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ABSTRACT: Here, the development of highly porous colorimetric indicators that
are able to rapidly sense the presence of amine vapors is presented. Specifically,
porous, curcumin-loaded polycaprolactone fibers are formed by electrospinning
through non-solvent-induced phase separation. In comparison to the non-porous
fibers, the developed system shows significantly higher sensitivity and responsivity
to the presence of dimethylamine vapors, with a distinct color change at very low
vapor concentrations (2.33 ppm compared to 9.26 ppm) within the first S s of
exposure. Indeed, CIELAB analysis proves that the induced color changes can be
easily perceived visually, as the differences between the initial and the final color of
the indicator after its interaction with the modified environment are well above the
limit for visual perception, even by inexperienced users. Furthermore, the color
changes are reversible, enabling the use of the same indicator several times, making
it, thus, a sustainable colorimetric indicator system that can be used in applications
where the rapid detection of low concentration of alkaline vapors is necessary.
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1. INTRODUCTION

Microorganisms that are limited in small populations naturally
live, multiply, and metabolize various substances in food.
Among the by-products of microbial metabolism, amines are
nitrogenous, organic compounds that are created by the
decarboxylation of amino acids or amination and trans-
amination of aldehydes or ketones." These low molecular
weight metabolic products are normally present in very low

in order to evaluate the freshness of protein-based food
products® and to determine whether the food is spoiled.
Amines and such off-flavor compounds can alter the pH of
the environment in which they are found due to their alkaline
nature; therefore, a way to trace them is through pH
monitoring.” For this reason, the recently developed pH
indicators can be introduced directly in the headspace of the
food package in order to provide qualitative or semi-
quantitative information of the presence of the microorganisms

concentrations in the tissues of bodies with biological activity,
such as food products derived from animals (fish, meat, etc.).”
However, bad processing and inadequate storage conditions
may result in premature food spoilage, as specific types of
microorganisms colonize and grow in an uncontrolled way due
to the favorable ambient conditions. These microorganisms
produce high amounts of off-flavor compounds® such as
trimethylamine (TMA), dimethylamine (DMA), and biogenic
amines (BAs), through their metabolic activity. Compounds
such as TMA and DMA, along with other primary, secondary,
tertiary amines and ammonia, constitute the total volatile basic
nitrogen (TVB-N), which increases with the putrefaction
progress during the deamination of amino acids of protein-
based food. The existence of TVB-N in high concentrations
has been also correlated with high quantities of BAs.* In such
high quantities, these substances have been implicated as a
major causative agent of foodborne diseases such as
intoxication.” Hence, it is important to monitor these toxins
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in the food, indicating its quality through visual colorimetric
changes.8 To do so, molecules able to present a different hue,
depending on the pH of the environment, have been
investigated and used as principal components of these
indicators, with natural molecules being the most recent and
prevalent preference, mainly due to their biocompatible and
sustainable essence.”” "’

A popular natural pH-sensitive molecule is curcumin, a
linear polyphenolic compound and natural food pigment that
can be extracted from the rhizome of turmeric (Curcuma longa
and Curcuma domestica). As presented in Figure S1 of the
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Supporting Information, it consists of two o-methoxy phenolic
groups connected by a seven-carbon linker, an a,f-unsaturated
p-diketo moiety. The diketo group exhibits keto—enol
tautomerism and can exist in different types of conformers
depending on the nature of the environment with which it
interacts. Curcumin has a yellow color in acidic and neutral
environments (pH = 3—7), with the keto form predominating
and acting as an extraordinarily potent H-atom donor. In
alkaline environments (pH > 8) the enol form, which acts as
an electron donor, predominates and curcumin appears red-
orange.'*

Thanks to this behavior, curcumin has been used to fabricate
colorimetric pH indicators for food packaging applications,
alone’ or combined with other pH-sensitive dyes, ” in order to
indicate the presence of amines'® and therefore the food
condition. To do so, polymer-based solid-composite structures
in the form of films,">'"™%° hydrogels,26 fibers,”*>*""%° and
other structures™ that can be applied in the headspace of the
package have been developed. However, as in the case of other
types of colorimetric indicators developed for food packaging,
there are several challenges that still need to be tackled to
reach a feasible, well-performing system.”’ For example, some
of the developed indicators are not able to present color
changes that can be easily detected.'””" Others, even if they
are clearly changing color over time in the presence of spoiled
food,”” they do not directly correlate the visual perceivable
color change with the real condition of the food and with the
concentration of amines above which this change occurs, apart
from very few cases.””*” In other cases, the color change due
to the interaction with a defined concentration of amines is not
visible enough.'” Moreover, the evaluation of pH-induced
color changes of the indicators upon their immersion into
buffer solutions,””**** the generic tests with vapors of fixed
concentrations without further investigation (i.e. limit of
detection, realistic spoilage vapor concentrations, time of
response, etc.),'”>**%*>** the lack of testing with specific off-
flavor compounds responsible for microbial food spoilage,”
the demo tests with food without verification of its spoilage,”’
and the missing color reversibility studies''”*” are some of
the limitations of the previous studies. These inadequacies may
guide to misleading information, as the food may be spoiled
way before the color change of the indicator, either because
this occurs at amine concentrations higher than the ones of the
spoilage limit or due to the indicator’s mismatching response
time. Therefore, colorimetric indicators with improved
sensitivity and with real-time monitoring capability able to
precisely indicate the limit above which the food is unsuitable
for consumption should be performed.

To address these challenges, materials with high available
active surface areas should be explored that are able to
efficiently interact and, subsequently, change color distinctly in
the presence of amine compounds of defined concentration.
To this aim, porous materials with high active surface area®
may guarantee this efficient interaction, which prompts faster
responses and higher sensitivity with respect to films fabricated
by the same starting materials.”® Although some steps are
performed toward this direction with the fabrication of pH-
sensing foams or fibrous mats,”*****"~* the responsive
capability of the porous systems could be further improved
by inducing the formation of additional porosity on the surface
of the pore walls** or of each fiber,* enhancing their active
surface area.*® Nonetheless, to the authors’ knowledge,
although the porous fibers are used in various fields such as

.45 . .. 46 . e L. . .
filtration™ and biomedicine,™ their utilization as colorimetric

food spoilage indicators has not been reported yet. Along with
that, the reusability of the indicators, a so-far non-sufficiently
studied aspect, could pave the way for an alternative type of
colorimetric indicators able to rapidly denote the food spoilage
and be reutilized various times, even in a domestic environ-
ment using a controlled compact kit.

Hence, we present the development of highly porous
curcumin—polycaprolactone fibrous mats for the rapid, highly
efficient, and repeatable interaction with amine vapors, and we
propose this material as a colorimetric indicator for food
spoilage. The porous fibers are formed by electrospinning via
the non-solvent-induced phase separation process.”” The
stability, porosity, robustness, and wetting properties of the
generated mats are explored and compared with the pure
polymeric systems, demonstrating that the presence of
curcumin does not affect significantly the overall properties
of the porous polymeric fibers. To demonstrate the importance
of the high porosity on the responsiveness and sensitivity of
the curcumin-based colorimetric indicators, comparative
studies with non-porous equivalent fiber mats have been
performed using basic dimethylamine vapors as a model
system. Furthermore, their reversibility and reusability are
thoroughly investigated with detailed vapor exposure tests.
Through such a detailed study, we prove the efficiency of this
material for applications requiring a highly sensitive colori-
metric indication approach.

2. MATERIALS AND METHODS

2.1. Materials. Curcumin fromC. longa(turmeric) powder,
polycaprolactone (PCL) (M, ~ 80,000 Da), chloroform (>99.8%),
acetone (>99.5%), ethanol (96%), dimethyl sulfoxide (DMSO)
(>99.5%), cadaverine (CAD), (95%), histamine (HIS) (>97.0%),
DMA (~40 wt % in H,0), TMA [~43-49 wt % in H,0 (T)],
ammonium hydroxide solution (30%), and putrescine (PUT),
(analytical standard) were purchased by Sigma-Aldrich and used
without further purification.

2.2. Fabrication of the Fibers. Electrospinning solutions were
prepared by combining PCL with curcumin (0.5 and 1.0 % wt with
respect to the polymer). In particular, a mixture of chloroform
(boiling point &~ 61.2 °C) and acetone (boiling point & 56.0 °C) (7:3
chloroform/acetone volume ratio) was prepared which was acting as
the PCL solvent. Then, DMSO (boiling point & 189.0 °C) was added
to the mixture (9.0% v/v with respect to the final solvent mixture).
Subsequently, the PCL was added to the mixture (15.0% w/v) and
stirred at room temperature (RT) until its complete dissolution. Such
a mixture of solvents with very different boiling points is responsible
for the formation of the pores in the electrospun fibers.*” For the
PCL—curcumin solutions, curcumin in the aforementioned concen-
trations was added to the PCL solutions. Such solutions were
electrospun with a vertical electrospinning system using the following
optimized parameters: flow rate, 3 mL/h; applied voltage, 17 kV;
distance of the aluminum collector from the spinneret tip, 31 cm;
temperature, 21-23 °C; and relative humidity, $3—57%. Following
this process, mats of PCL and PCL—curcumin 0.5 and 1.0 % wt were
formed and named PCL, PCLCUOS, and PCLCU]I, respectively.

For comparison reasons, samples of non-porous PCL fibers loaded
with curcumin 1.0% wt with respect to the polymer, named PCLCU1-
NP, were also fabricated starting from a solution of PCL (15.0% w/v),
in a mixture of chloroform, acetone (7:3 v/v), and ethanol (9.0% v/v
with respect to the final mixture). In this case, the electrospinning
parameters were: flow rate, S mL/h; applied voltage, 20 kV; distance
of the aluminum collector from the spinneret tip, 35 cm; temperature,
21-23 °C; and relative humidity, 26—35%.

2.3. Characterization of the Fibers. 2.3.1. Morphology. The
morphology of the single fibers and of the mats was analyzed using a
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JEOL JSM-6490L scanning electron microscope (SEM) and a field
emission scanning electron microscope (FE-SEM, JSM 7500 FA).
The images were acquired with a secondary electron imaging mode
and an acceleration voltage of 10 and S kV, respectively, for SEM and
FE-SEM analysis. Before imaging, samples were coated with a 10 nm
gold layer using a high-resolution sputter coater (Cressington 208
HR).

2.3.2. Pore Structure. The specific surface area (Sggr) and the pore
size distribution of the samples were evaluated by measurements of
nitrogen (N,) physisorption and mercury intrusion porosimetry
(MIP). The complementary information acquired provides a
description of the overall porous structure of the electrospun fibrous
mats. Prior to the MIP, the skeletal density of the samples was defined
with a helium pycnometer (Pycnomatic Evo, Thermo Fisher
Scientific), at temperature (T): 20 °C, with a reference volume
(ie., sample compartment) of 4 cm®, and the assumption that all the
open pores were accessible to helium. Ten measurements were
performed for each sample with an accuracy of +0.6%. The skeletal
density obtained was then used to calculate the effective porosity and
pore size distribution of the mats in the macropore range using a
Pascal 140 Evo and a Pascal 240 Evo MIP porosimeters (Thermo
Fisher Scientific). The measurements were acquired in two stages: the
first was the low-pressure mode (0.001—0.140 MPa) and the second
the high-pressure one (0.1—200.0 MPa). Results from both stages
were combined to an equivalent pore size range of 0.01—1000.00 ym
and analyzed using the SOLLD Evo software by the Washburn’s
equation, assuming a mercury contact angle of 140° and a mercury
surface tension of 0.48 N m™', using a cylindrical and plate surface
area model. The pores considered for this analysis were the open
pores in the fibers and not the ones opened by the mercury intrusion
process. N, adsorption/desorption isotherm measurements were
performed using an Autosorb-iQ_gas sorption analyzer (Quantach-
rome Instruments) at 77 K. The Barrett—Joyner—Halenda (BJH)
pore size distribution is estimated by the differential pore volume
distribution (dV) versus the diameter of the pores (dD).*® The Sggr
was determined using the multi-point Brunauer—Emmett—Teller
(BET) model, considering 11 equally spaced points in the P/P, range
from 0.05 to 0.35, with P and P, being the N, pressure in the cell and
the N, vapor pressure at the T of liquid N, (77 K), respectively. Prior
to measurements, the samples were degassed for 3 h at 50 °C under
vacuum to eliminate weakly adsorbed species. Of note that the
method can reliably calculate a minimum pore size of 2 nm.

2.3.3. Chemical Characterization. The chemical composition and
the possible chemical interactions of the components of the samples
were studied with a fourier transform infrared (FTIR) spectrometer
(Vertex 70v, Bruker), equipped with an attenuated total reflectance
(ATR) accessory (MIRacle ATR, PIKE Technologies) using a
diamond crystal. All spectra were recorded in the range of 4000—
600 cm™', with a resolution of 4 cm™, accumulating 64 scans.

2.3.4. Thermal Properties. The thermal stability of the pure
curcumin powder, pristine PCL fibers and curcumin-loaded PCL
fibers was investigated by thermogravimetric analysis (TGA, Q500
system—TA Instruments). In particular, the samples were placed in
aluminum pans and heated from 30 to 800 °C at a heating rate of 10
°C/min. The experiment took place in a N, atmosphere (flow rate, S0
mL/min).

The thermal behavior of the fibers was studied with the use of
differential scanning calorimetry (Diamond DSC, PerkinElmer).
Specifically, the pressed fibers in the form of pellets in sealed
aluminum pans were heated from —90 to 250 °C under a dry N,
purge. After keeping the samples at 250 °C for 1 min (isothermal), a
cooling step down to —90 °C was performed and after 1 min at —90
°C, they were heated again up to 250 °C (all steps occurred at a rate
of 10 °C/min). An empty pan was used as a reference cell. The
instrument was calibrated with indium before use. The first heating
cycle was performed in order to erase any aging events occurring
during the storage of samples, whereas the second one was performed
to determine the melting temperature (T,,). The first cooling cycle
was performed to determine the crystallization temperature (T.) of
the samples.

Of note that in order to perform the TGA and DSC measurements,
the fibrous materials had to be pressed into pellets. This was done by
means of a CrusIR press (PIKE Technologies) with the use of 2t of
weight.

2.3.5. Wetting Properties. The wetting properties of the mats were
investigated by the static water contact angle, using a contact angle
goniometer (OCAH-200, DataPhysics) at RT. A gas-tight S00 mL
Hamilton precision syringe with a blunt needle of 0.52 mm internal
diameter was used to deposit Milli-Q water droplets of 5 L on the
samples. Water contact angles were automatically calculated by the
software. Ten droplets were deposited on each sample in different
positions and then the average values were calculated.”’

2.3.6. Tensile Testing. The mechanical properties of the porous
fibrous mats were analyzed by performing stress—strain tests using a
dual column tabletop universal testing System 3365, with 10 mm
min~' cross-head speed. Samples were cut in rectangular pieces with a
width of 5 mm and an effective length of 25 mm. The Young’s
modulus, tensile strength, and elongation at break were calculated
from the resulting stress—strain curves. An average value of five
measurements is presented for each sample.>

2.4. Interaction of Curcumin with Off-Flavor Compounds.
The interaction of curcumin powder with six different amines
including the BAs CAD, PUT, and HIS and the volatile amines DMA,
TMA, and ammonium hydroxide was investigated using a Cary 300
UV—visible spectrophotometer and a HORIBA Jobin Yvon
Fluoromax-4 spectrofluorometer.” Specifically, a mother solution
containing 0.0008% w/v curcumin in ethanol was prepared [named
solution (1)]. Then, 0.1 mmol of each one of the amines was
separately added in the polystyrene cuvettes that were containing 3
mL of the solution (1), and the UV—visible spectra were obtained. In
order to take the fluorescence spectra, 0.1 mL of the solution (1)
containing the amines was added in 2.9 mL of ethanol, to avoid the
saturation of the spectra. Spectra were acquired in the range of 420—
800 nm, with an excitation wavelength (4..) of 425 nm, an excitation
slit of 10 nm, and an emission slit of 5 nm.

2.4.1. CIELAB Color Space Analysis. For studying the colorimetric
variation of the fibers, we used the CIELAB color space, a three-
dimensional space designed for producing a color representation that
mimics the human color perception. It consists of three components
related to the lightness of the color (L), the hue position between red
and green (a), and the hue position between yellow and blue (b).
Given two CIELAB sample coordinates (Ly,ay,b;) and (L,a,b,)
describing the average color of the indicators extracted from different
frames of videos or photos, their Euclidian distance (dE) provides an
approximated quantitative measure of the human perceived color
difference,”" which can therefore be calculated using the following eq
1

dE = JI(L, = L) + (a, — @,)* + (b, — b,)*] 1)

when dE > §, the color difference is complete and clearly perceivable,
whereas when it is dE > 3.5, the color difference can be noticed by
inexperienced observers.*”

The images of the mats have been acquired in RGB color
coordinates using a reflex camera (Canon EOS SD Mark II) and
converted to CIELAB color coordinates in order to exploit the
described space properties. During color conversion, the CIE standard
illuminant D6S was used as a reference white point, theoretically
corresponding to a color temperature of 6504 K.

2.4.2. Response Kinetics. The color evolution before, during and
after exposure of the mats to DMA vapors was recorded using the
reflex camera. Unless differently stated, all experiments were
performed in a sealed homemade cell of volume ~11 cm® equipped
with two glass columns, where the mats (thickness, 0.020 + 0.002
mm; dimensions, 1.0 cm X 0.5 cm; and weight, 0.58 & 0.09 mg) were
fixed (Figure S2 of Supporting Information). In there, 3 uL of ~40%
wt of a DMA aqueous solution droplet was placed through a tube
which was sealed immediately after the droplet deposition. During the
video acquisition, the DMA solution was inserted in the homemade
cell containing the mat. A 4 min long video of 25 frames per second
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Figure 1. SEM analysis of the (a) pristine PCL, (b) PCLCU1, and (c) PCLCU1-NP mats. Insets: photos of the corresponding mats (sample size:
approx. 1 cm X 1 cm). FE-SEM images of the (d,g) PCL, (e,h) PCLCU], and (£i) PCLCUI-NP fibers, at different magnifications.

was acquired, capturing the time before and during the exposure of
the material to the DMA vapors inside the cell. Right after the 4 min
and without stopping the video acquisition, the cell was opened and
the video continued for 4 min more, in order to monitor the color
recovery of the mats. The experiment was conducted in triplicates for
the PCLCU1, PCLCUOS, and PCLCUI1-NP mats. It should be
mentioned that, in all the cases involving video acquisition, the time
point 0 s was defined at the time the droplet was inserted in the cell.
All the videos were analyzed converting the relevant portion of the
acquired images to CIELAB color coordinates and, subsequently, the
Euclidian distance (dE) with respect to the color coordinate at time
point 0 s has been plotted to graphs, showing the time evolution of
the mean value of dE in each case. For the kinetics analysis, the
abovementioned curves (dE vs t) were fitted using the pseudo-first-
order kinetics as expressed in eq 2

dE = dE,,,, x (1 — ™) @

where k is the reaction rate constant and ¢ is in s.

2.4.3. Confocal Microscopy. The response kinetics of the
PCLCU1 and PCLCUI-NP mats were also analyzed by spectrum
live imaging, using a Nikon Al confocal microscope (A, = S61 nm,
20X objective). Each sample was fixed in the homemade cell and the
DMA droplet was ejected in the system. The evolution of the
fluorescence intensity at 604 nm was followed for a total time of 60 s
(time point 0 s was defined at the time the droplet was inserted in the
cell). The acquisition of the spectra was made by considering the
fluorescence derived by the whole image of the sample part excited by
the laser. The evolution of the fluorescence intensity was followed
until it reached its maximum value.

2.4.4. Detection Limit. For the investigation of the color change
behavior of the mats toward different concentrations of DMA, the
samples were exposed to 10 different concentrations of DMA vapors
in the cell ranging from 97.09 to 2.37 ppm. Specifically, droplets (3ul)
of DMA aqueous solutions of various concentrations, adjusted in
order to result to the abovementioned vapor concentrations, were
inserted in the sealed homemade cell containing the sample.
Subsequently, images were recorded every 30 s for 2 min monitoring
the color change of the sample due to the formation of the DMA
vapors in the cell. Then, the homemade cell was opened in order to
provoke the release of the DMA vapors and to study the recovery of
the sample’s color to its initial condition. For all mats studied, the
experiments were performed in triplicates and analyzed by converting
the acquired images to CIELAB color coordinates.

2.4.5. Color Reversibility. For the investigation of the reversibility
of the color of the mats after exposure to a specific amount of DMA
vapors, 10 yellow—red—yellow cycles were performed. Specifically, at
the time point 0 s, the DMA droplet solution was inserted in the
sealed homemade cell containing the mat of interest. A 4 min long
video of 25 frames per second was taken, capturing the time before
and during the exposure of the material to the DMA vapors inside the
cell. Right after the 4 min, the homemade cell was opened and images
were acquired at the time points 15, 30, 60, 120, 180, and 240 s after
the opening operation, in order to record the color recovery of the
mats. This operation defines a full cycle, and was repeated for 10
times, in order to observe any variations in the color and the response
time along the cycles. The videos and images were analyzed with
CIELAB color space analysis, and the dE values were calculated as
follows: (i) the color difference between the CIELAB sample
coordinates at the end of the previous cycle and after the amine
exposure (dE_max) in order to explore if the color shift underwent by
the mat in each cycle is perceivable by a human observer and (ii) the
color difference between the CIELAB sample coordinates of the mat
before any exposure and the CIELAB sample coordinates at the end
of each cycle (dE_min). To explore if the capability of the mat to
modify its color when interacting with the amine vapors changes cycle
after cycle, the color difference between the original CIELAB sample
coordinates of the mat and the CIELAB sample coordinates after the
amine exposure of each cycle was also measured (dE_max,). The
fitting of the kinetics derived from the CIELAB analysis (dE vs t) of
the “yellow to red” part of the cycles was constructed by using eq 2, in
order to observe possible changes in the reaction rate k during the
cycles. The experiment was conducted in triplicates.

3. RESULTS AND DISCUSSION

For the fabrication of the porous fibers, the non-solvent-
induced phase separation mechanism was adopted. Specifically,
the presence of the non-solvent in the PCL solution creates
thermodynamic instability and induces the phase separation
into a polymer-rich and a polymer-poor phase.”” During
electrospinning, the non-solvent, mainly concentrated in the
polymer-poor phase, evaporates last due to its higher boiling
point, leaving behind a porous morphology within the polymer
fibers.”” Following this approach, electrospun mats in the form
of homogeneous paper-like films are formed, white in the case
of pure PCL and yellow, representative of the curcumin dye
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Figure 2. Pore size distribution in the macropore range of the (a) PCL and (b) PCLCUI mats obtained from MIP. BJH pore size distribution in
the mesopore range of the (c) PCL and (d) PCLCUI mats obtained by N, physisorption.

color, in the PCLCU1 case (insets of Figure 1ab). A closer
look with SEM analysis indicates that the mats present
irregularly shaped interconnected interfibrillar pores in the
range of a few tens of ym, and they consist of a net of
randomly distributed defect-free polymeric fibers with an
average diameter 3.81 + 1.60 ym and 2.88 + 0.87 um for the
PCL and PCLCU1 mats, respectively (size distribution
analysis Supporting Information Figure S3a,b). Most impor-
tantly, a closer look of the fibers with FE-SEM demonstrates
the presence of well-defined intrafibrillar pores, distributed
homogeneously throughout the surface of the individual fibers,
with their majority in the sub-micrometric size range, between
few hundreds and few tens of nm (Figure 1d,e,gh). Mats with
lower amount of curcumin in the PCL fibers (PCLCUOS)
present no significant difference in the size and morphology
(Figure S4a,b, Supporting Information), whereas the non-
porous PCLCUI-NP fibers have an embossed, pore-less
surface, and present an average diameter of 1.85 + 0.68 um,
slightly smaller than the porous ones (Figure 1lcfi).

As it can be noted in SEM images of Figure S5a,b, the fibers
were able to maintain their porous structure even after their
compression with 2t of weight. The stability of the porous
structure was also confirmed by the morphological examina-
tion of the mats after being subjected to the mechanical
stress—strain tests, where it can be noted that the porous
structure is perfectly maintained (Figure SSc,d, Supporting
Information). It should be also mentioned that the mechanical
test analysis proved that the presence of curcumin slightly

affects the mechanical properties of the PCL mats (Figure S6,
Supporting Information and Note S1).

In order to have a detailed insight into the porous structure
of the electrospun mats, MIP and BET N, adsorption/
desorption isotherm analyses were performed (Figure 2). In
particular, MIP was used to analyze the characteristics of the
macropores (interfibrillar and intrafibrillar pores, see FE-SEM
Figure 1d,e), whereas BET allowed the investigation of the
porous structures in the nanometric size range (mesoporous
intrafibrillar structure, see FE-SEM, Figure 1gh).

As shown in the intrusion and extrusion isotherms derived
from the MIP measurements (Figure S7, Supporting
Information), in all samples the presence of interconnected
pore structures is confirmed by the large volume of mercury
entrapped in the fibrous mats after the extrusion. Both the
unloaded and loaded with curcumin mats present macropores
with a size range between 0.7 and 120.0 pm. The
submicrometric pores can be likely attributed to the intra-
fibrillar pores (on/in the individual fibers), whereas the bigger
pores to the interfibrillar space of the mats. The prevalent pore
size range of the pristine PCL mat is between 10.05 and 17.10
um (Figure 2a), whereas for the PCLCU1 mat is between 3.84
and 6.72 ym (Figure 2b), possibly because the fibers of the
curcumin-loaded mat are smaller, as noticed from SEM image
analysis, favoring their closer interfibrillar arrangement. None-
theless, the effective porosity of all the porous fiber mats
studied is similar and ca. 88% (88.74% for the pristine PCL
mat and 88.42% for the PCLUCU1 mat) and slightly higher
than the non-porous fiber mat (PCLCUI1-NP, 85.80%),
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Figure 3. ATR-FTIR spectra of curcumin powder, PCL, and PCLCUI mats.

demonstrating that the porous fibers slightly enhance the
overall porosity of the mats, whereas the presence of curcumin
does not significantly affect their overall structural parameters.

As for the nanometric pores, the type IV isotherms derived
from the BET study (Figure S8, Supporting Information)
suggest that the developed mats belong to the mesoporous
(2—50 nm) and macroporous (>50 nm) materials, according
to the IUPAC recommendation.”® As revealed by the
comparison of Figure 2¢,d, the presence of curcumin affects
the overall pore size and the total pore volume in the
nanometric range. In fact, the pore volume (Vp) is almost
double in the case of PCLCU1 (0.030 cm® g, Figure 2d)
compared to the PCL porous fiber mat (0.015 cm® g~!, Figure
2c), indicating that there are more pores available for the N,
adsorption in the former case. The effect of the curcumin in
the mesoporosity can be further supported by the comparison
with the PCLCUOS mat (Figure S4d of Supporting
Information), where it is visible that the lower amount of
curcumin results in the formation of pores in the nanometric
range that are more than the ones of the pure PCL mat and
less than the ones of PCLCUI mat, presenting an intermediate
condition. Most importantly, the presence of curcumin leads
also to a gradual increase of the Sggr of the porous samples,
from 6.1 m*> ¢! for the pristine PCL, to 7.9 m* g' for the
PCLCUOS, and to 8.1 m* g™* for the PCLCUI1 mats.

A similar study on the PCLCU1-NP shows the existence of a
very small number of nanosized pores with a main pore size of
ca. 3.4 nm, possibly attributed to the intrinsic porosity of the
fibers due to the polymer chain configuration in the presence
of curcumin and not to the pores formed by the non-solvent-
induced phase separation process (Figure S9, Supporting

Information), whereas as expected, the V} is significantly
higher in the case of the porous (0.030 cm® g™', Figure 2d)
compared to the non-porous curcumin-loaded fiber mats
(0.010 cm® ¢!, the 33.3% of PCLCU1, Figure S10). By
analyzing the Sgpr of the mats, a considerable difference
between the porous and non-porous mats is also revealed.
Specifically, as shown in Figure S10, the Sgpr of the PCLCUI-
NP mats is 4.3 m*> ¢!, almost 50% of the one of the porous
counterpart (8.1 m* g™*).

The chemical properties of the samples and their
components were studied by ATR-FTIR spectroscopy and
are presented in Figure 3. The spectrum of curcumin is a
complex overlap of signals attributed to several conformations
and orientations of the molecule.’* Indeed, curcumin is
presented simultaneously in enol and keto forms due to
tautomeric resonance, with the spectrum showing the typical
bands of the two states, as it can be noticed in Table S1 of
Supporting Information.” The ATR-FTIR spectrum of PCL
shows the characteristic absorptions of the polymer.”® In the
case of the PCLCU1 mat, the ATR-FTIR spectrum shows all
the characteristic peaks of the PCL polymeric structure,
whereas some peaks representative of the curcumin can also be
identified in the areas with no spectral overlap. In particular,
the C=0 stretching mode of curcumin appears shifted to
1514 cm™ (1506 cm™" in the pure curcumin). This is also the
case for the C—O—C stretching mode which is observed at
1018 cm™! instead of 1024 cm™!. Furthermore, a band
representative of the O—H stretching appears at 3431 cm™'.
Although in the curcumin spectrum, the narrow O-H
stretching at 3509 cm™' represents the typical O—H free
from intermolecular interactions, in the PCLCU1 sample, the
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O—H shifted to lower wavenumbers is also broadened,
suggesting the formation of H-bonds. All these changes
suggest a different conformation of curcumin once inside the
polymeric structure, with H-bonds well established.

The thermal stability and behavior of the mats were studied
by TGA and DSC analysis. As noted in TGA analysis of Figure
Sllab of Supporting Information, the presence of curcumin
did not affect the thermal degradation of the fibers, which was
representative of the PCL polymer. The DSC thermograms
(Figure Sllc, Supporting Information) further confirm that
the presence of curcumin in the PCL matrix does not
significantly affect the thermal behavior of the polymer.
Specifically, the glass transition temperature (T ) and the
melting point (T,) of all the studied mats can be noted at —63
and S5 °C, respectively, and these are the representative values
of the pure PCL mat. This is also the case for the wetting
properties of the developed mats. Both PCLCUOS and
PCLCU1 mats are hydrophobic systems, with a water contact
angle of 138.6 + 4.9° and 135.7 + 4.0°, respectively (Table S2,
Supporting Information), which are not significantly different
from the pure PCL mats (135.3 + 3.7°).

As already mentioned, curcumin has the property of
changing its chemical conformation in environments of
different acidity, and this results in a different color of the
molecule.”” Based on the fact that off-flavor compounds such
as amine-based molecules are able to increase the pH of the
environment due to their alkaline nature,”® the color behavior
of curcumin when in contact with different amines in solution
was first studied. Specifically, curcumin powder was exposed to
ethanol solutions containing CAD, PUT, HIS, DMA, TMA,
and ammonium hydroxide. As clearly noticed in Figure 4, the
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Figure 4. Absorption spectrum of pure curcumin in ethanol and of
curcumin in ethanol in the presence of off-flavor compounds. In the
inset is presented the photograph of the corresponding solutions: (1)
curcumin in ethanol, and curcumin in ethanol with (2) CAD, (3)
PUT, (4) HIS, (5) DMA, (6) TMA, and (7) ammonium hydroxide.

curcumin solution changes color when the different oft-flavor
compounds are present, with hues from dark yellow to red,
depending on the amine compound to which it is exposed. The
difference in the color can be also noticed spectroscopically in
the UV—visible range. In particular, the enolate double bond
that is formed in the presence of the amine compounds
extends the conjugation system of curcumin’s structure,””
resulting in a new absorption peak at 507 nm. At the same
time, a decrease of the intensity of the representative peak of
curcumin at 430 nm can be noted—typical for curcumin

dissolved in organic solvents and hkely assigned to the low
energy 7—x* transition of curcumin’s carbonyl groups™** ™' —
which also presents a slight bathochromic shift (Figure 4),
probably due to the distortions of the molecule’s chromo-
phore.”” The difference in the color change depends on the pH
increase induced by each amine to the initial solution, wh1ch
can be different because amines present a broad pK, range.’’
Additionally, the fluorescence intensity of the keto form of
curcumin that normally appears at 534 nm (upon excitation at
425 nm), falls, and such quenching is notable in Figure S12 of
Supporting Information.

However, in real-life cases such as the one of spoiled food
(e.g., fish, meat, etc.), off-flavor compounds are released from
the food and some of them gradually take the form of vapors,
modifying the packaging atmosphere.”* Therefore, for food
packaging applications, the colorimetric indicator may not be
in direct contact with the food, but can be included in the
headspace of the packaging and thus be exposed to its
atmosphere Hence, and as highlighted in the introduction,
the need to address the response of such 1nd1cators in the
presence of these compounds in the form of vapors® and not
of liquids is essential for verifying their accuracy and their
realistic applicability to food packaging systems.”

To investigate the responsiveness of the fibers toward
amines, a kinetics study on the color evolution of the PCLCU1
mats upon exposure to DMA vapors was conducted. The
porous material was exposed to DMA vapors (97.09 ppm) that
were generated by the evaporation of a 3 yL-droplet of DMA
aqueous solution. As shown in Figure Sa, the CIELAB color
space analysis shows that the color of the mats evolves rapidly
over time when exposed to these vapors from yellow to red. As
the dE values demonstrate, a complete color change occurs
after 5.1 = 1.3 s (dE > S), surpassing the limit of visual
perception for inexperienced users after 4.7 + 1.3 s (dE > 3.5).
The material reaches a maximum dE value of 56.0 + 2.2 after
107.1 = 24.7 s (Figure Sa).

The effect of the fibers’ pores on the responsivity of the
material is evaluated upon exposing to the same concentration
of DMA vapors the non-porous PCLCUI-NP mats (Figure
Sb). As the CIELAB color space analysis showed, PCLCU1-
NP reached a maximum dE value smaller than in the case of
the porous fibers, 32.4 + 1.4 in 103.8 + 1.0 s, whereas it
reached the aforementioned dE values of 3.5 and S in a time of
3.7 £ 09 s and 5.16 + 1.0 s, respectively (Figure Sb). In a
more detailed comparison between the PCLCU1 and the
PCLCUI1-NP mats, and in order to prove the importance of
the pores on the responsivity of this type of mats, the kinetics
study was performed through the fitting with the pseudo-first-
order kinetics model (eq 2) in both cases.

By analyzing the rate k, the difference in the kinetics
behavior of the porous and the non-porous fibers can be
confirmed. Specifically, PCLCU1 presents a k of (95.2 + 0.8)
X 1073 57!, whereas the PCLCU1-NP mats have a k of (65.3 +
0.3) X 107* 57", implying that the reaction of the porous fibers
with the DMA vapors is faster than the one of the non-porous
ones. Indeed, although the maximum dE value for the porous
PCLCU1 (56.0 + 2.2) is reached in a relatively longer time
than the one of the non-porous PCLCUI-NP, the PCLCU1
reaches the maximum dE value of the PCLCU1-NP mat (32.4
+ 1.4) in just 11.3 + 2.4 s. This information, along with the
fact that the porous fibers reach a much higher dE maximum
value than the non-porous ones (56.0 + 2.2 > 32.4 + 1.4),
confirms the claim that the highly porous structure is more
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Figure S. CIELAB color space analysis kinetics curves of the color of (a) PCLCU1 and (b) PCLCU1-NP mats upon exposure to DMA vapors with
their corresponding fitting curves, and in the insets the images before and during the exposure until the maximum dE. (c) Time needed for the
PCLCU1 and PCLCUI1-NP mats to reach their maximum fluorescence intensity at ~604 nm (4., = 561 nm) upon exposure to DMA vapors. (d)
Mats before exposure to DMA and (e) PCLCUI and (f) PCLCUI-NP during exposure to DMA. Confocal image scale bar = 10 ym and sample

size = 1.0 cm X 0.5 cm.

effective for the tracing of DMA and thus for the use as an
indicator. As previously mentioned, the surface area of the
PCLCU1 mat is much higher than the one of the PCLCUI-
NP mat. For this reason, more surface of the PCLCUI is
exposed to the atmosphere, and subsequently, more curcumin
is directly available to react with the amine vapors. This also
explains the fact that PCLCU1 needs more time to reach its
maximum dE value in comparison with PCLCU1-NP because
the more the available curcumin to react with the DMA vapors,
the more the time the material needs for the complete
interaction. The latter can also be supported by the recovery of
the mats to the yellow color after their exposure to the DMA
vapors. As shown in Figure S13 of Supporting Information,
both PCLCU1 and PCLCU1-NP mats were able to return to
their yellow color in 414 + 10.0 s and 25.8 + 2.7 s,
respectively, indicating that the PCLCUI-NP returns much
faster than the PCLCU1, most likely because there may be a
partial interaction of DMA with the curcumin and as a result a
limited transition of the pigment to its enolate form.

Of note, all aforementioned results can be further verified by
the fact that same experiments on the PCLCUOS show a better
ability to reach high dE values (45.2 + 1.7 in 95.6 + 14.3 s, see
Figure S14, Supporting Information) compared to the
PCLCUI-NP mat, even though it contains half of the
curcumin.

The interaction of the DMA vapors with the PCLCU1 and
PCLCU1-NP mats was also evaluated by confocal kinetic
studies, and more specifically, by following the evolution of the
fluorescence intensity upon exposure to DMA vapors over
time. Depending on the molecular environment, curcumin
presents a different photochemical behavior and thus

fluorescent properties.”” As referred before, when the keto
form predominates, we can see a fluorescence peak at 534 nm
upon excitation at 425 nm, whereas in its enol form, the
quenching of this peak is noticed (Figure S12, Supporting
Information). In the enol form, a new absorption peak arises at
507 nm, and correspondingly, upon excitation of this peak (A
= 561 nm), a fluorescence peak is formed at around 604 nm, as
shown in Figure S15. Hence, in order to measure the
interaction with DMA, the fluorescence of the enol form was
examined. From Figure Sc, it is notable that the modification of
the fluorescence intensity of the porous fibers is faster than the
one of the non-porous ones, and the rate of the fluorescence
growth is three times faster (Supporting Information Note S2
and Figure S16). This is proof that when in contact with the
DMA vapors, the curcumin contained in the PCLCUI mats
reacts by changing to the enol form much faster compared to
the PCLCU1L-NP mats.

The response of the fibers and the change in their color and
fluorescence can be noted in Figure Sd—f; before the exposure
to DMA vapors, the fibers present their initial yellow color and
no fluorescence is observed in the captured confocal
microscope image (Figure 5d). As soon as the mats are
exposed to the vapors, the color of the fibers changes, and they
become fluorescent with more intense modifications in the
case of the porous fiber mats (Figure Sef). This can be
attributed to the fact that the PCLCU1 mat has a higher
surface area and therefore more curcumin molecules interact
with the DMA vapors, turning from the keto to the enol form,
compared to the PCLCU1-NP.

Once the color change upon exposure to DMA vapors by
the kinetics study for both porous and non-porous mats is
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Figure 6. (a) PCLCU1 and (b) PCLCU1-NP mats before and during their exposure to DMA vapors of different concentrations. (c) Maximum dE
values that the PCLCU1 and PCLCU1-NP mats reach upon exposure to different concentrations of DMA vapors.
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Figure 7. Modification of the dE value of the PCLCU1 mat upon cyclic exposure to DMA vapors. Each cycle consists of exposure to DMA vapors
(97.09 ppm) and subsequent exposure to atmospheric conditions. For each cycle, the dE_max value is measured by considering the CIELAB color
coordinates of the sample after DMA exposure and at the end of the previous cycle, and the dE_min values derive from the CIELAB color
coordinates of the sample after exposure to atmospheric conditions and the CIELAB color coordinates s of the sample before any exposure. (b) Time
needed for the PCLCU1 mats to reach the maximum dE value for each exposure cycle.

confirmed, the investigation of their color change behavior
toward various concentrations of the DMA was performed. In
other words, the estimation of the lowest DMA quantity that
can be traced by the indicators through visually perceivable
color changes was studied. Specifically, in Figure 6a,b, it is
shown that the PCLCUI mat presents a more intense color
change than its non-porous equivalent, visible by inexperienced
users even in the presence of just 2.37 ppm of DMA vapors
(Figure 6a,c), in contrary to the PCLCU1-NP that presents an
evident color change starting from a minimum concentration
of 8.83 ppm (Figure 6b,c). The PCLCU1 presents a dE > S for
all of the DMA concentrations studied, ranging from 97.09 to
237 ppm (Figure 6c), demonstrating that the developed
material is very sensitive toward the herein studied amine. On
the other hand, the dE value of the PCLCU1-NP mat falls
below S for DMA concentrations lower than 8.83 ppm,
whereas it also presents values < 3.5, thus making the color
change perception difficult for inexperienced users.

Focusing on the low DMA concentrations, a linear
dependence with the dE value is observed (Figures 6¢ and
S17), indicating a direct interaction of the curcumin molecules

with the DMA vapors switching to the enol form. At higher
DMA concentrations a color saturation is reached, designating
that most of the curcumin molecules have reached their enol
form at lower DMA concentrations. From the linear fitting
analysis of the data at the low-concentration range (Note S3,
Supporting Information), the concentration of DMA at which
the dE value surpasses the limit of S is found, which is 2.33 and
9.26 ppm for the PCLCUl and PCLCUI1-NP mats,
respectively, confirming the estimations done by using the
CIELAB color space analysis. Thus, it can be verified that the
PCLCUI1-NP mats present an incapability to respond
adequately to DMA vapor concentrations lower than ca. 9
ppm, attributed to their lower available surface area and thus to
the limited interaction with the DMA vapors.

In order to evaluate the indicator’s ability to be reutilized,
the reversibility and reusability of the PCLCUI mats was
studied for 10 cycles of exposure to 97.09 ppm of DMA vapors
and subsequent exposure to the atmospheric conditions. In
Figure 7a, it can be noted that after exposing the material to
DMA vapors, its color changes significantly (dE = 55.9 + 1.6),
becoming red, due to the predominant enol form of curcumin.
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The subsequent opening of the gas chamber leads to the
release of the DMA vapors and thus to the exposure of the
indicator to normal atmospheric conditions. This results in the
gradual reversion of curcumin to its keto form,®® and, as a
result, to the reduction of the color difference with respect to
the original yellow color of the material (final dE = 0.6 + 0.1).
As already mentioned above, this yellow-red-yellow color change
is always complete (dE > 5) and visually perceivable by
inexperienced users (dE > 3.5), whereas it is repeatable for at
least 10 consecutive DMA vapor exposure—release cycles. As
shown in Figure 7a, in each cycle, not all of the curcumin
molecules return from the enol to their keto form, indicating a
slight change of the starting color of the material, but the color
change is always intense, with dE > 42 with respect to the
starting color of each cycle, and with dE > 50 with respect to
the original color (Figure S18, Supporting Information). The
time needed to reach the dE_max value is slightly altered from
cycle to cycle, too (Figure 7b) without affecting the overall
efficacy of the material to detect the changes in the atmosphere
because the response time—the time needed to acquire easily
perceivable dE values—was always in the range of 76.8 +
18.8—89.3 + 12.0 s. This can be also confirmed by the kinetics
rate constant extracted by eq 1, with the k value to be always
between (97.9 + 0.5) X 107> s™* (cycle 4) and (77.6 + 0.3) X
107 57! (cycle 6) (Table S3, Supporting Information). Hence,
the rate of the reaction of curcumin to DMA vapors is not
affected significantly by the repeated DMA exposure,
confirming that the developed material is a colorimetric
indicator that can be effectively reused for at least 10 cycles.

The presented study reveals the importance of the highly
porous structure for an effective and real-time colorimetric
indication of alkaline vapors. Compared to the majority of the
studies presented so far on colorimetric indicators coﬂntainin%
natural molecules®**>*° such as curcumin,”'>!97232526:28=3
which test the efficiency of the material to change color in the
presence of buffer solutions,”®3%** acidic or alkaline
vapors,'”?2%2%3% and/or acidic or alkaline semisolid
media'” without proper investigation of different concen-
trations, or with no precise evaluation of the kinetics of the
color change and reusability,''” this work offers a
comprehensive view of the overall performance of the system
in terms of responsivity, sensitivity, and reusability. Comépared
to the already explored curcumin-based films">'*~*>*° and
fibrous mats,”*>*" but also compared to other types of
colorimetric indicators,””*° PCLCU1 mats present faster color
change response and higher sensitivity. This performance
occurs using very thin and light membranes containing very
low amounts of curcumin. Following this approach, studies on
the performance in more complex environments could pave
the way for an alternative type of colorimetric indicators that
are able to rapidly indicate the presence of alkaline vapors,
utilized multiple times even in a domestic environment by the
end users.

B CONCLUSIONS

In this study, reversible colorimetric highly porous indicators
were fabricated upon the combination of biodegradable and
natural materials, namely, PCL and curcumin. The SEM, BET,
and MIP analysis confirmed the high porosity of the material,
which results in a significant responsiveness to DMA vapors,
even in the presence of minor concentrations in the studied
environment. The color changes of the porous material can be
visually perceived even by inexperienced users, as demon-

strated by CIELAB color space analysis. Above all, results
showed that the porous fiber mats present an increased
sensitivity compared to their non-porous equivalents and,
consequently, to the vast majority of the up to date
colorimetric indicators, which have mostly the form of
films'>'"~** or pore-less fibers.””>*® The presented study
highlights the importance of the high porosity for an efficient
and rapid visual inspection of the alkaline environment,
necessary for various applications, such as intelligent food
packaging, environmental protection, and biomedicine.
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