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Ultrasound-responsive azide nano-prodrugs
enable spatiotemporal activation of TLR7/8
agonists for tumor therapy

Chuwen Luo,®?€ Chaoying Kong,®®¢ Yuxiao Zhang,® Yajun Xu**< and
Zhaohui Tang () @€

Systemic immunotoxicity caused by off-target activation is still a critical obstacle to clinical translation of
imidazoquinoline (IMDQ) drugs, a kind of TLR7/8 agonist. Here, we present an ultrasound-responsive,
azide-modified IMDQ nano-prodrug (IMDQ-Nz NPs) that enables spatiotemporally controlled activation
through ultrasound, improving the selectivity and safety. Concomitantly, riboflavin-based sonosensitizers
were co-delivered to these nanoparticles, increasing their local concentration surrounding the prodrug,
achieving a 12.2-fold enhancement in the ultrasonic reduction rate of IMDQ-Ns. In murine models,
IMDQ-Nz NPs demonstrated no weight loss and negligible systemic inflammatory factor elevation relative
to equivalent-dose unmodified IMDQ. Combined with ultrasound irradiation, IMDQ-Nz NPs demonstrated
35.2-fold higher tumor distribution of active drug compared to non-irradiated free IMDQ-N3, achieving
95.7% tumor suppression and 60% long-term survival. Flow cytometry analysis revealed enhanced dendri-
tic cell maturation, cytotoxic T-cell infiltration, and durable immune memory. This work establishes a gen-
eralizable platform for precision delivery of immunostimulatory agents, addressing key translational chal-
lenges in cancer immunotherapy.

1. Introduction

In recent years, immunotherapy has become one of the key
directions of tumor treatment research.’ In general, immu-
notherapy could hinder immune effector inhibition by enhan-
cing the cancer-immunity cycle, thus strengthening the
immune response to treat the cancer.” As the bridge between
non-specific immunity and specific immunity, tumor antigen
presentation is indispensable in most tumor immunothera-
pies.”> Antigen presenting cells (APCs) are a class of immune
cells that can uptake, process and present antigens. Among
them, the function of activated dendritic cells (DCs) is the
most potent. As a consequence, the activation of DCs is sig-
nificant.” Imidazoquinolines (IMDQs) are a kind of Toll-like
receptor 7 and 8 (TLR7/8) agonist, which can bind to TLR7/8
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on the endosomal membrane of immune cells to promote the
release of type I interferon, proinflammatory cytokines and
chemokines.® They can facilitate the activation of DCs, induce
specific immunity of tumors and long-term immune
memory.””® Therefore, many IMDQ agonist drugs have success-
fully entered the clinic, for instance, imiquimod (R837), resi-
quimod (R848) and telratolimod.”'® However, due to their
poor selectivity, IMDQs rapidly distribute throughout the body
during therapy, leading to strong systemic immunotoxicity,
including persistent fever, headache, or even a cytokine
storm."™"? This has limited the therapeutic dose of IMDQs in
the clinic, resulting in insufficient efficacy.’® Consequently,
reducing the toxicity of IMDQs without affecting their efficacy
is the primary challenge to address currently.

Prodrug strategies are an effective approach to reduce side
effects associated with drug therapy.'* Most prodrugs are inac-
tive precursors formed by covalent modification of active
drugs. They can be converted to the active form by specific
stimuli, increasing the concentration of active drugs at desig-
nated sites and reducing the systemic toxicity caused by off-
target effects.’®'® The research showed that the immune acti-
vation function of IMDQs depends on their amino structure,
which is directly connected to their quinoline structure.'”'®
This is because the amino group can be recognized by forming
hydrogen bonds with amino acid residues at the active site of
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TLR7/8." As a result, the modification of the amino group of
IMDQs could significantly affect its biological activity, which
could be used for preparing prodrugs to reduce the systemic
immune-associated toxicity of IMDQs.>°

Using ultrasound (US) to activate prodrugs is a kind of
therapeutic approach with great potential in the field of tumor
therapy.>' US can induce the occurrence of sonochemical reac-
tions.”> Compared with other exogenous measures of acti-
vation, such as light, heat, radiation, and magnetic field, US
has high penetration and safety. US can penetrate the barrier
of the skin and tissue, directly reach the target, participate and
regulate the process of drug release and transform in vivo
without apparent side effects.”® Unlike endogenous stimuli,
such as pH, enzymes, hypoxia and so on, drug activation con-
trolled by US has the advantages of precise spatiotemporal
controllability =~ and  reduced impact from  tumor
heterogeneity.>»*® Utilizing an ultrasonic activation strategy
can effectively reduce the original toxicity of drugs and is a
promising method for activating prodrugs.”® Furthermore, US
can induce local cell death in cancer and is an ideal sup-
plementary measure for immunotherapy.”” Consequently, US
has great potential as a stimulus for the activation of IMDQ
prodrugs. Organic azides are potential precursors for the
preparation of amines through chemical reduction.”® Due to
the lack of hydrogen atoms, it is difficult for the azide group to
form hydrogen bonds with the carbonyl group at the active site
of TLR7/8, which will lead to a decrease in drug activity com-
pared with the amino group.’®?® At the same time, organic
azides are relatively inert in normal tissues, and the only by-
product of metabolic transformation into drugs is molecular
nitrogen.>® These advantages make azidation become an ideal
strategy to prepare prodrugs for drugs that have amino groups
as the active site. It has been reported that aromatic azides can
be reduced to aromatic amines by radiation in water.*® This
includes a radical mediated reduction reaction, to be specific,
the water molecules are split by radiation, releasing hydrogen
radicals and reducing the azide group. In water, US can excite
unstable bubbles through cavitation to create micro-reactors
that can produce instantaneous high temperature and high
pressure.®' In this process, water molecules can be cleaved to
produce hydrogen radicals as well.** Thus, it is possible for US
to replace radiation in the reaction of reducing azides to
amino groups. We verified this conjecture through treating
azide modified IMDQ (IMDQ-N3;) by low intensity US with the
help of sonosensitizers and reductants.

Based on the above theories, novel azide based IMDQ nano-
prodrugs (IMDQ-N; NPs) are described in this study. The
nano-prodrugs consisted of three parts, including poly(i-gluta-
mic acid)-graft-methoxy poly(ethylene glycol) (PLG-g-mPEG),
which served as the nanoparticle drug carrier, a side chain
modified riboflavin (Rf-(OH),), which served as the sonosensi-
tizer, and IMDQ-N;, which served as the TLR7/8 agonist
prodrug. These nanoparticles could be reduced by US at the
tumor site to achieve a cancer selective therapy (Scheme 1).
This design can utilize the enhanced permeability and reten-
tion effect of nanoparticles to prevent the active drug from
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Scheme 1 Schematic diagram for the proposed antitumor mechanism
of IMDQ-N3 NPs.

wandering around and causing systemic toxicity, enhancing
drug safety.>***
meability of the tumor, increasing the drug enrichment in the

Simultaneously, US can enhance vascular per-

tumor, and improving the efficacy of drugs.”® This work pro-
vides a feasible scheme for the development of immune-stimu-
latory drugs which has lower toxicity and higher efficiency,
holding great prospects in tumor immunotherapy.

2. Experimental procedures
2.1 Materials

4-Amino-2-ethoxymethyl-1H-imidazo[4,5-c]quinoline-1-ethanol
(IMDQ) was purchased from Suzhou Norbeco Biotechnology Co.,
Ltd, China. The diazotizing species fluorosulfuryl azide (FSO,N3)
was prepared according to a previous report.*® Riboflavin (Rf)
was purchased from Shanghai Yuanye Bio-Technology Co., Ltd,
China. Sodium periodate (NalO,) was purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd, China. Poly(i-glutamic
acid) (PLG) was synthesized according to our previous work.>”
N,N-Dimethylformamide (DMF) and 4-dimethylamino-pyridine
(DMAP) were purchased from Anhui Senrise Technology Co., Ltd,
China. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydro-
chloride (EDC-HCI) was purchased from Bide Pharmatech Co.,
Ltd, China. Roswell Park Memorial Institute (RPMI) 1640 and
phosphate-buffered saline (PBS) were purchased from Dalian
Meilun Biotechnology Co., Ltd, China. Fetal bovine serum (FBS)
was purchased from Zhejiang Tianhang Biotechnology Co., Ltd,
China. All antibodies were purchased from BioLegend, Inc.,
America (Table S3). All other reagents and solvents were pur-
chased from Sinopharm Chemical Reagent Co., Ltd, China and
used as received.

2.2 Instrumentation for characterization

Proton nuclear magnetic resonance (‘"H NMR) and carbon-13
nuclear magnetic resonance (**C NMR) spectra were recorded
on a Bruker AV 300 spectrometer at room temperature in tri-
fluoroacetic acid-d, dimethyl sulfoxide-d6 or a sodium deuter-
oxide/deuterium oxide solution. Electrospray ionization mass
spectroscopy (ESI-MS) was performed on a Bruker APEX-IV
Fourier transform mass spectrometer. Dynamic laser scatter-
ing (DLS) measurement was performed on a Malvern Zetasizer

This journal is © The Royal Society of Chemistry 2025
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(Nano-ZS) instrument. A high-performance liquid chromato-
graphy (HPLC, EClassical 3100 System) system equipped with
a reverse-phase column (Supersil ODS2) was used. Liquid
chromatography-mass spectrometry (LC-MS) was performed
on a Triple TOF 5600 mass spectrometer with an electrospray
ionization source, Analyst TF data processing software, an
Agilent 1100 liquid chromatography system, and a Shimadzu
UFLC SIL 20A XR column compartment. Ultrasound-related
experiments were conducted with a Chattanooga Intelect
Mobile Ultrasound (2776).

2.3 Synthesis of IMDQ-N; and Rf-(OH),

IMDQ-N; was synthesized through the reaction of IMDQ with
FSO,N;. Briefly, IMDQ solution (125.4 mg dissolved in 8.0 mL
DMF), and potassium bicarbonate (KHCO;) solution (336.0 mg
KHCO; dissolved in 1.3 mL water) were added to the FSO,N;
solution (58.7 mg FSO,N; dissolved in 8.0 mL methyl tert-butyl
ether). The mixture was stirred overnight at room temperature.
After the reaction, ethyl acetate (20.0 mL) and water (20.0 mL)
were added to the mixture. The sediment was separated and
purified by silica gel chromatography (dichloromethane/
methanol 98 : 2) to obtain IMDQ-Nj; (98.1 mg, 71.8%).

Rf-(OH), was synthesized by the reaction of Rf with NalO,.
Briefly, Rf (1053.8 mg) and NalO, (1796.7 mg) were dispersed
in 40.0 mL water. The suspension was stirred overnight at
room temperature away from light. The sediment was separ-
ated and sequentially washed with water (200.0 mL), methanol
(200.0 mL) and ether (100.0 mL) to acquire Rf-(OH),
(698.3 mg, 82.5%).

2.4 Preparation of nanoparticles

IMDQ-N; NPs were synthesized by the esterification reaction of
IMDQ-N3;, Rf-(OH),, and methoxy poly(ethylene glycol) (mPEG)
with PLG. In brief, PLG solution (100.0 mg dissolved in
10.0 mL DMF), mPEG solution (100 mg dissolved in 5.0 mL
DMF), EDC-HCI solution (185.9 mg dissolved in 10.0 mL DMF)
and DMAP solution (113.6 mg dissolved in 3.0 mL DMF) were
successively added to a 100 mL round-bottom flask under the
protection of argon. The mixture was stirred at 40 °C for 4 h.
The IMDQ-N; solution (31.4 mg dissolved in 2.0 mL DMF) and
Rf-(OH), solution (99.8 mg dissolved in 5.0 mL DMSO) were
added to the reaction mixture every 4 h under the protection
of argon, orderly. After 72 h, cold ether (175.0 mL) was added
to the mixture, then the precipitate was collected and dissolved
in 20.0 mL DMF after vacuum drying. Salting with sodium
bicarbonate, dialysis in water, and then freeze-drying were
carried out to get the product (171.6 mg).
Non-riboflavin-carrying IMDQ-N; NPs (NF IMDQ-N; NPs)
were synthesized by the esterification reaction of IMDQ-Nj,
methoxy poly(ethylene glycol) (mPEG) with PLG. In brief, the
PLG solution (100.0 mg dissolved in 10.0 mL DMF), mPEG
solution (100 mg dissolved in 5.0 mL DMF), EDC-HCI solution
(183.7 mg dissolved in 10.0 mL DMF) and DMAP solution
(109.2 mg dissolved in 3.0 mL DMF) were successively added
to a 100 mL round-bottom flask under the protection of argon.
The mixture was stirred at 40 °C for 4 h. IMDQ-N; solution
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(33.1 mg dissolved in 2.0 mL DMF) was added to the reaction
mixture under the protection of argon. After 72 h, cold ether
(175.0 mL) was added to the mixture, and then the precipitate
was collected and dissolved in 20.0 mL DMF after vacuum
drying. Salting with sodium bicarbonate, dialysis in water,
then freeze-drying were carried out to get the product
(142.1 mg).

The two kinds of macromolecules can form nanoparticles
in aqueous solution via self-assembly.

2.5 In vitro ultrasonic reduction of IMDQ-N; NPs

IMDQ-N; NPs (1.0 pg mL™", calculated in the IMDQ-N; form)
were dissolved in water. The samples were packed into closed
containers sheltered from light, each containing 600.0 pL. US
(1.0 MHz, 50% duty cycle, 5.0 min) treatment was performed
at room temperature at power densities of 0.0 W cm™2, 0.5 W
em™, 1.0 Wem™2, 1.5 Wem™2, 2.0 W em ™ and 2.5 W em ™2, to
assess the effects of ultrasonic power density on reduction
efficiency. Conversely, US (1.0 MHz, 2.0 W cm™>, 50% duty
cycle) was performed at room temperature for 0.0 min,
1.0 min, 2.0 min and 5.0 min, to evaluate the effects of ultra-
sonic duration on reduction efficiency. After US treatment,
10.0 pL of 1 M NaOH solution was added to hydrolyze
IMDQ-N; NPs overnight. The pH of the solution was adjusted
with phosphoric acid to about 9 and the sample was analysed
by HPLC, using gradient elution to quantify, from
methanol : H,O (10 : 90, v/v) to pure methanol, for 23.0 min, at
a flow rate of 1.0 mL min~" and detected at 245 nm.

CT26 tumors (100.0 mm?®) were collected from CT26 tumor-
bearing female BALB/c mice (6-8 weeks old) following oral
administration of 20 pg Rf-(OH), 1 h prior. Tumors were
simply homogenized to prepare the tumor tissue homogenate.
IMDQ-N; NPs and NF IMDQ-N; NPs (1.0 ug mL™", both calcu-
lated in the IMDQ-N; form) were respectively dissolved in the
CT26 tumor homogenate. The samples were packed into
closed containers sheltered from light, each containing
600.0 pL. US treatment (1.0 MHz, 2.0 W cm ™2, 50% duty cycle)
was then performed at room temperature for 5.0 min. 10.0 pL
of 1 M NaOH solution was added to hydrolyze overnight. The
supernatant was separated, the pH was adjusted with phos-
phoric acid to about 9 and the sample was analysed by HPLC,
using gradient elution to quantify, from methanol:H,0
(10:90, v/v) to pure methanol, for 23.0 min, at a flow rate of
1.0 mL min~' and detected at 245 nm. The formation rates
were calculated as follows: formation rate = C (IMDQ)/C (initial
amount of IMDQ-N3).

2.6 Cell culture and animals

Mouse colorectal cancer cells (CT26) were cultured in RPMI
1640 at 37 °C under a 5% CO, atmosphere. RPMI 1640 sup-
plemented with 10% FBS, 50 U mL " penicillin and 50 U mL ™"
streptomycin was used.

Female BALB/c mice (4-6 weeks old) were obtained from
Beijing Vital River Laboratory Animal Technology Co., Ltd,
China. C57BL/6N mice (4-5 weeks old) and Sprague Dawley

(SD) rats were obtained from Jilin Qianhe Model
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Biotechnology Co., Ltd, China. All animals received care in
compliance with the guidelines outlined in the Guide for the
Care and Use of Laboratory Animals. CT26 tumor-bearing
mouse models were established by injecting 1.0 x 10° CT26
cells subcutaneously into the right back of each mouse. All
animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of
Changchun Institute of Applied Chemistry, Chinese Academy
of Sciences and approved by the Animal Ethics Committee of
Changchun Institute of Applied Chemistry, Chinese Academy
of Sciences (CIAC 2023-0137).

2.7 Invitro drug activity analysis

Bone marrow-derived dendritic cells (BMDCs) were collected
through the femurs and tibias of female BALB/c mice (6-8
weeks old), and cultured in the presence of IL-4 (10.0 ng mL™")
and GM-CSF (20.0 ng mL ") for 7 days. After that, BMDCs were
divided into 6 groups (3 x 10> cells per group): PBS with or
without US (1.0 MHz, 2.0 W cm ™2, 50% duty cycle, 2.0 min),
IMDQ (10.0 pg mL™") with or without US (1.0 MHz, 2.0 W
em™>, 50% duty cycle, 2.0 min) and IMDQ-N; NPs (10.0 g
mL~", calculated in IMDQ form) with or without US (1.0 MHz,
2.0 W em ™2, 50% duty cycle, 2.0 min), and cultured in 2.0 mL
RPMI 1640 medium with the drugs mentioned above for 24 h.
Then, BMDCs were collected and stained with anti-CD11c-
FITC, anti-CD80-APC and anti-MHCII-APC/Cy7 antibodies. The
activation of DCs was detected by flow cytometry.

2.8 Invitro analysis of bonding stability of IMDQ-N; NPs

1.0 mL IMDQ-N; NPs (0.5 mg mL™", calculated in IMDQ-N;
form) were put inside a dialysis tubing (5 kDa), and 49.0 mL
PBS (pH = 7.4 or 6.8) was added outside at 4 °C or 37 °C.
1.0 mL PBS outside the dialysis tubing was collected at 1, 2, 4,
8, 12, 24, 36, 48, 72 and 96 h, and the concentration of free
IMDQ-N; was determined by HPLC, eluted with acetonitrile :
water (50 : 50, v/v), at a flow rate of 1.0 mL min~" and detected
at 245 nm. The outside solution was replenished with 49.0 mL
with PBS before each collection. The cumulative release ratios
were calculated as follows: cumulative release ratios = C (total
amount of free drugs)/C (initial amount of drugs inside dialy-
sis tubing).

2.9 Invitro and in vivo toxicity analysis

The CCK-8 assay was performed to evaluate the in vitro cyto-
toxicity of IMDQ and IMDQ-N; NPs against CT26 tumor cells.
Specifically, CT26 tumor cells (5 x 10® cells, in 180 pL RPMI
1640) were added to each well of the 96-well plates and cul-
tured overnight at 37 °C with 5% CO,. Then, IMDQ or
IMDQ-N; NPs were added at final concentrations of 0, 10.0,
30.0, and 50.0 pg mL™"' (calculated in the IMDQ form, each
group in triplicate) and incubated for 24 h. After incubation,
20 pL CCK-8 solution was added to each well and the cells
were cultured for 2 h. Absorbance was measured at 450 nm to
determine cell viability.

Female BALB/c mice (6-8 weeks old) were divided into
7 groups (n = 3), including a blank control group treated with
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PBS, three control groups treated with different concentrations
of IMDQ (10.0 mg kg™*, 30.0 mg kg™* and 50.0 mg kg™') and
three experimental groups treated with different concen-
trations of IMDQ-N; NPs (10.0 mg kg™, 30.0 mg kg~ " and
50.0 mg kg™?, calculated in IMDQ form). Drugs were adminis-
tered through the tail vein. The weights and survival rates of
mice were measured within six days after administration.
Another 21 female BALB/c mice (6-8 weeks old) and 21 CT26
tumor-bearing female BALB/c mice (6-8 weeks old) with the
average volume of tumor of approximately 100.0 mm?® were
divided according to the same method (n = 3), and their serum
samples were collected 6 h after treatment (through centrifu-
gation, 3000 rpm, at 4 °C for 10.0 min). The levels of IL-6,
TNF-a in the serum were detected by ELISA according to the
manufacturer’s instructions.

2.10 In vivo pharmacokinetic study

Female SD rats (average weight 200 g) were used to study the
pharmacokinetics of two kinds of drugs (n = 3): free IMDQ-N;
(10 mg kg™') and IMDQ-N; NPs (10.0 mg kg™, calculated in
the IMDQ-N; form). The drugs were administered through the
tail vein, and the serum was obtained through centrifugation
of whole blood collected by capillary from the orbital cavity at
each time point (5 min, 1 h, 2 h, 4 h, 8 h, 12 h, 24 h, 36 h,
48 h, and 96 h). The pH of serum was adjusted to 13 for hydro-
lyzing the drug overnight. The pH of the obtained supernatant
was adjusted to 9 and the sample was analyzed by HPLC,
eluted with acetonitrile: H,O (v/v, 40:60) and detected at
245 nm at a flow rate of 1.0 mL min~". The half-life of the drug
(t1/2) was obtained by logarithmic fitting of the relationship
between the drug concentration and time.

2.11 In vivo biodistribution

Female CT26 BALB/c tumor-bearing mice (6-8 weeks old) with
the average tumor volume of approximately 100.0 mm?® were
divided into 2 time points (4.0 h and 12.0 h) and 4 material
groups (n = 3): free IMDQ-N; (10.0 mg kg ') with or without
US (1.0 MHz, 2.0 W cm %, 50% duty cycle, 2.0 min) and
IMDQ-N; NPs (10.0 mg kg™, calculated in the IMDQ-N; form)
with or without US (1.0 MHz, 2.0 W cm ™2, 50% duty cycle,
2.0 min). Mice were euthanized at the selected time point,
their organs and tumors were collected, accurately weighed
and homogenized with acetonitrile: H,O (v/v, 50:50). The
mixture was centrifuged, the supernatant was separated and
sodium hydroxide was added to adjust the pH to about 13. The
mixture was left at room temperature overnight until the nano-
particles completely dissociated, and the pH of the super-
natant was adjusted to about 9 with phosphoric acid. The bio-
distribution of active IMDQ and total IMDQ (including nonac-
tivated prodrugs, IMDQ-N;) was measured by HPLC eluted
with acetonitrile : H,O (v/v, 30: 70), detected at 250 nm (IMDQ)

and 245 nm (IMDQ-N;) at a flow rate of 1.0 mL min~".

2.12 Antitumor efficacy

Female CT26 BALB/c tumor-bearing mice (6-8 weeks old) with
the average tumor volume approximately 100.0 mm?® were used

This journal is © The Royal Society of Chemistry 2025
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to evaluate the antitumor efficiency of IMDQ-N; NPs activated
by US. They were divided into six groups (n = 5), including two
PBS injection group, with or without US (1.0 MHz, 2.0 W cm ™2,
50% duty cycle, 2.0 min). Four IMDQ-N; NP injection groups
(10.0 mg kg™* or 30.0 mg ke™*, calculated in IMDQ form), with
or without US (1.0 MHz, 2.0 W cm ™2, 50% duty cycle, 2.0 min).
Mice in each group were administered through the tail vein as
shown above on day 0, 2, and 4, respectively. Antitumor
efficacy was evaluated through measuring tumor volume using
vernier calipers every two days. Mice body weight was also
measured to assess the toxicity of drugs. The tumor volume (V)
was calculated as follows: V = a (the major axis length of the
tumor) x b (the minor axis length of the tumor)?/2. The tumor
suppression rate (TSR) was calculated as follows: TSR (%) = [V.
(the average tumor volume of the PBS group) — Vi (the average
tumor volume of the treatment group)]/V, x 100%. The Q value
was calculated using the following equation: Q = TSR
(IMDQ-N; NPs + US)/[TSR (IMDQ-N; NPs) + TSR (US) — TSR
(IMDQ-N; NPs) x TSR (US)]. Q < 0.85, 0.85 < Q <1.15, Q > 1.15
represent the antagonistic, additive and synergistic effects
between the two therapeutic approaches, respectively.

Mice were euthanized on the tenth day after treatment. All
tumors were isolated and photographed. Major organs and
tumors of one mouse in each group were collected and fixed
with paraformaldehyde buffered by 4% (W/V) PBS for 48 h,
then embedded in paraffin, cut into 5 pum thick slices and
stained with hematoxylin and eosin (H&E). Other tumor slices
were stained with anti-CD8 antibodies to detect the infiltration
of CD8" T cells in tumors. The other four tumors and spleens
were analyzed by flow cytometry. Tumors were digested in a
tumor dissociation buffer and filtered through nylon mesh to
get single-cell suspensions. Spleens were mechanically separ-
ated, resuspended in RPMI 1640 and filtered through nylon
mesh to get single-cell suspensions. Tumor single-cell suspen-
sions were stained with anti-CD3-FITC, anti-CD4-PE/Cy7, and
anti-CD8-APC antibodies for T cells; anti-CD11c-PE, anti-CD80-
APC and anti-MHCII-PE/Cy7 antibodies for activated DCs; anti-
CD11b-FITC, anti-F4/80-PE/Cy7 and anti-CD80-APC antibodies
for M1 macrophages. Spleen single-cell suspensions were
stained with anti-CD3-FITC, anti-CD4-PE/Cy7, anti-CD8-APC
and anti-CD44-PE antibodies for T cells and memory T cells.
This percentage reflects the ratio of specific immune cells to
the total number of living cells. Population gating of the initial
cell population was performed using only FSC and SSC maps
of the cell samples. The gating strategy for all samples was set
to remove cell debris, dead cells and large clumps or aggre-
gates of cells.

Whole blood samples were collected from the treated mice
mentioned above for centrifugation (3000 rpm, at 4 °C for
10.0 min) to separate serum. The levels of IL-6, TNF-a and IFN-
y in the serum were detected by ELISA according to the manu-
facturer’s instructions. Furthermore, serum samples were also
used for biochemical function analysis. Serum levels of alka-
line phosphatase (AKP), aspartate aminotransferase (AST) and
alanine aminotransferase (ALT) were measured to evaluate
liver function, and serum levels of blood urea nitrogen (BUN),
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creatinine (CRE) and uric acid (UA) were measured to evaluate
kidney function.

2.13 Statistical analysis

All quantitative data were analyzed in GraphPad and expressed
as the mean + SEM. Multigroup comparisons employed one-
way analysis of variance (ANOVA) followed by Tukey’s Honestly
Significant Difference test. Significance was considered at P <
0.05. (*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001).

3. Results and discussion
3.1 Characterization of IMDQ-N; NPs

IMDQ-N; NPs were prepared through the esterification reac-
tion, to be more specific, IMDQ-N;.>® (Fig. S1), 10-(2,2-dihy-
droxylethyl)-7,8-dimethylisoalloxazine (Rf-(OH),) (Fig. S2A) and
methoxy poly(ethylene glycol) (mPEG) were bonded to the poly
(i-glutamic acid) (PLG)*” (Fig. S2B) by ester bonds (Fig. 1A).
Ultraviolet-visible spectra indicated that IMDQ-N; was success-
fully loaded on the nanoparticles (Fig. 2A). The structure of
IMDQ-N; NPs was verified by the "H NMR spectrum (Fig. 1B),
and the drug loading content was measured as 8.2 wt% and
1.0 wt% by high performance liquid chromatography (HPLC)
for IMDQ-N; and Rf-(OH), (Fig. 1C). The particle size and
surface charge of nanoparticles can affect their interactions
with microvessels and stroma of tumor, ultimately affecting
the drug enrichment in tumors.*® Next, the particle size and
surface charge were measured by dynamic laser scattering
(DLS) and zeta-potential analysis. The particle size of IMDQ-N;
NPs in water was 81.5 nm, with a polydispersity index (PDI) of
0.263 (Fig. 1D). The surface charge of IMDQ-N; NPs was —3.3 +
0.8 mV (Fig. 1E). The negative charge reduces the cellular
uptake of nanoparticles and improves their cycling capacity.*®
The particle size of IMDQ-N; NPs could be maintained for 7
days in PBS with or without 10% serum at 4 °C, indicating
good particle size stability of IMDQ-N; NPs (Fig. 1F).

In order to reduce the systemic toxicity of IMDQ, it is most
important to reduce the free drug content in non-targeted tissues.
Drug bond stability tests in vitro has shown that the bonding of
IMDQ-N; with nanoparticles was stabilized both in cold storage
(4 °C) (Fig. 2B) or body temperature (37 °C) (Fig. 2C) at pH 7.4 or
6.8 in PBS. Pharmacokinetic analysis has shown that the average
half-life of IMDQ-N; NPs was 8.6 times longer than that of free
IMDQ-N; (Fig. S3), indicating good bioavailability of IMDQ-N3.

3.2 US reduction of IMDQ-N; NPs in vitro

To verify the ultrasonic responsiveness of azide, we subjected
IMDQ-N; NPs aqueous solution to US (1.0 MHz, 50% duty
cycle, 5.0 min) at different ultrasonic power densities. The
results showed that ultrasonic power density of 2.0 W cm™>
was optimal (Fig. S4A). Then, we subjected IMDQ-N; NPs
aqueous solution to US (1.0 MHz, 2.0 W cm ™2, 50% duty cycle)
for different time lengths. The results were evaluated by HPLC
(Fig. 2D). IMDQ-N3; NPs have shown good reducibility under
US. In detail, compared with no US conditions, after 5.0 min
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of US, the formation rates of IMDQ were about 9.95%
(Table S1, SI). The types of reduction products were identified
by liquid chromatography-mass spectrometry (LC-MS) and
confirmed to be IMDQ (Fig. S4B). This result indicated that US
reduced the azide groups to amines.

To validate the essential role of the sonosensitizer loaded in
nanoparticles, a non-riboflavin-conjugated nano-prodrug, NF
IMDQ-N; NP, was synthesized as a control. Since endogenous
riboflavin exists in vivo, both IMDQ-N; NPs and NF IMDQ-N;

Biomater. Sci.

NPs were dissolved in CT26 tumor homogenate derived from
tumor-bearing female BALB/c mice pre-treated with oral exces-
sive Rf-(OH),. Both groups were then irradiated by US (1.0 MHz,
2.0 W em™2, 50% duty cycle, 5.0 min). HPLC analysis (Fig. 2E)
revealed a 12.2-fold higher formation rate of IMDQ in IMDQ-N;
NPs (13.7%) compared with the control group NF IMDQ-Nj
NPs (1.1%). These results demonstrate that the riboflavin in
the nanoparticles was necessary for ultrasonic reduction of
IMDQ-N; NPs.

This journal is © The Royal Society of Chemistry 2025
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ence, *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001).

The immunostimulative effect of IMDQ-N; NPs on APCs
was also studied in vitro in the presence of US. Bone marrow
derived DCs, extracted from C57BL/6N mice, were treated with
the same drug concentration of IMDQ or IMDQ-N; NPs. The
drug activity was determined by the proportion of mature DCs,
to be specific, it was measured by flow cytometry through the
expression of the surface markers of mature DCs
(CD11¢'CD80" and CD11¢"MHCII') 24 h after administration
(Fig. 2F). Under the treatment of IMDQ-N3; NPs activated by
US, the CD11¢'CD80" and CD11¢"MHCII" DCs were up-regu-
lated to 48.3% and 37.3% on average, respectively, and the
results were significantly higher than the PBS, PBS with US
and IMDQ-N; NPs without US groups (Fig. S5), suggesting the
effective activation of DCs. Compared to the IMDQ and IMDQ
with the US group, there was a small decrease in the activity of
the active nanomedical group with no significant difference,
which was within the acceptable range. These results verified
that IMDQ-N; NPs could be reduced by US and preserved the
effect of the immunomodulator in vitro.

3.3 Toxicity analysis of IMDQ-N; NPs in vivo

In order to evaluate the systemic toxicity reducing effect of
IMDQ-N; NPs compared to IMDQ, the body weight and the

This journal is © The Royal Society of Chemistry 2025

number of inflammatory cytokines in serum, including inter-
leukin-6 (IL-6) and interferon-y (IFN-y) were measured after
administration in mice. In brief, IMDQ and IMDQ-N; NPs
were injected into Balb/C mice at a concentration of 10.0 mg
kg™ to 50.0 mg kg™'. The results showed that the weight of
mice in all groups decreased after IMDQ administration, with
the maximum average weight loss of 9.9% in the 50.0 mg kg™
group of IMDQ. The weight of mice continued to increase in
all concentration groups after IMDQ-N; NPs administration
(Fig. 3A). Besides, compared with the PBS group, IMDQ caused
a significant increase in the serum levels of IL-6 and IFN-y
both in healthy mice (maximum 10.7-fold and 114.5-fold,
respectively) and CT26 tumor bearing mice (maximum 13.8-
fold and 19.6-fold, respectively). In contrast, the levels of IL-6
and IFN-y in the serum barely increased both in healthy mice
(maximum 1.3-fold and 3.3-fold, respectively) (Fig. 3B) and
CT26 tumor bearing mice (maximum 1.7-fold and 2.1-fold,
respectively) (Fig. 3C) after IMDQ-N; NP administration, com-
pared with the PBS group. Thus, IMDQ-N; NPs significantly
reduced the level of proinflammatory cytokines when treating
mice with the same dose of IMDQ. A 10 mg kg™" dose of
IMDQ-N; was also injected into healthy Balb/C mice, causing
no significant increase in the serum levels of IFN-y (Fig. S6A)
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and IL-6 (Fig. S6B) in healthy mice. Due to its low solubility in
PBS (even with 50% cosolvent), it was impossible to compare
the toxicity of free IMDQ-N; at higher doses in mice.
Cytotoxicity of IMDQ and IMDQ-N; NPs was also measured
(Fig. S6C), showing no significant cytotoxicity. These results
demonstrated that IMDQ-N; NPs had a huge advantage in
avoiding the side effects caused by systemic inflammation.

3.4 Biodistribution of IMDQ-N; NPs in vivo

The ultrasonic reduction of IMDQ-N; NPs in vivo was evaluated
by their biodistribution in CT26 tumor bearing mice following
intravenous administration of IMDQ-N; NPs at a concentration
of 10.0 mg kg™'. The US condition was applied under para-
meters identical to in vitro conditions, with the exposure dur-
ation reduced to 2.0 min to ensure the safety of mice. The

Biomater. Sci.

results showed that the concentrations of active IMDQ and
total IMDQ (including nonactivated prodrugs) in IMDQ-Nj
NPs with the US group were much higher than in other
groups. To be specific, at 4 h post-injection, the concentration
of total IMDQ in tumors was 13.8-fold higher than that in the
free IMDQ-N; group, 9.5-fold greater than that in free
IMDQ-N; with US group and 3.1-fold higher than the IMDQ-N;
NPs group (Fig. 3D). The concentration of total IMDQ in all
organs is shown in Fig. S7A. More strikingly, activated IMDQ
concentrations demonstrated even more pronounced differ-
ences, with the US-treated IMDQ-N; NP group showing 35.2-
fold, 15.3-fold, and 4.7-fold increases compared to the afore-
mentioned control groups, respectively (Fig. 3E). The biodistri-
bution of total IMDQ (Fig. S7B) and active IMDQ (Fig. S7C) in
CT26 tumor bearing Balb/c mice at 24 h was also detected.

This journal is © The Royal Society of Chemistry 2025
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The distinction of drug concentration in the tumor between
the control groups and the experimental group might be
caused by the osmotic effect of US. Notably, the US-activated
IMDQ-N; NPs exhibited exceptional tumor selectivity, with
tumor-to-normal organ ratios reaching 196.3 : 1 (heart), 45.9:1
(liver), 43.5:1 (spleen), 57.0:1 (lungs), and 20.6:1 (kidneys)
for activated IMDQ (Table S2, SI). Those results revealed that
IMDQ-N; NPs had good tumor targeting ability and ultrasonic
selective reduction ability in vivo.

3.5 Antitumor efficacy of IMDQ-N; NPs in vivo

After verifying the US reducing ability of IMDQ-N; NPs, we
further evaluated their antitumor efficacy in vivo upon US acti-
vation. In this experiment, CT26 tumor bearing mice were
treated with PBS, varying concentrations of IMDQ-N; NPs, and
their combination with US. The therapeutic schedule is shown
in Fig. 4A. The experiment was ceased on the 10th day when
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the average of tumor volume in the PBS group exceeded
1500.0 mm? (Fig. 4B). At this time point, the tumor suppres-
sion rate of the IMDQ-N; NPs (10.0 mg kg™ " and 30.0 mg kg™ )
combined with US treated groups were 86.2% and 95.7% com-
pared with the control group, respectively, which were much
higher than that of US only and IMDQ-N; NPs (10.0 mg kg™
and 30.0 mg kg~ ") only groups, which were 15.7%, 45.9% and
61.6% compared with the control group, respectively (Fig. 4C).
The synergy between IMDQ-N; NPs and US was evaluated by
the Q value method and the calculated results were 1.59
(10.0 mg kg™') and 1.41 (30.0 mg kg™'), suggesting that the
therapeutic effects of IMDQ-N3; NPs and US were not simply
additive, which was in line with expectations. These results
showed that US-activated IMDQ-N3; NPs could significantly
inhibit the growth of the tumor.

To assess the toxicity of IMDQ-N; NPs, body weight changes
and inflammatory cytokine levels in the serum were measured
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in treated mice. Throughout the treatment, the maximum body
weight loss observed across all groups was 1.60% (Fig. 4D). Post-
treatment analysis showed no significant differences in the
serum levels of inflammatory cytokines, including IL-6, IFN-y
and tumor necrosis factor a (TNF-a), among all groups (Fig. 4E).
Additionally, the survival time of CT26 tumor-bearing mice
across different treatment groups was monitored. Notably, after
50 days, 60% of the mice treated with IMDQ-N; NPs and US
remained alive, whereas all mice in the other groups succumbed
within 31 days (Fig. 4F). Specifically, mice treated with PBS had
a median survival time of 13 days, those treated with US alone
had a median survival time of 15 days, and those treated with
IMDQ-N; NPs alone exhibited a slightly extended median survi-
val time of 19 days. These results further confirm the safety of
IMDQ-N; NPs and demonstrate the efficacy of US-activated
IMDQ-Nj; NPs in significantly inhibiting tumor growth.

The changes in the tumor immune microenvironment and
splenic immune cells were monitored through flow cytometry
after treatment (Fig. S8). Activated DCs (CD11¢'CD80" and
CD11¢"MHCII') (Fig. 5A), T cells (CD3'CD4" and CD3'CDS8")
(Fig. 5B) and M1 macrophages (CD11b'F4/80'CD80") (Fig. 5C)
in the tumor showed a significant increase overall. The
immunohistochemical study of CD8 in the tumor also con-
firmed this (Fig. 6A). These results revealed that IMDQ-N3; NPs
activated by US could effectively heighten immunity in tumors.
Furthermore, the obvious increase of different kinds of
immune memory cells (CD3'CD4'CD44" and CD3'CD8'CD44")
in the spleen showed that US-activated IMDQ-N; NPs effectively
produced a lasting immunity (Fig. 5D).

The efficacy and safety were also demonstrated by several
other evaluation methods. No obvious damage was observed
by H&E staining and no significant hepatopulmonary meta-
stasis except for the PBS group (Fig. S9) was observed. A higher
apoptosis ratio of cancer cells was shown by TUNEL immuno-
fluorescence staining in IMDQ-N; NPs with US groups
(Fig. 6B). No evident changes of all groups in alanine amino-
transferase (ALT), alkaline phosphatase (AKP), aspartate ami-
notransferase (AST), blood urea nitrogen (BUN), creatinine
(CRE), and uric acid (UA) by blood chemical analysis, which
showed no significant injury to the liver and kidney function
(Fig. S10). All the results showed the high efficiency and low
toxicity of US-sensitive IMDQ-N; NPs, which has revealed great
potential in clinical tumor treatment.

4. Conclusions

To sum up, we have developed a novel, US-sensitive nano-
prodrug, IMDQ-N; NPs, for tumor therapy and successfully
mitigated the systemic toxicity of IMDQs. Both in vitro and vivo,
IMDQ-N; NPs can be activated by US, resulting in the reduction
of the prodrug to its active form, which exhibits immune-stimu-
lating properties and promotes the maturation of APCs without
being released from the polymer. The drug distribution in
tissue experiment in vivo showed that the active drug could be
restricted to the tumor rather than distributed throughout the

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

body, effectively restraining the production of immune factor
storms. IMDQ-N; NPs successfully inhibited the growth of the
CT26 tumor, achieving a 95.7% tumor suppression rate and a
survival rate of 60% on day 50 without evident side effects,
under the activation of US. As a consequence, US-sensitive
nano-prodrugs with non-cleavable linkers is a promising
approach to tumor immunotherapy, providing a new feasible
method for reducing the toxicity of immune-stimulating drugs.
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