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Purpose: Chemotherapy is a significant and effective therapeutic strategy that is frequently utilized in the treatment of cancer. Small
molecular prodrug-based nanoassemblies (SMPDNAs) combine the benefits of both prodrugs and nanomedicine into a single
nanoassembly with high drug loading, increased stability, and improved biocompatibility.

Methods: In this study, a disulfide bond inserted 7-ethyl-10-hydroxycamptothecin (SN38) prodrug was rationally designed and then used
to prepare nanoassemblies (SNSS NAs) that were selectively activated by rich glutathione (GSH) in the tumor site. The characterization of
SNSS NAs and the in vitro and in vivo evaluation of their antitumor effect on a pancreatic cancer model were performed.

Results: In vitro findings demonstrated that SNSS NAs exhibited GSH-induced SN38 release and cytotoxicity. SNSS NAs have
demonstrated a passive targeting effect on tumor tissues, a superior antitumor effect compared to irinotecan (CPT-11), and satisfactory
biocompatibility with double dosage treatment.

Conclusion: The SNSS NAs developed in this study provide a new method for the preparation of SN38-based nano-delivery systems
with improved antitumor effect and biosafety.

Keywords: 7-ethyl-10-hydroxycamptothecin, prodrug, nanoassemblies, glutathione responsive, pancreatic cancer therapy

Introduction

According to the GLOBOCAN database, there have been an estimated 19.3 million new cancer cases and nearly
10 million cancer deaths in 2020, and the global cancer burden is predicted to reach 28.4 million cases in 2040,
a 47% increase from 2020." Surgery, radiation therapy, and systemic therapy including chemotherapy, targeted therapy,
hormonal therapy, and immunotherapy are reported as cancer treatment modalities.” Among them, chemotherapy is
a crucial therapeutic approach and has been used extensively for the treatment of cancer.’ The treatment options for
pancreatic ductal adenocarcinoma (PDAC) are limited. The majority of patients diagnosed with advanced disease are
ineligible for surgical treatment. In addition, the progression of pancreatic cancer to an advanced stage is characterized by
a rapid decline in clinical status, so chemotherapy remained the first-line treatment.*

In clinical trials, the topoisomerase inhibitor irinotecan (CPT-11) was highly recommended for the treatment of
various kinds of solid tumors.” However, CPT-11 has not been successfully implemented as a second-line pancreatic
cancer therapy.® This was primarily due to the insufficient conversion ratio (2-8%) of CPT-11 to its active metabolite
7-ethyl-10-hydroxycamptothecin (SN38) by carboxylesterase (CE) on the body.” It has been reported that SN38 is 100~
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1000 times more potent than CPT-11, which has been considered a potential anticancer agent. However, because of its
poor solubility (11-38 pg/mL in water), instability (inactive at pH 7.4), and dose-limiting side effects (myelosuppression
and diarrhea), its applications as an anticancer drug were severely limited.** As a result, the development of effective
SN38-drug delivery systems has significant clinical implications.

The delivery of therapeutic agents using a nanoparticulate drug delivery system (nano-DDS) has been thoroughly
studied.'®!" Several nano-DDS have been investigated in clinical trials for SN38. For example, SN38 conjugates such as
NKO12 (a SN38 and PEG-PLGA conjugate) and EZN-2208 (a poly (ethylene glycol) and SN38 conjugate). In addition,
liposomal formulations, such as liposome-encapsulated SN38 (LE-SN38) and liposomal irinotecan (Onivyde®), have
been developed.®'?'* In the Phase III NAPOLI-1 trial, it was found that the use of Onivyde in combination with
leucovorin and 5-fluorouracil (5-FU/LV) could significantly improve outcomes for patients with PDAC.' Traditional
nano-DDS, on the other hand, has a number of drawbacks, including a low drug-loading efficiency (less than 10% in
most cases), significant drug leakage during blood circulation, inadequate drug release at target sites, and biosafety issues
related to carrier material.'®!'” Small molecular prodrug-based nano-assemblies (SMPDNAs) can be considered to
overcome certain drawbacks and have demonstrated enormous potential for use in the treatment of cancer in clinical
settings.'"®!” The SMPDNAs have the following characteristics:1) Nanometer-sized vehicles have the potential to
selectively accumulate in close proximity to tumor tissue because of the enhanced permeability and retention (EPR)
effect;”*2! 2) small molecular prodrugs that can prevent the premature release of the parent drug; 3) a relatively simple
synthesis that lessens the synthetic complexity of polymer-based carriers; 4) extremely high drug loading capacities

(about 90%) without the incorporation of carriers that prevent potential side effects brought on by excipients.”* *
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Glutathione (GSH), the principal cellular thiol involved in scavenging reactive oxygen species (ROS) and maintaining
redox equilibrium, is widely distributed and highly concentrated.>> Recent studies have shown that many different kinds
of cancer cells have increased levels of GSH.?**° Intracellular GSH levels in tumors can reach 2—-10 mM, which is 100—
1000 times higher than the extracellular matrix (2—10 uM) and 7-10 times higher than normal tissues. Furthermore,
higher levels of GSH may regulate oxidative stress and contribute to chemotherapy resistance in cancer cells.>*?
Designing GSH-responsive nanoplatforms for prodrug delivery and drug release was therefore important.

In a previous study, paclitaxel conjugate (NPPA-PTX) and NPPA-PTX nanoparticles for antitumor therapy were
synthesized.*> > The self-assembly of the prodrug was carried out following the prediction criterion described in
a previous study by our lab.>**” Therefore, in the present study, a disulfide bond-based SN38 prodrug, SN38-diSS,
was rationally designed and its XlogP values and Hansen solubility parameters were calculated to determine whether
they met the prediction criterion for forming stable nanoparticles. Then, the prodrug was synthesized and GSH-
responsive prodrug nanoassemblies (SNSS NAs) with few DSPE-MPEG,(oo molecules were prepared and characterized.
The antitumor effect of SNSS NAs was further evaluated in vitro and in vivo on a pancreatic cancer model.

Materials and Methods

Reagents

Irinotecan hydrochloride (CPT-11), 7-Ethyl-10-hydroxycamptothecin (SN38), n-butanethiol, sodium hydride, trichlor-
oisocyanuric acid, 2-mercaptoethanol, 4-(Dimethylamino) pyridine, triphosgene were provided by Heowns Biochem
Technologies, LLC.(Tianjin, China). DSPE-MPEG;o, and DSPE-PEG,00-NH, were purchased from AVT
Pharmaceutical Tech Co., Ltd. (Shanghai, China). DL-Dithiothreitol (DTT) and Sephadex G-50 were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Sulforhodamine B (SRB) was acquired from Macklin Biochemical Co.,
Ltd (Shanghai, China). L-Buthionine-sulfoximine (BSO) was obtained from yuanye Bio-Technology Co., Ltd.
(Shanghai, China). EIPA and Filipin complex were provided by MedChemExpres LLC (Monmouth Junction, NJ,
USA). Methyl-B-cyclodextrin (MBCD), chlorpromazine hydrochloride (CPZ), and D- (+)-Sucrose were purchased
from J&K Scientific Ltd. (Beijing, China). Nuclear Green LCS-1 was acquired from Abcam. 4% Paraformaldehyde,
dimethyl sulfoxide (DMSO), Tween-80 and Triton X-100 were obtained from Solarbio Science&Technology Co., Ltd.
(Beijing, China).

Cell Lines

The human pancreatic carcinoma cells Panc-1 and BxPC-3 were acquired from the American Type Culture Collection
(ATCC, Rockefeller, MD, USA). Panc-1 and BxPC-3 cells were grown in DMEM (high glucose) medium and RPMI 1640
medium, respectively. All of the cell culture medium was supplemented with 10% fetal bovine serum (FBS), 100 units/mL
penicillin, and 100 pg/mL streptomycin. The cultures were kept at 37°C in a humidified atmosphere with 5% CO,.

Animals
BALB/c nude mice (20 + 2 g) were provided by SPF (Beijing) Biotechnology Co., Ltd. (Beijing, China) and were
acclimated for 7 days prior to the experiment. They were then given free access to a standard diet and water under the
maintained conditions of 25°C temperature and 50% relative humidity.

The Institutional Animal Care and Use Committee of Tianjin Medical University gave its approval for all procedures
involving the care and handling of animals to be carried out following the “3R”-rule (“replacement”, “refinement”,
“reduction”). Approval number: TMUaMEC 2021001. Animals were anesthetized with an intraperitoneal injection of

50 mg/kg of 1% pentobarbital sodium solution and sacrificed via cervical dislocation.

Synthesis of SN38 Prodrug

Compound 1 was synthesized by pouring n-butyl mercaptan (30 mmol, 3.213 mL) into a solution of sodium hydride
(720 mg, 30 mmol) in tetrahydrofuran (30 mL) and stirring for 1 minute at —20°C with N, protection. The mixture was
then treated with trichloroisocyanuric acid (TCCA) (10 mmol, 2.32 g) in acetonitrile (10 mL), followed by a rapid
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addition of 2-mercaptoethanol (10 mmol, 2.106 mL). The reaction mixture was stirred for 10 minutes, after which the
organic solvent was evaporated under reduced pressure and neutralized with a | mM solution of hydrochloric acid. The
crude product was extracted three times with dichloromethane from water, and the organic layer was dried with
anhydrous magnesium sulfate, filtered, concentrated under reduced pressure, and purified by silica gel column chroma-
tography with petroleum ether and ethyl acetate in a ratio of 6:1, 4:1 and 2:1 in sequence to yield a white solid (2.02 g,
12.15 mmol, 40.5%).

Compound 2 was synthesized in the second step by dissolving compound 1 (10 mmol, 1.66 g) and 4-(dimethylamino)
pyridine (22.5 mmol, 2.75 g) in anhydrous dichloromethane (10 mL) under N, protection. The mixture was then treated
with triphosgene (3.3 mmol, 979.2 mg) and stirred for 15 minutes at 0°C. A solution of SN38 (1 mmol, 392.4 mg) in
anhydrous N,N-dimethylformamide (5 mL) was added dropwise to the mixture at 0°C and stirred for 2 h at room
temperature. The organic solvent was extracted from the reaction mixture by evaporation at reduced pressure, and the
remaining residue was neutralized with 1 mM hydrochloric acid. The crude product was extracted three times with
dichloromethane from water, and the organic layer was dried with anhydrous magnesium sulfate, filtered, concentrated
under reduced pressure, and purified by silica gel column chromatography (petroleum ether-dichloromethane, 2:8;
dichloromethane-methanol, 1:1) to yield an off-white solid (0.848 mmol, 658.9mg, 84.8%).

Thin-layer chromatography (TLC), with pre-coated silica gel glass plates containing a fluorescence indicator, was
employed for monitoring the progress of the reactions. The column chromatography was performed on silica gel (SiO»;
300—400 mesh). The NMR spectra of SNSS were obtained using a Bruker AVANCE III 400 instrument (Billerica, MA,
USA). High-performance liquid chromatography (HPLC) with Agilent Technologies 1200 Series (Palo Alto, CA, USA)
was utilized to determine the purity of SN38-diSS.

Theoretical Partition Coefficient (XlogP) and Hansen Solubility Parameters of

SN38-diSS

The XlogP value of SN38-diSS was calculated using the Wang group’s XLOGP3 algorithm.*® The dispersion [84], polar
[0p], hydrogen bonding [8y], and total solubility parameter [3;] were determined using Beerbower’s group contribution
method (GCM).*>*° The specific details of the calculation are presented in Table S1 and S2.

Preparation and Characterization of SNSS NAs

SN38-diSS and DSPE-MPEG;, were dissolved in DMSO (0.2 mL) at a ratio of 1:0.1. The mixture was added dropwise
to 5 mL of distilled water with vigorous stirring at room temperature, resulting in the spontaneous formation of SNSS
NAs. The SNSS NAs were then ultrafiltered and purified utilizing Sephadex G-50. Cy7-labled SNSS NAs were prepared
by using DSPE-PEG;00-Cy7, which was obtained by conjugating DSPE-PEG,¢-NH, with Cy7.

The particle size of SNSS NAs as well as their zeta potential were measured and analyzed by employing dynamic
light scattering (DLS) on a Nano ZS90 (Malvern Instruments, Malvern, UK). For the stability study, SNSS NAs were
stored at 4°C for two weeks while their size and PDI were measured daily using DLS. Additionally, the dilution stability
of SNSS NAs was assessed by DLS at various PBS dilution ratios. Transmission electron microscopy (TEM) (HT7700,
Tokyo, Japan) was employed for investigating and characterizing the morphology of SNSS NAs.

HPLC was used to measure the drug-loading efficiency of SNSS NAs. The solution of SNSS NAs was freeze-dried
using a freeze drier. The freeze-dried powder was then redissolved in methanol and analyzed at 372 nm using HPLC. The
loading efficiency of SN38-diSS was determined as follows:

Weight of SN38 — diSS

Loading Efficiency (%)= Weight of SNSS NAs

x100%

Hemocompatibility Analysis

The hemolysis test was performed as described previously.*' Red blood cells (RBCs) were separated from fresh mice
blood by centrifugation. The collected RBCs were resuspended in PBS at a concentration of 2% (v/v). Following that,
0.2 mL of RBC suspension was incubated with SNSS NAs at concentrations of 25, 125, 250, and 500 pg/mL,
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respectively, in PBS, 0.9% saline (as a negative control), or distilled water (as a positive control). The samples were
centrifuged at 3000 rpm for 10 min after being gently shaken at 37°C for 3 h, and the supernatant was collected.
A microplate reader (BioTek Synergy HTX, BioTek Instruments, Inc., Winooski, VT, USA) was used to measure the
absorbance of the supernatant at 545 nm. The percentage of hemolysis was calculated using the following equation:

Al — A2
Hemolysis (%):m x100%

Al = absorbance of sample; A2 = absorbance of negative control; and A3 = absorbance of positive control.

In vitro Drug Release Study

The in vitro drug release behavior of SNSS NAs was evaluated using the dialysis method. In brief, SNSS NAs (1 mL,
0.2 mg/mL) were added to dialysis bags (MWCO 7000 Da) and tightly sealed. The dialysis bags were then immersed in
40 mL of a 10mM phosphate-buffered saline solution (pH 7.4) containing 10mM GSH and 0.5% tween-80 and gently
stirred at 37°C. 0.4 mL of dialysate was collected at various time intervals (1, 2, 4, 6, 8, 12, 24, 48, 72, and 96 h) and
replaced with the same volume of fresh release medium to maintain sink conditions of the media. HPLC was used to
ascertain the SN38 content.

In vitro Cytotoxicity Study
The SRB method was utilized to investigate the cytotoxicity of SNSS NAs in relation to the human pancreatic carcinoma
cell lines Panc-1 and BxPC-3.>** Briefly, cells were seeded in 96-well plates at a density of 2x10° cells/well and
incubated for 24 h. The cells were then treated with different concentrations of SNSS NAs, CPT-11, and SN38,
respectively. The cells were washed, fixed, and stained with SRB after being exposed to an incubation period of 72
h. Then 10 mM Tris buffer was added, and the OD value of each well was measured at 540 nm using a microplate reader
(BioTek Synergy HTX, BioTek Instruments, Inc., Winooski, VT, USA). GraphPad Prism 7 Software (GraphPad Software
Inc., San Diego, CA, USA) was used to construct dose-effect curves and determine ICs, values.

Cells were pre-treated with 200 uM buthionine sulfoximine (BSO), an inhibitor of y-glutamylcysteine synthetase
(GCS), for 24 h to evaluate the GSH-responsive cytotoxicity. The medium was then replaced with different concentra-
tions of drugs for an additional 72 h of incubation. An SRB assay was performed to evaluate the viability of the cells.

In vitro Cellular Uptake and Endocytosis Mechanism of SNSS NAs

The Panc-1 and BxPC-3 cells were seeded in 6-well plates at a density of 3.5x10° cells/well containing 2 mL of growth
medium. After 24 h, the medium was discarded and replaced with an equal volume of fresh medium containing SNSS
NAs (20 uM), which was then incubated at 37 °C for 2, 4, or 6 h. The 6-well plates were washed three times with cold
PBS and lysed with SDS at a predetermined time. After that, samples of 5 uLL were collected and analyzed using the
PierceTM BCA Protein Assay Kit (Thermo Fisher Scientific) according to the manufacturer’s instructions. The remain-
ing lysate was then treated with methanol to precipitate proteins and extract drugs. The supernatant was collected and
dried with nitrogen after centrifugation. The samples were redissolved in methanol and then examined using HPLC.

The fluorescence distribution of SNSS NAs in Panc-1 and BXxPC-3 cells was observed using a confocal fluorescence
microscope. Cells were seeded in confocal dishes at a density of 3x10° cells per dish for 24 h. The medium was then
replaced with fresh medium containing SNSS NAs (20 uM) and the cells were incubated for 2, 4, or 6 h. Following
incubation, the confocal dishes were washed three times with PBS and then fixed for 30 min with 4% paraformaldehyde.
The cells were then stained with LCS-1 (2 uM, 200 pL) for 15 min. Drug distribution in cells was observed by CLSM
(Olympus FV1000, Olympus Corporation, Tokyo, Japan).

Panc-1 and BxPC-3 cells were seeded in a 6-well plate (3.5x10° cells/well) for 24 ho and treated with various
endocytosis inhibitors (listed in Table S3) for 60 min at 37 °C to investigate the endocytosis mechanism. The medium
was then discarded and replaced with fresh medium containing SNSS NAs (20 uM) in combination with various
inhibitors for an additional 5 h of incubation. HPLC was used to ascertain the amount of drug endocytosed, as previously
mentioned.
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In vivo Biodistribution of SNSS NAs

Nude mice bearing the Panc-1 tumor were used to evaluate the in vivo imaging of SNSS NAs. Mice were injected

intravenously with Cy7-labeled SNSS NAs when the tumor volume reached approximately 400 mm?>. In vivo fluores-
cence imaging was performed on an IVIS Spectrum (PerkinElmer Inc., Waltham, MA, USA). Mice were sacrificed, and
tumor tissues were collected for further imaging after 24 h.

Evaluation of Antitumor Efficacy and Biosafety in vivo

To prepare the Panc-1 tumor-bearing nude mice, a 0.2 mL Panc-1 cell suspension (1x107 cells in PBS) was injected
subcutaneously into the right armpit of the forelimb of female BALB/c nude mice. When the tumor volume reached
approximately 100 mm?®, Panc-1 tumor-bearing nude mice were randomly divided into four groups: saline; CPT-11
(15.88 mg/kg, equivalent to 10 mg/kg SN38); SNSS NAs (19.8 mg/kg, equivalent to 10 mg/kg SN38); and SNSS NAs
(39.6 mg/kg, equivalent to 20 mg/kg SN38). Each group received a total of four intravenous injections at 3-day intervals. The
volume and weight of the tumor were measured every other day. The volume of the tumor was calculated using the formula:

V = 0.5x (width)” x (length)

On day 16, all mice were sacrificed. Other organs (heart, liver, spleen, lung, and kidney) were also isolated for H&E
staining in addition to the tumor tissues, which were then imaged. Beckman Coulter Chemistry Analyzer AU5800 Series
(Beckman Coulter, Inc., Brea, CA, USA) was used to analyze the hematological and biochemical characteristics of blood
samples.

Statistical Analysis

All data are displayed as the mean + standard deviation (S.D.). GraphPad Prism 7.00 (GraphPad Software Inc., San
Diego, CA, USA) was used to conduct statistical analysis. Differences were considered statistically significant when p <
0.05 (* p <0.05, ** p <0.01, and *** p < 0.001).

Results

Synthesis of SN38 Prodrug

Scheme 1 describes the synthesis of SN38-diSS, a GSH-responsive SN38 prodrug in this study. The mechanism of SN38
release from compound 2 is depicted in Scheme 2. The chemical structures of compound 1 and 2 were determined by
"H NMR, '>C NMR and HR-ESIMS as illustrated in Supplementary Materials (1.2, 1.3). Figure S1 depicts the purity as
measured by HPLC.

XlogP and Hansen Solubility Parameters of SN38-diSS

According to Table 1, SN38-diSS had a 3.1-fold greater XlogP value than SN38, and its values for the Hansen solubility
parameters (3, Oy, and &) were all lower than those of SN38. SN38-diSS exhibited an AXlogP value of 2.1, while SN38-
diSS exhibited a Ady, value of —42.2%. These findings were consistent with the proposed prediction criteria,®*” which
stated that conjugates should exhibit an increase in XlogP of greater than 1.0 relative to the parent drug, or a decrease in
Hansen solubility of the polar solubility parameter (5,,) and hydrogen bond solubility (8,) of greater than 10% relative to
the parent drug. Therefore, it was proposed that SN38-diSS self-assemble into nanoassemblies.

Preparation and Characterization of SNSS NAs

SNSS NAs were produced through precipitation as described previously.>* The SNSS NAs were 88.8 + 1.27 nm in size, with
a polydispersity index value of 0.089 + 0.016. (Figure la). Nanoassemblies had a zeta potential of —25.95 £+ 0.32 mV
(Figure 1b). The morphology of SNSS NAs was studied using TEM, which revealed a uniform spherical shape with a size of
around 80 nm, which is equivalent to that measured by DLS. (Figure 1c). As depicted in Figure 1d, the cumulative release of
SN38 from SNSS NAs was 58.4 = 1.6% in 120 h and diffusion equilibrium was attained in 96 h. At 120 h, however, very little
SN38 (1.5+0.49%) was found in SNSS NAs in PBS. As shown in Figure 2, the particle size of SNSS NAs remained stable after
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Scheme 2 The SN38 releasing mechanism from compound 2.
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Table | XlogP Values and Hansen Solubility Parameters of
SN38 and SN38-diSS

Compound | XlogP Hansen Solubility Parameters
oy dp on d¢

SN38 2.18 239 8.1 10.9 27.5

SN38-diSS 6.79 24.5 4.3 6.3 25.6

A 2.1 0.025% | —46.9% | —42.2% | —0.069%

Notes: A: AXlogP = (XlogP value of SN38-diSS - XlogP value of SN38)/XlogP
value of SN38; AHansen solubility parameters = (Hansen solubility parameters
value of SN38-diSS - Hansen solubility parameters value of SN38) x 100%/
Hansen solubility parameters value of SN38.
Abbreviations: 34, dispersion; &, polar; 8, hydrogen bonding; 3, total solubility
parameter; SN38, 7-ethyl-10-hydroxycamptothecin; SN38-diSS, two disulfide bonds
modified SN38 prodrug (compound 2); XlogP, theoretical partition coefficient.

14 days of storage and a 200-fold water dilution. Furthermore, SNSS NAs revealed less than 1.5% hemolysis, which is within
the acceptable range for hemolysis (Table 2). The drug loading efficiency of SNSS NAs was determined to be 87.5% =+ 4.8%.

In vitro Cellular Uptake of SNSS NAs
Panc-1 and BxPC-3 cell lines were used to study the cellular uptake of SNSS NAs in vitro. As depicted in Figure 3a and b,
two cell lines displayed improved uptake of SNSS NAs following incubation for 2, 4, or 6 h, indicating that nanoassemblies
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are taken up by cells via active endocytosis. Two cell lines showed time-dependent increases in both SN38 release and

accumulation, hence ensuring cytotoxicity against pancreatic cancer cells. The intracellular behavior of SNSS NAs was
then evaluated using CLSM. Cells treated with SNSS NAs exhibited noticeable intracellular green fluorescence through
CLSM at 6 h, as shown in Figure 3¢ and d, and the fluorescence was maintained until 18 h post-treatment. In addition,
several bright fluorescence spots were identified in the cytoplasm, indicating that cells uptake SNSS NAs via specific
endocytosis pathways. Furthermore, nanoassemblies might dissolve within cells that exhibit dispersed green fluorescence

throughout the cytoplasm.

Endocytosis Pathway of SNSS NAs

As a result of the aforementioned findings, several pathway inhibitors were used to further identify the SNSS NAs’
endocytosis pathway (Figure 3e and f). In general, the endocytosis processes include phagocytosis, micropinocytosis,
clathrin- and caveolin-independent endocytosis, caveolac-mediated endocytosis, and clathrin-mediated endocytosis.*?
The inhibition of hypertonic sucrose and chlorpromazine (CPZ) in Panc-1 and BxPC-3 cells revealed that SNSS NAs

were internalized via a clathrin-mediated endocytosis pathway (p < 0.01, p < 0.05).

Table 2 % Hemolysis of Various SNSS NAs Concentrations

Concentration (pg/mL)

500

250

125

25

% Hemolysis

.19 £ 0.15

1.06 £ 0.12

0.79 + 0.21

0.20 +

0.13

Notes: %Hemolysis = (absorbance of sample - absorbance of negative control) % 100%/(absorbance of
positive control - absorbance of negative control). n=3, mean * SD.
Abbreviation: SNSS NAs, disulfide bond-based SN38 prodrug nanoassemblies.
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Figure 3 In vitro cellular uptake and endocytosis mechanism of SNSS NAs. (a and b) In vitro cellular uptake of SNSS NAs and degradation of SN38 in Panc-1 or BxPC-3
cells determined by HPLC. (c and d) Intracellular behavior of SNSS NAs in Panc-1 or BxPC-3 cells analyzed by CLSM. (e and f) The endocytosis mechanism of SNSS NAs in
Panc-1 or BxPC-3 cells investigated by co-incubating with endocytosis inhibitors (n=3, mean * SEM, *p < 0.05, compared with control).
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In vitro Cytotoxicity of SNSS NAs
SRB assays were performed on Panc-1 and BxPC-3 cells incubated with CPT-11, SN38, and SNSS NAs to determine the
cytotoxicity of GSH-responsive SNSS NAs (Figure 4a and b). The calculated half-maximal inhibitory concentrations (ICsg)
are presented in Table 3. In these cell lines, drugs and SNSS NAs exhibited dose-dependent toxicity, while free SN38
demonstrated the most potent cytotoxicity against all cell lines. SNSS NAs were less effective in reducing tumor cell
proliferation, possibly due to the delayed release of active SN38 molecules. In contrast, CPT-11 showed the highest ICsq
values in these cancer cells, which contributed to a reduced carboxylesterase level in tumor cells compared to liver cells.****
The cytotoxic activity of SNSS NAs was measured using the SRB assay in the presence of a GSH synthesis inhibitor,
BSO, to further support the hypothesis that GSH triggers SN38 release (Figure 4c and d).*® To deplete GSH in Pnac-1
and BxPC-3 cells, BSO was added to the cell culture medium 24 h prior to the incorporation of nanoassemblies. The
higher drug concentration resulted in the development of cell resistance to the antitumor drug. Additionally, the resistance
effect was particularly potent at the high dose range. BSO reduced the cytotoxicity of SNSS NAs, demonstrating that

SN38 release and cytotoxicity were dependent on GSH concentration.

In vivo Biodistribution of SNSS NAs

Cy7-labeled SNSS NAs were used to study the targeting effect of SNSS NAs in nude mice with the Panc-1 tumor.
Figure 5 depicts the distribution and tumor accumulation of fluorescent Cy7. SNSS NAs-Cy7 produced a higher
fluorescence signal in tumors compared to Cy7 dye injections used as a control. SNSS NAs-Cy7 accumulated at the
tumor site with a slow clearance rate and was transported to the liver in part over the first 24 h after injection. In contrast,
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Figure 4 Cytotoxicity assay. (a and b) Cell viability of Panc-1 and BxPC-3 cells treated with various concentrations of CPT-11, SN38, and SNSS NAs. (c and d) Effect of BSO
on the cytotoxic activity of SNSS NAs in Panc-1 and BxPC-3 cells (n=6, mean + SEM).
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Table 3 The ICs, Values (um) of CPT-11, SN38, and SNSS NAs in
Pancreatic Cancer Cells

Cell Lines CPT-11 SN38 SNSS NAs
Panc-1 9.769 £ 0.362 | 0.066 + 0.001% | 0.170 £ 0.027%%+7
BxPC-3 0.388 £ 0.012 | 0.011 + 0.001% | 0.049 + 0.003%%+##

Notes: **p < 0,001, compared with CPT-11; #p < 0.05, "p < 0.001, compared with
SN38. n=3, mean * SD.

Abbreviations: CPT-11, irinotecan; SN38, 7-ethyl-10-hydroxycamptothecin; SNSS NAs,
disulfide bond-based SN38 prodrug nanoassemblies; ICsp, half-maximal inhibitory
concentration.

Cy7 dye was eliminated within 6 h through the bladder. In addition, tumor tissues removed for ex vivo analysis after 24
h demonstrate that Cy7-labeled SNSS NAs effectively targeted the tumor site.

In vivo Antitumor Effect of SNSS NAs

Nude mice bearing the Pnac-1 tumor were used to assess the in vivo antitumor effect of SNSS NAs. Figure 6a and b indicate
that in comparison to the physiological saline treatment group, CPT-11 (15.88 mg/kg, corresponding to 10 mg/kg SN38) and
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Figure 5 In vivo imaging of Cy7-labeled SNSS NAs in Panc-1 tumor-bearing nude mice. (a) The whole-body bioluminescence images of Panc-| tumor-bearing nude mice
after injection with Cy7 dye or Cy7-labeled SNSS NAs at 2, 4, 6, 8, 10, and 24 h, respectively. (b) The ex vivo bioluminescence images of tumors and organs of Panc-| tumor-
bearing nude mice sacrificed 24 h after Cy7 dye or Cy7-labeled SNSS NAs administration.
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Figure 6 In vivo antitumor effect and biosafety of SNSS NAs. (a) Average tumor growth curves of each treatment group in the Panc-1 tumor-bearing nude mice. (b) Tumor
photograph from Panc-| tumor-bearing nude mice after treatment for 16 days. (c) Curves showing the body weight change of mice during various treatments in the Panc-1
tumor model. (d) Levels of key indicators of liver and kidney functions in Panc-| tumor-bearing nude mice. (e) H&E staining of main organs harvested from each treatment
group in Panc-1 tumor-bearing nude mice at the experimental endpoint (scale bar = 200 um) (n=6, mean  SEM, **p < 0.001, compared with saline, “"p < 0.001, compared
with CPT-11 (15.88 mg/kg)).
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SNSS NAs treatment groups (19.8 and 39.6 mg/kg, corresponding to 10 and 20 mg/kg SN38, respectively) significantly
inhibited tumor growth in Panc-1 tumor-bearing nude mice (p < 0.001). It was noteworthy that the treatment group receiving
SNSS NAs at 39.6 mg/kg exhibited more potent antitumor effect than the treatment group receiving CPT-11 (p <0.001). The
average tumor size at day 16 in the physiological saline, CPT-11 (15.88 mg/kg), SNSS NAs (19.8 mg/kg) and SNSS NAs
(39.6 mg/kg) treatment groups were 1171207, 733+47, 827+19 and 296+59 mm?, respectively. Additionally, the correspond-
ing tumor inhibition rates for the different drug treatment groups were 37.4%, 29.3%, and 74.7%.

Biosafety Evaluation

Due to the high doses employed in this investigation, the toxicity of the SNSS NAs was also evaluated. Interestingly,
despite receiving SNSS NAs at a drug dosage of 39.6 mg/kg (equal to 20 mg/kg SN38), the mice’s body weight did not
decrease significantly throughout the experiment’s four in-vivo administrations (Figure 6c¢). In addition, a histological
analysis was performed on all of the major organs (ie, the heart, liver, spleen, lung, and kidney of mice) of each treatment
group. Upon administration of SNSS NAs at two doses to panc-1 tumor-bearing nude mice, H&E staining revealed no
significant histological abnormalities (Figure 6¢). The pathological images of the organs obtained from mice treated with
CPT-11 and SNSS NAs were comparable to those obtained from mice treated with saline. Additionally, biochemical
analysis (Figure 6d) of the serum at the end of the anticancer investigations in Panc-1 tumor-bearing nude mice revealed
no damage to the liver and kidneys. These findings indicate that treatment with SNSS NAs, even at a higher dosage (ie,
39.6 mg/kg), resulted in minimal organ damage and systemic toxicity.

Discussion

Prodrug strategy is highly effective and fruitful in drug development, with around 20% of approved drugs from 2008 to
2020 being characterized as prodrugs.*’” A successful prodrug method can effectively address the inferior properties of
parent drugs, including poor water solubility, low permeability, chemical instability, inadequate pharmacokinetic char-
acteristics, and high toxicity.***’ Prodrug-driven self-assembled nanodelivery systems served as both carriers and

payloads,’®"

combining the benefits of prodrug and nanodrug into a single nano-platform.

Different chemical conjugates of SN38 have been synthesized to self-assemble into nanostructures. The vast majority
of moieties were macromolecular compounds, such as natural polysaccharides, linear polymers, hyperbranched poly-
mers, dendrimers, albumin, and so on.’>>® However, because of the high-molecular-moiety prodrugs, the drug loading
efficiency and drug release profiles of these nano-delivery systems are severely limited.”” Many small-molecular SN38
prodrugs with ultra-high drug loading efficiency have also been developed, including the SN38 phosphocholine prodrug
(Di-SN38-PC), SN38-taxane heterodimeric prodrugs, SN38 homodimers, SN38-tocopherol oxyacetate conjugate,
Artesunate-SN38 hybrid derivative, and Chol-SN38.°%%* However, these small molecular conjugates of SN38 were
typically produced via an ester (succinic anhydride) or acetal linker, which degraded slowly and partially in the liver due
to esterase.***> In addition, chemotherapeutic drugs having the capacity for temporal/spatial controlled release have
always been an essential method for minimizing exposure to healthy cells and tissues.®*

Based on the preceding, the chemical structure of the SN38 prodrug was rationally constructed based on various
prerequisites: 1) The XlogP value of the prodrug must be greater than 1.0 and the Hansen solubility of the polar solubility
parameter (3,,) and hydrogen bond solubility (5,) must be less than 10% of that of SN38;%%37 2) Pro-moieties must be
simple, biocompatible, and advantageous for molecular self-assembly. 3) a reversible linkage between SN38 and the pro-
moiety that allows for stimuli-responsive, controlled release of SN38 without the production of any potentially cytotoxic
byproducts.®> According to the chemical structure of SN38, two hydroxyl groups may be primarily responsible for the
molecule’s polar solubility parameter (5,) and hydrogen bond solubility (3,). In addition, the rigid structure of
camptothecin’s backbone has significant intermolecular forces due to the m-m stacking interaction among the planar

aromatic ring,°®®’

which leads to the formation of large aggregates that precipitate in water. Consequently, the two
hydroxyl groups of SN38 should be modified with lipophilic flexible chains, which improved the XlogP value of the
parent drug and decreased the §, and y, (Table 1). Furthermore, tumor microenvironment sensitive bonds should be

implemented for simultaneous controlled drug release at cancerous sites.
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In the current study, the two hydroxyl groups (at C10 and C20) of SN38 were modified with a GSH-responsive
disulfide bond, which was then linked to n-butyl chains. The ethyl chain between SN38 and the disulfide bond was shown
to have a higher bond cleavage and drug release rate than lengthy alkyl chains.®® In addition, alkyl (n-butyl) chains are
the simplest lipid chains with good biocompatibility and little toxicity.®>’® This could potentially make the molecular
structure less rigid and inhibit long-distance-ordered molecular packing. The disulfide bond is one of the most commonly

employed flexible linkers,”""*

with almost vertical double bond angles and a single dihedral angle, which play a crucial
role in enhancing structural flexibility and balancing intermolecular forces during molecule self-assembly.”* SN38-diSS
contained two disulfide bonds, which increased structural flexibility and facilitated self-assembly.

In the absence of surfactant, the SNSS could self-assemble into nanoassemblies. As indicated in Table S4, size and
PDI increased without the use of DSPE-MPEG,(o in the assembly procedure. Due to the potential for undesirable
stability and in vivo drug behavior of non-PEGylated formulations,”*’> subsequent experiments utilized PEGylated
SNSS nanoassemblies (SNSS NAs). PEGylated NAs displayed excellent stability and biocompatibility (Figure 2),
indicating that SNSS NAs might be injected intravenously for in vivo cancer therapy.

Drug release behavior confirmed that GSH induced drug release (Figure 1d). The release of SN38 from NAs was
stimulated by GSH and exhibited a profile of sustained drug release, which may contribute to the stabilizing effect of
DSPE-MPEG;(qo. In addition, the cell viability analysis of NAs with BSO confirmed the controlled drug release and
cytotoxicity among cancer cells (Figure 4).

Nanoassemblies are typically confined to a membrane-lined vesicle, such as an endosome,”® following endocytosis
via a particular pathway. Therefore, drugs must be distributed to the cytoplasm for SN38 to bind to DNA topoisomerase
I, thereby inhibiting cell proliferation and inducing apoptosis.”” SNSS NAs were taken up by pancreatic cancer cells via
a clathrin-mediated endocytic pathway, according to the results (Figure 3e and f). The nanoassemblies were then
distributed throughout the cytoplasm, accompanied by continual drug dissolution and degradation (Figure 3a and b).
Finally, SN38 accumulation in cancer cells resulted in antitumor effect.

Analysis of in-vivo images showed that SNSS NAs could be passively targeted to the tumor site via the EPR effect
(Figure 5). In contrast to CPT-11, SNSS NAs selectively accumulated and released the active chemical SN38 around
tumor sites rather than in liver tissues, resulting in diarrhea and neutropenia.”® Therefore, double dosages of SSNA
(39.6 mg/kg, corresponding to 20 mg/kg of SN38) were administered in animal studies, resulting in a greater antitumor
effect in pancreatic cancer (Figure 6a and b). As anticipated, the systemic toxicity study revealed that a high dose of
SNSS NAs did not result in any pathological alterations or organ dysfunction (Figure 6d and e). Finally, the disulfide-
based SN38 prodrug delivery system demonstrated distinct benefits in anticancer efficacy and in vivo safety as a result of
selective tumor accumulation and GSH-triggered drug release, and it demonstrated excellent future application potential.

Conclusion

In conclusion, a GSH-responsive SN38 prodrug containing disulfide bonds was synthesized using previously proposed
prediction criteria. The SNSS NAs were then developed and characterized. In vitro experiments demonstrated that SNSS
NAs had high drug loading efficiency and stability. The disulfide bonds endow the nanoassemblies with GSH-triggered
release of SN38 and cytotoxicity. In vivo studies revealed that SNSS NAs exhibited higher tumor targeting accumulation,
higher administration dosage, superior anticancer effect, and less adverse effects than CPT-11. The effort to incorporate
a disulfide bond into the SN38 prodrug is crucial for the practical application of SN38-based drugs. SNSS NAs provide
a new strategy for the synthesis of SN38-based nano-delivery systems, which offers a wide range of potential applica-
tions in the field of clinical antitumor therapy.
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