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Abstract

Stimuli-responsive nanoparticles hold great promise for drug delivery to improve the safety and
efficacy of cancer therapy. One of the most investigated stimuli-responsive strategies is to induce
drug release by heating with laser, ultrasound, or electromagnetic field. More recently, cryosurgery
(also called cryotherapy and cryoablation), destruction of diseased tissues by first cooling/freezing
and then warming back, has been used to treat various diseases including cancer in the clinic. Here
we developed a cold-responsive nanoparticle for controlled drug release as a result of the
irreversible disassembly of the nanoparticle when cooled to below ~10 °C. Furthermore, this
nanoparticle can be used to generate localized heating under near infrared (NIR) laser irradiation,
which can facilitate the warming process after cooling/freezing during cryosurgery. Indeed, the
combination of this cold-responsive nanoparticle with ice cooling and NIR laser irradiation can
greatly augment cancer destruction both /n vitro and /n vivo with no evident systemic toxicity.
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Introduction

Stimuli-responsive drug release holds great promise to improve the safety and efficacy of
chemotherapy for treating cancer [1-3]. In order to minimize drug release in normal tissue,
both endogenous (e.g., ATP, glutathione, and pH) and external (e.g., laser, ultrasound, and
electromagnetic field) stimuli have been explored to control the drug release from
nanoparticles in tumor [3-8]. Thermally triggered drug release is one of the most
investigated stimuli-responsive strategies, and has been widely explored for cancer therapy
[9,10]. Existing thermally responsive strategies have been focused on heating to specifically
increase the temperature in tumor using laser, microwave, or alternating magnetic field (for
magnetic nanoparticles) [11-17]. However, in the clinic, cryosurgery (also called
cryotherapy or cryoablation) that destroys diseased tissues by cooling/freezing, has been
used to treat various diseases including cancer and cardiovascular malfunctions [18-22].

During cryosurgery, an iceball of the diseased tissue is created by using one or more
cryosurgical probes and an intraoperative imaging technique (e.g., ultrasound) is often used
to monitor the iceball size [18-22]. However, there is a significant temperature gradient
between the cryoprobe (less than approximately —100 °C) and the iceball surface
(approximately 0 °C) [23-26], and a freezing temperature of less than approximately —20 °C
is required to achieve effective Killing of diseased tissues/cells [27,28]. In other words, the
diseased cells/tissues in an iceball (particularly in the peripheral region next to the iceball
surface with a cold temperature of ~0 °C) visualized by the intraoperative imaging technique
may not be completely killed, which results in uncertainty and ineffectiveness of the
cryosurgical treatment. To address this issue, various chemical adjuvants including the small
molecule anticancer drug have been combined with cryosurgery for improved therapy [29-
32]. Moreover, two studies have explored the use of nanoparticles to deliver the chemical
adjuvants for combining with cryosurgery [33,34]. However, none of the nanoparticles used
is sensitive to cold temperature. Therefore, rational design of nanoparticles that are
responsive to cold temperature and capable of cold-triggered drug release is in demand to
minimize the systemic toxicity of the chemical adjuvants and improve the efficacy of
cryosurgery against diseased cells/tissues at cold temperature (similar to that next to the
surface of the frozen tissue iceball monitored intraoperatively). Because cold temperature
can be achieved by cooling with ice readily available in a hospital setting without the need of
any specialized instrument for surface cooling or by using cooling catheters for deep-tissue
cooling [35-37], development of cold-responsive nanoparticles for drug delivery should
facilitate the clinical application of both cryosurgery and nanomedicine.

Thermally responsive drug delivery systems have been made using poly(N-isopropyl
acrylamide (PNIPAM) that exhibits a lower critical solution temperature (LCST) at ~32 °C
in aqueous solution [38—41] or Pluronic F127 (PF127) with a LCST of ~25 °C on average in
aqueous solution [42,43]. The polymers are hydrophobic at temperatures higher than their
LCST, while they have high solubility in water at temperatures lower than their LCST. In
previous studies, PNIPAM or PF127-based nanoparticles are used to achieve triggered drug
release at temperatures higher than room temperature by heating to shrink/collapse the
nanoparticles [40,44—-46] or at temperatures lower than body temperature but higher than
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room temperature by cooling (also called cold shock, which is somewhat misleading
because the LCST is higher than room temperature) to expand them [41-43]. For fabrication
of polymeric nanoparticles, one of the widely used strategies is to utilize the hydrophobic
and hydrophilic properties of different polymers to achieve self-assembly of the polymers by
emulsification of water and organic solvents (e.g., double emulsion or emulsion solvent
evaporation) [47-49]. Therefore, if the LCST of the thermo-responsive polymer is lower
than room temperature, this polymer can be used as a hydrophobic polymer to prepare
nanoparticles at room temperature. Once the temperature is lower than the LCST, the
thermo-responsive polymer becomes hydrophilic (i.e., highly soluble in water) and can
cause disassembly of the nanoparticles in aqueous solutions. Unlike previous studies, this
nanoparticle is responsive to low temperature (or cold) and drug release can be triggered by
the cold-induced disassembly of the nanoparticle rather than shrinkage in size.

Cancer stem-like cells (CSCs) have attracted a great deal of attention in the past several
decades due to their high resistance to chemotherapy that is responsible for the many failures
of chemotherapy [50]. Fortunately, hyaluronic acid (HA) is the natural ligand of the variant
CDA44 receptors overexpressed on many types of cancer cells and CSCs in tumor [51].
Therefore, we decorated the surface of the cold-responsive nanoparticles with HA for
targeted delivery of theranostic agents to cancer cells and CSCs. Furthermore, the
photothermal effect has been shown to be efficient for improving the antitumor capacity of
chemotherapeutic drugs [52]. We therefore encapsulate a near infrared (NIR) dye
(indocyanine green, ICG in short) in the nanoparticles, which could generate heat under NIR
laser irradiation for the photothermal effect [53]. The goal of this study is to synthesize such
cold-responsive nanoparticles for controlled drug delivery and enhanced combination
therapy of orthotopic triple-negative human mammary cancer /n vitro and /n vivo.

Materials and methods

2.1 Materials

Pluronic F127 (PF127) and PNIPAM-B were purchased from Sigma (St. Louis, MO, USA).
Hyaluronic acid (HA, Mw: 66-90 kDa) was purchased from Lifecore Biomedical (Chaska,
MN, USA). Polyvinyl Alcohol (PVA, Mw: 100 kDa) was purchased from Fisher Scientific
(Pittsburgh, PA, USA). Chitosan oligosaccharide of pharmaceutical grade (Mw: 1.2 kDa,
95% deacetylation) was purchased from Zhejiang Golden Shell Biochemical Co. Ltd
(Yuhuan, Zhejiang, China). The CCK-8 cell proliferation reagent was purchased from
Dojindo Molecular Technologies (Rockville, MD, USA). Fetal bovine serum (FBS) and
penicillin/streptomycin were purchased from Invitrogen (Carlsbad, CA, USA). The
Dulbecco Modified Eagle Medium (DMEM) was purchased from ATCC (Manassas, VA,
USA). Irinotecan was purchased from Selleck Chemicals (Houston, TX, USA). All other
chemicals were purchased from Sigma (St. Louis, MO, USA) unless specifically mentioned
otherwise.

2.2 Preparation of chitosan-modified PF127 (chitosan-PF127)

The chitosan-PF127 was prepared using a previously reported procedure [54]. Briefly, a total
of 30 ml of PF127 solution (26 mM in benzene) was added dropwise into 30 ml of 4-
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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 PF127. The activated
polymer was then precipitated and filtered in excess (ice-cold) diethyl ether for three times
and dried under vacuum overnight. To synthesize chitosan-PF127, 10 ml of chitosan solution
(200 mg/ml) in deionized (DI) water was added dropwise into 10 ml of activated PF127
solution (400 mg/ml, in DI water). After stirring for 12 h, this mixture was dialyzed
(molecular weight cut off or MWCO: 7 kDa) against DI water for 24 h. Lastly, the polymer
was freeze-dried for 48 h to remove water for further use.

2.3 Preparation of nanoparticles

To prepare nanoparticles with PF127 or poly(N-isopropylacrylamide-co-butylacrylate)
(PNIPAM-B) alone, a double emulsion (water in oil in water or W-in-O-in-W) method with
slight modification was used [47]. Briefly, 10 mg of PF127 or PNIPAM-B was dissolved in
2 ml of dichloromethane and the solution together with 0.4 ml of DI water was transferred
into a centrifuge tube where the two immiscible solutions were emulsified by sonication for
1 min using a Branson 450 sonifier. Afterward, this initial emulsion and 4 ml of 2%
polyvinyl alcohol (PVA) solution (in deionized or DI water) were emulsified by sonication
for 2 min to obtain the double emulsion that was further processed by slowly dropping into 6
ml of 0.6% PVA (in DI water) and stirred for 10 min at room temperature. After rotary
evaporation of the double emulsion to remove organic solvent (i.e., oil), the samples
prepared with PNIPAM-B alone were collected by centrifugation at 13,800 g for 10 min at
room temperature and washed twice with DI water. The samples prepared with PF127 alone
were collected by using freeze-dry.

To prepare PN and HCPN (H for HA, C for chitosan, P for PF127, N for PNIPAM-B, with
or without drug) nanoparticles, 10 mg of PNIPAM-B and 20 mg of PF127 together with or
without a desired amount irinotecan (CPT in short) were dissolved in 2 ml of
dichloromethane. After adding 0.4 ml DI water either with or without indocyanine green
(ICG in short), the immiscible solutions were emulsified by sonication for 1 min. Then, this
first emulsion and 4 ml of the solution of either PVA (for PN nanoparticles) or the mixture
of chitosan-PF127 and HA (for HCPN nanoparticles) were emulsified by sonication for 2
min. After rotary evaporation to remove organic solvent, the nanoparticles were collected by
centrifugation at 13,800 g for 10 min at room temperature and washed twice with DI water.

2.4 Encapsulation of agents in the nanoparticles and in vitro drug release

The encapsulation efficiency (EE) of agents (CPT and ICG) using the nanoparticles was
calculated with the following equation:

EE=W Wiy X 100% (1)

— ""encapsulated

where Wencapsulated represents the amount (in weight) of agents encapsulated into
nanoparticles and Wsq is the initial total amount of agents fed for encapsulation. The
amount of CPT and ICG was determined spectrophotometrically using a Beckman Coulter
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(Indianapolis, IN, USA) DU 800 UV-Vis spectrophotometer based on their absorbance at
354 and 778 nm, respectively.

To determine the drug release /n vitro, drug-laden nanoparticles (20-30 mg) were
reconstituted in PBS (pH 7.4) and transferred into dialysis bags (MWCO: 20 kDa) that were
placed in 30 ml of the same PBS solution at 37 °C and stirred at 110 rpm using a mini-stir
bar. At various times, 100 pl of the dialysate was collected and the remaining dialysate
replenished with the same amount of fresh PBS. The concentration of the released CPT in
the removed dialysate was determined using UV-Vis spectrophotometry based on
absorbance at 354 nm. For ice (incubated in ice for 5 min), pH-responsive (pH 5.0, 5 min),
or near infrared (NIR) laser (1 W/cm2, 5 min) irradiation-triggered drug release, the
nanoparticles solution in tube were simply incubated in ice, changed with pH 5.0 solution, or
irradiated with NIR laser. The supernatant of the nanoparticle solutions was obtained by
centrifuging at 13,800 g and analyzed in the same way using UV-Vis spectrophotometry.

2.5 Characterization of HCPN-CG nanoparticles

The size of HCPN-CG (C for CPT and G for ICG) nanoparticles was assessed using a
Brookhaven 90 Plus/BI-MAS dynamic light scattering (DLS) instrument by dispersing the
nanoparticles (1 mg/ml) in DI water. The morphology of nanoparticles was characterized
using both transmission (TEM) and scanning (SEM) electron microscopy. For TEM studies,
the nanoparticles were examined after negatively stained with uranyl acetate solution (2%,
w/w) using an FEI (Moorestown, NJ, USA) Tecnai G2 Spirit transmission electron
microscope. The SEM experiments were conducted by depositing 10 ul of aqueous solutions
of the nanoparticles on a freshly cleaved mica grid and allowing them to dry for 60 minutes
in air. A thin film of Au was then sputtered onto the nanoparticles on the substrate. Samples
were imaged with an FEI NOVA Nano400 scanning electron microscope.

2.6 Cell culture and in vitro cell viability

Triple negative human breast adenocarcinoma MDA-MB-231 cancer cells (ATCC) were
cultured in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin at 37 °C in
a humidified 5% CO, incubator. To obtain 3D mammaospheres enriched with CSCs, the
well-established suspension culture was used [55]. Briefly, detached single cancer cells were
cultured in 24-well ultralow attachment plates (Corning, Lowell, MA, USA) at a density of
20,000 cells/ml in 1 ml CSC medium consisting of serum-free DMEM/F12-K supplemented
with 5 ug/ml insulin, 20 ng/ml epidermal growth factor (EGF), 20 ng/ml basic fibroblast
growth factor (bFGF), 1 x B27 (Invitrogen), and 0.4% (w/v) bovine serum albumin (BSA).
After 10 days, the mammospheres were collected for further experimental use. For 2D
cultured cell viability, 10,000 cells were cultured in 96-well plates for 12 h, and then treated
with various drug formulations. For quantifying the viability of 3D mammospheres,
mammospheres cultured in 24-well plates as aforementioned were treated with various drug
formulations directly. For further cooling and heating, cells ware incubated on ice for 5 min,
cultured in incubator (37 °C) for 5 min, followed by either irradiating with laser (1 W/cm?
for 2 min) or incubating in waterbath (42 °C). The total cells in each sample were quantified
using Cell Counting Kit-8 (CCK-8) assay according to the manufacturer’s instruction by
measuring absorbance at 450 nm using a PerkinElmer VICTOR X4Multilabel plate reader.
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2.7 Invitro imaging

Cells were seeded onto collagen-coated cover glasses (Nunc, Thermo Fisher Scientific Inc.,
Waltham, MA, USA) at a density of 2 x 10° cells/well in 6-well plate and grown at 37 °C for
12 h. The medium was then replaced with 2 ml of fresh medium containing different drug
formulations. After incubation at 37 °C for 3 h, the cover glass attached with cells was
mounted onto a glass slide with anti-fade mounting medium (Vector Laboratories
Burlingame, CA, USA) for examination using an Olympus FluoView™ F\1000 confocal
microscope.

2.8 TEM Imaging of Cells

Cells were seeded into Nunc™ Lab-Tek™ Il Chamber Slide™ System (Thermo Fisher
Scientific Inc., Waltham, USA) at a density of 1x10° cells/ml and were incubated with
nanoparticles for 3 h. Ice treatment and laser irradiation are applied in the same way as that
for cell viability studies. Samples were prepared for TEM according to standard procedures
and examined using a FEI (Moorestown, NJ, USA) Tecnai G2 Spirit transmission electron
microscope.

2.9 Flow cytometry analysis

MDA-MB-231 cells were first incubated in medium containing PN-CG and HCPN-CG for 3
h. After washing with PBS for 3 times, the cells were fixed with 4% paraformaldehyde
(PFA) for 20 min at room temperature. The cells were then washed with PBS twice and
analyzed using a BD (Franklin Lakes, NJ, USA) LSR-I1 flow cytometer and Diva software.

2.10 Animals and xenograft Tumors

Athymic female NU/NU nude mice of 6-week old were purchased from Charles River
(Wilmington, MA, USA) and maintained on a 16:8 h light-dark cycle. All procedures for
animal use were approved by the Institutional Animal Care and Use Committee (IACUC) at
The Ohio State University and all efforts were made to minimize animal suffering. To obtain
xenograft of human breast tumor in the nude mice, detached mammaosphere cells were
suspended at 2 x 10° cells/ml in a mixture (1:1) of 1x PBS and matrigel. A total of 20,000
cells in 100 pl of the mixture were injected into the fat pad of mammary gland of nude mice
of each 7-week-old mouse.

2.11 Invivo imaging and biodistribution

For in vivoimaging studies, after the tumor reached a volume of ~100 mm3, the mice were
injected with 100 pl of saline, a simple mixture of 50 pg of ICG in 100 pl of saline, PN-CG
nanoparticles (ICG: 50 pug and CPT: 200 pg), and HCPN-CG nanoparticles (ICG: 50 pg and
CPT: 200 pg) in 100 pl of saline. /n7 vivo fluorescence images were taken at 1, 3, 6, and 9 h
after intravenous injection via the tail vein using a PerkinElmer (Waltham, MA, USA) IVIS
instrument with excitation at 780 nm and an 830 nm filter to collect the fluorescence
emission of ICG. After /n vivoimaging, the mice were sacrificed and the tumor, liver,
kidney, lung, spleen, and heart were removed and collected for further ex vivo fluorescence
imaging of ICG using the same IVIS instrument.
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In vivo antitumor efficacy and safety

After tumors reached a volume of ~100 mm3, mice were treated with 100 pl of saline or
HCPN nanoparticles, CPT&ICG (with ice treatment for 5 min and NIR laser irradiation, 1
W/cm? for 2 min, CPT: 3 mg/kg, ICG: 1.2 mg/kg body weight), HCPN-CG nanoparticles
with NIR laser irradiation (1 W/cm? for 2 min, CPT: 3 mg/kg, ICG: 1.2 mg/kg body weight),
HCPN-CG nanoparticles with ice treatment (5 min, CPT: 3 mg/kg, ICG: 1.2 mg/kg body
weight), PN-CG nanoparticles with both ice treatment (5 min) and NIR laser irradiation (~5
min after ice treatment, 1 W/cm? for 2 min, CPT: 3 mg/kg, ICG: 1.2 mg/kg body weight),
and HCPN-CG nanoparticles with ice treatment (5 min) and NIR laser irradiation (~5 min
after ice treatment, 1 W/cm? for 2 min, CPT: 3 mg/kg, ICG: 1.2 mg/kg body weight). A total
of 100 pl of saline was used as the carrier for all the drug formulations. The ice treatment
and NIR laser irradiation were conducted at 12 h after the intravenous drug injection. After
ice treatment and/or laser irradiation, mice were also checked for the whole body
temperature by using infrared thermographic maps. Tumor growth was monitored every 5
days. The tumor volume (V) was calculated as: V = (L x W2)/2, where L is long diameter
and W is short diameter determined using a caliper. The mice were euthanized at day 30
after the drug injection. Tumors, livers, lungs, hearts, spleens, and kidneys were collected,
formalin fixed, paraffin embedded, and haematoxylin&eosin (H&E) stained for further
standard histological analysis.

2.13 Statistical analysis

All data are reported as mean = standard deviation (SD) from at least three independent runs.
The Kruskal-Wallis H'test and the Mann-Whitney U'test were used to assess the overall
among-group and two-group differences, respectively. All statistical analyses were carried
out with the IBM (Chicago, IL, USA) SPSS 22 software.

3. Results

3.1

Preparation and characterization of cold-responsive nanoparticles

In this study, we used a “green” approach to prepare cold-responsive nanoparticles without
the need of chemical reaction to break or form covalent bonds. As shown in Fig. 1A, this
was achieved by assembling Pluronic F127 (PF127), poly(N-isopropylacrylamide-co-
butylacrylate) (PNIPAM-B instead of PNIPAM with no modification, NIPAM:B = 8:1, M,, =
30,000), chitosan-modified PF127 (PF127-chitosan), and hyaluronic acid (HA) using a
double emulsion approach. The amphiphilic PF127 consists of both more hydrophilic
polyethylene glycol (PEG) blocks and more hydrophobic polypropylene glycol (PPG)
blocks and is soluble in both oil and water at room temperature. The PNIPAM-B is a
thermally responsive polymer with an LCST of 14-16 °C, which is lower than the LCST of
PNIPAM with no madification. This means it is hydrophobic at room temperature (~22 °C).
Therefore, the cold-responsive nanoparticles were synthesized by first dissolving PF127 and
PNIPAM-B in oil (O) to emulsify with water (W) at room temperature during the first
emulsion (W-in-0O) (Fig. 1A). At the same time, the hydrophabic irinotecan (CPT-11 or CPT
in short) was dissolved in oil and incorporated into the hydrophobic shell of PNIPAM-B and
PPG during the first emulsion as the chemotherapy drug. We further encapsulated the
hydrophilic indocyanine green (ICG, dissolved in water) inside the hydrophilic core during
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the first emulsion (Fig. 1A), to generate heat in the nanoparticles under near infrared (NIR,
~800 nm) laser irradiation [56].

HA is decorated on the nanoparticle surface because it is a natural ligand of the variant
CD44 commonly overexpressed on many types of cancer cells and particularly CSCs [54].
The cold-responsive nanoparticles were formed by further emulsifying the first emulsion
(W-in-0) in water dissolved with HA and PF127-chitosan for the second emulsion (W-in-O-
in-W, Fig. 1A). The PPG of PF127-chitosan is integrated into the hydrophobic shell formed
during the first emulsion while HA and chitosan-PEG stabilize and decorate the surface of
the resultant nanoparticles through the electrostatic interactions between HA (negatively
charged) and chitosan (positively charged) during the second emulsion [17,51]. The
nanoparticles can be collected by centrifugation after removing oil by rotary evaporation
under vacuum. The encapsulation efficiency of CPT and ICG in the resultant nanoparticles is
78.5 + 4.9% and 45.2 + 3.7%, respectively. We anticipate that the nanoparticles should
disassemble when the temperature is lower than the LCST of PNIPAM-B to trigger quick
release of the encapsulated drug (Fig. 1B). After injected into mice, nanoparticles of 20-150
nm can preferentially accumulate in tumor as a result of the enhanced permeability and
retention (EPR) effect of tumor that has a leaky vasculature with no lymphatic drainage (Fig.
1C) [57,58]. The tumor will be cooled with ice to trigger the drug release first and then
irradiated with NIR laser to increase the temperature to enhance the antitumor ability (Fig.
1C) [56].

Typical transmission electron microscopy (TEM) image of the resultant nanoparticles
(HCPN-CG, H for HA, C for chitosan, P for PF127, N for PNIPAM-B, C for CPT, and G for
ICG) is shown in Fig. 2A. The nanoparticles have a spherical morphology and core-shell
structure. In contrast, no nanoparticles could be collected by centrifugation if PF127 was
used as the only polymer for nanoparticle synthesis with the procedure shown in Fig. 1A
(Fig. S1A). After freeze-drying the supernatant, no nanoparticles and only polymer
aggregates could be seen in the freeze-dried product (Fig. S1B). Although some materials
could be collected if PNIPAM-B was used as the only polymer to prepare the nanoparticles
(Fig. S1A), no nanoparticles could be seen in the SEM image of the collected materials
either (Fig. S1C). This is not surprising as PNIPAM-B has poor solubility in water at room
temperature, and easily forms aggregates that can be spun down by centrifugation. This is
further confirmed by shining a red laser beam through the aqueous PF127, PNIPAM-B, and
HCPN (made without CPT and ICG using the same procedure as that shown in Fig. 1A)
samples. A light track is discernible only in the HCPN sample (Fig. S2, the Tyndall effect)
as a result of light scattering by the HCPN nanoparticles. The absence of the Tyndall effect
indicates a negligible amount of nanoparticles in the other two samples.

3.2. Cold-responsive drug release of HCPN-CG nanoparticles

Next, we investigated the cold-responsive property of the HCPN-CG nanoparticles. As
shown in Fig. 2B, the solution of HCPN-CG nanoparticles has the Tyndall effect at or above
12 °C, confirming the presentence of the nanoparticles in the solution. Interestingly, when
the temperature decreases to 10 or 6 °C, the solution of HCPN-CG nanoparticles becomes
clear and transparent and no evident Tyndall effect could be observed, suggesting
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disassembly of the nanoparticles. Furthermore, the disassembly appears to be irreversible
because the Tyndall effect is not evident when the temperature is increased back to room
temperature (22 °C, Fig. 2B). We further confirmed the cold-responsiveness of HCPN-CG
nanoparticles with TEM. When incubated at 10 °C for 0.5 min, the HCPN-CG nanoparticles
become partially dissembled (Fig. 2C). Moreover, no nanoparticles are clearly observable if
the incubation time at 10 °C is 3 min (Fig. 2D). Extensive polymer aggregates formed when
the temperature was increased back to room temperature (22 °C, Fig. 2E). These
observations at the different temperatures and times are further supported by SEM studies
(Fig. 2F). The extensive polymer aggregates may be responsible for the vague Tyndall effect
observed in the sample after warming back to 22 °C, as shown in Fig. 2B.

The size distribution of HCPN-CG nanoparticles in aqueous solutions at different
temperatures was determined by dynamic light scattering (DLS) analyses. As shown in Fig.
S3A, the HCPN-CG nanoparticles in aqueous solution have a narrow size distribution and
their size is similar (~90 nm on average) at all the temperature above 12 °C. However, no
stable measurement could be obtained at 10 and 6 °C, probably because nearly all the
nanoparticles are dissembled at the cold temperatures. Similarly, the zeta potential of
HCPN-CG nanoparticles is also stable at all the temperature above 12 °C, and could not be
detected at 10 and 6 °C (Fig. S3B). More importantly, the HCPN-CG nanoparticles are
stable at room temperature for at least 56 days according to the DLS size analyses (Fig. S4).
For long-time storage of the HCPN-CG nanoparticles without significant drug release, one
convenient way is to remove most of the supernatant after centrifugation during the
preparation of the HCPN-CG nanoparticles. As shown in Fig. SSA-B, after kept at room
temperature for 56 days, the HCPN-CG nanoparticles can still be homogenously dispersed
in DI water and the size of the HCPN-CG nanoparticles is similar to that on the day 0 (Fig.
S5B) with minimal drug release (~2%). This may allow convenient handling (e.g., washing
by centrifuging and re-suspending) of the drug-laden nanoparticles at room temperature
without significantly losing the payload, unlike a previously reported nanoparticle that is
responsive to room temperature [41-43]. The stability of HCPN-CG nanoparticles under
physiological condition is also investigated by dispersing the HCPN-CG nanoparticles in
fetal bovine serum (FBS). As shown in Fig. S6, the size of the HCPN-CG nanoparticles in
FBS solution is stable and did not form any large aggregates for at least 3 days. In order to
confirm the cold-responsive property of the HCPN nanoparticles is due to PNIPAM-B, poly
(lactic-co-glycolic acid) (PLGA, a polymer widely used for preparing nanoparticles) was
used to replace PNIPAM-B for preparing nanoparticles. As shown in Fig. S7, the PLGA-
based nanoparticles are not cold responsive. We further confirmed the cold-responsive
property of HCPN nanoparticles is due to PNIPAM-B polymer by using PVA instead of HA
and PF127-chitosan to prepare the nanoparticles (PN-CG). As shown in Fig. S8A, the size of
the PN-CG nanoparticles is 103.9 = 1.5 nm and zeta potential is —43.7 + 2.7 at room
temperature. The PN-CG nanoparticles have a narrow size distribution at the temperature at
18, 15, and 12 °C (Fig. S8B), but no stable measurement could be obtained at 10 and 6 °C.
This is further confirmed by taking photograph of the PN-CG nanoparticles solution at 22
and 10 °C. As shown in Fig. S8C, the solution of PN-CG nanoparticles has the Tyndall
effect at 22 °C, but no evident Tyndall effect could be observed at 10 °C and the solution
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becomes clear and transparent. This suggests disassembly of the nanoparticles at the cold
temperature.

We further checked the ultraviolet-visible (UV-Vis) absorbance of the HCPN nanoparticles
at different temperatures. As shown in Fig. 3A, the absorbance of the HCPN nanoparticles
decreases significantly when temperature is lowered to 10 or 6 °C, suggesting disassembly
of the nanoparticles into soluble polymers in the solution. After encapsulated with CPT and
ICG, although the absorbance peak (arrowhead) of ICG at 778 nm is evident at all
temperatures, the absorbance peak (arrow) of CPT at 354 nm is barely identifiable at or
above 12 °C (Fig. 3A, bottom) due to the strong absorbance of the HCPN nanoparticles at
the same wavelength (Fig. 3A, top). Moreover, it shows up clearly at 10 or 6 °C when the
nanoparticles are dissembled because of dissolution of all polymers in the sample. Next, we
investigated the fluorescence intensity of CPT in HCPN-CG nanoparticles at different
temperatures (Fig. 3B). The strongest fluorescence intensity is observed at 10 or 6 °C,
suggesting CPT is released from the nanoparticles at the cold temperatures with minimal
fluorescence quenching that could occur when CPT is encapsulated in the nanoparticles. To
confirm this, the drug release profile of HCPN-CG nanoparticles was conducted by using ice
to cool the samples. Although the drug release from HCPN nanoparticles is slow at 37 °C
(~2% in 5 h), more than 80% of CPT can be released from the nanoparticles after cooled on
ice for 5 min (Fig. 3C). In contrast, the drug release is less than 5% if pH is lowered to 5 for
5 min. As aforementioned, ICG encapsulated inside the nanoparticles can absorb NIR to
generate heat. Indeed, under NIR laser irradiation (1 W/cm?), the temperature of HCPN-CG
nanoparticle solution increases depending on the ICG concentration and time (Fig. S9).
Therefore, we checked the high temperature triggered drug release. As shown in Fig. 3C,
~20% of the CPT is released from the nanoparticles during laser irradiation (1 W/cm? for 5
min). We further checked the drug release profile when the stimuli are applied sequentially.
After the cold-triggered drug release, the impact of NIR irradiation on the drug release is
negligible (probably because most of the drug is already released after the cold treatment).
In contrast, after NIR irradiation to induce ~20% drug release, the cold-triggered drug
release is still apparent leading to a total of ~90% of drug release. Similarly, after acidic (pH
5) treatment with minimal drug release, the cold treatment can still induce significant drug
release (~80%) from the nanoparticles. These data indicate that the cold triggered drug
release is much more efficient than that induced by heating or low pH, and the latter two
treatments do not significantly affect the efficiency of the cold-triggered drug release.

In vitro targeting and antitumor capacity of HCPN-CG nanoparticles

Both 2D-cultured MDA-MB-231 cancer cells and 3D-cultured MDA-MB-231
mammospheres enriched with CSCs were used to examine the capability of HCPN-CG
nanoparticles for targeted drug delivery. For cellular uptake, we treated the 2D cells and 3D
mammospheres with the mixture of the two free drugs (CPT&ICG) and HCPN-CG
nanoparticles for 3 h. As shown in Fig. S10 (for free drug treated cells) and Fig. 4A-B (for
nanoparticles treated cells), there was almost no free CPT in the 2D cells and 3D
mammospheres, probably due to its hydrophobic nature (poorly soluble in water) with low
bioavailability to the cells. In contrast, after encapsulated in HCPN-CG nanoparticles, CPT
could be observed (i.e., taken up) in the 2D cells and 3D mammospheres after 3 h of
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incubation. We further checked the drug release inside the cells by treating them with laser
(L) or ice (). Stronger fluorescence of CPT could be seen in the cells after ice treatment
than NIR laser irradiation, suggesting the cold-responsiveness of the HCPN-CG
nanoparticles can be utilized to better control drug release inside cells than laser heating.
The targeting capability of HCPN-CG nanoparticles was confirmed by treating cancer cells
using nanoparticles without HA modification on their surface (PN-CG, Fig. S11). More CPT
and ICG could be delivered inside cells by using HCPN than PN nanoparticles due to the
targeting capability of HA on the HCPN nanoparticles [17,51]. The targeting capability of
HCPN-CG nanoparticles was further supported by flow cytometry studies on cell uptake of
CPT encapsulated in the nanoparticles. As shown in Fig. S12, the HA decoration could
significantly increase the intracellular delivery of CPT using nanoparticles. More
importantly, with further cooling by ice and then heating by laser irradiation, the
morphology of the 2D cells treated with HCPN-CG was completely changed and became
shrunken and spiky compared with other groups (last row of Fig. 4A). Similarly, cells in the
3D mammospheres treated with HCPN-CG also shrunk after the further ice and laser
treatments, which is significant according to the quantitative data of the cell area shown in
Fig. S13.

In order to confirm the temperature changes in the cells, FLIR (Wilsonville, Oregon, USA)
near infrared thermography were used to determine the temperature in samples. As
illustrated in Fig. S14A and shown in the last column of Fig. S14B, the temperature of cells
treated with HCPN-CG nanoparticle is ~37 °C in the incubator, decreases to ~4 °C after
incubating on ice for 5 min. Then, the temperature could recover to ~37 °C by warming in
incubator for 5 min and increases to ~42 °C after further treated with laser for 2 min (1
W/cm?2). For cells treated with saline, free CPT&ICG, and PN-CG nanoparticles, the
temperature increase is not as much as that of the HCPN-CG nanoparticle-treated cells,
suggesting more ICG could be delivered into the cells with HCPN-CG nanoparticles (Fig.
S14B). In addition to heating with laser, the HCPN-CG nanoparticle-treated cells, after
cooling on ice and incubating in incubator at 37 °C, were further heated to 42 °C in
waterbath at 42 °C for 30 min (Fig. S15). As shown in Fig. S16, the 2D-cultured cells were
shrunken but round, which is very different from the spiky morphology shown in Fig. 4A for
the cells with laser heating. There is no obvious change of 3D mammospheres before and
after waterbath treatment. These results indicate that although the maximum bulk
temperature is all ~42 °C, the fast and localized laser heating for 2 min from inside cells via
ICG is more damaging to the cells than the non-localized waterbath heating for ~30 min
from outside the cells.

In order to further confirm the cold-responsive property of the HCPN-CG nanoparticles
inside cells and the severe damage to the nanoparticles laden cells treated with ice cooling
and laser irradiation, we further checked the cellular uptake of the HCPN-CG nanoparticles
and cell morphology by using TEM. As shown in Fig. 4C, endo/lysosomes can be easily
observed as white dots in the low-magnification images (top row) in HCPN-CG treated cells
(no such white dots in control cells treated with saline), due to the uptake of multiple HCPN-
CG nanoparticles with a core-shell structure (Fig. 2A) in the endo/lysosomes of the cells
(bottom row). Importantly, almost all the nanoparticles disappeared/disassembled in the
endo/lysosomes after ice cooling, suggesting the cold-responsive property of HCPN-CG
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nanoparticles retains after they are taken up inside cells. In contrast, the PLGA-based
nanoparticles are stable in cells either kept at 37 °C or with ice treatment (Fig. S17).
Similarly, the HCPN-CG nanoparticles are stable after NIR laser irradiation alone. More
importantly, severe cell damage can be observed only in the TEM image of cells treated by
HCPN-CG nanoparticles together with ice cooling and laser irradiation, which is in
accordance with the confocal data (Fig. 4A).

To investigate the anticancer capacity of HCPN-CG nanoparticles, both the 2D cancer cells
and 3D mammospheres were treated with HCPN nanoparticles, free CPT, simple mixture of
free CPT&ICG, PN-CG nanoparticles, and HCPN-CG nanoparticles at various
concentrations without or with ice (+1), laser (+L), and both (+1+L, for which cells were
treated with ice for 5 min first and then laser for 2 min at 1 W/cm?). According to the
viability data of both 2D-cultured cancer cells (Fig. 5A) and 3D mammospheres (Fig. 5B
and Fig. S18), blank HCPN nanoparticles were not harmful to the cells. Interestingly,
HCPN-CG nanoparticles with ice (HCPN-CG+I) treatment induced higher cytotoxicity than
the treatment of HCPN-CG nanoparticles alone (o < 0.05 for 2D cultured cells and 3D
mammospheres at drug concentrations of 50 and 10 pg/ml), suggesting the cold-responsive
drug release could enhance the anticancer activity because blank HCPN nanoparticles are
not harmful to cells after ice, laser, or combined treatment (Fig. S19). This is further
supported by the data showing no significant difference in viability of the cells treated with
free drugs with or without ice cooling (i.e., CPT&ICG versus CPT&ICG+I). Similarly, the
toxicity of HCPN-CG nanoparticles to the 2D cells was also increased when combined with
laser. More importantly, the HCPN-CG nanoparticles combined with both ice and laser
(HCPN-CG+I+L) show the best antitumor capacity compared with all other groups (Fig.
5B). The cells were also treated with HCPN-CG nanoparticles in combination with ice and
waterbath heating (Fig. S15). As shown in Fig. S20, the waterbath heating could enhance the
in vitro antitumor ability of HCPN-CG nanoparticles, but it is not as effective as laser
irradiation. This is consistent with the morphological change observed for waterbath versus
laser heating (Fig. 4A-B versus Fig. S16).

In vivo targeting and antitumor capacity of HCPN-CG nanoparticles

We next investigated the bio-distribution of the HCPN-CG nanoparticles in orthotopic
MDA-MB-231 (triple-negative) human mammary tumor-bearing mice by utilizing the
fluorescence of ICG. Tumors were produced by injecting 20,000 MDA-MB-231
mammosphere cells per mouse into the fat pad of 6-8 week-old female nude mice. As
shown in Fig. 6A, the ICG fluorescence was detectable over almost the whole animal body
for PN-CG nanoparticles, HCPN-CG nanoparticles, and free ICG at 1 h after intravenous
injection. More importantly, stronger fluorescence is observable only in the tumors of mice
treated with the PN-CG and HCPN-CG nanoparticles, suggesting preferential accumulation
in tumor (i.e., tumor targeting) of the PN-CG and HCPN-CG nanoparticles. The
fluorescence in tumor in mice treated with PN-CG and HCPN-CG nanoparticles further
increases at 3, 6, and 9 h. By contrast, the fluorescence in tumor in mouse treated with free
ICG is weak and decreases after 6 h post injection (Fig. 6A). Moreover, the fluorescence in
tumor treated with HCPN-CG nanoparticles appears stronger than that treated with PN-CG
nanoparticles at 6 and 9 h although no obvious difference is discernable at 1 and 3 h. To
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confirm the observations from whole animal imaging based on ICG fluorescence, various
organs were harvested for ex vivo imaging to check the distribution of ICG after sacrificing
the mice at 9 h. As shown in Fig. 6B, the tumor from mouse treated with HCPN-CG
nanoparticles show stronger ICG fluorescence than that from mouse treated with PN-CG
nanoparticles, which is consistent with the whole-animal imaging data. Interestingly, the
fluorescence in liver and lung from the HCPN-CG nanoparticles treated mouse is weaker
than that from the PN-CG nanoparticles treated mouse, suggesting that the HA modification
on the HCPN-CG nanoparticles could reduce their accumulation in the two critical organs.
This is possibly because HA is a polymer naturally present in various tissues as well as body
fluids [59]. Therefore, the HA modification may help to reduce the chance of HCPN-CG
nanoparticles being captured by Kupffer cells or macrophages in liver, which is a main organ
of the mononuclear phagocyte system (MPS) to remove foreign materials [60]. In contrast,
the surface of PN-CG nanoparticles consists of polymers that are not naturally present in the
body (e.g., PF127). Therefore, they may be more easily recognized by Kupffer cells or
macrophages in liver, resulting in the accumulation of more PN-CG nanoparticles in liver.

Lastly, we treated the orthotopic tumor-bearing mice with different drug formulations to
understand the safety and efficacy of the HCPN-CG nanoparticles for cancer therapy. To
assess the cooling and warming effects /n vivo, ice and NIR laser were applied through the
skin over the tumor area. The tumor-bearing mice were randomly divided into 7 groups:
saline, blank nanoparticles (HCPN), free CPT&ICG with ice and laser treatments
(CPT&ICG+I+L), HCPN-CG nanoparticles with laser irradiation (HCPN-CG+L), HCPN-
CG nanoparticles with ice treatment (HCPN-CG+1), PN-CG nanoparticles with ice and laser
treatments (PN-CG+I+L), and HCPN-CG nanoparticles with ice and laser treatments
(HCPN-CG+I+L). Mice were treated with the various formations at a total CPT dose of 3
mg/kg body weight (for formulations with CPT) via intravenous injection when the tumor
reached a volume of ~100 mm? on day 6. No mice died during the course of the one-month
treatment and observation.

To confirm the ice cooling and NIR laser heating effects /n vivo, FLIR near infrared
thermography was used to detect the temperature under ice cooling and/or laser irradiation
(Fig. 6C). Without treatment, the temperature is ~35 °C for all the groups. After treating
with ice for 5 min, the temperature in the tumor area decreases to 7-8 °C, which is low
enough to induce disassembly of the nanoparticles. Then, NIR laser was applied over the
tumor area. Unlike ice treatment that cools anything in touch, the increase in temperature
with laser treatment is dependent on the amount of ICG (Fig. S9). Indeed, the increase in
temperature in the tumor area of mice injected with free CPT&ICG from the baseline

(=35 °C) is negligible after laser irradiation. This further suggests free ICG cannot
accumulate efficiently in tumor after intravenous injection, consistent with the
biodistribution data shown in Fig. 6A-B. In contrast, the temperature in the tumor area of
mice treated with both PN-CG and HCPN-CG nanoparticles could be higher than the
baseline after laser treatment (Fig. 6C). More importantly, the temperature in the tumor area
of mice treated with HCPN-CG nanoparticles is higher than that of mice treated with PN-
CG nanoparticles (38 versus 42 °C), indicating the HCPN-CG nanoparticles have better /in
vivo tumor targeting capability than the PN-CG nanoparticles. This is in accordance with in
in vivo and ex vivoimaging data.
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Probably due to aforementioned /n vivo tumor targeting capability, cold-responsive drug
release, and localized heating via ICG with laser irradiation, the HCPN-CG nanoparticles
with ice and laser (HCPN-CG+I+L) exhibit the best anti-tumor capacity (Fig. 6D-E). The
tumor size (Fig. 6D) and weight (Fig. 6E) of the HCPN-CG+I+L group are significantly less
than that of all the other treatment groups. Tumor growth for treatments with blank
nanoparticles (HCPN) or free CPT&ICG+I+L is similar to that of saline control. For the
HCPN-CG+I, HCPN-CG+L, and PN-CG+I+L treatments, tumor volume is also significantly
less than that of the saline control while they are not as effective as the HCPN-CG+I+L
treatment. Especially, by comparing HCPN-CG+L and HCPN-CG+I+L groups, the
antitumor capacity of HCPN-CG nanoparticles can be significantly improved when
combined with ice cooling. This confirms the importance of using the cold-responsive
property of the HCNPN-CG nanoparticles in destroying tumor. Further histological
examination (hematoxylin and eosin or H&E stain) reveals extensive necrosis in the tumors
from HCPN-CG+I+L group while tumors from the other groups appear more viable (Fig. 6F
and Fig. S21). Collectively, these data demonstrate the remarkable 7 vivo antitumor efficacy
of the HCPN-CG+I+L treatment. Equally important, we did not notice any obvious sign of
side effects for the HCPN-CG+I+L treatment. Neither death nor significant drop of body
weight was noted for all the seven different treatments (Fig. S22). Major organs from the
HCPN-CG+I+L treated mice were collected at 30 days after the treatment for histology
analysis. No obvious damage to the critical organs was observable in the H&E stained tissue
slices (Fig. S23). These results indicate the excellent safety of the HCPN-CG nanoparticles
for delivering therapeutic agents /n vivo. This is probably because the four polymers used to
synthesize the nanoparticles are biocompatible [61-64]. Moreover, the body temperature
(=37 °C) is always higher than the disassembly/dissolution temperature (~10 °C) of the
HCPN-CG nanoparticles. As a result, the nanoparticles are stable when circulating in the
body with minimal release of drug to reduce any potential side effects. These results indicate
that HCPN-CG+I+L treatment can greatly augment cancer destruction /7 vivo with no
evident systemic toxicity.

It is worth noting that although it could be further reduced by replacing the butyl group in
the PNIPAM-B polymer with a more hydrophobic group (e.g., pentyl group) [65], a
transition temperature of ~10 °C is desired in this study. This is because the ice is applied on
the skin surface above the tumor for cooling in this study and the temperature in tumor
should be higher than that of ice. If the transition temperature is further lowered, it may be
inefficient to induce triggered drug release with ice cooling from the skin surface. For future
potential application of the HCPN-CG nanoparticles to treat tumors in deep organs, cold
temperature can be achieved by using a cooling catheter to generate local hypothermia
guided by minimally invasive surgical approaches such as endoscopy, thoracoscopy, and
laparoscopy [35-37]. These minimally invasive surgical technologies have also been studied
for delivering NIR laser into deep organs [66—-69], and it is possible to combine the delivery
of NIR laser and cold in one catheter. In fact, catheter or probes that can deliver both
microwave/heat and cold has been reported in the literature before [70,71]. Therefore, the
requirement of cooling together with NIR irradiation or heating is not an obstacle for the
future clinical applications of our cold responsive nanoparticle system. Although the various
drug formulations can be locally delivered into tumor using the aforementioned method, we
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chose intravenous injection in this study to demonstrate the preferential accumulation of the
HCPN-CG nanoparticles in tumor via both passive (due to the EPR effect of tumor
vasculature) and active (due to HA on the nanoparticle surface) targeting (Fig. 6A-B).
Furthermore, systemic administration of chemotherapeutic drugs is widely used in the clinic
to inhibit not only the growth of primary tumor but also the potential metastatic tumor
formation [72,73].

4. Discussion

The resistance of CSCs to conventional chemotherapy is multifaceted including
overexpressed drug efflux pumps, enhanced DNA repair, overexpression of anti-apoptotic
proteins, and dormancy [51], In this study, HA is decorated on the surface of the HCPN-CG
nanoparticles for targeted delivery of CPT to the CSCs. This may help to deliver more drugs
into the CSCs to enhance the anti-tumor/CSCs capability of the nanoparticles. However, as a
result of the slow/sustained drug release from the nanoparticles, the concentration of the
released drug in CSCs may be still not high enough to efficiently kill the CSCs. We take
advantage of the cold-responsive property of the HCPN-CG nanoparticles to achieve
efficient burst-release of CPT from nanoparticles (more than 80% within minutes, Fig. 3C).
To further improve the anti-CSCs capability of CPT, we co-encapsulated ICG into the
nanoparticles for photothermal warming under NIR laser irradiation. This is because the
photothermal effect could enhance the cytotoxicity of chemotherapeutic drugs [15]. Indeed,
both /n vitro and /n vivo data suggest that HA-mediated CPT targeted delivery, ice cooling,
or laser irradiation (photothermal warming) could enhance the antitumor capability of CPT.
Importantly, the best antitumor can be achieved only by combining them together.

It is worth noting that the temperature is not constant (i.e., decreases with time from 37 °C to
~4-0 °C) during ice cooling for 5 min in this study, as shown in Fig. S14-15. The
nanoparticles solution in centrifuge tube was put in ice for 5 min to determine the cold-
triggered drug release (Fig. 3C). According to both the near infrared thermal images and the
thermal history quantified using thermocouples (Fig. S14-15), the temperature of the
samples is close to 0 °C after cooling in ice for 5 minutes and the drug can still be efficiently
released from HCPN-CG nanoparticles (Fig. 3C). Similarly, the therapeutic effect of the
HCPN-CG nanoparticles was conducted by cooling the MDA-MB-231 cells or tumor using
ice for 5 min. Both the /n vitro cytotoxicity and /in vivo antitumor data show that the
anticancer capability of HCPN-CG nanoparticles is augmented by ice cooling.

In this study, ICG was used as a photothermal agent to enhance the antitumor efficacy of
CPT rather than thermal ablation (or destroy tumors at a temperature usually more than

43 °C, [23,24]). Therefore, the concentration of ICG was optimized to generate mild
hyperthermia (up to ~42 °C) for both /n vitroand in vivo studies. As shown in Fig. S14 for
in vitro studies, the infrared thermographic maps indicate that the temperature of cells
treated with HCPN-CG nanoparticles (ICG: 3 ug/ml) could be increased to ~42 °C after
irradiated with NIR laser for 2 minutes. Therefore, the ICG concentration of 3 pg/ml was
used for all the /n vitro studies. Similarly, the concentration of ICG for /in vivo studies was
optimized to be 3 mg/kg to increase the temperature of tumor to ~42 °C after laser
irradiation (Fig. 6C). The concentration of CPT was varied from 1 to 100 pg/ml for testing
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the cytotoxicity /n vitro and the CPT dose of 3 mg/kg was used for /n7 vivo studies based on
previous research [74]. Mice (for /n vivo studies) were irradiated with NIR laser at 12 h after
treated with HCPN-CG nanopatrticles, also based on previous studies shown that the
nanoparticles could well accumulate in tumor and be cleared from normal organs at ~12 h
after intravenous injection of nanoparticles [75]. For consistency, cells (for /n vitro studies)
were treated with NIR laser irradiation after incubated with HCPN-CG nanoparticles for 12
h.

ICG is a clinically approved NIR dye with low cytotoxicity [76,77], especially at the low
concentration (3 ug/ml) used in this study. To confirm this, we investigated the cytotoxicity
of free ICG and HCPN nanoparticles encapsulated ICG (HCPN-G, without CPT). As shown
in Fig. S24A, neither free ICG nor HCPN-G nanopatrticles is toxic to the MDA-MB-231
cells. The HCPN-G nanoparticles under NIR laser irradiation (HCPN-G+L) are still not
toxic to the cells. This is probably because the concentration of ICG was optimized to
generate only mild hyperthermia (up to ~42 °C) in this study. It is worth noting that the
HCPN-G nanoparticles with both ice cooling and laser irradiation (HCPN-G+I+L) could
inhibit the growth of the cancer cells (Fig. S24A), which may be due to the structural
damage during the cooling and heating process as shown in Fig. S24B. However, the
cytotoxicity of HCPN-G+I+L is much lower than HCPN-CG+I+L (Fig. 5A), suggesting that
the contribution of ICG is limited to the generation of mild hyperthermia during NIR laser
irradiation. The anticancer contribution of CPT was investigated by encapsulating CPT alone
in the HCPN nanoparticles (HCPN-C). As shown in Fig. S24C, free CPT can inhibit the
growth of MDA-MB-231 cells, which can be improved by encapsulating the drug inside the
HCPN nanoparticles. The cytotoxicity of HCPN-C nanoparticles was further enhanced when
combined with ice cooling, confirming the therapeutic benefit of burst drug release. In
contrast, NIR laser irradiation does not cause significant difference in the viability of the
HCPN-C nanoparticles-treated cancer cells (Fig. S24C). This is probably because no ICG is
encapsulated to generate mild hyperthermia for enhancing the cytotoxicity of CPT. With ice
cooling and/or NIR laser irradiation, the cytotoxicity of HCPN-C+I+L is similar to HCPN-C
+I and lower than HCPN-CG+I+L (see Fig. 5A). All these results suggest that the
contribution of ICG used in this study is to induce mild hyperthermia (or photothermal
warming instead of photothermal ablation to kill tumor at more than 43 °C [23,24]), and the
cytotoxicity of CPT can be improved by the combination of the mild hyperthermia and cold-
triggered burst drug release.

In order to show the advantage of encapsulating both CPT and ICG in the HCPN
nanoparticles (Fig. 5), we further investigated the cytotoxicity of HCPN-C nanoparticles
with different concentrations of CPT after treated with both ice cooling and laser irradiation.
As shown in Fig. S25A-B, under the same concentration of CPT, the HCPN-CG+I+L
treatment is significantly more cytotoxic than HCPN-C+I+L treatment for both 2D cultured
MDA-MB-231 cells and 3D microscale tumors (i.e., mammospheres) enriched with CSCs.
This is not surprising as the ICG is necessary for photothermal warming to enhance the
cytotoxicity of CPT. Without chemotherapeutic drug encapsulation, the cytotoxicity of
HCPN-G+I+L treatment is significantly lower than HCPN-CG+I+L treatment for all
different concentrations of CPT. We did not include the animal groups treated with the
nanoparticles encapsulated with CPT or ICG alone. This is because the purpose of the /n
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vivo study is to understand the benefit of combining ice cooling and NIR laser irradiation for
tumor destruction.

Cryotherapy has been used to destroy tumors in various organs including liver, kidney, lung,
prostate, breast, skin, bone, and other tissues [18,21,22,78,79]. However, tumor cells in an
iceball (particularly in the peripheral region next to the iceball surface with a cold
temperature of ~0 °C) visualized by intraoperative imaging techniques may not be
completely killed, which may result in tumor recurrence [23-25]. This issue could be
addressed by combining the cold-responsive nanoparticles developed in this study with
cryotherapy. This is because the nanoparticle is capable of burst-release of most
encapsulated drug at cold temperature to enhance cancer destruction in the peripheral region
of the iceball. For future potential clinical application, patients may be treated with the cold-
responsive nanoparticles first and then cryotherapy at a few hours later to allow the
preferential accumulation of nanoparticles in tumor (Fig. 6A-B). As a result, cancer cells
that are not killed by cryotherapy in the peripheral region of an icerball may be killed by the
chemotherapeutic drug released from the cold-responsive nanoparticles in response to the
cold temperature in the peripheral region of the iceball during cryotherapy.

5. Conclusions

In summary, we have developed novel cold-responsive HCPN-CG nanoparticles composed
of HA, chitosan, PNIPAM-B, and PF127 for targeted co-delivery of chemotherapeutics
(CPT) and photothermal agent (ICG) into orthotopic human mammary tumor. Due to the
dissolution of PNIPAM-B, the nanoparticles could disassemble quickly at temperatures
below 12 °C. This cold-responsiveness can induce much more efficient drug release from the
nanoparticles than acidic pH or NIR-induced photothermal effect. Interestingly, ice cooling
followed by short NIR irradiation could cause severe structural damage/shrinkage to the
HCPN-CG nanoparticle-laden cells. Our extensive /n vitro studies with both 2D-cultured
cancer cells and 3D microscale tumors (i.e., mammospheres) enriched with CSCs and in
vivo studies using orthotopic triple negative human breast tumors grown in mice
demonstrate the great potential of the HCPN nanoparticles with ice cooling and laser
irradiation for enhancing drug delivery to combat cancer.
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Fig. 1.
Synthesis and mechanism of cold-responsive nanoparticle for drug delivery to treat cancer.

(A) Hyaluronic acid (HA or H), chitosan-modified Pluronic F127 (chitosan-PF127 or C),
PF127 (P), and poly(N-isopropylacrylamide-co-butylacrylate) (PNIPAM-B or N) were used
to prepare the irinotecan (CPT or C) and indocyanine green (ICG or G)-laden HCPN-CG
nanoparticles using the double-emulsion method. (B) The thermal phase transition behavior
of PNIPAM-B from being water-insoluble to highly water-soluble can cause disassembly of
the HCPN-CG nanoparticles upon cooling to below room temperature, which can result in
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burst release of the encapsulated drug. (C) /n vivo accumulation of HCPN-CG nanoparticles
in tumor through the enhanced permeability and retention (EPR) effect of tumor vasculature,
burst drug release upon cooling with ice, and enhanced antitumor efficacy with ice cooling
followed by near infrared (NIR) laser irradiation.
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=1 Characterization of HCPN-CG nanoparticles and their cold responsiveness. (A) TEM
8 images showing the HCPN-CG nanoparticles are spherical with a core-shell configuration.
=z (B) Typical schemes and photographs of the aqueous samples of HCPN-CG nanoparticles at
% various temperatures before and after shining a red laser beam through them in the dark. As
5 a result of the Tyndall effect (i.e., scattering of laser beam by nanoparticles in solution), a
= bright white track of light is visible in the dark in the solutions of HCPN-CG nanoparticles
2 above 10 °C. However, it is not clearly observable at or below 10 °C and after warming back
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to room temperature (i.e., 22 °C), indicating the HCPN-CG nanoparticles disassemble upon
cooling to 10 °C (or a lower temperature) and the disassembling process is not reversible.
(C) TEM images showing the partially dissembled HCPN-CG nanoparticles after incubating
at 10 °C for 0.5 min. (D) The nanoparticles become completely disassembled after 3 min
incubation at 10 °C. (E) No nanoparticles are clearly observable after warming back to

22 °C. (F) SEM images of HCPN-CG nanoparticles showing the same cold responsiveness
observed with the TEM studies. Arrows indicate partially dissembled HCPN-CG
nanoparticles after incubating at 10 °C for 0.5 min.
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Fig. 3.
Characterization of cold-responsive drug release from HCPN-CG nanoparticles. (A) UV-Vis

absorbance of HCPN (top) and HCPN-CG (bottom) nanoparticles at different temperature
showing the cold-responsive ability of HCPN-CG nanoparticles. Arrow and arrowhead
indicate the absorbance peaks of CPT and ICG, respectively. (B) Fluorescence emission
spectra of HCPN-CG nanoparticles at various temperatures showing cold-triggered release
of CPT. (C) A comparison of the triggered release of CPT from HCPN-CG nanoparticles by
ice cooling (5 min), acidic pH (5.0, 5 min), and NIR laser irradiation (1 W/cm2, 5 min),
showing the cold-triggered drug release from HCPN-CG nanoparticles is much more
effective than the other two treatments. Moreover, the efficient drug release triggered by cold
is not affected by pre-treatment with the NIR laser or low pH. Error bars represent + S.D. (n
=3).
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Fig. 4.
In vitro cell uptake of nanoparticles and their cold responsiveness inside cells. Confocal

micrographs of (A) 2D cancer cells and (B) 3D mammaosphere cells after incubating with
HCPN-CG nanoparticles for 3 h at 37 °C, followed by cooling on ice (+1, 5 min), laser
irradiation (+L, 1 W/cm?2, 2 min), or both (+1+L). The cells incubated with HCPN-CG
nanoparticles and further treated with ice cooling and laser irradiation (HCPN-CG+I+L)
appear shrunken and/or spiky. (C) TEM images of cancer cells treated with saline, HCPN-
CG nanoparticles alone, and HCPN-CG nanoparticles with ice cooling for 5 min (+1, 5 min),
NIR laser irradiation for 2 min at 1 W/cm? (+L, 1 W/cmZ, 2 min), or both (+1+L). Endo/
lysosomes can be easily observed as white dots in the low-magnification images (top row) in
HCPN-CG treated cells (no such white dots in control cells treated with saline), due to the
uptake of multiple HCPN-CG nanoparticles with a core-shell structure (Figure 2A) in the
endo/lysosomes of the cells (bottom row). Importantly, almost all the nanoparticles
disappeared/disassembled in the endo/lysosomes after ice cooling, but not NIR irradiation
alone. The insets in the high-magnification images in the bottom row show endo/lysosomes
either with intact HCPN-CG nanoparticles or without discernable nanoparticles (due to their
disassembly upon ice cooling, +1). DIC: differential interference contrast.
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Fig. 5.
In vitro anticancer capacity. Viability of (A) 2D cancer cells and (B) 3D mammosphere cells

after treated with blank nanoparticles (HPCN), free CPT, simple mixture of free CPT&ICG,
PN-CG nanoparticles, and HCPN-CG nanoparticles without or with ice cooling for 5 min
(+1), NIR laser irradiation for 2 min (+L), or both (+1+L). Control cells were cultured in pure
medium without any treatment. Error bars represent S.D. (n = 3). *: p< 0.05 (Kruskal-Wallis
Htest).
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Fig. 6.

/ngvil/o biodistribution and antitumor capacity. (A) /n vivo whole animal imaging of ICG
fluorescence at different times after intravenous injection of free ICG, ICG-laden PN-CG
nanoparticles, and HCPN-CG nanoparticles via the tail vein. The arrows indicate the
locations of tumors in mice. (B) £x vivoimaging of ICG fluorescence in tumor and five
critical organs collected after sacrificing the mice at 9 h. (C) Infrared thermographic maps of
whole animal after ice treatment (5 min) and near infrared laser irradiation (at ~5 min after
ice cooling, 1 W/cm2, 2 min) on tumor. (D) Tumor growth curves and tumor image for seven

Biomaterials. Author manuscript; available in PMC 2019 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wang et al.

Page 31

different treatments. Error bars represent S.D. (n =5). *: p< 0.05, **: p< 0.01 (Kruskal-
Wallis H'test). (E) Weight of the tumors collected after sacrificing the mice on day 30. Error
bars represent S.D. (n = 5). *: p< 0.05 (Kruskal-Wallis H'test). (F) Representative histology
(H&E) images of the tumors collected on day 30. Most of the cells in HCPN-CG+I+L
treated tumor are necrotic. |: ice cooling for 5 min and L: laser irradiation at 1 W/cm? for 2
min. The red arrows indicate necrotic cells.
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