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Abstract

In this study, thermally responsive polymeric nanoparticle-encapsulated curcumin (nCCM) was
prepared and characterized. The nCCM is ~22 and 300 nm in diameter at 37 and 22 °C,
respectively. The smaller size of the nCCM at 37 °C was found to significantly facilitate its uptake
in vitro by human prostate adenocarcinoma PC-3 cancer cells. However, the intracellular n\CCM
decreases rapidly (rather than plateaus) after reaching its peak at ~1.5 h during a 3-day incubation
of the PC-3 cells with nCCM. Moreover, a mild hyperthermia (with negligible cytotoxicity alone)
at 43 °C applied between 1 and 1.5 h during the 3-day incubation not only increases the peak
uptake but also alters intracellular distribution of NCCM (facilitating its delivery into cell nuclei),
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which helps to retain a significantly much higher level of intracellular curcumin. These effects of
mild hyperthermia could be due in part to the thermal responsiveness of the nCCM: they are more
positively charged at 43 °C and can be more easily attracted to the negatively charged nuclear
membrane to enter nuclei as a result of electrostatic interaction. Ultimately, a combination of the
thermally responsive nCCM and mild hyperthermia significantly enhances the anticancer
capability of nCCM, resulting in a more than 7-fold decrease in its inhibitory concentration to
reduce cell viability to 50% (ICsp). Further mechanistic studies suggest injury pathways associated
with heat shock proteins 27 and 70 should contribute to the enhanced cancer cell destruction by
inducing cell apoptosis and necrosis. Overall, this study demonstrates the potential of combining
mild hyperthermia and thermally responsive nanodrugs such as nCCM for augmented cancer
therapy.

Keywords
Chitosan; Curcumin; Nanoparticle; Pluronic F127; Thermal responsiveness; Hyperthermia

1. Introduction

Curcumin, a natural compound commonly found in the food spice turmeric, has been shown
to have excellent anticancer activity via various molecular and cellular pathways, and has
attracted much attention for its potential use as a non-toxic anticancer agent [1-5]. As with
many hydrophobic anticancer agents, however, a major hurdle to the widespread use of
curcumin is its poor solubility in water and short half-life in circulation leading to poor
bioavailability [6-8].

To resolve this challenge, polymeric and inorganic nanoparticles, liposomes, micelles and
phospholipid complexes have been used to encapsulate curcumin for delivery with
promising outcomes [9-20]. Among them, polymeric nanoparticles are emerging as one of
the best options (e.g. because of their high stability compared to micelle-based delivery
vehicles) [9-11]. However, polymeric nanoparticles encapsulated with curcumin (or other
hydrophobic drugs in general) usually have a diameter of a few hundred nanometers, which
are much bigger than the recently reported optimal size of ~10-30 nm for both cellular
uptake (by endocytosis) and systemic drug delivery [21-23]. Because direct synthesis of
drug-laden polymeric nanoparticles of the optimal size is difficult, we propose to use
Pluronic F127 and chitosan to prepare thermally responsive nanoparticles that are ~300 nm,
with a loose wall, at room temperature when encapsulating curcumin and are of the optimal
size, with a tight wall, at 37 °C to withhold the curcumin for delivery. The FDA has
approved Pluronic F127 (also called Poloxamer 407) as a pharmaceutical ingredient for
medical use [24,25]. Chitosan, a polymer derived from chitin that is the second most
abundant polysaccharide found on earth after cellulose, is non-toxic, non-inflammatory,
biodegradable and positively charged [26—29]. These properties render Pluronic F127 and
chitosan two of the best biopolymers for synthesizing thermally responsive multiscale
vehicles to deliver therapeutic agents for medical applications, including cancer treatment
[25-31]. We have previously prepared thermally responsive Pluronic F127—chitosan
nanoparticles for encapsulating small hydrophilic molecules (ethidium bromide) and further

Acta Biomater. Author manuscript; available in PMC 2014 August 18.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Rao et al.

Page 3

demonstrated the feasibility of utilizing the thermal responsiveness to achieve temperature-
controlled release of the encapsulated small molecule [29]. However, to the best of our
knowledge, no study has been reported on preparing a thermally responsive polymeric
nanoparticle-encapsulated anticancer compound such as curcumin, which is hydrophobic,
for cancer treatment.

On the other hand, although not effective at destroying cancer alone, mild hyperthermia
(heating at supraphysiological temperatures usually below 45 °C) has been used clinically as
an adjuvant treatment to effectively enhance chemo- and radiotherapy of malignant diseases
for decades [32-38]. This is because mild hyperthermia can sensitize tumors to chemo- and
radiotherapy by increasing the tumor blood flow and inducing an immune response against
the cancer [32—-38]. Recently, more severe hyperthermia with a temperature usually above
45 °C has been combined with anticancer agents either encapsulated in liposomes or
conjugated on the surface of inorganic (e.g. gold, magnetic and carbon) nanoparticles to
enhance cancer therapy with promising outcomes [39-50]. An additional advantage of using
these inorganic nanoparticles is that, after delivered into the tumor, they can be heated in a
minimally or even non-invasive way using laser or electromagnetic waves as the energy
source [37,45]. However, the mechanism of hyperthermia in enhancing chemotherapy at the
cellular level is still not well understood and such a combined strategy for enhanced cancer
treatment, using an anticancer drug encapsulated in polymeric nanoparticles, particularly
those that are thermally responsive in size and surface charge, has not been widely
investigated.

In this study, we report the synthesis and characterization of thermally responsive Pluronic
F127—chitosan nanoparticle-encapsulated curcumin (nCCM). The thermal responsiveness of
the nCCM in both size and surface charge was found to be important for its uptake by PC-3
cancer cells. Moreover, our data demonstrate that mild hyperthermia can not only increase
cellular uptake, but can also improve retention and facilitate nuclear delivery of the
thermally responsive nCCM in cancer cells, which renders hyperthermia a powerful
enhancer of the nCCM for cancer destruction. These results suggest that the combination of
thermally responsive nCCM (and probably many other nanodrugs) and mild hyperthermia is
a promising strategy for augmented cancer destruction.

2. Materials and methods

2.1. Materials

Pluronic F127 (MW: 12.6 kDa, polydispersity index or M,,/M,~1.4 [51]) was obtained from
BASF Corp (Wyandotte, MI, USA). Chitosan oligosaccharide of pharmaceutical grade
(MW: 1.2 kDa, 95% deacetylation) was purchased from Zhejiang Golden-Shell Biochemical
Co. Ltd (Zhejiang, China). The WST-1 cell proliferation reagent was purchased from Roche
Diagnostics (Mannheim, Germany). Fetal bovine serum, penicillin and streptomycin were
purchased from Hyclone (Logan, UT, USA). The F-12K cell culture medium was purchased
from ATCC (Manassas, VA, USA). Curcumin (MW: 368.38 Da) from turmeric (Curcuma
longa) with purity =65% was purchased from Sigma (St. Louis, MO, USA) and used
without further purification. All other chemicals were purchased from Sigma unless
specifically mentioned otherwise.
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2.2. Synthesis of Pluronic F127—chitosan nanoparticles

The synthesis of Pluronic F127—chitosan nanoparticles in this study is a slight modification
of that reported previously [29]. In short, a total of 30 ml of Pluronic F127 (see Scheme 1, x:
65, and y: 100) solution (26 mM in benzene) was added dropwise into 30 ml of 4-
nitrophenyl chloroformate (4-NPC) solution (160 mM in benzene) and the mixture was
stirred for 3 h in N, atmosphere at room temperature to activate the Pluronic F127. The
activated polymer was then precipitated and filtered in excess (ice-cold) diethyl ether three
times and dried under a vacuum overnight. To synthesize Pluronic F127—chitosan
nanoparticles (Scheme 1), a total of 500 pl of the activated polymer (300 mg ml~1 or 23.2
mM) in dichloromethane was added dropwise into 5 ml of chitosan solution (15 mg ml~1 or
12.5 mM) in deionized (DI) water at pH 10 under sonication using a Branson 450 digital
sonifier (Danbury, CT, USA) at 16% of maximum amplitude for 3 min. Dichloromethane
was then removed by rotary evaporation. The resultant solution was dialyzed against DI
water with a Spectra/Por dialysis tube (MWCO: 50 kDa) overnight and further dialyzed
against DI water for 3 h using a 1000 kDa Spectra/Por dialysis tube with a pore size of ~100
nm. Consequently, products less than ~100 nm were removed, resulting in a yield of ~18.4%
(percentage in weight of final products out of total reactants used initially). Finally, the
sample was freeze-dried for 48 h to obtain dry nanoparticles.

2.3. Encapsulation of curcumin to obtain nCCM

As illustrated in Scheme 1, curcumin was encapsulated in the Pluronic F127—chitosan
nanoparticles by adding 0.4 ml of curcumin solution in chloroform (2.5 mg mI~1) dropwise
to an aqueous solution (10 mg mi~1) of Pluronic—chitosan nanoparticles in DI water under
constant stirring. The volume of the nanoparticle solution was varied to obtain four different
feeding ratios of curcumin to nanoparticles, as shown in Table 1. After 1 h of equilibration,
the sample was transferred into a round flask to remove chloroform by rotary evaporation.
All the loading steps were done at 22 °C. The sample was then filtered through a 0.45 pm
filter at room temperature and lyophilized for 24 h to obtain dry nCCM, which was either
used immediately or stored at —20 °C for future use. To determine the encapsulation
efficiency (EE) and loading content (LC), nCCM was dispersed in ethanol (that has a similar
polarity to the nanoparticle core of Pluronic F127 [52]) and the absorbance at 420 nm was
measured using a Beckman Coulter (Indianapolis, IN, USA) DU800 UV-Vis
spectrophotometer. The EE and LC were calculated using Egs. (1) and (2), respectively, as
follows:

EE=(weight of curcumin encapsulated in nonoparticles)/(weight of curcumin fed for encapsulation) (1)

LC=(weight of nCCM)/(weight of nCCM+weight of nanoparticle) (2)

2.4. Physicochemical characterization

The morphology of Pluronic F127—chitosan nanoparticles was visualized using an FEI
(Hillsboro, OR, USA) Tecnai G2 transmission electron microscope (TEM), for which a
carbon film-coated copper TEM grid was first glow-discharged with a Denton (Moorestown,
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NJ, USA) DV-502 vacuum evaporator for ~30 s. A total of 1 pl of aqueous nanoparticle
solution (4 mg mI~1) was then dropped onto the grid and air-dried for ~6—7 min. The grid
was then put into contact with a 12.5 pl drop of 1% (w/v) uranyl acetate solution on a Ted
Pella (Redding, CA, USA) PELCO® grid holder pad. Excess solution on the grid was
removed by dab drying. All procedures were performed at room temperature.

The size and surface zeta potential of nanomaterials (i.e. nanoparticles and nCCM) were
assessed using a Brookhaven (Holtsville, NY, USA) 90 Plus/BI-MAS dynamic light
scattering (DLS) instrument by dispersing the nanomaterials at 1 mg ml~1 in DI water and 1
mM aqueous KCI solution, respectively, according to the manufacturer’s instructions. The
resultant solutions were then filtered through 0.45 um filter and the DLS data were obtained
after equilibrating the samples at the desired temperatures for at least 30 min. Because of the
core-shell structure of our nanoparticle and it being less than ~300-400 (to be shown in
Section 3.1), we used the thin-shell option in the built-in software of the DLS instrument for
the size measurement according to the manufacturer’s instructions. For this option, the only
refractive index needed by the built-in software is that of the dispersing medium (i.e. 1.331
for water in this study).

For characterization using *H nuclear magnetic resonance (NMR), materials were dissolved
in deuterated chloroform (CDCl3) or water (D,0) and IH NMR spectra were obtained using
a Bruker (Billerica, MA, USA) DPX 400 MHz NMR with CDCl3 or D50 as the internal
reference. For Fourier transform infrared spectroscopy (FTIR) study, materials were
dissolved in dichloromethane, dropped onto the FTIR sample holder and dried at room
temperature to form a thin layer. The FTIR spectra were then obtained using a Perkin Elmer
(Waltham, MA, USA) Spectrum 100 FTIR spectrometer. X-ray diffraction (XRD) spectra
were obtained using a Scintag (Cupertino, CA, USA) XD2000 X-ray diffractometer with Cu
K., radiation (A = 0.154 nm) at 45 kV voltage, 25 mA current, a scanning rate of 1° min~1
and a 20 range from 5° to 40°.

2.5. Cell culture

Human prostate adenocarcinoma PC-3 cancer cells (ATCC, Manassas, VA, USA) were
cultured in F-12K medium supplemented with 10% fetal bovine serum (FBS), 100 U mI~1
penicillin and 100 pg ml~ streptomycin at 37 °C in a humidified 5% CO, incubator. The
medium was changed every other day. Cells at ~70% confluence were detached for
passaging and/or further experimental use.

2.6. Cellular uptake and intracellular distribution of nCCM

The intracellular curcumin taken up by cells was studied qualitatively using Zeiss
(Oberkochen, Germany) Apotome (confocal-like [53,54]) structured illumination
microscopy (SIM), for which type | collagen-coated glass coverslips (12 mm) were placed
in 35 mm Petri dish and PC-3 cells were seeded at 1.5 x 10° cells per dish in 1 ml of
medium for their attachment onto the coverslips during overnight incubation [55]. The
collagen-coated glass coverslips were made by dipping the glass coverslips in type |
collagen solution (1 mg mlI~1) in phosphate buffered saline (PBS, 1 x by default) for 1 min
and then drying for 15 min in the air at room temperature before the experiments. To
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investigate the effect of the size of the nCCM on its uptake, the cells were further treated
with medium containing 75 nM LysoTracker Red DND-99 (to stain endo/lysosomes) and
nCCM of different sizes and concentrations. After 1 h of incubation at 37 °C, the cells were
washed twice with 37 °C PBS and fixed with 4% paraformaldehyde at 37 °C for 10 min.
The fixed cells were then incubated with Hoechst 33342 (5 uM in PBS) for 10 min at 37 °C
and washed twice with 37 °C PBS to stain their nuclei. Finally, the coverslip with attached
cells was mounted onto a glass slide with anti-fade mounting medium from Vector
Laboratories (Burlingame, CA, USA) for further examination. To investigate the effect of
hyperthermia on the cellular uptake and intracellular distribution of ~22 nm nCCM, the cells
were seeded and treated with the nCCM (10 pg mI~1) and LysoTracker Red DND-99 (75
nM) for 1 h in the same way as that described above. Mild hyperthermia was then applied to
the samples for 30 min, using an Echotherm (Torrey Pine Scientific, Carlsbad, CA, USA)
dry bath (pre-equilibrated at 43 °C) specially designed for heating/chilling samples in cell
culture plates and dishes. The cells were then washed twice with 37 °C PBS and fixed with
4% paraformaldehyde at 37 °C for 10 min either at 1.5 h (i.e. immediately after
hyperthermia) or at 3 h (i.e. after further incubation at 37 °C for 1.5 h post-hyperthermia in
the same medium with LysoTracker Red and nCCM). The fixed cells were further stained
with Hoechst 33342 (5 pM in PBS) as mentioned above. Finally, the cells were examined
using Apotome SIM. Control cells with no treatment (NT) and cells treated with free
curcumin (FCCM), nanoparticles (NP) and hyperthermia alone (HT) were studied in the
same way in parallel.

To quantify cellular uptake of nNCCM using flow cytometry, PC-3 cells were seeded in 35
mm Petri dishes at a density of 1.5 x 10° cells per dish in 1 ml of medium and cultured
overnight. The cells were then incubated with medium containing nCCM either with or
without hyperthermia at 43 °C between 1 and 1.5 h. At the desired time, the cells were
washed twice with 37 °C PBS, detached using trypsin/ethylenediaminetetraacetic acid
(EDTA), washed again with PBS at 37 °C and finally analyzed using a BD (Franklin Lakes,
NJ, USA) LSR-II flow cytometer (excited at 488 nm and detected through a 530/30 nm band
pass filter) and Diva software.

2.7. Cell viability

To quantify cell viability, PC-3 cancer cells were seeded in 48-well plates at a density of
10,000 cells per well in 250 pl of medium. After overnight culture, the cells were treated
with either fCCM or nCCM at various concentrations (0.1-30 pg mI~1). For combined
treatments, the cells were also treated with mild hyperthermia by heating using an
Echotherm dry bath pre-equilibrated at 43 °C at 1-1.5, 3-3.5, 6-6.5 and 12-12.5 h to
determine the opti-mal time to apply hyperthermia for the combined treatment. Control cells
with no treatment and cells treated with nanoparticle alone, hyperthermia alone and the
combination of nanoparticle and hyperthermia were studied in parallel. After culturing for a
total of 72 h, the medium containing curcumin or nanoparticles was removed and the cells
were washed twice with PBS. A total of 250 pl of fresh medium (without any curcumin or
nanoparticles) and 25 pl of the Roche (Mannheim, Germany) WST-1 reagent was then
added to each well. After incubating for 4 h at 37 °C, absorbance at 450 nm was measured
using a Perkin Elmer (Waltham, MA, USA) VICTOR™ X4 multilabel plate reader. The total
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number of viable cells in the sample was determined by interpolation using a standard curve
correlating absorbance to cell density over a wide range established a priori. Cell viability
was further calculated as the ratio of the cell number determined for each sample to that of
control cells with no treatment.

2.8. Detection of apoptosis and necrosis

To detect apoptosis and necrosis, cells were seeded in a six-well plate at a density of 1.5 x
10° cells per well in 1 ml medium. The cell density per culture area in the six-well plate was
similar to that in the 48-well plate for the above-mentioned cell viability studies. After
overnight incubation, the cells were further incubated with either fCCM or nCCM (10 pg
ml~1 in culture medium) for 48 h. For the combined treatment, a mild hyperthermia was also
applied by heating the samples using an Echotherm dry bath pre-equilibrated at 43 °C from
1to 1.5 h during the incubation. To quantify apoptosis and necrosis by flow cytometry, the
cells were detached using trypsin/EDTA and collected by centrifugation at 188g for 5 min.
Any remaining cells in the supernatant were further collected by centrifuging at 12,0009 for
5 min. All the collected cells were then washed with cold PBS and resuspended in 100 pl of
BD Pharmingen (Franklin Lakes, NJ, USA) binding buffer consisting of 0.1 M Hepes/NaOH
(pH 7.4), 1.4 M NaCl and 25 mM CacCls. A total of 5 pl of allophycocyanin-conjugated
annexin V and 5 pl of 7-aminoactinoactinomycin D (7-AAD, BD Pharmingen, USA) were
then added and the samples analyzed using a BD (Franklin Lakes, NJ, USA) LSR-II flow
cytometer. Cells treated with NT, NP, HT and NP + HT were studied in the same way in
parallel.

2.9. Detection of heat shock protein expression by Western blotting

PC-3 cells were seeded in 6-well plates at 1.5 x 10° cells per well and incubated overnight.
The cells were then treated with 10 ug mi~1 fCCM or nCCM and, for the combined
treatment, the samples were also treated with mild hyperthermia by heating using an
Echotherm dry bath pre-equilibrated at 43 °C from 1 to 1.5 h. After the treatments, cells
were incubated at 37 °C for 48 h. They were then washed twice with 37 °C PBS, lysed using
the Cell Signaling (Beverly, MA, USA) radio immunoprecipitation assay buffer
supplemented with protease inhibitor (Roche, Mannheim, Germany), and incubated on ice
for 30 min. The lysate was centrifuged at 12,0009 for 5 min and the supernatant was
collected. The total protein concentration in the lysate was determined using a Bio-Rad
(Hercules, CA, USA) colorimetric protein assay reagent. A total of 5 pg of total protein from
each sample was then loaded onto a 4-15% sodium dodecyl sulfate—polyacrylamide gel
electrophoresis gel and further transferred to polyvinylidene difluoride (PVVDF) membranes
using the Bio-Rad wet transfer apparatus. The PVDF membranes were then incubated in
blocking buffer (5% non-fat dry milk dissolved in 1x Tris-buffered saline with 0.1%
Tween-20) for 1 h, probed with the primary antibody of heat shock proteins and
glyceraldehyde 3-phosphate dehydrogenase from Cell Signaling (Beverly, MA, USA) with
1:1000 dilution using 5% bovine serum albumin dissolved in 1x Tris-buffered saline with
0.1% Tween-20 overnight at 4 °C, and further incubated with HRP (horseradish
peroxidase)-conjugated secondary antibody (Cell Signaling Technology, USA, 1:2000
diluted with 5% non-fat dry milk) for 1 h at room temperature. HRP activity on the
membrane was visualized on an X-ray film by immersing the membrane in Thermo
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(Waltham, MA, USA) SuperSignal West Pico chemiluminescent substrate and processing
with a Kodak (Rochester, NY, USA) X-ray developer.

2.10. Statistical analysis

All data are reported as the mean + standard error of mean of results from three independent
runs done at three different times. Student’s two-tailed t-test assuming equal variance was
performed using Microsoft® Excel to determine the p value for assessing statistical
significance.

3. Results and discussion

3.1. Characterization of Pluronic F127—chitosan nanoparticles

The chemistry and procedure of Pluronic F127 activation, nanoparticle synthesis and
encapsulation of curcumin in the nanoparticle are illustrated in Scheme 1. Pluronic F127
was activated (step 1) at both terminals using 4-NPC [30,31]. Successful activation was
confirmed by the 'H NMR spectrum of the activated polymer (Fig. 1A) showing the
resonance peaks (iii and iv) at  ~ 8.3 and 7.4 ppm that are characteristic of the aromatic
protons of 4-NPC and a resonance peak (ii) at 8 ~ 4.4 ppm characteristic of the terminal
methylene protons in the activated Pluronic F127 [56]. These peaks are absent in the 1H
NMR spectrum of Pluronic F127 without activation (Fig. S1A). By integrating the areas
under the resonance peak (iv) at & ~ 7.4 ppm (for the aromatic protons of 4-NPC) and peak
(i) at 3 ~ 1.2 ppm (for protons in -CHg of Pluronic F127), 33.5 £1.8% of terminal hydroxyl
groups in Pluronic F127 are estimated to be activated by 4-NPC.

Pluronic F127—chitosan nanoparticles were prepared using an emulsification—interfacial
crosslinking—solvent evaporation—dialysis method (steps 2—-3—4 in Scheme 1), where the
micelles of activated Pluronic F127 formed after emulsification were stabilized by
crosslinking the activated polymer with chitosan on the oil-water interface via amide bond
formation (see the dashed circle in the formula of crosslinked Pluronic F127—chitosan in
Scheme 1). As shown in Fig. 1B, the crosslink formation was confirmed by the complete
disappearance of the two characteristic peaks of 4-NPC at § ~ 7.4 and 8.3 ppm and the
simultaneous appearance of two characteristic peaks of chitosan at & ~ 2.7 (ii, for protons in
chitosan on the C2 carbon linked to the amide bond between Pluronic F127 and chitosan)
and 2.0 ppm (iii, for protons in the 5% residual methyl groups of chitosan) on the IH NMR
spectrum of the resultant nanoparticles [29]. By integrating the areas under the resonance
peaks for both crosslinked (peak ii) and total (peak iii) chitosan and for Pluronic F127 (peak
i), the total and crosslinked contents of chitosan in the nanoparticles were calculated to be
10.1 £ 0.8 and 4.0 + 0.2 wt.%, respectively. These data suggest that ~39.6% (4.0/10.1) of the
primary amine groups in chitosan are crosslinked to Pluronic F127 in the nanoparticles.

A typical TEM image of the nanoparticles (after staining using uranyl acetate) showing their
core-shell morphology is given in Fig. 1C. The core is shown up as a bright/whitish area
surrounded by a dark shell of crosslinked Pluronic F127—chitosan. The gray-diffused stains
outside the dark shell should be residual uranyl acetate for negative staining, which was
difficult to elimate and which also made it difficult to accurately determine the size our
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nanoparticles using a TEM. Taking a TEM image of our core—shell hydrogel nanoparticles
is actually much more challenging than taking one of a solid polymer (e.g. poly(lactic-co-
glycolic acid)) or inorganic (e.g. silicon and metal) nanoparticles. Therefore, we used the
TEM mainly to visualize the morphology of the nanoparticles rather than to accurately
determine their size. The nanoparticles are ~300 nm at room temperature (22 °C), as
determined by DLS and shown in Fig. 1D. The DLS data further show that the nanoparticles
are thermally responsive in both size and surface charge (represented by surface zeta
potential). The diameter is ~19 nm at 37 °C and does not change much when further heated
to 43 °C. Typical size distributions of the nanoparticles at 22 and 37 °C are given in Fig.
S1B. The zeta potential increases from ~9 mV at 22 °C to ~21 mV at 37 °C and to ~30 mV
at 43 °C. The thermal responsiveness of the nanoparticles in size is due to the change in
hydrophilic-lipophilic balance within the Pluronic F127 polymer, which leads to a decrease
in nanoparticle size as a result of dehydration in the nanoparticle when the temperature
increases [29]. When the nanoparticle shrinks from 22 to 37 °C, more chitosan is exposed on
the nanoparticle surface (due to electrostatic expulsion between chitosan molecules), leading
to a higher surface zeta potential [29]. In addition, more primary amine groups in the
chitosan should be protonated (from —NH, to ~NH3*) as a result of increased dissociation of
water molecules (from H,0 to H*) at higher temperature, which may explain the increase in
zeta potential from 37 to 43 °C even though the nanoparticle size does not change much.

3.2. Characterization of nCCM

By utilizing the high hydrophobic affinity between curcumin and the polypropylene oxide
(PPO) blocks (see Scheme 1) of Pluronic F127 on the luminal (or core) side of the
nanoparticles, N"CCM was obtained by mixing free curcumin (in chloroform) and
nanoparticles (in water) at four different feeding ratios of curcumin to nanoparticles (1:60,
1:40, 1:30 and 1:20) in weight (see steps 57 in Scheme 1). Successful encapsulation is first
evidenced by the much-enhanced solubility of nCCM in DI water compared to fCCM. As
shown in Fig. S1C, fCCM formed visible aggregates in water and easily stuck to the
hydrophobic plastic wall of the microcentrifuge tube as a result of hydrophobic interactions.
In contrast, both the aqueous solution of NCCM (1:20 feeding ratio) and the wall of the
centrifuge tube holding the solution were clear, indicating successful encapsulation of
curcumin inside the nanoparticles to increase the water solubility of the hydrophobic
anticancer compound.

The H NMR spectrum (with CDCl5 as the solvent) of nCCM obtained at a 1:20 feeding
ratio is shown in Fig. 2A. Characteristic peaks (i-vi) of curcumin (see Fig. S1D for the 1H
NMR spectrum of fCCM) are clearly seen at § ~ 5.5-8 ppm. Interestingly, if D,O is used as
the solvent to dissolve the nCCM, the characteristic peaks of curcumin are barely observable
(Fig. S1E), even though nCCM is clearly seen to be dissolved in DoO with a homogeneous
brownish appearance (Fig. S1F; the nanoparticle solution is clear). The fact that the nCCM
and aggregated fCCM in D,0 have a similar brownish appearance suggests that the former
was dominantly entrapped/encapsulated in the nanoparticles rather than dissolved directly in
the D,O so that it is not detectable with 1H NMR (Fig. S1E). In contrast, both nCCM and
fCCM could dissolve in CDClj3, giving the same homogeneous yellowish appearance (Fig.
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S1F), suggesting that nCCM is released from the nanoparticles and directly dissolved in
CDClj so that it is detectable by IH NMR (Fig. 2A).

The FTIR spectra of fCCM, NP, fCCM + NP and nCCM over 1400-1700 cm™ are
presented in Fig. 2B (the spectra over a wider range of wavenumber are presented in Fig.
S1G). The peaks at ~1625 and 1515 cm™1 in the fCCM, fCCM + NP and nCCM are due to
stretching aliphatic and aromatic C=C bonds in curcumin, respectively [57]. These data
indicate the successful encapsulation of curcumin in the nanoparticles and the resultant
nCCM retains the characteristic chemical structures of fCCM. On the other hand, the
physical state of NCCM is different from that of fCCM because the peaks due to of X-ray
diffraction (XRD) by the crystalline structure [57] of fCCM are missing in all the XRD
spectra of nCCM (Fig. 2C). In other words, the nCCM encapsulated in nanoparticles should
be in an amorphous rather than a crystalline state.

The EE and LC at the four feeding ratios were further quantified using UV-Vis
spectrophotometry and the results are shown in Table 1. The former increases with the
increase in nanoparticles for encapsulation. In contrast, the LC decreases with the increase in
nanoparticles for encapsulation.

The thermal responsiveness in size and surface zeta potential of NCCM obtained at the four
feeding ratios is shown in Fig. 2D and Table 1. Interestingly, the nCCM obtained at low
feeding ratios (1:60 and 1:40) with a low loading content could retain the thermal
responsiveness of empty Pluronic F127—chitosan nanoparticles with only a slight decrease in
surface zeta potential. Typical DLS data of the size distribution of the nCCM at 22 and 37
°C are shown in Fig. S1IH. On the other hand, nCCM obtained at 1:20 and 1:30 feeding
ratios with a high loading content lost thermal responsiveness in size with minimal thermal
responsiveness in surface charge. This is probably due to the increased curcumin (in the core
and PPO layer) that interacts strongly with each other and with the PPO shell, which
dominates the temperature variation-induced change in hydrophobicity of the PPO block in
Pluronic F127, the driving force for shrinking of the Pluronic F127—chitosan nanoparticles
in response to heating. Consequently, the nanoparticles, after encapsulating a high curcumin
content (1:20 and 1:30 feeding ratios), lose their thermal responsiveness and, if the LC is too
high (for the 1:20 ratio), they even shrink to a smaller size (~180 nm) than that (~300 nm) of
empty nanoparticles at room temperature.

3.3. Uptake and intracellular distribution of nCCM: effect of size and mild hyperthermia

The size of nanodrugs reported in the literature varies widely from <10 nm to more than a
few hundred nanometers, and few studies have been conducted to identify the optimal size
of nanodrugs for cellular uptake and systemic delivery [21-23]. To understand how the size
of the nCCM obtained in this study affects its cellular uptake, both the thermally responsive
nCCM obtained at a 1:60 feeding ratio with a diameter of ~22 nm at 37 °C and that obtained
at a 1:20 feeding ratio with a diameter of ~188 nm were incubated with PC-3 cancer cells for
1 h at 37 °C and the intracellular curcumin was studied qualitatively using Apotome SIM
(confocal-like [53,54]) and quantitatively using flow cytometry. The results are shown in
Fig. 3. Clearly, the cellular uptake of the ~22 nm nCCM (Fig. 3A) was much faster than that
of ~188 nm nCCM (Fig. 3B) to the same nCCM concentration (10 ug ml~1). Moreover, this
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observation holds true even when the concentration of the ~188 nm nCCM is doubled to 20
pg mi~1 (Fig. 3C). Furthermore, it appears to be particularly difficult for the larger nNCCM to
enter the cell nuclei. The difference in uptake of the ~22 vs. 188 nm nCCM by the PC-3
cells observed from microscopy was further confirmed quantitatively by flow cytometry
data to be significant (under the same concentration, 10 pg mi~1; Fig. 3D and E). These
results are consistent with a few recent studies that suggest a diameter of 10-30 nm is
optimal for both cellular uptake and systemic delivery [21-23]. Nevertheless, it is
noteworthy that, in addition to its smaller size, the more highly positive surface charge of the
~22 nm nCCM at 37 °C (see Fig. 2D) should also facilitate its uptake by mammalian cells
(whose plasma membrane is usually negatively charged) as a result of electrostatic attraction
[28,29,58,59]. Also of note, the high co-location of nCCM (green) and endo/lysosome stains
(red) of LysoTracker Red in Fig. 3A—C suggests that endocytosis is the main mechanism of
cellular uptake of nNCCM. In addition, the fact that doubling the nCCM (~188 nm)
concentration did not result in a doubling in intensity of curcumin in the cells (Fig. 3E)
suggests that the cellular uptake of nCCM does not change linearly with nCCM
concentration in the cell culture medium. This is probably because it is the slower
internalization of the ~188 nCCM by the cells, rather than the nCCM concentration in the
culture medium, that is the rate limiting factor determining the cellular uptake of the nCCM.

Cellular uptake of the ~22 nm nCCM (this nCCM was used by default hereafter unless it is
specifically mentioned to be otherwise) at 37 °C over a 3-day incubation with PC-3 cells
was further quantified using flow cytometry and the results are shown in Fig. 4.
Interestingly, rather than becoming plateaued, the mean intracellular curcumin intensity
decreased precipitously by ~40% at 3 h after rapidly reaching its maximum at 1.5 h. The
decrease continued over 1 day, after which the intracellular curcumin plateaued at ~35% of
the peak value during the following 2 days. The reason for the observed decrease is unclear
and warrants further study, although one might speculate that the cells could develop some
mechanism to pump out nCCM as some non-desired foreign invasion. Even more
interestingly, it was found that a mild hyperthermia at 43 °C applied between 1 and 1.5 h
during the 3-day incubation not only further increased the peak intracellular nCCM intensity
but also eliminated the precipitous decreasing phase after reaching the peak, although
cellular uptake of the NCCM during (i.e. from 1 to 1.5 h) hyperthermia treatment was slower
compared to that without hyperthermia and the peak uptake was delayed to 3 h. As a result,
the intracellular curcumin could be maintained at a significantly much higher level in cells
with hyperthermia until day 3, when the difference became insignificant.

To unravel the possible mechanism of the effect of mild hyperthermia on cellular uptake and
retention of nNCCM, further studies were performed using Apotome SIM to visualize the
intracellular nCCM together with the cell nuclei and endo/lysosomes under various
conditions, with or without hyperthermia (Fig. 5). Green fluorescence of curcumin is not
observable in cells treated with NT, HT, NP or NP + HT, as shown in Fig. S2. Cellular
uptake of fCCM after 1.5 h incubation with PC-3 cancer cells at 37 °C is also negligible
(Fig. 5A), presumably due to its poor aqueous solubility and bioavailability [8]. Mild
hyperthermia induced a slight increase in cellular uptake of fCCM (Fig. 5B), which is
consistent with the flow cytometry data shown in Fig. S3 on the cellular uptake of fCCM.
This slight increase is probably due to the increase in solubility of curcumin in aqueous
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solution at higher temperature and hyperthermia-induced hyperpermeability of the cell
plasma membrane [37,60,61]. The latter is also probably responsible for the slower
(although not significantly) uptake of nCCM during hyperthermia between 1 and 1.5 h
compared to that without hyperthermia (Fig. 4) because some intracellular nCCM could
diffuse out of the cells along the gradient of NCCM concentration (i.e. it is higher
intracellularly after 1 h incubation at 37 °C) if the plasma membrane is hyperpermeable
enough. Moreover, the further increase in intracellular curcumin to the peak value from 1.5
to 3 h in cells with hyperthermia indicates that the mild hyperthermia-induced
hyperpermeability of the cell plasma membrane is reversible under the conditions of this
study.

As shown in Fig. 5C, encapsulation of curcumin in the Pluronic F127—chitosan
nanoparticles greatly enhances the cellular uptake of the hydrophobic small molecules into
PC-3 cancer cells. This presumably is a result of the much-increased solubility of nCCM, its
small size, and the high affinity between the nCCM surface and the cell plasma membrane,
which facilitates the cellular uptake of NCCM by endocytosis. The latter is because chitosan
is positively charged (and is thus readily attracted to the negatively charged plasma
membrane of cells by electrostatic interaction) and its chemical structure resembles that of
biopolymers (such as hyaluronan) in native extracellular matrix, the receptors of which are
expressed in many mammalian cells [29,62,63]. The yellowish appearance in the cell cytosol
of the merged micrograph in Fig. 5C indicates the large overlap between the green stain of
the nCCM and the red stain of the endo/lysosomes, which again suggests that endocytosis is
the main mechanism for the uptake of nCCM by PC-3 cells.

It is clearly noticeable in Fig. 5C that much less nCCM appears in the cell nuclei compared
to in the cytosol. Interestingly, this heterogeneity in intracellular nCCM distribution is
eliminated by mild hyperthermia, as shown in Fig. 5D. In other words, the mild
hyperthermia can facilitate delivery of nCCM into the nuclei of cancer cells, which could be
due at least in part to the increased surface charge (represented by the zeta potential) of the
nCCM at 43 °C (see Fig. 2D) and might improve the retention of NCCM in cells, as
observed in Fig. 4. Indeed, the intracellular curcumin remains at a high level and is
distributed homogeneously at 3 h with hyperthermia treatment for 1-1.5 h (Fig. 5E), while it
is decreased at 3 h in cells without hyperthermia (Fig. 5F). Interestingly, the distribution of
nCCM in cells without hyperthermia also becomes more homogeneous at 3 h (Fig. 5F),
which may explain why the rate of decrease in intracellular nNCCM in the cells without
hyperthermia slows down after 3 h (Fig. 4). Lastly, it is also noticeable from the differential
interference contrast (DIC) images that the cells appear rounded after mild hyperthermia.
However, they return to the same morphology as the cells without any treatment 1 day after
the hyperthermia treatment, and the cell proliferation and viability do not seem to be
affected either (Figs. S4 and 6A).

3.4. Significantly augmented cancer destruction by combining nCCM and hyperthermia

In view of the interesting observations of the cellular uptake and intracellular distribution of
nCCM, we further investigated the cytotoxic effect of nCCM (in the complete cell culture
medium containing 10% FBS given in Section 2.5) on PC-3 cancer cells both with and
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without hyperthermia, and the results are shown in Fig. 6. First of all, HT, NP and NP + HT
show negligible toxicity to PC-3 cancer cells (Fig. 6A). Clearly, treatment with nCCM alone
(No HT in Fig. 6B) shows significant cytotoxicity when its concentration is higher than ~3
g mI=L. In contrast to NCCM, fCCM alone shows no obvious cytotoxicity to PC-3 cells at
concentrations up to 30 pg mi~1 (No HT in Fig. 6C), which is not surprising in view of its
poor bioavailability to cancer cells as a result of its low solubility in cell culture medium
(Fig. 5A). When combined with hyperthermia, nCCM shows much higher toxicity to PC-3
cancer cells, which can be attributed in part to the better cellular uptake, nuclear delivery
and retention of nCCM in the cells with hyperthermia, as shown in Figs. 4 and 5. The
combination of fCCM and hyperthermia also shows higher cytotoxicity compared to fCCM
alone, although the combination is still not as effective at destroying the cancer cells as
nCCM alone.

Since the kinetics of nCCM uptake shown in Fig. 4 is very dynamic during the first 12 h, we
further performed hyperthermia for 3-3.5, 6-6.5 and 12-12.5 h, in addition to 1-1.5 h,
during the incubation of PC-3 cancer cells with fCCM and nCCM to see how the timing of
the hyperthermia would impact the cytotoxicity of the combined treatment. The results for
hyperthermia applied from 1 to 1.5 h are given in Fig. 6B (for nCCM) and C (for fCCM),
with those for the other time intervals being given in Fig. S5. To compare the effectiveness
of the combined treatment with hyperthermia applied at different times, we further
quantified the I1Csq (inhibitory concentration to reduce cell viability to 50%) by interpolation
using the viability data except that for fCCM without hyperthermia and that shown in Fig.
S5B for fCCM with hyperthermia. For the latter, a slight linear extrapolation up to ~40 ug
ml~1 beyond the maximum concentration tested (30 pug mI~1) was done to obtain the ICs.
The results are shown in Fig. 6D. For fCCM without hyperthermia, the ICg is easily
estimated be more than 100 pg ml~1, and hyperthermia greatly reduces it to ~30 ug ml~1
regardless of the timing of application.

The ICsq for nNCCM treatment alone is 7.3 = 0.4 ug mI~1, which is ~4 times lower than that
of fCCM combined with hyperthermia. This value is similar to what has been reported in the
literature for curcumin delivered using other carriers, such as polymeric micelles and
dimethylsulfoxide [9,64]. Moreover, the combination with hyperthermia applied at all the
different times could further significantly decrease the ICgy of NCCM, with the lowest value
being 1.0 + 0.2 ug mI~1 for hyperthermia applied from 1 to 1.5 h. This lowest ICsq of NCCM
for the combined treatment is not significantly different from that for hyperthermia applied
from 3to 3.5 h (p = 0.66), and is more (but still not significantly) different from that for
hyperthermia applied from 6 to 6.5 h (p = 0.14) and from 12 to 12.5 h (p = 0.08). Therefore,
the best time to apply hyperthermia is probably at 1-3 h after nCCM treatment, which is
possibly because the intracellular nCCM content is at its highest during this time window, as
shown in Fig. 4, and hyperthermia can facilitate the delivery of nCCM into the cell nuclei at
an earlier time to kill the cells. The latter is important because curcumin could inhibit cancer
cell proliferation via direct interaction with genetic materials in cell nuclei [65]. These
results should provide a useful starting point for optimizing the best timing of applying
hyperthermia for future in vivo studies of the combined treatment. Here, further studies were
performed to understand the mechanisms of the combined therapy of nCCM and
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hyperthermia (applied from 1 to 1.5 h during incubation of cells and nCCM) in destroying
cancer cells, as discussed below.

3.5. Mechanisms of injury induced by nCCM and hyperthermia

To understand the injury mechanism, cell apoptosis was studied by quantifying annexin V
(labeled with fluorescence probe) binding to phosphatidylserine on the outer layer of the
plasma membrane of apoptotic but not healthy cells [66]. Moreover, cell necrosis was
assessed simultaneously by the presence of intracellular 7-AAD, a small cationic molecule
that can penetrate into cells that are necrotic or in the late stage of apoptosis but is excluded
by viable cells [67]. The quantitative flow cytometry data of cell apoptosis and necrosis are
shown in Fig. 7A and B. As with NT cells, apoptosis and necrosis are negligible in cells
treated with HT, NP and NP + HT, indicating the superb biocompatibility of the nano-
particles and the mildness to cells of the hyperthermia treatment in this study. In contrast,
both apoptosis and necrosis are significantly higher in cells treated with nCCM + HT
compared to nCCM alone, fCCM + HT and fCCM alone. In addition, many of the cells
appear to become necrotic (Q1 in Fig. 7A) without first going through apoptosis (Q2 and Q3
in Fig. 7A) with the combined treatment of nCCM and HT. These data indicate mild
hyperthermia is indeed a powerful enhancer of NCCM in inducing cell injury.

To further understand how the mild hyperthermia (applied from 1 to 1.5 h during
incubation) could augment cancer cell destruction by nCCM, the expression of four heat
shock proteins (HSPs), HSP90, 70, 60 and 27, in PC-3 cancer cells was studied by Western
blotting and the results are given in Fig. 7C. First of all, nanoparticles alone do not result in
any appreciable change in HSP expression, which further confirms the superb
biocompatibility of the nanoparticles. In addition, none of the treatments affects the
expression of HSP90 and 60 much. HSP90 has been reported in the literature to be largely
constant in cells even under stress conditions [68]. Since HSP60 is a mitochondrial
chaperone [68], the minimal change in its expression suggests that damage to mitochondria
might not be a major factor for the enhanced cancer cell destruction of combining NCCM
with mild hyperthermia. Both nCCM alone and mild hyperthermia alone elevate the
expression of HSP70 and 27, and the elevation is the most apparent when they are
combined, which suggests that the two HSPs should play a significant role in the
mechanisms responsible for the augmented cancer destruction by the combined treatment.
Increased expression of HSP27 could be activated by alterations in the cell membrane [69].
Increased expression of HSP27 and 70 has been linked to damage in both the cytoplasm and
the nucleus [68,70-72]. The latter suggests the importance of the enhanced nuclear delivery
of nCCM by mild hyperthermia in augmenting cancer cell destruction by nCCM. Therefore,
multiple cellular processes, including damage to the cell membrane and cytoplasmic
(excluding mitochondrial) and nuclear proteins, might be responsible for the enhanced
cancer destruction by the combined treatment of nCCM and mild hyperthermia.

4. Conclusions

We successfully synthesized thermally responsive nCCM of ~22 nm at 37 °C with a
positively charged surface, both of which were found to facilitate its uptake into both the
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cytosol and nuclei of PC-3 cancer cells compared to thermally irresponsive nCCM of ~188
nm. It was further found that intracellular nCCM during a 72 h incubation of the ~22 nm
nCCM with PC-3 cancer cells is very much dynamic: it reaches its peak at ~1.5 h, decreases
rapidly to ~60% (at 3 h) and then slowly to ~35% (at 24 h) of the peak value, and plateaus
thereafter. Moreover, a mild hyperthermia (at 43 °C at 1-1.5 h during incubation) was found
to facilitate delivery of the nCCM into cell nuclei and significantly improve the retention of
intracellular nCCM. As a result, the combination of NCCM and mild hyperthermia can
significantly augment cancer cell destruction by nCCM with a more than 7-fold reduction in
IC5q compared to nCCM treatment alone. This enhanced cancer cell destruction could be
attributed to the much improved cellular uptake, intracellular retention and nuclear delivery
of nCCM, which, together with hyperthermia, activates injury pathways associated with
HSP 27 and 70 to induce cell apoptosis and necrosis. In short, we demonstrate the potential
of a novel combined cancer therapy of hyperthermia and thermally responsive nCCM (and
possibly other nanodrugs) for augmented cancer destruction in vitro, which warrants further
studies to ascertain its safety and efficacy in vivo.
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Characterization of activated Pluronic F127 and Pluronic F127—chitosan nanoparticles: 1H
NMR spectra of (A) 4-NPC activated Pluronic F127 in CDCl3 and (B) Pluronic F127-
chitosan nanoparticles in D,0O, showing characteristic peaks of 4-NPC and chitosan,
respectively; (C) TEM image of Pluronic F127-chitosan nanoparticles showing their core—
shell morphology (the inset shows a zoom-in view of one of the nanoparticles); and (D) DLS
data showing thermal responsiveness of the nanoparticles in size (diameter) and surface

charge (represented by zeta potential).
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Characterization of nNCCM: (A) *H NMR spectrum showing successful encapsulation of
curcumin in Pluronic F127-chitosan nanoparticles to obtain nCCM; (B) FTIR spectra of
fCCM, NP, a simple mixture of NP and fCCM (NP + fCCM) and nCCM, showing
characteristic peaks due to the aliphatic and aromatic double bonds in curcumin; (C) XRD
data showing no clear curcumin peak for nCCM obtained under different feeding ratios of
curcumin to nanoparticles, indicating the amorphous state of nCCM in nanoparticles; and
(D) DLS data of diameter and surface zeta potential of nCCM obtained with feeding ratios
of 1:60 and 1:20.
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Effect of size (~22 vs. 188 nm) of the nCCM on its uptake by PC-3 cancer cells: (A-C)
typical DIC and Apotome SIM fluorescence micrographs; (D) typical flow cytometry peaks
of fluorescence intensity (1) in cells treated under the conditions for (A-C), together with
that in NT control cells; and (E) a summary of the mean curcumin intensity (I-Int) in cells
from flow cytometry of three independent runs, showing uptake of nCCM of either ~22 nm
at 10 pg mi~1 or ~188 nm at 10 and 20 pg mi~1 in PC-3 cancer cells after 1 h incubation at
37 °C. The cells can take up the smaller (~22 nm) nCCM significantly faster. In (A-C), the
blue and red stains are Hoechst and LysoTracker Red staining of cell nuclei and endo/
lysosomes, respectively. The latter stains are spot-like under enlarged view. In (E), the mean
curcumin intensity was calculated as the difference in fluorescence intensity in the cells with
various treatment (1) and that with no treatment (I;) *p< 0.05.
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Effect of HT on cellular uptake of ~22 nm nCCM: (A) typical flow cytometry peaks of
fluorescence intensity in PC-3 cancer cells and (B) mean curcumin intensity (I — Ig) in the
cells at various times during incubation of the cells with the nCCM at 37 °C for 72 h either
with or without a mild hyperthermia at 43 °C applied from 1 to 1.5 h: the HT treatment not
only increases the peak uptake but also helps retain a much higher level of intracellular
curcumin from 3 to 72 h. The mean curcumin intensity was calculated as the difference in

fluorescence intensity in the cells at various time (1) and that at 0 h (Ig). **p < 0.01.
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Nuclei Endo/Lysosome Curcumin

Fig. 5.
Effect of HT on cellular uptake and intracellular distribution of free and ~22 nm nCCM:

typical DIC and Apotome SIM fluorescence micrographs of PC-3 cancer cells taken at 1.5 h
(A-D) and 3 h (E and F) after incubating the cells with 10 pg mI~1 free curcumin (fCCM, A
and B) or ~22 nm nCCM (C-F), either with or without HT applied from 1 to 1.5 h during
the incubation. The blue and red stains are Hoechst and LysoTracker Red staining of cell
nuclei and endo/lysosomes, respectively, and the latter stains are spot-like under enlarged
view.
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Fig. 6.
Toxicity to PC-3 cancer cells treated with HT, together with NP, fCCM, nCCM (~22 nm)

and their combination with HT: (A) viability at day 3 of PC-3 cancer cells with NT, after
treated with HT from 1 to 1.5 h alone, incubated with 1.845 mg mI~1 (corresponding to 30
pg mi~1 nCCM) NP for 3 days alone, and treated with the combination of the 3-day NP
incubation and HT from 1 to 1.5 h during the incubation (NP + HT); viability of PC-3
cancer cells after 3-day incubation with ~22 nm nCCM (B) or fCCM (C) of various
concentrations either without or with HT applied from 1 to 1.5 h during the incubation; and
(D) IC5q (inhibitory concentration to reduce cell viability to 50%) determined using the data
shown in (B) and (C) together with that shown in Fig. S5 for cells incubated for 3 days with
fCCM and nCCM in combination with HT applied at 3-3.5 h, 6-6.5 h and 12-12.5 h:
applying HT at 1-1.5 h during incubation with nCCM gives the best cancer cell destruction
for the combined treatment on average, although the difference is statistically insignificant.
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All treatments were done in culture medium containing 10% FBS. For unit conversion, 1 ug
ml~1 is equivalent to 2.71 pM curcumin. All viability data were calculated with respect to
control cells with no treatment. The 1C5q data for fCCM with HT at 3-3.5, 6-6.5 and 12—
12.5 h were obtained with slight linear extrapolation. **p < 0.01.
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Fig. 7.

Mechanisms of injury to PC-3 cancer cells after incubated in medium for 2 days with NT,
HT alone from 1 to 1.5 h during the incubation, NP alone, NP + HT, fCCM, fCCM + HT,
NCCM (~22 nm) or nCCM + HT: (A) typical two-channel (for annexin V and 7-AAD) flow

cytometry data showing the distribution of cells with necrosis in quadrant 1 (Q1), late

apoptosis in Q2, early apoptosis in Q3 and viable cells in Q4; (B) a summary of the flow

cytometry data from three independent runs; and (C) expression of four HSP showing
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possible injury mechanism involving HSP 70 and 27 for the combined treatment of NCCM
and HT. *p < 0.05; **p < 0.01.
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Scheme 1.

A schematic illustration of the chemistry and procedure for activating Pluronic F127,
synthesizing Pluronic F127—chitosan NP and encapsulating free curcumin (fCCM) in the
nanoparticle to obtain nanoparticle-encapsulated curcumin (nCCM): Pluronic F127 was
activated (1) at both terminals using 4-NPC; nanoparticles were synthesized by oil-in-water
emulsification (2), interfacial crosslinking with chitosan (3), and rotary evaporation and
rigorous dialysis (4) to obtain aqueous solution of pure nanoparticles. Curcumin was
encapsulated in the nanoparticle by mixing (under constant stirring) (5) solutions of free
curcumin (fCCM) in chloroform (CHCI3) and nanoparticles in water, utilizing (6) the high
affinity between curcumin and the hydrophobic PPO core of the nanoparticles, and
removing (7) chloroform by rotary evaporation. Also shown is an illustration of the thermal
responsiveness of the resultant n\CCM. The dashed circle in the formula of the crosslinked
Pluronic F127—chitosan indicates the bonding between chitosan and Pluronic F127.
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EE and LC at different feeding ratios of fCCM to NP in weight together with diameter of the resultant n\CCM

determined by DLS.

Curcumin:NP ratio (w:w) EE (%) LC (%) nCCM diameter, nm at 22 °C

nCCM diameter, nm at 37 °C

1:20 543+01 3402 180.0+6.6
1:30 577+156 24+01 2818+252
1:40 63.7+2.0 22+01 281.1+230
1:60 739+45 16+01 2960+153
0 N/A N/A 293.7+33.1"

188.1+15.3

289.4+ 257
211+14
22.0+0.5

19.0+1.37

All data are presented as mean + standard error of mean and N/A represents “not applicable”.

*
Diameter of nanoparticles without any curcumin.
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