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Abstract

We synthesized a new type of upper critical solution temperature (UCST) thermally responsive
polymers (TRPs) with varying responsive temperatures (cloud points). We then grafted one of the
TRPs with a cloud point of 42°C on the surface of mesoporous silica nanoparticles (MSN) using
disulfide bonds to achieve a novel, dual responsive release system. With this system, the cargo
release profiles are responsive to both temperature and reducing agents. When loaded with
doxorubicin hydrochloride (DOX), the system could deliver DOX into breast cancer cells (SK-
BR-3) in a controlled fashion and present high toxicity.

Graphical Abstract

A novel, dual responsive and intracellular delivery system was developed by grafting UCST-type
polymers onto the surface of mesoporous silica nanoparticles through disulfide bonds.
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Traditional intravenous cancer therapy is inefficient and could lead to undesirable side
effects.! Localized and controlled drug delivery systems have the potential to increase the
effectiveness of cancer therapy and minimize healthy tissue exposure to toxic chemo- and
radiotherapy reagents.2 Therefore controlled drug delivery systems are highly desired in
advanced cancer therapy.*

Due to the increasing popularity of temperature-mediated (thermal) therapies, many
localized in vivo temperature-regulating technologies suitable for human patient treatments
in a clinical setting, including near infrared light, microwave and ultrasound, have been
developed.® Low temperature hyperthermia (39-41°C for times up to 72 h) and moderate
temperature hyperthermia (42-45°C for 15-60 min repeatedly) have been utilized in clinical
trials without harmful side effects.> Because of the minimally invasive nature, such
technologies are actively investigated to increase temperature locally to achieve spatially and
temporally controlled drug delivery. Since cancer cells are more vulnerable to high
temperature than normal cells, cancer drug delivery systems utilizing hyperthermia-triggered
delivery systems are especially attractive because they can benefit from the hyperthermia-
induced apoptosis mechanism.b

Therefore, thermally responsive polymers (TRPs) are increasingly utilized as therapeutic
drug/biomolecule carriers in cancer treatment and other therapeutic applications in the past
decade.” TRPs exhibit reversible and temperature-dependent transformation between
hydrophilic and hydrophobic phases, which allows for cargo loading and controlled release
with thermal stimulation.8 The molecular chain morphology of TRPs changes with
temperature in aqueous solution, which is the basis for constructing thermally controlled
release systems.® A coil to globule morphology transition occurs when a typical TRP
responds to a temperature change at its solution temperature.® This characteristic of TRPs
with a lower critical solution temperature (LCST), such as poly(N-isopropylacrylamide)
(PNIPAM), which has a cloud point around 32°C, have been widely utilized in constructing
controlled release systems to improve the therapeutic efficiency of delivered drugs or
biomolecules.10
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Polymers with upper critical solution temperature (UCST) assume coil morphology at
temperatures above UCST and undergo phase inversion to assume a globular morphology at
temperatures below UCST.11 However, previously reported UCST polymers are mainly
zwitterionic polymers (contain a positive ion at one location and a negative ion at another
location in the polymer chain), such as sulfobetaine-based methacrylate polymers. They
have limited applications in physiological systems due to the loss of thermal responsiveness
in the presence of electrolytes.12 In the past few years, significant progress has been made in
developing novel UCST polymers utilizing hydrogen bonding, which are less sensitive to ion
concentrations than traditional zwitterionic polymers. Examples of such polymers include
poly(N-acryloyl glycinamide) and ureido-derivatives.13

TRPs with an UCST higher than 37°C are hydrophobic under physiological condition. The
hydrophobicity enhances the loading efficiency of anti-cancer drugs, which are frequently
hydrophobic, and reduces burst release. When triggered with heat (reaching a temperature
higher than UCST), the polymers become hydrophilic and more mobile for excretion.4 By
conjugating polyethylene glycol (PEG) to poly(acrylamide-co-acrylonitrile), UCST
polymeric micelles have been prepared and shown to increase loading and delivery
efficiency for DOX.1® However, UCST polymers have not been broadly utilized in
constructing drug delivery systems to achieve optimal drug delivery.

Multi-stimuli responsive release systems may have more advantages over single-stimulus
responsive system, such as higher efficiency, possibly lower required dose, and decreased
drug resistance.® The microenvironment of cancer tissue could provide endogenous stimuli,
such as over-expressed proteins and reductive glutathione (GSH), 17 to trigger responsive
release and enhance targeting. Among various molecules that respond to such endogenous
stimuli, cystamine contains a disulfide bond and can serve as a chemically reducible
linker.18

Herein, we synthesized a series of UCST polymers, TRP1, TRP2, and TRP3, by
copolymerizing varying ratios of acrylamide and acrylonitronile (Scheme 1), confirmed by
Fourier transform infrared spectroscopy (FTIR) and *H-NMR spectra (Figure S1), and
obtained varying cloud points of 32°C, 42°C and 50°C, respectively. Instead of using TRPs
themselves as delivery vehicles, we grafted TRP2 (with a cloud point of 42°C) onto
mesoporous silica nanoparticles (MSN) with disulfide-containing cystamine, aiming to
develop a dually responsive intracellular delivery system with temperature-responsive and
cancer cell responsive “gates” to more effectively regulate intracellular cargo release profiles
(Scheme 1).

The molecular weights and compositions of the synthesized TRPs are determined using gel
permeation chromatography (GPC) and FTIR (Table 1). The ratios between the two
segments in the copolymers were semi-quantitatively determined by integrating ratios of
infrared vibration bands of the carbonyl and nitrile groups (Figure S2). The cloud points
were determined by measuring the turbidity changes of the polymer solutions with
temperature changes, which were defined here as the temperatures corresponding to 50% of
the transmittance at 670 nm (with a polymer concentration of 1 wt %). The cloud point
positively correlates with the acrylonitrile content with high sensitivity (Table 1, Figure 1a).
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Furthermore, the TRP2 showed remarkable reversibility in response to temperature changes,
without shift of the cloud point after three cycles of cooling and heating (Figure 1b),
demonstrating its robust thermal responsive property.

The hydrophilicity of TRPs changes with the temperature, resulting in their chain
morphology change between random coils and collapsed globules, which can be detected by
measuring the changes in size and size distribution of the TRP aggregates. [°] The size
distribution of TRP2 in PBS was determined at different temperatures using the dynamic
laser scattering (DLS) technique. The results show that TRP2 agglomerated into large
particles with diameters around 2200 nm at 25°C (Figure 1c), indicating the high
hydrophobicity of the polymer chains at this low temperature (forming large particles to
reduce the total surface area and therefore to reduce the total surface energy). When the
temperature was increased to its cloud point 42°C, the globules gradually assumed a bimodal
distribution with two peaks at 23 nm and 700 nm, respectively (Figure 1d). The intensities of
each of the two individual peaks at this temperature were lower than that of the one peak at
25°C, which may be resulted from the gradual disaggregation of polymer chains due to
increased hydrophilicity at higher temperature. The polymer solution became transparent at
65°C and exhibited a narrow particle size distribution at 32 nm with enhanced intensity
(Figure 1e). The other two TRPs (TRP1 and TRP3) also showed the similar thermo-
responsive characteristics to those of TRP2 in terms of changing size distribution with
temperature (Figure S3 and S4).

The inverse relationship between the larger TRP particle size and the solution temperature
indicated that the hydrophilicity of polymer chains increased as temperature rose. The
smaller sized peaks (23 nm at 42°C and 32 nm at 65°C) could represent single polymer
chain coils or some semi-stable small aggregates of a smaller number of polymer chains. At
the higher temperature of 65°C, the polymer chains became hydrophilic enough for all of
them to assume the either single polymer chain coils or smaller aggregates of multiple
polymer chains. To decipher the nature of these larger and smaller aggregates, static light
scattering and dynamic light scattering were carried out to determine the gyration diameter
(Dg, two times the radius of gyration) and hydrodynamic diameter (Dy) of the larger and
smaller aggregates of TRP2 in PBS using a Zetasizer Nano ZSP (Malvern). The typical
Dgy/Dp, ratio for a linear flexible chain coil is 1.55, the typical Dg/Dy, ratio for a micellar
sphere is around 0.774.129] It was found that the Dgy/Dy, ratios for both the larger aggregates
and the smaller aggregates of TRP2 in PBS were around 1.0 (Figure S5), indicating that
these aggregates were consisted of twisted chains. At temperatures lower than the cloud
point (< 42°C), a larger percentage of the aggregates were larger than the wavelength of
visible light and therefore the suspension was cloudy. When the temperature rose above
65°C, all or the majority of the aggregates became smaller than the wavelength of visible
light, and therefore the solution became transparent. At the relatively lower temperature
(42°C), likely only the shorter polymer chains became the smaller aggregates, therefore the
average size of the smaller aggregates was smaller (23 nm). At a higher temperature (65°C),
because of the increase in hydrophilicity all the polymer chains became the smaller
aggregates, therefore the average size of “small aggregates” became relatively larger (32 nm)
than that of the smaller aggregates (23 nm) at the lower temperature of 42°C.
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Mesoporous silica nanoparticles (MSN) have been widely utilized in constructing various
release systems due to their high loading capacity, easy surface functionalization, and high
biocompatibility.[2%] In this study, the temperature-dependent morphology change of
aqueous TRP2 were utilized to gate the channels of MSN with the intention to achieve
temperature-triggered drug release. We grafted TRP2 onto the surface of MSN through
disulfide bonds (reducing agent responsive) to achieve dual responsive delivery system,
MSN-TRP2, aiming for more precisely controlled release. FTIR and zeta potential
measurements confirmed the successful grafting of TRP2 on the surface of MSN (Figure
S6&7). Transmission electron microscopy (TEM) showed that the TRP2-grafted MSN tend
to aggregate more than the as-prepared MSN, which could result from physical crosslinking
of MSN by the entanglement of TRP2 chains on adjacent MSN at 25°C (Figure 2a and 2b).
Dynamic laser scattering analysis showed that MSN-TRP2 at lower temperatures tended to
have larger sizes and broader size distributions than MSN-TRP2 at higher temperatures
(Figure 2c—e). Such changes are likely resulted from increased hydrophilicity of MSN-TRP2
at high temperatures and therefore improved dispersing ability in water.

We loaded MSN-TRP2 with rhodamine B to test the intended temperature responsive and
reduction responsive release properties. The cumulative release is positively associated with
the release temperature (Figure 3a). After 5 hours, less than 5% rhodamine was released at
25°C, about 20% rhodamine was released at 37°C, and about 60% rhodamine was released
at 42°C. At 42°C, the release rate increase was more dramatic likely due to the globule-coil
transition at this temperature. In addition, the reductive reagent dithiothreitol (DTT) further
increased the release rate at both 37°C and 42°C. This additional acceleration in release rate
was likely resulted from the irreversible detachment of TRP2 from MSN after the disulfide
bonds were cut by DTT (as shown in Figure S8). The addition of DTT at 37°C triggered less
cargo release than that at 42°C, which could be due to the hindrance of relatively more
hydrophobic surface to DTT penetration at the lower temperature.

In order to evaluate TRP2’s ability to act as a temperature-controlled gate, we examined the
release profile of rhodamine from MSN-TRP2 in PBS with cyclic temperature switching
between 25°C and 42°C. The release rate of rhodamine from MSN-TRP2 could be turned
higher or lower by simply adjusting the temperature, thus, allowing for temperature-
controlled dosing for multiple times (Figure 3b).

To test the feasibility of MSN-TRP2 as an anti-cancer drug carrier, we prepared the dually
responsive drug delivery system MSN-TRP2 and loaded with doxorubicin hydrochloride
(DOX). The cytotoxicity of the released DOX from the DOX-loaded MSN-TRP2 (MSN-
TRP2-DOX) was evaluated using breast cancer cells, SK-BR-3, at 37°C and 42°C with
varying particle concentrations. Since DTT has high cytotoxicity, we choose a non-toxic
reagent, reduced glutathione (GSH), to evaluate the cytotoxicity of released DOX to cancer
cells.

The control vehicle MSN-TRP2 had little toxicity to cancer cells at concentrations up to 200
pg/mL at either temperature (Figure 3c&d). There was no statistically significant difference
in cell viability between 37°C and 42°C when there were no particles (0 ug/mL, Figure
3c&d). MSN-TRP2-DOX showed more effective cytotoxicity to the cancer cells when
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triggered with the higher temperature and GSH. The cytotoxicity was dependent on MSN-
TRP2-DOX particle concentration as well as temperature. In the presence of MSN-TRP2-
DOX, the cell viability was lower at 42°C than at 37°C and was further decreased when
GSH was used in the culture. Increased cell toxicity in the presence of GSH suggests that
GSH was able to successfully break disulfide bonds and detach TRP2 from the surface of
MSN, achieving more DOX release from MSN-TRP2, which was corroborated by the
morphology changes of MSN-TRP2 during the addition of reductive molecules (Figure S8).

Various cells can internalize MSNs, which help to increase drug efficiency and lower the
necessary dose. [21] We examined the SK-BR-3 cancer cells’ uptake of MSN-TRP2-DOX
using confocal microscopy. MSN-TRP2 had positively charged surface (Figure S7), which
should help the particle uptake by cells. Indeed, the MSN-TRP2-DOX particles could
efficiently enter cancer cells (Figure 4a). Cells exhibited enlarged nuclei and died in the
presence of MSN-TRP2-DOX at 42°C. The images have low fluorescence intensity due to
temperature triggered release of DOX (red) from the particles to the medium. DOX was not
significantly released from the MSN-TRP2-DOX at 37°C, therefore the cells showed higher
fluorescent intensity at 37°C than at 42°C. The temperature dependence of cell viability in
the presence of MSN-TRP2-DOX was further quantified experimentally. Two groups of
cancer cells were cultured with MSN-TRP2-DOX at 37°C for 12 h to ensure efficient uptake
of MSN-TRP2-DOX (Figure S9). The cells were washed with PBS twice to remove
extracellular particles, and then placed in fresh culture medium. One group was cultured for
additional 12 hours at 37°C while another group was cultured for additional 12 hours at
42°C. The viability of cells cultured at 42°C was much lower than that cultured at 37°C
(Figure 4b). These results demonstrated that MSN-TRP2 could achieve intracellular drug
delivery when triggered by higher temperature.

Since many technologies have been developed to safely achieve local temperature increase,
the newly developed MSN-TRP dually responsive drug delivery system is promising for
local temperature-triggered and reducing agent-triggered drug delivery, including as a
targeted local cancer therapy. Therefore, it is worthwhile to evaluate this dually triggered
release system in animal studies for potential future clinical applications.

Conclusions

In summary, we synthesized three UCST-type polymers, TRP1, TRP2, and TRP3, with
respective cloud points of 32°C, 42°C, and 50°C. Then a dually responsive delivery system
was established by grafting TRP2 on the surface of MSN (MSN-TRP2) through disulfide
bonds. This system was demonstrated to be able to release hydrophobic drugs over an
extended duration of time in a controlled fashion, and its release rate could repeatedly
respond to temperature changes and could respond to reducing agents. When loaded with
DOX, the MSN-TRP2 particles could achieve intracellular delivery and cargo release when
triggered by the temperature changes and reductive agents. The released anti-cancer drug
(DOX) from this dually responsive vehicle was toxic to breast cancer cells in a dose-
dependent and dually responsive manor. Therefore, the new UCST polymer grafted MSN
represent an innovative temperature and reduction reagent dually responsive intracellular
delivery system for anti-cancer therapy.
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Figure 1.
Turbidity curve and size distribution of TRP1, TRP2 and TRP3 (1 wt %) in PBS. (a)

Transmittance changes with temperature for polymers with cloud points of 32°C, 42°C, and
50°C, respectively; (b) Transmittance of TRP2 solution changes during repeated heating and
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cooling cycles. And size distribution of TRP2 at different temperatures measured using
dynamic laser scattering (DLS): (c) 25°C; (d) 42°C; (e) 65°C.
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Characterization of MSN grafted with TRP2; (a) TEM image of MSN; (b) TEM image of

MSN-TRP2; (c)—(e) Dynamic laser scattering analysis of MSN-TRP2 at 25°C, 42°C and
65°C in PBS (0.1 wt %).
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Figure 3.
Release profiles and cell toxicity of MSN-TRP2 loaded with rhodamine B or DOX in

response to stimuli in vitro. (a) Release curve of MSN-TRP2 in PBS at 25°C, 37°C, 37°C
with DTT, 42°C and 42°C with DTT; (b) Controlled release of MSN-TRP2 with temperature
switch between 25 °C and 42 °C. And toxicity of to breast cancer cells, SK-BR-3, at 37 °C
(c) and 42 °C (d).
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Confocal microscopy images of cellular uptake for MSN-TRP2-DOX (200 pg/mL) at
different temperature (a) and cell viability of cancer cells at 37°C and 42°C after internalized

the MSN-TRP2-DOX particles (b).

J Mater Chem B Mater Biol Med. Author manuscript; available in PMC 2018 December 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Hei et al.

O

\)J\N” L P AIBN, DMSO, 60°C, sh_ - “cooll
2 SN iMeores ‘opionic aci ©
3-Mercaptopropionic acid o Nl
N
) 2 TRPs ﬂ
> 22 2 ot
/. B\ ] ) 3 ) * ¢
( B KE \ + DOX loading EDC.NHS
\ ‘R R X/} H,0. 60°C
bR

ot 35

MSN-TRP2-DOX MSN-S-S-NH,
MSN-TRP2 ¢ Disulfide bond

Scheme 1.
Schematic illustration of preparation and intracellular uptake of the new UCST TRP-

modified MSN delivery system (MSN-TRP).
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