8 OPEN ACCESS \\:e World Scientific

Journal of Innovative Optical Health Sciences —

Vol. 17, No. 2 (2024) 2350024 (15 pages) www.worldscientific.com
© The Author(s)

DOI: 10.1142/S1793545823500244

MMAE-loaded PLGA nanomedicine with improved
biosafety to achieve efficient antitumor treatment

Changgiang Xie*", Yan Wang* T, Zhenzhen Cai*', Jianghai Du*T,
Zhengyu Chen*, Junjie VVang;t"{”'H and Xingzhou Peng* Tl
*State Key Laboratory of Digital Medical Engineering
School of Biomedical Engineering
Hainan University, Haikou 570228, P. R. China

TKey Laboratory of Biomedical Engineering of Hainan Province
One Health Institute, Hainan University
Haikou 570228, P. R. China

tKey Laboratory of Hainan Trauma and Disaster Rescue
The First Affiliated Hospital of Hainan Medical University
Hainan Medical University, Haikou 571199, P. R. China

§Engineering Research Center for Hainan Bio-Smart Materials and
Bio-Medical Devices, Key Laboratory of Emergency and Trauma
Ministry of Education, Key Laboratory of Hainan Functional Materials and
Molecular Imaging, College of Emergency and Trauma
Hainan Medical University, Haikou 571199, P. R. China
Yijwanghnme@163.com
lpengzzh@hainanu. edu.cn

Received 10 June 2023
Accepted 18 August 2023
Published 7 October 2023

Monomethyl auristatin E (MMAE) is a derivative of the marine peptide Dolastatin 10, which
has therapeutic effects against various cancers according to its antimitotic activity in multiple
clinical trials. The antibody drug conjugate (ADC) of MMAE is currently used in clinical
practice. However, the safety issues of MMAE-based ADC, such as high drug toxicity and
poor bioavailability, still exist when using it for anticancer therapy. A sustained release of
drug delivery approach should be used to reduce toxicity and achieve sufficient anticancer
effects. Herein, PLGA-b-PEGyy,, with excellent biocompatibility and slow degradation ability
was adopted to construct MMAE-loaded nanoparticles for safe and effective chemotherapy.
The sustained release effect and the immunogenic cell death (ICD) effect of PLGA-MMAE
nanoparticles were assessed by in wvitro experiments. The PLGA-MMAE nanoparticles
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effectively accumulated in the tumor through the enhanced permeability and retention (EPR)
effect, inducing cell apoptosis and causing a certain degree of immune response. The sustained
drug release of PLGA-MMAE improved the bioavailability and effectively reduced the
toxicity and development of the tumor compared to the effect of free MMAE or ADC. Overall,
this study provides a safe and effective chemotherapeutic approach, as well as a simple and
effective synthetic process for MMAE-based nanoparticles, improving their therapeutic

efficacy and safety.

Keywords: Monomethyl auristatin E; poly (lactic-co-glycolic acid) nanoparticles; sustained

release; chemotherapy; immunogenic cell death.

1. Introduction

The different living environments of marine and
terrestrial organisms have led to the unique struc-
tural characteristics of the biodiversity and peptide
secondary metabolites in marine organisms.’> Re-
cently, extensive efforts have been directed on the
use of marine peptides for antitumor research.’
Various studies have shown that marine peptides
inhibit tumor cell proliferation and metastasis, as
well as induce tumor cell apoptosis. Some types of
peptides derived from marine organisms, such as sea
anemone toxin,* dehydrodidemnin B,” halichondrin
B,% and kahalalide F,” have been proven to possess
broad biological activity and pharmacological
properties.

Dolastatin 10, a marine peptide, isolated from
the mollusk Dolabella Auricularia, achieved a
breakthrough in clinical practice. The active ingre-
dient of Dolastatin 10 is composed of three unique
amino acid residues, which effectively induce tumor
cell apoptosis even at concentration of nanomolar
scale.” MMAE, a derivative of Dolastatin 10,° is a
small molecule with a similar effect as that of typical
antitumor medicines (e.g., vinblastine, vincristine,
vinorelbine, and paclitaxel)”'? since it inhibits the
polymerization of microtubules and blocks cell di-
vision or apoptosis in the G2/M phase.'*!* Al-
though MMAE demonstrates a 100-1000 times
higher antitumor efficacy than doxorubicin,'® its
high cytotoxicity prevents its use as a stand-alone
drug, severely hindering its clinical application.
Currently, the administration of antibody drug
conjugates (ADCs) offers a promising approach to
target specific antibodies on the surface of tumor
cells, facilitating the effective delivery of MMAE
into the tumor. This targeted delivery mechanism
enhances the accumulation of MMAE specifically

into the tumor, while minimizing its effect on
normal tissues, thereby reducing the side effects
associated with systemic cytotoxicity.'® So far,
the US Food and Drug Administration (FDA) has
approved five ADCs related to MMAE, namely
Adcetrics, Polivy, Padcev, Vidiximab, and Tiv-
dak.'™% These drugs have been applied to
treat various diseases, such as Hodgkin’s lympho-
ma, diffuse large B-cell lymphoma, advanced uro-
thelial carcinoma, triple HER2-positive gastric
cancer, and recurrent or metastatic cervical
cancer.?!»??

Despite the significant achievements of MMAE-
based ADCs in clinical trials, their use is still
problematic. One issue is represented by the off-
target effects that may arise during the systemic
administration.?? On the one hand, the instability
of the linker connecting the antibody and the drug
can lead to a premature drug release before reaching
the intended target. On the other hand, normal
tissue cells may inadvertently capture ADCs due to
their low expression of receptors or nonspecific up-
take, causing unintended toxicity.?* These phe-
nomena contribute to the premature release of
MMAE, leading to adverse effects such as periph-
eral neuropathy and neutropenia, among other
toxic side effects.?”

Several studies speculate that when the transfer
efficiency through blood circulation is 50%, merely
1.56% of the ADCs may reach the desired tumor.?¢
The actual amount of ADC reaching solid tumors
during a clinical treatment is less than 0.1% of the
total administered dose, resulting in the require-
ment of multiple treatment cycles of ADC chemo-
therapy, which, unfortunately, brings significant
toxicity and adverse side effects.?%?” Therefore, the
dosage should be clinically controlled due to concern
of systemic toxicity. Besides, the antibody moieties of
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MMAE-ADCs typically come from exogenous
antibodies, which may cause immune reactions
and immunogenicity issues. This may lead to
problems such as allergic reactions and rapid drug
clearance, thereby affecting the therapeutic effect of
ADCs.?%28

Poly(lactic-co-glycolic acid) (PLGA) is a poly-
mer material approved by the FDA for clinical
treatment,”” which can be degraded into metabo-
lized lactate and glycolic acid by hydrolysis
in vivo.>’ PLGA is typically used as a matrix to
construct nanocarriers with a sustained and effec-
tive release of proteins or peptides, antibiotics and
chemicals due to its biocompatibility and biode-
gradability in vivo.?'*? In addition, the drug loaded
in nanocarriers is effectively protected from the
enzymatic degradation, resulting in good stability
and efficient delivery.?® The delivery system of
PLGA nanoparticles (NPs) may improve the
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solubility, stability, and bioavailability of a drug,
reducing the dosage and toxicity compared with
traditional drug delivery routes, such as tablets,
capsules and gels. Moreover, the EPR effect can be
used to increase the local accumulation in the tumor
site.” Polyethylene glycol (PEG) modification is
another commonly adopted strategy to bypass the
capture by the reticuloendothelial system (RES),
thus enhancing the active targeting of NPs.?"
Here, we incorporated a polyethylene glycol
segment (PEGyg)) into the PLGA and created
PLGA-MMAE nanomedicine through a hydropho-
bic self-assemble process. PEGlyated NPs extended
the blood circulation time, targeted murine breast
carcinoma (4T1) tumor through the EPR effect and
performed a sustained release of MMAE molecules
during the degradation of PLGA NPs over a longer
period of time, thus inhibiting tumor growth
(Scheme 1). During blood circulation, the bust
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Scheme 1.

Schematic illustration of the mechanism of action of PLGA-MMAE NPs for a sustained release of MMAE. (a) When

PLGA-MMAE NPs are used in vivo, their ester bonds are gradually broken down, resulting in the reduction of the molecular weight
and mass loss of the polymer chains. Since the NPs degraded slowly, MMAE and DiR-BOA are released into the tumor micro-
environment. (b) After intravenous injection, PLGA-MMAE NPs accumulate in the tumor through the EPR effect. PLGA-MMAE
NPs sustainably release MMAE to induce apoptosis of tumor cells, then the tumor cells are involved in the ICD process with the
release or exposure of damage-associated molecular patterns (DAMPs), thereby activating the maturation and antigen presentation
of DCs, subsequently activating cytotoxic T cells (CTLs) and B cells, forming a specific antitumor immune response.
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release of MMAE was prevented because MMAE was
distributed into the interior of the PLGA NPs. In ad-
dition, the sustained release of therapeutics avoided
the acute cytotoxicity caused by a high local concen-
tration and improved the bioavailability of drugs.
Finally, PLGA-MMAE NPs contributed to the infil-
tration of T cells and dendritic cells (DCs) through the
ICD effect, induced effective antitumor immune
responses, and inhibited the growth of the tumor.

2. Materials and Methods
2.1.

L-(-)-Lactide and 1,4-Dioxane-2,5-dione were pur-
chased from Energy-chemical (Anging, China).
Ethyl ether, dichloromethane, chloroform, and
dimethylformamide were obtained from Xilong Sci-
entific Co., Ltd. (Shenzhen, China). Trifluoroacetic
acid was purchased from Aladdin (Shanghai, China).
Polyethylene glycol 59 was purchased from Macklin
Biochemical Technology Co., Ltd. (Shenzhen,
China). Acetonitrile was purchased from Fisher
Chemical (Pennsylvania, USA). Tin (IT)2-ethylhex-
anoate was purchased from Sigma-Aldrich
(St. Louis, Missouri, USA). High mobility group box
1 (HMGB1) antibody was purchased from Bioss
(Beijing, China). Calreticulin (CRT) antibody was
purchased from Affinity Biologicals Inc (Ontario,
Canada). The terminal deoxynucleotidyl transfer-
ase-mediated dUTP-biotin nick end labeling
(TUNEL) assay kit was purchased from Beyotime
(Nanjing, China).

Reagents

2.2. Synthesis of PLGA-b-PEGyy
and PLGA-MMAEFE NPs

The synthesis of PLGA-b-PEGy,, was performed
according to a previous report.*® Briefly,bib1,4-Di-
oxane-2,5-dione, L-(-)-Lactide, Tin (II)2-ethylhex-
anoate and PEGyy, were mixed in the Schlenk
reactor under the condition of nitrogen protection
and let them react at room temperature for 24 h.
Pure PLGA-b-PEGyq,, was obtained through pre-
cipitation. The self-assembled PLGA-MMAE NPs
were prepared under ultrasonic conditions.

2.3. Characterization of physicochemi-
cal properties of PLGA-MMAE

The DLS size and zeta potential of the samples were
measured by Malvern pro (Malvern Panalytical,

Zetasizer Advance Series-Pro). The stability of
PLGA-MMAE was determined, by resuspending
the NPs in PBS at 4°C and 37°C. The particle size
was monitored with a fixed time interval.

2.4. Loading efficiency and in vitro
release of PLGA-MMAFE NPs

The content of MMAE was determined by high
performance liquid chromatography (HPLC;
Waters €2965). The chromatographic conditions
were the following: Accucore™ C18 column, de-
tection wavelength 220 nm, mobile phase of aceto-
nitrile and ultrapure water (0.1% trifluoroacetic
acid), sample volume 10uL. The PLGA-MMAE
NPs were dissolved by acetonitrile dissolution, and
MMAE was released into the solvent. The solubility
of PLGA-b-PEGy, in acetonitrile was reduced by
adding 15% ultrapure water. PLGA was removed
by filtration using a 0.22 ym filter membrane, and
the filtrate was diluted 50 times before loading for
detection.

The release of MMAE from PLGA-MMAE was
performed by dialysis in PBS at 37°C. A total of
0.5 mL PLGA-MMAE was added into a dialysis bag
(molecular weight cut-off: 2000), then quickly im-
mersed in 10 mL PBS, at 37°C under gentle shaking
speed and the dialysate was changed at fixed time
intervals. The amount of MMAE released at each
time point was measured by HPLC after the dial-
ysate was lyophilized and eluted with acetonitrile
(0.1% trifluoroacetic acid). Three parallel samples
were set up in each group.

2.5. Determination of cell viability and
analysis of combination effect

The cytotoxicity of PLGA-MMAE was assessed and
the IC50 was calculated by the CCK-8 assay. An
amount of 8000 cells was seeded in a 96-well plate
and incubated for 24h at 37°C and 5% CO,. The
free MMAE and PLGA-MMAE at different con-
centrations (0.01, 0.1, 1, 10, 100, and 1000 nM) were
incubated with 4T1 cells for 24 h. After incubation,
the cells were incubated with complete culture me-
dium containing 10% CCK-8 reagent at 37°C for
1h. The absorbance at 450 nm was measured using
a microplate reader (MOLECULAR DEVICES,
Spectra Max Id3) to determine the percentage of
cell viability.
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The effect of PLGA-MMAE incubation at dif-
ferent times on 4T1 cell viability was assessed by
seeding 6000 cells in a 96-well plate, which were
incubated for 12h at 37°C and 5% CO,. The free
MMAE (10nM) and PLGA-MMAE (10nM) were
incubated with 4T1 cells for 0.5, 6, 12, 24, 48, and
72 h. After incubation, the cells were incubated with
complete culture medium containing 10% CCK-8
reagent at 37°C for 1h. The absorbance at 450 nm
was measured using a microplate reader (MOLEC-
ULAR DEVICES, Spectra Max Id3) to determine
the percentage of cell viability.

2.6. Uptake of PLGA-MMAFE
nanoparticles by 4T1 cells

A total of 1 x 10% 4T1 cells were seeded into each
well of an 8-well chambered culture slide (Thermo
Fisher Scientific, CN). The cells were incubated
with PLGA-MMAE@DIR-BOA  nanoparticles
(DiR-BOA: 15 uM) at 37°C for Oh, 0.5h, 2h, 4h,
8 h, and 12 h. Subsequently, the cells were fixed with
4% paraformaldehyde for 25 min and stained with
Hoechst 33342 solution in the dark for 15 min. Fi-
nally, the 4T1 cells were visualized using a confocal
laser scanning microscope (CLSM) equipped with
Hoechst 33342 (405nm) and Cy5.5 (640 nm) lasers
(Olympus FV 3000, Tokyo, Japan).

2.7. ICD induced expression in vitro

The PLGA-MMAE and free MMAE (MMAE con-
centration: 10nM) were incubated with 4T1 cells
for 24h. The CRT and HMGBI1 antibodies were
added according to the immunofluorescence stain-
ing procedure. Alexa Fluor® 488 and Alexa Fluor®
594 secondary antibodies were used to treat the cells
at 37°C for 2h. DAPI was used to stain the nuclei
for 10 min at room temperature. The degree of ICD
was evaluated by fluorescence images. (Olympus
FV 3000, Tokyo, Japan).

2.8. In vivo distribution of
PLGA-MMAEFE

The DiR-BOA loaded NPs (PLGA-MMAE@DiR-
BOA, DiR-BOA: 50 uM) were intravenously injec-
ted into 4T1 tumor-bearing mice. The fluorescence
imaging was recorded at desired times (0, 6, 12, 24,

MMAE-loaded PLGA nanomedicine

and 48h) and obtained using a NIR-I in wvivo
imaging system (NIRVana HS, China).

2.9. In vivo antitumor effect
of PLGA-MMAFE

Female Balb/c mice (6-8 weeks old) were purchased
from Hunan SJA Laboratory Animal Co., Ltd
(Changsha, Hunan, China). One-hundred pL 4T1
cell suspensions (1 x 107 cells/mL) were subcuta-
neously injected into the flank of Balb/c mice.
When the tumors reached 50 mm?® (8-10 days), the
mice were randomly divided into four groups (n = 4
per group). Saline, PLGA, free MMAE or PLGA-
MMAE NPs at a dose of 4mg/kg (MMAE con-
centration) were intravenously injected into the
mice. Mouse weight and tumor volume were mea-
sured every day, and the tumor volume was calcu-
lated using the formula 0.5 x L x W2. After 15 days
of treatment, the blood, tumor, and main organs
(heart, liver, spleen, lung, and kidney) of all mice
were collected, and hematoxylin-eosin (H&E)
staining was performed to evaluate the abnormal
morphology of the organs. Alanine aminotransfer-
ase (ALT), aspartate aminotransferase (AST), and
blood urea nitrogen (BUN) levels were measured to
evaluate the function of liver and kidney.

2.10. TUNEL staining

Tumors were fixed in 4% paraformaldehyde at 4°C
for 12h and then dehydrated using a 30% sucrose
solution. The tumors were then frozen in OCT
compound (Sakura, Torrance, CA, USA) and sliced
(Leica, Germany). Next, they were stained with
DAPI and TUNEL dyes, and data were collected
using a confocal fluorescence microscope (Olympus
FV 3000, Tokyo, Japan). The images were analyzed
by ImageJ software.

2.11.

Statistical analysis was performed using GraphPad
Prism software. One-way analysis of variance
(ANOVA) followed by Tukey’s multiple compar-
isons test was performed in the comparison of three
or more groups. Experimental results were expres-
sed as mean =+ standard deviation (SD) from at
least three independent trials. A value of P < 0.05
was considered statistically significant.

Statistical analysis
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3. Results

3.1. Preparation and characterization

of PLGA-MMAEFE NPs

The preparation of PLGA-MMAE nanomedicine
was carried out using a thin film rehydration pro-
cess. Firstly, MMAE and PLGA-b-PEGyy,, were
distributed into a thin membrane, ultrapure water
was added dropwise under ultrasonic conditions to
form the NPs through hydrophobic interaction with
a high loading efficiency of MMAE in PLGA-
MMAE NPs (78.7%) (Figs. 1(a) and S1). Subse-
quently, the size of the NPs was characterized
around 168 nm, which is beneficial to the biodis-
tribution in the tumor via EPR effect®” (Fig. 1(b)),
and can be applied to the subsequent in wvivo
experiments. Then the size and zeta potential
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respectively. In addition, the size of PLGA-MMAE
remained the same (approximately 168 + 5nm) for
72h regardless of the storage at 4°C or 37°C,
showing good stability in water solution (Fig. 1(c)).
In vitro release experiments showed that PLGA-
MMAE performed a sustained release of MMAE
molecules in PBS (pH 7.4, 37°C). HPLC quantita-
tive analysis revealed that the release of PLGA-
MMAE only reached approximately 50% within 3
days (Fig. 1(d)). In summary, PLGA-MMAE NPs
were obtained with a high MMAE loading yield and
stability. Moreover, these stable NPs with a particle
size of approximately 168 nm remained intact
without releasing MMAE during blood circulation.
After the accumulation in the tumor through EPR,
PLGA-MMAE continuously released MMAE,
which might result in an improved chemothera-
peutic effect.
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Characterization of PLGA-MMAE NPs. (a) Determination of the encapsulation efficiency of MMAE in PLGA-MMAE NPs

by HPLC. (b) Size distribution of PLGA-MMAE NPs. Results are presented as mean + SD, n = 3. (c) Stability of PLGA-MMAE
NPs in water at 4°C or 37°C. Results are presented as mean + SD, n = 3. Determination of the encapsulation efficiency of MMAE in
PLGA-MMAE NPs by HPLC. (d) Release profile of MMAE from PLGA-MMAE NPs, demonstrating their release behavior. Results

are presented as mean + SD, n = 3.
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3.2. Cell uptake and cytotoxicity of

PLGA-MMAE NPs on tumor cells

To evaluate the time-dependent cellular uptake of
PLGA-MMAE nanoparticles, 4T1 cells were utilized.
Moreover, PLGA-MMAE@DiR-BOA nanocomplexes
were used to allow accurate monitoring. 4T1 cells
were treated with PLGA-MMAE@DiIR-BOA NPs
(MMAE: 10 nM; DiR-BOA: 15 M) at 37°C, and a
substantial and evident cell uptake was observed. The
DiR-BOA fluorescence signal of the NPs within the
cells gradually increased in a time-dependent manner
(Fig. 2(a)). The cytotoxicity of PLGA-MMAE nano-
medicines was evaluated in vitro by CCK-8 assay, in
comparison with the free MMAE after incubation for
24 h at different concentrations. Cell viability after

DiR-BOA Hoechst 33342
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the treatment with PLGA-MMAE nanomedicines
was higher than that of free MMAE at all con-
centrations. The free MMAE had an IC50 value of
10nM, while the IC50 of PLGA-MMAE was 430 nM
at 24 h, indicating that the toxicity of the PLGA-
MMAE was much lower than the free MMAE
(Fig. 2(b)). In addition, consistent results were
obtained in both MC38 and Panc02-H7 cells (Fig. S2).
Further research on the cytotoxic effect of different
incubation times (MMAE: 10nM) revealed that the
cell inhibition rate of PLGA-MMAE is gradually
comparable to that of the free MMAE over time.
These results indicated that PLGA-MMAE NPs had
the ability to perform a sustained release of MMAE
and exerted cytotoxic effects on 4T1 cells in a dose-
dependent and time-dependent manner (Fig. 2(c)).

PLGA-MMAE
-®- free MMAE

Cell Viability(%)
(42
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C T T T T T T
0 12 24 36 48 60 72

Time(h)

()

(Color online) Cell uptake and cytotoxicity of PLGA-MMAE NPs on tumor cells. (a) Cell uptake of PLGA-MMAE NPs

by 4T1 cells. Scale bar: 25 um. (b) Cell viability of 4T1 tumor cells treated with PLGA-MMAE and free MMAE at different
concentrations (0-1000nM) for 24h evaluated by CCK-8 assay. Results are presented as mean =+ SD, n=5. (c) 4T1 cell
viability after co-incubation with PLGA-MMAE or free MMAE for 3, 6, 12, 24, 48, and 72 h. Cell viability was measured by CCK-8
assay. Results are presented as mean + SD, n = 5. (d) Immunofluorescence staining images of 4T1 cells treated with free MMAE
(10nM) and PLGA-MMAE (10 nM) for 24 h. Nuclei were stained with DAPT (blue), CRT (green) and (e) HMGBI (red). Scale bar:

20 pm.
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PBS

PLGA-MMAE free MMAE

Fig. 2.

ICD is a distinct type of functional response that
involves the induction of organelles and cellular
stress, and results in cell death accompanied by
exposure to massive DAMPs, active secretion, or
passive release,*® stimulating DCs to take up and
present antigens, as well as fostering DC activation
and maturation.?”* ICD caused by MMAE can
benefit the activation of the subsequent antitumor
immune responses. The ICD caused by MMAE
nanomedicine was assessed by the immunofluores-
cence staining of CRT and HMGBI1. Due to the
permeabilization of the cell samples, a faint CRT
signal can be also observed in PBS group.***! Both
MMAE and PLGA-MMAE demonstrated more
obvious CRT signals and the release of the HMGB1
protein, as compared to after the group treated with
PBS (Figs. 2(d) and 2(e)). However, the CRT and
HMGBI1 fluorescence signals induced by the PLGA-
MMAE NPs were weaker than those of the free
MMAE, mainly due to the less MMAE content
resulting from the sustained release of the PLGA-
MMAE. These results suggested that PLGA-
MMAE effectively triggered ICD in wvitro, exerting
an immune stimulation in vivo.

PLGA-MMAE@DIiR-BOA

Fig. 3.
MMAEG@DiR-BOA.

DAPI HMGB1

Merge

PBS

PLGA-MMAE free MMAE

(Continued)

3.3. Antitumor effect and safety of

PLGA-MMAE NPs in breast
tumor-bearing mice

Encouraged by the outstanding outcomes in vitro,
the antitumor effect of PLGA-MMAE was further
carried out in vivo. First, the in vivo distribution of
PLGA-MMAE in breast cancer bearing mice was
investigated by NIR fluorescence. When the tumor
volume reached 50 mm®, PLGA-MMAE@DiR-BOA
NPs (MMAE: 4mg/kg, DiR-BOA: 50 uM) were
intravenously injected. PLGA-MMAE@DiR-BOA
NPs could efficiently extravasate the cargo DiR-
BOA from blood vessels to diffuse through the ex-
tracellular matrix, and penetrate and be retained in
the tumor site.””> Real-time images revealed strong
fluorescence signals in the tumor area, indicating
the successful accumulation of the NPs in the tumor
tissue (Fig. 3). The fluorescence signal in the tumor
was further enhanced in a time-dependent manner,
indicating that PLGA-MMAE effectively remained
in the tumor for up to 48 h, releasing DiR-BOA and
MMAE in a sustained manner, which enhanced
the therapeutic effect. In summary, these results

HZSS

128

NIR imaging of the in vivo distribution of PLGA-MMAE. NIR-I images of 4T1 tumor-bearing mice treated with PLGA-
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demonstrated the potential of PLGA-MMAE NPs
for the targeted delivery into the tumor through the
EPR effect.

When the average tumor volume of each group of
mice reached 50 mm?®, the mice were randomly di-
vided into four groups: PBS, PLGA, free MMAE
and PLGA-MMAE (MMAE: 4mg/kg). After in-
travenous injection, the biophysical conditions of
the mice in each group (weight, tumor volume, and
survival status) were recorded. During the
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treatment, the body weight of mice treated with
PLGA-MMAE NPs began to return to normal
levels by the 10th day after the treatment, while the
mice in the free MMAE group were all dead on the
4th day due to the severe systemic toxicity of free
MMAE (Figs. 4(a) and 4(b)). The tumor volume of
the mice in the PLGA-MMAE group was reduced
more than 5 times in comparison with the tumor in
the PBS or PLGA group (Figs. 4(c) and 4(d)).
These results suggested that PLGA-MMAE not
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Fig. 4. Antitumor effect of PLGA-MMAE NPs in breast cancer-bearing mice. (a) Body weight changes of mice during the
treatment period. (b) Survival curves of mice after the treatment. (c) Tumor growth curves of 4T1 tumor-bearing mice treated with
normal saline solution, PLGA, free MMAE or PLGA-MMAE NPs after a single injection into the tail vein. (d) Tumor volumes of
4T1 tumor-bearing mice at the end of the treatment. (¢) TUNEL staining of the tumor of mice treated with different regimens. Scale
bar: 100 ym. (f) H&E staining of the tumor of mice treated with different regimens. Scale bar: 50 um. Results are presented as
mean + SD (n = 4). ¥***P < (0.001, ***P < 0.001, **P < 0.01, *P < 0.05.
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only effectively improved the survival time of
tumor-bearing mice, but also significantly inhibited
tumor growth. At the end of treatment (on the 15th
day), the tumor of each group was harvested and
subjected to H&E and TUNEL staining. A more
intense fluorescence signal was detected in the
group treated with PLGA-MMAE and MMAE
compared to other treatments, indicating an in-
crease in apoptotic tumor cells, as shown in
Fig. 4(e). Moreover, the H&E staining also con-
firmed the apoptosis, showing significant damage in
the tumor of both PLGA-MMAE and free MMAE

groups (Fig. 4(f)).

PBS

PLGA

After 15 days of treatment, the physiologic and
biochemical indexes of blood and H&E staining of
the main organs (heart, liver, spleen, lung, and
kidney) were measured to evaluate the biosafety of
PLGA-MMAE NPs in wvivo. The sections of the
organs of the free MMAE group showed tissue
loosening and increased intercellular space, espe-
cially the liver, which showed evident structural
abnormalities (black arrows). These results indi-
cated the severe systemic toxicity of free MMAE
(Fig. 5(a)).

In addition, the hematological parameters
related to liver function such as ALT and AST

free MMAE PLGA-MMAE

Fig. 5. Biosafety of PLGA-MMAE NPs in breast tumor-bearing mice. (a) The tumor and organ samples used for H&E staining
were collected after 15 days of treatment with PBS, PLGA NPs and PLGA-MMAE NPs, free MMAE only treated for 5 days. Scale
bar: 50 ym. (b) Hematological parameters of the mice treated with PBS, PLGA NPs and PLGA-MMAE NPs (treated for 15 days),
free MMAE only treated for 5 days before mouse death. The structural abnormalities in the liver are pointed by black arrows.

Results are presented as mean + SD, n = 4.
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significantly changed in the free MMAE group but
remained within a normal range in the PLGA-
MMAE group and were similar to those in the PBS
group (Fig. 5(b)). These results indicated that
MMAE-related toxicity in the PLGA-MMAE group
was significantly reduced. In conclusion, the re-
search results indicated that PLGA NPs modified
were of good biocompatibility.

3.4. Tumor immune mechanism
induced by PLGA-MMAFE NPs

The flow cytometry analysis of the immune cell in-
filtration in the tumor after treatment was performed
to investigate the detailed antitumor mechanism of
PLGA-MMAE NPs (Figs. 6 and S3, S4).

However, due to the toxic effects of the drug, the
mice in the free MMAE group died before the end of

PBS

PB(4.73%)

CD80-PE

PLGA

 PB(12.97%)

MMAE-loaded PLGA nanomedicine

the treatment and were not subjected to flow
cytometry analysis. The mature DCs in the tumor
were labeled by CD80 and CD86 antibodies. The
percentage of mature DC in the PLGA-MMAE-
treated group increased from 6.18 % (PBS group) to
39.56 % (Figs. 6(a) and 6(c)). This result suggested
that PLGA-MMAE might cause a higher degree of
ICD, release more tumor-associated antigens
(TAA), and induce a stronger immune response.**
In addition, an increased proportion of CD8* T
cells in the tumor (5.7-fold increase compared with
the PBS group) was detected in the PLGA-MMAE-
treated group (Figs. 6(b) and 6(d)). These results
suggested that PLGA-MMAE NPs induced tumor
cell apoptosis, promoted DC maturation and T cell
infiltration through the sustained release of MMAE
in the tumor, generating an immune response
against the tumor n vivo.

PLGA-MMAE

P6(33.29% )

T T T T T T TTTTTT LI R A

CD86-Al

PC

SSC-A

PBS

(a)

PLGA

PLGA-MMAE

P6(6.70%)

P6(6.82%)

a

“55 t2

ol
A
\_,—ﬁ

=

3

P6(14.07%)

g

(b)

CD8-AF647

Fig. 6. Flow cytometry analysis of the in vivo immune mechanism of PLGA-MMAE treatment. (a) Percentage of CD80 and CD86
expression in CD45% CD11C* DCs, n = 3 mice per group. (b) Proportion of CD3" CD8" T cells in CD45" T cells among different
treatment groups, n = 3 mice per group. (c) Percentage of CD80 CD86 " in CD11c™ cells among different treatment groups, n = 3
mice per group. (d) Proportion of CD3* CD8* T cells in CD45" T cells among different treatment groups, n = 3 mice per group.
Results are presented as mean + SD. ****P < (0.001, ***P < 0.001, **P < 0.01, *P < 0.05.
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4. Discussion

Cancer is the main cause of human death and one
of the most concerning major health problems in
the world.*** Continuous efforts and attempts have
been made to explore new cancer treatments.
Dolastatin 10 is a marine peptide isolated from the
mollusk Dolabella Auricularia. It inhibits tumor
growth by acting on tubulin, and its activity is
approximately 1000 times greater than that of
traditional chemotherapeutic drugs.”® Among
them, monomethyl auristatin E (MMAE) is one of
the derivatives of marine peptide Dolastatin 10. It
exerts its activity through different mechanisms
such as inhibiting microtubule polymerization in
G2/M phase and blocking cell division or apoptosis,
consequently inhibiting tumor growth.'?!* Howev-
er, MMAE cannot be used as a single antitumor
drug because of its high cytotoxicity. When killing
tumor cells, MMAE also causes an extensive dam-
age to normal cells, causing serious toxic side
effects. Therefore, the improvement of the bio-
availability of MMAE is crucial for an effective
treatment.

In this paper, the use of PLGA-b-PEGy, load-
ing MMAE increased its bioavailability in tumor
therapy in vivo. PLGA have been widely used in
many fields, including for a controllable drug re-
lease, tissue engineering, and regenerative medi-
cine.”®? Previous studies showed that PLGA is a
biodegradable polymer, which breaks down into
small molecules (lactic acid and glycolic acid) when

degraded in vivo.”’ Thus, PLGA was chosen as a
nanocarrier for an effective delivery of MMAE. In
addition, PEG was covalently bound to the PLGA
to increase drug accumulation at the tumor site,
inhibit tumor growth, and reduce the toxic effect of
MMAE on normal cells. Moreover, PLGA-MMAE
demonstrated a high MMAE drug loading rate
(78.7%), as well as good stability at both 4°C and
37°C (Fig. 1).

The study revealed a notably reduced cytotox-
icity of PLGA-MMAE compared to free MMAE,
even when both were administered at equivalent
concentrations. PLGA-MMAE significantly re-
duced the toxicity of MMAE, with an IC50 value of
430nM, which was approximately 40 times higher
than that of free MMAE. The cytotoxic effect of
PLGA-MMAE gradually increased with the exten-
sion of the incubation time since MMAE was re-
leased from PLGA-MMAE. PLGA-MMAE NPs
had the capacity of a sustained release of MMAE
exerting a cytotoxic effect on 4T1 cells in a dose-
and time-dependent manner. Besides the strong
cytotoxic effect, free MMAE caused ICD, which
triggered the antitumor immune response by ex-
posing CRT to the cell membrane surface and
HMGB1.**> The immunofluorescence staining
images showed that PLGA-MMAE also caused ICD
in vitro, which was beneficial for the activation of
the immune response in vivo (Fig. 2). Furthermore,
PLGA-MMAE effectively accumulated in the
tumor through the EPR effect in vivo (Fig. 3). The
PLGA-MMAE used in the 4T1 model showed a

2350024-12



significantly improved survival rate compared to
that of free MMAE, which confirmed its substan-
tially improved therapeutic effect in vivo (Fig. 4).
H&E and biochemical analysis (Fig. 5) revealed
that free MMAE induced severe systemic cytotoxic
side effects at a dose of 4mg/kg, but no systemic
toxic side effects occurred in the PLGA-MMAE
group, confirming that PLGA-MMAE had superior
biocompatibility in wvive. Additionally, PLGA-
MMAE treatment promoted DC maturation and
CD8* T cell infiltration in the tumor (Fig. 6). It
might be attributed to the continuous release of
MMAE in the tumor by PLGA-MMAE, causing
tumor cell apoptosis and further induction of a
stronger immune response by ICD effect. Therefore,
the modification of PLGA as a nanocarrier with
tumor-specific antigenic peptides or antibody frag-
ments needs further exploration to obtain the best
therapeutic effect of MMAE.

5. Conclusions

In this paper, PLGA-MMAE was successfully pre-
pared and characterized, showing reduced toxicity
and improved biocompatibility of MMAE compared
with free MMAE. In vitro experiments confirmed
the sustained release and ICD effects of PLGA-
MMAE nanoparticles. Notably, PLGA-MMAE has
sustained-release properties, which not only
improve the biosafety of MMAE, but also inhibit
tumor growth. Furthermore, PLGA-MMAE exhib-
ited the ability to induce cell apoptosis and elicit a
certain level of immune response for cancer treat-
ment. Overall, this study offers a secure and effec-
tive chemotherapy approach, along with a
straightforward synthetic process for MMAE-based
nanoparticles. Consequently, this study holds
promising implications for improving cancer thera-
pies and underscores the potential for safer and
more impactful treatments in the future.
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Appendix

The following supporting information can be sub-
mitted to MDPI along with the manuscript, Figure
S1: Standard curve of RP-HPLC external standard
method for PLGA-MMAE nanoparticles. (a) The
peak area of MMAE was plotted against its con-
centration in the standard solutions. (b) The linear
regression equation and the correlation coefficient
(R?) are shown. Figure S2: Cell viability of MC38
cells (a) and Panc02-H7 (b) cells and treated with
PLGA-MMAE and free MMAE at different con-
centrations (0-1000nM) for 24h evaluated by
CCK-8 assay. Results are presented as mean 4+ SD,
n = 3. Figure S3: Gating strategy for the analysis of
DCs and functional molecules in within tumor tis-
sue. Figure S4: Gating strategy for the analysis of
immune T cells and functional molecules in within
tumor tissue.

Supplementary Materials

The Supplementary Materials are available at:
https://www. worldscientific.com/doi/suppl/10.1142/
S1793545823500244.
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