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ABSTRACT: Antioxidant and intelligent poly(lactic acid)-n
(PLA-g-Cur) was synthesized by peroxide-initiated reactive
extrusion as a low-cost, sustainable packaging material to reduce
the economic and environmental burden of food and plastic waste.
The superior mechanical properties of PLA-g-Cur compared to
radically processed PLA without curcumin suggested antioxidant
stabilization of PLA-g-Cur that inhibited the degradation of the
polymer backbone. These results were supported by an increased
onset decomposition temperature (Tos) from 315 °C for PLA to
334 °C for PLA-g-Cur, highlighting enhanced thermal stability.
Migration values for PLA-g-Cur films were >160X below the EU
migratory limit for food contact polymers (0.1 mg/cm?),
supporting the use of PLA-g-Cur packaging in a wide range of
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food applications. Modified PLA blocked >93% of UV light while maintaining 89% visible light transmittance, demonstrating the
potential to inhibit photooxidation while maintaining material transparency. Significant radical scavenging and spoilage indicating
performance of PLA-g-Cur further supported this method as an industrially scalable technology to reduce food and plastic waste.
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B INTRODUCTION

The United Nations FAO estimated that food waste accounted
for nearly one-third of the global food supply, corresponding to
approximately 28% of agricultural land use." Low-cost,
sustainable solutions are thus needed to mitigate the
greenhouse gas emissions, agricultural landfills, and economic
loss caused by food waste. Active and intelligent packaging are
emerging technologies that can be used to extend the shelf life
of products through the inhibition and indication of food
spoilage. Active packaging incorporates functional compounds
such as antioxidants, antimicrobials, and moisture scavengers
directly into the packaging material. Because functional
compounds are not dispersed throughout the bulk product
like direct additives, active packaging can extend the lifetime of
functionality and decrease the amount of additives necessary
for effective preservation.” Intelligent packaging can inform
consumers and retailers of spoilage by visual or quantitative
color change in response to external stimuli such as microbial
growth, which can mitigate food loss by tracking product
freshness throughout the supply chain. Integration of active
and intelligent compounds into biodegradable plastics would
be an effective strategy to mitigate the converging environ-
mental and economic impacts of both food and plastic waste.
Indeed, food and packaging/containers comprise nearly 45% of
the materials landfilled in the United States, highlighting the

environmental burden of food and packaging waste.
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Furthermore, the majority of petroleum-based plastics [such
as polypropylene (PP), polystyrene, and polyethylene] are not
recycled and thus accumulate in landfills or the environment,
where they break down into microplastics that contaminate the
environment through bioaccumulation. It is predicted that by
2050, the weight of plastic in the ocean will exceed that of
fish,* underscoring the urgent need for more sustainable
materials to displace the reliance on single-use petroleum-
based plastics. The production of poly(lactic acid) (PLA), a
bioderived and biodegradable thermoplastic polyester, has
been reported to lead to 15—60% less carbon emissions and
25—50% less energy consumption (on an overall life cycle
analysis basis) than petroleum-based polymers. In addition to
thermoformability, biocompatibility, and mechanical strength,
these environmental benefits have rendered PLA one of the
most widely adopted biodegradable polymers in the packaging
industry.” Therefore, the development of active and intelligent
PLA packaging could be an effective strategy to add value to
biodegradable polymers and reduce both food and plastic
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waste. However, thermal degradation during extrusion and
inferior water barrier properties of PLA limit the replacement
of its petroleum-based counterpart, polyethylene terephthalate
(PET), in widespread packaging applications.® Modification of
PLA with active ligands that add a preservative and/or indicate
functionality and reduce thermal degradation could expand the
use of PLA over PET packaging.

Extrusion is an efficient, continuous, and uniform
manufacturing process used in a wide range of industries.
Reactive extrusion enables covalent modification of polymers
through a solvent-free process by thermally catalyzed reactions
such as radical grafting by peroxide initiation.” Radical
functionalization has been used extensively to tune the
properties of commodity plastics, such as grafting of PP with
maleic anhydride (MA) to improve interfacial adhesion,”
reactive compatibilization of starch composite materials,” and
modification of polyethylene with vinyl monomers to increase
reactivity.'” Recently, reactive extrusion has been explored as a
scalable method to fabricate active and intelligent packaging by
the covalent modification of materials with functional ligands.
By immobilizing the functional ligands by covalent linkages,
these packaging materials may be considered nonmigratory,
with potential advantages over migratory alternatives. For
instance, whereas nonreactive blending of active compounds
into polymer matrices can result in undesired changes in the
organoleptic properties of the packaged good (e.g, strong
odorants in the case of compounded essential oils), binding the
active compounds to the polymer matrix limits the likelihood
of migration to the packaged product. Additionally, since
immobilized active compounds are unlikely to enter the
product matrix, they could be regulated as food contact
materials rather than food additives, a potential regulatory
benefit.” Reactive extrusion thus offers a scalable method to
produce nonmigratory active and intelligent packaging;
however, the functionalization of biodegradable polyesters
like PLA remains a challenge in the plastics industry."’

Reactive extrusion offers a scalable and solvent-free method
to improve the water barrier properties and the preservative
functionality of PLA through covalent modification. However,
thermal processing can lead to the degradation of PLA by
chain scission and cross-linking, mechanisms that are
exacerbated by the presence of radical initiators.'”> The
addition of phenolic compounds during PLA processing can
inhibit these degradative mechanisms through radical stabiliza-
tion of reactive oxygen species (ROS) that are responsible for
thermal oxidation of the polymer backbone.'” For instance,
Irganox 1010, a common synthetic polyphenol used in polymer
processing, has been shown to retard the degradation of PLA
during hot melt extrusion.'* Additionally, natural phenolic
comg)ounds such as protocatechuic acid,'> rosemary essential
oil,"® and thymol'” have been reported to enhance the thermal
stability and mechanical and water barrier properties of PLA
through plasticization, cross-linking, and compatibilization.
Therefore, incorporation of phenolic compounds in the
reactive extrusion of PLA could enhance the thermal,
mechanical, and water barrier properties while limiting thermal
degradation of the polymer backbone. However, the extrusion
process must be carefully designed such that the radical
quenching offered by the phenolics during extrusion to protect
against polymer degradation does not inactivate the anti-
oxidant function of the phenolic for use in active packaging
applications.
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Curcumin is a natural polyphenol extracted from Curcuma
longa L. (turmeric) with traditional use as a therapeutic agent
in pharmaceuticals. Due to its reported antioxidant, antimicro-
bial, anti-inflammatory, and color-changing properties, curcu-
min has garnered interest as a bioactive compound for active
and intelligent packaging.'® The antioxidant capacity of
curcumin can be attributed to the radical scavenging activity
of curcumin’s phenol and keto-enol groups and resonance
stabilization of radical structures."”” The most common
synthetic antioxidant food additives such as butylated
hydroxyanisole (BHA), butylated hydroxytoluene (BHT),
propyl gallate, and tert-butyl hydroquinone are suspected of
causing adverse health effects, highlighting the potential
advantage of curcumin as a natural and safe alternative to
synthetic antioxidants.”’ The antioxidant performance of
curcumin-based active materials has been validated in a variety
of polymers and food systems. For instance, de Campos et al.
demonstrated the inhibition of oil oxidation by TPCS/PBAT
films containing curcumin,”® and Shen et al reported a
reduction in pork lipid oxidation by chitosan/curcumin
nanoparticles.”” Additionally, curcumin can change color
under alkaline conditions by deprotonation of the phenol
and keto-enol groups, resulting in a shift of the visible light
absorbance maximum from 428 nm (yellow curcumin) to 467
nm (red curcumin).'® Bacterial growth on meat and seafood
leads to the release of total volatile basic nitrogen (TVBN)
compounds, which can interact with curcumin-based intelli-
gent packaging to indicate spoilage to consumers and
manufacturers. Cvek et al. demonstrated color change of
PLA/poly(propylene carbonate) (PPC) curcumin films in
response to shrimp spoilage,”* Yildiz et al. monitored chicken
freshness with curcumin-based chitosan/poly(ethylene oxide)
packaging,” and Liu et al. displayed color indication of pork
spoilage with k-carrageenan/curcumin films.”® Additionally,
curcumin has been reported to enhance the mechanical and
water vapor barrier properties of biopolymers by imparting
increased compatibility and hydrophobicity.”® While curcumin
has been used extensively in migratory packaging to confer
active and intelligent functionality, to the best of the authors’
knowledge, curcumin has never been covalently grafted to a
biodegradable polymer toward the long-range goal of active
and intelligent biomaterial packaging to reduce the converging
environmental burden of food and petroleum plastic waste.

The aim of this work was to develop antioxidant and
intelligent biodegradable packaging through the immobiliza-
tion of curcumin on PLA via reactive extrusion. Previous work
has demonstrated successful radical modification of PLA by
tertiary hydrogen abstraction®” and of phenolic compounds by
phenol hydrogen abstraction.”®”” Thus, we predicted that
peroxide-initiated radical extrusion would enable the covalent
modification of PLA with curcumin. We hypothesized that
functionalization of PLA would engender antioxidant and
color-changing activity while limiting the thermal degradation
of material properties. This work demonstrates a scalable
method to manufacture functional biodegradable materials
with conserved physical properties, introducing a commercially
translatable technology to reduce the negative impacts of food
and plastic waste.

B MATERIALS AND METHODS

Materials. 2,2’-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt (ABTS, 98%), buffered peptone water (10 g
peptone/L), and sodium hydroxide (>97%) were bought from Fisher
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Scheme 1. Proposed Radical Grafting Reaction between PLA and Curcumin by Peroxide Initiation under Extrusion
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“Alternative mechanisms and byproducts are not displayed but may include grafting of curcumin by phenoxy or enol alkoxy radical to the tertiary
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Scientific (Fair Lawn, NJ). 100% waterproof quick-drying silicone
sealant (Henkel, IDH: 2764352) was purchased from Home Depot
(Ithaca, NY). Dicumyl peroxide (DCP, 98%) was sourced from
Krackeler Scientific and homogenized into a fine powder with a
mortar and pestle. Ethanol (EtOH, 200 proof) was purchased from
Decon Laboratories (King of Prussia, PA). Aluminum crimp caps (20
mm diameter), ammonia solution (28—30%), curcumin (synthesis
grade, cat no. 8.20354, CAS no. 458-37-7), 2,2-diphenyl-1-
picrylhydrazyl (DPPH, <100%), glacial acetic acid (99.7%), and 10
mL headspace glass vials (23 mm O.D. X 46 mm Hx 12.5 mm LD.),
hydrochloric acid (trace-metal grade), (#)-6-hydroxy-2,5,7,8-tetra-
methylchromane-2-carboxylic acid (Trolox, 97%), polytetrafluoro-
ethylene (PTFE)/butyl septa (20 mm diameter X 3.42 mm
thickness), potassium persulfate (>99%), sodium acetate trihydrate
(>99%), sodium phosphate dibasic heptahydrate (>98%), and
sodium phosphate monobasic monohydrate (>98%) were acquired
from Millipore Sigma (Burlington, MA). Verdana USDA Certified
Organic Coconut MCT Oil—fractionated coconut oil (100%) and 1
oz clear PET jars with Styrofoam septa (1.96” L X 1.96” W X 1.33"
H) were purchased from Amazon.com (Seattle, WA). Unpeeled
shrimp (14.6 + 2.6 g) from the North Carolina coast were procured
from a local grocery store (Ithaca, NY). Plate count agar (PCA) was
purchased from HiMedia Laboratories (Kennett Square, PA). PLA
pellets (Ingeo Biopolymer 7001D) were acquired from NatureWorks
(Minnetonka, MN, USA). Grades U, E, and EX purges for the
extruder were generously supplied by Asahi Kasei Asaclean Americas
(Parsippany, NJ, USA). All reagents were used as received without
further processing.

Synthesis of Poly(lactic acid)-graft-Curcumin. Preparation of
Poly(lactic acid) Granules and Control Films. Prior to radical
grafting, PLA pellets were first extruded and pelletized into 0.5 mm
granules, as described previously, to facilitate better mixing with
reagent powders.* First, PLA pellets were dried in a gravimetric oven
at 80 °C for 4 h to remove excess moisture according to the
manufacturer’s guidelines and used immediately or stored over
calcium sulfate desiccant until future use. Next, an attached
volumetric feeder (11 mm volumetric single screw feeder for process
11 [MK2] by Thermo Electron, Germany) was used to feed dried
PLA pellets at 10% the maximum rate into a Process 11 Parallel Twin
Screw Extruder (Thermo Fisher Scientific, Waltham, MA, USA). PLA
strands were extruded at 150 rpm through a 1.5 mm die using the
following temperature profile: zone 2—145 °C, zone 3—190 °C,
zone 4—200 °C, zone 5—200 °C, zone 6—200 °C, zone 7—200 °C,
zone 8—200 °C, and 210 °C at the die. A VariCut pelletizer (Thermo
Fisher Scientific, Waltham, ME) was set at L1 to form 0.5 mm
granules out of the PLA filaments. PLA granules were stored over
calcium sulfate desiccant for at least 24 h prior to hot pressing. To
form polymer films, 2 g of granulated PLA (gPLA) was placed in a
single layer between two S mil Kapton films (Cole-Parmer, Vernon
Hills, IL) and allowed to melt in a heated four-post manual hydraulic
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press (Carver, Wabash, IN) at 180 °C for 2 min. Films were pressed
for 5 min at a force of 1500 Ibf to achieve a final thickness of 0.14—
0.19 + 0.02 mm across the film. Thickness was measured using a
SnapThick (IGAGING, San Clemente, CA) 3-Way Digital Electronic
Thickness Gauge accuracy of 0.02 mm. Films were then fully
immersed in 100% EtOH and washed at 150 rpm for 2 h to remove
surface contaminants. The films were dried with a filtered compressed
air gun and stored over anhydrous calcium sulfate desiccant until
further use. The filter in the air gun was an in-line high-volume low-
pressure (HVLP) filter to remove oil, aerosols, smoke, solids, and
condensed moisture (TCP Global, MF-201).

Preparation of Functionalized PLA (PLA-g-Cur) Via Reactive
Extrusion. gPLA, DCP, and curcumin were used to create active and
intelligent PLA-g-Cur via radical grafting (Scheme 1, made with
ChemDraw 20.1 by PerkinElmer, USA) by reactive extrusion based
on similar methods to those described previously.>’ A mortar and
pestle was used to grind DCP flakes into a fine, homogeneous powder,
which was stored at 4 °C until further use. gPLA was mechanically
mixed with 0.5% w/w powdered DCP and 0.5, 1, or 2% w/w
curcumin and fed into the extruder at 18%, the maximum rate.
Mixtures containing 0.5, 1, and 2% w/w curcumin and gPLA without
DCP were also extruded as ungrafted controls for the immobilization
of curcumin. A mixture containing gPLA and 0.5% w/w DCP was also
extruded as a control for changes in mechanical properties caused by
radical cross-linking or chain scission. Each sample was extruded at
150 rpm through a 1.5 mm die under the following conditions: zone
2—145 °C, zone 3—160 °C, zone 4—165 °C, zone 5—170 °C, zone
6—180 °C, zone 7—185 °C, zone 8—195 °C, and 210 °C at the die.
Zones 3, 4, and 6, contained screw mixing elements, while the rest of
the zones contained screw conveying elements. Sample filaments were
granularized using the same pelletizer parameters as described for
gPLA. The pressing procedure was the same as described for gPLA;
however, the pressing force was modified for each polymer to achieve
0.14—0.19 mm thickness across films due to variations in melt
viscosity. The pressing pressure used for each sample is listed in Table
1. Polymer films were washed, dried, and stored under the same
conditions as those described for gPLA. The nomenclature is as
follows: PLA-g-CurX for samples extruded with DCP and PLA/CurX
for samples extruded without DCP, where X refers to the curcumin
concentration (% w/w), and slashes signify unreacted blends (melt
blended without radical grafting). Cross-linked PLA is referred to as
cPLA, for samples processed with DCP but without curcumin (Table
1).

Chemical, Interfacial, and Mechanical Characterization of
PLA-g-Cur Films. Attenuated Total Reflectance Fourier Transform
Infrared Spectroscopy. An IRPrestige FTIR spectrometer fit with a
diamond ATR crystal (Shimadzu Scientific Instruments Inc., Kyoto,
Japan) was used to observe the characteristic functional groups of
curcumin in treated and control films. The diamond crystal was
cleaned by a swab dampened with 100% EtOH prior to use. The
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Table 1. Concentration (% w/w) of DCP and Curcumin in
gPLA for Each Sample and Pressing Force (Ibf) Used to
Melt Polymer Granules into Films®

sample ID DCP % (w/w) curcumin % (w/w) pressing force (Ibf)
gPLA 0 0 1500
cPLA 0.5 0 4000
PLA-g-Cur0.5 0.5 0.5 2500
PLA-g-Curl 0.5 1 1500
PLA-g-Cur2 0.5 2 1500
PLA/Cur0.5 0 0.5 1500
PLA/Curl 0 1 1500
PLA/Cur2 0 2 1500

“The remaining weight percent is comprosed of gPLA.

average of 32 scans taken at 4 cm™" resolution and using Happ-Genzel
apodization was used for each sample with air as the background
spectrum. PLA-g-Cur spectra were compared against cPLA and gPLA
negative control spectra, and baseline corrections and plotting were
performed on an Origin Pro 2021b (OriginLab Corp., Northampton,

Advancing and Receding Water Contact Angles. An Attention
theta optical tensiometer (Biolin Scientific, Stockholm, Sweden) was
used to analyze the wettability of treated and control films by the
dynamic water contact angle based on methods previously reported.”'
In brief, ~4 uL of distilled water was deposited on the surface of each
sample, with contact angle values recorded during droplet deposition
and withdrawal. For the advancing contact angle, the syringe was
inserted into the droplet and water was injected at a rate of 0.5 uL/s
with images recorded at 14 frames per second. The Young—Laplace
method was used to analyze the advancing contact angle, which was
defined as the maximum mean contact angle before the droplet’s
baseline increased. For the receding contact angle, the syringe was
reinserted into the expanded droplet, and the volume of the droplet
was decreased at a rate of 0.5 yL/s with images recorded at 14 frames
per second. The receding contact angle was defined as the minimum
mean contact angle before the droplet’s baseline decreased. For each
sample, the receding contact angle was subtracted from the advancing
contact angle to determine hysteresis. The water contact angle was
evaluated on two different spots on each of two different films for two
independently extruded batches of each sample (with extrusion
performed on different days), totaling eight replicates per sample.

Mechanical Testing of Films. Mechanical testing was conducted
using an Instron 5566 Universal Testing Machine (Instron, Norwood,
MA, USA) using methods adapted from ASTM D882-18.>* Samples
were cut into a dumbbell shape with a gauge length of 26 mm. The
separation rate of the grippers was set to 12.5 mm/min with a
maximum separation of 40 mm, and a stress—strain curve was plotted
automatically by Bluehill Universal Software (Instron, Norwood, MA,
USA). Young’s modulus was determined by the initial slope of the
stress—strain curve, the tensile strength was determined as the peak of
the curve, and the elongation at break was determined by dividing the
maximum length before break by the initial length of the film (26
mm) and multiplying by 100. Mechanical testing was performed in
triplicate from a single extruded batch of each sample.

Water Vapor Permeability. Water vapor permeability (WVP) was
analyzed using an assay adapted from the ASTM E96/E96M-16
Water Method.>® In brief, films were cut into 2 X 2 cm? coupons, and
the average thickness of four random points on each coupon was
recorded. Films were sealed using 100% waterproof quick-drying
silicone sealant (Henkel, IDH: 2764352) to the 12.5 mm diameter
mouth of 10 mL glass headspace vials filled with 7.6 mL of DI water
(Figure S3). The 7.6 mL volume equated to 19 mm of space between
the film and the surface of the water and created essentially a 100%
relative humidity (RH) environment within the vials. Sample vials
were placed in a desiccator filled with a combination of calcium sulfate
desiccant and silica gel and allowed to equilibrate for 2 h at 32.2 °C.
After equilibration, vials were weighed on an analytical balance with
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up to 0.0001 g precision, and these values were recorded as the
starting mass. Vials were placed back in the desiccator with a humidity
reader to ensure between 0 and 5% RH (+5% RH accuracy) during
incubation. The desiccator was placed in an incubator at 32.2 °C for 6
days, and vials were measured for mass loss every 24 h. Water vapor
transmission rate (WVTR, g/m* s) was determined by dividing the
slope of mass (g) loss over time (s) by the area of the exposed film
(0.0001227 m*). WVP (eq 1) was determined by

WVP = WVTR X L/S (R, — R,) (1)

where WVTR is in g/m? s, L is the thickness across the film (m), S is
the saturation vapor pressure at test temperature (Pa), and R, and R,
are the RH values (expressed as decimals) of the inside of the vials
and inside the desiccant chamber, respectively.”* The saturation vapor
pressure of water at 32.2 °C is 4814 Pa. The average RH of the
desiccator at all six time points was 2%, so an R, value of 0.02 was
used for calculations. R, was estimated as 1.00 based on the
assumption of 100% RH within the vials. WVTR and WVP were
determined for each individual coupon, and analysis was performed
on quadruplicate coupons for each sample. Isotactic PP was included
as a control material known to have a low WVP to validate adaptation
of the method.

Thermal Analysis. Thermogravimetric analysis (TGA 5500, TA
Instruments, New Castle, DE, USA) was used to evaluate the thermal
stability of samples. Films and curcumin powder were heated in
platinum pans at 10 °C/min to 600 °C under nitrogen. For
differential scanning calorimetry (DSC 2500, TA Instruments, New
Castle, DE, USA), a heat—cool—heat recipe was performed on films
and curcumin powder sealed in aluminum pans with a heating and
cooling rate of 10 °C/min from —20 to 190 °C. All thermal analyses
were performed on a single representative sample for each treatment
and analyzed using TRIOS S.1.1 software (TA Instruments, New
Castle, DE, USA).

Migration Assay in Food Simulants. A standard migration assay
based on EU and FDA recommendations for food contact materials
was used to validate curcumin immobilization in functionalized
films.>>® Films were cut into 1 X 2 cm? coupons and placed in 10 mL
glass headspace vials with polytetrafluoroethylene—butyl (PTFE—
butyl) septum and crimp-top aluminum seals. Each vial was filled with
10 mL of the following food simulants: DI water was used to
represent aqueous foods, 10% EtOH was used to represent low
alcohol foods, 3% acetic acid was used to represent acidic foods, and
fractionated coconut medium chain triglyceride (MCT) oil was used
to represent fatty foods. After vials were incubated for 10 days at 40
°C, aliquots were evaluated by a Synergy Neo2 Hybrid Multi-Mode
Reader (BioTek Instruments, Winooski, VT) at 428 nm, which was
verified as the peak absorption wavelength for curcumin solutions
(Figure S7). A curcumin stock solution (0.1 mg/mL in 100% EtOH)
was diluted in each simulant to produce curcumin standard curves for
the colorimetric quantification of curcumin migration, with each
simulant used as a blank for each standard curve (Figure S8). Each
standard curve was made in triplicate with a limit of detection of
0.000125 mg/mL, and calculated curcumin migration from each film
was compared to the established migratory limit for food contact
materials by the European Union (10 mg/100 c¢m?).** For each
simulant, migratory analysis was performed on triplicate coupons
from each of two independently extruded batches of each sample,
totaling six replicates per treatment.

Curcumin Migration from Ungrafted Control Films during
Ethanol Incubation. To determine the importance of DCP in the
immobilization of curcumin onto PLA, films were incubated in EtOH
to compare the leaching of unbound curcumin between the control
and sample polymer. Films were cut in 1 X 1 cm? coupons, and two
coupons were placed in a well of a 24-well plate. The coupons were
covered with 1 mL of 100% EtOH, and the plates were sealed with
parafilm and the plate lid. Aluminum foil was wrapped around the
plate to prevent light degradation of curcumin color, and plates were
incubated at 25 °C with aliquots taken at 30 min and 1, 2, 4, and 24 h.
Aliquots were analyzed on a Synergy Neo2 Hybrid Multi-Mode
Reader (BioTek Instruments, Winooski, VT) at 428 nm, and the
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curcumin concentration was quantified with a standard curve made in
100% EtOH. The leaching assay was performed in triplicate for each
of two independently extruded batches of material, totaling six
replicates per treatment. Values were plotted and fit to a sigmoidal
dose—response curve on GraphPad Prism 9.3.0 (La Jolla, CA).

UV-visible Light Properties. The UV-blocking and visible
transparency properties of functionalized materials were determined
by UV—vis spectrophotometry using a Synergy Neo2 Hybrid Multi-
Mode Reader (BioTek Instruments, Winooski, VT). Samples were cut
into 14 in. circles using a standard hole punch and placed in a
polystyrene 96-well plate. Each well was analyzed from 280 to 700 nm
with 2 nm resolution, the average absorbance of triplicate blank wells
containing no sample was subtracted, and absorbance was converted
to % transmission and plotted for each wavelength. For data points
with absorption above the limit of detection for the spectropho-
tometer, the highest absorption value among all samples (A, = 3.5)
was used for calculations. UV—vis analysis was performed on three
coupons for each of the two independently extruded batches of each
sample, totaling six replicates per treatment.

Antioxidant and Color-Changing Performance of PLA-g-Cur
Films. ABTS and DPPH Radical Scavenging Assays. Colorimetric
2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS®+) and
2,2-diphenyl-1-picrylhydrazyl radical (DPPH®) assays were used to
quantify the antioxidant properties of PLA-g-Cur films, based on
methods from previous work.*" In brief, a 7 mM solution of ABTS
and a 2.45 mM solution of potassium persulfate were each made in 4
mM phosphate buffered saline (PBS, pH 7.4). These solutions were
mixed in a 1:1 ratio, and the mixed solution was allowed to develop
for 16 h. The developed solution was diluted with 4 mM PBS (pH
7.4) to an absorbance of 0.70 + 0.30 at 734 nm to produce the ABTS
working solution. Control and treated films were cut into 1 X 1 cm*
coupons and incubated in a 24-well plate with 0.5 mL working ABTS
solution mixed with 0.5 mL 4 mM PBS (pH 7.4). The plate was
incubated at 30 °C for 24 h with shaking at 150 rpm. An aliquot of
each sample was analyzed on a Synergy Neo2 Hybrid Multi-Mode
Reader (BioTek Instruments, Winooski, VT) at 734 nm. For the
DPPH assay, 1 X 1 cm® coupons were incubated in a 24-well plate
with 0.5 mL DPPH solution (0.1 mM in 100% EtOH) and 0.5 mL DI
water to achieve a 50% EtOH incubation matrix. The plate was
incubated at 25 °C for 24 h with shaking at 150 rpm. An aliquot of
each sample was analyzed at 517 nm. Radical scavenging capacity was
determined by a Trolox standard curve from 0 to 30 yM in 4 mM
PBS (pH 7.4) and 50% EtOH to achieve Trolox equivalent
antioxidant capacity (TEAC) for ABTS and DPPH, respectively.
The average TEAC of the blank controls (samples containing no
films) was subtracted from the TEAC of each of the samples to
account for any color loss of the radical solution during the assay.
ABTS and DPPH were performed on quadruplicate coupons from
each of two independently extruded batches of the material, totaling
eight replicates per sample.

Color Changing Response to Ammonia. To analyze the
intelligent properties of PLA-g-Cur films, coupons were exposed to
an ammonia solution and analyzed for visible and quantitative color
change based on previously reported methods.>" In brief, 1.2 X 1.2
cm?® coupons were attached by double-sided Kapton tape to the
PTFE—butyl septa of aluminum caps for 10 mL headspace vials. The
vials were filled with 9 mL of 0.8 M ammonia solution, crimped to
prevent leakage, and incubated at room temperature (~22 °C) for 24
h to allow the development of ammonia vapors. Coupons were
analyzed before and after incubation by a CR-400 Chroma Meter
(Konica Minolta Sensing, Ramsey, NJ) using CIELab color space
parameters to detect color change, and digital images were taken in a
lightbox. Total color change (AE*, eq 2) and the change in chromatic
parameter (AC¥, eq 3) of each coupon was calculated

AE* = J(LF — LI + (af — a}) + (0] — b))’

2)

AC* = (a = a)* + (b — b)) 3)
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where L* indicates lightness, a* indicates redness/greenness, and b*
indicates blueness/yellowness. Color change analysis was performed
on triplicate coupons from two independently extruded batches,
totaling six replicates per treatment. A random number generator was
used to pick a digital image representative of each treatment reported
here, and the images were cropped square to maximize the area
shown.

Color Changing Response to Shrimp Spoilage. To demonstrate
the intelligent properties of treated films in real applications, the
bacterial count of shrimp was compared to the color change of PLA-g-
Cur films during storage. The shrimp used in this study were
purchased from a local grocery store the day of receiving the
shipment, which was guaranteed to be less than 24 h since
procurement from the ocean. Shrimp were maintained at 4 °C, and
experiments were performed the same day as purchase. The tail, legs,
and shell were removed, and the shrimp were deveined prior to
washing in DI water. Shrimp of a similar size (by weight) and
appearance were packaged in 1-oz PET jars with screw lids fit with
Styrofoam septa to prevent leakage. PLA-g-Cur2 films were cut into 2
X 2 cm?* coupons, and initial CIELab color measurements were
recorded with a CR-400 Chroma Meter (Konica Minolta Sensing,
Ramsey, NJ). Coupons were taped to the inside of the jar lids to
facilitate headspace interaction without shrimp contact, and all jars
were incubated at 4 °C. Triplicate jars were pulled every 12 h, and
color measurements of the coupons were recorded. Each shrimp was
diluted with a 4:1 ratio of sterilized water (mL)/shrimp (g) and
stomached in a Whirl-Pak filter bag at 260 rpm for 1 min. An aliquot
of the filtrate was serially diluted in 0.1% peptone water, and 100 uL
of the appropriate dilution was plated in duplicate on PCA. Plates
were incubated at 30 °C for 48 h, and plates containing between 30
and 300 cfu were counted. The average count of duplicate plates was
recorded as the total viable count (TVC) for each shrimp. Initial TVC
of shrimp prior to incubation was recorded as well, and all analyses
were performed on triplicate shrimp. Change in AC* of films was
calculated (eq 3) and compared to TVC. Values were plotted and fit
to a sigmoidal dose—response curve on GraphPad Prism 9.3.0 (La
Jolla, CA).

Statistical Analysis. PLA-g-Cur was synthesized in duplicate
batches on independent days, and all values represent means of
individual determinations, in which half of the determinations were on
each of two independently synthesized batches of material. The
normal distribution of each result was confirmed by the Shapiro—Wilk
test, and statistical significance between samples was determined using
analysis of variance (ANOVA) with Tukey’s HSD multiple
comparisons (p < 0.05) on GraphPad Prism 9.3.0 (La Jolla, CA).

B RESULTS AND DISCUSSION

Synthesis of Poly(lactic acid)-graft-Curcumin. Per-
oxide-initiated radical grafting is a common strategy to
functionalize polymers with active ligands and tailor polymer
properties to target applications.” The reaction begins with the
thermal decomposition of the peroxide initiator into identical
alkoxy radicals, which can abstract a hydrogen from the
polymer backbone to form a polymer macroradical. In
polymers presenting a tertiary carbon (including PLA),
hydrogen abstraction preferentially occurs from the tertiary
carbon, as proposed in Scheme 1. Similarly, curcumin can
undergo hydrogen abstraction from either of its phenol groups
followed by an intermolecular hydrogen transfer that moves
the radical to the ortho or para position of the aromatic ring
relative to the hydroxyl.”®*® Alternatively, curcumin is
susceptible to abstraction of the carbon-centered hydrogen of
the p-diketone moiety, which can also undergo an
intermolecular hydrogen transfer to form an enolic alkoxy
radical.’’ Thus, curcumin can react with DCP to form a
phenoxy radical, benzyl radical, or enolic alkoxy radical that
can react with the polymer macroradical to generate the
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grafted product. While only one product is proposed here
(Scheme 1), alternative reaction pathways are noted in our
previous work,*! demonstrating PLA grafted to the phenol,
keto-enol, and aromatic ring of curcumin.

While the radical scavenging capacity of curcumin motivates
its use in active packaging, it also poses a challenge to standard
radical grafting conditions, demanding an innovative synthesis
approach to obtain the grafted product. Due to its radical-
stabilizing resonance, curcumin can preferentially scavenge
DCP radicals compared to the PLA tertiary carbons. In
reactive extrusion, the reactivity is limited to reagents in the
melt. Consequently, if all of the reagents entered the reactive
extrusion melt at the same time, curcumin would immediately
quench the peroxide radicals, inhibiting the formation of the
PLA macroradicals and thus the grafted product. Therefore, we
leveraged our knowledge of reagent melting temperatures and
extrusion parameters to design a temperature profile that
would maximize synthesis of the desired product. The initial
mixing zones (zones 3 and 4) were maintained below the
melting temperature of curcumin (179 °C) and above the
melting temperature of PLA (148 °C). In these initial zones,
the DCP radicals preferentially abstract hydrogens from the
melted PLA. The melted PLA could exclusively react with the
DCP radicals to form polymer macroradicals, while curcumin
was mixed within the polymer matrix as a solid powder.
Unmelted curcumin could only have limited interactions with
DCP radicals due to the aggregation of solid particles, reducing
the potential for radical quenching and maximizing the
formation of PLA macroradicals. In the final mixing zone
(zone 6), the temperature was increased above the melting
point of curcumin, allowing for curcumin radical formation
with the remaining DCP and covalent immobilization on the
PLA macroradicals. The temperature profile was kept close to
the melting temperatures of the reagents to minimize thermal
degradation.*®

The curcumin concentration used for PLA-g-Cur material
was based on previous research in migratory active packaging,
which demonstrated potent UV-blocking, antioxidant, and
color-changing performance with curcumin concentrations
between 0.25 and 2% w/w.”**’ Initial experiments were
conducted to analyze the effect of drying PLA prior to
extrusion. We hypothesized that while drying PLA prior to
extrusion would prevent hydrolysis and degradation of
mechanical properties, increasing the number of hydroxyl
end groups could improve immobilization by radical grafting
and hydrogen bonding interactions. However, preliminary
migration studies showed no significant differences between
drying and not drying PLA prior to extrusion. Consequently,
all extrusions for this work were performed with dried PLA to
minimize potential degradation of mechanical properties by
hydrolysis.

Chemical, Interfacial, and Mechanical Characteriza-
tion of PLA-g-Cur Films. Attenuated Total Reflectance
Fourier Transform Infrared Spectroscopy. Attenuated total
reflectance Fourier transform infrared (ATR—FTIR) spectros-
copy was used to confirm the presence of curcumin in PLA-g-
Cur films (Figure S1). Full spectra display the characteristic
absorption bands of PLA, such as the symmetric and
asymmetric stretching of the C—O—C group (1180 and
1080 cm™’, respectively), asymmetric and symmetric C—H
vibrations of the methyl group (1452 and 1359 cm™},
respectively), and C=O stretching vibrations of the ester
group (1747 cm™).>> A magnified spectrum of the curcumin
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fingerprint region exhibits new absorption bands at 1514 cm™!
characteristic of mixed vibrations between C=C and C=0
groups in the 1,3-diketone-conjugated carbonyl unique to the
curcumin. Other functional groups are difficult to distinguish,
likely due to the low percentage of curcumin compared to that
of PLA and the structural similarities of key functional groups
that present the most dominant absorbances in curcumin and
PLA (e.g, carbonyl, hydroxyl, and ether). An interesting
observation is the absorption band shift from 1633 cm™ for
gPLA and cPLA to 1625 cm™" for all PLA-g-Cur films. As this
band is characteristic of C=O stretching in PLA,** it is
possible that the downward shift is due to the hydrogen
bonding between PLA carbonyls and the curcumin phenols.*”
The subtle increase in absorbance in this region may also be
attributed to the C—H bending frequency of the aromatic
group unique to the curcumin. The increased absorbances
observed in the spectra of PLA-g-Cur compared to those in the
spectra of cPLA and gPLA support the presence of key
functional groups (conjugated carbonyl and aromatic group) in
curcumin but not in PLA and are in agreement with other
reports.43

Advancing and Receding Water Contact Angles. Dynamic
water contact angles were used to analyze the wettability of
PLA-g-Cur materials (Table 2). Compared to the static contact

Table 2. Advancing Water Contact Angle, Receding Water
Contact Angle, and Hysteresis Values of PLA-g-Cur and
Control Films®

advancing contact  receding contact

sample ID angle (deg) angle (deg) hysteresis (deg)
gPLA 83.38 + 0.76" 48.16 + 3.11%°F 3522 + 3.84%°¢
cPLA 83.47 + 1.97* 4526 + 2.44* 38.22 + 3.04*
PLA-g-Cur05 81.72 + 1.92* 47.98 + 3.90°"  33.74 + 4.08%¢
PLA-g-Curl 82.13 + 2.07* 46.17 + 1.59 35.96 + 1.68"*
PLA-g-Cur2 82.12 + 2.98* 52.14 + 324° 29.98 + 2.09°

“Values represent the mean and standard deviation of eight
measurements. Statistically significant differences between sample
means for each column are indicated by capitalized letters (Tukey’s
HSD, p < 0.05).

angle, dynamic measurements take into account the chemical/
physical heterogeneity of a material and provide more
information on the dry—wetting properties and interfacial
adhesion forces of a surface. The advancing contact angle (6,)
is representative of a material’s hydrophobicity and was
quantified as the maximum contact angle before the baseline
of the water droplet expanded on the polymer surface. Results
align closely with advancing water contact angles previously
reported for PLA,*® which demonstrate slightly hydrophilic
character (as hydrophobic materials are defined as having 8, >
90°). Some wettability is expected due to hydrogen bonding
between PLA functional groups and water. There was no
significant difference between treated and control films, which
suggests that the interfacial properties of PLA were conserved
with the immobilization of curcumin. Since the advancing
contact angle can represent a material’s susceptibility to
wetting, the sustained hydrophilic character of treated PLA
packaging may allow strong interaction with aqueous products,
suggesting potential preservative function in applications such
as juice, dairy, and condiment packaging.

Receding contact angle (6y) provides a measure of the
adhesion force at the polymer/water interface and was
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Table 3. Mechanical, Water Vapor Permeability, and Thermal Properties of PLA-g-Cur and Control Films®

Young’s modulus tensile strength elongation at break WVP Tes (° Ty (° Tn(° T, (° T, (°
Mpa) (Mpa) (%) (x 10 g/m*sPa)  C) C) o) &) C)
curcumin 226 561 179 67
powder

gPLA 4649.3 + 236.0" SL1 + 424 147 + 2.6* 2.06 + 0.04* 31S 348 148 58 125
cPLA 4285.3 + 428.9* 55.1 + 5.8* 6.8 + 0.5 2.30 + 0.32% 250 314 144 57 114
PLA-g-Cur05 44653 + 479.0" 55.0 + 5.0* 9.1 £ 0.1* 2.10 + 0.11* 275 312 146 59 120
PLA-g-Curl 42154 + 153.74 52.8 + 7.6 144 +2.9* 2.12 + 0.13% 334 373 146 58 119
PLA-g-Cur2 4795.8 + 337.1% 49.9 + 7.8% 11.1 & 2.7%® 224 + 0.42% 330 371 146 58 120

“Mechanical and WVP values indicate the mean and standard deviation of three different coupons for each sample. Thermal analysis was
performed on each sample for each treatment. Statistically significant differences between sample means for each column are indicated by capital

letters (Tukey’s HSD, p < 0.05).

quantified as the minimum contact angle before the baseline of
the water droplet receded on the polymer surface. PLA-g-Cur
films demonstrated statistically the same receding contact
angles as gPLA films, which had a receding contact angle in
agreement with prior reports.”” While it was expected that the
hydrophobicity of curcumin would decrease the adhesion force
between PLA-g-Cur and water, the curcumin concentration in
these samples may be too low for an observable effect. Based
on the results for PLA-g-Cur2 compared to those for other
PLA-g-Cur films, it is possible that increasing the curcumin
concentration would increase the hydrophobicity, but this
relationship would need to be further characterized. Addition-
ally, hydrogen bonding between PLA and curcumin may
reduce the surface orientation of the grafted ligand, limiting the
effect of curcumin on the interfacial properties of the material.

Hysteresis, the difference between advancing and receding
contact angles, is reported to represent the chemical
heterogeneity and roughness of a surface.** For pristine
homogeneous surfaces without defect, the hysteresis value
would be 0° and directly increase with heterogeneity and
roughness. cPLA displayed the highest hysteresis value, likely
due to cross-linking and chain scission events that occur durin%
radical grafting of PLA under high-temperature processing.”
These events could lead to a wide dispersion of PLA oligomers
and an increasing number of end groups, which could increase
the chemical heterogeneity of the surface. Compared to cPLA,
PLA-g-Cur films have lower hysteresis values, likely due to a
decrease in chemical heterogeneity caused by reduced thermal
degradation of PLA. Curcumin could inhibit the cross-linking
and chain scission of PLA by preferential scavenging of DCP
radicals and PLA macroradicals during reactive extrusion,
reducing thermal oxidation of the polymer backbone. Addi-
tionally, curcumin can act as a compatibilizer by hydrogen
bonding with PLA end groups, thus decreasing the effect of
chain scission on the surface roughness. Overall, dynamic
water contact angle exhibits the conserved wettability and
interfacial properties of PLA-g-Cur films compared to gPLA,
which could support the commercial translation of modified
materials. For instance, compared to the reported dynamic
contact angles of other 6polyesters such as PET (0, = 71.0 +
12, 6y = 37.7 + 1.2),*° all PLA films demonstrated reduced
wettability, which could aid in product release and resistance to
biocontamination in packaging applications. Interfacial proper-
ties provide insight into the radical processing of PLA,
suggesting the potential efficacy of curcumin in preventing
thermal degradation of the polymer backbone.

Mechanical Testing of Films. Since the primary function of
packaging is to provide a physical barrier between products
and the environment, the adoption of packaging materials is
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strongly dependent on mechanical, water barrier, and thermal
properties. Mechanical testing was used to evaluate the impact
strength, flexibility, and stiffness of PLA-g-Cur packaging
compared to gPLA and cPLA (Table 3). Young’s modulus, the
initial slope of the stress—strain curve, and a measure of
material stiffness were statistically insignificantly different
across samples. Additionally, previous research has reported
insignificant change in tensile strength after reactive extrusion
of PLA with 0.5% w/w DCP,47 which aligns with the results
observed for cPLA and PLA-g-Cur films. While it may be
expected that the tensile strength of cPLA would decrease due
to chain scission, this effect may be neutralized by the
increased strength from cross-linking. The only statistically
significant differences in mechanical properties are observed
for elongation at break, which is lower for cPLA compared to
that for gPLA due to a combination of cross-linking and chain
scission that decreases the elasticity of the processed
materials."® Elongation at break was the same for both gPLA
and PLA-g-Cur films, suggesting that the thermal degradation
observed in cPLA samples is at least partially inhibited by the
presence of curcumin. Although the results for mechanical
properties were not practically different across samples, the
conserved strength and elasticity of PLA-g-Cur films in
contrast to those of cPLA alludes to the utility of curcumin
as a stabilizing agent during reactive extrusion.

Water Vapor Permeability. WVP was quantified by the
ASTM E96/E96M-16 Water Method, whereby the amount of
water transmitted through PLA-g-Cur and control films was
quantified over time (Table 3).”’ Isotactic PP was also
evaluated to compare the water barrier properties of PLA with
those of petroleum-based polymers. The WVP value of the PP
was 0.11 + 0.08 (x107'"" g/m* s Pa), which highlights the
superior barrier properties of PP compared to those of PLA
materials.”” Although we hypothesized that the hydrophobicity
of curcumin would enhance the water barrier properties of
PLA, there were no significant differences across all PLA films.
These findings align with the results of the dynamic water
contact angle, which demonstrated no significant difference in
the wettability of PLA-g-Cur compared to that of gPLA,
suggesting that the concentration of curcumin is too low for an
observable impact on the barrier properties or wettability.
Alternatively, the improvement in barrier properties due to
increased hydrophobicity could be neutralized by an increase
in free volume of the material with the addition of curcumin,
creating a more efficient diffusion path for water vapor
molecules.”® The conserved barrier properties of PLA-g-Cur
films compared to those of gPLA suggest limited chain scission
during radical processing since an increase in end groups
would increase the hydrophilicity of the bulk polymer and thus
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WVP.®! It is promising to note that the radical grafting of
curcumin during reactive extrusion can be used to functionalize
PLA packaging without a negative impact on mechanical or
water barrier properties of the native polymer.

Thermal Analysis. TGA and DSC were used to evaluate the
thermal stability of treated and control films (Table 3).
Curcumin powder begins decomposition at the lowest
temperature but displays significant thermal stability of
nonvolatile components, maintaining >45% weight at 600 °C
(Figure S6), which aligns with previous reports.”” cPLA and
PLA-g-Cur0S displayed the lowest thermal stability, which
could be attributed to radically induced PLA degradation
resulting in low-molecular-weight oligomers. In contrast, PLA-
g-Curl and PLA-g-Cur2 films displayed significantly higher
decomposition temperatures than gPLA, suggesting that the
increased curcumin concentrations not only inhibited PLA
degradation during reactive extrusion but also introduced
stabilizing effects beneficial to thermal processing. The ~20 °C
observed increase in decomposition temperatures (Tos and Ty,
the temperatures at which 5 and 50% of the mass was lost,
respectively) could be attributed to the strong compatibiliza-
tion between PLA chains through hydrogen bonding with
curcumin, in agreement with prior reports on the thermal
properties of polymers after blend compatibilization.”® The
observed increase may also be a result of the curcumin in the
grafted polymer, affecting the thermodegradation occurring
during TGA analysis. The enhanced thermal stability of PLA-g-
Curl and PLA-g-Cur2 can have benefits in industry,
particularly in processes involving high temperatures or long
processing times. Additionally, in the presence of oxygen, these
polymers may display even greater improvement in thermal
stability due to curcumin’s capacity to prevent thermal
oxidation of the PLA by radical scavenging of ROS.>*

DSC was used to quantify the thermal characteristics
relevant for polymer processing and applications (Table 3).
As a semicrystalline thermoplastic polymer, PLA exhibited
glass transition (T,), crystallization (T), and melting temper-
ature (T,). The results demonstrated no practical differences
in thermal properties between treated and control films.
However, we can evaluate the nuances of these results as a tool
to better understand the effects of radical processing on
polymer properties. The T,, of cPLA was approximately 2 °C
below that of PLA-g-Cur films and 4 °C below that of gPLA,
likely due to the presence of low-molecular-weight oligomers
created by chain scission during radical extrusion. Slight
decreases in T, for PLA-g-Cur films compared to that for
gPLA could be attributed to the disrupted stacking of polymer
chains by the presence of curcumin. The largest differences in
the DSC thermal properties are observed for the T values of
gPLA, cPLA, and PLA-g-Cur films. cPLA displayed the lowest
T,, which aligns with the DSC results of a previous work that
reacted PLA with 0.5% w/w DCP."” The reduced T, of cPLA
compared to that of gPLA could be attributed to branching
and chain scission during processing, which results in the
dispersity of oligomers, creating crystal defects and imperfect
chain folding during crystallization. The 5—6 °C decrease in T,
for PLA-g-Cur compared with that for gPLA could be a result
of the reduced chain mobility from covalent immobilization of
curcumin. Higher chain mobility decreases the energy required
for polymer folding, which increases the temperature at which
crystallization can occur.>”

Overall, analysis of the thermal decomposition, melt, and
crystallization behavior of the control (gPLA), process control
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(cPLA), and curcumin-grafted PLA (PLA-g-Cur) supports our
hypothesis that curcumin reduces radical chain scission and
cross-linking during the reactive extrusion of PLA, as
demonstrated by the inferior thermal stability of cPLA.
Similarly, poor thermal stability is observed in PLA-g-Cur0S,
likely due to the curcumin concentration being too low to
significantly inhibit radical chain scission and cross-linking.
The improvement in thermal stability (increased Ty and Ts,)
when curcumin is increased in the feed from 0.5 to 1.0 and
2.0% w/w may indicate increased covalent grafting and
antioxidant stabilization, which would mitigate chain scission
and cross-linking. These results are demonstrative of why
Irganox and other antioxidant stabilizers are used to prevent
the deterioration of polymer properties during high-temper-
ature processing.

Migration Assay in Food Simulants. A migration assay
based on EU and FDA recommendations for food contact
materials was used to evaluate the extent of curcumin
immobilization in functionalized films.>**° Food simulants
used in the study included H,O (aqueous foods), 3% acetic
acid (acidic foods), 10% EtOH (hydrophilic and low alcohol
foods), and fractionated coconut MCT oil (fatty foods). PLA-
g-Cur and gPLA were immersed in each food simulant for 10
days at 40 °C, and the concentration of migrated curcumin was
determined spectrophotometrically (Table S2). For all food
simulants, curcumin migration was below the limit of detection
(0.000625 mg/cm?) and exhibited no visible leaching (Figure
S9). As the migratory limit established by the EU is 0.10 mg/
cm?, all PLA-g-Cur films are at least 160X below the migratory
limit and can therefore be considered appropriate for the wide
range of food applications simulated by this migration assay.

Polymer films extruded without the DCP radical initiator
(PLA/Cur0S, PLA/Curl, and PLA/Cur2) were also evaluated
in the migration assay to investigate the impact of radical
grafting on curcumin immobilization. Interestingly, ungrafted
films also demonstrated curcumin migration below the limit of
detection and without visible leaching in all food simulants
(Figure S9). The lack of curcumin migration in aqueous
matrices (H,0, 10% EtOH, and 3% acetic acid) may be
expected due to curcumin’s low water solubility. However, in
coconut oil, curcumin has a reported solubility of up to 17.75
+ 2.40 mg/mL,*® which would equate to a maximum of 88.75
mg/cm” in this study. Considering <0.000625 mg/cm*
curcumin migration was observed in coconut oil, low migration
results could not be attributed to solubility limits. Therefore,
we hypothesize that noncovalent intermolecular interactions,
such as hydrogen bonding between curcumin and PLA,
immobilize curcumin within the polymer matrix.

Curcumin Migration from Ungrafted Control Films
during EtOH Incubation. Migration studies validated the
immobilization of curcumin in PLA-g-Cur films using EU and
FDA regulatory standard methods, supporting the use of PLA-
g-Cur materials in a wide range of packaging applications.
However, due to the insignificant differences between PLA-g-
Cur and PLA/Cur results, these studies did not demonstrate
the importance of DCP in curcumin immobilization. There-
fore, further assessment was conducted in harsher, nonfood
simulant conditions to identify the differences in curcumin
migration between covalently grafted and noncovalently
blended films. It is important to note that these migration
experiments serve the purpose of characterizing the materials
rather than assessing their migration in real food packaging
applications. Indeed, according to FDA guidelines, 95% EtOH
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is not a recommended food simulant due to its tendency to
overexaggerate mi§ration from food contact polymers (apart
from polyolefins)*® and was therefore not used as a simulant in
the standard migration study for PLA-g-Cur films. Although
95% EtOH would be an inappropriate solvent for migratory
studies simulating end use packaging applications, we used this
solvent to characterize the covalency of curcumin immobiliza-
tion during the reactive extrusion grafting. PLA-g-Cur and
PLA/Cur films were incubated in 100% EtOH with constant
shaking for 24 h. We expected that under these harsh
incubation conditions, the strength of covalent bonds in
PLA-g-Cur films would result in significantly less curcumin
migration than from the PLA/Cur films. Aliquots were
measured for curcumin concentration at select time points to
observe the kinetics of migration from different films (Figure
1). For samples with the same curcumin concentration, films
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Figure 1. Curcumin migration from PLA-g-Cur films during shaking
incubation in 100% EtOH. Data points were fit to a sigmoidal dose—
response curve and signify the mean and standard deviation of six
replicates for each time point.

processed with DCP demonstrated significantly less curcumin
migration than films processed without DCP. Additionally,
PLA/Cur films collectively demonstrated a faster release of
curcumin at earlier points compared to PLA-g-Cur films
(Figure S10). For example, PLA/Cur2 released nearly the
same amount of curcumin in 4 h (0.0113 + 0.0007 mg/cm?)
as PLA-g-Cur2 released in 24 h (0.0119 + 0.0012 mg/cm?).
While all films would be considered below the EU migratory
limit for aqueous, acidic, and fatty food applications based on
results from the standard migration assay, this experiment
demonstrates the improved stability of curcumin immobiliza-
tion in radically grafted samples. Under harsh processing or
storage conditions, it is advantageous to use packaging
materials with reduced potential for leaching, which could
cause defects in the color, taste, and texture of the product.
UV—Visible Light Properties. UV light can promote the
photooxidation of food products, leading to off-odors,
discoloration, and degradation of nutritional components.’”
Thus, it is beneficial for packaging materials to inhibit UV light
transmission to food and beverages while maintaining a high
visible light transmittance, which allows manufacturers and
consumers to see packaged products. The UV-blocking and
visible light transmittance of PLA-g-Cur films were evaluated
by UV—vis spectrophotometry (Figure 2) based on previous
studies demonstrating UV barrier properties of curcumin-
based packaging.”® According to the results, all PLA-g-Cur
films demonstrated almost complete blocking in both the UV-
B (280—315 nm) and UV-A (315—400 nm) region while
conserving the optical transmittance of gPLA. The high optical
transmittance of these films indicates good compatibility
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Figure 2. (Above) UV—vis spectra of PLA-g-Cur and control films to
demonstrate UV-blocking and optical transmittance properties of
treated samples. UV-B (280—315 nm), UV-A (315—400 nm), and
visible (400—700 nm) regions are highlighted by blue, orange, and
red shading, respectively. The 660 nm wavelength, which is used to
determine the optical transmittance of a material, is signified by the
dashed line. Curves are the average of eight replicates for each sample.
For values outside the limit of detection for the UV-—vis
spectrophotometer, the highest absorption value among all samples
(Apax = 3.5) was used for calculations. (Below) thermoformed PLA-g-
Cur material to demonstrate optical transmittance. Images were taken
by a digital camera on a single representative sample, and a thumbtack
was placed as a reference for transparency.

between curcumin and the PLA matrix.’” The transparency
of PLA-g-Cur films was visually demonstrated by thermo-
formed molds that exemplify how manufacturers and
consumers could see products within PLA-g-Cur packaging
(Figure 2).

The differences in transmittance between treated and
control films were compared at 280 and 660 nm, which are
the standard wavelengths to determine UV and optical
transmittance, respectively (Table 4).>*°° The reduced optical
transmittance of cPLA could be attributed to the formation of
short-chain oligomers and cross-linked polymer that reduces
the crystallinity of the polymer matrix.”' Mileva et al. reported
the correlation between decreasing crystallization temperatures
and increasing optical haze of polymers,”> which aligns with
the thermal and optical properties of cPLA. Additionally, low
optical transmittance of cPLA supports our previously reported
water contact angle data, since high hysteresis values have been
associated with low polymer transparency.”® In contrast to
cPLA, PLA-g-Curl and PLA-g-Cur2 films retained complete
optical transmittance of gPLA after reactive extrusion,
suggesting that the presence of curcumin reduces the
degradation of PLA that contributes to optical haze. In
addition, all PLA-g-Cur films demonstrated >93.4% UV barrier
properties, which could be utilized to prevent the oxidation of
packaged products such as dairy, meat and seafood, and edible
oils. These results validate the utility of curcumin immobiliza-
tion in valorizing PLA packaging while minimizing the
drawbacks associated with reactive extrusion of biodegradable
polymers.

Characterization results for PLA-g-Cur and control films
highlight the impact of curcumin on the physical performance
of polymers processed by reactive extrusion. cPLA demon-
strated the degradation of gPLA native properties during
radical processing that leads to poor mechanical, thermal, and
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Table 4. UV (T,g,) and Optical (T44) Transmittance of PLA-g-Cur and Control Films to Quantitatively Determine Optical
Properties”

sample ID gPLA cPLA PLA-g-Cur05 PLA-g-Curl PLA-g-Cur2
Thso (%) 59.0 + 9.34 21.7 + 8.9° <6.6° <6.6° <6.6¢
T (%) 89.0 + 2.4°° 76.6 + 13.5" 85.6 + 5.2°° 89.1 + 1.1° 89.6 + 1.6°

“Values are the average and standard deviation of six replicate coupons for each treatment, and values outside the limit of detection for the UV—vis
spectrophotometer are indicated. Letters signify statistically significant differences between samples for each wavelength (Tukey’s HSD, p < 0.05).

optical performance. PLA-g-Cur05 displayed similar properties incubation in pH-adjusted buffer. Standard curves of Trolox, a
to those of cPLA, likely due to only partial inhibition of PLA synthetic equivalent of vitamin E, were used to quantify the
degradation by curcumin during extrusion. On the other hand, antioxidant performance of each sample.
PLA-g-Curl and PLA-g-Cur2 displayed curcumin immobiliza- ABTS and DPPH assays demonstrated similar results with
tion in all food matrices while enhancing certain physical insignificant radical scavenging in all treated samples apart
properties. These polymers exhibited significant improvement from PLA-g-Cur2. According to previous studies, curcumin
in thermal stability and nearly complete UV barrier properties primarily radical scavenges by two mechanisms: hydrogen
while retaining the mechanical performance and optical atom transfer (HAT) from the phenolic moiety or sequential
transmittance of gPLA. Overall, these characterization results proton loss electron transfer (SPLET) from the keto-enol
highlight the potential for replacing current PLA packaging group. Under ionizing conditions, such as alkali buffers or
systems with PLA-g-Cur without the risk of inferior optical, EtOH, curcumin will radical scavenge by the SPLET
mechanical, or thermal properties and with the benefits of mechanism: deprotonation at the keto-enol group and
improved thermal stability and inhibition of photodegradation. subsequent electron donation from the anion to the DPPH
Antioxidant and Color-Changing Performance of or ABTS radical. Under nonionizing conditions, such as
PLA-g-Cur Films. ABTS and DPPH Radical Scavenging neutral or acidic buffers, curcumin will not be deprotonated,
Assays. Antioxidants are a major class of preservative resulting in radical scavenging by the HAT mechanism from
compounds directly added to food, primarily to inhibit the phenol.20
radically induced llpld oxidation, WhICh leads to deterioration Previous research has demonstrated the Signiﬁcance of pH
of texture, flavor, odor, and nutritional value of PrOdUCt&G4 conditions on radical scavenging kinetics.*®” Therefore, it is
DPPH and ABTS radical scavenging assays were employed to worth noting that the ABTS assay performed in this work was
measure the antioxidant capacity of the PLA-g-Cur films executed at pH 7.4, which is below the pK, value of curcumin’s
(Figure 3). DPPH is a standard method traditionally used to enolic hydrogen (7.8).% Consequently, curcumin was not
deprotonated under these assay conditions, suggesting that
mm ABTS ABTS radical scavenging by PLA-g-Cur films was limited to the
< 37 == DPPH HAT mechanism. According to Litwinienko and Ingold, the
2, HAT mechanism is significantly slower than the SPLET
£ mechanism for curcumin,* indicating that the antioxidant
£ 1 N 5 capacity of l?LA—g—Cur films may have been restricted by the
£ A ’%‘ A A time constraints of the assay. If the ABTS assay was performed
£ 0 % I f at pH > 7.8, we predict the SPLET mechanism would be
favored and radical scavenging capacity would significantly
\»; \»; ;’ ‘\' 0" increase. However, food systems are typically neutral or acidic
8 8 pé %,O’ ‘gO’ in nature, and therefore, we chose not to exaggerate the radical
Q&;% & & scavenging capacity of PLA-g-Cur under nonapplicable
conditions.
Figure 3. ABTS and DPPH radical scavenging assays to demonstrate Our previous work involving polypropylene-graft-curcumin
the antioxidant capacity of PLA-g-Cur and control films. Quantifica- (PP—g—Cur) demonstrated significant DPPH radical scavenging
tion was performed by a Trolox standard curve, and the average value capacity, up to 11.67 Troloxg, (nmol/cm?) for the 2% w/w
of quadruplicate blank samples (wells containing no films) were curcumin sample (PP—g—CurZ).‘l In contrast, the PLA-g-Cur2
subtracted to obtain final values. Values denote the average and films analyzed in this DPPH assay demonstrated only 2.52
standard deviation of four replicates from each of two independently TI‘OlOXEq (nmol/cm?). While the differences between PLA and

extruded batches, totaling eight replicates per treatment. Color-coded
letters indicate statistically significant differences between sample
means for each assay (Tukey’s HSD, p < 0.05).

PP polymer matrices may have some effect on the radical
scavenging capacities of these two films, the DPPH solvents
may have a larger impact. Since PP-g-Cur is a polyolefin, the
DPPH assay could be analyzed in 100% EtOH, as the
measure the radical scavenging activity of nonpolar and incubation conditions were unlikely to exaggerate the
polyphenolic compounds by incubation in methanol migration of curcumin from the film. However, PLA-g-Cur
(MeOH) or EtOH.”” However, due to the exaggerated samples needed to be analyzed in 50% EtOH, since 100%
migration from nonpolyolefin polymers in 100% EtOH (as EtOH would force the leaching of curcumin from the PLA

described previously), a 50% EtOH matrix was employed in matrix. The 50% EtOH incubation solvent may have reduced
this assay, which is an FDA-approved simulant for PLA.*® ionizing potential compared to that of 100% EtOH, which
PLA-g-Cur films were also evaluated by the ABTS standard could minimize the deprotonation of the keto-enol moiety of
method, which measures the radical scavenging activity of curcumin. As a result, while PP-g-Cur2 films could scavenge by

compounds for lipophilic and hydrophilic applications by the fast SPLET mechanism in 100% EtOH, PLA-g-Cur2 may
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be restricted to the slower HAT mechanism in 50% EtOH.
The radical scavenging capacity of PLA-g-Cur was also
evaluated by DPPH in 100% EtOH conditions; however,
visibly leached curcumin led to significant exaggeration of the
radical scavenging capacity (Figure S11). These results
highlight the importance of assay conditions in the evaluation
of a material’s radical scavenging performance, as radical
scavenging kinetics in different solvents can strongly influence
the final results. In addition, it is important to design
application-driven experiments to convey the true performance
of technologies under commercially relevant conditions. For
instance, while executing the DPPH assay in 100% EtOH
would improve the antioxidant activity of PLA-g-Cur films
reported in this study, instability of PLA in organic matrices
renders these conditions irrelevant to the final application of
PLA-g-Cur packaging. Overalll, DPPH and ABTS assays
demonstrate the modest potential of PLA-g-Cur films as
radical scavenging packaging; however, further applications
studies such as inhibition of oil oxidation would be invaluable
in demonstrating their functionality in real food systems.
Color Changing Response to Ammonia. Intelligent
packaging is an emerging technology that can indicate spoilage
to the consumer or manufacturer through a colorimetric
approach. Compared to traditional methods of determining
spoilage such as bacterial plate count, colorimetric readings
require less time and resources and can also be used at the
household level to prevent spoilage-related illnesses for
consumers. Several migratory intelligent packaging systems
incorporating curcumin have demonstrated successful visual
and quantitative indication of microbial growth in real food
applications.'®”® During meat and seafood storage, bacteria
release TVBN gases that can deprotonate the phenol and keto-
enol groups of curcumin, resulting in a color change that can
be used to indicate product spoilage. The intelligent properties
of PLA-g-Cur films were evaluated by the color change
response to ammonia vapors, which simulate the TVBN
released by spoilage bacteria. Results were collected visually
with a digital camera and quantitatively with a colorimeter
(Figure 4). AE* indicates the total color change, and AC*
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Figure 4. Color-changing properties of PLA-g-Cur films upon
exposure to ammonia vapor. The chart indicates the total color
change (AE*) and change in the chromatic parameter (AC*), and
images are digital photographs of films taken in a light box before and
after 24 h of ammonia exposure. Values are the mean and standard
deviation of six replicates for each treatment. Color-coded letters
signify significant differences between sample means for each of the
measured parameters (Tukey’s HSD, p < 0.05).
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represents the change in the chromatic parameter, which
excludes changes in lightness/darkness. This parameter was
included to indicate that the majority of AE* could be
attributed to chromatic color change rather than darkening of
the film. Compared to gPLA, all PLA-g-Cur films demon-
strated practically significant visual and quantitative color
change. PLA-g-Cur2 displayed the greatest color change
response to ammonia; however, there was no significant
difference between PLA-g-Cur0S and PLA-g-Curl color
change. While it would be expected that increasing the
curcumin concentration from 0.5 to 1.0% w/w would have an
observable effect on color change, the similarity between the
color changing properties of PLA-g-Cur0S and PLA-g-Curl is
consistent with the water contact angle and radical scavenging
results. Color change, water contact angle, and radical
scavenging are all dependent on material interfacial properties;
therefore, it is likely that the superior performance of PLA-g-
Cur2 can be attributed to improved interfacial interactions
with curcumin. A possible explanation is the orientation of
grafted curcumin ligands toward the polymer matrix rather
than the polymer/vapor interface due to hydrogen bonding
with PLA. PLA-g-Cur2 may contain a higher concentration of
surface-oriented curcumin due to oversaturation of PLA
hydrogen bonding sites, resulting in improved performance
in studies dependent on surface interaction.

While these results indicate that PLA-g-Cur films can be
used for intelligent packaging applications, the polymer system
could be optimized for more identifiable color change. For
instance, our previous work demonstrated that the AE* value
for PP-g-Cur2 films (AE* ~50) is nearly double that of PLA-g-
Cur2 films (AE* = 28). Cvek et al. analyzed PLA/PPC films
loaded with 2% w/w curcumin that had an ammonia response
of AE* ~70.** If the exclusive purpose of developing these
PLA-g-Cur films was for visible spoilage indication, then the
films could be migratory since the indicators would be placed
in the headspace of the packaging system. Consequently, to
observe the greatest color change, we would create films
containing the maximum curcumin concentration (while
optimizing cost of inputs vs color-changing impact) and omit
the DCP initiator. Additionally, a polymer matrix with minimal
interaction with TVBN would be advantageous to optimize
curcumin deprotonation under alkaline conditions. PLA
contains carboxylic acid end groups with pK, ~ 3, which,
upon exposure to TVBN, will be deprotonated before
curcumin.’” Furthermore, a polyolefin with reduced compat-
ibility with curcumin may improve color change by maximizing
surface orientation toward the TVBN interface.

Overall, the results demonstrate modest intelligent proper-
ties of PLA-g-Cur films. Additionally, these results signify
stability of curcumin during reactive extrusion since decom-
position products such as ferulic acid and 4-vinyl guaiacol are
incapable of such color change. While the color-changing
properties of PLA-g-Cur films can provide value as spoilage
indicators, intelligent packaging systems can be optimized
through intentional design of the polymer structure and
composition to enhance color change. These studies
emphasize the value of applications-driven research to
maximize the performance of functional materials under
conditions of intended use.

Color Changing Response to Shrimp Spoilage. Finally,
PLA-g-Cur films were evaluated for their ability to detect
shrimp spoilage during storage at 4 °C. Based on the results of
the ammonia study, only PLA-g-Cur2 was included in this
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experiment. Films were incubated in the headspace of shrimp
storage jars, and the change in AC* of PLA-g-Cur2 was plotted
against the TVC of shrimp (Figure S). PLA-g-Cur2 films
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Figure S. TVC of shrimp during spoilage at 4 °C with corresponding
change in the chromatic parameter (AC*) of PLA-g-Cur films in the
headspace of the storage jars. TVC data points are the average and
standard deviation of triplicate shrimp, and colorimetric data points
are the average and standard deviation of triplicate films.

appeared to change color significantly during the log phase of
bacterial growth, reaching peak AC* at the inflection point of
the growth curve (48 h). However, as the rate of bacterial
growth slowed, the AC* values of the films decreased. A
possible explanation for this pattern is the release of other
volatile compounds during cell death (after log phase), such as
acetic acid, lactic acid, or hydrogen sulfide that can neutralize
the effect of TVBN on curcumin color change.”” Compared
with ammonia, the color change response of PLA-g-Cur2 to
shrimp spoilage was significantly reduced. This work under-
scores the importance of using real food systems to evaluate
the performance of materials, especially since the optimized
and oversimplified conditions of standard methods can
significantly overestimate the results.

B CONCLUSIONS

The aim of this research was to develop an active and
intelligent biodegradable packaging system through the
reactive extrusion of curcumin and PLA. Migration testing in
accelerated storage conditions confirmed the immobilization of
curcumin in PLA-g-Cur in aqueous, hydrophilic, acidic, and
fatty food systems. Incubation in 100% EtOH supported that
DCP radical grafting imparted covalent linkages between the
curcumin and PLA backbone, improving the immobilization of
the active ligand within the polymer matrix. However, it is
worth noting that films extruded with DCP demonstrated a
detectable degree of curcumin migration in 100% EtOH,
indicating that some curcumin remained ungrafted in the PLA-
g-Cur films. In future work, further optimization of extrusion
conditions and reagent concentrations could improve the
degree of grafting. However, the overall results demonstrate
how DCP could be used to improve the immobilization of
curcumin onto PLA compared to nonreactive blends. While
curcumin is generally recognized as safe (GRAS) and poses
limited toxicity concerns, the demonstrated success of radically
grafting functional ligands onto thermoplastics offers a pathway
to expand this technology to other active compounds with or
without the GRAS status. Dynamic water contact angle, DSC
thermal characterization, mechanical testing, and WVP studies
demonstrated the conserved physical properties of gPLA in
treated films. Additionally, all PLA-g-Cur films were capable of
blocking >93.6% of UV light while retaining complete optical
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transmittance of PLA. Thus, PLA-g-Cur materials can inhibit
the photooxidation of vitamins, minerals, proteins, and lipids in
foods and beverages while allowing unobstructed visibility of
the packaged product. The similar wettability, thermal,
mechanical, water barrier, and optical properties of treated
films suggest limited thermal degradation of PLA due to the
stabilization effects of curcumin during reactive extrusion.
These results are supported by the inferior thermal stability
and optical transmittance of cPLA compared to those of PLA-
g-Curl and PLA-g-Cur?2 films, which can be attributed to cross-
linking and chain scission reactions during extrusion that were
not inhibited by the presence of an antioxidant stabilizer.
Therefore, radical functionalization with curcumin is a strategy
to enhance the optical properties and thermal stability of PLA
materials while limiting the thermal degradation associated
with reactive extrusion of biodegradable polyesters. Advanced
analysis of possible byproduct production, impact on polymer
molecular weight, and degree of functionalization during the
radical-initiated grafting should be performed prior to
commercial adoption of the material.

In regard to active and intelligent properties, PLA-g-Cur
films displayed modest potential for radical scavenging and
spoilage-indicating applications, more suitable for interpreta-
tion at the retail level with analytical color measurement than
at the consumer level for visual interpretation. However, we
hypothesize that the high compatibility between PLA and
curcumin may have minimized the surface orientation of the
active ligand, particularly for PLA-g-Cur0S and PLA-g-Curl
films. Future studies should evaluate the antioxidant capacity of
PLA-g-Cur packaging against lipid oxidation in real food
systems, such as edible oil, meat, and seafood. Applications
testing of PLA-g-Cur films would provide a better measure of
radical scavenging capacity than standard assays that use pH
and solvent conditions nonapplicable to food and beverage
systems. Regarding intelligent properties, PLA-g-Cur2 films
demonstrated significant color change in the presence of
ammonia and modest color change in the presence of shrimp
spoilage. These antioxidant and color changing assays
demonstrate the importance of application-driven research to
assess the performance of functional materials under
commercially relevant conditions. For instance, while evaluat-
ing PLA-g-Cur films in standard DPPH organic solvent would
result in significantly higher radical scavenging activity
compared to the results reported in this work (Figure S11),
100% EtOH conditions are neither appropriate for PLA
materials nor relevant to the conditions of intended use.
Furthermore, the color change of PLA-g-Cur films under
standard ammonia conditions signified excellent spoilage-
indicating properties; however, real applications studies using
conditions of packaged shrimp demonstrated a more modest
performance.

Overall, these results demonstrate a scalable method to
immobilize curcumin onto PLA for the production of active
and intelligent UV-blocking packaging with improved thermal
stability, thereby valorizing PLA beyond its traditional use in
biodegradable packaging. This research advances the capa-
bilities of functional materials through the establishment of
methods to modify biodegradable polymers without the
degradation of physical properties. Moreover, this work
emphasizes how application-driven research can be used to
tailor the properties of materials for conditions of intended use,
improving both functional performance and potential for
commercial translation.
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