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ABSTRACT: Curcumin is a natural polyphenol that exhibits remarkable
antioxidant and anti-inflammatory activities; however, its clinical application is
limited in part by its physiological instability. Here, we report the synthesis of
curcumin-derived polyesters that release curcumin upon hydrolytic degradation
to improve curcumin stability and solubility in physiological conditions.
Curcumin was incorporated in the polymer backbone by a one-pot
condensation polymerization in the presence of sebacoyl chloride and
polyethylene glycol (PEG, M, = 1 kDa). The thermal and mechanical
properties, surface wettability, self-assembly behavior, and drug-release kinetics
all depend sensitively on the mole percentage of curcumin incorporated in
these statistical copolymers. Curcumin release was triggered by the hydrolysis
of phenolic esters on the polymer backbone, which was confirmed using a
PEGylated curcumin model compound, which represented a putative repeating
unit within the polymer. The release rate of curcumin was controlled by the

| O OH I
& ﬁ/\/[k/\%\ °
) Oj\vl Qﬂo ‘-_‘\

Curcumin

Neuroprotective

Self-assembly

hydrophilicity of the polymers. Burst release (2 days) and extended release (>8 weeks) can be achieved from the same polymer
depending on curcumin content in the copolymer. The materials can quench free radicals for at least 8 weeks and protect primary
neurons from oxidative stress in vitro. Further, these copolymer materials could be processed into both thin films and self-assembled
particles, depending on the solvent-based casting conditions. Finally, we envision that these materials may have potential for neural
tissue engineering application, where antioxidant release can mitigate oxidative stress and the inflammatory response following neural

injury.
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B INTRODUCTION heat

or pH.24 Physically incorporating curcumin in such

Curcumin is a natural polyphenol extracted from the rhizomes
of the turmeric plant."”” For centuries, it has been widely
consumed as a dye and spice in the food industry.”* In
addition to culinary uses, curcumin shows remarkable
antioxidant, anti-inflammatory, neuroprotective, and antimi-
crobial bioactivities in vitro.” The neuroprotective activities of
curcumin are of particular interest, as various in vitro and in
vivo nervous system injury models have shown that curcumin
protects against lipid peroxidation” and peroxynitrite damage.®
However, clinical application of curcumin is restricted because
of its low bioavailability and physiological instability.”'® The
hydrophobic nature of curcumin restricts its uptake by cells
and reduces the drug’s bioactivity and therapeutic effect.”"
Ongoing efforts have been focused on increasing the
aqueous solubility of curcumin by encapsulating it in the
hydrophobic cores of liposomes,'' ~"* micelles,"*"* B-cyclo-
dextrins,'™"® and nanoparticles."”™** Nanocarriers such as
cellulose nanocrystals,23 mesoporous silica nanoparticles,24 and
polyNIPAM nanogel™ have also been developed featuring
solubilization and triggered release of curcumin in response to
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delivery vehicles allows for solubilization of the drug. However,
because of the lack of covalent bonds between curcumin and
the carrier materials, the complex destabilizes during
administration, which leads to a burst release of curcumin
when the structure is compromised.”*"**

Another strategy to enhance the solubility and long-term
stability of curcumin is to conjugate the reactive phenol groups
to the side chains of polyethylene glycol,””*° hyaluronic
acid,”' ™ sodium alginate,”* or xylan.”® The diketone group in
curcumin can also be functionalized by interacting with
polymers bearing boronic acids’®*” or complexation with
metal ions.***” Because the carrier polymers in drug-polymer
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Figure 1. (A) Synthesis of poly(curcumin-co-PEG) series. (B) Representative "H NMR spectrum of poly(curcumin-co-PEG) P4 in CDCl;. (C)

GPC trace and (D) DSC curve of poly(curcumin-co-PEG) series.

conjugates are usually pharmaceutically inactive and only serve
as a scaffold, drug loading is limited.***! Higher drug loading
can be achieved by directly incorporating curcumin into the
polymer’s chemical structure, where such poly(pro-drugs) act
both as the carrier matrix material and a depot of the drug
itself.*” Curcumin-containing polyacetals,*”*’ polyoxalates,”*
polycarbonates,”**® polyurethane,”” and polyesters**® have
been reported, and the release of curcumin from these
materials were either rapid (<30 h)** or sustained (2—80
days),">****® depending on the stability of the linker
chemistry used to enchain the drug molecules. However, for
many biomedical applications, a dual-stage curcumin release
profile that exhibits both an initial burst and a prolonged
release may be desirable. For example, in the case of
intracortical microelectrodes, neural probe implantation elicits
an inflammatory response that leads to neuronal loss and the
formation of a glial scar around the implant.””~>' Ideally, a
burst release of curcumin could address the initial injury
caused by implantation, while sustained release of curcumin
could help mitigate the long-term inflammation. To that end,
we report an innovative series of poly(curcumin-co-PEG)
materials that revealed certain formulations with both a burst
release (2 days) and extended release (>8 weeks) of curcumin.
The copolymers were synthesized by one-pot polycondensa-
tion of curcumin in the presence of sebacoyl chloride and PEG
(average M, 1000 Da) (Figure 1A). Because of the
difference in relative reactivities of phenol and hydroxyl groups,
we expect a high degree of compositional drift in this system:
that is, the sequence of curcumin and PEG units along the
copolymer chain is likely nonuniform, with substantial block-
or gradientlike compositional profiles. This blocky copolymer
sequence would likely have a propensity to spontaneously self-
assemble in solution. We report a comprehensive study on the
materials properties, self-assembly behavior, and drug release
profile of poly(curcumin-co-PEG) copolymers. Degradation
kinetics of the copolymers were investigated by modulating the
hydrolysis of a model compound under physiological
conditions. The ability of poly(curcumin-co-PEG) copolymers
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to neutralize free radicals and to protect cortical neurons from
oxidative stress, via hydrogen peroxide insult, were also
assessed.

B EXPERIMENTAL SECTION

Synthesis. P, was synthesized following a reported procedure™®
with minor modifications. Dry pyridine (386 uL, 4.78 mmol, 2.20
equiv) was added to a solution of curcumin (800 mg, 2.17 mmol, 1.00
equiv) in dry DCM (16.7 mL, [curcumin] = 0.130 M). The solution
was cooled to 0 °C, and sebacoyl chloride (489 uL, 2.17 mmol, 1.00
equiv) was added dropwise. The mixture was warmed to room
temperature and stirred for an additional 1 h. It should be noted that a
long reaction time may have caused polymer to crash out of solution.
The crude product was diluted with DCM (30 mL) and washed with
0.1 M HCI (50 mL X 3) and brine (50 mL). The organic layer was
dried over anhydrous Na,SO,, concentrated on a rotary evaporator,
and precipitated into methanol. The dissolution—precipitation
process was repeated twice using chloroform—methanol. When full
dissolution was not observed, the chloroform solution was filtered
through 1 ym PTFE syringe filters before precipitation (yellow solid,
0.90 g, 77%, peak MW = 23.0 kDa measured by GPC).

P,s: Anhydrous pyridine (386 uL, 4.78 mmol, 2.20 equiv) was
added to a solution of curcumin (600 mg, 1.63 mmol, 0.750 equiv)
and PEG1000 (543 mg, 0.543 mmol, 0.250 equiv) in dry DCM (16.7
mL, [curcumin+PEG] = 0.130 M). The solution was cooled over ice,
and sebacoyl chloride (489 uL, 2.17 mmol, 1.00 equiv) was added
dropwise. The mixture was warmed to room temperature and stirred
for an additional 80 min. The crude product was diluted with DCM
and washed with 0.1 M HCI (50 mL X 3) and brine (50 mL). The
organic layer was dried over anhydrous Na,SO,, concentrated on a
rotary evaporator, and precipitated into cold methanol. The
dissolution—precipitation process was repeated twice (yellow solid,
1.02 g, 68%, peak MW = 18.4 kDa measured by GPC).

Pgy: Anhydrous pyridine (290 uL, 3.58 mmol, 2.20 equiv) was
added to a solution of curcumin (300 mg, 0.814 mmol, 0.500 equiv)
and PEG1000 (814 mg, 0.814 mmol, 0.500 equiv) in dry DCM (1.63
mL, [curcumin] = 0.500M). Sebacoyl chloride (366 uL, 1.63 mmol,
1.00 equiv) was added dropwise at 0 °C. The mixture was warmed to
room temperature and stirred for 24 h. The crude product was diluted
with DCM and washed with 0.1 M HCI (50 mL X 3) and brine (50
mL). The organic layer was dried over anhydrous Na,SO,,
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concentrated on a rotary evaporator, and precipitated into cold
diethyl ether (sticky yellow solid, 0.77 g, 56%, peak MW = 14.8 kDa
measured by GPC)

P,s: Anhydrous pyridine (386 uL, 4.78 mmol, 2.20 equiv) was
added to a solution of curcumin (200 mg, 0.543 mmol, 0.250 equiv)
and PEG1000 (1.63 g, 1.63 mmol, 0.75 equiv) in dry DCM (2.17 mL,
[curcumin] = 0.250 M). Sebacoyl chloride (489 uL, 2.17 mmol, 2.00
equiv) was added dropwise at 0 °C. The mixture was warmed to room
temperature and stirred for 48 h. The crude product was diluted with
DCM and washed with 0.1 M HCI (50 mL X 3) and brine (S0 mL).
The organic layer was dried over anhydrous Na,SO,, concentrated on
a rotary evaporator, and precipitated into cold diethyl ether. The
dissolution—precipitation process was repeated twice (yellow solid,
1.27 g, 58%, peak MW = 15.5 kDa measured by GPC).

Detailed descriptions of the material and methods, characterization
data (including the synthesis of model compound), fabrication of thin
films and self-assembly, biological assays, and microscopy procedures
are included in the Supporting Information.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Poly(curcumin-co-
PEG). Four different poly(curcumin-co-PEG) polyesters were
synthesized by condensation polymerization of curcumin and
PEG in the presence of sebacoyl chloride and pyridine in
varying molar ratios (100, 7S, 50, and 25 mol % curcumin)
(Figure 1A). These poly(curcumin-co-PEG) polyester materi-
als are referred to as P,, where x is the molar percentage of
curcumin in the monomer feed, e.g, P,s represents poly-
(curcuming,-c0-PEGy ;). The structure of the copolymers
was characterized by '"H NMR spectroscopy (Figure 1B and
S1), which confirmed the target structures were obtained and
that the molar ratio of curcumin in each copolymer was close
to the theoretical feed content to within <10% error (Table 1).

Table 1. Experimental Curcumin Loading, Molecular
Weight (M,), Polydispersity (P), Glass Transition
Temperatures (T,), and Melting Point (T,,) of
Poly(curcumin-co-PEG)

curcumin mol % M, N
(experimental ) (kDa) b T, (°C) (°C)
Py 22+1 18.5 2.9 —45 34
Py, 44 + 1 14.8 2.9 -39 32
P 65 +2 18.4 2.5 —43, —4
Pyoo 91 + 1 230 24 81

“Mole fraction of curcumin was determined on the basis of peak
integration in 'H NMR spectra (Figure S1).

The molecular weight distribution in each case was analyzed by
GPC in THF relative to PS standards (Figure 1C), which
showed that each of the copolymers possess a peak molecular
weight M, = ~14-—23 kDa, and that their chain length
dispersity ranges from 2.4 to 2.9 (Table 1). The GPC
chromatograms of P,s, Pso, and P,5 show tailing toward the
low-molecular-weight side. This is originated from the
polydisperse nature of PEG-lk used as a comonomer.
Differential scanning calorimetry (DSC) data reveal that the
thermal transitions are highly dependent on copolymer
composition (Figure 1D). As expected, the copolymers exhibit
higher glass transition temperatures ( Tg) with increased molar
ratio of the rigid curcumin units relative to the flexible PEG-1k
content. For example, the T, of the PEG-rich copolymer P,
was very low (—45 °C), whereas the T, of the more rigid P,
devoid of any PEG content, was much higher (+81 °C). The
copolymer P,¢ shows a pronounced and broad glass transition
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centered around —4 °C, which suggests that a majority of the
material is a single amorphous phase, in addition to a faint
transition at —43 °C that suggests the presence of a PEG-rich
minority phase. The copolymers P, and Py, are semicrystal-
line with melting temperatures of 32 and 34 °C, respectively,
which is attributed to their higher content of PEG chains,
which can form chain-folded crystallites.”> The polymerized
curcumin units are unlikely to participate in crystallization
because of the heterogeneity of the statistical copolymers.
Although P, might be possible to crystallize under some
conditions, we did not observe a T, transition by DSC under
the conditions examined here (heat/cool/reheat with a ramp
rate of 10 °C/min).

Film Surface Wettability, Swelling, and Mechanical
Properties. Poly(curcumin-co-PEG) films were prepared by
drop casting from chloroform solution (8% w/w) onto silicon
substrates precleaned with atmospheric plasma. The films of
the four copolymers exhibited distinct surface wetting
behaviors as a result of their differences in copolymer
composition. As expected, the hydrophobicity of the films
increased with higher molar ratio of curcumin: Py, was the
most hydrophobic with a static water contact angle of 83.8 +
0.3°, whereas P, films were slightly more hydrophilic, with a
contact angle of 74.0 & 0.3° (Figure 2A). It was not possible to
obtain reliable equilibrium contact angle data for P,g and Py,
films since these polymers are at least partially water-soluble
and, thus, readily absorb the droplet of water. The water
dissolution and swelling behavior of the films were then
investigated by comparing the films’ thicknesses in their dry
state versus wet state. The very hydrophilic P,5, which has the
highest PEG content, completely dissolves upon incubation in
phosphate-buffered saline (PBS), as evidenced by the sudden
decrease in film thickness from ~S55 um to near-zero
measurable thickness in the profilometer (Figure 2B). The
film thickness for Ps, was significantly reduced in PBS because
of its partial solubility in aqueous media. We propose that the
partial solubility of Pg, is ascribed to the compositional
dispersity in the random copolymer chains; a subpopulation of
the sample that is more PEG-rich would exhibit better
solubility than subpopulations that have PEG content less
than the average of ~50% (Figure S2). Films of the more
hydrophobic P,s and P4, showed no significant difference in
thickness in their dry state versus wet state, which in
combination with their relatively high contact angles, implies
that no swelling or dissolution occurs in PBS.

Mechanical properties of poly(curcumin-co-PEG) thin films
were studied by rheology (Figure 2C,D). At room temper-
ature, P, films have the highest storage modulus G’ (7.3
MPa), which is consistent with the semicrystalline structure
evidenced by DSC. P and Py films were softer than P, with
G’ values of 3.5 and 0.36 MPa, respectively. At 37 °C, the G’
value for P,s quickly decreased and was lower than the loss
modulus G”, thereby indicating the transition to a more
liquidlike state at physiological temperature. A temperature
sweep of P, from 25 to 42 °C shows the phase transition
occurs at 31 °C under low strain, which is close to the melting
point of 34 °C found by DSC (Figure S3). Pyy and P films
both became slightly softer at elevated temperature but
remained predominately solidlike (G’ > G”) up to 42 °C.
We were unable to obtain reliable rheological data of Pjq,
because of the glassy brittleness of the film at room
temperature, which is consistent with a T, of 81 °C via DSC.
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Figure 2. (A) Polymer film characterization by static water contact angle. Images were taken after 10 s of equilibration of a 3 uL droplet. (B) Film
thickness measured by profilometry. (C) Storage modulus (G’) and loss modulus (G”) as a function of strain for P,s, P, and P, obtained at 25

°C (C) and 37 °C (D) at a constant frequency of 1 Hz.

Self-Assembly of Pso. The phenol groups in curcumin and
the hydroxyl groups in PEG have different reactivities in the
polycondensation reaction with sebacoyl chloride. This would
presumably cause the two monomers to be consumed at
different rates in a copolymerization reaction, thereby resulting
in a compositional drift or blocky sequence. The more reactive
monomer would preferentially be consumed in the earlier stage
of polymerization, thereby leading to copolymers with very
nonuniform sequence distributions. Although phenols are
generally considered weaker nucleophiles than alcohols
because of delocalization of the oxygen lone pair over the
aromatic ring, we found curcumin to react much faster than
PEG in condensation with sebacoyl chloride. This is supported
by the observation that synthesis of Py, reached a molecular
weight of 20 kDa within an hour, while P, required 48 h to
achieve a similar molecular weight. The sluggish reactivity of
the hydroxyl end groups on PEG-1k could be attributed to the
restricted availability of the end groups, which may be partially
shielded within the entangled PEG chain in solution. It has
been reported that block copolymers containing curcumin and
PEG may undergo spontaneous organization of chain segments
in selective solvents."** Although the poly(curcumin-co-PEG)
copolymers we synthesized in this study are not strictly block
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copolymers, they may have the potential to form supra-
molecular assemblies under certain conditions. Indeed, this
expectation was borne out in certain conditions.

SEM images of the four copolymer films drop-casted from
chloroform showed that Py, was a smooth film, and P4 was
textured on the micro/nano scale, whereas Py, and P,
contained micron-scale spherical inclusions within the thin
film (Figure S4). The results suggest that self-assembly took
place in chloroform solution, presumably driven by 7 stacking
of curcumin and/or the solvophobic interaction between
curcumin-rich segments and chloroform. In order to isolate the
self-assembled objects for further analysis, we washed the
copolymer films with deionized water, which removed some
water-soluble components. The P,; film was fully dissolved;
the Py and P,s films were unchanged. Most interestingly,
however, was that Py, showed intermediate characteristics
(Figure 3A,B): after the partial water-soluble fraction was
washed out from the film, the remaining portion was spherical
self-assembled objects with an average size of ~5 ym. These
spherical particles remained stable upon resuspension in water
with sonication and could be injected through a 22G needle
(Figure 3B). The particles persisted even after incubation in
PBS at 37 °C for 6 months, which demonstrates excellent long-
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term stability. These materials are promising as both coatings
and local injectable polyprodrug depots that offer controlled
release of curcumin. Py, self-assembled into different
morphologies under different drop-casting conditions (Figure
4). At a low concentration of 3% w/w in chloroform, self-
assembly favored apparently vesicular objects of 10—15 pm
(Figure 4B). When cast from 8% w/w solution, smaller
globular structures were obtained. When the concentration was
increased further (15% w/w), only smooth films were observed
without any spherical substructures (Figure S4). This
capability of tuning the morphologies of self-assembled
structures with casting conditions renders the polymerized
curcumin materials excellent candidates as carriers for other
cargo, in addition to their inherent antioxidant ability.
Specifically, for Py, vesicles, hydrophobic and hydrophilic
drugs could be loaded simultaneously in the shell and core of
the vesicle to perhaps enable codelivery of drugs from a carrier
that is inherently antioxidant in nature. Although beyond the
scope of this work, we intend to pursue these and related ideas
in the future.

Drug Release Kinetics. Because of the presence of ester
groups, copolymers of poly(curcumin-co-PEG) may undergo
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hydrolytic degradation to release curcumin, oligomeric frag-
ments of PEGylated curcumin, and/or curcumin oxidation
byproducts. The kinetics of curcumin release from the
copolymers were measured by incubating films of the four
copolymers in PBS at 37 °C. At predetermined time points, the
supernatant buffer was collected for analysis, and the amount
of curcumin in the supernatant was calculated on the basis of
the absorbance relative to a calibration curve. Native curcumin
is highly unstable in PBS; it undergoes rapid auto-oxidation in
the presence of water and dissolved oxygen, which produces a
variety of byproducts on the time scale of minutes.” >® The
composition of curcumin auto-oxidation products is related to
the time of incubation and has been well studied by Schneider
and co-workers.”” "' Native, unmodified curcumin in aqueous
solution has the maximum absorption at 423 nm, which decays
significantly after just 10 min in PBS at 37 °C (Figure SA).
Following auto-oxidation, new absorption peaks appear at 227,
264, and 366 nm. These correspond to some of the known
curcumin byproducts: biocyclopentadione, spiroepoxide, and
vinylether, respectively.”” In this context, curcumin that is
released via hydrolytic degradation of the copolymers is subject
to auto-oxidation and, thus, the supernatant will contain a
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Figure 4. (A) Schematic illustration of the Py, self-assembly into
putatively vesicular and/or globular structures. (B) SEM and confocal
images of the self-assembled objects after drop-casting from 3% and
8% solution followed by H,O wash. All scale bars represent 20 ym.

mixture of curcumin’s auto-oxidation byproducts. We selected
the spiroepoxide product, which absorbs at 264 nm, as the
reference peak for calibration because it is well resolved. A
calibration curve was generated on the basis of the
concentration of curcumin and intensity of absorbance at
264 nm after the curcumin solutions were incubated in PBS for
24 h to estimate the amount of curcumin released from the
poly(curcumin-co-PEG) films. It is worth noting that the
copolymer hydrolysis is a dynamic process, and the
composition of the supernatant varies over time. We selected
the calibration curve standards to be curcumin solutions in
PBS after 24 h of degradation, but this method might
underestimate the amount of curcumin released from the
copolymers because degradation products other than 24 h
were not included in the calculation.

We monitored the concentration of soluble spiroepoxide
product from each of the films over 8 weeks (Figure SB). The
hydrophilic P,5 film was completely dissolved in PBS within 2
days. On the basis of the total amount of copolymer in the film
and the molar ratio of curcumin within the copolymer, we
calculated that 0.38 mg of curcumin equivalent is present
initially. P,s undergoes essentially complete burst release of
soluble curcumin within a few days. On the opposite extreme,
the more hydrophobic Py (lacking any PEG content) was
found to release the curcumin spiroepoxide auto-oxidation
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Figure S. (A) Degradation of a 50 4uM curcumin solution in PBS over
24 h. (B) Soluble curcumin release from poly(curcumin-co-PEG)
films. For Py, (>3 days), P, and P4, calculation was based on the
soluble spiroepoxide product released from the corresponding
polymer films into PBS buffer. For water-soluble films P,g and Pg,
(<3 days), the amount of polymer dissolved was first calculated
according to calibration curves of corresponding polymer in PBS, then
the amount of curcumin was calculated on the basis of polymer
composition. Plot of percentage release versus time can be found in
Figure SS.

product at an almost imperceptibly slow pace, whereas P, very
gradually released 0.02 mg of curcumin over 8 weeks, which is
only 1.6% of the total curcumin present in the film (Figure SS).
Interestingly, the film of Py, which is partially water-soluble
and somewhat hydrophilic, showed the desired dual-stage
release with an initial burst for the first few days followed by a
gradual increase over the full 8-week duration. The initial
dissolution of the water-soluble fraction of Py, gave a burst
release of soluble curcumin of ~0.55 mg, which corresponds to
approximately 66% of the total curcumin initially present in the
film. The remaining intact copolymer film then underwent
slow degradation and released trace amounts of curcumin
byproduct in a sustained manner over 8 weeks. The total
percentage of curcumin release at 8 week was 68%. Overall, the
results show that varying the copolymer composition can
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Figure 6. Degradation of poly(curcumin-co-PEG) observed by GPC. P, samples for GPC were prepared by lyophilization of its aqueous solution
after incubating for 1, 3, S, and 8 weeks. Pgq, P, and P4 samples were the remaining water-insoluble films after incubating in PBS for the
corresponding duration and dissolving in THF for analysis. PEG1k trace was coplotted as a reference.

effectively tune the type and time scale of curcumin release
from the thin film scaffold of the polymers.

Polymer Degradation. Changes in the molecular weight
distributions (MWD) of the four copolymers following
incubation in PBS at 37 °C for 1, 3, 5, and 8 weeks were
characterized by GPC (Figure 6). Films of Py, P, and P,
were incubated in PBS at 37 °C, whereas the degradation of
P,; was conducted in aqueous solutions because P, is fully
water-soluble. We found that 1 week and 3 week samples of all
four polymers were not fully soluble in THF, which suggests
that cross-linking and/or aggregation of the polymers occurs
during incubation. The GPC traces of P,5, Pgy, and Pjq,
although only representative of the THF-soluble fraction of the
remaining films, also showed a shift to lower retention time on
the high MW side of the peak, which also indicates some initial
cross-linking or aggregation. Perhaps cross-linking occurred via
dimerization of curcumin following a radical mechanism in the
presence of molecular oxygen, as Yamaguchi and co-workers
have shown.’” The four polymers’ overall degradation rate is in
agreement with their drug-release kinetics; P,5 and Py show a
significant reduction in MW after 8 weeks, which indicates
more hydrolytic degradation and greater curcumin release.
Degradation of P,5 and Py, was also shown by a reduction in
absorbance at 400 nm (Figure S6). In contrast, Pg and P4, do
not exhibit as pronounced a shift to higher MW, initially, but
rather broaden more gradually on the low MW side of the
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peak. By the end of the 8-week incubation, a substantial
fraction of the P,5 and Py, GPC chromatograms still have a
peak around 12 min, which suggests that much of the polymer
sample within the films remains completely unreacted at this
time point. This also agrees with our observation of very slow,
sustained release from P,5 and P, in Figure SB.
Assessment of Hydrolysis Mechanism Using a Model
Compound. The poly(curcumin-co-PEG) backbone consists
of hydroxyl and phenolic esters that may undergo hydrolysis at
different rates. Hydrolysis at the hydroxyl ester sites will release
curcumin with the linker fragments, while hydrolysis from the
phenolic esters would ultimately release whole curcumin. In
order to compare the relative hydrolysis rate of the two esters,
we synthesized a model compound 1 and studied its hydrolysis
pathway by MALDI-TOF. The model compound was
synthesized with one curcumin derivatized with 2 kDa
monomethyl ether PEG on both ends via a two-carbon linker
(Figure 7A). Unlike poly(curcumin-co-PEG) copolymers,
which were highly polydisperse originating from the nature
of step-growth polymerization, the model compound’s
polydispersity is narrow and arises only from the dispersity
of the PEG 2k, itself. Hydrolysis of 1 will give three polymeric
products 2, 3, and 4, which could be easily distinguished by
MALDI-TOF-MS. We incubated a solution of 1 in PBS at 37
°C and collected an aliquot for MALDI analysis daily for 3
days. As shown in Figure 7B, the model compound was
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Figure 7. (A) Model compound 1 and predicted hydrolysis products. (B) MALDI data of 1 and hydrolysis products over 3 days at 37 °C. (MALDI

mass lists and peak assignment can be found in Figure S7—10).

polydisperse with a peak molecular weight of 4406 Da, which
closely matches the theoretical value of about 4 kDa. After 1
day of incubation, a large majority of 1 was broken down by
hydrolysis, and hydrolysis exclusively took place at the phenolic
esters, thereby giving degradation products of 2 and 3. After 2
days of incubation, very little of 1 was left in solution.
Degradation product 4 was observed as a result of further
hydrolysis of 2 and 3, but only at the later time point. After 3
days, all of 1 was degraded, and 2 was no longer observed in
solution, either, as it underwent hydrolysis to give 3. Since 2
and 3 were first found during the hydrolysis of 1, and because
4 only appeared at a later time point, this suggests that the
phenolic esters are more reactive than the hydroxyl esters and
more prone to undergo hydrolysis first. This observation is
consistent with the pK, values of phenols (9.30 and 10.69 for
curcumin)®*** versus alcohols (15.9 for ethanol), which
suggests phenols are better leaving groups in hydrolysis.
Radical Scavenging Activity. Curcumin is known to act
as a free radical scavenger in solution.””> A 2,2-diphenyl-1-
picrylhydrazyl free radical (DPPH) assay was performed with
the P, solution and Py, P, Pygg films to determine whether
the copolymers in this study exhibit antioxidant activity. DPPH
is a purple-colored persistent radical that absorbs light at 515
nm. In the presence of a radical scavenger, it abstracts a
hydrogen atom, transforms into a nonradical form, and loses
absorbance at 515 nm. The radical scavenging ability of a
substance can be quantified on the basis of the reduction in
absorbance.””%’ Quantitative DPPH assay was performed
with P,¢ because this polymer is fully soluble in PBS, which is
in turn miscible with DPPH ethanol solution. When mixing
P,; with DPPH, the absorption at 515 nm decreased in a
concentration-dependent manner, thereby indicating that the
P, polymer acts as a radical scavenger (Figure 8A). The
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radical scavenging ability of P, was also found to be long-
lasting (Figure 8B). The inhibition of DPPHe by P, dropped
from 28% to 18% in the first week, then maintained around
18% in the following 7 weeks. The radical scavenging abilities
of Py, P, and P,o, were characterized with DPPH
qualitatively because these materials were not soluble in the
assay media but could quench some DPPH as insoluble solids
in contact with DPPH solution (Figure 8C). Films of Py,
showed strong antioxidant activity, which was visibly evident
because the purple color of DPPH disappears in solution that
is in contact with insoluble polymer films. This result could be
attributed to the partial water solubility of Py, which led to a
burst release of soluble curcumin polymer, as described above.
However, even after 3 months of incubation in PBS at 37 °C,
the remaining Py, polymer film still showed strong antioxidant
activity, which suggests that even the insoluble fraction remains
active for prolonged times, even in heterogeneous contact with
DPPH in solution. Although P4, contains the highest amount
of antioxidant curcumin, it showed no antioxidant activity in
this assay. The color change of DPPH solution with P4, films
was hardly noticeable, presumably because P4 is too
hydrophobic, and the heterogeneous reaction between the
film and DPPH solution is likely very slow. P,s film had
intermediate antioxidant activity, as compared with Py, and
P00, in which the purple color of DPPH solution was partially
reduced, which is consistent with the drug release profile
(Figure SB). The copolymers Pg, and P,g retained their
antioxidant activity even after incubation in PBS at 37 °C for 3
and 6 months, respectively. This long-term antioxidant
reactivity is useful for applications that require continued
neutralization of reactive oxygen species (ROS) over extended
time scales, such as in chronic wound healing or in the
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secondary injury cascade that occurs after injury to the central
nervous system,*”%%73

The structural element that contributes to curcumin’s ability
to scavenge free radicals has been a topic of controversial
debate.”*”*~%" It was conventionally believed that the phenol
groups contributed to the radical scavenging capability of
curcumin by donating a hydrogen atom to radicals, thereby
yielding resonance-stabilized phenolic radicals that are no
longer able to undergo chain propagations.”*””® Other studies
argued that the methylene group at the center of curcumin was
responsible for the antioxidant properties of curcumin,
presumably following a sequential proton loss/electron transfer
mechanism.””’®*" The latter process was thought to be
dominant in polar solvents, such as alcohols and water.®*”**
In this study, the phenol groups on curcumin were
polymerized in the copolymer, with the minor possible
exception of curcumin on the chain ends. The aforementioned
exception is likely insignificant, however, since curcumin is
incorporated into the copolymer much faster than PEG, and
therefore, at high conversion, one expects mainly PEG end
groups to predominate. It is apparent that although the phenol
groups on curcumin were mostly transformed into esters by
polymerization, the copolymers still exhibited radical scaveng-
ing activity. This is reasonable since polar solvents such as
water can promote the ionization of the enol (the most acidic
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site in curcumin, pK, = 8.55).° A consequent electron transfer
reaction would quench DPPHe free radicals. Another possible
explanation for the radical scavenging capability of P, is that
the phenol groups on the polymer chain ends quench DPPHe
by donating a hydrogen to DPPHe, although this is expected
to play only a minor role, if any, for the reasons mentioned
above.

Cytotoxicity and Hydrogen Peroxide Rescue Assay.
The toxicity of the poly(curcumin-co-PEG) films, as well as
their capability of quenching ROS to salvage neuronal viability,
was assessed by incubating primary rat cortical neuronal
cultures with solubilized P, films with and without a hydrogen
peroxide insult (Figure 9A). The average weight of each
polymer film was 5.04 + 0.41 mg (Figure S11), which resulted
in a final concentration of 10 mg/mL for each culture well
since the P, polymer fully dissolved into the media after 24 h.
There was no statistically significant change in cell viability
with the presence of P, compared with the control (Figure
9B), which indicates that the polymer is nontoxic even at this
very high concentration. The hydrogen peroxide insult
significantly decreased neuronal viability to about 50% of the
control value, while the P, film was able to rescue the decrease
in viability to some extent as there was a significant increase in
viability with the presence of the film compared with the
hydrogen peroxide alone (Figure 9B). It is possible that the
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(*p < 0.05, ¥*p < 0.01, ***p < 0.001).

polymers with higher curcumin content may be able to fully
rescue neuron viability but may be more cytotoxic at the same
concentration because of lower PEG content. Future studies
will more thoroughly investigate the details of the cytotoxicity
of each of the polymers at various concentrations, as well as
their neuronal rescue activities in vitro.

Curcumin is of interest as a neurotherapeutic because it has
been shown to provide neuroprotection and improved
functional outcomes following traumatic brain injury, spinal
cord injury, Alzheimer’s disease, and multiple sclerosis.”* ™"’
Many previous studies have also shown the benefits of utilizing
various biomaterials, such as nanoparticles, liposomes, and
biomimetic polymers, to increase the solubility of curcumin for
more effective treatment of nervous system injury.gs‘gg_%
However, these systems still rely on curcumin release and are
limited by the amount of drug loading. To our knowledge, this
study is the first to develop a poly(curcumin-co-PEG) that is
fully water-soluble and capable of quenching free radicals and
rescuing neuronal viability while still in its polymerized form.
Furthermore, P, was able to continue quenching free radicals
for 8 weeks. This longevity could be beneficial for treating
chronic neural injury because inflammatory macrophages
continue to produce ROS for months to years after traumatic
brain injury and spinal cord injury.®*”"° Neural probe
implantation into the brain also elicits an oxidative stress and
inflammatory response that compromises the implant
functionality over time.”” The more hydrophobic polymers
developed in this study may allow for a stable coating material
for brain implants that mitigates the foreign body response by
attenuating ROS and inflammation. These polymers may also
have a potential benefit for many other medical applications

that involve ROS and inflammation, including bone'*** and
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cardiac®™”® tissue engineering, wound dressings, and

coatings for orthopedic implants.”””®

B CONCLUSION

In summary, we synthesized a series of poly(curcumin-co-
PEG) with 25—100 mol % of curcumin loading by
condensation polymerization and characterized the material
properties, degradation behavior, and antioxidant activity. The
hydrophilicities of the polymers increased with higher
incorporation of the PEG segment, as expected. When
incubated in buffer at 37 °C, films of these copolymers
underwent hydrolytic degradation by ester hydrolysis and,
thus, released curcumin gradually over long time periods,
thereby enabling sustained antioxidant activity. We studied the
relative reactivities of the phenolic ester and hydroxyl esters
and found that the phenolic esters were prone to hydrolyze
faster; this implies that curcumin itself, without the sebacoyl
linker moiety, would be released preferentially. We found that
curcumin release kinetics from the four polymers are related to
their hydrophilicity: the more hydrophilic polymers released
soluble curcumin primarily by dissolution and rapid hydrolysis,
while the more hydrophobic polymers remained in their solid
thin-film state and only released curcumin via gradual ester
hydrolysis. The polymers exhibited long-term radical scaveng-
ing activities and were able to rescue cortical neuron viability
from H,0, insult. Poly(curcuming-co-PEGy) self-assembled
into vesicles and globular structures under adjustable
conditions, thereby making it a potential candidate as a drug
carrier. The unique properties of poly(curcumin-co-PEG), such
as a tunable hydrophilicity based on curcumin loading,
nonswelling surface properties, and a controllable release
profile, suggest that these polymers may be used as coatings for
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implants or as treatment modalities for chronic inflammation
and tissue injury.
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