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ABSTRACT: Active food packaging materials that are sustainable,
biodegradable, and capable of precise delivery of antimicrobial active
ingredients (AIs) are in high demand. Here, we report the development
of novel enzyme- and relative humidity (RH)-responsive antimicrobial
fibers with an average diameter of 225 ± 50 nm, which can be deposited
as a functional layer for packaging materials. Cellulose nanocrystals
(CNCs), zein (protein), and starch were electrospun to form multi-
stimuli-responsive fibers that incorporated a cocktail of both free nature-
derived antimicrobials such as thyme oil, citric acid, and nisin and
cyclodextrin-inclusion complexes (CD-ICs) of thyme oil, sorbic acid, and
nisin. The multistimuli-responsive fibers were designed to release the free
AIs and CD-ICs of AIs in response to enzyme and RH triggers,
respectively. Enzyme-responsive release of free AIs is achieved due to the
degradation of selected polymers, forming the backbone of the fibers. For instance, protease enzyme can degrade zein polymer,
further accelerating the release of AIs from the fibers. Similarly, RH-responsive release is obtained due to the unique chemical nature
of CD-ICs, enabling the release of AIs from the cavity at high RH. The successful synthesis of CD-ICs of AIs and incorporation of
antimicrobials in the structure of the multistimuli-responsive fibers were confirmed by X-ray diffraction and Fourier transform
infrared spectrometry. Fibers were capable of releasing free AIs when triggered by microorganism-exudated enzymes in a dose-
dependent manner and releasing CD-IC form of AIs in response to high relative humidity (95% RH). With 24 h of exposure, stimuli-
responsive fibers significantly reduced the populations of foodborne pathogenic bacterial surrogates Escherichia coli (by ∼5 log unit)
and Listeria innocua (by ∼5 log unit), as well as fungi Aspergillus fumigatus (by >1 log unit). More importantly, the fibers released
more AIs at 95% RH than at 50% RH, which resulted in a higher population reduction of E. coli at 95% RH. Such biodegradable,
nontoxic, and multistimuli-responsive antimicrobial fibers have great potential for broad applications as active and smart packaging
systems.

KEYWORDS: electrospinning, sustainable food packaging, cyclodextrin, enzyme, precision agriculture, cellulose nanocrystals,
biotic and abiotic-responsive materials

■ INTRODUCTION

Maintaining food safety and security for the increasing global
population is one of the most important challenges of the 21st
century.1−3 Food packaging plays a key role in maintaining
food safety and quality and can reduce food waste across the
“farm to the fork” continuum.4 Films made of synthetic,
petroleum-based polymers are widely used as food packaging
materials due to their low cost and excellent gas barrier and
mechanical properties.5 However, films with incorporated
antimicrobial active ingredients (AIs) have not been used
widely due to their poor antimicrobial performance as a result
of the low surface-to-volume ratio and potential negative
sensory effects.6 Advanced fibrous materials with high surface-
to-volume ratios are better suited to incorporate minimal
quantities of AIs for the development of active, antimicrobial
food packaging materials.7−10 For instance, our group has

begun to explore antimicrobial nanofibers using electro-
spinning of zein and a cocktail of nature-derived antimicrobial
agents.9

More recently, emphasis has shifted toward the development
of “smart” or stimuli-responsive packaging materials to provide
precision in the delivery of antimicrobial AIs and minimize the
use of chemicals, thereby minimizing sensory and public health
concerns. Such advanced materials are designed to exhibit
changes in their properties in response to the desired and
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specific chemical, physical, and biological stimuli such as pH,
relative humidity (RH), and enzymes present in the biological
exudates secreted by microorganisms.11 If AIs are incorporated
into these responsive materials, such biotic and abiotic stimuli
can trigger their release at the right time and at right dose,
bringing precision to the delivery.11

Here, both biotic (enzymatic) and abiotic (RH) triggers
were considered in the design of multistimuli-responsive fibers.
More specifically, food-associated microorganisms across
various food categories including fresh produce, meat, and
bread exude a range of enzymes, including cellulase,12

protease,13 and amylase.14 These enzymes released from
various microorganisms can selectively break down specific
biopolymers forming the fibers into subunit monomers and
trigger the release of antimicrobial AIs to control microbial
growth on an as-needed basis.15 In addition, the sustainable
use of such biopolymers for food packaging will also reduce the
plastic waste and micro-/nanoplastics environmental crisis
caused by synthetic polymers.5 Furthermore, RH and temper-
ature are key environmental variables related to food safety and
quality. The optimum RH for the storage of food categories
such as meat and fresh produce is typically above 90%.16,17 It is
also known that foodborne microorganism growth increases as
the RH increases above 90%.18 Therefore, high RH can be
used as an abiotic trigger for the release of AIs to prevent
microbial growth. For this purpose, compounds named
cyclodextrins (CDs) will first encapsulate AIs into their cavity
to form cyclodextrin-inclusion complexes (CD-ICs). These
CD-ICs of AIs will then be incorporated into the fibers to
provide RH responsiveness.
Native CDs are FDA generally recognized as safe (GRAS)

compounds and have the ability to make ICs with various types
of hydrophobic compounds owing to their relatively hydro-
phobic cavity. This approach was used to effectively improve
the aqueous solubility and thermal stability of a range of
analytes.19 Additionally, such CD-ICs are widely used for
biomedical applications such as drug delivery, wound
dressing,20 and tissue engineering.20,21 It is also known that
CD-ICs are disassociated when the RH exceeds 85% as the
hydrogen bonds are weakened between the hydrophobic
molecules and CD, making this platform an ideal candidate for
the triggered release of antimicrobial AIs.22 It is worth noting

that there are only a few published studies on CD-IC
applications in food packaging,8,23,24 focusing on the non-
specific delivery of AIs in the absence of a trigger.
In this study, multistimuli-responsive antimicrobial electro-

spun fibers were developed from cellulose nanocrystals
(CNCs), zein, and starch incorporated with nature-derived
antimicrobials and their associated CD-ICs. All compounds
and solvents used for the fiber “green” synthesis process are
FDA-approved GRAS materials to ensure sustainability and
scalability. The morphological and physicochemical properties
of CD-ICs and fibers, and dissolution kinetics of AIs from
fibers in the presence of the RH and enzymatic triggers were
assessed using a range of advanced analytical methods. The
antimicrobial efficacy of multistimuli fibers was also assessed
by standard microbiological methods. The development of
such responsive biopolymer-based antimicrobial platforms
offers a novel and effective means to promote food shelf life
and safety and enhance food security.

■ METHODS
Figure 1a−c outlines (1) the enzyme- and RH-triggered strategies;
(2), preparation of the polymer solution composed of zein, starch,
cellulose nanocrystals (CNCs), nature-derived free active ingredients
(AIs), and cyclodextrin-inclusion complexes (CD-ICs) of AIs; and
(3) synthesis of multistimuli-responsive fibers by electrospinning.

Synthesis of CD-ICs of Antimicrobial AIs. CD-ICs of nature-
derived antimicrobial AIs (thyme oil, sorbic acid, nisin) were
synthesized using the coprecipitation method. The nature-derived
AIs were selected because of their FDA GRAS status and their ability
to inactivate a broad range of food-related pathogenic and spoilage
microorganisms.25−27 A schematic representation of the synthesis is
given in Figure 2. For γ-CD/thyme oil-IC (1:2) and γ-CD/sorbic
acid-IC (1:2), γ-CD (Wacker, Cavamax W8 Food) was first dissolved
in water for 10 min, and thyme oil (Sigma-Aldrich, W306509) or
sorbic acid (TCl, S0053) was then added into the solution at a 1:2
molar ratio (CD:thyme oil or CD:sorbic acid). For γ-CD/nisin-IC
(4:1), γ-CD was dissolved in 5 mL of water for 10 min and was then
added into nisin (Alfa Aesar, J66370) that had previously been mixed
with a small quantity of thyme oil (15 μL). It is noteworthy that nisin
was initially mixed with a small volume of more hydrophobic
compound (thyme oil) prior to mixing with γ-CD to further facilitate
IC formation. The molar ratio of CD:nisin was 4:1 due to the large
molecular weight of nisin compared to that of CD. After stirring the
three solutions overnight at room temperature, they were incubated at

Figure 1. (a) Representation of the enzyme- and relative humidity (RH)-triggered strategies; (b) preparation of the solution composed of zein,
starch, cellulose nanocrystals (CNCs), nature-derived free active ingredients (AIs), and cyclodextrin-inclusion complexes (CD-ICs) of AIs; and (c)
synthesis of multistimuli-responsive fibers by electrospinning.
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4 °C for 24 h. CD-ICs precipitated at the bottom of the bottle and
were collected by vacuum filtration, followed by drying in a hood for
48 h. The resulting solids were ground into fine powders with an agate
mortar and pestle.
Physicochemical Characterization of CD-ICs of AIs. The

crystallinity of γ-CD, γ-CD/thyme oil-IC (1:2), sorbic acid, γ-CD/
sorbic acid-IC (1:2), nisin, and γ-CD/nisin-IC (4:1) was investigated
by X-ray diffraction (XRD, Bruker D2 Phaser) in the 2θ range of 5−
40° using Cu Kα radiation. XRD analysis of thyme oil could not be
performed because of its liquid nature. The cage-type crystalline
structure of CDs converts to a channel-type crystalline structure when
CD-IC is formed. These characteristic peaks of the cage and channel-
type crystalline structure allow the determination of successful CD-IC
synthesis.28 The chemical characterization of γ-CD, thyme oil, γ-CD/
thyme oil-IC (1:2), sorbic acid, γ-CD/sorbic acid-IC (1:2), nisin, and
γ-CD/nisin-IC (4:1) was analyzed using attenuated total reflectance-
Fourier transform infrared (ATR-FTIR) spectrometry (Thermo
Scientific Nicolet IS50). The spectra were recorded between 4000
and 400 cm−1 at a resolution of 4 cm−1, and 64 scans/sample were
taken.
“Green” Synthesis of Electrospun Fibers. Synthesis of Pristine

Fibers (Control Fibers without AIs). Polymers such as zein, which is a
protein, cellulose nanocrystals (CNCs), and starch were chosen to
form the backbone of the fiber because enzymes released from
bacteria such as protease, amylase, and cellulase will degrade these
materials. Acetic acid was used as a solvent for preparing the CNCs,
zein, and starch solutions.29 Finally, in contrast to toxic organic
solvents usually preferred in electrospinning, acetic acid is a GRAS
solvent and can dissolve both the polymers and the selected AIs.
In more detail, CNCs (3.5%, w/w content, 140 nm long and 20 nm

in diameter) were synthesized as previously described.29 After
vortexing for 10 s, 1 mL of suspension was mixed into 4 mL of
acetic acid in a vial and the solution was stirred for another 20 min.
Subsequently, zein (zein from maize, Sigma-Aldrich, Z3625) and
starch (Ingredion, Hylon V, corn starch, 55% amylose content) were
added at an 85:15 (w/w) ratio (zein:starch) into the solution. Pristine
fibers were synthesized using electrospinning by loading the solutions
in a 10 mL plastic syringe (BD Luer-Lock tip) and were supplied by a
syringe pump through a stainless steel single-needle injector
(diameter: 0.6 mm, 90° blunt end) toward the collector. High
voltage was applied to both the needle injector tip and collector from
the power supply. The electrospinning process parameters such as
flow rate, needle-collector distance, total polymer concentrations, and
applied voltage were modified to obtain bead-free fibers. The
environmental parameters such as temperature and RH were 25 °C
and 30% RH, respectively, whereas the final operational electro-
spinning parameters are summarized in Table S1. The fibers were
randomly deposited on aluminum foil (20 × 20 cm2). The mass of the
fibers per surface area was adjusted to 2.5 mg/cm2 (or 1.25 mg/cm2)
by adjusting electrospinning time.

Synthesis of Multistimuli-Responsive Fibers. Since the goal was to
produce both enzyme and RH response functionalities to the fibers,
we incorporated a cocktail of both free AIs and CD-ICs of AIs. The
cocktail comprised the nature-derived free AI thyme oil, citric acid,
and nisin, as described in our previous study.9 Separately, CD-ICs of
thyme oil, sorbic acid, and nisin were synthesized and incorporated
into fibers to provide RH response due to the unique structure of
CDs.

These multistimuli-responsive fibers were synthesized by incorpo-
rating both the cocktail of free AIs and CD-ICs of AIs into the
solution of CNCs, zein, and starch by direct solution integration.9

First, a cocktail of AIs (1%, w/v, thyme oil; 5%, w/v, citric acid
(VWR, citric acid 10% w/v aqueous solution); 0.2% w/v, nisin) was
dissolved in 4 mL of acetic acid. The composition of the AI cocktail
and its optimization in terms of food-related antimicrobial efficacy was
determined in our previous study.9 One milliliter of CNC (3.5% w/
w) solution was vortexed for 10 s and then mixed into this solution,
followed by stirring for 20 min. Then, γ-CD/thyme oil-IC (1:2), γ-
CD/sorbic acid-IC (1:2), and 0.023 g γ-CD/nisin-IC (4:1)
corresponding to 1% (w/v) thyme oil, 0.5% (w/v) sorbic acid, and
0.2% (w/v) nisin were added into the solution while stirring. Finally,
2.56 g of zein and 0.43 g of starch (85:15) were added into the
solution, and after a complete dissolution of all components,
electrospinning was performed. The solution was loaded into a 10
mL plastic syringe (BD Luer-Lock tip), and process parameters
including flow rate, needle-collector distance, and applied voltage
were adjusted to yield bead-free multistimuli-responsive fibers that
were randomly deposited on aluminum foil by electrospinning. The
environmental parameters such as temperature and RH were 25 °C
and 30% RH, respectively, whereas the final operational parameters
are presented in Table S1. Fibers with free AI cocktails only or with
CD-ICs of AIs only were also synthesized as control samples and were
denoted as enzyme-responsive fibers or RH-responsive fibers,
respectively. Two separate mass per surface area fibers were
synthesized by varying the deposition times: 1.25 and 2.50 mg/cm2.

Morphological/Size Characterization of Fibers. Morpholog-
ical characterization of the fibers was performed by scanning electron
microscopy (SEM, Zeiss FESEM Ultra Plus). Prior to imaging, the
fiber samples were cut into small pieces and mounted on a stub using
double-sided carbon tape. The average diameter of the fibers was
calculated using ImageJ Software (n = 100), and the results are given
as average ± standard deviation. The specific surface area (m2/g),
average pore radius (nm), and total pore volume (cm3/g) of the fibers
were measured by a Brunauer−Emmett−Teller (BET, Quantachrome
NOVA touch LX4) surface area analyzer. Prior to BET measurement,
fiber samples in a 9 mm cell were degassed at 313.15 K for 12 h.
Finally, low-temperature (77.35 K) nitrogen adsorption isotherms
were measured at relative pressures from 0.005 to 1.00.

Chemical and Crystallinity Characterization of Fibers. The
crystallinity of the fibers was investigated by XRD (Bruker D2 Phaser)
in the 2θ range of 5−40° using Cu Kα radiation. The chemical
characterization of fibers was investigated using ATR-FTIR (Thermo
Scientific Nicolet IS50), and the spectra were recorded between 4000
and 400 cm−1 at a resolution of 4 cm−1, and 64 scans/sample were
taken.

AI Release Kinetics. Determination of AI Content in the Fibers.
The AI content of fibers was determined by dissolving 15 mg of fiber
samples in 10 mL of ethanol. The solutions were then filtered using
cellulose acetate filter (0.45 μm), and analysis was performed by
liquid chromatography with high-resolution mass spectrometry (LC/
HRMS), as described below. The AI concentration is calculated and
compared to the theoretical values from the concentrations in
solution used during electrospinning and is then used in the
calculation of the released thymol in the enzyme and multistimuli-
responsive fibers.

Liquid Chromatography with High-Resolution Mass Spectrom-
etry (LC/HRMS) Analysis. The AI release kinetics under various
stimuli were quantified in controlled dissolution experiments. It is
worth noting that for the release kinetics studies, thyme oil release was
measured as a representation of the release behavior under various

Figure 2. Schematic representation of the synthesis of cyclodextrin-
inclusion complexes (CD-ICs) of active ingredients (AIs) by a
coprecipitation method.
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stimuli conditions. The release of other AIs under stimuli conditions
may not be the same as that of thyme oil. Thymol, the major
compound of thyme oil (60%), was selected as a surrogate of AI
quantitation for chemical analysis by LC/HRMS (Dionex Ultimate
3000 Liquid Chromatograph interfaced to a Thermo Q-Exactive
HRMS). The LC was run on an Agilent SB-C18 2.1 × 150 column at
0.2 mL/min. Mobile phase A was water with 1% formic acid, and
mobile phase B was acetonitrile with 1% formic acid. After a 1 min
hold at 50% B, there was a linear gradient for 9 min to 95% B, where it
was held for 3 min followed by a 3 min re-equilibration at 50% B. The
MS was operated using positive electrospray at 3.5 kV, with the
capillary and auxiliary gas temperatures set to 300 °C, and the gas
flows were as follows: sheath 50, auxiliary 15, and sweep 10. For
quantitation of thymol, we isolated a 3 m/z window around the (M +
H)+ ion, fragmented it at a collision energy of 20, collected a full scan
of the fragments between m/z = 50 and 175 at a resolution of 17 500,
and monitored the sum of the m/z = 91.0547 and 109.09656
fragments. The area of each peak was converted to concentration
(ppm) using standard calibration curves. The release experiments
were carried out in triplicate, and the results were reported as average
± standard deviation. More details are given in the next section.
Bacterial Enzyme-Triggered AI Release Kinetics from Fibers.

Enzyme-responsive fibers that were incorporated with only free AIs
(no CD-ICs) were placed in enzyme solutions in phosphate-buffered
saline (PBS, VWR, pH:7.4) at 0.1, 1, and 3 U/mL concentrations for
12 h. Enzyme solutions prepared in PBS consisted of protease (Sigma-
Aldrich, P5147, protease from Streptomyces griceus), α-amylase
(Sigma-Aldrich, 10065, amylase from Aspergillus oryzae), and
cellulase (Sigma-Aldrich, C1184, cellulase from Aspergillus niger) at
a 1:1:1 ratio. Fibers were immersed in enzyme solutions in an
incubator at 37 °C and shaken for 12 h. It is worth mentioning that
the 37 °C temperature was not selected as a proxy for food storage
conditions but because this temperature is the optimum temperature
for enzymatic activity for all of the three enzymes selected. After
incubation, the morphology of the fibers was observed by SEM (Zeiss
FESEM Ultra Plus). Separately, 15 mg of enzyme-responsive fibers
was immersed in 10 mL of 1 U/mL enzyme solution (protease:a-
mylase:cellulase, 1:1:1). The samples were kept in an incubator at 37
°C for 12 h. As a control, enzyme-responsive fibers were also
immersed in 10 mL of PBS without enzymes. A 1 mL of aliquot
sample was withdrawn at 1, 4, and 12 h and was replaced with the
same volume of either enzyme or PBS solution. The solutions were
passed through a cellulose acetate filter (0.45 μm) and were analyzed
by LC/HRMS, as described above. The measured concentration of
thymol in the fibers was used to convert the concentration of the
released thymol into percent values.
RH-Triggered AI Release Kinetics from Fibers. Fifteen milligrams

of RH-responsive fibers incorporated with only CD-ICs of AIs (no
free AIs) were placed into two environmental chambers with 50% and
95% RH values. The RHs in the chambers were controlled using
saturated solutions of Mg (NO3)2 and KNO3 (VWR Chemicals, BDH
Prolabo, Australia). The temperature in the two chambers was
constant at room temperature. At three time points including 1, 2, and
4 h, samples were taken out of the chamber and placed in 10 mL of
ethanol to extract the thymol left in the fibers. The solutions were
then filtered through cellulose acetate filter (0.45 μm) and analyzed
by LC/HRMS. The release experiments were carried out in triplicate,
and the results are summarized as the remaining concentration of
thymol (ppm) in the fibers for the two RH conditions. Additionally,
SEM (Zeiss FESEM Ultra Plus) images were also taken after fiber
removal from the chambers to observe any changes in their
morphology as a function of RH.
AI Release Kinetics from Fibers into Water. The release kinetics

experiments were also performed by immersing the multistimuli-
responsive fibers (15 mg) in 10 mL of water to simulate an aqueous-
based food environment. A 1 mL of aliquot samples was withdrawn at
6, 12, and 24 h and was then replaced with the same volume of water.
The sample solutions were then filtered using cellulose acetate filter
(0.45 μm) and analyzed by LC/HRMS.

Assessment of Antimicrobial Efficacy of Multistimuli-
Responsive Fibers. Strain Information. Escherichia coli ATCC
25922 (E. coli), Listeria innocua ATCC 33090 (L. innocua), and
Aspergillus fumigatus ATCC 96918 (A. fumigatus) were used in this
study as representative Gram-negative, Gram-positive, and fungal food
pathogens, respectively. E. coli ATCC 25922 has been regarded as a
nonpathogenic surrogate organism for the pathogenic E. coli O157:H7
and L. innocua surrogate for the pathogenic L. monocytogenes. A.
fumigatus is a widely spread fungus, which causes food spoilage, as
well as produces mycotoxins that cause human illness.30 E. coli and L.
innocua were resuscitated and streak-plated from stock solutions and
maintained on tryptic soy agar (TSA; Hardy Diagnostic, Santa Maria,
CA) at 4 °C. A single colony from TSA was transferred into 10 mL of
tryptic soy broth (TSB; Hardy Diagnostic, Santa Maria, CA). After
incubation at 37 °C for 24 h, the bacterial broth was centrifuged at
3000 rpm for 15 min (Allegra 6R, Beckman Coulter, Indianapolis,
IN). After discarding the supernatant, 2 mL sterile 0.1% (w/v)
peptone water was used to resuspend the bacterial pellet. The cell
density was adjusted to ∼108 colony forming unit (CFU)/mL with
peptone water with a final optical density (O.D.) 600 value to 0.2.
The freeze-dried A. fumigatus was rehydrated in sterile deionized
water and further translated onto a malt extract agar (MEA) and
incubated at 30 °C for 3 days. To produce mature conidia, a single
colony was further incubated on MEA at 30 °C for 7 days until the
colony became dark green. Mature spores were harvested from the
lawn and then diluted with deionized water. The final concentration
of spores was adjusted to ∼107 CFU/mL using a manual
hemocytometer (Diagnocine, Hackensack, NJ).

Direct Contact Assay. The direct contact assay to assess the
antimicrobial efficacy test of fibers was conducted as described
previously by the authors (Figure S1a).9 Briefly, 100 μL of the
microbial culture concentration was diluted in 10 mL of agar slurry
(0.85% NaCl, 0.3% agar). Three hundred microliters of the inoculated
agar slurry was then inoculated onto a 2 × 2 cm2

fibers deposited in
aluminum foil and then placed into a 6-well plate (Thermo Scientific,
145380). After 5 min of contact time, the agar slurry formed a gel
layer on top of the fibers with a thickness of less than 1 mm. The
plates were then transferred into an incubator at 37 °C for 1 and 24 h.
To avoid drying out of the gel during exposure, a reservoir full of
water was used to maintain the RH at approximately 70%.

Enumeration. After 1 and 24 h, each test sample was transferred
into a sterile Whirl-Pak bag with 2.7 mL of PBS to reach a first 10-fold
dilution. The sample bag was homogenized with a stomacher for 2
min at a normal speed. The homogenate and its serial dilutions were
poured-plated and incubated. Specifically, E. coli and L. innocuawere
cultured on TSA 100 μL of proper dilution and incubated at 37 °C for
24 h, whereas for A. fumigatus 100 μL of dilution was grown on MEA
and incubated at 30 °C for 48 h.

Relative Humidity-Triggered Antimicrobial Efficacy of
Fibers. E. coli was used as a model organism to validate the
antimicrobial efficacy of RH-responsive fibers at high RH conditions.
Dry inoculation method was used to avoid the introduction of extra
moisture into the chambers. The detailed experimental steps are
illustrated in Figure S1b. Ten microliters of bacterial culture (∼108
CFU/mL) was applied by 10 1 μL aliquots on an aluminum foil
substrate to reach a final inoculation level of 106 CFU/sample. The
inoculated aluminum foil was further dried in a biosafety cabinet for
10 min. RH-responsive fibers (2.50 mg/cm2) were placed on top of
the aluminum foil and covered with the dried bacterial cells, and a
binder clip was used to let the fibers and bacterial cells contact tightly.
The two-layer system was transported into two RH-controlled
environmental chambers, which maintained 50% and 95% RH
conditions. Both chambers were maintained at room temperature
(22 °C). The two-layer samples were kept in the environmental
chambers for 15 min and 1 h. Afterward, the aluminum foil with
bacteria was decoupled from the fibers and transported into a
centrifuge tube with 1 mL of peptone water. The tube was then
vortexed sufficiently for at least 2 min to make sure the bacteria were
detached from the aluminum foil. Serial dilution was performed and
followed by plating on TSA and incubation at 37 °C for 24 h. To
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detect if there were any bacterial cells left on the fibers, the fibers
detached from the bacterial-inoculated aluminum foil were trans-
ported into a centrifuge tube with 1 mL of peptone, and 100 μL of
solution was poured-plated on TSA for enumeration at 37 °C for 24
h. As a control, the inoculated aluminum foil without fibers and
attached with the pristine fibers were also used at 50% RH and 95%
RH conditions followed by the same protocol described above for the
E. coli enumeration.
Statistical Analysis. Three independent replicates were conducted

for each condition. The number counts of each microorganism were
converted into log CFU/sample. One-way ANOVA within the
confidence interval of 95% (P < 0.05) was performed for significant
analysis (IBM SPSS Statistics for Windows, version 19.0, IBM Corp.,
Armonk, NY). Statistical analysis to illustrate the difference within the
same fibers (uppercase letter) and within the same contact time
(lowercase letter) was performed. LSD and Tukey’s post hoc tests
were used to avoid type 1 error while retaining the statistical power
(IBM SPSS Statistics for Windows, version 19.0, IBM Corp., Armonk,
NY). Significant difference within the same fibers was labeled with
uppercase letters (“A” or “B” was used for 50% RH, “C” or “D” were
used for 95% RH). Significant difference within the same contact time
was labeled with lowercase letters (“a” or “b” was used for 50% RH,
“c” or “d” was used for 95% RH). To illustrate the difference of RH-
responsive fibers against E. coli at different RH levels, significant
difference among data in the same contact time was labeled with *
(***P ≤ 0.001, *P ≤ 0.05).

■ RESULTS AND DISCUSSION

Physicochemical Characterization of CD-ICs. XRD
analysis was used to characterize the crystallinity of γ-CD, γ-
CD/thyme oil-IC (1:2), sorbic acid, γ-CD/sorbic acid-IC
(1:2), nisin, and γ-CD/nisin-IC (4:1) and more importantly to
confirm the formation of CD-ICs (Figure 3a). Sorbic acid has
its characteristic 2θ peaks at 11.8, 13.4, and 23.2°, whereas
nisin has its characteristic peak at 2θ 32.0°. The absence of the
characteristic of sorbic acid and nisin peaks in γ-CD/sorbic
acid-IC (1:2) and γ-CD/nisin-IC (4:1) indicates successful
CD-IC formation. Furthermore, the major cage-type crystalline
characteristic peaks of γ-CD are observed at 2θ 5.5, 6.5, 9.6,
10.4, 11.5, 12.6, 14.1, 15.6, 16.7, and 19.0°. Pristine CDs have
cage-type crystalline structures, but when CD-ICs are formed,
a channel-type crystalline structure is formed with character-
istic peaks.28 In the CD-ICs, characteristic channel-type peaks
of γ-CD-IC were observed at 2θ 7.8, 14−17, and 22° for γ-
CD/thyme oil-IC, γ-CD/sorbic acid-IC, and γ-CD/nisin-IC,
respectively. Collectively, these findings confirm that CD-ICs

of thyme oil, sorbic acid, and nisin were successfully
synthesized.
Figure 3b shows the ATR-FTIR spectra of the CD-ICs and

further confirms CD-IC synthesis. First, the peak at 1696 cm−1

confirms the presence of the CO stretching of sorbic acid31

in the sorbic acid−CD-IC. Second, the intensity increments of
the peak at 1250 cm−1 correspond to the C−O stretching of
thyme oil in the spectra of the thyme oil−CD-IC32 and the
peak at 1643 cm−1 in the spectra of nisin−CD-IC33 confirms
the presence of thyme oil32 and nisin. Third, the characteristic
peaks of CDs were evident at 3000−3630 cm−1 (OH
stretching), 2929 cm−1 (C−H stretching), 1643 cm−1 (H-
OH bending), 1150 cm−1 (C−O−C glycosidic antisymmetric
stretching), 1078 cm−1 (C−O stretching), and 1020 cm−1 (C−
C stretching). It is worth noting that the CD-associated peaks
shifted from 3281 to 3310 and 1150 to 1154 cm−1 for thyme
oil−CD-IC, 1018 to 1022 cm−1 for sorbic acid−CD-IC, and
1018 to 1021 cm−1 for nisin−CD-IC. These peak shifts
observed in each CD-IC highlight the interactions between CD
and the guest molecules and further confirm successful CD-IC
formation.34

“Green” Synthesis of Stimuli-Responsive Fibers. Table
S1 summarizes the AI concentrations (%), polymer composi-
tions (%), and other electrospinning operational parameters
used for the synthesis of multistimuli-responsive fibers, as well
as for the control pristine fibers (no AIs), enzyme-responsive
fibers (no CD-ICs, only free AIs), and RH-responsive fibers
(no free AIs, only CD-ICs). Here, polymers such as zein,
starch, and cellulose were selected by design to form the
backbone of the fibers. The fibers were loaded with AIs, and as
the polymers are degraded by specific enzymes secreted from
microorganisms, they will accelerate the release of AIs.
Furthermore, the fibers will also be loaded with CD-ICs of
AIs to make them RH-responsive. The unique inherent
structure of CD-ICs will enable the release of AIs when the
RH is above 85%. As a result, the developed fibers will be
responsive to both enzymes and RH. Such multistimuli-
responsive fibers are ideal to be used to endow antimicrobial
properties to food packaging materials. The use of CD-ICs as
an RH-responsive release system rather than improving the
solubility of hydrophobic compounds for drug delivery
applications35 is also highly novel.

Morphological Characterization of Fibers. SEM images
of pristine, enzyme-responsive, RH-responsive, and multi-
stimuli-responsive fibers are shown in Figure 4a−d, along with

Figure 3. (a) X-ray diffraction (XRD) patterns of γ-CD, active ingredients (AIs), and cyclodextrin-inclusion complexes (CD-ICs) of AIs; (b)
attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectrometry spectra of γ-CD, AIs, and CD-IC of AIs.
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the average fiber diameters (AFDs) and diameter distribution
graphs. All fibers exhibited bead-free and uniform morphology
by SEM. The AFDs of pristine, enzyme-responsive, RH-
responsive, and multistimuli-responsive fibers were calculated
from SEM images as 285 ± 60, 205 ± 35, 290 ± 50, and 225 ±
50 nm, respectively. It is worth noting that emphasis was given
to produce various types of fibers with AFDs in the range of
200−300 nm by adjusting the operational electrospinning
parameters. Fiber diameter distributions ranged from 100 to
500, 100 to 350, 150 to 450, and 100 to 450 nm for the
pristine, enzyme-responsive, RH-responsive, and multistimuli-
responsive fibers, respectively.
Physicochemical Characterization of the Fibers. Table

S2 summarizes the specific surface area (SSA, m2/g), average
pore radius (nm), and total pore volume (cm3/g) of the
various fibers. The multipoint BET surface areas of pristine,
enzyme-responsive, RH-responsive, and multistimuli-respon-
sive fibers were 12.1, 19.3, 10.4, and 10.9 m2/g, respectively.

The SSAs of the enzyme-responsive fibers are greater than
those of the others due to the lower AFD (205 nm), whereas
the SSAs of other fibers are all quite similar. The slight changes
in AFDs resulted in the SSA differences in the fibers. The
average pore radii for pristine, enzyme-responsive, RH-
responsive, and multistimuli-responsive fibers were 2.18,
1.64, 1.56, and 2.16 nm, respectively. Finally, the total pore
volumes were 1.32 × 10−2, 1.58 × 10−2, 0.81 × 10−2, and 1.18
× 10−2 cm3/g for pristine, enzyme-responsive, RH-responsive,
and multistimuli-responsive fibers, respectively. These total
pore volume values are consistent with the literature as pore
volume tends to increase with the SSA.36 High SSA of fibers
will enable miniscule quantity of fibers and antimicrobials due
to the high surface-to-volume ratio and optimize antimicrobial
efficacy while minimizing potential sensory effects from the
antimicrobials used.
Figure 5a shows the crystallinity of pristine, enzyme-

responsive, RH-responsive, and multistimuli-responsive fibers

Figure 4. Scanning electron microscopy (SEM) images with the average fiber diameter (AFD) distribution of (a) pristine fibers, (b) enzyme-
responsive fibers with only free active ingredients (AIs), (c) relative humidity (RH)-responsive fibers with only cyclodextrin-inclusion complexes
(CD-ICs) of AIs, and (d) multistimuli-responsive fibers.

Figure 5. (a) X-ray diffraction (XRD) patterns and (b) attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectrometry spectra
of pristine fibers; enzyme-responsive fibers with only free active ingredients (AIs): thyme oil (TO), citric acid (CA), and nisin; relative humidity
(RH)-responsive fibers with only cyclodextrin-inclusion complexes (CD-ICs) of AIs: TO, sorbic acid (SA), and nisin; and multistimuli-responsive
fibers with both free AIs (TO, CA, nisin) and CD-IC of AIs (TO, SA, nisin).
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using XRD. All fibers exhibited broad amorphous peaks for
zein and starch at 2θ 5−12.5 and 16.5−25.0°, respectively. In
electrospinning, crystalline formation for small molecules is
significantly hindered due to the rapid solvent evaporation
during the process.37 This is the case for the enzyme-
responsive fibers, where the crystalline peak of nisin at 2θ 30°
was not evident. However, this may also be related to the
miniscule quantity of nisin and the dominance of the
amorphous polymers in the fibers. In addition, RH-responsive
and multistimuli-responsive fibers show peaks at 2θ 7.8 and
14−17°, respectively, indicative of the channel-type crystalline
nature due to the formation of CD-ICs. However, these peaks
are more prominent in the case of multistimuli-responsive
fibers due to the lower concentration of polymers (41% w/v)
present related to the enzyme-responsive fibers (47% w/v). In
summary, the XRD patterns reveal the successful incorporation
of CD-ICs in the electrospun fibers and align well with the
literature for γ-CD-ICs.38

The chemical composition of the pristine, enzyme-
responsive, RH-responsive, and multistimuli-responsive fibers
was investigated by ATR-FTIR (Figure 5b). Thyme oil has
peaks at 2960−2850 cm−1 belonging to the C−H stretching
vibration of CH3.

32 The enzyme-responsive, RH-responsive,
and multistimuli-responsive fibers exhibited this broad peak,
which confirms the presence of thyme oil in the fibers. Nisin
has two peaks at 1650 and 1522 cm−1, which are attributed to
the amide I and II bonds in the structure.33 These peaks are
also evident in the enzyme-responsive, RH-responsive, and
multistimuli-responsive fibers, confirming the presence of nisin
in the fibers. It is also worth noting that these same peaks in
the spectra of pristine fibers are attributed to zein, which also
has amide I and II bonds in its structure. Finally, the CO
stretching band of citric acid39 is observed at the spectra in
1721 cm−1, and as expected, this peak was only observed in
enzyme-responsive and multistimuli-responsive fibers. The
trans alkene peaks of sorbic acid are observed at 1000 cm−1

in the RH-responsive and multistimuli-responsive fibers, which
have sorbic acid in the CD-IC.31 In summary, the FTIR spectra
further confirm the successful incorporation of all AIs in the
various fibers.
Triggered Release Kinetics of Antimicrobial AIs.

Bacterial Enzyme-Triggered AI Release. For the enzymatic
release kinetic studies, to enhance chemical analytical

sensitivity from the miniscule amounts of AIs released, CD-
ICs were excluded in the synthesis of the fibers and only free
AIs were used. The cumulative release (%) of thymol from
enzyme-responsive fibers as a function of time is shown in
Figure 6a. The concentration of thymol in the fibers was found
to be at 96% of the expected theoretical calculation,
demonstrating highly efficient loading. The release of thymol
reached a plateau at 4 h and remained relatively constant at 13
and 23% for PBS and enzymatic conditions, respectively.
Importantly, a significantly higher quantity of thymol was
released in the presence of enzymes as compared to that of
PBS, highlighting the responsiveness of the fibers and
demonstrating the different mechanisms involved in cargo. In
PBS, the fibers released thymol by diffusion, but in the enzyme
solution, the thymol is released both by diffusion and by
biopolymer degradation by enzymes. Of interest is Figure
S2a−c, which shows the enzymatic degradation of the fibers at
0.1, 1, and 3 U/mL. The degradation of fibers at 1 U/mL
increases significantly as compared to the low level of enzyme
(0.1 U/mL), in which degradation was minimal. However,
when the concentration further increases to 3 U/mL, complete
degradation of fibers is observed. Therefore, 1 U/mL was
chosen to confirm the enzymatic release of AIs from the fibers.

Relative Humidity (RH)-Triggered AI Release. For the
release kinetic studies under different RH conditions, free AIs
were excluded from the synthesis of the fibers for the case of
RH-triggered release and only CD-ICs were used to enhance
chemical analytical sensitivity from the miniscule amounts of
AIs released. The concentration of thymol in the RH-
responsive fibers was found to be at 91% of the expected
theoretical calculation. The remaining concentration of thymol
in RH-responsive fibers at 50% and 95% RH levels is shown in
Figure 6b. The thymol concentration reached a plateau at ∼7.5
ppm after 4 h for the 95% RH condition, significantly lower
than the ∼11.5 ppm level for the 50% RH condition. This
confirms that the fibers behave as designed, releasing more
thymol at higher humidity. It is worth mentioning that there
are published studies showing that CD-ICs with volatile
compounds such as limonene showed minimum evaporation
for 50 days at 18% RH and room temperature. At 100 days,
only 25% of limonene was lost.40 CD-ICs release a significant
quantity of antimicrobials when the RH exceeds a certain limit
(85%). If the RH does not reach 85%, AIs will remain intact in

Figure 6. (a) Cumulative release (%) of thymol from enzyme-responsive fibers with only free active ingredients (AIs) into enzyme solution and
PBS without enzymes, (b) remaining thymol concentration (ppm) from relative humidity (RH)-responsive fibers with only cyclodextrin-inclusion
complexes (CD-ICs) of AIs at 50% RH and 95% RH as a function of time. The error bars in the figure represent the standard deviation (SD). The
significant difference among data in the same contact time was labeled with nonsignificant (ns): P > 0.05, * P ≤ 0.05, ** P ≤ 0.01, or **** P ≤
0.0001.
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the fibers. Therefore, CD-IC stability is quite good in the air at
room conditions. In addition, SEM images (Figure S3a,b) also
demonstrate that RH-responsive fibers are intact and not
wetted at the end of the 4 h at 50% RH, whereas the fibers at
95% RH maintain their fibrous morphology but are swollen
and merged. Statistical analysis between the groups in each
responsive release experiment was performed using the
unpaired t-test (independent variants).
AI Release Kinetics from Fibers in Aqueous Food Simulant

(Water). The initial AI concentration of fibers was determined
to be 89% and was used to calculate the percentage of thymol
released. The cumulative release (%) of thymol from the
multistimuli-responsive fibers into water, a nonacidic aqueous
food simulant, as a function of time is shown in Figure S4.
There is a rapid AI release in 6 h (21%), and then a plateau is
reached. This is attributed to the high specific surface area of
fibers as shown by BET, as well as the wettability of the fibers
owing to the nature of polymers used in the synthesis. The
slight decrease (∼4%) in the release of thymol from 12 h (21.4
± 1.8%) to 24 h (17.3 ± 2.5%) is most likely due to the
interference of the degraded polymers, which makes it difficult
to precisely calculate the thymol peaks.
Antimicrobial Efficacy of Multistimuli-Responsive

Fibers. Figure 7a−c summarizes the antimicrobial efficacy of
multistimuli-responsive fibers against E. coli, L. innocua, and A.
fumigatus. Aluminum foil and pristine fibers were included as
controls. Two levels of fiber mass per surface area were tested:

2.5 and 1.25 mg/cm2. More details are given in the next
section.

E. coli and L. innocua. In general, aluminum foil and
pristine fibers (controls) did not support or inhibit the growth
of E. coli; the population fluctuation within 24 h was less than
1 log. The responsive fibers reduced E. coli and L. innocua
growth by 5 logs (under the detection limit) at 1 and 24 h
contact time, respectively. Notably, when the mass per surface
area of multistimuli-responsive fibers decreased from 2.50 to
1.25 mg/cm2, the antimicrobial efficacy against E. coli reduced
from ∼5 log to ∼1 log at a contact time of 1 h. However, for L.
innocua, the treatment with a lower mass per surface area did
not show reduced antimicrobial efficacy at both 1 and 24 h and
exhibited 5 logs reduction for both contact times. Similar fiber
mass per surface dependency was found in our previous
publication using antimicrobial zein fibers.9

In summary, the multistimuli-responsive fibers developed in
this study showed an excellent inactivation efficacy against
both Gram-negative bacteria and Gram-positive bacteria with
24 h contact time. The antimicrobial activity of multistimuli-
responsive fibers seems to be fiber mass per surface area- and
time-dependent for E. coli but not L. innocua although that is
dependent on the species of bacteria. However, 24 h contact
time is sufficient to release enough AIs for bacterial
inactivation. In addition, these results are also in consistent
with the results reported in the literature for the nature-derived
antimicrobials used in this study.8,41−44

Figure 7. Antimicrobial activity of multiresponsive fiber against (a) E. coli, (b) L. innocua, and (c) A. fumigatus. Aluminum foil and pristine fibers
were used as controls. 2.50 and 1.25 mg/cm2 represent the mass per surface area of fibers. Data in the same material labeled with different
uppercase letters is significantly different (P < 0.05). Data in the same treatment time group labeled with different lowercase letters is significantly
different (P < 0.05).
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Antifungal Efficacy. The antifungal efficacy of the multi-
stimuli-responsive fibers was also assessed for the 2.50 mg/cm2

mass loading. Aluminum foil and pristine fibers were used as
controls and had minimal influence on the fungal growth (with
less than 0.2 log population change after 24 h contact time). As
shown in Figure 7c, a significant population reduction (1.4 log)
of A. fumigatus was evident after 24 h contact time. The
antifungal efficacy of the multistimuli-responsive fibers may be
attributed to the presence of thyme oil in the AI cocktail since
thymol has proven antifungal efficacy.45 Previous studies have
reported thymol to have a minimum inhibitory concentration
(MIC) of 150−190 μg/mL and a minimum fungicidal
concentration (MFC) of 175−384 μg/mL against A.
fumigatus.46,47

Relative Humidity (RH)-Triggered Antimicrobial Ac-
tivity. The antimicrobial efficacy of responsive fibers at 50%
and 95% RH conditions is shown in Figure 8. In general,
aluminum foil and pristine fibers (controls) did not support or
inhibit the growth of E. coli at both RH) conditions. With 1 h
contact time, RH-responsive fibers were able to achieve 5 log
reductions (under the detection limit) of E. coli at 95% RH,
while only 1.9 log reduction at 50% RH indicative of their
ability to trigger AI release at high RH levels. It is worth noting
that based on the statistical analysis, there was a significant (P
< 0.05) difference in the population reduction of E. coli
between 50% RH and 95% RH conditions at both contact
times (15 min and 1 h) (labeled with *). At the same RH level,
the population reduction of E. coli increased significantly (P <
0.05) with the increase of contact time, indicating that the
antimicrobial agents incorporated in RH-responsive fibers
released in a time-dependent manner.
To summarize, the biodegradable, nontoxic, multiresponsive

biopolymer-based antimicrobial fibers developed in this study
are ideal for use in active food packaging applications. The
synthesis of CD-ICs from nature-derived and FDA GRAS-
approved antimicrobials is highly novel, and to the best of our
knowledge, this is the first time CD-ICs were used in
responsive food packaging beyond their extensive use in drug
delivery35 and recent few studies in food packaging.8

■ CONCLUSIONS

Developing responsive release systems is of great importance in
addition to the sustainable and biodegradable active food
packaging to the food industry due to the significant negative
environmental impact of petroleum-based polymers that are
currently widely used. Here, biopolymer-based, biodegradable,
and enzyme- and relative humidity (RH)-responsive anti-
microbial fibers were developed using electrospun cellulose
nanocrystals (CNCs), zein (protein), and starch and a cocktail
of both free nature-derived antimicrobials including thyme oil,
citric acid, and nisin and also cyclodextrin-inclusion complexes
(CD-ICs) of thyme oil, sorbic acid, and nisin. The fibers were
designed to release their free AIs and CD-ICs of AIs in
response to enzyme and RH triggers, bringing precision in the
AI delivery while achieving superior antimicrobial functionality
for a broad range of food-related pathogenic bacterial and
spoilage microorganisms. The use of FDA GRAS-approved
materials and green synthesis processes makes these nontoxic,
biodegradable multistimuli-responsive fibers ideal for sustain-
able food packaging materials.

■ ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.1c12319.

The composition of fibers and operational parameters
applied to produce fibers (Table S1); surface area
analysis of fibers (Table S2); Schematic representation
of the experiment designs for antimicrobial activity tests
(Figure S1); SEM images of enzyme-responsive fibers
after degradation in various enzyme concentrations
(Figure S2); SEM images of relative humidity (RH)-
responsive fibers at low and high RH conditions (Figure
S3); cumulative release (%) of thymol from multi-
stimuli-responsive fibers (Figure S4) (PDF)

Figure 8. Antimicrobial activity of relative humidity (RH)-responsive fibers (2.50 mg/cm2) against E. coli at 50% RH and 90% RH. At the same RH
level, data in the same material labeled with different uppercase letters is significantly different (P < 0.05). Data in the same contact time labeled
with different lowercase letters is significantly different (P < 0.05). At different RH levels, significant difference among data in the same contact time
of RH-responsive fibers was labeled with *: *** P ≤ 0.001, * P ≤ 0.05. The error bars in the figure represent the standard deviation (SD).
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