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ABSTRACT: Photodynamic therapy has become a promising treatment
modality against many diseases, but its dilemma the intrinsic hypoxia of
solid tumors and the high oxygen dependence for generation of cytotoxic
species has seriously hampered its practical translation. Herein a binary
supramolecular nanocarrier, which is composed of fluorocarbon chain-
appended p-cyclodextrin as an oxygen carrier and adamantane-grafted
hyaluronic acid as a cell-targeting agent, can deliver different types of
photosensitizers by multiple noncovalent interactions. Superior to the
alkylated counterpart, the fluorinated amphiphilic B-cyclodextrin can
spontaneously form a nanoparticulate assembly and exhibit high oxygen-
enrichment performance. The obtained nanoassembly can alleviate hypoxia in
the tumor microenvironment and enhance the efficacy of photodynamic
therapy. Remarkable phototoxicity and minimal dark toxicity are observed in
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the cancer cells, and meanwhile, preferential accumulation and significant cancer ablation are realized in the tumor-bearing mice. To
be envisioned, this supramolecular assembly capable of efliciently carrying oxygen can be explored as a universal platform for precise

phototherapeutics.
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Targeted drug delivery

hotodynamic therapy (PDT), which utilizes photo-

sensitizers (typically organic dyes), molecular oxygen
(0,), and light energy to generate reactive oxygen species
(ROS), has emerged as a promising treatment modality in
cancer therapeutics, mainly due to its immense advantages,
such as noninvasive nature, accurate site specificity, and
minimal adverse effects.”” Currently, most PDT heavily relies
on the supply of oxygen, leading to the abundant production of
diverse ROS, including singlet oxygen ('O,), hydrogen
peroxide, superoxide anion, and hydroxyl radical, via the
photosensitizer-mediated energy and electron transfer pro-
cesses upon light activation.”* However, the naturally hypoxic
tumor microenvironment, characterized by the limited oxygen
levels in solid tumors arising from their dysfunctional tumor
vasculature, has become a formidable challenge in the pursuit
of precise and efficient PDT in vivo.”~’ To overcome the
hypoxia barriers in tumors, several strategies have been
recently developed,® such as hypoxia-responsive photo-
sensitizers and oxygen-generating na.noparticles.w_13 Never-
theless, these approaches may encounter some limitations,
such as heterogeneous oxygen partial pressure distribution and
insufficient intratumoral ROS concentrations, which cannot
sustain a prolonged oxygen supply. Meanwhile, although the
oxygen-delivery efficiency has been greatly improved by the
liquid perfluorocarbon-based carriers, these systems are
subjected to high hydrophobicity and low surface tension
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and boiling point. Therefore, it is still highly imperative to
improve the physicochemical performance of conventionally
known photosensitizers with readily available molecular design
and well understood operation mechanisms.

Multivalent supramolecular assemblies based on the cavity-
bearing macrocycles, especially on cyclodextrins (CDs, a class
of cyclic oligosaccharides typically possessing 6—8 D-glucose
units), have been proven as an alternative or even powerful
method to modulate the photophysical properties of
encapsulated chromophores by leveraging the reversible and
dynamic host—guest interactions.'*~'” Taking advantage of the
hydrophobic cavity and hydrophilic surface of CDs, photo-
sensitizers can be loaded in the CD’s cavity to eventually
achieve efficient phototheragnosis, accompanied by enhanced
water solubility, sufficient ROS production, as well as
controlled delivery and release via the environmentally
responsive characteristics.”’~>’ Therefore, it is believed that
photosensitizing supramolecular entities arising from the
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Scheme 1. Schematic Ilustration of the Photosensitizer-Loaded HA-ADACF,CD Assembly and Its Chemical Structures
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multiple host—guest interactions can offer a reliable avenue in
developing PDT.**~*” For example, Lee and Kim et al. recently
reported a charge-convertible nanoparticle assembled by
photosensitizer-appended $-CD and ferrocene-modified pheo-
phorbide.”® Under light illumination, the heptamethine
cyanine dye undergoes charge conversion, thereby regulating
the surface charge of nanoparticles and enabling them to
maintain prolonged blood circulation for efficient penetration
of tumor cells and tissue. Leveraging multivalent host—guest
interactions between cyanine dyes and $-CD polymers, Yuan
and Zhang et al. also developed supramolecular probes with
enhanced stability, optical, and transport profiles, which can
provide precise surgical navigation across various tumor
models.”’ Moreover, to address the severe hypoxia in tumors,
perfluorocarbons with excellent O,-carrying capacity are
commonly utilized in the PDT process.” °~ Dai et al
designed and synthesized a porphyrin-grafted lipid that could
self-assemble into nanoparticles in aqueous solution and then
associate with perﬂuorooctyl bromide for substantial enhance-
ment of PDT efficacy.”® Nevertheless, the construction of
universal photosensitizer-compatible nanoplatforms that can
effectively deliver oxygen and target tumor tissues has rarely
been reported by utilizing multiple noncovalent interactions.
In this study, we report a supramolecular nanocarrier based
on the multivalent interactions between fluorinated #-CD and
adamantylated hyaluronic acid, which can achieve the targeted
delivery of different types of photosensitizers with high
O,.carrying capacity (Scheme 1). By virtue of the extensive
hydrophobic region of fluorocarbon chains, photosensitizers
can be readily loaded as cargos while maintaining high loading
contents of oxygen. More remarkably, after equipment with the
adamantane-modified hyaluronic acid through multiple host—
guest interactions, a secondary nanoparticulate assembly is
formed to facilitate its targeted internalization in cancer cells.
The in vivo examination using tumor-bearing mice models
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further demonstrates that efficient cancer ablation could be
achieved by such amphiphilic fluorinated $-CD assembly with
an enhanced PDT therapeutic efficacy. To be envisioned, this
oxygen self-enriched supramolecular assembly featuring high
biocompatibility, exceptional photosensitizing activity, and
compelling cell/tissue selectivity can be exploited as a universal
nanoplatform for targeted delivery of photosensitizers and may
hold great promise for PDT applications under hypoxia.

The amphiphilic f-CD derivatives appended with seven
fluoroalkyl thiols at the primary face were synthesized through
the nucleophilic substitution reaction with heptakis(6-iodo-6-
deoxy)--CD under strong basic condition. To achieve the
balance between the O, solubility of fluorocarbon chains and
the amphiphilicity of the whole molecule, the one bearing 2-
(perfluorobutyl)ethanethiol substituents (F,CD) was selected
(Scheme S1 and Figures S1—S3, Supporting Information),
allowing the high-content fluorocarbon chains for O,-carrying
capacity and satisfactory water solubility at the same time. For
a comparative purpose, the reference compound with only the
hydrocarbon alkyl chain (HyCD) was also synthesized in a
moderate yield (Scheme S2 and Figures S4—SS, Supporting
Information). Meanwhile, three typical photosensitizers,
including neutral ZnPc, positively charged TMPyP, and
negatively charged CoPc,”**® were chosen for the study of
FyCD-improved PDT performance.

Due to its amphiphilic property, FyCD was prone to self-
aggregation into nanoparticles in aqueous solution. The critical
aggregation concentration (CAC) of FoCD was determined by
monitoring its UV—vis transmittance at various concentrations.
As shown in Figure la, the transmittance at 500 nm exhibited
an inflection point at 15 uM as the concentration increased,
corresponding to the identification of the CAC value and the
transition of FoCD from monomers to self-assembled nano-
particles (Figure 1a).
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Figure 1. (a) Optical transmittance of F,CD at different concentrations; Inset: optical transmittance changes of F,CD at 500 nm versus
concentrations ([FoCD] = 5—30 uM). (b) Optical transmittance of FoCD with different concentrations of HA-ADA; Inset: optical transmittance
changes of F,CD at S00 nm versus concentrations of HA-ADA ([F,CD] = 10 uM and [HA-ADA] = 0—35 uM). DLS profiles of (c) FoCD and (d)
TMPyP@HA-ADACF,CD. Inset: The corresponding Tyndall effects of (right) TMPyP@HA-ADACF,CD and (left) CoPc@HA-ADACF,CD
assemblies in aqueous solution. TEM images of (e) FoCD and (f) TMPyP@HA-ADACF,CD.

It is known that hyaluronic acid (HA) can specifically
recognize the surface of cancer cells via the receptor-mediated
endocytosis.”®>’” In our case, the addition of adamantane-
modified hyaluronic acid (HA-ADA) could not only endow
the resultant FoCD amphiphile with desired cell-targeting
ability but also provide new possibilities to further adjust the
ampbhiphilicity and induce the secondary coassembly through
the strong host—guest complexation between f-CD and ADA
moieties (Scheme S3 and Figure S6, Supporting Information).
Using a 10 yM FyCD solution (below its CAC value), the
obtained transmittance continuously decreased upon gradual
addition of HA-ADA (Figure 1b). It is speculated that the
addition of HA-ADA could induce the formation of nano-
aggregation with FoCD in solution and, thus, lower the CAC
value of this binary system. In addition, the Zeta potential
measurements showed that the HA-ADACF,CD nanoparticles
gave a negative charge distribution on the surface ({ = —42.3
eV), while this value slightly varied in the presence of different
photosensitizers (Figure S7, Supporting Information).

The hydrodynamic diameters of the nanoparticles were
measured by dynamic light scattering (DLS) experiments, and
the average value for FoCD alone was obtained as 351 nm in
solution (Figure 1c). Meanwhile, the Tyndall effect was clearly
observed in the cases of TMPyP- and CoPc-loaded HA-
ADACF,CD assemblies, once again confirming the formation
of large-sized secondary nanoaggregates in the aqueous phase.
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The DLS data also found that the obtained nanoparticulate
assembly remained stable for at least 7 days (Figure S8,
Supporting Information). Notably, compared to free FoCD
nanoaggregates, the incorporation of HA-ADA resulted in a
significant reduction in the hydrodynamic diameters of the
nanoparticles from 351 to 201 nm (Figure 1c and 1d). This
phenomenon may contribute to the intermolecular cross-
linking of FoCD amphiphiles by HA-ADA, which would lead to
the formation of more compact assembled structures and
eventually facilitate better penetration into tumor sites.
Accordingly, the morphological characterization in the solid
state was also conducted by transmission electron microscopy
(TEM), and the assembly sizes of free and photosensitizer-
loaded FyCD amphiphiles were measured as 220 and 120 nm,
respectively, which were basically consistent with the DLS
results (Figure le and 1f).

The O, enrichment performance of FoCD relative to pure
water was comparatively evaluated using HoCD as the
reference compound. Benefiting from the excellent O,-
dissolving capacity of fluorocarbon segments,’”*® the O,
molecules could be easily entrapped by the hydrophobic
region of FyCD. After addition of a large amount of
deoxygenated water (pretreatment with N,) into the O,-
saturated HA-ADACF,CD, HA-ADACHyCD, and pure water
as control, respectively, the changes of O, concentration in
solution were monitored by a dissolved oxygen portable meter.
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Figure 2. (a) Schematic diagram of transport of O, by the obtained assembly. (b) Changes in the concentration of O, versus time after addition of
HA-ADACF,CD and HA-ADACH,CD into deoxygenated water ([FoCD] = [H,CD] = 100 4M and [HA-ADA] = 100 uM). Decomposition rates
of ABDA at 378 nm versus irradiation time by (c) ZnPc@HA-ADACF,CD, (d) CoPc@HA-ADACF,CD, (e) TMPyP@HA-ADACF,CD
([photosensitizer] = [FoCD] = [HyCD] = [HA-ADA] = 30 uM, [ABDA] = 150 uM), and (f) TMPyP@HA-ADACF,CD at different carrier

concentrations ([TMPyP] = 30 uM, [ABDA] = 150 uM).

As shown in Figure 2b, the FoyCD solution gave the maximum
releasing amount of 20.3 mg/L in 150 s. Though HyCD
possesses a certain O,-carrying ability by its hydrophobic alkyl
chains, the releasing amount was significantly lower than that
of the fluoroalkylated $-CD over the same time interval. These
results jointly corroborated that the HA-ADACF,CD assembly
could readily release the entrapped O, in the tumor hypoxic
microenvironments, which may facilitate the successful
implementation of PDT in tumor tissue, as described below.

Initially, ZnPc was utilized to quantitatively assess the
enhancement effect of a supramolecular amphiphilic system on
the 'O, generation yields (¢A) of various photosensitizers
(Figure S9, Supporting Information). As discerned from Figure
2¢, the incorporation of ZnPc into the HA-ADACF,CD
assembly led to a marked increase in the ¢A value, which was
2.4-fold higher than that of ZnPc alone. In the control
experiment, no obvious enhancement effect was found by the
free HA-ADA, thereby validating the important role of the
FyCD amphiphilic assembly in improving the photosensitizing
performance.
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To further substantiate the versatility of our delivery system,
the scope of photosensitizers was extended to positively
charged porphyrin (TMPyP) and negatively charged phthalo-
cyanine (CoPc). As can be seen from Table S1 (Supporting
Information), the HA-ADACF,CD assembly exhibited sig-
nificant 'O, enhancement for all the distinct photosensitizers
(Figures S10 and S11, Supporting Information). The most
pronounced effect was achieved in the case of TMPyP, where
the @A value of the TMPyP@HA-ADACF,CD assembly
surpassed that of free TMPyP by a remarkable factor of 13.3.
In addition, the control experiment demonstrated that the
presence of HA-ADA increases singlet oxygen production by
8.1 times as compared to free TMPyP, which is mainly
attributed to the suppression of undesired self-aggregation of
photosensitizers by the electrostatic attraction with the HA
chain (Figure 2e). In addition, the host—guest complexation
between FoCD and ADA could draw the photosensitizer and
the O,-rich fluorocarbon chains much closer, ultimately
fostering a synergistic effect to amplify the 'O, yield of the
TMPyP@ HA-ADACF,CD assembly. In contrast, the electro-
static repulsion is an unfavorable driving force in the case of

https://doi.org/10.1021/acs.nanolett.5c00090
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Figure 3. In vitro evaluation of the anticancer activity of the assemblies. (a) CLSM images of living AS49 cells treated with ZnPc, CoPc, TMPyP,
ZnPc@HA-ADACF,CD, CoPc@HA-ADACH,CD, and TMPyP@HA-ADACH,CD assemblies, respectively. [photosensitizer] = 10 uM, [FoCD]
=10 uM, and [HA-ADA] = 10 uM. Cell nuclei were stained with Hoechst 33342. The scale bar is 30 or 15 um. Phototoxicity of (b) CoPc- and (c)
TMPyP-involved assemblies in A549 cells. Comparison of phototoxicity of (d) CoPc@HA-ADACF,CD and (e) TMPyP@HA-ADACF,CD with
individual photosensitizers in 293T cells. Comparison of photocytotoxicity of (f) CoPc@HA-ADACF,CD and (g) TMPyP@HA-ADACF,CD with
their HyCD-involved reference assembly in AS549 cells under hypoxic condition. Statistical analysis of the data was carried out by independent-
samples’ t test and data presented are the means + standard error of the mean (S.E.M.) (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <

0.0001.

CoPc@HA-ADA and resulted in the lowest the ¢A value
among all the CoPc-involved groups (Figure 2d). Moreover,
the loading capacity and encapsulation efficiency of three
photosensitizers have been calculated as 4.02% and 29.1%,
6.1% and 34.0%, as well as 14.8% and 64.2%, for ZnPc-, CoPc-,
and TMPyP-loaded F,CDCHA-ADA nanoassemblies, respec-
tively (Figure S12, Supporting Information).
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It is also found that the 'O, generation rate of the TMPyP-
loaded assemblies was in proportion to the HA-ADACF,CD
concentration when the concentration of photosensitizer was
fixed at 30 uM, further corroborating the large O,-loading
capacity of the fluorinated supramolecular carrier (Figures 2f
and S13, Supporting Information). In comparison, the
TMPyP@HA-ADACH,CD assembly gave a lower ¢A value
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Figure 4. In vivo evaluation of the PDT efficacy of the assemblies of TMPyP under light irradiation (220 mW/cm?). (a) Schematic illustration of
the establishment of the tumor model in mice and the tail vein injection of the drug. (b) Representative photographs of tumors of the tumor-
bearing mice in different groups on the 14th day. (I: PBS; II: TMPyP; IIl: TMPyP@HA-ADA; IV: TMPyP@HA-ADACH,CD; V: TMPyP@HA-
ADACF,CD) (c) H&E staining of tumor tissues from different samples of tumor-bearing mice. The scale bars are 200 ym. Body weights (d) and
tumor volumes (e) of the mice in different groups during 14 days of treatment.

than that of its fluorocarbon-based counterparts or even the
TMPyP@HA-ADA group. This finding could be attributed to
the partial aggregation of photosensitizers within the hydro-
phobic domains of the TMPyP@HA-ADACH,CD nano-
particles. However, the O,-carrying capacity of the alkyl chains
in HoCD is significantly inferior to that of the fluorocarbon
chains in FyCD, and consequently, the reduced accessibility to
O, in the alkyl chain environment may largely hinder the
efficient 'O, generation in the TMPyP@HA-ADACH,CD
assembly.

To further demonstrate the cellular uptake behaviors,
confocal laser scanning microscopy (CLSM) imaging experi-
ments were performed. After coincubation with A549 cells for
24 h, the red-fluorescence dots arising from the photo-
sensitizers were clearly observed and uniformly scattered in
cytoplasm in the presence of FoCD and HA-ADA, whereas
weaker fluorescence was observed by free photosensitizers
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(Figure 3a and S14, Supporting Information). This result
indicates that the photosensitizer-embedded HA-ADACF,CD
assemblies could be easily internalized and accumulated in the
cells. Next, the cytotoxicity of different samples was evaluated
using the standard cell counting Kit-8 (CCK-8) assay under
different conditions. Initially, the dark cytotoxicity of free
carriers and the photosensitizer-loaded assemblies was tested.
As shown in Figure S15 (Supporting Information), the cell
viability remained above 90% for both normal (293T) and
tumor cells (AS49) after incubation for 24 h, suggesting their
good biocompatibility and biosafety without light irradiation.

The phototoxicity of AS49 cells was assessed upon light
exposure under normal oxygen condition (Figure 3b and 3c),
and the half maximal inhibitory concentrations (IC,) are
tabulated in Table S2 (Supporting Information). The cell
viability in the CoPc@HA-ADACF,CD group (CoPc for 50
uM) was dramatically reduced to only 29% upon light
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irradiation for 15 min, while these values were measured as
56% and 51% for the CoPc@HA-ADACH,CD and CoPc@
HA-ADA groups, respectively. It is noted that although the
singlet oxygen generated by CoPc@HA-ADA is 2-fold higher
than that generated by CoPc@HA-ADACH,CD, they showed
very similar ICs, values in A549 cells. In our case, CoPc@HA-
ADACH,CD was presented as a uniform nanoparticulate
assembly, whereas CoPc@HA-ADA only gave an amorphous
aggregate (Figure S16, Supporting Information). The for-
mation of the nanoparticulate assembly is favorable for cell
uptake and can compensate for the inferiority in 'O,
generation to some extent, thus leading to no significant
cytotoxicity differences between CoPc@HA-ADA and CoPc@
HA-ADACH,CD assemblies. Moreover, when TMPyP served
as a photosensitizer, TMPyP@HA-ADACF,CD exhibited
superior phototoxicity with the cell viability of 11%, while
TMPyP@HA-ADACH,CD and TMPyP alone could only
decrease the cell viability to 32% and 29%, respectively.
Notably, the difference in cell viability became more significant
at a much lower concentration of photosensitizers. Taking
TMPyP at 20 uM as an example, the presence of HA-
ADACF,CD could greatly decrease the cell viability to 33%,
compared to 66% and 86% for TMPyP@HA-ADACH,CD and
TMPyP@HA-ADA, respectively. More remarkably, benefiting
from the existence of HA-ADA as the cell-targeting agent, the
resultant assemblies could easily distinguish the malignant cells
from the normal ones, thereby leading to the large distinction
in AS49 cell and 293T cell viability (i.e., 29% vs 81% in the
CoPc-involved group and 11% vs 78% in the TMPyP-involved
group, respectively, at SO uM photosensitizers) (Figure 3d and
3e).

Subsequently, the in vitro anticancer activities were also
comparatively studied under hypoxic condition (1.1% O,).
Analogous to the results under normoxic conditions, the
involvement of HA-ADACF,CD could induce cell death more
markedly than HA-ADACH,CD after loading photosensitizers
under hypoxia condition. Also, it is noted that the whole cell
viability was marginally elevated under hypoxic compared to
normoxic conditions (Figure 3f and 3g). Apparently, this result
is mainly attributed to the inadequate supply of intracellular
ROS under hypoxic condition. Nevertheless, due to its
superior O,-enriching capability, the HA-ADACF,CD carrier
would effectively mitigate the decline in PDT efficacy caused
by hypoxia in the tumor microenvironment. In addition, the
ROS production in the cell environment was assessed using 6-
carboxy- 2/,7'-dichlorodihydrofluorescein diacetate (DCFH-
DA) as a fluorescent indicator. As shown in Figure S17
(Supporting Information), compared to other control groups,
the brightest green fluorescence was exclusively observed in the
AS549 cells, implying that a large amount of ROS could be
produced with a high quantum yield by the TMPyP@HA-
ADACF,CD assembly after light irradiation.

Enthusiastic about these findings in an inanimate milieu and
cancer cells, the in vivo therapeutic efficacy was further
investigated using the tumor-bearing mouse model. In this
case, TMPyP was chosen as the ideal photosensitizer on
account of its extremely high loading efficiency by the HA-
ADACF,CD carrier. First, to evaluate the tumor-targeting
efficacy of TMPyP@HA-ADACF,CD nanoparticles, systemic
administration studies were conducted in tumor-bearing mice
(Figure S18, Supporting Information). The ex vivo fluores-
cence images reveals that the red-fluorescence nanoassemblies
were predominantly accumulated in tumor tissues, accom-
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panied by weak signals detected in the hepatic clearance
organs. This biodistribution pattern demonstrates the sig-
nificant tumor-targeting specificity of the obtained nano-
constructs. Next, the TMPyP-loaded supramolecular amphi-
philes and the corresponding control groups were administered
to the mice via tail vein injection, and the tumor sites were
irradiated by white light after incubation in the dark for 24 h
(Figure 4a). The tumor volumes and body weights of the mice
were meticulously recorded over a period of 14 days (Figure
4b and 4c). Although the body weights remained basically
unchanged in all of the examined groups, the TMPyP@HA-
ADACF,CD group showed the best inhibition effect with
statistically significant differences. The tumor growth inhibition
rate was calculated up to 94%, which exceeded its counterpart
formulations, including TMPyP@HA-ADACH,CD (76%),
TMPyP@HA-ADA (82%), and free TMPyP (56%, Figure
4d). Collectively, these findings underscore the potent
antitumor activity of the TMPyP@HA-ADACF,CD nano-
assembly, which may hold great promise as a therapeutic agent.

Upon completion of the in vivo experiment, the tumor-
bearing mice were euthanized, and subsequent hematoxylin
and eosin (H&E) staining of crucial organs and tumor tissues
was conducted. As can be seen from Figure 4e, superior to
other control groups, no discernible tissue damage or
pathological alteration was observed after administration of
TMPyP@HA-ADACF,CD, thus highlighting the exceptional
biocompatibility and biosafety profile of the supramolecular
photodynamic therapies.

In conclusion, to overcome the obstacles in the current
PDT, amphiphilic FCD was synthesized and exploited as a
versatile supramolecular nanocarrier by harnessing the O,-
enriched ability of perfluorocarbon chains and the encapsulat-
ing ability of CD’s cavity. The fluoroalkylated tails in FyCD can
dissolve O, molecules and load diverse photosensitizing cargos
via the hydrophobic interaction, and the S-CD’s cavity can
coassemble with the cell-targeting agent HA-ADA via host—
guest complexation. In an inanimate milieu, spectroscopic
study revealed that the 'O, production yield was dramatically
augmented in aqueous solution by substantially mitigating the
intermolecular self-aggregation of photosensitizers. At the
cellular level, the photosensitizer-equipped supramolecular
amphiphiles exhibited pronounced phototoxicity exclusively
toward cancer cells and could not make any negative impact on
cell viability in the dark. In the murine mode, the
representative TMPyP@HA-ADACF,CD ternary assembly
could ablate tumors associated with minimal systemic toxicity
at therapeutically relevant concentrations. Given good
targetability, biocompatibility, and versatility, it can be
envisioned that our work is easily amenable to many different
photosensitive drugs and may be developed as a universal
approach against cancers and other diseases in a cost-effective
manner.
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