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ABSTRACT

Anti-inflammatory Mechanisms of Dual-responsive NPs
Extracellular Scavenging
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Oxidative stress and reduced pH are involved in many inflammatory diseases. This study describes a nanoparticle-based system that is responsive to both

oxidative stress and reduced pH in an inflammatory environment to effectively release its encapsulated curcumin, an immune-modulatory agent with

potent anti-inflammatory and antioxidant capabilities. Because of the presence of Forster resonance energy transfer between curcumin and the carrier, this

system also allowed us to monitor the intracellular release behavior. The curcumin released upon triggering could efficiently reduce the excess oxidants

produced by the lipopolysaccharide (LPS)-stimulated macrophages. The feasibility of using the curcumin-loaded nanoparticles for anti-inflammatory

applications was further validated in a mouse model with ankle inflammation induced by LPS. The results of these studies demonstrate that the proposed

nanoparticle system is promising for treating oxidative stress-related diseases.
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s the first response of the immune

system to infection and/or irritation,

inflammation is associated with many
diseases including cancer, atherosclerosis,
asthma, and cystic fibrosis."? Its signature
features include the presence of oxidative
stress (i.e., overproduction of oxidants such
as -OH and ONOO™ from H,0, and -NO,
respectively) and reduction of pH3* The
oxidants derived from reactive oxygen spe-
cies (ROS) like H,O, and reactive nitrogen
species (RNS) such as -NO are highly reactive
toward DNA, proteins, and lipids, causing
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significant destruction to the cells.>® In in-
flamed tissues, the activated macrophages
also produce a variety of ROS/RNS intra-
cellularly. When produced in excess, these
oxidants will spill out and exert extracellular
toxicity to the surrounding tissues through
lipid peroxidation and DNA damage.”

From the therapeutic perspective, one of
the major challenges lies in the develop-
ment of carriers that can effectively release
bioactive agents selectively to the areas
under oxidative stress, and in particular, are
capable of cytoplasmic delivery. Here we
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Figure 1. Schematic illustrations showing the composition/structure of the dual-responsive nanoparticles developed in this
study and their extracellular/intracellular anti-inflammatory mechanisms.

report a new system based on smart nanoparticles
(NPs) that can be triggered by oxidative stress and
reduced pH to effectively deliver the encapsulated
payload, curcumin, to inflamed tissues to inhibit the
overproduction of ROS/RNS. As a hydrophobic, fluo-
rescent molecule isolated from the rhizome of turmeric,
curcumin has potent anti-inflammatory and anti-
oxidant activities. Specifically, curcumin plays a critical
role in controlling the signal transduction pathways
involved in inflammatory responses through the down-
regulation of inflammatory transcription factors such
as nuclear factor kappa B (NF-«B).2 Curcumin is also a
powerful scavenger of free-radical oxidants via H-atom
donation and electron transfer,® exerting its antioxidant
activity.

Stimuli-responsive NPs have received consider-
able attention as a smart drug-delivery system for
various therapeutic applications.'®”'? In this study,
pH-responsive NPs made of N-palmitoyl chitosan
(NPCS) that bears a hydrophobic Cy3 moiety were
explored as a carrier for the delivery of curcumin.
To make the carrier simultaneously responsive to pH
and oxidative stress, we also encapsulated poly-(1,4-
phenyleneactone dimethylene thioketal) (PPADT), a
hydrophobic copolymer derived from 1,4-benzenedi-
methanethiol and 2,2-dimethoxypropane monomers,
in the NPs. Since PPADT contains thioketal linkages,
it can be selectively degraded into hydrophilic
fragments in response to ROS while remaining to be
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stable in an environment containing an acid, base, or
protease.’?

Figure 1 shows a schematic illustration of the dual-
responsive NPs and their mechanisms in disabling the
excess ROS/RNS produced by the lipopolysaccharide
(LPS)-stimulated macrophages responsible for inflam-
mation. In the presence of curcumin and PPADT,
NPCS can self-assemble into NPs in a neutral aqueous
solution primarily due to the hydrophobic interaction
between its conjugated N-palmitoyl group and Cy3
moiety. This associated polyelectrolyte (Cy3-NPCS) can
undergo a conformational change upon triggering
by the environmental pH, as determined by a balance
between charge—charge repulsions of the protonated
amine groups on NPCS and hydrophobic interactions
of the side chains.'® Additionally, in response to oxida-
tive stress, the encapsulated hydrophobic PPADT
can degrade into hydrophilic fragments, making the
NPs unstable and thus disintegrated. Furthermore,
the encapsulated curcumin and conjugated Cy3 could
serve as the donor and acceptor, respectively, for
Forster resonance energy transfer (FRET) to help local-
ize the NPs and monitor the intracellular release of
curcumin. The FRET involves the nonradiative transfer
of energy from the excited state of a donor (curcumin)
to the empty levels of an acceptor (Cy3) placed in close
proximity (<10 nm), and its efficiency can thus be used
to resolve the separation between the donor and
acceptor.'”
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Figure 2. (a) "H NMR spectra of the synthesized Cy3-NPCS and PPADT. (b) Degradation of PPADT in the ROS environment with
time, evaluated by MALDI-TOF mass spectrometry. The formula in Figure 2b (at t = 2 h and 4 h) show some of the possible
compounds that could be generated when PPADT went through degradation in the ROS environment.

RESULTS AND DISCUSSION

Characteristics of Cy3-NPCS, PPADT, and Test NPs. The
synthesized Cy3-NPCS and PPADT were characterized
by "H NMR (Figure 2a). The appearance of alkyl protons
in the spectrum of Cy3-NPCS indicates that the palmitoyl
group (a, b, ¢) and Cy3 moiety (d, e, f, g) were successfully
conjugated to the free amine groups of chitosan (1, 2, 3,
4, 5, 6); their degrees of substitutions on the amine
groups were approximately 15.0 and 3.4%, respectively.
Geminal dimethyl protons (i) along with benzylic pro-
tons (j, k), as observed in the PPADT spectrum, suggest
that 1,4-benzenedimethanethiol and 2,2-dimethoxypro-
pane monomers had been effectively polymerized, and
the average molecular weight was around 3700 Da as
estimated from the MALDI-TOF mass spectra.

To examine its sensitivity to ROS, we treated the
as-prepared PPADT with 1 mM of H,0, and analyzed
the molecular weights of the resultant products using
MALDI-TOF mass. As shown in Figure 2b, PPADT
degraded from 3700 Da to approximately 500 Da over
a period of 4 h, indicating its sensitivity to oxidative
stress. The prepared NPs were 258.6 + 105.0 nm in
diameter with a zeta potential of 7.2 + 4.1 mVatpH 7.4
(n = 6). The loading efficiencies (loading contents) of
curcumin and PPADT were about 55% (5%) and 75%
(12%), respectively, as determined using high perfor-
mance liquid chromatography (HPLC) and inductively
coupled plasma mass spectrometry (ICPMS). Accord-
ingly, the number of dyes (Cy3)/drugs (curcumin) per
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particle was estimated to be approximately 1/130 by
molar ratio.

Sensitivity of Test NPs to Oxidative Stress and Reduced
pH. Since high proton (down to pH 5.4) and ROS (up
to 1 mM H,0,) concentrations have been reported
in inflamed tissues,>* the sensitivity of the formulated
NPs to oxidative stress was characterized in a buffer
solution (pH 5.5) containing 1 mM H,0,. The effects of
these two environmental stimuli were also investi-
gated separately. The morphological changes of NPs
in response to the inflammatory stimuli were examined
by transmission electron microscopy (TEM). Under
the physiological environment (pH 7.4), most amine
groups on the main chain of NPCS were deprotonated,
and the hydrophobic interaction between the palmi-
toyl and Cy3 side chains dominated, causing the
NPs to condense (Figure 3a). When incubated in an
environment of oxidative stress (1 mM H,0,) or at a
reduced pH (pH 5.5), the test NPs were swollen. After
incubation for 4 h, their sizes increased to 327.9 & 150.6
and 344.1 £ 145.5 nm, respectively (P < 0.05), indicative
of their responsiveness to each of the environmental
stimuli investigated. Conversely, the NPs were gradually
disintegrated under a synergic effect between oxida-
tive stress and reduced pH that mimics the inflamma-
tory milieu. The transition from a condensed to a
disintegrated structure enabled the formulated NPs to
function as a smart capsule to release the drug locally
in response to the environmental stimuli.
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Figure 3. (a) TEM micrographs of the formulated NPs present in each studied environment after they had been dried. Area
defined by a square is shown at a higher magnification in the inset. (b) In response to the oxidative stress and reduced pH, the
NPs showed sequential decrease in FRET efficiency with time. (c) Results of MD simulations showing the changes in internal
structure of the NPs and their subsequent FRET efficiencies. CUR: curcumin.

TABLE1. Changes in FRET Efficiency for the NPs Containing Curcumin That Had Been Exposed to Different Environmental

Stimuli®

environmental stimuli pH 74
peak ratio Cy3/CUR atoh 23£01
at4h 20£02

FRET efficiency 86.3 & 5.2%

pH 7.4 + 1 mM H,0, pH 5.5 pH 5.5 + 1 mM H,0,
23+£02 26102 27402
1.7+03 1.8+£03 0.6 0.2

742 £ 6.7% 69.3 £ 7.2% 232 £ 53%

“The FRET efficiency of the test NPs was calculated on the basis of their emission ratio of Cy3/curcumin (CUR) observed at 4 h following exposure relative to that before

exposure (0 h) (n = 5).

Figure 3b shows the FRET spectra taken from aqu-
eous suspensions of the NPs containing curcumin after
they had been incubated for distinct periods of time
under different combinations of environmental stimuli.
The peaks were normalized to the maximum intensity
of curcumin (the donor) at ca. 529 nm. All spectra were
obtained by irradiating the NP suspensions with a
monochromic light at 420 nm, corresponding to the
excitation wavelength of curcumin, the FRET donor.
The Cy3 and Cy3-NPCS (NPs with no curcumin) were
used as controls. According to the results shown in
Supplementary Figure S1, no significant changes in
Cy3 quantum yield of Cy3 and Cy3-NPCS were ob-
served in response to distinct environmental stimuli
throughout the study. Conversely, for test NPs contain-
ing curcumin, we observed a sequential decrease in
the emission ratio of Cy3 to curcumin with time in the
presence of oxidative stress and reduced pH due to the
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drop in FRET efficiency (Table 1), suggesting a gradual
disintegration of test NPs.

We also used molecular dynamic (MD) simulations to
understand the change in internal structure for the NPs
and their subsequent FRET efficiency, as triggered by
the inflammatory stimuli. At the physiological environ-
ment (pH 7.4), a hydrophobic core, which was com-
posed of the palmitoyl and Cy3 chains and the loaded
PPADT and curcumin, was present inside the formulated
NPs (Figure 3c). In this case, the curcumin molecules
were in close proximity to the conjugated Cy3 moieties,
resulting in an efficient energy transfer between them
(i.e., FRET on). At the inflammation environment, the
NPs became disintegrated gradually and the curcumin
molecules were no longer accessible to the conjugated
Cy3 moieties for energy transfer (i.e., FRET off).

Intracellular Release Behavior of Curcumin. Our previous
study found that the NPs made of NPCS could be
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Figure 4. CLSM images showing the cellular uptake of the formulated NPs and their intracellular drug release behaviors, as
monitored using the FRET technique. The inset in each panel shows a higher magnification image. CUR: curcumin.

internalized into cells within 15 min after incubation
via a caveolae-mediated pathway.'* Following endo-
cytosis, the NPCS NPs were trafficked intracellularly
from neutral (caveolae with pH 7.0 at 15 min) to acidic
organelles (early endosomes with pH 6.2 at 1—1.5 h
and late endosomes/lysosomes with pH 5.0 at
2—4 h)."* We investigated the feasibility of using FRET
to monitor the uptake of the formulated NPs and
their drug release behaviors intracellularly by imaging
with confocal laser scanning microscopy (CLSM). In
this study, LPS-stimulated macrophage RAW264.7 cells
were incubated with the NPs for different durations
of time. Fluorescence images were taken in optical
windows between 500—550 nm (curcumin imaging
channel, green color) and 570—620 nm (Cy3 imaging
channel, red color) when the samples were irradiated
at 488 nm.'*"”

At 15 min postincubation, red fluorescence indica-
tive of intact NPs was observed in the Cy3 imaging
channel (FRET on with high efficiency, Figure 4). With
time progressing (1—2 h), a significant decrease in
red fluorescence for Cy3 was seen (FRET on with low
efficiency), while some green fluorescence was ob-
served within the cytosol, indicating the release of
curcumin from the test NPs. By 4 h, the Cy3 fluores-
cence was almost diminished (FRET off) and the green
fluorescence of curcumin became much stronger,
suggesting disintegration of the NPs and a significant
release of curcumin intracellularly. It is important to
deliver the poorly bioavailable curcumin into the cells
to exert its anti-inflammatory activity since its main
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mechanism of action is to inhibit the activation of NF-
«B and downregulate the proinflammatory cascades.'®
In Vitro Drug Release Profiles. Figure 5a displays the
release profiles of curcumin from the formulated NPs
under distinct environments. At the physiological pH
7.4, the extent of curcumin released from the NPs was
relatively low, implying their stability during blood
circulation. Once at the inflammatory milieu, approxi-
mately 10% of the initial content of the encapsulated
curcumin was released within the first 15 min; the
drug was constantly released with time, and 50% of
the encapsulated curcumin was liberated at 4 h after
incubation, because of the disintegration of NPs. These
results suggest that the release of curcumin from the
formulated NPs was dependent on oxidative stress
and reduced pH and could occur intracellularly and
extracellularly. This feature is of particular interest in
overcoming the excess oxidants in inflamed tissues.
Inhibitory Effects on Excess Oxidants. As essential phy-
siological regulators, ROS/RNS normally exist in cells in
balance with antioxidant molecules.’® A well-defined
model of macrophage activation at sites of inflamma-
tion is the treatment of RAW264.7 cells with LPS,
resulting in the overproduction of oxidants and thus
irreversible oxidative cellular damage?® %2 In the
present study, RAW264.7 cells were pretreated with
1 ug mL™" of LPS*>?* for 24 h to generate ROS/RNS
and then treated with either free-form curcumin or
the curcumin-loaded NPs; the group without any
treatment was used as a control. Their inhibitory effects
on ROS (H,0,) and RNS (-NO) overproductions were

VOL.8 = NO.2 = 1213-1221 = 2014 ACSN\JA

J

WL

N

Na

WWW.acsnano.org

1217



a ” b -
(a) (n=6) (b) Hydrogen Peroxide  (n=6)
S ~-pH55+1mMH0,| > 3 " o1h
2 —o—pH 5.5 a T . B2h
§ 60 ——pH74+1mMHO,| & — m4h
2 ——pHT4 =
. [
8 40 Q
o <4
2 )
= 3
< 204 i
o
E 2
o &
0 [
o 1 2 3 4 .
Time (h)
(c (d) _
Nitric Oxide (n=6) (n=8)
271 o1h 150
2 64
5 s 125
£ 5 =
5 . z 100
g S 75
g 2 50
S 3
£ il 25
[
2 04 0 > S &
k| N x x QS &
%
g & S & & L
4 S oL

N2

ol
&

Figure 5. (a) In vitro release profiles of curcumin (CUR) from
the test NPs in distinct environments (n = 6). (b,c) The anti-
inflammatory activities of the formulated NPs when exposed
to environments with excess ROS and RNS, respectively,
in the oxidative-stress areas (n = 6). (d) Quantitative results
of cell viability evaluated by the MTT assay (n = 6). N.S.: not
significant; *: statistically significant (P < 0.05).

examined at predetermined time intervals based on
the Amplex Red assay and the Griess reaction, res-
pectively.?>?® The overproductions of H,0, and -NO
and accumulations of their derived oxidants are im-
plicated in numerous diseases.>®

As shown in Figure 5b and ¢, the cells activated by
LPS led to excess production of ROS/RNS when com-
pared to the control group without any treatment; at
24 h poststimulation, productions of 2.6-fold H,0, and
6.3-fold -NO were observed (P < 0.05). The inhibitory
effects of free-form curcumin on reducing the levels of
excess ROS/RNS showed a concentration-dependent
manner (data not shown), with complete inhibition of
LPS-induced ROS/RNS overproduction to the normal
levels being achieved at 25 uM of free-from curcumin
in 4 h. Therefore, the concentration of 25 M curcumin
was used in the study. Previous studies have demon-
strated that curcumin is a potent immune-modulatory
agent that can modulate the activation of macro-
phages.? The curcumin-loaded NPs (25 M curcumin)
could also effectively reduce the overproductions of
ROS/RNS (down to 1.1-fold H,O, and 1.5-fold -NO,
respectively), as a result of the synergy effects of free-
radical scavenging extracellularly and inhibition of the
oxidant overproduction intracellularly.?”*®

To examine the cytotoxicity, we incubated RAW264.7
macrophages with the test NPs (with or without loading
of curcumin) for 24 h; the viability of cells treated with
free-form curcumin and that without any treatment
were used as controls. The concentration of free-form

curcumin used was equivalent to what was loaded in
the NPs (25 uM curcumin).?**° The mitochondrial activ-
ity of living cells was then measured by the MTT assay.*"
According to the results shown in Figure 5d, a low
cytotoxicity was observed for the group treated with
free-form curcumin (P < 0.05); it has been reported that
curcumin at low concentrations can actually increase
the level of ROS.3? Conversely, no significant cytotoxicity
was observed for groups receiving the NPs with or
without loading of curcumin (P > 0.05).

In Vivo Biodistribution of Curcumin. To gain an insight
into its in vivo biodistribution, free-form curcumin and
the curcumin-loaded NPs were separately injected into
the ankles of mice in which acute inflammation had
been chemically induced by LPS; the ankles of healthy
mice were used as controls. Following the injections,
the arising fluorescence of curcumin in the test ankles
was imaged by using an in vivo imaging system (IVIS),
and their relative intensity (the intensity that was
normalized to that before injection) was calculated.

According to the results shown in Figure 6a and b,
a gradual decrease in the fluorescence intensity in both
healthy and inflamed ankles was observed in the group
that received the free-form curcumin (P < 0.05), suggesting
that the free-form drug could not be effectively retained
at the site of injection. There was no significant change
in fluorescence intensity in the healthy ankles treated
with the curcumin-loaded NPs (P > 0.05). Conversely, the
intensity of fluorescence in the inflamed ankles that
received the test NPs was substantially elevated, indicating
that the injected NPs could be effectively triggered to
release their encapsulated curcumin via the oxidative
stress and reduced pH present in inflamed tissues.

In Vivo Anti-inflammatory Activity. To further evaluate
the feasibility of using these curcumin-loaded NPs for
anti-inflammatory applications through direct local
injection, the mouse model with ankle inflammation
induced by LPS was employed. A luminescent probe,
L-012, was applied via intravenous administration for
in vivo detection of ROS/RNS related to inflamma-
tion.*** Because of its high sensitivity toward ROS/
RNS, L-012 has been used extensively as a ROS/RNS-
sensing probe to detect in vivo inflammation.3*
Figure 6¢c and Supplementary Figure S2 show repre-
sentative images obtained using an IVIS for lumines-
cence emitted from the healthy and inflamed
ankles treated with saline, free-form curcumin, or test
NPs containing curcumin; the luminescence signals
were expressed in p s~ cm 2 sr™". As shown, negli-
gible chemiluminescence emission was identified at
the healthy ankle, which was not given LPS. However,
the inflamed ankles treated with free-form curcumin
(@ 66.7 + 8.0% reduction) or test NPs containing
curcumin (a 52.9 + 12.7% reduction, n = 4, P < 0.05)
revealed a significantly lower chemiluminescence emis-
sion when compared to the group that received saline,
indicative of the decline of the local concentrations of
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Figure 6. In vivo biodistribution of curcumin: (a) fluorescence signals of healthy and inflamed ankles treated with free-form
curcumin and the curcumin-loaded NPs, and (b) their relative fluorescence intensities versus time. The anti-inflammatory
effects of the formulated NPs on the ankle inflammation induced by LPS in a mouse model: (c) IVIS image, (d)
photomicrographs stained by H&E. Insets show magnified views. N.S.: not significant; *: statistically significant (P < 0.05).

ROS/RNS. Histological examination using ankle sec-
tions stained with hematoxylin—eosin (H&E) verified
the rescue from LPS-induced inflammation for the group
treated with the curcumin-loaded NPs (Figure 6d).

CONCLUSIONS

In summary, we have demonstrated that the formu-
lated NPs can be triggered effectively by both oxidative

EXPERIMENTAL SECTION

Materials. Chitosan (50 kDa) with 85% deacetylation was
purchased from Koyo Chemical (Tokyo, Japan). Curcumin,
H,0,, LPS, 1,4-benzenedimethanethiol, 2,2-dimethoxypropane,
benzene, p-toluenesulphonic acid, 2,2-dimethoxypropane,
palmitic acid N-hydroxysuccinimide ester, hexane, dimethyl
sulfoxide (DMSO), and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide) were obtained from Sigma-
Aldrich (St. Louis, MO, USA). The Cy3-NHS was acquired from
Invitrogen (Carlsbad, CA, USA). The luminescent probe L-012
was obtained from Wako Chemical (Neuss, Germany).

Synthesis and Characterization of PPADT'3. A three-necked round
bottle flask was charged with 1,4-benzenedimethanethiol
(0.7 g, 4.1 mmol, 1.0 equiv) and 2,2-dimethoxypropane (0.43 g,
4.1 mmol, 1.0 equiv) in dry benzene and then equipped with
a metering funnel and distillation head for removal of the
methanol byproduct. The mixture was subsequently heated to
100 °C. In the heated mixture, a catalytic p-toluenesulphonic acid
(0.004 g, 0.005 equiv) in distilled ethyl acetate was added to
initiate the reaction. The funnel stopcock was set so that a small
amount of 2,2-dimethoxypropane (0.08 equiv h™") was added
dropwise over a period of 12 h. After the reaction, the resulting
polymer was precipitated in cold hexane.

The polymer was dried in a vacuum and analyzed by H
NMR, 3C NMR (Varian Unityionva 500 NMR Spectrometer, MO,
USA), MALDI-TOF (Micromass, UK), Fourier transformed infrared
(FT-IR; Perkin-Elmer Spectrum RX 1 FT-IR System, Buckinghamshire,
UK) spectroscopy, and gel permeation chromatography (GPC;
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stress and reduced pH in an inflammatory milieu to
release their encapsulated curcumin. The NPs can also
be used as an imaging probe to monitor the in vitro
drug release behavior intracellularly by using a tech-
nique based on FRET. This dual-responsive nano-
particulate system is highly potent for the delivery
of therapeutics to sites of inflammation to reduce the
oxidative stress.

RI2000-F, SFD, Torrance, CA). For further structure confirmation,
"HNMRand "*C NMR of PPADT were recorded with the following
results: "H NMR (500 MHz, CDCl5) & ppm 7.28 (s, 4H), 3.85 (s, 4H),
1.60 (s, 6H); *3C NMR (125 MHz, CDCl5) 6 ppm 129.54, 77.56,
77.25, 76.93, 35.03, 31.01; MALDI-TOF (ESI) MS m/z 3741 (MH™);
IR (cm™", KBr) 2958, 2919, 1510, 1429, 1363, 1110, 729, 630. The
molecular weight of the resulting polymer was approximately
3700 Da with a polydispersity of 1.6, as determined by GPC.

Synthesis and Characterization of (y3-NP(S14. CS (1 g, 6.0 mmol,
1 equiv) was dissolved in aqueous acetic acid (50 mL, 1% w/v).
Subsequently, T N NaOH was slowly added in to adjust the
pH value to 6.2; the final volume of CS solution was adjusted to
100 mL with the addition of deionized water. The mixture was
heated to 98 °C. A solution of palmitic acid N-hydroxysuccini-
mide ester (0.4 g, 1.1 mmol, 0.2 equiv) in absolute ethanol was
added dropwise to the heated mixture and stirred thorougly
for 36 h. After the reaction, the mixture was cooled to room
temperature and then precipitated at pH 9.0. The obtained
product was washed by acetone and then air-dried. Next,
a solution of Cy3-NHS in DMSO (1 mg mL™") was prepared
and added gradually into an aqueous NPCS (2 mg mL™") while
stirring; the weight ratio of fluorescent dye to NPCS was kept at
1:50 (w/w). The reaction was maintained at pH 6.2 and stirred
continuously for 12 h in the dark. The unconjugated fluorescent
dye (free-form Cy3) was removed via dialysis against deionized
water in the dark and replaced on a daily basis until no fluores-
cence was detected in the supernatant.

The synthesized Cy3-NPCS was analyzed by 'H NMR and
FT-IR spectroscopy; the degree of substitution on Cy3-NPCS was
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determined by the ninhydrin assay. For further structure con-
firmation, "H NMR of Cy3-NPCS was recorded with the following
results: "H NMR (Varian, 500 MHz, CDCl3) 6 ppm 4.44 (s, 15H),
4.19 (t,J = 7.0 Hz, 1H), 3.80—3.73 (m, 67H), 3.64—3.60 (m, 31H),
3.58—3.54 (m, 45H), 3.45—3.40 (m, 27H), 3.02 (s, 23H), 1.92
(s, 16H), 1.91 (s, 43H), 1.34 (s, 2H), 1.26 (s, TH), 1.25 (s, TH), 1.13
(s, 16H), 1.09 (s, TH), 0.71 (t, J = 7.0 Hz, TH); IR (cm ™", KBr) 3432,
1736, 1560, 1442, 1200, 1115, 1027.

Preparation and Characterization of Test NPs. The as-synthesized
Cy3-NPCS and PPADT were used to prepare the test NPs. The
free curcumin and PPADT were removed by centrifugation. The
NP suspensions were then analyzed by dynamic light scattering,
TEM, and MD simulations3> under distinct environments, and
their FRET efficiency was determined using a fluorescence
spectrometer (Spex FluoroMax-3, Horiba Jobin Yvon, Edison,
NJ, USA).

The loading efficiencies and loading contents of curcumin
and PPADT in the test NPs were determined by assaying their
respective amounts left in the supernatants by using HPLC
(Jasco, Tokyo, Japan) and ICPMS (SCIEX ELAN 5000, Perkin-
Elmer, Waltham, USA). The drug loading efficiency and loading
content were calculated using the equations shown below.*®

total amount of drug added — free drug

1 0;
total amount of drug added X 100%

loading efficiency (%) =

total amount of drug added — free drug

100%
weight of NPs x :

loading content (%) =

MD Simulations. To illustrate the local conformational
changes within the test NPs in response to each environmental
stimulus, two sets of their constituent molecules were used
in the MD simulations. The MD simulations were carried out
using the program NAMD with parameters adapted from
the CHARMM 27 force field>” The models were minimized
to remove unfavorable contacts, brought to 310 K by velocity
rescaling, and equilibrated for 1 ns. Before any MD trajectory
was run, 40 ps of energy minimization were conducted to relax
the structural tensions; this minimum structure was the starting
point in the MD simulations.

Test molecules were placed into a cubic simulation box of
80 A. A cutoff distance of 12 A was used to calculate the
nonbonded and electrostatic interactions. The heating process
was carried out from 0to 310 K through Langevin damping with
a coefficient of 10 ps™'. A time step of 2 fs was employed
to rescale the temperature. After heating of 20 ps to 310 K,
the equilibration trajectories of 1 ns were recorded, providing
the data for the structural and thermodynamic evaluations. The
equations of motion were integrated with the Shake algorithm
with a time step of 1 fs. Figures of the atoms in molecules and
their hydrogen bonds were produced using UCSF Chimera.®®

Intracellular Monitoring of Curcumin Release. Following LPS
stimulation for 24 h, RAW264.7 cells were incubated in a fresh
medium containing the test NPs. At different time intervals, cells
were washed twice with phosphate buffered saline, fixed in
4% paraformaldehyde, and examined by CLSM (TCS SL, Leica,
Germany).

In Vitro Drug Release Study. The NP suspensions present at
distinct experimental conditions were centrifuged at predeter-
mined time points. The amount of curcumin released from the
test NPs was analyzed by HPLC.

Cytotoxicity Assay. Cells were cocultured with the test NPs for
24 h.Samples were then aspirated, and cells were incubated in a
medium containing 1 mg mL™" of MTT reagent for 4 h, followed
by an addition of 1 mL of DMSO. Optical density readings were
obtained using a multiwell scanning spectrophotometer
(Dynatech Laboratories, Chantilly, VA, USA).

Anti-inflammatory Activity. Cells were stimulated by LPS for
24 h and then treated with a fresh DMEM medium containing
either free-form curcumin or the test NPs. At predetermined
time intervals, the medium was taken out for centrifugation,
and the supernatant was assessed by the Amplex Red assay
and the Griess reaction for quantification of H,O, and -NO,
respectively.3®

In Vivo Biodistribution of Curcumin. Animal experiments were
conducted in accordance with the national guidelines and
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approved by the Animal Care Committee of National Tsing
Hua University, Taiwan. Inflammation was induced in each ankle
of C57BI/6 mice (4 weeks old) via the injection of 20 uL of LPS
(2 mg mL™"). At 4 h following LPS treatment, free-form curcu-
min and the NPs containing curcumin (0.25 mg kg~') were
individually injected into the inflamed ankles; the healthy mice
were used as controls. The fluorescence images of the ankles
were then acquired using an IVIS imaging system (Xenogen,
Alameda, CA, USA) with fluorescence excitation/emission
wavelengths of 430/520 nm at 10 s acquisition. During in vivo
imaging, the mice were immobilized using the anesthetic
isoflurane (1.5—2.5%). The fluorescence intensity of each sample
was calculated from the fluorescence signal (p s~ cm ™2 sr™")
using the Living Image software Version (Xenogen, Alameda,
CA, USA).

In Vivo Anti-inflammatory Activity. At 4 h following LPS treat-
ment, the NPs containing curcumin (0.25 mg kg~ ") was injected
into one of the inflamed ankles; the other ankle receiving saline
was used as a control. Four hours later, L-012 probe (75 mg kg ™")
was administered via tail vein injection; luminescence images of
the inflamed ankles were then acquired using the IVIS imaging
system. The luminescent camera was set to 1 min acquisition,
blocked excitation filter, and open emission filter. Afterward,
the animals were sacrificed, and the ankle joints were harvested
and processed for histological analyses.

Statistical Analysis. Two groups were compared by the one-
tailed Student's t-test using statistical software (SPSS, Chicago,
IL, USA). Data are presented as mean + SD. A difference of
P < 0.05 was considered statistically significant.
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