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The probability of human exposure to damaging radiation is increased in activities associated with long-

term space flight, medical radiation therapies, and responses to nuclear accidents. However, the

development of responsive countermeasures to combat radiation damage to biological tissue is lagging

behind rates of human exposure. Herein, we report a radiation-responsive drug delivery system that

releases doses of curcumin from a chitosan polymer/film in response to low level gamma radiation

exposure. As a fibrous chitosan–curcumin polymer, 1 Gy gamma irradiation (137Cs) released 5 � 1% of

conjugated curcumin, while 6 Gy exposure releases 98 � 1% of conjugated curcumin. The same

polymer was formed into a film through solvent casting. The films showed similar, albeit attenuated

behavior in water (100% released) and isopropyl alcohol (32% released) with statistically significant drug

release following 2 Gy irradiation. ATR FT-IR studies confirmed glycosidic bond cleavage in the

chitosan–curcumin polymer in response to gamma radiation exposure. Similar behavior was noted upon

exposure of the polymer to 20 cGy (1 GeV amu�1, at 20 cGy min�1) high linear energy transfer (LET) 56Fe

radiation based on FTIR studies. Density Functional Theory calculations indicate homolytic bond scission

as the primary mechanism for polymer disintegration upon radiation exposure. Films did not change in

thickness during the course of radiation exposure. The successful demonstration of radiation-triggered

drug release may lead to new classes of radio-protective platforms for developing countermeasures to

biological damage from ionizing radiation.
1. Introduction

Radiation exposure from medical radiation therapy (2–15 Gy),
nuclear accidents (1–16 Gy), and space travel (1.8–5.5 mGy)
results in a propensity for severe DNA damage, genomic insta-
bility, radiation sickness, tissue necrosis, cellular mutagenesis,
and carcinogenesis in humans.1,3–6 Radiation levels as low as
�0.1 Gy may cause DNA damage directly or through indirect
damage via hydroxyl, superoxide or nitrogen free radicals
generated in response to radiation exposure.1,7,8 Free radical-
induced damage has been linked to severe metabolic dysfunc-
tions, including loss of cell integrity, enzyme function, and
genomic stability. This damage ultimately leads to the patho-
genesis of many human diseases, such as inammation,
ischemia, atherosclerosis, arthritis, cancer, Parkinson's disease,
and Alzheimer's disease, amongst others.8

Recent advances in radioprotective agents include FDA
approved amifostine,9 sulydryl group containing compounds
(e.g.: cysteine, cysteamine),10 superoxide dismutase enzyme,11,12
f Louisville, Louisville, KY, 40292, USA.
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tion (ESI) available. See DOI:

17
nitroxides,13 selenium,9 vitamin (A, C, E),14–16 N-acetyl cysteine,17

soy-bean based Bowman–Birk protease inhibitor18 and herbal
compounds (e.g. avonoids, resveratrol, tea phenols,
nutmeg).18,19 These compounds predominantly act as
antioxidant-based free-radical scavengers, suppressing cell
apoptosis and other aforementioned maladies during the
radiation exposure through quenching of radiation-generated
free radicals. However, the concentration of these radioprotec-
tive agents needed to counteract radiation exposure have
demonstrated signicant side effects and/or questionable effi-
cacy against radiation-related pathologies, e.g. human carcino-
genesis.9,12,15,20–22 Because of this shortcoming, there is a need
for a non-toxic, cost effective radioprotective system that is
highly sensitive to radiation stimuli to effectively release
a potent agent at ambient temperatures. Ideally, the novel
system will complement traditional radioprotective drugs,
which require freezing or refrigeration to avoid loss of integrity
and unpredictability in the radioprotectant's drug release
prole.9,11,12,14–16,22

Curcumin (diferuloylmethane) is a small (MW 368.38 Da)
polyphenol compound that displays an intense yellow color.
The anticancer and radioprotective effects of curcumin have
been demonstrated on many types of tissues, including skin,
brain, colon, gastrointestinal, liver, lung, pancreas, mammary
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Schematic of chitosan 90/200 conjugated to glutaric anhydride
modified curcumin via EDC/NHS chemistry. Image of the CC polymer
and CC film. The reaction steps were previously reported, demon-
strating the covalent conjugation of curcumin to chitosan through
a pendant glutaric anhydride linker using amide bond coupling
chemistry.26
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glands, prostate, breast, blood, and bone marrow.23–25 The
potent antioxidant activity of curcumin is provided by its dike-
tone and phenol moieties. It acts as a free radical scavenger,
thus inhibiting reactive oxygen species (ROS) formation and
subsequent damage to DNA caused by radiation exposure.
Curcumin not only has the potential to prevent radiation
damage with its antioxidant properties but can also initiate
DNA repair processes in radiation damaged cells.26

This work builds upon our previous studies in conjugating
curcumin to chitosan, an amine-bearing carbohydrate polymer
derived from chitin. Covalent linkage of curcumin to chitosan
to produce chitosan–curcumin (CC) polymer has previously
shown (1) improved curcumin stability over �1 month in
solutions at above-freezing and ambient temperatures, (2)
improved solubility in aqueous media, (3) improved curcumin
bioavailability, (4) controlled release of conjugated-curcumin
over 19 days relative to the encapsulated-curcumin (doped),
which had been reported to release completely from the spray-
dried particles over a 2 h period, and (5) retention of nearly
�100% recovery of curcumin's antioxidant potential upon
cleavage from the polymer backbone via ester hydrolysis.27,28

Biomacromolecules have been found to degrade into frag-
ments under radiation stress.8,29 Hydrolysis driven glycosidic
bond (C–O–C) cleavage is well-known among carbohydrates and
nucleic acids, rendering them an excellent drug-payload carrier in
biological environments.29–33 Specially, cationic polysaccharides
(i.e., chitosan) have a high sensitivity to controlled degradation of
C–O–C bond by hydrolysis as well as under high-dose radiation
exposures.26,34,35 Radiation induced C–O–C bond scission occurs
more frequently among high molecular weight polymers and is
described by homolysis or heterolysis mechanisms.34 Upon irra-
diation (i.e. g-ray) of C–O–C bond, homolysis generates free
radical (Cc; Oc) entities and heterolysis generates ionic pairs (C+/
OH�) of the disintegrated polymer. Mechanistically, radical pairs
react faster than ion-pairs.36 Therefore, faster radical-pair kinetics,
with approaching solvent molecules, could lead to a facile poly-
meric dissolution in the aqueous or non-aqueous media.36,37

Additionally, homolytic rupture occurs at low energy as well as in
the accidental radiation exposure range (1–6 Gy), favoring
controlled drug release from radioprotective polymeric
matrices.33,35 A controlled and targeted cleavage of C–O–C bond
upon radiation, while maintaining the material properties (i.e.,
biological activity) of the polymer would be a hallmark in
designing a stimuli-responsive drug delivery system.

Thus, the purpose of this work is to investigate the func-
tionality of a novel radioprotective platform based on unique
curcumin–chitosan conjugate polymer2 lms for the targeted
release of curcumin from exposure to radiation.

2. Experimental
2.1 Materials

Chitosan (low molecular weight), curcumin (85% pure), acetic
acid, L-ascorbic acid, 2,20-diphenylpicrylhydrazyl (DPPH),
dichloromethane, glutaric anhydride, methanol (HPLC grade),
4-dimethylaminopyridine (DMAP), triethylamine, N-hydrox-
ysulfosuccinimide (sulfo-NHS), 1-ethyl-3-[3-
This journal is © The Royal Society of Chemistry 2020
dimethylaminopropyl]carbodiimide hydrochloride (EDC),
diethylether, and 10� phosphate-buffered saline (PBS) were
purchased from Sigma Aldrich (St. Louis, MO, USA) and used as
received unless otherwise noted. Magnesium sulfate was
purchased from Fisher Scientic (Pittsburgh, PA, USA).

2.2 Chitosan–curcumin polymer fabrication

Chitosan–curcumin polymer (Fig. 1) was formulated using
a previously published protocol.27 Briey, glutaric anhydride
modied curcumin was conjugated to chitosan 90/200 via EDC/
NHS (1 : 1) chemistry in 1 wt/v% acetic acid solution.27

2.3 Chitosan–curcumin lm fabrication

Films were made by solvent-casting into a poly dimethyl
siloxane (PDMS) mold on a Teon coated pan to avoid lm-tear
during their removal from the surface. The mold was made by
pouring PDMS (Sylgard®184 silicone elastomer kit: base and
curing agent) around a p95 Petri dish placed inside a Teon-
coated pan. Aer vacuum-setting overnight at room-
temperature, each Petri dish was removed, exposing the non-
stick surface of the same surface area as the p95 dish (i.e., 55
cm2). 20.0 mL of 1.5 wt/v% curcumin–chitosan conjugate
polymer in 1% acetic acid solution. Also, controls of chitosan
doped with curcumin were prepared by adding 3 mL of etha-
nolic solution of curcumin (1 mg mL�1) to 20.0 mL of 2.0 wt/v%
chitosan polymer in 1% acetic acid solution. This resulting
mixture was stirred for 10 minutes for facile encapsulation of
curcumin. The curcumin–chitosan conjugate as well as control
solutions were poured onto the non-stick area created in the
PDMS mold and desiccated in an aluminum-foiled covered
vacuum chamber (at �20 mm Hg) for two days at room
temperature. The lm was then carefully removed from the
mold and cut into 1.0 cm � 1.0 cm patches using a scalpel and
ruler, unless noted otherwise. The lm samples were stored at
4 �C and wrapped in aluminum foil until used.

2.4 Radiation exposure

The chitosan–curcumin polymer was exposed to both low linear
energy transfer (LET) radiation (g) and high LET radiation
RSC Adv., 2020, 10, 16110–16117 | 16111
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exposure (56Fe) to assess the sensitivity of the polymer to
different sources of radiation. All studies utilized 137Cs g-radi-
ation (Gammacell, Nordion) from 1–6 Gy in 1 Gy increments,
except for the data in Fig. 3B, where the chitosan–curcumin
polymer was exposed to 20 cGy of 56Fe radiation (1 GeV amu�1,
at 20 cGy min�1) at Brookhaven National Lab's NASA Space
Radiation Lab.

2.5 ATR FT-IR analysis of chitosan–curcumin polymer

FT-IR spectra were measured with an FT-IR spectrometer (Per-
kinElmer Spectrum 100) with universal attenuated total reec-
tance (ATR) sample accessory. The chitosan–curcumin polymer
was sandwiched between diamond/ZnSe crystal and pressure
arm of universal ATR. The spectra were recorded over the
wavenumber range 4000–500 cm�1.

2.6 Density functional theory

Geometry optimization and frequency calculations for curcu-
min–chitosan conjugate were performed using the Gaussian 09
suite of programs. Density functional theory (DFT) calculations
were completed using the B3LYP functional. For these calcula-
tions the 6-31G basis set was used for carbon, hydrogen,
nitrogen and oxygen atoms. Input coordinates were taken from
crystallographic data for curcumin and chitosan.38,39

2.7 UV-VIS analysis post-radiation exposure

UV-VIS was utilized to detect curcumin released into solution
following g-radiation exposure in the chitosan–curcumin poly-
mer and the lms. The chitosan–curcumin polymer (5 mg) was
added to 3 mL of 1� PBS with 0.03 M L-ascorbic acid within
a 15.0 mL centrifuge tube. The samples were radiated at 1 Gy
intervals of g-radiation for 1 minute, then centrifuged at 1000g
for 1 minute and 1 mL of the supernatant was removed for UV-
Vis characterization. A fresh 1 mL of 1� PBS with 0.03 M L-
ascorbic acid was added to each sample to bring the total
volume back to 3 mL and the cycle was repeated again until the
sample had been exposed to a total of 6 Gy radiation. A total of
three polymer samples were exposed to g-radiation and three
polymer samples were used as a control (0 Gy radiation). The
control polymers immersed in 1� PBS with 0.03 M L-ascorbic
acid in parallel with the radiated samples and provided
a control for each period of time during the radiation cycles. UV
absorption spectra of the supernatants were measured in 200–
1000 nm wavelength range using a UV Visible Spectrometer
(Varian Cary 50 BIO UV, Agilent Technologies). The peak
absorbance wavelength for curcumin was identied at 430 nm.
The peak absorbance was correlated to a concentration of cur-
cumin using a standard curve of 1–27 mM of curcumin dissolved
in methanol : PBS (1 : 1) solution.

The chitosan–curcumin lms exposed to g-radiation in 1�
PBS with 0.03 M L-ascorbic acid, followed the same procedure
for radiation exposure outlined above with each 1 cm2 sample
added to 3 mL 1� PBS and 0.03 M L-ascorbic acid in a centrifuge
tube. Analysis of the curcumin content in the supernatant was
carried out with the UV-VIS Spectrometer as described above. A
total of three polymer samples were exposed to each g-radiation
16112 | RSC Adv., 2020, 10, 16110–16117
level and three polymer samples were used as a control (0 Gy g-
radiation). The controls were lms immersed in 1� PBS with
0.03 M L-ascorbic acid in parallel with the radiated samples and
provided a control for each period of time during the radiation
cycles.

The chitosan–curcumin lms were also exposed to g-radia-
tion in pure isopropyl alcohol (IPA) to eliminate hydrolysis
induced release of curcumin, which allowed characterization of
the radiation-induced released. These studies were carried out
in a similar format to the lms described above. Films were
submerged with 1 mL IPA and then exposed to 1 Gy radiation.
Aerwards, the samples were placed on an orbital shaker for 1
minute and each sample was then moved to 1 mL of fresh IPA.
The IPA in the original container was used to measure the
curcumin content with the UV-Vis Spectrometer. The cycle was
repeated until the samples had received a total of 6 Gy radiation.
Four sample lms were exposed to each radiation level as
described above and three lms were controls and were not
radiated. The controls were immersed in IPA in parallel with the
radiated samples and placed on the orbital shaker. They were
moved to fresh IPA each time the radiated samples were moved.
Thus, these controls provide a control for each time point
during the full radiation experiment. All IPA samples were
analyzed by UV-VIS at 430 nm to record absorbance values that
were correlated to a concentration of curcumin in IPA by
a standard curve from 0.5–16 mM.

Aer the samples were exposed to 6 Gy, the solution (1� PBS
with 0.03 M L-ascorbic acid or IPA) was completely removed and
the dry samples were later solubilized in 1 wt/v% acetic acid to
analyze the amount of curcumin remaining in the sample aer
exposure to 6 Gy g-radiation. The peak absorbance (l¼ 420 nm)
was correlated to a concentration of curcumin using a standard
curve of 2–30 mM of curcumin dissolved in 1 wt/v% acetic acid
solution. The amount of curcumin loaded into a sample was
calculated as the sum of the amount of curcumin remaining in
a sample aer exposure to 6 Gy g-radiation and the total
amount of curcumin released into the supernatant aer expo-
sure to each g-radiation exposure. Using this value of the
amount of curcumin loaded per sample, the release study data
was analyzed as a percentage of curcumin released for each
dose of g-radiation.
2.8 Free radical scavenging of released curcumin via DPPH
assay

Multiple chitosan–curcumin lms adding up to a total weight of
5.0 mg were exposed to g-radiation at 0, 3, or 6 Gy with no
solvent. These radiated and non-radiated lms were further
dissolved in 1% acetic acid and wrapped into aluminum foil to
protect against photoactivation. Aer 5 minutes, 3.0 mL of ethyl
acetate was added, vortexed and the sample was placed at 4 �C
overnight. Next day, the yellowish layer of ethyl acetate in the
solution was carefully separated using micropipette and evap-
orated via rotavap. The yellowish solid obtained via rotavap was
therefore re-dissolved in 4.0 mL methanol and UV-VIS absor-
bance was measured at 420 nm. The average curcumin
concentration for 0, 3, and 6 Gy samples (n ¼ 3 for each
This journal is © The Royal Society of Chemistry 2020
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radiation dose) was calculated using a standard curve of 1–14
mM of curcumin dissolved in methanol solution.

A stock solution of 1,1-diphenyl-2-picrylhydrazyl (DPPH) was
made in methanol equimolar to the solutions of extracted cur-
cumin from rotovap (based on UV-VIS measurements). A 1 mL
stock DPPH solution was added to 1 mL of a rotary-evaporator
extracted curcumin in methanol in ratios of 0.2 to 1.0 equiva-
lents. These solutions were incubated for 45 minutes at 37 �C
and the UV-Vis absorbance at 517 nm of DPPH were recorded.
The DPPH percent radical scavenging by extracted curcumin (%
inhibition of DPPH) was calculated by the following equation.

% inhibition ¼ (control � sample/control) � 100

In this equation, the control variable refers to the absorbance
value of DPPH without curcumin.

2.9 SEM analysis of chitosan–curcumin lms

Aer radiation (0, 3, or 6 Gy) of lms without solvent, the
samples were sputter coated with gold/palladium alloy followed
by SEM imaging using a SE2 detector at 2.0 keV accelerating
voltage on a Zeiss Supra 35 (Carl Zeiss AG).

2.10 Statistical analysis

Data was imported into GraphPad Prism® (Version 6.07). All
reported data are of the mean with error bars representing the
standard deviation. When appropriate, statistical analysis was
conducted with an unpaired t-test and signicance was
considered to be present at p < 0.05 for all data.

3. Results and discussions
3.1 Radiation-induced curcumin release for chitosan–
curcumin brous polymer

UV-VIS spectroscopic analysis of the supernatant from the chi-
tosan–curcumin brous polymer following g-radiation detected
curcumin dispersed in PBS solution (Fig. 2). The released cur-
cumin increased with each 1 Gy increment of g-radiation. In the
Fig. 2 Incremental release of the percent cumulative curcumin
concentrations from CC fibrous polymer at varying g-radiation doses
(0–6) Gy in PBS with L-ascorbic acid (unpaired t-test: 0 Gy vs. (1–6) Gy;
*P < 0.05, **P < 0.005, ***P < 0.001).

This journal is © The Royal Society of Chemistry 2020
1–4 Gy radiation dose range, 5–32% of the curcumin loaded into
the chitosan–curcumin brous polymer was released into the
PBS/L-ascorbic acid solution. The curcumin release nearly
doubled from 32 � 7% to 61 � 3% aer exposure to 5 Gy of g-
radiation. Aer exposure to 6 Gy of g-radiation, nearly all (98 �
1%) of the curcumin was released from the chitosan–curcumin
brous polymer. The curcumin release from the brous poly-
mer was statistically signicant at radiation doses of 2 Gy and
above, compared to no radiation (p < 0.05).

Chitosan–curcumin brous polymer samples exposed to either
5 or 6 Gy g-radiation demonstrated higher levels of curcumin
release (greater than 50%) than the lower g-radiation doses which
suggests a higher magnitude of homolytic rupture of the glyco-
sidic bond at the 5 to 6 Gy doses.29–31,36,40,41 In the non-irradiated
control samples (0 Gy in Fig. 2), only 3 � 2% of the curcumin
in the chitosan–curcumin brous polymer mixtures released over
the time course of the experiment. This curcumin release at 0 Gy
supports previously published results for the release of curcumin
from chitosan–curcumin polymer, which concluded that it took
19 days to reach 100% curcumin release via ester-hydrolysis.27

However, this ester-hydrolysis release prole is not an ideal cur-
cumin release mechanism for situations such as radiation expo-
sure that require rapid drug response aer the harmful
stimuli.27,42 For comparison, the 6 Gy release of 98% curcumin
occurred in 30 minutes. The radiation sensitivity for releasing
curcumin from the chitosan–curcumin polymer makes this
a unique system for radiation exposure situations.
3.2 ATR FT-IR analysis of chitosan–curcumin brous
polymer

ATR FT-IR spectroscopic analysis of chitosan–curcumin
brous polymer was used to monitor radiation-induced
Fig. 3 Glycosidic bond (C–O–C) disintegration in curcumin–chitosan
conjugate fibrous polymer as displayed by FT-IR (ATR) spectra at (A) g-
radiation doses (0, 3 and 6), (B) 56Fe ionizing radiation dose (20 cGy)
compared to non-irradiated conditions.

RSC Adv., 2020, 10, 16110–16117 | 16113
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Fig. 4 Increasing thermodynamic stability of curcumin–chitosan
conjugate [C38O17N2H49 (106 atoms)] in water compared to lesser
polar ethanol and isopropanol media as displayed by calculated Gibbs
free energy of solvation (kcal mol�1) of neutral [0, singlet] and radical
cationic [+1; doublet] states using B3LYP/6-31G and polarizable
continuum model (PCM) level of theory.
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carbohydrate backbone disintegration under g-radiation
exposure (Fig. 3A). The ATR FT-IR transmission bands of chi-
tosan–curcumin polymer/lm at 3290 cm�1 (m), 1763 cm�1

(w), 1540 cm�1 (m) and 1025 cm�1 (s) were attributed to
hydroxyl (–OH), curcumin, chitosan amine (–NH2) group and
glycosidic (C–O–C) groups respectively.27,41,43 Per literature, the
amine (–NH2) group is not altered aer g-radiation exposure,
and so the ATR FT-IR analysis of radiation-induced cleavage
was referenced to this band.29,44,45 The data showed radiation-
induced scission of glycosidic bonds leading to the forma-
tion of hydroxyl groups. Subsequently, an increase in the
hydroxyl band [% T(OH/–NH2) ¼ 1.08 (non-radiated) vs. 1.19
(radiated)] and simultaneous decrease in glycosidic band (C–
O–C) [% T(C–O–C/–NH2) ¼ 0.79 (non-radiated) vs. 0.61 (radi-
ated)] intensities were observed upon 6 Gy g-radiation expo-
sure (Fig. 3A). Gamma, ultraviolet and ultrasonic irradiation
have been previously shown to have signicant impact on the
intrinsic properties of polysaccharides via bond scission.45–49

Wasikiewicz, et al. observed similar g-radiation-induced poly-
meric degradation of chitosan and sodium alginate chains via
cleavage of glycosidic bonds, albeit at much higher radiation
exposure levels (5.0 kGy) than were needed to see the cleavage
of the glycosidic bonds in a chitosan–curcumin polymer.45

They studied the effects of g-radiation on the material prop-
erties of chitosan and sodium alginate in the kGy (0.5–200)
range, an irradiation dose used for sterilization of long-term
clinical products (i.e., implants). However, we investigated
the variations in material properties of chitosan–curcumin
polymer for an incidental or accidental exposure (1–6) Gy
range, using low-energy g-radiation exposure.

Similar to the gamma radiation exposure, 56Fe radiation
exposure at 20 cGy to the chitosan–curcumin brous polymer
exhibited radiation dependent backbone disintegration of
glycosidic linkages (Fig. 3B). The glycosidic scission by the
heavy ion irradiation were demonstrated with increases in the
hydroxyl (–OH) [% T(OH/–NH2) ¼ 1.17 (non-radiated)–1.39
(radiated)] and simultaneous decrease in glycosidic (C–O–C) [%
T(C–O–C/–NH2) ¼ 0.84 (non-radiated)–0.69 (radiated)] trans-
mission band intensities. Therefore, the chitosan–curcumin
brous polymer displayed similar bond cleavage trends in
response to both 20 cGy radiation ux of 56Fe ions and cesium
(137Cs) emitted g-radiation, respectively.
Fig. 5 Similar CC film thickness displayed by SEM images of cross-
section of film for irradiated (6 Gy) and non-radiated (0 Gy) samples
[inset (right-corner): SEM stub set-up with film on the carbon tape].
*White-line demonstrated with 2 Xs and 2 circles is a distance-
measurement tool and the film-thickness reported herein was
measured across 2 circles.
3.3 DFT analysis

To examine the relative bond stability within the chitosan–
curcumin brous polymer, the thermodynamic stability and
solubility of chitosan–curcumin conjugate [C38O17N2H49 (106
atoms)] in aqueous and in less polar solvents such as ethanol
and isopropanol were analyzed with DFT (Fig. 4). The absorp-
tion, distribution, metabolism, and excretion (ADME) based
pharmacokinetics and pharmacodynamics of pure chitosan in
polar solvents has been previously reported using density
functional theory (DFT) and molecular dynamics studies.50–53

Homolytic cleavage of the glycosidic bonds would produce two
radical cations, whereas a heterolytic bond scission would
produce two neutral species. The Gibbs free energy of solvation
16114 | RSC Adv., 2020, 10, 16110–16117
(DGsolvation) for both uncharged [0, singlet] [DGsolvation,water ¼
�47.77; DGsolvation,ethanol ¼ �46.08; DGsolvation,IPA ¼
�34.55 kcal mol�1] and radical cationic [+1; doublet]
[DGsolvation,water ¼ �68.50; DGsolvation,ethanol ¼ �64.35;
DGsolvation,IPA ¼ �62.22 kcal mol�1] optimized structures, indi-
cates that the radical cation would be a more stable structure in
water than ethanol and isopropanol solutions, thus favoring
a hemolytic bond scission pathway.54 This trend is in agreement
with previous reports of radiation-induced scission of cationic
polysaccharides through homolysis in solution, resulting in the
formation of two stable macromolecular radicals.36,40,41,54 These
stable and mobile macromolecular radicals may later recom-
bine, disproportionate or repolymerize in their aqueous or non-
aqueous (e.g. ethanol, Isopropanol) environments.55
3.4 Chitosan–curcumin lm thickness and morphology

The chitosan–curcumin polymer was utilized to create lms
(Fig. 5). The average thickness of the non-irradiated lms was
12.77� 2.92 mm. Films exposed to 3 Gy and 6 Gy g-radiation had
an average thickness of 12.84 � 0.43 mm and 13.02 � 2.04 mm,
respectively. The similar lm thicknesses for these conditions
implies that while g-radiation induced bond scission as shown
in the ATR FT-IR spectra of chitosan–curcumin brous polymer,
no statistical changes of the bulk thickness of the lms
(whether through swelling or polymer degradation) were
observed.
This journal is © The Royal Society of Chemistry 2020
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The surface morphology of the chitosan–curcumin lm
samples (n ¼ 3) was observed using SEM at 0 Gy and 6 Gy,
respectively (Fig. 6). The lms displayed a solid non-porous
surface texture with no major changes in the surface
morphology upon radiation exposure.

3.5 Radiation-induced curcumin release for chitosan–
curcumin lm

Curcumin released from chitosan–curcumin lms were inves-
tigated in PBS with L-ascorbic acid (Fig. 7A). The non-radiated
samples (black bars) represent the hydrolysis mediated curcu-
min release from the chitosan–curcumin lms, while the lms
exposed to g-radiation (gray bars) induced curcumin release
from both hydrolysis and radiation. Films exposed to 1 Gy g-
radiation released twice as much curcumin as the control
samples without radiation, but the increase was not statistically
signicant (p¼ 0.07). At 2 Gy g-radiation, the curcumin released
was still twice as high as the control and was statistically
signicant (p ¼ 0.04). The 3 and 4 Gy g-radiated lms each had
Fig. 6 Similar CC film morphology displayed by SEM images of films
for irradiated (6 Gy) and non-radiated (0 Gy) samples.

Fig. 7 (A) Plot of percent curcumin concentrations released from CC
films exposed to varying g-radiation doses of 1–6 Gy (grey bars) and
non-radiated controls (black bars) kept for each radiation time interval
in PBS with L-ascorbic acid (unpaired t-test, *P < 0.05, **P < 0.005,
***P < 0.001). (B) Plot of percent curcumin concentrations released
from CC films at varying g-radiation doses of 1–6 Gy (grey bars) and
non-radiated controls (black bars) kept for each radiation interval in
isopropanol solutions.

This journal is © The Royal Society of Chemistry 2020
a statistically signicant 47% increase in curcumin released
compared to their respective controls (p < 0.02, and p < 0.002,
respectively). Similarly, lms exposed to 5 Gy g-radiation had
a 45% increase in curcumin release compared to its control and
6 Gy had a 42% increase compared to its control (P < 0.001 for
both). This data is similar to the brous polymer release of
curcumin following g-radiation where a statistically signicant
increase was observed initially at the 2 Gy dose of g-radiation
and above. These results indicate that 2 Gy could be a threshold
dose for inducing a statistically signicant drug release in PBS.
The lms also demonstrated 100 � 0% release of the loaded
curcumin following exposure to 6 Gy of g-radiation.

To remove ester hydrolysis as a mechanism for curcumin
release from the chitosan–curcumin lms, g-radiation-induced
release was studied in chitosan–curcumin lms immersed in
anhydrous IPA. Unlike in aqueous media, g-radiated lms in
IPA did not have a statistically signicant difference in the
amount of curcumin released compared to control chitosan–
curcumin lms with no radiation (Fig. 7B). Although, lms
exposed to doses of 3–6 Gy g-radiation did show a trend of
increased curcumin release from lms exposed to g-radiation
compared to their controls: 11 � 4% for 3 Gy, 16 � 5% for 4 Gy,
22� 7% for 5 Gy and 24� 8% for 6 Gy, respectively. Clearly, the
lms exposed to 6 Gy released approximately twice as much
curcumin compared to non-radiated lms. The similar
amounts of curcumin released from control chitosan–curcumin
lms compared to radiated chitosan–curcumin lms in iso-
propanol could be attributed to the inherently superior curcu-
min solubility in alcohols favoring ester-cleavage.37 The lower
release of curcumin from lms in IPA (24 � 8%) compared to
release in 1� PBS with L-ascorbic acid (100 � 0%) at 6 Gy can be
attributed to the following potential factors. First, there is less
radical generation in non-polar IPA solutions, consistent with
IPA's low dielectric constant (3 ¼ 17.9) as compared to strongly
hydrogen-bonding and polar aqueous (3 ¼ 80.1) environments.
Additionally, the greater amount of curcumin release in water
under g-radiation suggests water-derived radical species (e.g.
hydroxy radicals) are major participators in glycosidic bond
cleavage.31

In addition, as a control, curcumin released from chitosan
lms doped with curcumin were also investigated in IPA
(Fig. S1†). The g-radiated chitosan–curcumin doped lms did
not have a statistically signicant difference in the amount of
curcumin released compared to their control lms, i.e. no
radiation, at any radiation dose (Fig. S1†).
3.6 Free radical scavenging of released curcumin via DPPH
assay

The antioxidant capacity of curcumin released from the chito-
san–curcumin (conjugated) lms were assessed using the DPPH
assay (Fig. 8). Similar percent inhibitions (76 � 7% for 0 Gy, 75
� 7% for 3 Gy and 80 � 3% for 6 Gy) were obtained for both
radiated and non-radiated chitosan–curcumin lms at 1 : 1
ratio with DPPH assay (p¼ 0.87 for 0 Gy compared to 3 Gy and p
¼ 0.33 for 0 Gy compared to 6 Gy). The percent inhibition re-
ported here was higher compared to previously published
RSC Adv., 2020, 10, 16110–16117 | 16115
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Fig. 8 Statistically similar percent radical scavenging of DPPH
demonstrated by CC films at g-radiation doses 0, 3 and 6 Gy.
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52.4% inhibition with chitosan–curcumin polymers in an acetic
acid/Tween-20 solution.27 The similar radical scavenging
percentages of curcumin from lms with and without radiation
implies that the radiation induced glycosidic bond cleavage that
released curcumin did not alter curcumin's free radical scav-
enger activity with DPPH at 1 : 1 molar ratio. This is important
to note, as the gamma irradiation stimulus does not appear to
alter the potential therapeutic effects of curcumin.

4. Conclusions

Chitosan–curcumin conjugated polymer's sensitivity to radia-
tion was studied. The chitosan–curcumin polymer were used to
form lms, which shows promise as a potential radioprotectant
system since it is easy to construct and highly functional. Cur-
cumin's chemical stability was displayed with its similar free
radical scavenging activity with and without radiation exposure.
Solubility of curcumin following radiation exposure was
demonstrated with �100% recovery in aqueous and �32%
recovery of concentration levels in non-aqueous (IPA) environ-
ments. The radiation exposure leads to glycosidic bond scission
among the chitosan units of the chitosan–curcumin polymer.
The advantage of current work is the controlled and statistically
signicant drug release from the chitosan–curcumin polymer
under stimuli of g-radiation in aqueous and polar media.
Further studies to extend the observed triggered-burst release in
thin lms to other chemical radioprotectants, wound-healing,
pulsatile drug delivery and additional triggered-burst induced
targeted delivery applications are underway.
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35 M. A. Garćıa, N. de la Paz, C. Castro, J. L. Rodŕıguez,
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