fiber diameter
noticeably decreased.
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When the polymer concentration increased from 7.5 to 10 wt%,
less beaded fibers were observed (Figure 2). In 100% CHL,
microfibers, having an average fiber diameter of 8.4 + 2 um, were
produced due to the low dielectric constant of CHL. Moreover, the
use of 100% CHL was not efficient since the high volatility of
CHL caused needle-clogging. With the addition of 25% v/v DMF,
the mean fiber diameter decreased from micro-scale to nano-scale,
378 £ 61 nm, and the problem of needle-clogging was eliminated
[17]. Accordingly, the polymer solution having a concentration of
10 wt% in 75/25% CHL/DMF was chosen to add turmeric for the
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purpose of developing PLA based nanofibrous colorimetric pH
indicator.

The SEM image of the nanofibrous pH indicator (Figure 3)
showed that turmeric was dispersed in the polymer solution
successfully since no beads were observed. The average fiber
diameter was measured as 765+78 nm, which was larger
compared to the nanofibers without turmeric as a result of the
increased concentration of the polymer solution.

7
.
|

3
o
o
o
//ﬁ

.
.

Frequency (%)
.

N o B @

.
///////é//

8 ¥ 8

Frequency (%)

o 0 100 150 =0 280 300
Fiber diameter (nm)

Frequency (%)

Fiber diameter (nm)

Figure 1. SEM images and fiber diameter distribution of 7.5 wt% PLA at various solvent concentrations. (a) C100-DO0, (b) C75-D25, (c) C50-D50,
(d) C25-D75, (e) C0-D100.
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Figure 2. SEM images and fiber diameter distribution of 10 wt% PLA at various solvent concentrations. (a) C100-D0, (b) C75-D25, (c) C50-D50,
(d) C25-D75, (e) C0O-D100.
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3.2. Color analysis

The color change of nanofibrous indicators in different pH buffer
solutions was shown in Figure 3. AE values of pH indicators
(Table 1) were calculated from L*, a* and b* values (Table 2). It
was previously reported that a AE higher than 5 indicates a change
in color that is perceptible by the human eye, and a AE higher than
12 indicates an absolute difference in color [18, 19]. Accordingly,
the nanofibrous pH indicators developed in the present study are
promising for the visual evaluation of pH change with AE values
higher than 5. On the other hand, a major color variation was
observed at pH 10, similar to previous studies [20, 21].

4. CONCLUSION

In this study, colorimetric pH indicators were developed using
PLA based nanofibrous mats including turmeric. First of all,

Frequency (%)

morphological analysis was performed on nanofibrous mats
produced at different polymer concentrations and solvent ratios.
When the polymer concentration increased from 7.5 to 10 wt%,
less beaded fibers were observed. In 100% CHL, microfibers were
produced due to the low dielectric constant of CHL. In addition,
the high volatility of CHL caused needle-clogging.

With the addition of 25% v/v DMF, the mean fiber diameter
decreased to nano-scale, and the problem of needle-clogging was
solved. AE of the nanofibrous indicators in pH buffer solutions
were higher than 5, and a major color variation (AE>12) was
observed at pH 10. Therefore, the proposed indicators, showing
reliable responses to pH variations, can be applied in intelligent
food packaging and contribute to improving food safety.
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Figure 3. SEM image and fiber diameter distribution of nanofibrous pH indicator including 10 wt% PLA and 2% wt. turmeric at a solvent
concentration of C75-D25.

Figure 3. Color change of nanofibrous pH indicators in different pH buffer solutions.

Table 1. AE values of pH indicators at pH 1, 4, 7 and 10.

pH 4 7 10
1 8.38+0.42 6.63+0.35 19.18+0.28
4 6.38+0.31 12.13+0.57
7 13.42+0.68
Table 2. L*, a*, b* values of pH indicators at pH 1, 4, 7 and 10.
pH 1 4 7 10
L* 90.50 87.35 90.87 86.00
a* -20.70 -15.22 -20.43 -14.31
b* 76.78 71.28 70.17 59.26
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