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ABSTRACT. On-demand release of chemotherapeutic drugs from their prodrugs triggered by
light irradiation has been attracting great attention for effective cancer treatment. Herein, we
prepared prodrug-based supramolecular nanoparticles (HA-aPS-aCPT) composed of (1) B-
cyclodextrin conjugated hyaluronic acid polymer (HA-CD), (2) adamantane modified
camptothecin prodrug (aCPT) caged via reactive oxygen species (ROS) responsive thioketal
linker, and (3) adamantane modified photosensitizer (aPS), for combination photodynamic
therapy and light-controlled chemotherapy. aCPT could release free camptothecin by the
cleavage of ROS sensitive thioketal linker. aPS is employed to produce ROS under light
irradiation. HA-aPS-aCPT nanoparticles are formed by supramolecular means with excellent
colloidal stability and mono-dispersity in aqueous solution. Confocal imaging and flow

cytometric analysis confirm the selective uptake of HA-aPS-aCPT nanoparticles via CD44



receptor mediated endocytosis by MDA-MB-231 cells, on account of the targeting capability of
hyaluronic acid. Cell viability assays show that HA-aPS-aCPT nanoparticles possess minimal
cytotoxicity in the dark, while presenting high cellular toxicity under light irradiation. /n vivo
experiments exhibit selective accumulation of HA-aPS-aCPT nanoparticles in MDA-MB-231
tumor of nude mice. Significant tumor regression is observed when light irradiation is applied
after intravenous injection of HA-aPS-aCPT nanoparticles. Thus, HA-aPS-aCPT nanoparticles
demonstrate a great potential for on-demand combination photodynamic therapy and

chemotherapy of tumor.

Introduction
Prodrugs have been synthesized to overcome various drawbacks of anticancer drugs such as
high systemic toxicity.! Site-specific on-demand release of bioactive drugs from prodrugs would

be useful in mitigating high systemic toxicity.>® Various endogenous stimuli* such as low

intracellular pH,>” elevated glutathione concentration,®!? specific overly expressed enzymes,!!-1?
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and hypoxia,'*!* as well as exogenous stimuli such as heat,' light,!31¢2% and ultrasound?!-** have

been developed for on-demand release of active drugs from prodrugs. In particular, exogenous
stimuli present an added advantage over their endogenous counterpart because of their
independence of varying tumor microenvironment, non-invasiveness and excellent
spatiotemporal control.® Light as an exogenous stimulus has been widely employed for the

20,24

controlled release of photocaged prodrugs including o-nitrophenyl>>?® and coumarinyl

ester.”” However, the limitation of using these photocages came from low wavelength light used

that has intrinsic phototoxicity and limited tissue penetration depth, thereby reducing the

25,26,28-30

treatment efficiency in solid tumors. Current research thus aims to develop



photoactivated prodrugs that release active drugs under light irradiation in red or near infrared
(NIR) region.*'*3 For example, Schnermann et. al. synthesized antibody-drug conjugates that
were selectively cleaved by NIR light on account of the instability of the heptamethine cyanine
fluorophore to light.>*3¢ Photosensitizers were also conjugated to drugs via reactive oxygen
species (ROS)-responsive linkers to promote photodynamic therapy (PDT) and subsequent
release of free drugs upon light irradiation. Some examples of ROS-responsive linkers include
aminoacrylate,®’ thioether,*®* diselenide,*® thioketal,!” arylboronic ester,*! and peroxalate ester.*?
Liu et. al. developed porphyrin conjugated gemcitabine prodrug through a thioketal linker that is
responsive to singlet oxygen ('O2) for releasing free gemcitabine.!” Instead of a direct
photocleavage of prodrugs, free drugs were released when ROS adducts produced in response to
light irradiation reacted with ROS sensitive bonds in these prodrugs.

On the other hand, some prodrugs require complicated synthesis, tedious purifications, poor
solubility for in vivo applications, and instability when exposed to stimuli such as light for
unexpected release of drugs before the administration. Thus, nanoparticles (NPs) incorporating
ROS-responsive thioketal linkers were also fabricated to enhance the drug accumulation, !8:19:4344
For instance, Yue et. al. fabricated a mitochondria-targeting system comprising of zinc
phthalocyanine and a copolymer modified with triphenylphosphonium as the targeting ligand
and camptothecin (CPT) prodrug through a thioketal linker.!® In another work, Pei et. al.
fabricated a red-blood cell membrane co-loaded with paclitaxel prodrug and photosensitizers.*®
Although these systems showed enhanced solubility of prodrugs, they had the inflexibility in
adjusting the ratio between photosensitizers and drugs. Precise control on the ratio of drugs and
photosensitizers would be essential in cancer therapy, since such systems could ensure accurate

clinical prescriptions of chemotherapeutic drugs and photosensitizers.
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Scheme 1. Schematic representation illustrating the treatment process using HA-aPS-aCPT NPs.
The formation of HA-aPS-aCPT NPs was first achieved through the self-assembly of HA-CD,
aCPT and aPS (A). After which, the therapeutic efficacy was tested on mouse models.
Accumulation of HA-aPS-aCPT NPs was achieved after intravenous injection of NPs (B). Light
with a suitable wavelength, ie., 660 nm was then irradiated. The combination PDT and
chemotherapy were achieved after CD44 mediated endocytosis of HA-aPS-aCPT NPs coupled

with light irradiation in five steps (C).



In light of the need for activation of prodrug using red or NIR light, various activatable
systems relying on inorganic materials®! such as upconversion crystals'® and gold NPs**7 was
developed. However, the metabolism, biodistribution and blood circulation of inorganic
nanosystem still require deeper investigations.*® The biocompatibility, biosafety, and
biodegradability are also important aspects toward clinical applications. On the other hand,
organic materials that are biodegradable with high biocompatibility should be harnessed.
Hyaluronic acid (HA), a natural occurring polysaccharide, is a promising candidate for
biomedical applications.*->> Advantages of HA as a polymeric carrier include its high
biocompatibility and low cytotoxicity as well as easy conjugation with small molecules via its
carboxylic group.’® HA has also been identified as a targeting ligand to the cluster determinant
44 (CD44) that is overly expressed on various tumor cells.>*>7 On account of over expression of
the CD44 receptor on tumor cells as compared to normal cells, NPs modified with HA would
attain preferential uptake into cancer tissues via the receptor-mediated endocytosis.*-70-52:56-58

Having these considerations, we herein design a NP system through supramolecular means
using a hydrophilic polymer encapsulated with hydrophobic prodrug and photosensitizer in a
controllable ratio to realize PDT and controlled release of chemotherapeutic drugs (Scheme 1).
In this system, HA is conjugated with B-cyclodextrin (CD) to give HA-CD, in which CD could
form the inclusion complex with adamantane conjugated photosensitizer and prodrug for
effective encapsulation and formation of NPs. The inclusion complex formed by CD and
adamantane provides the polymer with the amphiphilicity, enabling the self-assembly into
NPs.1038-60 The two therapeutic components encapsulated include adamantane conjugated CPT
(aCPT) as the prodrug via ROS-responsive thioketal bond and adamantane-conjugated

5,10,15,20-tetrakis(4-hydroxyphenyl)-21H,23H-porphine (aPS) as the photosensitizer. The



supramolecular assembly of the three components (i.e., HA-CD, aCPT and aPS) gives HA-aPS-
aCPT NPs as shown in Scheme 1. To fulfil the combination therapy, the NPs synthesized should
first be internalized via the enhanced permeability and retention (EPR) effect and CDA44
mediated endocytosis.®!%> Following which, the irradiation of NPs with light leads to the
generation of 'O, for PDT. The produced 'O could also react with the thioketal linker on the
aCPT prodrug to result in a cascaded release of free CPT. The advantages of this system are (1)
passive targeting due to its nanoscale size and active targeting by HA via overly expressed CD44
receptor on cancer cells, (2) light activatable on-demand release of active drugs from prodrugs
for spatiotemporal chemotherapy combined with PDT, (3) easy purifications of individual
molecules (aCPT and aPS) as opposed to some amphiphilic prodrugs, and (4) high tunability in
controllable dosage and ratio of photosensitizer and prodrug for personalized cancer treatment.
Thus, this superior NP system presented selective and higher killing efficacy of cancer cells via
combined PDT and chemotherapy after systemic administration, reducing side effects of

conventional chemotherapeutics.

Results and Discussions

Synthesis. The synthetic procedures of HA-CD, aCPT and aPS are illustrated in Schemes S1-
S3. The successful synthesis of aCPT and aPS was confirmed by 'H NMR spectra and
electrospray ionization mass spectrometry (Figures S5 and S7). The HA-CD polymer was
characterized by '"H NMR spectrum (Figure S9). The conjugation degree of CD was determined
to be 6.56%, which is equivalent to 15.2 HA monomer per 1 CD. This observation indicates that
HA-CD is ideal for targeting purpose, as several reports showed that at least six consecutive HA

sugar monomers are required for targeting CD44 receptor.564
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Figure 1. Characterizations of aPS, aCPT and HA-aPS-aCPT NPs. (a) 'H NMR analysis for the
cleavage of thioketal linker after irradiation for 30 min and 1 h. (b) HPLC analysis for CPT
release from aCPT (retention time of CPT, aPS and aCPT were 12.0, 15.3 and 16.1 min
respectively). (c¢) Calibration curve of CPT obtained from corresponding HPLC curve. (d) Drug
release profile determined by HPLC when 45 uM aCPT was co-incubated with aPS with
concentrations of 45, 90 and 135 pM. (e) TEM image of HA-aPS-aCPT NPs. Scale bar: 100 nm.
(f) UV-vis absorption of aPS, aCPT and HA-aPS-aCPT NPs. (g) Hydrodynamic diameter of HA-
aPS-aCPT NPs using DLS. (h) SOSG results obtained for different samples (HA-aPS at different
concentrations of 4.5, 9.0 and 13.5 uM; aPS, HA-aPS-TL and HA-aPS-aCPT NPs with an
equivalent aPS concentration of 9.0 puM) after irradiation of light at different time intervals

measured at 530 nm when excited at 494 nm.



Cleavage of Thioketal Linker from aCPT. The cleavage of the thioketal linker on aCPT was
investigated using '"H NMR spectra and high performance liquid chromatography (HPLC). When
!0, reacts with the thioketal linker, the intermediate product could undergo nucleophilic
attacking and release acetone as one of the by-products (Scheme 1). Upon irradiation of the
mixture of aPS and aCPT with light, the formation of acetone was indicated by the presence of
the resonance at 2.17 ppm in the NMR spectrum as shown in Figure la. Under longer irradiation
time, the integral of this resonance increased. Concurrently, the integral of the resonance at 1.55
ppm assigned to the methyl group on the thioketal unit decreased, indicating that the degradation
of the thioketal linker by the generated 'O, occurred. To further confirm that free CPT could be
released under light irradiation, the HPLC study of the reaction was performed (Figure 1b). The
amount of CPT was quantified by external standard calibration method as presented in Figure Ic,
showing linear dependence of the area with respect to the concentration of CPT. Under longer
irradiation time, the released amount of CPT increased as indicated by greater area at the
retention time of 12.0 min. This result shows that the amount of free CPT released was
dependent on the irradiation time as shown in Figure 1d. When the photosensitizer with higher
concentrations was co-doped in the mixture, the amount of free CPT released under the same
irradiation time and light power density was higher, revealing that the release of free CPT was
also dependent on the amount of photosensitizer. A gradual decrease in the peak intensity of aPS
upon the light irradiation indicates possible photobleaching of aPS by the produced 'O,. The
generated CPT was further proven using high-resolution mass spectrometry (HRMS) as shown in
Figure S10 (calculated [M+H"] = 349.1188 m/z, found = 349.1189). These results indicated that
the synthesized prodrug was indeed capable of releasing free CPT in ROS-responsive release

manner.



Photophysical Properties of aPS and ROS Detection. The photophysical properties of aPS
were investigated through UV-vis-NIR spectroscopy as shown in Figure 1f. Porphyrins are
known to contain a Soret band and four Q bands in their absorbance.®® In the case of aPS, the
absorbance maximum obtained at 431 nm was assigned as the Soret band, and four Q bands at
530, 572, 603 and 657 nm were also observed. These observations indicate that the
photophysical properties of the porphyrin unit are well preserved after the adamantane
functionalization. To investigate the ROS generation ability of aPS, singlet oxygen sensor green
(SOSG) was utilized for capturing the 'O> generated upon irradiation of light on aPS, where the
amount of 'O, produced was correlated to the increase in SOSG fluorescence. HA-aPS samples
with three concentrations ([aPS] = 4.5, 9.0, and 13.5 pM) were examined for the singlet oxygen
generation. HA-aPS with [aPS] = 9.0 uM showed the highest increase in fluorescence as
compared to the other two samples (Figure 1h). This could be because, at lower concentration of
aPS (4.5 uM), the singlet oxygen generated was limited, while at higher concentration (13.5
uM), the quenching of the photosensitizer led to a decrease in the 'O> generation. Thus, the
amount of aPS chosen in the final NPs was 9.0 uM. After which, 'O generated by free aPS, HA-
aPS-TL, and HA-aPS-aCPT ([aPS] = 9.0 uM) was investigated in aqueous solution. TL is a
control linker with the thioketal bond but has no CPT drug attached. The amount of 'O,
generated follows this sequence: free aPS > HA-aPS > HA-aPS-TL » HA-aPS-aCPT. HA-aPS
had lower 'O, generation yield than free aPS, because aPS was encapsulated within the HA-aPS
NPs having possible aggregation effect.® Comparing HA-aPS, HA-aPS-TL and HA-aPS-aCPT,
HA-aPS-TL and HA-aPS-aCPT had lower 'O, yield than HA-aPS, because some of the 'O
generated was utilized for the cleavage of thioketal linker. Since the same molar ratio of TL

linker and aCPT ([TL] = [aCPT]) was added in HA-aPS-TL and HA-aPS-aCPT, they gave



similar 'O, yield. Despite some of the 'O, was used for the cleavage of thioketal bond, the
generated 'O, was still high enough for possible PDT of cancer, fulfilling the dual therapeutic
treatment.

Self-Assembly Characterization. Employment of B-CD and adamantane was based on their
high association constant of approximately 1 x 10° mol/L in water.%”-*8 Thus, it was hypothesized
that the adamantane unit of aPS and aCPT would form the inclusion complex with -CD of HA-
CD to give an ampliphilic polymer. The self-assembly of this ampliphilic polymer gives HA-
aPS-aCPT NPs with hydrophobic core (aPS and aCPT) and hydrophilic shell (HA). The
association constants of aPS and aCPT with B-CD as the reference host were calculated from
Hildebrand-Benesi plot.*” aPS and aCPT with B-CD were found to have the association constants
of 3.58 x 10° L/mol and 2.55 x 103 L/mol respectively (Figure S11), indicating their good
binding capability. After which, the critical aggregation concentration (CAC) of HA-aPS-aCPT
was determined by the pyrene probe (Table S1).1%79 The CAC value was lower as the amount of
the hydrophobic component increased, indicating strong hydrophobic interaction within the
hydrophobic core (Figure S12).5%6%71 When increasing the amount of hydrophobic adamantane
moiety, the NP size measured by dynamic light scattering (DLS) decreased on account of having

more compact hydrophobic core,>®"?

giving better size distribution as shown by lower
polydispersion index (PDI).

Characterization of NPs. The HA-aPS-aCPT NPs with hydrophobic core (aPS and aCPT)
and hydrophilic shell (HA) were formed by the supramolecular assembly of hydrophilic HA-CD
and hydrophobic aPS and aCPT. One of the advantages of such supramolecular system is that the

amount of photosensitizers and drugs could be facilely adjusted. Six NPs with different

photosensitizer to prodrug ratios (1:0, 3:1, 2:1, 1:2, 1:3 and 0:1) were mainly fabricated. The

10



morphologies of the NPs were found to be spherical as visualized by transmission electron
microscopy (TEM) (Figure S13). The measurement of their hydrodynamic diameters using DLS
gave 76.3 to 302.4 nm (Figure S14). The absorption spectra of the six NPs with different
amounts of aCPT and aPS show quantitative loading efficiency since the absorbances of aPS and
aCPT did not decrease after the dialysis. Hypsochromic shifts were observed for the NPs with
increasing amounts of photosensitizers due to the aggregation effect of the photosensitizers
within the NPs (Figure S15). Finally, HA-aPS-aCPT NPs with photosensitizer to prodrug ratio of
2:1 ([HA] = 1 mg/mL, [aPS] = 9.0 uM, and [aCPT]= 4.5 uM) were chosen for further cell
studies and in vivo applications. A concentration of 9.0 uM was determined to present the highest
10, production from the SOSG experiment. With greater proportion of photosensitizers, a portion
of the photosensitizers can be used to fulfill on-demand release of chemotherapeutic drugs by the
cleavage of ROS-responsive bond, and the other portion can be employed for the PDT purpose.
In this specific case, the drug loading capacity for aCPT and aPS was determined to be 3.24%
and 7.55%, respectively. The morphology of HA-aPS-aCPT NPs visualized by TEM (Figure le)
showed monodispersed spherical NPs. DLS measurements gave hydrodynamic size of 76.3 nm
and zeta potential of -26.7+ 8.2 mV as shown in Figure 1g. The NPs with the suitable size
indicate their promising tumor accumulation through the EPR effect. The negatively charged zeta
potential suggests that the HA unit is on the surface of the NPs, similar to typical HA systems
reported.’737* The CAC was determined to be 0.05 mg/mL of the polymer, meaning that the
NPs were stable even at low concentrations of the polymer. The chosen HA-aPS-aCPT NPs
showed characteristic absorbance peaks of aCPT at 361 nm and aPS at 427, 524, 560 and 598 nm

(Figure 1f), indicating successful encapsulation of both components.

11
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Figure 2. In vitro studies on cellular uptake and CD44 targeting. (a) Fluorescence images of

MDA-MB-231 (CD44+ cells) when incubated with HA-aPS-aCPT NPs (100 pg/mL) for

different incubation times (2 h and 4 h). (b) Representative plots of cell populations determined

by flow cytometric analysis for MDA-MB-231 (CD44+ cells) and MCF-7 (CD44- cells)

internalized by HA-aPS-aCPT NPs at different incubation times (2 h and 4 h). (¢) Mean

fluorescence intensity of HA-aPS-aCPT NPs in different cells at different incubation times. (d)

Fluorescence images of MDA-MB-231 (CD44+ cells) incubated with HA-aPS-aCPT NPs (100

pug/mL) for 2 h when pretreated without and with free HA (5 mg/mL). (e) Representative plots

and (f) mean fluorescence intensity of cell populations determined by flow cytometric analysis
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for cellular uptake of HA-aPS-aCPT NPs pretreated without and with free HA. Scale bar: 50 pm.

P values were calculated using student’s t-test. * represents p < 0.05, ** represents p < 0.001.

Cellular Uptake and In Vitro Targeting Ability. MDA-MB-231 breast cancer cells were
chosen as the cell line because their overly expressed CD44 could be targeted by HA.** The
accumulation of HA-aPS-aCPT NPs in cells was visualized using confocal laser scanning
microscope (CLSM) and measured using flow cytometry. Confocal images showed time-
dependent uptake, i.e., greater fluorescence with longer incubation time (Figure 2a). To
determine the capability of the HA-aPS-aCPT NPs for targeting CD44 receptors, MDA-MB-231
(CD44-rich: CD44%) and MCF-7 (CD44-poor: CD44") cells were selected for cellular
comparative studies. Using flow cytometry analysis (Figure 2b,c) after the incubation of HA-
aPS-aCPT NPs at 2 h and 4 h, the mean fluorescence intensity (MFI) of MDA-MB-231 cells was
1.93-folds and 2.05-folds higher than that of MCF-7 cells respectively, indicating higher uptake
of HA-aPS-aCPT NPs by MDA-MB-231 cells possibly due to the rich presence of CD44
receptors for efficient receptor-mediated cellular uptake. In addition, competitive inhibition study
was carried out to confirm the cellular uptake of HA-aPS-aCPT NPs via CD44-mediated
endocytosis using confocal imaging (Figure 2d) and flow cytometric analysis. The MDA-MB-
231 cells pretreated with excess serum-free HA polymer showed 1.90-folds lower uptake of HA-
aPS-aCPT NPs than untreated ones (Figure 2e,f). This observation suggested that both free HA
and HA-aPS-aCPT NPs could competitively bind to CD44 receptors, confirming that the
internalization pathway of HA-aPS-aCPT NPs was through CD44 receptor-mediated

endocytosis.
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In Vitro ROS Detection. After confirming the internalization pathway of the NPs, we
evaluated whether ROS could be produced in vitro when HA-aPS-aCPT NPs were illuminated
with light. The intracellular ROS production induced by HA-aPS-aCPT NPs was determined in
MDA-MB-231 cells using a general oxidative stress indicator, carboxy-DCFDA (Figure 3a). The
fluorescence intensity of cells incubated with NPs and irradiated with light was the highest
amongst other control groups, indicating the successful production of ROS by HA-aPS-aCPT
NPs in vitro. The produced ROS from HA-aPS-aCPT NPs could be used not only for PDT, but
also for the cleavage of the thioketal linker toward the drug release as previously discussed. The
cleavage of the prodrug into its active form allows chemotherapy to be combined with PDT.

Cell Viability and Apoptosis Study. The cytotoxicity of the NPs was evaluated using MTT
assays (Figure 3c). At the same equivalent molar concentrations, aCPT was found to be less toxic
than free CPT due to the functionalization of the hydroxy group on the lactone ring that is
important in the topoisomerase inhibition to result in the apoptosis in cells.”’¢ At high
concentrations of NPs ([NPs] =200 pg/mL), HA-aPS-aCPT displayed low cellular toxicity in the
dark, showing high cell viability of 74.4%. Comparing HA-aPS-TL and HA-aPS-aCPT NPs
under light irradiation, at low concentrations of 0 to 100 pg/mL, HA-aPS-aCPT NPs displayed
higher cytotoxicity because the contained aCPT could be released as free CPT upon light
irradiation, leading to combination PDT and chemotherapy. At the concentration of 200 pg/mL,
however, HA-aPS-aCPT and HA-aPS-TL NPs showed similar high cytotoxicity possibly because
PDT predominated. Flow cytometric analysis was used to quantify the amount of apoptotic
MDA-MB-231 cells when treated with HA-aPS-aCPT NPs (Figure S16). When healthy MDA-
MB-231 cells were treated with HA-aPS-TL and HA-aPS-aCPT NPs in the dark, the total

amounts of apoptotic cells were low at 3.0% and 4.9%, respectively (Figure 3d). The numbers of
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apoptotic cells for both HA-aPS-TL and HA-aPS-aCPT NPs under light irradiation were
significantly higher than that in the dark. These results indicated that the NPs displayed minimal

dark cytotoxicity and light irradiation was essential to induce their cellular toxicity.
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Figure 3. In vitro cytotoxicity studies on MDA-MD-231 cells. (a) Detection of ROS using
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Scale bar: 50 um. (b) Live/dead assay on MDA-MB-231 (CD44+ cells) with and without NPs as
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well as with and without light irradiation (IRR), where + means related treatment was done, and -
means no such treatment was done. Scale bar: 100 pm. (c) Cell viability of MDA-MB-231 cells
when incubated with free CPT, aCPT, HA-aPS-TL with and without light irradiation, and HA-
aPS-aCPT with and without light irradiation at different concentrations. (d) Quantitative numbers

of different cells obtained from apoptotic study using Annexin V FITC and PI.

According to the cellular apoptosis results, there was higher percentage of apoptotic cells
incubated with HA-aPS-aCPT (72.8%) as compared to that of HA-aPS-TL NPs (27.8%),
validating that CPT was released upon light irradiation to result in higher cellular toxicity.
Live/dead confocal images of the cells irradiated with HA-aPS-aCPT NPs under light irradiation
also showed higher number of red cells (propidium iodide (PI) stained cells) indicative of higher
cellular toxicity (Figure 3b).

In Vivo Biodistribution. Encouraged by the in vitro therapeutic results, the biodistribution and
treatment efficiency of unmodified photosensitizer 5,10,15,20-tetrakis(4-hydroxyphenyl)-
21H,23H-porphine (THPP) as well as HA-aPS-aCPT NPs were assessed in vivo using
xenografted nude mouse models with triple negative breast cancer cells MDA-MB-231. THPP
was used as a control for free photosensitizer without the nanocarrier. After THPP and HA-aPS-
aCPT NPs were intravenously injected into the nude mice bearing MDA-MB-231 tumors, they
were visualized (Figure 4a) using the in vivo imaging system (IVIS) at the wavelength of
photosensitizers under different time intervals. Their accumulation in tumors was initially
studied. A progressive accumulation of HA-aPS-aCPT NPs in the tumor was observed over time.
On the other hand, no obvious accumulation of THPP in the tumor was observed at the end of 24

h. After 24 h, the mice were sacrificed, and major organs and tumors were harvested and
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visualized. The HA-aPS-aCPT NPs were observed to accumulate in tumor, liver and spleen
(Figure 4b). THPP was not found in the tumor, and it accumulated mainly in liver and spleen for
the excretion.”” Although HA-aPS-aCPT NPs have the ability to target tumors, they also showed

the accumulation in liver and spleen for being excreted.
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Figure 4. In vivo antitumor effect. (a) Biodistribution of THPP and HA-aPS-aCPT NPs at

different time intervals after intravenous injection into mice. The tumors were indicated using



white circles. (b) Ex vivo fluorescence image of major organs and tumors excised from mice
injected with THPP and HA-aPS-aCPT NPs. H, L, S, Lu, K, B and T stands for heart, liver,
spleen, lung, kidney, brain and tumor, respectively. (c) Biodistribution of HA-aPS-aCPT NPs in
various organs determined from (b). (d) Time-dependent tumor growth on mice with different
treatments over a period of 21 days. (e) One of the excised tumors from each group at the end of
day 21 from euthanized mice. (f) Body weights of mice with different treatments monitored over
a period of 21 days. (g) H&E staining and TUNEL assay of tumor tissues from euthanized mice
with different treatments. I: saline; I1I: HA-aPS-aCPT; III: CPT; IV: THPP; V: HA-aPS-aCPT +
Light irradiation. P values were calculated using student’s t-test. * represents p < 0.05, **

represents p < 0.001.

In Vivo Antitumor Efficacy. The antitumor efficacy of the NPs was examined by using nude
mice bearing MDA-MB-231 tumors. Five groups of mice were monitored over a period of 21
days after treated with different conditions (I: saline; II: HA-aPS-aCPT NPs; I1I: CPT; I'V: THPP;
V: HA-aPS-aCPT + Light irradiation). THPP is the free photosensitizer that was not modified by
adamantane. As shown in Figure 4d,e, HA-aPS-aCPT NPs with light irradiation were able to
largely suppress tumor growth as compared to the saline and THPP groups. The mean tumor
volume (253.09 + 50.27 mm?®) resulted from HA-aPS-aCPT NPs with light irradiation was
significantly smaller than the saline (902.35 + 178.48 mm?) and THPP (939.98 + 131.02 mm?)
groups. As discussed previously, the THPP photosensitizer did not accumulate in the tumor site
(Figure 4a,b), explaining its minimal tumor inhibition effect. Although the administration of free
CPT also delayed the growth of tumor (561.08 + 67.43 mm?), it exhibited obvious systemic

toxicity as indicated by the lowest average body weight (Figure 4f). HA-aPS-aCPT NPs in the
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dark also exhibited certain toxicity as shown by smaller mean tumor size (429.68 + 54.01 mm?).
This observation could be explained by its better passive accumulation in tumor cells as well as
high amount ROS already in tumor cells for releasing free CPT from aCPT.

In addition to the significant inhibition of tumor growth, HA-aPS-aCPT NPs accumulated
mostly at tumor sites did not cause as much systemic toxicity as free CPT, indicated by the
increased body weight of mice and Hematoxylin and Eosin (H&E) staining from various major
mouse organs treated with HA-aPS-aCPT NPs (Figure 4f). H&E staining of tumors was
conducted on all five groups of mice. Some minor damages in the tumor tissues when treated
with HA-aPS-aCPT NPs and free CPT were observed, while serious damage was observed when
mice were treated with HA-aPS-aCPT NPs under light irradiation (Figure 4g). This difference
indicated that there was an enhancement of PDT with cascaded chemotherapy as compared to
free CPT. Similar conclusion was drawn from terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) assay that detected apoptotic cells. After the treatments, the amount of
TUNEL-positive cells was found to be in this order: V > II > III > IV > 1. More red fluorescence
from Cyanine 3 observed for tumor tissues of mice treated with HA-aPS-aCPT NPs under light
irradiation indicated the highest number of apoptotic cells in these groups. After the treatment
with HA-aPS-aCPT NPs, the H&E staining on major organs (heart, liver, spleen, lung and
kidney) in different mice showed no obvious systematic toxicity (Figure S17). All these results
demonstrated the feasibility of HA-aPS-aCPT NPs for combination PDT and chemotherapy,
showing its high potency as a therapeutic protocol for the tumor treatment. Light irradiation
alone did not inhibit the tumor growth or display any toxicity as indicated by the similar trend of
tumor growth and minimal body weight change between saline and light irradiation treatment

groups (Figure S18).
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Conclusion

In conclusion, HA-aPS-aCPT NPs have been fabricated using three components (HA-CD, aPS
and aCPT) via simple supramolecular means. The obtained NPs were monodispersed with
almost 100% loading efficiency. The thioketal linker conjugated between adamantane and CPT
in aCPT could be cleaved in a controlled manner when singlet oxygen is produced from aPS
photosensitizer. The as-synthesized aPS photosensitizer was able to produce singlet oxygen upon
the irradiation of 660 nm light. Targeting capability of HA was demonstrated at cellular level
using competitive HA assays. High cellular toxicity was demonstrated when cancer cells were
incubated with HA-aPS-aCPT NPs under light irradiation. Excellent tumor accumulation of HA-
aPS-aCPT NPs in xenograft mouse models bearing MDA-MB-231 cancer was clearly due to
passive targeting and CD44 receptor-mediated endocytosis. HA-aPS-aCPT NPs were able to
significantly inhibit the tumor growth as compared with other control groups. Importantly, the
present system capable of conducting combination chemotherapy and PDT displayed no obvious
systemic toxicity, enabling its useful applications toward practical cancer treatment. The
pharmacokinetics and pharmacodynamics of the current system would be investigated in our

future research.
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