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Abstract

We developed a thermoswitchable polymeric photosensitizer (T-PPS) by conjugating PS
(Pheophorbide-a, PPb-a) to a temperature-responsive polymer backbone of biocompatible
hydroxypropy! cellulose. Self-quenched PS molecules linked in close proximity by z—r stacking
in T-PPS were easily transited to an active monomeric state by the temperature-induced phase
transition of polymer backbones. The temperature-responsive intermolecular interaction changes
of PS molecules in T-PPS were demonstrated in synchrotron small-angle X-ray scattering and
UV-vis spectrophotometer analysis. The T-PPS allowed switchable activation and synergistically
enhanced cancer cell killing effect at the hyperthermia temperature (45 °C). Our developed T-PPS
has the considerable potential not only as a new class of photomedicine in clinics but also as a
biosensor based on temperature responsiveness.

Current clinically practiced photodynamic therapy (PDT) has been considered as a
promising ablative therapeutic option of malignant tissues.> PDT utilizes reactive species
generated through redox processes of photosensitizer (PS) upon light irradiation at an
appropriate wavelength.2 PS is a critical and fundamental component of PDT for inducing
irreversible damage of cancer cells and has been applied topically or systemically in clinical
practices.3 However, the use of PS has been limited by several major issues including (1)
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poor solubility in blood plasma, (2) fast renal clearance, (3) inadequate selectivity, and (4)
the uncontrollable photo-activity.! Many types of PS and PS-nanocarriers have been
developed to overcome those limitations.# Integration with other oncologic interventions
such as thermal therapies has been considered for synergistic photo cancer therapies.®

Despite the developments, nonspecific activation of PS is another barrier toward clinical
PDT therapy. Administered PS in patients will be collected and stays in the cells for several
weeks.5 If the patients are exposed to sunlight or other forms of environmental light during
this period, the exposed tissues can quickly be damaged in only a few minutes.” Thus,
patients treated with PDT are often advised to take precautions for at least 30 days.8 In this
regard, it is urgent to develop a switchable PS that can be selectively activated at particular
condition beside lights.

Stimuli-responsive PS is one of the most promising approaches for the switchable PS to
potently and specifically destruct cancer cells with a specific environment.#d° Various
polymeric PS responding to internal and external stimuli such as pH,10 enzymes,! and
nucleic acid2 have been actively studied. To this goal, conjugation of PS with
thermosensitive polymers is an attractive strategy since it can improve PS solubility, control
photoactivity, and enable combining PDT with thermal therapies. Thermoresponsiveness of
the polymer is represented by intermolecular or intramolecular structural change along with
environment temperature variation.13 The structural changes of the polymers switch the
photoactivity of their pendant PS upon an external temperature change. Ideally,
thermoswitchable PS should be inactivated at body temperature (“OFF” state), but rapidly
restore their photoactivity in a locally heated disease site (“ON” state). This approach can be
well integrated with thermal cancer therapies for enhancing cancer therapeutic outcomes.

Thermo-switchable PS, however, has rarely been studied to our best knowledge. Although
several researchers reported the temperature-driven fluorescent or oxygenation rate control
technology based on thermosensitive poly(A~tisopropylacrylamide) (PNIPAM),14 PNIPAM
may not be appropriate for clinical applications since the polymer is not biocompatible and
its monomer is suspected to be carcinogenic.1 Therefore, it is crucial to develop a
thermoswitchable PS having a good bioavailability.

In these regards, we developed a thermoswitchable biopolymeric PS (T-PPS) and studied
switching of its photoactivity and synergistic combination with thermal cancer therapy. T-
PPS was synthesized by conjugating PS (pheophorbide-a, PPb-a) to a temperature-
responsive polymer backbone of hydroxypropyl cellulose (HPC) (Scheme 1a).
Biocompatible HPC, a natural cellulose approved by the U.S. FDA,16 was chosen as the
polymer backbone. It has a lower critical solution temperature (LCST) in water (~40-45 °C)
and undergoes a phase transition in an aqueous environment from hydrophilic random-coil
conformation to hydrophobic-collapsed form as temperature increases above the LCST.17
The transition would cause dehydration of the polymer above the LCST due to both of
increased hydrophobic interactions among polymer chains and decreased intermolecular
hydrogen (H)-bonding interactions between ester groups in HPC and water molecules.
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As depicted in Scheme 1b, we hypothesized that our T-PPS would be inactive to light at
temperatures below the polymer’s LCST because in this state, the PS molecules conjugated
on polymer chains can be aggregated in aqueous environment, resulting in quenching of the
photoactivity of PS below LCST including body temperature region (~37 °C). As, however,
temperature increases above the LCST (at temperature for hyperthermia cancer therapy,
~45 °C), the polymer becomes dehydrated and so does PS. The dehydration would create
nonpolar microenvironment between the T-PPS molecules, which led to a monomeric state
of the PS. As a result, the photoactivity of PS would be significantly enhanced in that
condition.

To prove our hypothesis, T-PPS was synthesized by facile conventional carbodiimide
reaction with assistance of dicyclo-hexylcarbodiimide (DCC) and 4-
(dimethylamino)pyridine (DMAP) (Scheme 1a). An optimal degree of substitution (DS) of
PPb-a on the T-PPS was chosen with one to avoid self-quenching of PSs (Figure S1). The
fed PPb-a could be randomly reacted with the hydroxyl groups of HPC. Successful synthesis
of T-PPS was confirmed using 1H NMR and UV-vis spectrophotometry analysis (Figure S2
and Table S1). Figure 1a depicts the temperature-dependent change of the transmittance of
T-PPS aqueous solution at 500 nm. The synthesized T-PPS exhibited phase transition at a
temperature higher than 40 °C. The difference between LCST value of native HPC (42.8
+0.7) and T-PPS (43.4 £ 0.6) was negligible. The phase transition behavior of T-PPS was
reversible when cooling to room temperature (Figure S3). As shown in Figure 1b, the
hydrodynamic size of T-PPS measures ~8 nm in average diameter at 37 °C, the
physiological temperature (below LCST). The size of T-PPS was significantly increased to
~820 nm at 45 °C (above LCST). To investigate influence of the temperature-sensitive
changes on the photoactivity of T-PPS, fluorescent emission and singlet-oxygen generation
(SOG) of T-PPS were measured at both 37 and 45 °C. The fluorescence emission of T-PPS
was much higher above LCST than below LCST (Figure 1c). The fluorescent emission
change was shown as reversible manner along with temperature variation (Figure S4).
Temperature-dependent SOG of T-PPS was then quantified with singlet oxygen sensor green
(SOSG), chemical SOG probe, under laser irradiation (670 nm).18 Consistent with
fluorescence emission data, the T-PPS exhibited significantly increased SOG at 45 °C than
at 37 °C, while control groups (PBS or Free PPb-a) did not show any meaningful change
(Figure 1d). These results prove our hypothesis, indicating that increasing temperature over
the LCST of T-PPS significantly enhances the photo-activity in both fluorescence emission
and SOG.

To further understand the temperature-dependent photo-activity change by the intra/
intermolecular interaction transition of the T-PPS along with external temperature, we
studied the structure changes of T-PPS at different temperature using small-angle X-ray
scattering (SAXS). SAXS was performed for T-PPS aqueous solution at different
temperature conditions (Figure 2a). The scattering intensity at low g values increased with
increasing the temperature and decreased back when the sample was cooled down. Increase
of the low g scattering indicates the formation of a larger structure, of which size
corresponds to the g region (atspacing = 27/g).1° In a polymer solution system, the increase
of the low g scattering has been attributed to a phase separation of polymer chain with
forming aggregates, of which structure can be fibrillary (Figure S5).20 For example, similar
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low g behaviors have been observed in the studies of thermoreversible hydration and
dehydration of methyl cellulose, where the polymer chains disperse well when hydrated and
form fibers when dehydrated.?! Native HPC has also been investigated with scattering
techniques (Figure S6) and reported to present an increase of hydrodynamic radius,
indicating the aggregation of polymer chains due to the dehydration.22 In addition, we found
that the diffraction peak at ¢ = 0.5688 A~1, corresponding to dtspacing of 1.1 nm,
disappeared at low temperature and reappeared as temperature increased (inset in the Figure
2a). In fact, the peak that is also present in the diffraction pattern of a pure HPC in a solid
state (Figure S7) is 001 reflection of the HPC.23 On the other hand, the diffraction peaks of
the powder PPb-a shown in Figure S7 were not observed at any temperature, which indicates
PPb-a molecules do not form their own domain because they are bound to the polymer
backbone. To supplement the SAXS results, the intermolecular interaction of PS molecules
in T-PPS in various environmental conditions was investigated using a UV-vis
spectrophotometer. Figure S8 shows the UV-vis absorption spectra of T-PPS in the different
solvent. The spectrum of T-PPS in water displays the broaden Q,-band at 685 nm, which is
characteristic for the PPb-a dimer.2* However, monomeric characteristic Q)band at 667 nm
was observed in the organic solvent (DMSOQ).2425 |n Figure 2b, when the temperature of T-
PPS in water was increased, a clear blue shift of the Q,-band (685 — 667 nm) was
observed, whereas there is no change in the organic solvent (Figure S9). Interestingly, the
intensity of Q,~-band of T-PPS at the temperature above LCST was significantly increased,
and the increasing intensity of Q,-band of T-PPS showed the same trend in various
concentrations range (Figure S10). As a comparison, free PPb-a was also tested at same
conditions (Figure S11). These results indicate that the agglomerated PPb-a molecules on
the HPC polymer at the temperatures below LCST become a monomeric state at the
increased temperatures over LCST.

Taken all together, we proposed the structural transition of T-PPS-induced photoactivity
changes by temperature stimuli (Figure 2c). The conjugated PPb-a was inactive at
temperatures below the LCST since strong hydrophobic PPb-a molecules can be
agglomerated in aqueous solution. However, at the temperature above the LCST, the H-
bonding between HPC and water started to break, and the polysaccharide chains were
dehydrated and formed fibril structure.?8 As a result, the PS molecules could undergo
intermolecular rearrangement into a monomeric state due to molecular separation by the
nonpolar and dehydrated rigid polymer chains (Figure 2c). Monomerization of PSs was
critical to activate/increase photoactivity because the packed PS by intermolecular r-
interaction, as seen by the low activity of the free PS, would significantly quench the
photoactivity through the nonradiative deactivation (Figure 1c and 1d).2427 Therefore, the
conjugation of PS to the HPC polymer enables thermoswitchable PS for PDT applications.

To verify the feasibility of T-PPS for the potential combination of PDT and thermal cancer
therapy, /n vitro cytotoxicity test was performed using CCK-8 and live/dead assay at 37
(physiological condition) and 45 °C (hyperthermia condition) with or without laser
irradiation. Quantitative phototoxicity of T-PPS against PANC-2 (Figure 3a) was
significantly enhanced at 45 °C compared to that at 37 °C (*p < 0.002). A similar trend of
result was observed in the live (green)/dead (red) assay (Figure 3b). However, without laser
irradiation, an average cell viability at 45 °C was decreased over 30% compared to that at
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37 °C regardless of polymer existence with various concentrations (Figure S12), which
suggests that the toxicity at 45 °C could mainly be attributed to the combinational
hyperthermic cell killing effect.28 These results indicate that the temperature-induced
photoactivation of the T-PPS remarkably enhanced the cancer cell killing effect.

Lastly, /n vivo fluorescent imaging was performed in BALB/c nude mice, as a preliminary
study to confirm the heat-induced activation of T-PPS in the physiological condition. As
shown Figure S13, fluorescent signal of T-PPS was significantly increased under heat-
treatment (45 °C) compared to nonheat-treated region, indicating the temperature-mediated
photo-activity control of our T-PPS can also be worked in physiological condition.

In conclusion, we developed a thermoswitchable biopolymeric photosensitizer (T-PPS) for
selective activation and effective combinational cancer therapy. T-PPS was successfully
synthesized with conjugation of conventional PS and biocompatible HPC. Photoactivity of
the synthesized T-PPS could be easily controlled by temperature modulation that resulted in
thermoswitchable PS activity and enhanced cancer cell killing effect at the hyperthermia
temperature (45 °C). SAXS and UV-vis spectrophotometric analysis demonstrated the
temperature-responsive structural change of T-PPS inducing photoactivity switching of PS.
We believe that developed T-PPS and characterized properties will be valuable for designing
and developing new effective PS for cancer therapy applications. Further, our
thermoswitchable PS has the considerable potential not only as a new class of
photomedicine in clinics but also as a biosensor and drug delivery platform based on
temperature responsiveness.
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Figurel.
Physicochemical characterization of T-PPS in different temperature conditions.

Temperature-dependent change in (a) transmittance of T-PPS and native HPC (inset:
photograph of T-PPS aqueous solution (10 mg/mL in water) at 7< LCST and 7> LCST),
(b) particle size distribution, (c) fluorescent intensity (inset: fluorescent image of T-PPS
aqueous solution (10 mg/mL in water) at 37 and 45 °C), and (d) singlet oxygen generation of
T-PPS in aqueous solution (n= 3, *p < 0.001).
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SAXS analysis of T-PPS at different temperature conditions. (a) SAXS curve for T-PPS in
aqueous solution (10 mg/mL) at different temperature (from 30 to 60 °C) and at 30 °C after

cooled down. (b) Light absorption spectra for T-PPS in aqueous solution (10 mg/mL) at

different temperature (from 30 to 60 °C). (c) Schematic representation for proposed
structural transition of T-PPS in different temperature conditions.
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(b) Laser (-) Laser (+)

37 °C

45 °C

In vitro photocytotoxicity of T-PPS at various temperatures on PANC-2 cells. (a) CCK-8 and
(b) live/dead assay for cell viability of PANC-2 cells incubated with T-PPS (concentration of
PPb-a, 1 ug/mL) under laser irradiation (3.0 J/cm?) at 37 and 45 °C (7= 4, *p < 0.002).
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4(a) Chemical synthetic route of T-PPS (PPb-a conjugated HPC). (b) Temperature-dependent

change in structure and photoactivity of T-PPS for bioapplications.
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