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Several components of traditional nanoformulations that result in structural heterogeneity, poor
reproducibility, excipient-trigged biotoxicity, and low retention of antitumor drugs in neoplastic foci are
important barriers limiting clinical translation. We report an excipient-free nanoformulation prepared by
a reactive oxygen species (ROS)-responsive amphiphilic prodrug (Gal-MB-DOX) for the targeted
treatment of orthotopic hepatocellular carcinoma (HCC). Gal-MB-DOX can form monocomponent
nanoparticles with a galactose-rich surface similar to a "sugar-coated bullet” through self-assembly in
aqueous solution. This nanoformulation can be decomposed quickly by ROS and release free
hydrophobic drugs that further precipitate into larger particles, potentially promoting the retention of
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targeting, resulting in high in vivo therapeutic efficacy in an orthotopic HCC mouse model. This

DOI 10.1039/d25c03365h monocomponent nanomedicine system provides a simple but effective strategy for the treatment of
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1 Introduction

Nanomedicine provides a promising opportunity to improve the
clinical outcomes of traditional chemotherapeutics that often
suffer from the drawbacks of poor water solubility, low tumor-
targeting ability, and rapid blood/renal clearance.® Some
nanoformulations, including liposomes,*” polymers.*** and
inorganic materials*>™* that possess enhanced permeability and
retention (EPR) effect show greater efficacy than free molecular
drugs in the laboratory. However, few anticancer nanodrugs are
approved by the food and drug administration (FDA).*>"” One of
the most obvious limitations is that multiple components are
often required for those nanoformulations, which results in
structural heterogeneity, poor reproducibility, and excipient-
trigged biotoxicity, which are important barriers limiting clin-
ical translation.®*?° Another limitation is the low retention of
antitumor drugs in neoplastic foci despite their transport to the
tumor with the assistance of nanocarriers.”** The molecular
drugs are pumped out by efflux proteins in cancer cells, leading

“Department of Chemistry, Fudan University, Shanghai 200438, China

*State Key Laboratory for Modification of Chemical Fibers and Polymer Materials,
Shanghai Engineering Research Center of Nano-Biomaterials and Regenerative
Medicine, College of Chemistry, Donghua University, Chemical Engineering and
Biotechnology, Shanghai 201620, China. E-mail: yitao@dhu.edu.cn; weipeng@dhu.
edu.cn

T Electronic supplementary information (ESI) available: experimental details,
synthesis and characterization of the prodrugs, additional figures and table. See
https://doi.org/10.1039/d2s5c03365h

© 2022 The Author(s). Published by the Royal Society of Chemistry

to a low drug concentration in the tumor and thus decreased
pharmaceutical efficacy.”*>¢

In light of the current challenges in nanomedicine, alterna-
tive strategies involving the fabrication of monocomponent
nanoformulations® ' with a size aggregation effect after acti-
vation in the tumor microenvironment (TME)*** are highly
attractive for oncotherapy and clinical translation. TME-
responsive small-molecule prodrugs possessing single and
clear structure are the ideal candidates for the construction of
monocomponent nanoformulations because their distinct
advantages such as simple but reproducible preparation and
negligible excipient-derived biotoxicity.***> We have developed
some stimuli-responsive or size transformed systems for bio-
logical detection and disease theranostics in the past few
years.*****® Particularly, we recently constructed a platform that
could quickly (seconds level response time) release amino
compounds conjugated to leucomethylene (LMB) through an
urea bond when stimulated with HOCI (Fig. 1A).** To further
develop a multifunctional molecular prodrug system that could
effectively form monocomponent nanoparticles (NPs), in the
present study we introduced an arylamine building block 2,6-
bis (hydroxymethyl) aniline (BHA) into the LMB-based amino
release system to obtain a multiple reactive oxygen species
(ROS)-responsive theranostic molecular platform. The benzyl
alcohols of BHA are flexible chemical reaction sites that can
conjugate with various molecules such as target ligands or
molecular drugs. Removal of LMB by ROS activated a cascade
reaction on BHA, and the active payloads on two hydroxyl
groups were ultimately released.*”** Furthermore, LMB could
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Chemical Science

be rapidly transformed to MB, which exhibited near-infrared
(NIR) fluorescence emission (Fig. 1B).

To verify the effectiveness of this system for the treatment of
tumors, we prepared the first example of an excipient-free
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this prodrug, galactose served as a hydrophilic hepatocyte-
targeting ligand that could specifically recognize the asialogly-
coprotein receptor (ASGPR) overexpressed in liver cancer
cells,***® and DOX acts as a hydrophobic drug. The amphiphilic

g nanoformulation that was self-assembled by a ROS-responsive  property of the prodrug allowed Gal-MB-DOX to self-assemble
= molecular prodrug, Gal-MB-DOX, for the targeted treatment of into monocomponent NPs similar to a “sugar-coated bullet”
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Fig.2 Formation of the monocomponent NPs and their ROS-responsive performance in vitro. (A) Schematic illustration of the monocomponent
prodrug nanosystem based on ROS-responsive molecular prodrug Gal-MB-DOX. TEM image of the NPs prepared by Gal-MB-DOX before (B)
and after (E) treatment of HOCL (C) DLS data of the NPs before (red) and after (blue) treatment of HOCL. Inset: Tyndall effect before (left) and after
(right) treatment of HOCL. (D) Fluorescent spectra of Gal-MB-DOX (5 uM) before and after addition of different concentration of HOCL (0 to 10
uM). (F) Time-dependent fluorescent intensity of Gal-MB-DOX (5 uM) at 686 nm after adding HOCL (10 pM). (G) Fluorescence intensities of Gal-
MB-DOX (5 uM) at 686 nm after adding various ROS/RNS (from B to I: H,O,, O,~, TBHP, ROO-, NO, t-BuOO-, -OH, and ONOO™ with
concentrations of 40 uM, and J: HOCl with a concentration of 10 uM). The fluorescent spectra were recorded with Ae, = 620 nm, in PB (10 mM,

pH 7.4, 0.5% DMF).

bullet was quickly decomposed based on the cleavage of the
urea bond in Gal-MB-DOX, leading to the release of MB and free
DOX, which precipitated as larger particles, potentially
promoting the retention of drugs in tumor cells. In addition, the
NIR fluorescence of MB could be used as a signal for tracking
the drug release process (Fig. 1D and 2A). To evaluate the
therapeutic effect more realistically, an orthotopic HCC mouse
model in which tumor cells grew in the liver was con-
structed.*>*® The sugar-coated bullets selectively targeted the
HCC cells through passive (EPR effect) and active (galactose)
targeting after administration, and DOX was released in HCC,
resulting in high in vivo therapeutic efficacy in an orthotopic
HCC mouse model.

2 Results and discussion

2.1 Formation of the monocomponent NPs

The molecular prodrug Gal-MB-DOX and control compound
MB-DOX without the targeted ligand galactose were synthesized
according to Scheme S1-S3 (ESIt). Monocomponent NPs of Gal-
MB-DOX were prepared in aqueous solution via a self-assembly

© 2022 The Author(s). Published by the Royal Society of Chemistry

process using a simple nanoprecipitation method (Fig. 2A).
Transmission electron microscopy (TEM) images suggested that
the NPs were monodispersed with a uniform spherical-like
structure of approximately 110 nm in diameter (Fig. 2B). The
Tyndall effect of Gal-MB-DOX in aqueous solution further
confirmed the generation of nanospecies (Fig. 2C). The average
hydrodynamic diameter of the NPs determined by dynamic
light scattering (DLS) was 125.6 nm (Fig. 2C). These results
suggest that Gal-MB-DOX could form an excipient-free nano-
formulation by simple self-assembly.

2.2 ROS-responsive performance in vitro

The practicability of the nanoprodrug was next demonstrated by
evaluating the ROS-responsive performance in phosphate
buffer (PB, pH 7.4). As shown in Fig. 2C, treatment with HOCI
caused an obvious color change from amaranth to blue, and the
Tyndall effect subsequently disappeared. UV-visible absorption
and fluorescence spectral changes of the prodrug (5 pM)
demonstrated the rapid response activity towards HOCI
(Fig. 2D, S1 and S27). After the addition of HOCI, the absorption

Chem. Sci,, 2022, 13, 10815-10823 | 10817
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Fig. 3 Tumor targeting behavior of Gal-MB-DOX NPs. (A) CLSM images of prodrugs in HepG2 and RAW cells incubated with Gal-MB-DOX NPs
(10 uM) or MB-DOX (10 uM) for different time. Red channel: 700 4 50 nm, A¢x = 633 nm. Scale bar = 20 um. (B) The fluorescence intensity output
in (A). (C) In vivo fluorescence and bioluminescence imaging of the orthotopic HCC model at different time after intravenous injection of (a)
saline, (b) MB-DOX (1 mM, 100 ulL) and (c) Gal-MB-DOX NPs (1 mM, 100 plL). White dotted line indicated the outline of mice. (D)The fluorescence
images of excised liver tissues slices from the orthotopic HCC model injected with saline, MB-DOX (1 mM, 100 pl) and Gal-MB-DOX NPs (1 mM,

100 pl), respectively.

band at 664 nm and the emission at 686 nm corresponding to
MB showed a HOCI concentration dependent increase with
a low detection limit of 94.74 nM (Fig. S31). Besides, the fluo-
rescence signal at 686 nm quickly reached a plateau within only
30 s after addition of HOCI (10 uM), with an observed rate
constant of 0.06402 s~ under pseudo-first-order conditions,
indicating the high sensitivity and quick reaction of Gal-MB-
DOX toward HOCI (Fig. 2F). This suggested the activation of the
prodrug by HOCI and the release of MB through urea bond
cleavage (Scheme S4t). The accompanying NIR fluorescence of
MB could be used as the signal to track the process of drug
release. In addition, the increased fluorescence of the DOX
channel and mass spectroscopic analysis indicated that DOX
was released at a rate of 79.62% (Fig. S4-S67). The DLS data and
TEM images indicated that the NPs were transformed into
larger aggregates with a micrometer level size (Fig. 2C and E),
supporting the decomposition of Gal-MB-DOX NPs and the
release of the insoluble DOX by HOCI, which was further
precipitated in a hydrophilic environment (Fig. S77).
Generally, the level of HOCI was closely related to that of
myeloperoxidase, which may not be high enough in some
cancer cells;*** therefore, broad-spectrum ROS responses may
be more favorable for enhanced bioavailability of ROS-activated
prodrugs. We thus investigated the reaction activity of Gal-MB-
DOX towards biologically relevant ROS/RNS. As shown in

10818 | Chem. Sci,, 2022, 13, 10815-10823

Fig. 2G and S8,7 in addition to HOCI, other ROS including
tertbutoxy radical, hydroxyl radical, and peroxynitrite anion
could also activate the prodrugs, demonstrating that Gal-MB-
DOX could serve as a broad-spectrum ROS-responsive prodrug
with potential in vivo applications. In addition, it is important
for a prodrug not to be interfered by the common substances in
organisms, therefore, the selectivity of Gal-MB-DOX toward
amino acids or ions were investigated. Fig. SOt showed that the
prodrug could not be activated by dozens of common ions and
amino acids, indicating the excellent selectivity of Gal-MB-DOX.
The optical and morphological stability of Gal-MB-DOX NPs
in PBS, cell culture medium, and serum were studied by UV-
visible absorption and DLS analysis (Fig. S10t). The absorp-
tion change at 664 nm from MB could follow the chemical
decomposition of the prodrug. As shown in Fig. S10,1 negligible
absorption enhancement at 664 nm of Gal-MB-DOX NPs was
observed within 48 h in different mediums. The absorption was
only increased by addition of ROS. The DLS analysis gave the
similar results. These data indicated the good optical and
morphological stability of the prodrug over a period of 48 h.

2.3 Cellular uptake and activation

The performance of the nanoprodrug was next investigated in
ASGP receptor-positive HepG2 and negative RAW cells. As
shown in Fig. 3A and B, HepG2 cells treated with Gal-MB-DOX

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 In vivo antitumor performance in orthotopic HCC mouse models treated with (a) saline, (b) DOX, (c) MB-DOX and (d) Gal-MB-DOX NPs
(0.2 mM, 100 pl). (A) Bioluminescence images and (C) intensity of the orthotopic HCC mice on days 1, 4, 8, 12 and 15 (Red cross indicated mice
died, n = 5 biologically independent samples, data are presented as mean values + SD. ***p < 0.001. (B) Photographs of excised liver tissues
bearing tumor from each treatment group at the end of treatment, where the orthotopic tumor tissues were highlighted with blue dotted circles.
(D) Body weight variations of the mice in various treatment groups within 15 days (n = 5). Data are presented as mean values + SD. ***p < 0.001.
(E) Survival rate of the mice within the treatment period from different treated groups. (F) H&E staining of liver slices from orthotopic HCC mice
after treatments. Upper row: full scan of the liver organs, black circles indicate the tumors in liver, scale bars: 2 mm. Lower row: H&E staining of
tumor sections, scale bars: 100 um. (G) TUNEL staining of tumor sections after various treatments, scale bars: 50 pm.

NPs displayed time-dependent increased fluorescence signals considerably higher than that in RAW cells (31.6%) (Fig. S117).
from 0 to 60 min. However, a negligible fluorescence signal was In addition, the release of the DOX was completed within 1 h in
observed in RAW cells under the same conditions. Flow HepG2 cells. However, MB-DOX lacking the galactose ligand
cytometry analysis showed that the cellular uptake ratios of Gal- ~ displayed no significant fluorescence signal even after 60 min in
MB-DOX in HepG2 reached >90% at 15 min, which was HepG2 cells. These results demonstrated that the galactose

© 2022 The Author(s). Published by the Royal Society of Chemistry Chem. Sci,, 2022, 13, 10815-10823 | 10819
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Fig. 5 Biosecurity evaluation of different treatments: (a) saline, (b) DOX, (c) MB-DOX and (d) Gal-MB-DOX. (A) H&E staining of the heart, liver,
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after intravenous injection with different treatments once every two days for one week (100 pL x 0.2 mM). These data are the mean £ sd;n =3

independent experiments for red blood.

ligand facilitated the uptake of Gal-MB-DOX NPs by HepG2 cells
and activation by the endogenous ROS/RNS.

We next investigated the cytotoxicity of Gal-MB-DOX using
CCK-8 assays. As shown in Fig. S12,7 the cytotoxicity of Gal-MB-
DOX in HepG2 cells showed a significant dose-dependent
increase from 0 to 120 uM after 24 h of incubation. MB-DOX
showed almost no cytotoxicity in HepG2 cells even at a high
dose of 120 pM, which could be attributed to its poor targeting
capability for liver cancer cells. Both MB-DOX and Gal-MB-DOX
exhibited low cytotoxicity in RAW cells at a concentration of 80
uM, with >80% cell survival observed.

It has been reported that free DOX could enhance the
expression of caspase-3 in HepG2 cells, which leads to cell death
by the induction of apoptosis.>*** The detection of caspase-3
activity in HepG2 cells was performed to further demonstrate
the cytotoxicity of Gal-MB-DOX. As shown in Fig. S13,f the
fluorescence intensity indicating the expression of caspase-3
enhanced with the increased concentration of Gal-MB-DOX,
indicating that the prodrug could cause the apoptosis induced
cell death through the release of DOX in HepGz2 cells. Moreover,
the treatment of caspase-3 inhibitor (Ac-DEVD-CHO, 20 uM)
significantly reduced the caspase-3 expression in Gal-MB-DOX
group (200 uM) but did not affect cells without Gal-MB-DOX
treated. The results further corroborated the specific cytotoxicity

10820 | Chem. Sci, 2022, 13, 10815-10823

of Gal-MB-DOX for HepG2 cells, consistent with those of fluo-
rescence imaging (Fig. 3A). These data indicate that Gal-MB-DOX
is an ideal candidate for liver cancer treatment in vivo.

2.4 In vivo biodistribution

Balb/c mice were surgically implanted with tumor tissue (1-2
mm?®) from HepG2-Luc cells to construct an orthotopic HCC
model. The orthotopic xenograft model in which the tumor cells
grew in the liver was a more realistic model of a natural tumor
than the subcutaneous model. The tumor location could be
determined by detecting the bioluminescence signal from the
luciferase of implanted tumor cells. The target activation and
biodistribution of the prodrugs were first investigated. As
shown in Fig. 3C, intravenous injection of Gal-MB-DOX NPs
(0.2 mM, 100 pL) caused a time-dependent increase in the
fluorescence signal in the liver tumor region of mice up to 3 h.
The signal co-localized with the bioluminescence signal from
the implanted HepG2-Luc cells, indicating effective liver tar-
geting and activation of Gal-MB-DOX NPs. Negligible fluores-
cence signals in the tumor region were observed in the saline
and MB-DOX groups (0.2 mM, 100 pL). At 3 h after injection, the
major organs of mice were harvested for ex vivo imaging
(Fig. S141). Compared with the saline and MB-DOX groups, an
enhanced fluorescence signal was observed in the liver and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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mainly concentrated in the tumor area in the Gal-MB-DOX NPs
group. The ex vivo imaging of the excised liver tissues slices
from the orthotopic HCC model of different groups was then
performed (Fig. 3D). Much stronger red fluorescence signal was
seen in Gal-MB-DOX NPs group than other two groups,
demonstrating the activation of the liver tumor-targeting ability
of Gal-MB-DOX NPs.

2.5 In vivo antitumor effect

Next, the antitumor effect of Gal-MB-DOX NPs was evaluated in
the orthotopic HCC model. The orthotopic tumor-bearing mice
were randomly divided into four groups (n = 5 per group): (a)
saline, (b) DOX, (c) MB-DOX and (d) Gal-MB-DOX NPs. The
treatment was implemented by intravenously injecting with
saline, free DOX, MB-DOX and Gal-MB-DOX NPs every two days
(0.2 mM, 100 pL) in a period of 15 day, and in vivo biolumi-
nescence imaging was performed after each treatment. As
shown in Fig. 4A, B and C, the highest therapeutic efficacy
among the four groups was observed in the Gal-MB-DOX NPs
group. Although DOX is a traditional antitumor drug, all mice
treated with DOX died within 13 days because of the strong side
effects (Fig. 4D and E). The survival time of the DOX-treated
group was even shorter than that of the saline-treated group,
indicating that the mice died from side effects rather than the
tumor. However, all of the mice in prodrug-treated groups (MB-
DOX and Gal-MB-DOX NPs) survived until the end of the study
(16 days), verifying the advantage of the activated prodrugs.

Analysis of the excised liver organs harvested at the end of
treatment confirmed the excellent antitumor effect of Gal-MB-
DOX NPs, which resulted in a negligible tumor mass in the liver
(Fig. 4B and F). Besides, the H&E staining of tumor sections
showed apparent apoptosis in MB-DOX and Gal-MB-DOX NPs
treated groups and no damage in normal liver tissue, indicating
the biosecurity of the prodrugs (Fig. 4F). From TUNEL staining
of the slices of tumor, abundant apoptosis in MB-DOX and Gal-
MB-DOX NPs treated groups could be seen and tumor cell
apoptosis was most notable in the Gal-MB-DOX NPs group
further demonstrating the antitumor effect of the prodrugs
(Fig. 4G). Routine blood analyses and H&E staining of major
organs were performed at the end of therapy to evaluate the
safety of the preparation (Fig. 5, S151). Consistent with the body
weight measurements (Fig. 4D), abnormal blood biochemical
indexes were only observed in the DOX group. The myocardial
fibers of the DOX group were thin and slightly atrophied. Taken
together, the results indicated that the monocomponent NPs
based on Gal-MB-DOX were effective and showed good
biocompatibility in orthotopic liver tumor.

3 Conclusions

In this paper we report the first example of an excipient-free
nanoformulation to the best of our knowledge prepared by self-
assembly of a ROS-responsive amphiphilic theranostic prodrug.
The prodrug Gal-MB-DOX is designed based on the skeleton of
LMB and BHA coupled through a urea bond for the targeted
treatment of orthotopic HCC. Gal-MB-DOX NPs has certain

© 2022 The Author(s). Published by the Royal Society of Chemistry
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stability in normal physiological condition, but is decomposed
rapidly (<30 s) by ROS to release free hydrophobic drugs that
precipitated as larger particles in vitro, promoting the retention of
drugs in tumor cells. Gal-MB-DOX NPs with a galactose-rich
surface similar to a “sugar-coated bullet” are more likely to be
ingested by ASGP reporter-positive HepG2 cells, and are highly
cytotoxic against tumor cells rather than normal cells. These
sugar-coated bullets selectively target tumor cells through passive
and active targeting mechanisms, and thus showed strong in vivo
therapeutic efficacy in an orthotopic HCC mouse model.

Comparing with the recently published prodrugs based on
different response substances (Table S1t), Gal-MB-DOX NP has
following advantages: (1) single components, repeatable prep-
aration and low toxicity to normal cells/organs; (2) rapid
responsibility to ROS with high sensitivity and (3) in situ
aggregation of the released free drug at the tumor site that
ensures effective local drug concentration. The construction
strategy of this monocomponent nanoformulation can be easily
applied to the treatment of other tumors or diseases by
changing the targeting group and the type of drugs. This
monocomponent prodrug nanosystem thus provides a simple
but effective strategy for the treatment of tumors.
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