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Photodynamic therapy (PDT) has been widely investigated for cancer therapy. The intracellular accumu-
lation of reactive oxygen species (ROS)-damaged protein facilitates tumor cell apoptosis. However, there
is growing evidence that the ubiquitin-proteasome pathway (UPP) significantly impedes PDT by prevent-
ing the enrichment of ROS-damaged proteins in tumor cells. To tackle this challenge, we report a facile
dual-drug nanoassembly based on the discovery of an interesting co-assembly of bortezomib (BTZ, a pro-
teasome inhibitor) and pyropheophorbide a (PPa) for proteasome inhibition-mediated PDT sensitization.
The precisely engineered nanoassembly with the optimal dose ratio of BTZ and PPa demonstrates mul-
tiple advantages, including simple fabrication, high drug co-loading efficiency, flexible dose adjustment,
good colloidal stability, long systemic circulation, favorable tumor-specific accumulation, as well as sig-
nificant enrichment of ROS-damaged proteins in tumor cells. As a result, the cooperative nanoassembly
exhibits potent synergistic antitumor activity in vivo. This study provides a novel dual-drug engineering

Multimodal cancer therapy

modality for multimodal cancer treatment.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Reactive oxygen species (ROS) generated from photosensitizers
(PSs) under laser irradiation induce oxidative damages to intracel-
lular proteins, resulting in cell apoptosis or necrosis [1,2]. However,
the ubiquitin-proteasome pathway (UPP) has been found to help
clear away the ROS-damaged proteins [3,4]. Given the crucial role
in clearing up the intracellular oxidation-damaged proteins, UPP
has been implicated as one of the main barriers in PDT [3,5]. Var-
ious proteasome inhibitors have been developed for cancer ther-
apy [6]. Among them, bortezomib (BTZ), as the first proteasome
inhibitor approved for myeloma, has also revealed potent antineo-
plastic activity against various human cancer cell lines [7].

There is growing evidence that BTZ-mediated proteasome in-
hibition has synergy effect with photodynamic PSs [3]. Based on
this rationale, a precise combination of BTZ and PSs would signifi-
cantly improve the sensitization of tumor cells to PDT. However, ef-
ficient co-delivery of two or more therapeutic agents remains chal-
lenging [8]. Biomedical nanotechnology has been widely applied
in drug delivery [9-12]. Rational design of nanocarriers not only
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effectively improves the unfavorable physicochemical properties of
drugs, but also achieves tumor-specific drug accumulation and on-
demand drug release [13-16]. Thus, multitudinous nanocarriers
such as micelles and liposomes have been designed over the past
few decades. However, there are still many challenges for these
conventional co-delivery nano-vehicles, including poor encapsula-
tion stability, low co-loading efficiency, inconvenient adjustion of
drug proportions and as well as premature drug leakage due to
the affinity difference between carrier materials and drugs [17-
19]. Therefore, carrier-free nanoassembly formed by drugs them-
selves has emerged as a potential nanoplatform for efficient drug
delivery. In such unique nanosystems, drug molecules act as both
cargos and vehicles, contributing to high drug loading efficiency
and low excipient-induced side effects. More importantly, ratio-
nal design of hybrid nanosystems co-assembled by two or more
drugs themselves is expected to provide a versatile nanoplatform
for combined drug delivery and multimodal cancer therapy [9-19].

To address these challenges, we aimed to develop a precisely
chemical drug-engineered nanoassembly of BTZ and PSs for protea-
some inhibition-mediated PDT sensitization (Fig. 1). Several com-
monly used PSs were utilized to co-assemble with BTZ (Fig. 2),
including a BODIPY dye (3-bodipy-propanoic acid, BDP), two
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Fig. 1. Schematic representation of BTZ/PPa nanoassembly and proteasome inhibition-sensitized PDT.
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Fig. 2. Screening of co-assembly drug pair. (A) Molecular structures of five photody-
namic PSs (yellow) and BTZ (purple). (B) Schematic illustration of the co-assembly
process. (C) Appearance photos of the nanoassemblies at a molar ratio of 1:1. (D)
Appearance photos of BTZ@Hy nanoassembly and BTZ@PPa nanoassembly at a mo-
lar ratio of 1:1 after incubation at 37 °C for 12 h.

porphyrin derivatives (Ce6 and PPa), a phthalocyanine (zinc ph-
thalocyanine, ZnPc) and a hypericum derivative (hypericin, Hy).
As shown in Figs. 2A-C and Table S1 (Supporting information),
only Hy and PPa formed nanoassemblies with PPa, while BDP,
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Ce6 and ZnPc immediately precipitated under the same conditions.
Notably, Ce6 demonstrated inferior co-assembly ability with BTZ
when compared to PPa with the same porphyrin ring, due to the
higher hydrophilicity of Ce6 with three carboxyl groups, resulting
in weak hydrophobic force between Ce6 and BTZ. After prelimi-
narily screening out the potential candidate PSs (PPa and Hy), we
further compared the storage and colloidal stability of BTZ@PPa
nanoassembly and BTZ@Hy nanoassembly. As shown in Fig. 2D,
drugs precipitated from BTZ@Hy nanoassembly after incubation in
a shaking table (37 °C) for 12 h. By contrast, BTZ/PPa nanoassem-
bly revealed excellent colloidal stability under the same conditions
(Fig. 2D). Based on the modular assembly optimization results, PPa
and BTZ stood out as a favorable co-assembly pair for further in-
vestigation.

Moreover, the optimal synergistic dose ratio of BTZ and PPa
was evaluated in 4T1 and CT26 cells at various molar ratios (5:1,
4:1, 3:1, 2:1, 1:1, 1:2, 1:3, 1:4 and 1:5). As shown in Fig. S1
and Table S2 (Supporting information), the nanoassembly of BTZ
and PPa at a molar ratio of 1:4 (BTZ/PPa) exhibited the most
potent cytotoxicity, with CI values of 0.38 and 0.54 in 4T1 and
CT26 cells, respectively. Afterwards, the non-PEGylated nanoassem-
bly (BTZ@PPa NPs) and PEGylated nanoassembly (BTZ@PPa PEG,,
NPs) were fabricated by one-step nano-precipitation approach at
the optimal synergy dose ratio of 1:4 (BTZ/PPa). As shown in
Fig. 3A and Table S3 (Supporting information), the mean diame-
ter and zeta potential of BTZ@PPa NPs were approximately 88 nm
and -15 mV, with impressively high drug loading capacity of BTZ
(15.2 wt%) and PPa (84.8 wt%), respectively. Notably, the EEgrz
and EEpp, in the PEGylated nanoassembly (BTZ@PPa NPs) were
up to 97.9% and 99.2% (Table S3). After PEGylation modifica-
tion, the mean diameter of BTZ@PPa PEG,, NPs slightly increased
(103 nm, Fig. 3B). And its zeta potential reduced from around
-15 mV to -22 mV, which could contribute to colloidal stabil-
ity [20-22]. Moreover, BTZ@PPa PEG,, NPs had a high co-loading
rate for BTZ (12.2 wt%) and PPa (67.8 wt%). As expected, PEGy-
lation decoration significantly improve the stability of BTZ@PPa
nanoassembly. As illustrated in Fig. 3C, the particle size of BTZ@PPa
PEG,, NPs did not significantly change during the incubation
with PBS supplemented with 10% FBS for 12 h, while the parti-
cle size of BTZ@PPa NPs significantly increased under the same
conditions.
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Fig. 3. Characterization of the co-assembled NPs. (A and B) Intensity size distribution profiles, TEM images and appearance photographs. Scale bar: 100 nm. (C) Colloidal

stability (n = 3). (D) Molecular dynamics simulation results. (E) The particle size changes of NPs treated with urea, SDS and KCI (200 mmol/L).

(F) UV absorption spectra at

300-800 nm. (G) The PPa fluorescence spectra from 250 nm to 650 nm. (H) The PPa fluorescence spectra of PPa Sol, BTZ@PPa NPs and BTZ@PPa PEG,, NPs from 600 nm to

800 nm.

We then explored the intermolecular interactions using compu-
tational docking simulation technique. As shown in Fig. 3D, there
were four interactions or forces found between BTZ and PPa, in-
cluding m-cation interaction, w-m stacking interaction, hydropho-
bic force and hydrogen bond. We further validated these inter-
molecular interactions by utilizing three destructive agents (KCI,
urea and SDS), which have been widely employed to break in-
termolecular s-cation interaction, hydrogen bond and hydropho-
bic force, respectively [23-25]. Moreover, w- stacking interaction
was verified by scanning the UV absorbance spectra of PPa be-
fore and after co-assembly with BTZ. As illustrated in Fig. 3E, the
particle size of both BTZ@PPa NPs and BTZ@PPa PEG,, NPs in-
creased after the incubation with these destructive agents, con-
firming a comprehensive contribution of m-action interaction, hy-
drogen bond and hydrophobic force to the co-assembly process.
In addition, obvious red-shift was observed in the UV spectra of
PPa in nanoassemblies when compared with PPa solution (Fig. 3F),
indicating the existence of the m-m stacking interaction in the
nanoassembly. Moreover, significant fluorescence spectra changes
of PPa were observed before and after co-assembly with BTZ. As
shown in Figs. 3G and H, the fluorescence intensity of PPa de-
creased after co-assembly with BTZ, which should be ascribed to
the aggregation caused quench (ACQ) effect of PPa in the state of
aggregation [26-28].

We then explored the in vitro release patterns of BTZ with or
without light treatment (660 nm, 50 mW/cm?2, 5 min). As shown
in Fig. S2 (Supporting information), the PEGylated nanoassembly
(BTZ@PPa PEG,, NPs) demonstrated sustained release behaviors in
contrast to BTZ Sol and BTZ@PPa NPs, with less than 30% of BTZ
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released from the nanoassemblies. Notably, owing to the disin-
tegration of nanostructures following the photobleaching damage
on PPa, laser irradiation significantly accelerated BTZ release from
BTZ@PPa PEG,; NPs. The sustained-release behavior of nanoassem-
bly favor safe drug delivery, and the tumor-localized rapid release
of BTZ promoted by laser irradiation could certainly potentiate
synergistic therapeutic effect.

The cellular uptake of nanoassemblies was investigated in 4T1
cells. As shown in Figs. 4A-D, PPa Sol, BTZ@PPa NPs and BTZ@PPa
PEG,, NPs were internalized into tumor cells in a time-dependent
way. Notably, BIZ@PPa PEG,, NPs demonstrated much higher cel-
lular uptake efficiency than that of PPa Sol and BTZ@PPa NPs un-
der the same conditions, especially at 4 h. The favorable cellular
uptake of BTZ@PPa PEG,, NPs could be attributed to its good col-
loidal stability (Fig. 3C). By contrast, there’s no significant differ-
ence observed in the cellular uptake of PPa Sol and BTZ@PPa NPs.
The inferior cellular internalization of the non-PEGylated BTZ@PPa
NPs should be ascribed to its poor stability (Fig. 3C).

We then explored the cellular ROS generation ability of
nanoassemblies with/no laser irradiation (660 nm) in 4T1 cells. As
depicted in Fig. 4E, the cells treated with PPa Sol, BTZ@PPa NPs
and BTZ@PPa PEG,, NPs showed much stronger fluorescence sig-
nals under laser irradiation (50 mW/cm?, 5 min) than that of the
cells without laser treatment, suggesting the excellent cellular ROS
generation ability of PPa under laser irradiation. Notably, there is
almost no significant fluorescence difference among the cells re-
ceiving PPa Sol, BTZ@PPa NPs and BTZ@PPa PEG,, NPs, suggest-
ing the comparable cellular ROS generation capacity of PPa Sol and
nanoassemblies (Fig. 4E). Given that the nanostructure of BTZ@PPa
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Fig. 4. Cellular uptake, ROS generation, synergistic cytotoxicity and proteasome inhibition of nanoassemblies. (A-C) Cellular uptake at a PPa equivalent dose of 2.5 pug/mL
by CLSM at 1, 2 and 4 h. Scale bar: 50 nm. (D) Quantitative analysis of cellular fluorescence intensity. (E) Cellular ROS generation in 4T1 cells at an equivalent PPa dose
of 100 nmol/L with/without laser irradiation (660 nm, 50 mW/cm?2, 5 min). (F) Synergistic cytotoxicity of various formulations in 4T1 cells with/without laser irradiation
(660 nm, 50 mW/cm?, 5 min). (G) Immunofluorescence (Scale bar: 50 nm) and (H) quantitative analysis of the ubiquitinated proteins in 4T1 cells at a PPa equivalent of
100 nmol/L with/no laser irradiation (660 nm, 50 mW/cm?, 5 min), a, b, ¢, d, e, f, g and h represent saline, PPa/L, BTZ, BTZ@PPa NPs, BTZ@PPa PEG,, NPs, BTZ@PPa NPs/L,
BTZ/PPa/L and BTZ@PPa PEG,, NPs/L, respectively. n.s., no significance; *P < 0.05, **P < 0.01.

NPs would be rapidly disintegrated by salts and FBS in cell cul-
ture media, it is understandable that BTZ@PPa NPs revealed simi-
lar cellular uptake and cellular ROS generation efficiency with PPa
Sol. By contrast, despite the ACQ effect of PPa in BTZ@PPa PEG,
NPs (Figs. 3G and H), favorable colloidal stability and efficient cel-
lular uptake endowed the PEGylated nanoassembly with high cel-
lular ROS generation capacity.

The favorable colloidal stability, cellular uptake and ROS gener-
ation of BTZ@PPa PEG,, NPs inspired us to further study the syn-
ergistic cytotoxicity of BTZ and PPa. As shown in Fig. 4F and Fig.
S3 (Supporting information), the laser irradiated groups revealed
higher cytotoxicity than that of the groups without laser treatment,
suggesting the proteasome inhibition-sensitized photodynamic cy-
totoxicity. Notably, BTZ@PPa PEG,, NPs with laser irradiation ex-
hibited the strongest synergistic cytotoxicity, which could be as-
cribed to the rational dose ratio, good colloidal stability, efficient
cellular uptake, as well as favorable ROS generation capacity of the
PEGylated nanoassembly.

We then investigated the in vitro synergistic mechanisms of
proteasome inhibition-mediated PDT sensitization by evaluating
the enrichment of ubiquitinated proteins in 4T1 cells. As shown in
Figs. 4G and H, laser-irradiated groups significantly facilitated the
enrichment of the ubiquitinated proteins in tumor cells. BTZ alone
also induce the production of the ubiquitinated proteins. These re-
sults indicated that the ROS generated by PPa under laser irradi-
ation exerted oxidative damages on proteins, and BTZ synergisti-
cally prevented the clearance of these destructed proteins. Notably,
BTZ@PPa PEG,, NPs induced significant accumulation of the ubig-
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uitinated proteins in tumor cells under laser irradiation, which was
in consist with the cytotoxicity outcomes (Fig. 4F). These results
confirmed our hypothesis that precise integration of BTZ and PPa
into one nanosystem could realize proteasome inhibition-mediated
PDT sensitization.

All the animal experiments were approved by the Animal Ethics
Committee of Shenyang Pharmaceutical University. The pharma-
cokinetic profiles of PPa Sol, BTZ@PPa NPs and BTZ@PPa PEG,, NPs
were investigated in SD rats. As depicted in Fig. S4 (Supporting in-
formation), PPa Sol was rapidly cleared from the blood after intra-
venous administration, owing to the short half-life of free drugs.
Moreover, the non-PEGylated BTZ@PPa NPs revealed similar phar-
macokinetics behavior with PPa Sol, due to its poor colloidal sta-
bility. Notably, the Cys value (850.6 + 70.8 ng/mL) of BTZ@PPa
NPs was less than that of PPa Sol (1370.5 + 142.5 ng/mL), indi-
cating the rapid clearance of the non-PEGylated nanoassembly by
the RES system in the body. As expected, BTZ@PPa PEG,, NPs sig-
nificantly extended the circulation time in the blood (Fig. S4 and
Table S3). Long circulation of NPs certainly facilitates the tumor-
specific accumulation via the enhanced permeability and retention
(EPR) effect [29]. As shown in Figs. S4 and S5 (Supporting infor-
mation), the accumulation of PPa Sol, BTZ@PPa NPs and BTZ@PPa
PEG,, NPs in the major organs (heart, liver, spleen, lung and kid-
ney) and tumors presented an earlier increase and later decrease
trend from 2 h to 24 h, and the peak drug accumulation in tu-
mors was found at around 4 h post-injection for all these formula-
tions. Moreover, the fluorescent signals in the major organs and
tumors significantly decreased at 12 and 24 h after intravenous
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Fig. 5. In vivo proteasome inhibition-potentiated PDT against 4T1 breast cancer (n = 6). (A) Experimental design. (B) Tumor growth curves. (C) Tumor burden. (D) Western
blot results of the ubiquitinated proteins expression in tumor tissues. (E) Quantification of the relative ubiquitinated proteins. (F) Body weight changes. (G) Hepatorenal
function evaluation (AST: aspartate aminotransferase (U/L); ALT: alanine aminotransferase (U/L), BUN: blood urea nitrogen (mg/dL), CREA: creatinine (umol/L)). The a, b, ¢, d,
e, f, g and h represent BTZ Sol, saline, BTZ@PPa NPs, PPa/L, BTZ@PPa NPs/L, BTZ@PPa PEG,, NPs, BIZ@PPa PEG,, NPs/L and BTZ/PPa/L, respectively.

administration, which was consistent with the pharmacokinetics
results (Fig. S4). Notably, BTZ@PPa PEG,, NPs showed much higher
tumor accumulation when compared with PPa Sol and BTZ@PPa
NPs (Fig. S4), which should be attributed to its excellent colloidal
stability and long circulation time in the blood

The in vivo proteasome inhibition-potentiated PDT was evalu-
ated against a triple-negative breast cancer xenograft tumor model
(Fig. 5A). According to the ex vivo biodistribution results (Figs. S5
and S6 in Supporting information), the laser-treated groups were
exposed to laser irradiation (660 nm, 50 W/cm?2) for 5 min at 4 h
post-administration. As shown in Figs. 5B and C, the tumor growth
of laser-treated groups was slower than that of the groups without
laser irradiation. BTZ/PPa/L (g) group showed stronger antitumor
activity than that of BTZ Sol (a) and PPa Sol/L (d), suggesting the
synergy effect of BTZ-mediated chemotherapy and PPa-based PDT.
Notably, the non-PEGylated BTZ@PPa NPs (c and e) showed infe-
rior antitumor activity even with laser treatment, which should be
ascribed to its poor colloidal stability and rapid clearance from the
body after administration (Table S4 in Supporting information). As
expected, BTZ@PPa PEG,; NPs demonstrated the most potent an-
titumor activity under laser irradiation (Figs. 5B and C, and Fig.
S7 in Supporting information), due to the prominent advantages in
the whole drug delivery process, including good colloidal stability,
long systemic circulation (Fig. S4), high tumor accumulation (Fig.
S5), favorable cellular uptake (Figs. 4A-C), as well as efficient ROS
generation (Fig. 4E). After the final treatment, the cellular apop-
tosis of tumor was assessed by TUNEL and Ki67 assay. As shown
in Figs. S8A and B (Supporting information), BTZ@PPa PEG,, NPs
caused large apoptosis and small proliferation. Additionally, the ex-
pression of ubiquitinated proteins in tumor tissues after treatments
was further evaluated to investigate proteasome inhibition in vivo.
As shown in Figs. 5D and E, BTZ@PPa PEG,, NPs significantly in-
creased the ubiquitinated proteins in tumors under laser irradia-
tion when compared with other therapeutic modalities.
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As previously mentioned, despite the potent cytotoxicity of BTZ
against multiple tumor cell lines, it also causes serious off-target
toxicity [30,31]. We expected that precisely formulating BTZ and
PSs into one nanosystem would not only achieve synergistic anti-
tumor effect, but also is expected to significantly reduce the off-
target toxicity of BTZ. As shown in Fig. 5F, obvious weight loss was
found in the groups of BTZ Sol and BTZ/PPa/L, indicating the severe
systemic toxicity of BTZ. Besides, notable reduction of the spleen
size provided further evidence of BTZ-induced organ toxicity (Fig.
S9 in Supporting information). Moreover, the hepatic and renal
function indicators also revealed the obvious toxicity of BTZ/PPa/L
to liver (Fig. 5G). By contrast, precisely formulating BTZ and PPa
into dual-drug hybrid nanoassembly (BTZ@PPa PEG,, NPs) show
almost no systemic toxicity during the treatment process (Figs. 5F
and G). Moreover, there was no distinct histological variation found
in the H&E staining sections of heart, liver, spleen, lung and kidney
(Fig. S10 in Supporting information).

In summary, inspired by the synergy between ubiquitin-
proteasome pathway and ROS-induced protein destruction, we de-
veloped a facile nanoassembly of BTZ and PPa after modular as-
sembly and synergistic cytotoxicity optimization. Multiple inter-
molecular interactions and forces were found to drive the dual-
drug co-assembly. The PEGylated nanoassembly (BTZ@PPa PEG,;
NPs) with an optimal dose ratio of 1:4 (BTZ/PPa) demonstrated dis-
tinct advantages throughout the whole drug delivery process, re-
sulting in potent synergistic antitumor effect in a triple-negative
breast tumor xenograft mouse model. Proteasome inhibition-
sensitized PDT was observed in cellular and whole-animal levels.
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