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Remodeling tumor microenvironment (TME) is a very promising and effective strategy to enhance the
effects of chemotherapy, photodynamic therapy, and immunotherapy. Normalization of tumor vasculature
as well as depletion of glutathione (GSH) can improve the TME. Here, we developed a novel therapeutic
nanoparticle functional enzyme ultra QDAU5 nanoparticles (FEUQ Nps) based on a fluorescence-on and
releasable strategy by combining a vascular normalization inducer, a GSH depleting agent, and an acti-
vated fluorophore. In which the cleavage of disulfide bonds releases active molecules that induce vascu-
lar normalization and improve the hypoxic microenvironment. In addition, it may deplete GSH in cancer
cells, thus inducing the production of reactive oxygen species (ROS) and lipid peroxide (LPO) and pro-
moting iron toxicity. It may also lead to endoplasmic stress and release of calmodulin, which activates
the immune system. Meanwhile, quenched fluorophores are turned on in the presence of galactosidase
(GLU) for tumor-specific labeling. In summary, we developed novel therapeutic agent nanoparticles with
the function of vascular normalization inducers to achieve specific labeling of hepatocellular carcinoma
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while exerting efficient antitumor effects in vivo.
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Tumors are surrounded by complex and dynamic micro-
environments, which influence their growth, invasion, and metas-
tasis [1,2]. In addition, tumor microenvironment (TME) also con-
tributes to heterogeneity and poses a huge impact on the outcome
of cancer treatment [3,4]. Ample studies have firmly established
TME reshaping as a very promising and effective strategy to poten-
tiate chemotherapy, photodynamic therapy as well as immunother-
apy [5].

Angiogenesis represents a cornerstone of cancer, allowing tu-
mors to receive oxygen and nutrients [6]. The functions of tumor
vessels in most cases are abnormal, which leads to a hypoxic TME
and hampers the infiltration of immune cells, thus facilitating tu-
mor development and metastasis [7]. Several antiangiogenic drugs
have been approved by Food and Drug Administration (FDA) for
cancer treatment [8]. However, antiangiogenic drugs possess some
intrinsic limitations [9]. For example, some antiangiogenic drugs
were reported to induce the production of pro-angiogenic factors
and increase the possibility of tumor metastasis and relapse in
some cancers [10]. Alternatively, the tumor blood vessels can be
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remodeled to restore their structure and functions, which is known
as vascular normalization [11-13].

In addition to angiogenesis, elevated glutathione (GSH) levels
were widely observed in TME among different tumors, which also
supports the growth of cancer cells and attenuates the therapeutic
efficacy of chemotherapy by its strong antioxidant effects [14]. Ev-
idence has shown that GSH depletion can enhance the efficacy of
chemotherapy. Appealingly, recent studies indicated that GSH de-
pletion could also potentiate ferroptosis and immunotherapy [15].
These results present GSH depletion as a promising strategy to re-
model the TME.

In addition, for early diagnosis of cancer can have a positive
impact on patients. Fluorescent markers are widely used for dis-
ease labeling due to their high sensitivity and spatial and temporal
resolution, but simple fluorophores lack targeting [16-18]. There-
fore, efficient labeling can be achieved by developing smart fluo-
rescent molecules with specific fluorescence turn-on molecules. 8-
Glucuronidase (8-GLU) is an important biologically active protease
that is mainly involved in the degradation of glycosaminoglycans
containing glucuronide and is related to various pathophysiological
conditions in living organisms [19-22].

Moreover, GLU is also an important tumor biomarker closely re-
lated to tumor cell invasion, apoptosis, metastasis, and prolifera-
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tion. The expression and activity of GLU in hepatocytes is signifi-
cantly higher than that in normal hepatocytes when hepatocellular
carcinoma becomes cancer [23-25]. Therefore, a novel fluorophore
based on GLU intelligent fluorescence turn-on was developed as
a tracer molecule. Herein, the free hydroxyl group in the antho-
cyanin series fluorophore was utilized as the key group to main-
tain the fluorescence properties, and fB-galactosidase (B-Gal) was
introduced on the hydroxyl group to quench fluorescence. Under
the action of GLU, it was released to turn on fluorescence for spe-
cific and intelligent imaging.

Considering the immunosuppressive roles played by angiogen-
esis and GSH, we speculate that vascular normalization plus GSH
depletion might act synergistically to remodel TME to augment tu-
mor immunotherapy. Our lab has a long-lasting interest in devel-
oping small-molecule modulators targeting angiogenesis and has
discovered several inhibitors with promising vascular normaliza-
tion effects both in vitro and in vivo. To construct a molecule with
both vascular normalization and GSH-depletion capacity, we de-
signed a bivalent molecule (Fig. S1 in Supporting information). The
red moiety was an inhibitor of QDAU5 reported by our group for
vascular normalization. The introduction of a thiol acetal group af-
forded a new inhibitor EQ retaining similar efficacy (Fig. S1 in Sup-
porting information). The disulfide bond was employed as a trig-
gering group in response to GSH, which activates the release of the
vascular normalization molecule EQ, and more importantly, elimi-
nates GSH chemically. Meanwhile, we also installed an anthocyanin
fluorescent dye (the blue moiety) with the hydroxyl group masked
by a galactose moiety. The reasons underlying the introduction of
such a moiety are two-fold: Its fluorescence can be switched on
in response to overexpressed $-Gal in tumors, and thus the flu-
orescence can be leveraged as a noninvasive way for diagnosis;
the introduction of the hydrophilic galactose moiety makes the ti-
tle compound amphiphilic, which is anticipated to self-assemble
to form nanoparticle for better tumor targeting due to the en-
hanced permeability and retention (EPR) effect. Expectedly, such a
nanomedicine functional enzyme ultra QDAU5 (FEUQ) successfully
remodeled vascular morphology and scavenged GSH, improved the
hypoxic microenvironment, enhanced ferroptosis, and promoted
dendritic cell (DC) maturation. Most importantly, FEUQ displayed
very pronounced tumor suppression effects in Hepal-6 cell tumor-
bearing mice via stimulating the immune response.

Based on the potential vascular normalization activity of the
quinazolinone alkaloid derivative QDAU5, which was discovered in
our laboratory in the early stage [26]. Further structural modifica-
tion was carried out to make it exert more efficient antitumor effi-
cacy based on the regulation of vascular normalization. The disul-
fide bonds have a certain depleting effect on GSH in the TME. In
addition, it also could release other functional molecules in the
presence of GSH, which would have less impact on the structure of
QDAUS5 and can largely preserve its role in promoting vascular nor-
malization while exerting a more efficient anti-tumor effect. There-
fore, QDAU5 was structurally optimized by introducing a sulfhydryl
group containing a prototype of disulfide bond release to construct
a functional molecule (EQ). In addition, to further verify the effect
of the modified EQ, the mode of action of EQ and related potential
target proteins were investigated and analyzed by molecular dock-
ing and cell proliferation inhibition activity assays, and the results
showed that the mode of action and preliminary antitumor activity
of EQ and QDAU5 with respect to the targets were basically con-
sistent.

The free hydroxyl group is essential for the fluorescence re-
tention of anthocyanin fluorescent dyes. 8-Gal was introduced to
block the free hydroxyl group as it can be cleaved to release the
hydroxyl group under the action of GLU to turn on the fluores-
cence. Thus, we chose $-Gal to modify the anthocyanin fluorescent
dyes to construct the functional fluorescence group. Then, the vas-
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cular normalization inducer EQ and disulfide bonds were incorpo-
rated to link the fluorescent dyes to construct FEUQ. The chemical
structures of functional enzyme ultra linker (FEUL) and FEUQ were
validated by proton magnetic resonance ('H NMR) and carbon-13
nuclear magnetic resonance (13C NMR) spectroscopy (Figs. $12-S15
in Supporting information).

The self-assembled nanoparticle formation procedure was com-
pleted within 30 min using tetrahydrofuran (THF) as the solvent
without an additional catalyst at 1200rpm at room temperature
[27]. The FEUQ nanoparticles (Nps) were prepared by self-assembly
in THF-H,0, and the particle size was detected by dynamic laser
scattering (DLS) to be 45nm with a narrow distribution. In addi-
tion, as shown in Fig. S2 (Supporting information), the FEUQ Nps
solutions displayed the classical opalescence of nanoformulations
(Fig. S2a). Clear vesicle morphology was observed by transmis-
sion electron microscopy (TEM), with round regular structures (Fig.
S2b). Moreover, the FEUQ Nps formulations exhibited superior stor-
age stability for at least 50 days at 4 °C, as confirmed by monitor-
ing the DLS particle size (Fig. S2c). The outstanding stability typi-
cally indicated that the functional molecules do not degrade spon-
taneously, which is the main factor maintaining the activity of the
functional molecules. Next, we explored the release conditions by
HPLC under GSH, which showed that EQ released from FEUQ could
reach 80% within 20 h under GSH (10 mmol/L, pH 5.0 acetate buffer
solution (ABS)). As a result, the high reducing condition of the TME
triggered the disassembly of FEUQ Nps, and EQ was released from
FEUQ (Fig. S2e).

Subsequently, the cytotoxicity of the FEUQ and FEUQ Nps was
evaluated. Low cytotoxicity was observed in normal cells (HEK293)
by MTT assay. The results indicated that cell viability was ap-
proximately 70% even at a high concentration (20 pmol/L FEUQ,
20 pg/mL FEUQ Nps), suggesting almost no cytotoxicity of the FEUQ
and FEUQ Nps (Fig. S2d). After preliminary characterization of the
cytotoxicity of nanoparticles in vitro, the optical properties of FEUQ
Nps in the absence and presence of 8-GLU were evaluated in aque-
ous solution (phosphate-buffered saline (PBS):dimethyl sulfoxide
(DMSO0)=7:3 (v:v), pH 7.4, 37 °C). First, the absorption spectra of
the FEUL, FEUQ, and FEUQ Nps were evaluated, and the absorp-
tion peak appeared at approximately 465nm (Fig. S2f). Next, in
the absence of 8-GLU the FEUQ Nps were fluorescent with a weak
peak at 545nm (Aem =465nm) (Fig. S2g). In contrast, in the pres-
ence of B-GLU, the FEUQ Nps immediately caused a strong flu-
orescence signal to appear at 545nm, while the fluorescence in-
tensity increased with increasing enzyme concentration (Fig. S2h,
Aem =465nm), indicating the ability of the FEUQ Nps to serve as a
sensor for B-GLU. Moreover, the FEUQ and FEUQ Nps have consis-
tent fluorescent lighting properties, which indicated that the self-
assembly process does not affect the fluorescence turn-on (Fig.
S2i).

We investigated the potency of FEUQ Nps on imaging and in-
hibition of new blood vessel formation. The results indicated that
FEUQ Nps could inhibit the formation of new blood vessels and
realize imaging of vascular tissue in vitro. The formation of new
blood vessels was significantly inhibited, and efficient fluorescent
labeling could be achieved (Fig. 1a). To explore the effect of dif-
ferent administration treatment junctures, we selected one admin-
istration starting point and compared the tumor vasculature alter-
nation on different days. Mice were treated every other day con-
tinuously with FEUQ Nps (4 mg/kg) when tumor volumes reached
approximately 100-150 mm?3. Herein, the improvement of vascu-
lar permeability is an indicator of vascular normalization. Evans
blue staining was used to evaluate vascular permeability. The re-
sults showed a decrease in Evans blue exudation and an improve-
ment in vascular permeability during the 4t and 6t days of treat-
ment (Fig. 1b). At the same time, immunohistochemistry (IHC) was
utilized to evaluate the relevant indicators of tumor vascular nor-
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Fig. 1. (a) The effect of the mouse vascular ring after treatment with FEUQ Nps. Scale bar: 20pm. (b) Vascular permeability assay by Evans blue staining. (¢) Immunohisto-
chemical staining of the expression of CD31, @-SMA, collagen IV and HIF-1« in different groups of xenografted tumor tissues after administration of FEUQ Nps at different
times. Scale bar: 20um. (d) The expression level of HIF-1o, ®-SMA, and collagen type IV (collagen IV) was detected by immunohistochemical staining (mean + standard
deviation (SD), t-test; **P < 0.01, ***P < 0.001, ****P < 0.0001 compared to day 2 group, n=3. no significance (ns)).

malization to verify the achievability of FEUQ Nps. Pericytes are
the main parietal cells related to vascular endothelial cells (VECs).
Neovascularization recruited pericytes to prevent excessive sprout-
ing, stabilize new vasculature, prevent blood vessel leakage, and
reshape vasculature into mature vessels. Pericytes (PerC) is con-
sidered a reliable indicator for vasculature maturity. Thus, platelet
endothelial cell adhesion molecule-31 (CD31), alpha-smooth mus-
cle actin (@-SMA) and collagen type IV (collagen 1V) indicated the
condition of pericytes and vascular basement membranes. Expres-
sion levels reflect the maturity of the vasculature. The higher the
expression level, the more mature the blood, and the more com-
plete the vessel and structure. The results showed that after treat-
ment with FEUQ Nps, hypoxiainduciblefactor-1 (HIF-1a) was sig-
nificantly decreased on the 4™ and 6t days of treatment (Figs. 1c
and d), whereas the CD31, «-SMA and collagen type IV levels were
significantly increased compared with those at other times. Over-
all, the FEUQ Nps induced abnormal tumor vascularization normal-
ization within 4-6 days. It can be used to define and regulate the
vascular normalization time window through the improvement of
tumor hypoxic microenvironment indicators by changes in fluores-
cence signals. It provides a new and convenient method for moni-
toring the time window of vascular normalization.

The cleavage of disulfide bonds could deplete GSH in the TME,
while vascular normalization could improve the hypoxic microen-
vironment and further reduce the concentration of GSH. The de-
crease in GSH concentration could induce the production of re-
active oxygen species (ROS), resulting in ferroptosis. Meanwhile,
it further promoted the production of peroxides, thereby inducing
endoplasmic reticulum (ER) stress, secreting calreticulin, promoting
antigen presentation, activating the immune system, and exerting
an outstanding antitumor effect (Fig. 2a). Therefore, we detected
the content of intracellular GSH using a reduced GSH content de-
tection kit. As shown in Fig. 2b, the FEUQ Nps exhibited more sig-
nificant depletion of GSH than the ferroptosis inducer sorafenib.
Otherwise, the disulfide bond is necessary for the depletion of GSH
compared with EQ alone and sorafenib. The intracellular GSH level

was decreased to 30.78% compared with that of the control group
after FEUQ Nps treatment, whereas it only decreased to 46.24% af-
ter FEUQ treatment. Sorafenib also exhibited weak GSH depletion
ability, further indicating the necessity of the azobenzene group.
Accordingly, the complete GSH depletion by FEUQ Nps induced
more ROS generation in HepG2 cells, as shown in fluorescence
images after staining the intracellular ROS with dichlorodihydro
fluorescein diacetate (DCFH-DA, Figs. 2d and e). Furthermore, the
azo compounds alone, FEUL, and combinations of these molecules
showed only weak effects on the decrease of GSH and increase of
LPO (Fig. 2c) and ROS, which further demonstrates the necessity of
constructing bifunctional molecules for effective induction of fer-
roptosis. In addition, FEUQ Nps resulted in significant downregula-
tion of glutathione peroxidase 4 (GPX4, Figs. 2f and g) and upregu-
lation of acyl-CoA synthetase long-chain family member 4 (ACSL4),
indicating the effective induction of ferroptosis in tumor cells.
Ferroptosis was also confirmed by the upregulated LPO level in
HepG2 cells (Fig. 2b). Next, we also assessed the content of LPO.
The results indicated that the content of LPO was significantly in-
creased after treatment with FEUQ Nps. Meanwhile, the increase in
LPO and ROS content will cause endoplasmic reticulum stress and
secrete calreticulin to activate the immune system. In addition, the
improvement of the hypoxic microenvironment contributed to im-
mune activation. Therefore, we investigated and verified the rele-
vant indicators of immune activation. The FEUQ Nps upregulated
immunoglobulin heavy chain binding protein (Bip) and C/EBP-
homologous protein (CHOP), which indicated the presence of ER
stress in tumor cells. ER stress promotes calreticulin production to
mediate antigen phagocytosis by tumor immune cells. Therefore,
the level of calreticulin in HepG2 cells was explored. As shown in
Figs. 2f and g, the production of calreticulin was significantly in-
creased compared with that of sorafenib. Strong induction of im-
munogenic cell death (ICD) by FEUQ Nps further promoted DC
maturation after incubation with HepG2 cell supernatant (Figs. 2h
and i). As one of the most important antigen-presenting cell (APC)
types, DCs play a crucial role in cancer immunotherapy [28]. The



J. Wang, Q. Zhang, Y. Li et al.

a HX:‘,\,L " b

0o 120+
X
= C Fluorescence turn on—"Imaging™
p-Gal” -
. = 904
i o o =
el e e 3
1 A H’ AE - g
Functional QDAUS (FEUQ) 2 604
. =
T ~ 304
Ferroptosis ~ Controlled Release—
Waste up! T
\_. . — . '(;-;!{‘l Exposure 0-
ROS | ;oe ™ %
. Lrd f
) | ey CRT
Ekﬁ “Immune activation
d e
-‘:‘ L eatiol
= Sorafrm
= 1 EQ
5%
FEUL
| T3 Mived
= ::iﬂw £
&g
| ey
g —
i
1m0 o 1w 10* 1 L]
FITC-H
4 h L Control
| = 2.00
) T
-
| i@
[ = =
2 gl <l
g o S 2|
= lefe 100 10%10%°
g g
= : 4.55
=
-iu-‘l‘ln‘ 104

010" 10t 10 10t

o' ettt e’

(g

10° 1057 1087100

Chinese Chemical Letters 35 (2024) 108746

I
W
1

wanw

— (=]
i =
1 1

Releative LPO level
=

&
o & &

HIF-1a O — —

Bip [ e s w00 W)

CHOP | |

Calreticulin [ ]
GAPDH = cum

Mixed 1 Sorafenib i
249 | 2.12 201

™ =

¢ @ ¢

: =

2

e 1w 1081007 E

FEUQ Nps &

INpE 2

1603 =

®

g

1
LS (i Ul el T (1

10° 107

CD80 (FITC)

Fig. 2. (a) Mechanism of action of FEUQ. (b) Intracellular GSH levels after different treatments (n=3). (c) Intracellular LPO level detection (n=3). (d) Cell uptake of fluores-
cence ROS after incubation with dithiodiglycolic acid, FEUL, mixed (azobenzene+ FEUL+ EQ), sorafenib, EQ, FEUQ and FEUQ Nps in HepG2 cells. (e) Fluorescence ROS images
of HepG2 cells after incubation with dithiodiglycolic acid, FEUL, mixed (azobenzene+ FEUL+ EQ), sorafenib, EQ, FEUQ and FEUQ Nps. Scale bar: 50 pm. (f, g) Western blot
analysis of GPX4, HIF-1«, ACSL4, Bip, and CHOP expression. (h, i) CRT exposure of HepG2 cells after treatment with Mixed (Azobenzene+ FEUL+ EQ), sorafenib, EQ, FEUQ
and FEUQ Nps (mean =+ SD, t-test; **P < 0.01, ***P < 0.001, ****P < 0.0001 compared to control group, n=3). GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

DC maturation rate of the FEUQ Nps group was as high as 16.03%,
which was much higher than that of the control (2.00%). More-
over, the benefit of combination therapy in enhancing immune ac-
tivation was confirmed to be weaker in the combination therapy
group (2.49%) than in the FEUQ group (8.96%), reinforcing the ben-
efit of disulfide bond modification of EQ to build FEUQ functional
molecules that exert stronger immune activation potency.
Subsequently, we evaluated the in vivo therapeutic efficacy of
FEUQ Nps in Hepal-6 cell tumor-bearing mice. Animal welfare and
experimental procedures have been reviewed and approved by the
Animal Ethics Committee of Xi'an Jiaotong University. The treat-
ment schedule is shown in Fig. 3a, where the FEUQ Nps were ad-
ministered in doses of 4 mg/kg on Days 0, 2, 4, 6, 8, 10 and 12 by
intravenous (i.v.) injection. As shown in Fig. 3g, no evident weight
loss, histopathological damage or death was observed among the
various treatment groups, suggesting negligible cytotoxicity of the
FEUQ Nps (Fig. S11 in Supporting information). Moreover, vigorous
tumor growth inhibition was observed in the mice treated with
nanoparticles (average tumor volume ~ 150mm?3) after 12 days,
whereas the average tumor volume in the mice treated with PBS

~
~

reached 150 mm3 and was 8-fold larger than that on the first day
(1200 mm?3). The tumor weight and tumor image on the 12th day
further revealed the extraordinary antitumor efficacy of FEUQ Nps
(Figs. 3e and f). We also evaluated the effect of ferroptosis in tu-
mors. GPX4 downregulation (Fig. 3b), GSH depletion (Fig. 3c), and
LPO upregulation (Fig. 3d) were validated in tumor tissue, con-
firming in vivo ferroptosis induction by FEUQ Nps. Moreover, we
investigated and verified the relevant indicators of immune acti-
vation. The FEUQ Nps upregulated Bip and CHOP, which indicated
the presence of ER stress in vivo (Fig. S13 in Supporting informa-
tion). In addition, we analyzed the immune activation in tumors on
Day 10 after the first injection, CD8* T cells, as the central effec-
tor T cells, were analyzed by flow cytometry. As shown in Figs. 3h
and i, the tumor infiltration of CD8* T cells was limited to 4.22%
in the control group, and the sorafenib treatments only generated
weak immune responses, where the CD8* T-cell ratios were lim-
ited to 8.20%. To our surprise, the FEUQ Nps significantly improved
immune activation and promoted the infiltration of CD8* T cells
to 66.46% in tumor tissue. These results validated that the FEUQ
Nps could effectively boost immune activation in tumors. In ad-
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Fig. 3. (a) Treatment schedule of FEUQ Nps. (b) Western blot analysis of GPX4 expression in vivo. (c) GSH level after different treatments in vivo. (d) LPO level after different
treatments in vivo. (e) Representative images of ex vivo tumors on Day 12. (f) Tumor growth curve of the Hepal-6 model after treatment with mixed, sorafenib, EQ, FEUQ
and FEUQ Nps. (g) The body weight curve of the Hepal-6 model after treatment with sorafenib, EQ, FEUQ and FEUQ Nps. (h, i) Infiltration of CD8" T cells in tumors, as
analyzed by flow cytometry. (j, k) DC maturation in lymph nodes on Day 10 (t-test, compared to control group, **P < 0.01, ***P < 0.001, ****P < 0.0001). Data are represented

as mean + SD (n=3).
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dition, DC maturation in lymph nodes (LNs) was also evaluated
by flow cytometry by analyzing the ratio of CD80" CD86* cells.
Expectantly, FEUQ Nps also induced the highest percentage of DC
maturation (45.20%) compared with the control group (8.16%) (Figs.
3j and k). It should be noted that the strong ferroptosis induction
and immune activation by FEUQ Nps completely prevented liver
carcinoma cells.

In conclusion, a novel theranostic nanoparticle functionalized
with a vascular normalization inducer has been developed. This
novel theranostic nanoplatform could be utilized for the early diag-
nosis and therapy of liver cancer in vivo. The bifunctional nanopar-
ticles exhibited a great optical response to B-Gal with high sensi-
tivity and selectivity. Otherwise, combined with a releasable strat-
egy, active molecules (EQ) could be released to induce vascular
normalization and improve the hypoxic TME while depleting GSH,
inducing ferroptosis, and activating the immune system. As ex-
pected, the FEUQ Nps could induce abnormal tumor vasculariza-
tion to normalize within 4-6 days and improve the hypoxic TME.
Meanwhile, cleavage of disulfide bonds led to the massive deple-
tion of GSH in cellular tissues, resulting in overproduction of ROS
and LPO, inducing ferroptosis. At the same time, the increasement
of ROS and LPO will induce ER stress to release calreticulin, which
promotes the maturation of DC cells and CD8* T cells. More impor-
tantly, these bifunctional theranostic nanoparticles could be used
for dynamic monitoring and imaging of liver cancer. Overall, our
findings proposed a promising strategy for imaging and treating
liver cancer by responding to 8-Gal, inducing vascular normaliza-
tion, converting the hypoxic microenvironment, enhancing ferrop-
tosis and activating immunity in vivo. In the future, it has the po-
tential to be used as a solution for the early diagnosis and therapy
of liver cancer.
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