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In the last couple of decades, nanoparticles have been extensively studied as carriers
for cancer imaging agents and as drug delivery platforms, due to their ability to posi-
tively affect the distribution and tumor-targeting properties of delivered compounds [1,2].
However, nanoparticle off-target accumulation, immunogenicity, and sequestration by
macrophages are issues that strongly limit their clinical translation [3,4]. These issues could
be overcome by the use of natural nanoparticles, since they are mainly constituted by pro-
teins or by cell membrane portions, resulting in high biocompatibility, stability in biological
fluids and bioinvisibility [5]. This Special Issue depicts the current landscape of natural
nanoparticles for cancer diagnosis and treatment, collecting articles able to better highlight
any feature relating to this topic. Not only natural nanoparticles, such as exosomes and
protein nanocages, but also organic nanoformulations of natural compounds, such as the
flavonoid luteolin and the xanthone derivate x-mangostin [6-9], represent attractive options
to improve knowledge in this area and to accelerate the translation of nanotechnological
products to the clinic, as summarized by Ion. D. et al. [10]. Among natural nanoparticles,
ferritins (HFn) are the most fascinating natural drug delivery system, and have been exten-
sively investigated in relation to cancer due to their intrinsic tumor-targeting capability, as
reported by Mainini F. et al., in this Special Issue [11]. HFn display the targeted recognition
of cancer cells and tissues thanks to their ability to specifically recognize the transferrin re-
ceptor 1 (TfR1), which is overexpressed in tumors [11]. HFn-based nanoparticles have been
engineered by DNA recombinant technology or by chemical surface modification, obtaining
products exploitable for the treatment, diagnosis and theranostics of cancer, already tested
both in vitro and in vivo with very promising results [11]. In addition to ferritin-based
nanoparticles, an important position is occupied by exosomes, a class of natural nanosized
vesicles derived by cells for intracellular communication and recently developed and as-
sessed for drug delivery purposes [12]. They display a typical tropism determined by the
cell subtype from which they are generated. Here, we report a study about exosomes from
M1 macrophages loaded with the combination of gemcitabine and the oral iron chelator
deferasirox, developed and tested for the treatment of gemcitabine-resistant pancreatic
cancer [13]. This work demonstrated how drug entrapment into M1-macrophage-derived
exosomes is an effective strategy to bypass drug resistance in this pancreatic cancer model,
suggesting that it could be successfully exploited for resistant pancreatic cancer and in-
vestigated in other cancer subtypes [13]. To date, the clinical exploitation of exosomes
derived from human or mammalian sources is challenging, since the set-up of large-scale
human or mammalian cultures to produce exosomes seems to limit the feasibility [14].
Recently, exosomes derived from the budding of bacterial membranes have been explored
as a valuable alternative for large-scale productions [14]. The review of S. Fazal and R. Lee
describes bacterial membrane vesicles (BMV), focusing attention on the sources used for
their production and on techniques for separation, purification, characterization and drug
loading. Moreover, also discussed was their exploitation as drug delivery platforms in
cancer therapy, with some in vivo applications reported [14]. Finally, this Special Issue is
completed by a literature review of nanotechnological solutions adopted for the delivery of
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RNA-i therapeutics in pancreatic cancers [15] and by natural carbon nanodots [16], a field
of study that creates a bridge between synthetic and natural nanoparticles, since it employs
classical chemical methods of synthesis starting from natural carbon sources [16].

Overall, the articles and reviews collected in this Special Issue describe a prolific and
dynamic field of study, which promises to bring natural nanocarriers to cancer clinical
trials, accelerating clinical translation.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: The anticancer properties of fucoidan have been widely studied in cancer research. How-
ever, the lack of safety information on the parenteral administration of fucoidan and its rapid
clearance from the system have limited its application. Herein, we assessed the therapeutic efficacy
and safety of fucoidan and developed fucoidan nanoparticles (FuNPs) to enhance their therapeutic
effect in the mouse model of breast cancer. FuNPs were synthesized through the emulsion method,
and the stable colloid has an average size of 216.3 nm. FuNPs were efficiently internalized into
breast cancer cells in vitro, demonstrating an enhanced antitumor activity in comparison with free
form fucoidan. After the treatment of FuNPs, the tumor progression was significantly inhibited in
viv. The tumor volume was reduced by 2.49-fold compared with the control group. Moreover, the
inhibition of the invasion of tumor cells into the lungs revealed the antimetastatic properties of the
FuNPs. FuNPs, as naturally marine polysaccharide-based nanoparticles, have shown their broader
therapeutic window and enhanced antimetastatic ability, opening an avenue to the development of
the inherently therapeutic nanomedicines.

Keywords: fucoidan nanoparticle; marine polysaccharide; safety; antitumor effect; anti-metastasis;
parenteral administration

1. Introduction

Fucoidan is a fucose-containing sulphated polysaccharide extracted from brown
seaweeds. The biological functions of this marine polysaccharide include anticancer,
antivirus, anti-coagulant, and modulation on diabetic and metabolic syndrome, have been
extensively studied [1]. With advantages such as being high solubility in aqueous solution
and a favorable safety profile, fucoidan has been applied to cancer treatments in preclinical
and clinical studies [2-4].

The therapeutic effects of fucoidan have been demonstrated in abundant cancer types
including acute leukemia [5], lymphoma [6], head and neck [7], lung [8], breast [9], hepato-
blastoma [10], prostate [11], and ovarian cancer [10] in animal studies. The mechanisms or
reactions discovered in these cancers were mostly associated with the induction of apopto-
sis and the inhibition of cell cycle. Moreover, fucoidan possesses antimetastatic ability [12],

Pharmaceutics 2021, 13, 1986. https:/ /doi.org/10.3390/ pharmaceutics13121986
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inhibiting the formation of tumor nodules in the lungs of metastatic 4T1 tumor-bearing
animal model [9]. Fucoidan has also been used as a complementary therapy for patients in
clinical studies, and the results demonstrated that fucoidan may augment the therapeutic
index [2].

In current applications, fucoidan is mostly administered via oral delivery. However,
obstacles such as the relatively low bioavailability [13] and the fast clearance rate [14] have
restricted the effective accumulation of fucoidan within the tumor, and thus limited its ther-
apeutic efficacy. Engineered nanoparticles with the tailorable properties such as size, zeta
potential, surface coating, and shape can optimize the pharmacokinetic behavior and the
ability of one material to accumulate in a tumor [15,16]. As reported by Abdollah et al., the
coating of fucoidan on the surface of nanoparticles can significantly extend its circulation
time in the bloodstream [17], thus offering more opportunities for the nanomedicines to
accumulate within the tumor.

In this study, we developed a fucoidan-based nanoparticle (FuNP), explored its safety
profile and its potential to inhibit tumor progression via parenteral administration route.
Herein, we synthesized the colloidally stable FuNPs using the emulsion method. The
compositions we used to stabilize the structure are listed as approved excipients by USFDA.
The safety profiles of fucoidan and FuNPs injected via parenteral route were evaluated in
mice, and the therapeutic efficacy of FuNPs was assessed in MDA-MB-231-tumor bearing
mice. We demonstrated that FuNPs possessed a favorable safety profile and the potency to
inhibit tumor progression as well as metastasis. This evidence paves the way for further
translational applications of FuNPs.

2. Materials and Methods
2.1. Materials and Reagents

Poly(D,L-lactide-co-glycolide) (PLGA), soybean oil, and Poly(lactide-co-glycolide)-
Rhodamine B were purchased from Merck (Germany). Anti-F-actin antibody and 2-(4-
Amidinophenyl)-6-indolecarbamidine dihydrochloride, 4’,6-Diamidino-2-phenylindole
dihydrochloride (DAPI) were purchased from BD Biosciences (USA). Fucoidan from fucus
vesiculosus was purchased from Marinova (Tasmania, Australia).

2.2. Preparation of Fucoidan Nanoparticles (FuNPs)

FuNPs were synthesized by emulsification process. The aqueous phase with fu-
coidan and organic phase (i.e., dichloromethane, DCM) with PLGA plus soybean oil were
mixed and sonicated using the ultrasonic homogenizer (UP200S with S2 probe, Hielscher,
Germany) under ice bath. After forming a one-phase emulsion, the sample was subjected
to the rotary evaporator to remove the DCM. The aqueous solution after evaporation was
purified using a centrifuge.

2.3. Size Selection of FuNPs Using Centrifuge

The as-synthesized FuNPs were subjected to size selection to separate the large and
small FuNPs. The group without the exclusion of large FuNPs was centrifuged at 14,000 x g
for 15 min. We then removed the suspension and redispersed them in water. To collect
the large FuNDPs, the as-synthesized FuNPs were centrifuged at 800x g for 5 min. The
pellets represented the larger FuNPs were collected and redispersed in water, while the
suspension was further centrifuged at 14,000x g for 15 min. The pellet as the smaller
FuNPs was redispersed in water and stored in 4 °C for further use.

2.4. Characterization of FuNPs

The morphology and structure of FuNPs were characterized using a scanning elec-
tron microscopy (SEM, JSM-6700F, JOEL, Akishima, Japan) and a transmission electron
microscopy (TEM, JEOL JEM-2100F, JEOL, Akishima, Japan). Dynamic light scattering was
used (DLS, Litesizer 500, Anton Paar, Graz, Austria) to measure the size and zeta potential
of FuNPs.
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2.5. Stability Test

FuNPs were transferred from water to PBS for the stability test. In brief, the FuNPs
were stored in 4 °C and 37 °C, respectively, and the size and zeta potential of the FuNPs
were analyzed at least 3 times for 7 days post PBS incubation.

2.6. Cell Culture

MDA-MB-231 breast cancer cell line was purchased from Bioresource Collection and
Research Center, Food Industry Research and Development Institute, Taiwan. The cells
were cultured using Dulbecco’s Modified Eagle Medium (DMEM, Thermo Fisher Scientific,
MA, USA) containing 10% fetal bovine serum (FBS, from Thermo Fisher Scientific, MA,
USA) and 1% penicillin/streptomycin (Thermo Fisher Scientific, MA, USA). The 4T1 was
purchased from ATCC (Manassas, Virginia, USA), and the culture method was identical to
MDA-MB-231 cells.

2.7. In Vitro Antitumor Effects

MDA-MB-231 cells were treated with fucoidan or FuNPs at different concentrations
and the cell viabilities at 24 h and 48 h were measured using CCK-8 assay. In brief, 5 x 103
cells were seeded in 96 well plates and cultured with culture medium (100 uL) at 37 °C
overnight. Fucoidan and FuNPs with different concentrations were then added to the cells.
After incubation for 24 h or 48 h, cells were washed with PBS, and CCK-8 solution was
added to the medium and allowed reaction for 30 min. The plate was then subjected to
Elisa reader (SpectraMax iD3, Molecular Devices, San Jose, CA, USA) and the absorbance
was measured at 450 nm.

2.8. Monitoring Cell Internalization

We analyzed the cell internalization using flow cytometry (Attune Nxt flow cytometry,
ThermoFisher, USA) and fluorescence microscopy (Axiolmager. A1, Zeiss, Germany). To
facilitate the observation, PLGA-Rhodamine was mixed with PLGA at 1:20 w/w ratio
during the synthesis process to obtain the fluorescence-labeled FuNPs. After the incubation
of FuNPs with 4T1 and MDA-MB-231 cells for 24 h and 48 h in a 6-well plate, the cells
(1 x 10°) were collected and measured using flow cytometry.

For fluorescence microscopy, 4T1 cells were seeded and allowed to grow on Millicell
EZ SLID (Merck, Germany) overnight. After that, we incubated the cells with FuNPs for
24 h and washed the cells twice with PBS. To generate cellular permeability, triton X-100
(0.3% in PBS buffer) was added for 30 min. The cells were then blocked using FBS buffer
(30 min), immobilized using anti-F-actin at 4 °C overnight, and further stained using a
secondary antibody (1:250) for 1 h. After an 1 h incubation, the cells were washed twice
with PBS and stained with DAPI (1 pg mL~1) for 5 min. The cells were then observed using
a fluorescent microscope.

2.9. Animals

ICR mice were used in the safety study, in which the animal protocol has been re-
viewed and approved by the Institute of Animal Care and Use Committee (IACUC) of
Agriculture Technology Research Institute, Taiwan, approval number of 109113. For thera-
peutic and safety studies using balc/c nude mice, the animal experiments were performed
in compliance with the guidelines of the Animal Care and Use Committee (IACUC) of the
China Medical University under the approval number of CMUIACUC-2021-299.

2.10. Safety of Fucoidan via IP Injection

A 14-day acute toxicity study of fucoidan via intraperitoneal (IP) injection was carried
out to determine the safety and the adverse effect of fucoidan on 12 male and 12 female
adult ICR mice (7-9 weeks old). Mice were randomly assigned to either Control, Low-dose,
Mid-dose or High-dose groups in which they intraperitoneally (IP) received a 0, 50, 275 or
500 mg kg~ ! of single dose fucoidan, respectively. During the 14-day observation period,
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clinical observation including body weight, mortality, clinical symptoms including exterior,
behavior, breath, mouth and nose, eyes, skin, digestion, and metabolism were monitored
and recorded. Following the monitoring for 14 days, the mice were sacrificed and were
subjected to assessments including hematology, serum chemistry and histopathology.
For hematology, the whole blood was collected from abdominal aorta through syringe
aspiration and preserved in clean K2-EDTA centrifuge tubes at room temperature before the
analysis of red blood cells (RBC), hemoglobin (HGB), white blood cells (WBC), hematocrit
(HCT), blood platelet (PLT), lymphocyte composition, eosinophil composition, neutrophil
composition, monocyte composition, and basophil composition.

For serum chemistry, the whole blood collected from the heart through syringe as-
piration was preserved in clean centrifuge tubes at room temperature for 30 min and
centrifuged to harvest the serum. Aspartate aminotransferase (AST), alanine aminotrans-
ferase (ALT), creatinine, blood urea nitrogen (BUN), albumin, and glucose of the mice were
measured using clinical chemistry analyzer.

For histopathology, the harvested organs include adrenal glands, heart, lungs with
trachea, kidneys, spleen, liver with gallbladder, salivary glands, and mandibular lymph
were preserved in 10% neutral buffered formalin (NBF) at room temperature for 72~96 h.
After fixation, the tissues were trimmed, dehydrated with ethanol and infiltrated by paraffin.
Thin sections (4-6 um in thickness) were cut using a microtome and were subjected to
hematoxylin and eosin (H&E) stain. Histopathological alterations were documented by
a pathologist.

2.11. Therapeutic Effect of FuNPs

To evaluate the therapeutic effect, the MDA-MB-231 tumor-bearing mice were treated
with saline (control) or FuNPs via intravenous (i.v, 100 mg kgfl) injection (q3dx6) at
19 days after tumor inoculation (1 = 4). The tumor volumes were monitored using a digital
caliper (Mitutoyo) three times a week using the following Equation (1):

7W><L2

Tumor volume (V) 2

(€
in which W is the width of the tumor, and the L is the length of the tumor (W < L).

2.12. Safety of FuNPs

Following the monitoring of the tumor progression, the mice were later sacrificed on
day 49 and were subjected to histopathological assessments. In brief, the harvested organs
include adrenal glands, heart, lungs with trachea, kidneys, spleen, liver with gallbladder,
salivary glands, mandibular lymph node, and inoculated neoplasm (human breast cancer
model, MDA-MB-231 cell line) were preserved in 10% neutral buffered formalin (NBF)
at room temperature for 72~96 h. After fixation, the tissues were trimmed, dehydrated
with ethanol, and infiltrated by paraffin. The microtome was used to cut the sample with
multiple sections with 4-6 um in thickness These sections were subjected to hematoxylin
and eosin (H&E) stains to observe histological alteration by the study pathologist.

2.13. Statistical Analysis

Results are expressed as mean =+ s.d. unless otherwise noted. Non-parametric Kruskal—-
Wallis test was used to evaluate the significance of mean differences between the control
and the fucoidan-treated group in body weights and clinical chemistry values. One-way
ANOVA was used to evaluate the statistical differenceusing GraphPad Prism version 9.2.0,
USA. p value < 0.05 was considered statistically significant. If a significant result was
determined, post hoc tests were used to seek the differences with the control group.
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3. Results
3.1. Safety of Fucoidan

The high biocompatibility of fucoidan has been recognized by the Generally Recog-
nized as Safe (GRAS) of the Food and Drug Administration (FDA). While most studies
focus on the safety of fucoidan using the oral administration route, scarce information on
the dose-related toxicity via parenteral administration has been revealed.

Herein, a 14-day acute toxicity study of fucoidan via intraperitoneal (IP) injection was
carried out to determine the safety and the adverse effect of fucoidan on 12 male and 12 female
adult ICR mice (7-9 weeks old). Mice were randomly assigned to either Control, Low-dose,
Mid-dose or High-dose groups in which their IP received a 0, 50, 275 or 500 mg kg~! of
single dose fucoidan, respectively. All mice survived to the end of the study without any
abnormal clinical manifestation on their skin, eyes, nose, and mouth. They exhibited normal
breathing, behavioral, digestion and metabolism patterns. There was no statistical difference
in body weight across all groups before the injection, 7 days (Kruskal-Wallis; p = 0.514 for male,
p = 0.182 for female) and 14 days (Kruskal-Wallis; p = 0.304 for male, p = 0.227 for female) after
the IP injection of fucoidan (Figure 1a). Both the clinical chemistry (Supplementary Table S1a)
and hematology values (Supplementary Table S1b) of all groups were within normal reference
range [18]. Histopathological examination revealed that cerebrum, cerebellum, heart, lung,
spleen, and kidney remained healthy and normal across groups (Figure 1b) except for liver
and lymphatic organs.

Their abnormalities were only to be observed in the High-dose group. The abnormal
histopathological findings were observed in multiple lymphatic organs. Interestingly, when
comparing with the Control, Low-dose and Mid-dose groups, the thymus of the High-dose
group was significantly heavier (Supplementary Figure S1) and demonstrated a mild increase
of corticomedullary ratio (Supplementary Figure S2a). Mild to moderate hyperplasia were
found in gut-associated lymphoid tissue (GALT, Supplementary Figure S2b) and mesenteric
lymph nodes, mostly in their follicular (Supplementary Figure S2c), indicating the immune
enhancement effect at this area was dominated by T cells. Besides the lymphatic organs,
the males’ livers were weighted heavier in the High-dose group than those in the Control,
Low-dose and Mid-dose groups (Supplementary Figure S1). In addition, mild to moderate
hepatic lesions along with microvascular foamy microphages aggregation were found only
in some of the female mice in the High-dose group (Supplementary Figure S2d). Based on
the result of this acute toxicity test, the decision was made to the dose below Mid-dose (i.e.,
275 mg/kg) in the subsequent studies to minimize the interference of adverse effects.
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Figure 1. The use of fucoidan at the single dose of 50-275 mg kg ! via intraperitoneal injection is determined safe in mice.
(a) Left panel: there was no significant difference in body weight of the males and females when they were randomly
assigned to each group before the injection. Middle panel: The body weight of the mice was not affected 14 days after the
exposure to a single dose of Fucoidan. Right panel: Low-, mid- and high-dose Fucoidan did not affect the body weight of
the mice at the end point of the toxicity test. (b) Representative microscopic images depict no observable impact of fucoidan
to the brain, heart, lung, spleen, and kidney. All data are shown in means =+ s.d. Exact p-values are reported in text. Scale
bar = 50 um for cerebrum, cerebellum, heart, lung, and kidney = 100 um for spleen.
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3.2. Characterization of Fucoidan Nanoparticles (FuNPs)

We synthesized FuNPs using the emulsion method. The size and the structural
stability of FuNPs can be controlled by adjusting the composition, solvent, and sonication
parameters including the intensity and the process time. Although emulsion is a well-
established method to synthesize nanoparticles, the size distribution of the produced
nanoparticles is broad. The size of a nanoparticle affects its interaction, internalization, and
degradation with a cell, which would consequently impact its heterogenous performance
on efficacy and safety [15]. Therefore, after emulsification, we performed size selection
using the centrifugation and the selection strategy is illustrated in Figure 2a. The FuNPs
without exclusion of large particles were abbreviated as L+S, while the FuNPs obtained via
size selection process were categorized into either “Large” or “Small” groups.

The sizes of the FuNPs were then verified using scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and dynamic light scattering (DLS). Heteroge-
neous size distribution of the L+S group was observed (Figure 2b). After size selection, the
homogeneous FuNPs of Large (Figure 2c) and Small groups (Figure 2d) were observed
using SEM. They were further analyzed and verified using DLS (Figure 2f). The size of
the FulNP in the L+S, Large, and Small groups were 223.6, 410.1, and 216.3 nm, respec-
tively, indicating the vast majority of the produced FuNPs were in the smaller size. The
homogenous FuNPs in the Small group were then observed using TEM (Figure 2e). These
FuNPs were strongly negatively charged due to the sulphate groups present in the fucoidan
structure (Figure 2g). FuNPs with larger size demonstrated a relatively stronger charge,
possibly due to the fact that more fucoidan molecules were coated on the surface.
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Figure 2. Illustration of the size selection strategy and the characterization of FuNPs. (a) Schematic
illustration of size selection for FuNP using centrifugation. SEM images of L+S (b), Large (c), and
Small (d) FuNPs groups; (e) TEM image of the Small FuNPs group; The size (f) and zeta potential
(g) of the different groups were measured using DLS.
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3.3. The Effect of the Size of Fucoidan Nanoparticles on Cell Uptake

The size of a nanoparticle can affect the efficiency of cellular interaction and inter-
nalization. After breast cancer cell line 4T1 and MDA-MB-231 were incubated with the
FulNPs from L+S, Large, and Small groups for 24 h or 48 h, the cell internalization efficiency
was assessed using flow cytometry. Rhodamine-modified PLGA were introduced in the
emulsion process to form the dye-labeled FuNPs to facilitate the observation.

The percentage of the cells that internalized FuNPs increased following the time-
dependent manner in both cells. At 24 h incubations, 31.4%, 26.4%, and 42.4% of the 4T1
cells, and 53.5%, 32.8%, and 56.5% of the MDA-MB-231 cells treated with L+S, Large, and
Small FuNPs, respectively, were found to associate with the FuNPs (Figure 3). FuNPs
from L+S and Small groups demonstrated a higher fluorescent intensity compared with
the Large group, indicating that the smaller FuNPs possessed a higher cell internalization
efficiency compared with the larger ones. FuNPs from the Small groups also exhibited
a higher cell internalization efficiency compared with those of L+S and Large groups
at 48 h post incubation in both cells (Figure 3). These results were confirmed using a
fluorescent microscope. The higher red fluorescence intensity (rhodamine-labeled FuNPs)
was found in the cancer cells for the Small group (Supplementary Figure S3). We also found
that FuNPs from the Large group were less stable and tended to precipitate in PBS and
culture media after 24 h of incubation. In contrast, the Small group was colloidally stable
during the assessments, which might provide a higher opportunity to interact with the
cells to facilitate cellular internalization. Thus, FuNPs from the Small group were chosen to
perform subsequent in vitro and in vivo studies.
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Figure 3. Internalization of FuNPs with different sizes into cancer cell lines. The percentage of 4T1 (a) and MDA-MB-231 cells
(b) internalizing FuNPs from L+S, Large, and Small groups at 24 h and 48 h incubation was evaluated using flow cytometry.

3.4. Stability of the FuNPs

The stability of FuNPs were assessed by incubating them in PBS at 4 °C and 37 °C,
respectively. FuNPs at 4 °C were found to be stable in PBS, demonstrating identical size
(Figure 4a) and zeta potential (Figure 4b) from day 0 to day 7. The polydispersity index
(PDI) at 0.05, 0.02, and 0.012 for 2-, 4-, and 7-day incubation demonstrated that FuNPs
sustained homogenous size distribution. Of note, since the ion environment in PBS is
more complex, the zeta potential of FuNPs measured in this experiment was higher than
the value in water (Figure 2g). On the other hand, at 37 °C, the size of FuNPs increased
significantly on day 7 and the zeta potential of FuNPs increased significantly at day 2 and
day 7. These changes happened probably due to the degradation of PLGA.
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Figure 4. Monitoring the stability of FuNPs in PBS by size (a) and zeta potential (b) using DLS from
day 0 (as synthesis) to day 7.

3.5. Cytotoxicity of Fucoidan and FuNPs on Cancer Cells In Vitro

To evaluate the cytotoxicity of fucoidan and FuNPs, different concentrations were
used to treat MDA-MB-231 cells. Interestingly, we found that FuNPs showed stronger
antitumor effect while compared with the fucoidan (Figure 5). MDA-MB-231 cells sustained
a viability of more than 80% in the exposure to fucoidan (0.5 to 2 mg mL ™). In contrast, the
FuNPs significantly decreased the viability of MDA-MB-231 cells at a concentration as low
as 0.3125 mg mL~1. At 0.5 mg mL~, cell viability was approximately 7 times lower when
treated with FuNPs than with fucoidan, suggesting the anticancer potency of FuNPs was
significantly stronger than free form fucoidan. Based on its superior efficacy in cytotoxicity
studies, FuNPs were assessed in the MDA-MB-231 animal model to further evaluate its
anticancer effects.
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Figure 5. The cell viability of MDA-MB-231 after treating fucoidan or FuNPs with various concentrations. The experiments
were performed with at least 6 biological independent samples. One-way ANOVA was performed to evaluate the statistical
difference of cell viability between the cells treated with fucoidan and FuNPs at the concentration of 0.5 mg mL~1; ** p < 0.01.

3.6. Tumor Inhibition Effect

FuNPs demonstrated therapeutic effect in MDA-MB-231 tumor-bearing mice in a
q3dx6 treatment regimen, showing a superior tumor inhibition effect compared with the
control group (p = 0.003, day 49, Figure 6a). The body weight of the mice treated with

11
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Tumor volume (mm®

FuNPs slowly increased over time, showing no significant difference in comparison with
the control group (Figure 6b). The results indicated that the administration of FuNPs
inhibited the growth of the MDA-MB-231 tumor, while no abnormal clinical manifestation
was found throughout the treatment.

On day 49 post tumor inoculation, the mice were sacrificed, and the major organs
were subjected to pathological analysis. The lungs of the mice treated with saline (control
groups) were found to be invaded by the metastatic tumor cells (Figure 6¢). Importantly, the
sections of the arterial lumen of the FuNPs-treated groups were dominated with embolus,
which comprised spindle cells, fibrin, immune cells, and tumor cells. This evidence was a
heritage that the tumor cells failed to extravasate into lung parenchyma, thus preventing
the tumor metastasis (Figure 6¢).
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Figure 6. Therapeutic efficacy of FuNPs in MDA-MB-231-tumor bearing mice. Tumor volume (a) and body weight change
(b) of the MDA-MB-231-tumor-bearing mice treated with saline (control) and FuNPs following the treatment course of
q3dx6; the section of lung in control and FuNPs-treated groups. (c) H&E stains of the mice’s lungs showed metastatic tumors
in the control group, while the invasion was inhibited in the FuNPs-treated group. Scale bar = 50 um. The experiments were
performed with 4 biological independent animals. One-way ANOVA was performed in Figure 6a to evaluate the statistical
difference between the tumor volume at day 49.

3.7. Safety of Fucoidan Nanoparticles

After sacrificing the mice, the organs including hearts, livers with gallbladders, spleens,
lungs, kidneys, and salivary glands as well as tumors were collected, weighted, sectioned,
stained, and subjected to pathological assessments. There were no significant differences
in the organs from the mice treated with saline and FuNPs (Figure 7a). As the tumor
growth was effectively inhibited as shown in Figure 6a, the average weight of the tumor
from the mice treated with FuNPs was significantly lighter compared with the control
group (Figure 7a). We did not observe any abnormality from the H&E stains of heart, liver,
spleen, kidney, and salivary gland of the mice treated with FuNPs (Figure 7b). With all the
evidence, we concluded that FuNPs are safe under current treatment regimen and dose.
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Figure 7. Safety assessments of FuNPs. (a) The organs and tumors weight of the mice treated with saline (control) and
FuNPs; (b) H&E stain for the pathological analysis of the mice treated with FuNPs. Scale bar = 50 um. The experiments
were performed with 4 biological independent animals. One-way ANOVA was performed in Figure 7a to evaluate the

statistical difference between the tumor weight between control and FuNP-treated mice; ** p < 0.01.

4. Discussion

Fucoidan from fucus vesiculosus was demonstrated to be safe at the doses ranging
from 50 to 500 mg kg ~! and 50 to 275 mg kg ! via the parenteral IP administration route
in male and female mice, respectively (Figure 1 and Supplementary Figure S1). While
not every female mouse that received 500 mg kg ! fucoidan showed liver lesion, further
studies involving more female mice are required to draw conclusions. Generally, our study
provides solid evidence that fucoidan is a substance with a favorable safety profile for the
applications associated with parenteral administration.

With the simple emulsion process, we synthesized the FuNPs with an inherently
therapeutic effect on tumor inhibition. In Figure 2a-d, we showed that larger FuNPs could
be collected via centrifugation at a lower speed (i.e., 800x g). By excluding the FuNPs
with the particle size larger than 400 nm, the smaller ones presented a more efficient cell
internalization efficacy in MDA-MB-231 and 4T1 breast cancer cell lines (Figure 3). The
storage of FuNPs in PBS at 4 °C was demonstrated to be stable for at least one week. In
contrast, zeta potential and size of FuNPs significantly increased at 2- and 7-day post
incubation in PBS at 37 °C (Figure 4), indicating the structural instability took place
within 48 h when subjecting the environment. The instability might be attributed to the
hydrolytic degradation of PLGA in aqueous environment [19], and lead to the detachment
of fucoidan from the particle surface. The degradation of FuNPs at 37 °C (i.e., the biological
temperature) addresses the potential of FuNP being a vesicle to encapsulate, deliver, and
release active pharmaceutical ingredients to a tumor tissue, and such controlled drug
release application is worth exploring in the future studies.

The anti-cancer activity and biological effects of fucoidan have been studied exten-
sively. The regulation of cell cycle, inhibition for the receptors such as epidermal growth
factor receptor (EGFR), transforming growth factor-beta receptors (TGFF), and Toll-like
receptor 4 (TLR4) for triggering downstream apoptotic pathways [2,20] are among the
common mechanisms that fucoidan activates to suppress the proliferation of cancer cells.
Noteworthily, FuNPs we synthesized had a significantly stronger anti-cancer activity com-
pared with the free form fucoidan (Figure 5). The stronger anti-cancer activity could be
attributed to the nanoparticle-related factors such as the enhanced cell uptake efficiency
and the induction of higher-level reactive oxygen species (ROS) in cancer cells [21].

FuNPs significantly inhibited the tumor progress in MDA-MB-231-bearing mice,
indicating the nanoscale formulation can successfully accumulate in the tumors after being
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IV injected into the bloodstream (Figure 6a). Importantly, fucoidan has been demonstrated
to inhibit metastasis in multiple cancer types including breast, lung, and liver cancer [12,20].
Encouragingly, FuNPs also demonstrated antimetastatic activities, where the tumor cells
were found to lose the ability to invade into the lung after receiving the FuNPs treatments
(Figure 6¢). In our study, multiple doses were administered in a 3-day treatment plan, and
no adverse effect was observed in the histological assessments (Figure 7). This indicates
that FuNPs are a safe formulation with the dual effects of inhibiting tumor growth and
metastasis under the current treatment regimen and dose. A further exploration of FuNPs
dose escalation study is valuable since FuNPs have such a favorable therapeutic index and
broad safety margin.

The aim of this study is to explore the possibility of forming fucoidan-based nanopar-
ticles and evaluate their anti-cancer activity. Our results demonstrated that the stable
FulNPs with appropriate size have a far superior tumor progress inhibition ability. The anti-
metastasis function of FuNPs was also observed in the mouse cancer model. Noteworthily,
under the intensive treatment regimen, FuNPs did not induce adverse effects as confirmed
by histological analysis. However, future studies elucidating the mechanisms on tumor
and metastasis inhibition are needed. While FuNPs with biodegradable ability can also act
as drug carriers to achieve controlled drug release, exploring the mechanisms of FuNPs
and discovering the ideal drugs to facilitate the synergistic combination for cancer therapy
can open an avenue for a new class of therapeutic nanomedicines.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/pharmaceutics13121986/s1. Table Sla: Clinical chemistry values (mean 4 SD) for male and
female mice, Table S1b: Hematology values (mean + SD) for male and female mice, Figure S1: High-
dose fucoidan significantly impacts the liver and lymphatic organs. Graphs show that high-dose
Fucoidan significantly increases the weight of the female spleen, the male liver and the thymus of both
the male and female. All data are shown in means 4 S.D. * p < 0.05; ** p < 0.01 (two-tailed one-way
ANOVA), Figure S2: The impact of a High-dose fucoidan to the thymus (a), GALT (b), mesenteric
lymph node (c), and liver (d) is depicted in these representative microscopic images. (a) High-dose
Fucoidan causes the corticomedullary ratio (black arrows) increase in the thymus. (b) High-dose
Fucoidan also induces the follicular hyperplasia (grey circle) in the GALT. (c) Foamy microphages are
shown (white arrows) in the mesenteric lymph nodes of the High-dose group. (d) The aggregation of
foamy microphages (white arrow) and the apoptosis of the liver cells (black arrows) are presented
14 days after the high-dose Fucoidan injection. Scale bar = 100 um for (b,d); 200 um for (a) and 20 um
for (c) and Figure S3: Monitoring the internalization of L+S, Large, and Small FuNPs groups into 4T1
cells at 48 h incubation using fluorescent microscope. Scale bar = 50 pum.
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Abstract: In the present study, luteolin (LT)-loaded nanosized vesicles (LT-NVs) were prepared by a
solvent evaporation-hydration method using phospholipid and edge activator. The formulation was
optimized using three factors at a three-level Box-Behnken design. The formulated LT-NVs were
prepared using the three independent variables phospholipid (A), edge activator (B) and sonication
time (C). The effect of used variables was assessed on the vesicle size (Y7) and encapsulation effi-
ciency (Y3). The selection of optimum composition (LT-NVopt) was based on the point prediction
method of the software. The prepared LT-NVopt showed the particle size of 189.92 & 3.25 nm with
an encapsulation efficiency of 92.43 + 4.12% with PDI and zeta potential value of 0.32 and —21 mV,
respectively. The formulation LT-NVopt was further converted into Carbopol 934 gel (1% w/v) to
enhance skin retention. LT-NVoptG was further characterized for viscosity, spreadability, drug con-
tent, drug release, drug permeation and antioxidant, antimicrobial and cytotoxicity assessment. The
evaluation result revealed optimum pH, viscosity, spreadability and good drug content. There was
enhanced LT release (60.81 + 2.87%), as well as LT permeation (128.21 + 3.56 ug/ cm?/h), which
was found in comparison to the pure LT. The antioxidant and antimicrobial study results revealed
significantly (p < 0.05) better antioxidant potential and antimicrobial activity against the tested or-
ganisms. Finally, the samples were evaluated for cytotoxicity assessment using skin cancer cell line
and results revealed a significant difference in the viability % at the tested concentration. LT-NVoptG
showed a significantly lower ICs value than the pure LT. From the study, it can be concluded that
the prepared LT-NVoptG was found to be an alternative to the synthetic drug as well as conventional
delivery systems.

Keywords: luteolin; vesicles; irritation study; optimization; topical gel

1. Introduction

Cancer is a major health issue all over the globe caused by abnormal cell growth
with invasive potentials [1]. There are multiple influencing factors such as genetic factors,
environmental factors, alcohol consumption, smoking, exposure to radiation and heredity.
Melanoma is a type of skin cancer with the highest metastatic effect rate. It can spread to
the other sites of the body by entering into the lymphatic system and bloodstream [2]. It can
originate from the malignant transformation of melanocytes and is the most aggressive
skin cancer. It has a low survival rate, high multidrug resistance and common relapse.
Nowadays, nanoformulations are the most widely explored delivery systems for skin-
related disease. They can bypass the effect of the first pass through the liver, with high
stability and low dose, and can target the affected area [3,4].

Nowadays much attention has been given to the bioactive compounds with antiox-
idant properties in the treatment of cancer. The flavonoid luteolin (LT) is an important
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natural antioxidant that has potent anticancer effects. It is a natural flavonoid, present in
different plant species. It has been reported to have a wide range of pharmacological actions
such as anti-inflammatory, anti-allergic, antioxidant and anticancer properties. The anti-
inflammatory activity of LT is related to its anticancer properties [5]. There are numerous
research studies that reported cell line activity against different cancers [1]. It acts by exhibit-
ing cell cycle arrest during the G1 phase linked to suppression of CDK?2 activity [6]. It helps
to reduce the epidermal growth factor-induced markers as well as restoration of cell—cell
junctions [1,7]. LT-loaded nanoformulations such as folacin-modified nanoparticle [8],
nanoparticles [9,10], NLCs [11], folic acid-modified ROS-responsive nanoparticles [12], and
nanospheres [13] have been prepared and enhanced bioavailability and efficacy have been
reported. However, the application of LT vesicles in the skin cancer has not been reported.

The application of nanoformulations has been found effective in the enhancement of
solubility of poorly soluble drugs [14]. Over the last decades, lipid-based nanovesicles for
topical delivery have been used to improve therapeutic efficacy. There are different types of
nanovesicles such as transferosomes, ethosomes, niosomes and cubosomes which are used
as topical delivery [15]. These vesicles are composed of cholesterol, phospholipids, surfac-
tants and water. These carrier systems can encapsulate both hydrophilic and hydrophobic
drugs. They can deliver drugs to both topical as well as systemic circulation [16]. The use
of an edge activator in the formulation of lipid vesicles gives flexibility to the lipid bilayer
and can permeate into a very low skin pore size [17]. It is also termed an ultra-deformable
vesicle with an aqueous core surrounded by the lipid bilayer. Due to the ultra-flexibility, it
can penetrate into the intact human skin and act as non-invasive targeting. The vesicles
have the ability to protect a drug from unfavorable absorption into the cutaneous blood
vessels. This helps to retain the drug at the skin site [18,19]. The edge activator promotes
skin permeation through an intercellular lipid matrix by mixing with stratum corneum
as well as by altering the lamellae [18,20,21]. It can permeate with low-, medium- and
high-molecular-weight drugs [22].

The object of the present study was to prepare luteolin-loaded nanovesicles (LT-NVs)
and characterize them for different parameters. The present delivery systems were op-
timized by using three factors, phospholipid 90 G (A), edge activator (B) and sonication
time (C), at three levels (—, 0, +). The different formulation compositions were assessed
on the particle size (PS) and encapsulation efficiency (EE) to select the optimized formula-
tion. From the formulation design approach, optimized luteolin nanovesicles (LT-N'Vopt)
were selected and characterized for permeation, drug release, antioxidant activity and
cytotoxicity activity.

2. Material and Methods
2.1. Materials

Luteolin was purchased from Beijing Mesochem Technology Co. Pvt. Ltd. (Beijing,
China). Phospholipid 90G was received as a gift sample from Lipoid GmbH, Ludwigshafen,
Germany. Sodium cholate, methyl paraben, triethanolamine and tween 80 were purchased
from Sigma Aldrich, St Louis, MO, USA and Loba Chemie, Mumbai, India. Optimization
of the formulation was performed using Design Expert software (Stat-Ease, Minneapolis,
MN, USA). The cells were procured from the National Centre for Cell Science, Pune, India.
Carbopol 934 and disodium hydrogen phosphate were procured from Loba Chemie Pvt.
Ltd. Mumbai, India and Planet Science, Vadodra, India. The solvents methanol, chloroform,
ethanol and water were used at analytical grade.

2.2. Optimization

The prepared LT-NVs were statistically optimized by a three factors, three level
Box-Behnken design. LT-NVs were prepared using the variables phospholipid (A), edge
activator (B) and sonication time (C) at three-levels, i.e., low (—), medium (0) and high (+)
(Table 1). The design showed fifteen formulation runs with three center points (the same
composition to check the error) and their effects were assessed on PS (Y1) and EE (Y3).
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The polynomial equation and 3D and contour plots were generated for all the variables
to evaluate the individual as well as combined effects. The actual and predicted values
were also generated from the software to confirm the results. The selection of formulation
variables was done based on the preliminary study. The dose of LT was fixed in all
compositions.

Table 1. Independent variables used to optimize luteolin nanovesicles (LT-NVopt) using a Box—

Behnken design.
Independent Variables Code Low (—1) Medium (0) High (+1)
Phospholipid 90 G (% w/v) A 70 80 90
Edge activator (% w/v) B 10 20 30
Sonication time (min) C 3 6 9
Dependent Variables
Particle size (nm) Y1
Encapsulation efficiency (%) Y,

2.3. Formulation of Luteolin Nanovesicles (LT-NVs)

LT-NVs were prepared using a solvent evaporation hydration method as per a reported
procedure with slight modifications [23]. The ingredients phospholipid 90 G (A) and edge
activator (B, sodium cholate—tween 80 blends, 50:50) were taken in specified amount
as shown in Table 2. Each ingredient including LT (25 mg) was accurately weighed and
transferred to a round bottom flask containing chloroform:methanol (10 mL, 1:1). The
flask was attached to a rotary evaporator and the organic solvent was removed at low
temperature (40 °C) to form a thin lipid film. The flask was removed from the evaporator
and kept overnight to remove the traces of organic solvent. LT-loaded thin lipid film was
hydrated with phosphate buffer saline (10 mL, pH 6.8) at 100 rpm for 30 min. The prepared
luteolin lipid vesicles (LT-NVs) were kept overnight at room temperature for stabilization
of vesicles. Finally, the LT-N'Vs were probe sonicated in ice condition (4 °C) for different
time points with 5 min interval to reduce the size. The prepared samples were transferred
to a vial and then stored for further characterization.

Table 2. Low, medium and high levels of experimental independent variables phospholipid 90 G (A),
edge activator (B), sonication time (C) with their effects on size (Y7, nm) and encapsulation efficiency
(Y2, %).

Code A (%, wlv) B (%, wlv) C (min) Y1 (nm) Y> (%)
1 80.00 20.00 6.00 213.8 £ 1.1 81.11 £33
2 80.00 20.00 6.00 2151+ 1.9 80.24 £ 3.9
3 90.00 10.00 6.00 2224443 73.56 + 2.6
4 90.00 30.00 6.00 2142+ 15 89.87 + 4.1
5 80.00 20.00 6.00 212.6 +2.1 81.21 +£ 3.5
6 70.00 10.00 6.00 1485 + 3.7 81.11 £ 3.2
7 80.00 30.00 3.00 155.2 +£2.9 76.87 + 4.1
8 90.00 20.00 3.00 1872 + 1.8 77.28 £4.7
9 90.00 20.00 9.00 254.6 +2.3 69.11 + 3.2
10 80.00 10.00 9.00 166.6 + 4.1 63.56 + 1.9
11 70.00 30.00 6.00 202.4 +3.2 7344 +£2.1
12 80.00 30.00 9.00 2311+ 15 80.12 + 1.7
13 80.00 10.00 3.00 164.7 + 1.7 7732 +23
14 70.00 20.00 9.00 1824+ 23 7332+ 32
15 70.00 20.00 3.00 1733 £ 3.5 75.65 + 2.7

2.4. Vesicle Characterization

The prepared LT-NVs were evaluated for particle size (PS), size distribution (PDI)
and surface charge (ZP). The samples were analyzed by a particle size analyzer (Malvern
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zeta sizer, Malvern, UK). The samples (0.1 mL) were taken, diluted with double distilled
water and scanned for PS and PDI. ZP was also evaluated using a similar method with an
electrode-containing cuvette to measure the surface charge. The ideal ZP and PDI value
must be £30 mV and less than 0.7 to get uniform vesicle size distribution [24,25].

2.5. Encapsulation Efficiency (EE)

LT encapsulation from the prepared LT-NVs was evaluated by an ultracentrifugation
method [26]. The formulations (5 mL) were taken in centrifuge tube and centrifuged at
10,000 rpm for 1 h. The supernatant containing LT was collected and diluted further to
evaluate LT content in each sample by using UV spectrophotometer (Shimadzu 1800, Kyoto,
Japan). The concentration of LT was calculated by the equation:

Wa — Wb
Wa

Wa: Initial LT content; Wb: Free LT content.

EE (%) = ( ) x 100 1)

2.6. Formulation of Luteolin Nanovesicles Based Gel (LT-NVoptG)

The optimized formulation (LT-NVopt) was converted into the semisolid gel formula-
tion using carbopol 934 as gelling agent. The previously optimized gelling agent Carbopol
(1%, w/v) was dispersed into the distilled water and kept aside for 24 h for complete
swelling. The prepared LT-NVopt was added to polymer dispersion with continuous
stirring to get a uniform homogenous gel. Triethanolamine and methyl paraben was added
to maintain the pH and preservation to the gel system [27].

2.7. LT-NVoptG Characterization

The prepared LTNVoptG was characterized for different parameters to evaluate the
characteristics of the gel. The different parameters such as drug content, pH, viscosity
and spreadability were evaluated. The drug content was evaluated to calculate the LT
amount in the gel formulation. The difference in the amount of LT added and the amount
of LT present was calculated. The prepared LT-NVoptG (50 mg) was taken and dissolved
in methanol. The sample was centrifuged at 10,000 rpm for 10 min and the supernatant
was collected. The supernatant was further diluted, filtered and the drug content was
estimated by UV spectrophotometer. The pH of prepared gel was evaluated using a digital
pH meter [28]. The gel sample was taken in a small beaker and the pH meter was dipped
into it until it showed a stable value. The viscosity was evaluated to check the flow property
of the prepared LT-NVoptG by a viscometer at room temperature [29]. The gel was further
evaluated for extrudability and spreadability. The gel sample was taken and kept on the
glass slide with a pre-marked area. Then, another slide was placed over the sample and
weight was applied. The spread of gel after application of weight was noted and the
difference between the initial area and final area was calculated [30]. The extrudability of
the gel was evaluated by filling the gel sample into the tube and weight was applied. The
tube was pressed from the crimp side end and the extruded gel was collected to calculate
the extrudability.

2.8. Drug Release

The release study from the prepared LT-NVoptG, LT-NVopt and pure LT were eval-
uated using a dialysis bag [31]. A 2 mL (5 mg LT) sample was filled in the dialysis bag
and both the ends were tied. The bags were dipped into the dissolution medium (500 mL
with 1% tween 80, pH 6.8) and temperature was set at 37 £ 0.5 °C with stirring speed
of 50 rpm. At specific time intervals, the released LT content (5 mL) was collected and
replenished with the same volume to maintain the uniform condition throughout the study.
The released content from the samples was evaluated by UV spectrophotometer.
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2.9. Permeation Study

The comparative permeation study was performed using egg membrane following a
reported procedure with slight modifications [32]. Egg membrane has similar properties to
stratum corneum of human skin [33,34]. The different samples of pure LT, LT-NVopt and
LT-NVoptG were taken and filled to the diffusion cell with effective surface area of 3 cm?
and receptor volume of 20 mL. The egg membrane was carefully removed and checked for
any damage [35]. The samples (~5 mg LT) were filled in the donor compartment and the
receptor compartment was filled with phosphate buffer saline. The study was performed
at 37 °C with continuous stirring. After specific time points, the permeated content (1 mL)
was collected and replenished with fresh release media. The permeated contents were
filtered and diluted further with appropriate solvent. The drug content at each time point
was measured using spectrophotometer in triplicate (n = 3).

2.10. Antioxidant Assessment

The prepared LT-NVopt, LT-NVoptG and pure LT were evaluated for DPPH-based
antioxidant activity. The samples were reacted with &,&-diphenyl-B-picrylhydrazyl (DPPH)
standard to change the color from violet to colorless [36]. The antioxidant has the property
to donate the hydrogen ion and decrease the absorbance of the test compounds. The pure
LT and LT-NVoptG were prepared in different concentration ranges and sample volume
100 uL was transferred to small glass vials. The samples were incubated with standard
DPPH solution and kept aside for 30 min to complete the reaction mixture. Finally, the
sample plate was assessed at 517 nm. The study was performed in triplicate and the effects
were calculated using the equation:

(Absorbance of control — Absorbance of test)
Absorbance of control

AA % = x 100 (2)

2.11. Antimicrobial Activity

The prepared LT-NVoptG was evaluated for antibacterial activity and results were
compared with pure LT. The study was performed using the microdilution test with a
slightly modified reported method [37]. The samples were tested against the microorgan-
isms S. Aureus, E. coli and B. subtilis. The organism’s broth culture was added to the growth
medium and transferred to a clean sterilized Petriplate at 121 °C (15 PSI). The plates were
kept aside for the solidification of the media. The wells were prepared with a sterilized
stainless-steel borer. Each sample was transferred to the well and plates were kept aside
at room temperature to diffuse the sample into the medium. The plates were kept in an
incubator and the zone of inhibition was measured to check the effect of sample.

2.12. Cytotoxicity Study

The cytotoxicity assessment was evaluated to check the effect of the prepared LT-
NVoptG, LT-NVopt and pure LT on the skin cancer cell line (B16F1). The cells were
collected and stored in CO; (5%) and oxygen (95%) at 37 °C by using Dulbecco Modified
Eagle media with the support of serum of fetal calf (5%). The experiments were performed
with asynchronous populations in the phase of exponential and rapid growth, 24 h after the
plating of a sample [38]. B16F1 cells (3 x 10%) were added to DMEM (200 puL) and placed in
the microplate (96 plate). The fresh medium was replaced after 24 h incubation time with
serum-free DMEM. The cell line was incubated with pure LT, LT-NVopt and LT-NVoptG in
the media corresponding to a concentration between 10-1000 uM for 24 h. Then, MTT was
added into the well of the microplate and further incubated for 4 h at 37 °C. The formazan
crystals were formed after the lysis of cells and then dissolved using DMSO (100 pL). The
absorbance of the pure LT and LT-NVoptG were evaluated at 570 nm using the microplate
reader. The ICsy values of the samples were calculated to compare the difference between
them. ICsy was expressed as the concentration of drug needed to kill 50% of the cells. The
study was performed in triplicate.
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2.13. Irritation Study

The chorioallantoic membrane (HET-CAM) method was used to study the irrita-
tion [39]. This method is commonly used because no animal is required to perform the
study. It is a sensitive alternative to the Draize test [40]. The study was performed with
negative control, positive control and prepared LT-NVoptG to compare the results. Hen
eggs were taken and kept in an incubator for 10 days at 37 °C with 55 4= 2% RH. The eggs
were regularly rotated after 24 h for 10 days. On the 10th day, the eggs were taken out
from the chamber and then the outer eggshell was removed from the air chamber side.
For clear visibility of CAM from the air chamber side, sterilized normal saline solution
was added. The samples negative control, positive control and prepared LT-NVoptG were
added to the CAM and the cumulative scoring was noted at different time points. The
cumulative irritation score from each treated egg was compared with the standard irritant.
The scoring of irritation was done as per the scale of hemorrhage, lysis and coagulation.
The score was calculated between 0 (no reaction) to 3 (strong reaction). The irritation score
was classified as slight irritation (<); moderate irritation (>0.8-<1.2); irritation (>1.2-<2);
severe irritation (>2) [39].

2.14. Statistical Analysis

The data are presented in triplicate and shown as mean + SD. Graph pad Instat
was used to analyze the data (GraphPad Software Inc., La Jolla, CA, USA). Data were
subjected to one-way ANOVA followed by Bonferroni multiple tests to analyze statistically
significant differences between samples.

3. Results and Discussion
3.1. Optimization

The prepared luteolin nanovesicles (LT-NVs) were prepared by a solvent evaporation—
film hydration method. BBD optimization techniques give the maximum variables at
different levels along with a lower number of experimental runs [41]. The formulations
were optimized using phospholipid (A), edge activator (B) and sonication time (C) as
independent variables. The lower and upper levels of the independent variables were
taken as phospholipid 90 G (70-90% w/v), edge activator (10-30% w/v) and sonication time
(3-9 min). The design had fifteen different formulation compositions with three common
compositions to check the error in the results. The used formulation variables showed a
significant effect on the size (Y7) and encapsulation efficiency (Y3). The effect of formulation
variables was observed by the application of the polynomial equation and response surface
plot (Figures 1 and 2). The independent variables showed individual as well as a combined
effect on the size (Y1) and encapsulation efficiency (Y). The different statistical parameters
such as linear, cubic, quadratic and 2F models were evaluated and the best fit model was
found to be quadratic. The maximum R? values were found to be for the quadratic model.
From the results, a closer value of predicted as well as practical value confirms that the
used method composition is ideal for the prepared delivery systems. The closeness of
the actual and predicted value is also shown graphically in Figure 3. Regression analysis
was used to analyze the different models for dependent variables and was found to be
quadratic as shown in Table 3.
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Figure 1. Effect of lipid (A), edge activator (B) and sonication time (C) on size.

Figure 2. Effect of phospholipid (A), edge activator (B) and sonication time (C) on encapsulation
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Figure 3. Effect of actual and predicted value of independent variables on PS (Y7) and EE (Y>).

Table 3. Regression analysis summary for responses Y7 (PS) and Y; (EE).

Model R? Adjusted R? Predicted R? SD
(Y1)
Linear 0.6021 0.4924 0.2149 21.91
2F1 0.8406 0.7210 0.4411 16.25
Quadratic 0.9987 0.9963 0.9835 1.88
(Y2)
Linear 0.2857 0.0909 —0.4251 6.68
2F1 0.8383 0.7170 0.5789 3.73
Quadratic 0.9985 0.9959 0.9876 0.45

R? = Coefficient of correlation; SD = Standard deviation.

3.2. Effect of Formulation Factors on PS

The prepared LT-NVs showed vesicle size in the range of 155.2 & 2.9 nm (F7) to
254.6 + 2.3 nm (F9). There was a significant (p < 0.05) difference in the size observed
between the prepared LT-NVs. The formulation F7 with the composition of phospholipid
80%, edge activator 30% and sonication time 3 min showed the lowest size. The formulation
F9 showed the highest size with the composition of phospholipid 90% w/v, edge activator
20% w/v and sonication time 9 min. The used composition depicted a significant effect on
the size. The polynomial equation, 3D response surface plot and contour plot (Figure 1)
showed the effect of phospholipid (A), edge activator (B) and sonication time (C) on the
vesicle size:

Particle size: +231.33 + 21.5 A — 12.75B + 19.25 C — 15.5 AB + 14.5 AC + 18.5 BC +
1.58 A2 — 1842 B2 — 15.92 C2.

The used factors lipid (A) and sonication time (C) showed a positive effect on the
size, whereas edge activator (B) showed a negative effect. As the lipid concentration
(A) increases, the vesicle size (Y1) increases. The enhancement in the size was thus due
to the increase in the lipid concentration. At high concentration of lipid, the greater
availability of lipid can entrap higher amounts of drug and the size increases. Therefore,
the optimum concentration of lipid is important to get the optimum vesicle size. The lack
of sufficient concentration of edge activator leads to low drug solubility and it also reduces
the surface tension. With an increase in sonication time, the size of vesicles decreases. The
phospholipid of the vesicles might rearrange to form smaller size vesicles. However, with
a longer sonication time, the vesicles break into smaller size. These smaller size vesicles
fold up into thermodynamically stable vesicles and the formed unstable vesicles during
probe sonication may fuse together to form larger vesicles [42,43].
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3.3. Effect of Formulation Factors on EE

The prepared LT-NVs showed the encapsulation efficiency in the range of 63.56 £ 1.9%
(F10) to 89.87 + 4.1% (F4). There was a significant (p < 0.05) difference in the encapsulation
efficiency observed due to the variation in the composition. The formulation F10 with the
composition of phospholipid 80% w /v, edge activator 10% w/v and sonication time 9 min
showed the minimum encapsulation and the formulation F4 showed the maximum size
with composition of lipid 90%, edge activator 30% and sonication time 6 min. The effects
of used composition lipid (A), edge activator (B) and sonication time (C) are depicted by
the polynomial equation, 3D response plot and contour plot (Figure 2). The below given
polynomial equation showed the effect on the encapsulation efficiency:

Encapsulation efficiency: +80.8 + 0.4875 A — 426 B — 248 C + 8.5 AB — 148 AC +
452BC —24 A% —19B% — 488 C2.

The used factor phospholipid (A) showed a positive effect on the encapsulation
efficiency (Y). With the increase in lipid concentration (A), the encapsulation efficiency
of LT increases. The presence of a high concentration of lipid (A) accommodates a high
concentration of lipophilic drugs, LT. The optimum concentration of lipid is important to
get the optimum encapsulation efficiency because the linear increase in lipid concentration
also affects the EE. The edge activator (B) showed a negative effect on the encapsulation
efficiency. With the gradual increase in the edge activator concentration, the encapsulation
of LT decreased. At high concentration, a greater amount of LT leaches out from the vesicles.
In the case of the third factor, with the increase in sonication time (C), the encapsulation
efficiency decreases. At longer sonication time, the disruption of vesicle structures as well
as degradation of phospholipids takes place, resulting in higher amounts of drug leakage
which leads to low EE [42].

3.4. Point Prediction

The selection of optimized formulation (LT-NVopt) was performed using the point
prediction optimization method by further changing the independent variables. The slight
change in composition also depicted changes in vesicle size and encapsulation efficiency.
The optimized composition (LT-NVopt) was found to be lipid 85% w/v, edge activator
15% w/v and sonication time 4 min. This optimized composition revealed a vesicle size
of 189.92 + 3.25 nm with an encapsulation efficiency of 92.43 + 4.12%. The software also
gives predicted vesicle size of 185.11 nm with an encapsulation efficiency of 91.12%.

The used composition was also evaluated by the desirability value of the individual
as well as combined independent variables. The desirability value of the prepared LT-NVs
was found to be closer to 1 (0.991). The value closer to unity confirms that the used method
is robust. Therefore, the LT-NVopt formulation was further converted into Carbopol gel
and was characterized for different parameters.

3.5. Particle Size and Surface Charge

The prepared LT-NVs showed vesicle sizes in the range of 155.2 4 2.9 nm (F7) to
254.6 + 2.3 nm (F9). The optimized composition was a vesicle size of 189.92 & 3.25 nm
(Figure 4). PS less than 500 nm (100-500 nm) is ideal for cellular uptake via the endocytic
pathway. In our study, prepared LT-NVopt size was found to be in the desired range
of internalization by cancer cells [44,45]. The PDI and surface charge of the prepared
LT-NVopt was 0.32 and —21 mV (Figure 5). Thus, less than 0.7 is considered as suitable for
the delivery systems [24].
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Figure 4. Vesicle size of optimized luteolin loaded nanovesicles (LT-NVopt).
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Figure 5. Vesicle size of optimized luteolin-loaded nanovesicles (LT-NVopt).

3.6. Formulation of Gel

The prepared LT-NVs had low viscosity and rheological properties so it was difficult
to apply the skin layer. For better application, its viscosity was enhanced by the addition of
Carbopol as a gelling agent. The semisolid gel system will better adhere to the skin layer.
Carbopol is the most common and widely used gelling agent due to its compatibility with
skin layers. The optimized concentration of Carbopol was found to be 1% w/v. At this
concentration, LTNVoptG showed good rheological properties so was selected as the final
gelling agent. Triethanolamine was used as a neutralizing agent to enhance the stability of
the formulation [46].

3.7. Characterization of Gel

The prepared LT-NVopG was evaluated for different parameters such as pH, drug
content, viscosity, spreadability and release study. The drug content results indicated
the presence of LT in the prepared gel formulation. The prepared LT-NVoptG showed
a high drug content (98.8 + 2.12%). The high drug content is good for the adopted
method as well as a delivery system. pH of the prepared LT-NVoptG was evaluated
and the result was found to be closer to skin pH. The variation in pH value may lead to
skin irritation. The prepared LT-NVoptG had a pH value of 6.6 + 0.44, which is within
the limit of skin formulation and does not produce any toxicity [47]. The viscosity is
also one of the important parameters for the semisolid formulation. The viscosity was
found to be 534 + 1.22 cps. The particle size and PDI of a nanoformulation significantly
affect the viscosity of the gel formulation. A higher particle size and PDI gives greater
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viscosity [48]. The prepared LT-NVoptG showed extrudability and spreadability values
of 13.11 + 1.23 g/cm? and 6.2 + 0.41 cm, respectively. The optimum range gives better
application to the affected skin membrane. The high viscosity of the gel formulation gives
low spreadability and extrudability values. The optimum viscosity, spreadability and
extrudability results will give better adherence to the skin [49].

3.8. Drug Release

The prepared LT-NVopt, LT-NVoptG and pure LT were evaluated for drug release and
the results are presented in Figure 6. The pure LT showed poor drug release (23.98 4= 1.12%)
in 12 h of the study. The poor release of LT is due to the poor solubility of LT. The prepared
LT-NVopt and LT-NVoptG showed a significantly (p < 0.001) enhanced drug release profile
with a maximum drug release of 79.81 £ 3.15% and 60.81 & 2.12%, respectively. The
enhanced drug release was achieved from both the prepared formulations, which may
be due to the nano size and enhanced solubility of LT in the presence of the surfactant.
The nanosized vesicle has a greater surface area available to solubilize in the presence
of a surfactant. There was also a significant (p < 0.01) difference in the release observed
between the LT-NVopt and LT-NVoptG. In the case of gel formulation, the drug release
was found to be slower due to the presence of one extra layer of Carbopol which slowly
diffuses the drug into the release media. Therefore, the LT release was found to be slower
with LT-NVoptG than LT-NVopt. The slower release pattern is ideal for topical delivery
because the initial fast release helps to achieve the drug concentration at the target site and
later slow release helps to maintain the therapeutic concentration [50].
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Figure 6. Drug release profile of pure luteolin, luteolin nanovesicles (LT-NVopt) and luteolin nanovesi-
cles gel (LT-NVoptG). The study was performed in triplicate and data are shown as mean =+ SD.

3.9. Permeation Study

The comparative permeation study of LT-NVoptG, LT-NVopt and pure LT was per-
formed to check the amount of LT which permeated across the membrane (Figure 7).
The result revealed significant variation in the drug permeation profile. LT-NVopt and
LT-NVoptG showed the amount of drug permeated was 231.92 + 3.23 ug/ cm?/h and
128.21 4 3.56 ug/ cm?/h in the tested 6 h study, whereas the pure LT dispersion showed
the flux value of 64.59 + 2.11 ug/ cm?/h. There was about a 2-3.6-fold enhancement in
the permeation flux achieved from LT-NVoptG and LT-NVopt. The poor permeability of
pure LT is due to its poor solubility. LT-NVopt also had about 1.7-fold enhancement in the
permeation compared to LT-NVoptG. LT-NVopt has enhanced permeation across the mem-
brane due to the nanovesicle size which can easily penetrate the small pore size. LT-NVopt
is prepared with sodium cholate (edge activator) which has the property to deform the
membrane and penetrate across the membrane. It helps to maintain the structure of the
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vesicles during permeating through the tight junction of the membrane and carry the drug
into the systemic circulation. [51,52]. NVoptG showed less permeation due to the slow
release of LT from the gel which prolongs the drug permeation. This behavior suggests
a long-lasting delivery due to the formation of a drug reservoir into the skin, which can
reduce the frequency of application, thus improving patient compliance [53].
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Figure 7. Drug permeation profile of pure luteolin, luteolin nanovesicles (LT-NVopt) and lute-
olin nanovesicles gel (LT-NVoptG). The study was performed in triplicate and data are shown as
mean + SD.

3.10. Antioxidant Activity

The antioxidant potential of the prepared LT-NVopt and LT-NVoptG was evaluated
using the DPPH method and the results were compared with the pure LT (Figure 8).
The antioxidant potential plays an important role in the biological activity of the bioactive
compound. The comparison was performed to check the effect of excipients. A significant
effect was observed in the tested groups. The result was found to be concentration-
dependent, so as the concentration of LT increases antioxidant potential also increases.
The formulations LT-NVopt and LT-NVoptG showed significantly higher activity than the
pure LT. LT-NVopt, LT-NVoptG and pure LT showed the maximum antioxidant activity of
89.18 £ 3.95%, 84.43 + 3.11% and 70.23 £ 2.98% at 500 pug/mL, respectively. There was
a significant difference in the activity observed (p < 0.001) at the highest concentration
(500 pg/mL) in comparison to pure LT. The result was also compared between LT-NVopt
and LT-NVoptG and the difference was found to be non-significant. LT-NVopt showed
slightly higher activity than LT-NVoptG. The presence of gelling agents in LT-NVoptG
slows the release of LT and leads to lower activity. From the results, it was observed that the
DPPH-scavenging activity of LT was increased after encapsulation into lipid vesicles [36].
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Figure 8. Antioxidant effects of pure luteolin (LT), luteolin nanovesicles (LT-NVopt) and lute-
olin nanovesicles gel (LT-NVoptG). The study was performed in triplicate and data are shown
as mean + SD.
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3.11. Antibacterial Activity

The antibacterial activity of prepared LT-NVoptG was evaluated and results were
compared with pure LT dispersion. The pure LT-treated well showed a zone of inhibition
of 13.56 £+ 1.8 mm, 14.23 4+ 2.1 mm and 11.76 &+ 1.1 mm against S. aureus, E. coli and
B. subtilis, respectively. The LT-NVoptG-treated well showed higher ZOI of 16.11 4 2.2 mm,
15.32 &+ 1.4 mm and 15.22 £ 1.9 mm, respectively. There was marked enhancement in the
ZOI observed from LT-NVoptG-treated organisms. The enhancement in the activity may be
due to the higher solubility of LT in the presence of the used edge activator as well as the
nano size of vesicles. Due to the higher solubility of LT, it showed activity by destroying
the cell wall and cell membrane and inhibiting nucleic acid synthesis [54].

3.12. Cell Viability

The comparative cell viability study results showed greater activity in LT-NVoptG and
LT-NVopt compared to pure LT (Figure 9). LT-NVoptG and LT-NVopt revealed significantly
(p < 0.01) greater activity than pure LT. The comparison performed between LT-NVoptG
and LT-NVopt also showed significant (p < 0.05) differences among them. LT-NVoptG
showed slower activity than LT-NVopt due to slower LT release from gel. LT-NVoptG- and
LT-NVopt-treated cells showed higher ICs values of 428.11 uM and 380 uM compared to
pure LT (780.55 uM) after 24 h of treatment. The effect on the cell viability is concentration
dependent. With the increase in concentration of LT, the viability % changes. The pure LT-
treated cells showed the cell viability % at different concentrations of 250 uM (92.11 £ 3.2),
500 uM (69.44 + 4.4) and 1000 uM (38.11 + 3.8). LT-NVopt showed the cell viability
% at concentration of 100 uM (85.54 + 2.9), 250 uM (71.74 + 4.7), 500 uM (38.54 + 5.9)
and 1000 uM (21.87 4 2.4). LT-NVoptG-treated cells showed significant (p < 0.001) effects
at each concentration. LT-NVoptG showed the cell viability % at 100 uM (82.54 & 2.9),
250 uM (73.65 + 2.4), 500 uM (41.21 + 3.6) and 1000 uM (31.11 £ 1.2). During the com-
parison, the difference was found to be significantly (p < 0.001) higher among both the
groups. LT-NVoptG showed enhanced growth inhibitory effects in the treated cells at lower
concentration in comparison to pure LT.
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Figure 9. Cell viability study of pure luteolin, luteolin nanovesicles (LT-NVopt) and luteolin nanovesi-
cles gel (LT-NVoptG). The study was performed in triplicate and data are shown as mean =+ SD.

3.13. Irritation Study

The HET CAM method is a well-accepted method to check the irritation potential
of a sample. The negative and positive control-treated sample showed a response that
comes under the category of non-irritating, irritating and severely irritating. This method
was applied to check the irritation potential of the prepared LT-NVoptG. The cumulative
irritation score was calculated for LT-NVoptG, negative control (NaCl 0.9% w/v) and
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positive control (SLS, 1% w/v) to compare the results (Table 4). Visual observation was
done for the lysis, hemorrhage and coagulation of blood vessels. A score between 0-0.8
is considered as non-irritant with no sign of abnormality after treatment. The negative
control and prepared LT-NVoptG showed no sign of lysis, hemorrhage or coagulation. The
negative control and LT-NVoptG-treated samples showed a cumulative score of 0 and 0.15
after the treatment with CAM. The positive control sample showed a cumulative score of
2.8 after treatment with CAM. The high score was shown by the positive control due to the
hemorrhage and coagulation observed at different time points.

Table 4. HET-CAM irritation score treated with different groups.

Time (min) Overall Score
Test Sample Egg
0 0.5 2
Egg1 0 0 0 0
Egg2 0 0 0 0
LT-NVopG Egg 3 0 0 0.2 0.4 0.15
Egg 4 0 0 0 0
Mean score 0 0 0.05 0.1
Egg1 0 0.8 0.8 2
SLS, 1% w/v Egg2 0 0.8 1.2 2
(Positive control) Egs3 0 08 12 ! 2.8
Egg 4 0 0 0.8 0 ’
Mean score 0 0.6 1 1.2
Egg1 0 0 0 0
NaCl 0.9% w/v Egg 2 0 0 0 0
(Negative control) Egg 3 0 0 0 0 0
Egg 4 0 0 0 0
Mean score 0 0 0 0

4. Conclusions

LT-NVs were prepared by solvent evaporation-hydration method using phospholipid,
edge activator and sonication time as independent variables. The optimization of LT-NVs
was performed using a Box-Behnken design with three factors at three levels. The prepared
LT-NVs showed the nanometric vesicle size with high encapsulation efficiency. The opti-
mized formulation LT-NVopt was converted to gel (LT-NVoptG) using Carbopol as a gelling
agent. LT-NVoptG showed optimum viscosity, pH, spreadability, and prolonged-release
profile with enhanced permeation compared to pure LT. The irritation, antibacterial and
cytotoxicity results showed that the prepared LT-NVoptG was found to be non-irritating,
with good antibacterial properties and lower cytotoxicity. The overall formulation design
showed that the prepared LT-NVs-based gel delivery system acts as a potential delivery
system in the treatment of skin diseases.
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Abstract: Pancreatic cancer is a malignant disease with high mortality and poor prognosis due
to lack of early diagnosis and low treatment efficiency after diagnosis. Although Gemcitabine
(GEM) is used as the first-line chemotherapeutic drug, chemoresistance is still the major problem
that limits its therapeutic efficacy. Here in this study, we developed a specific M1 macrophage-
derived exosome (M1Exo)-based drug delivery system against GEM resistance in pancreatic cancer.
In addition to GEM, Deferasirox (DFX) was also loaded into drug carrier, M1Exo, in order to
inhibit ribonucleotide reductase regulatory subunit M2 (RRM2) expression via depleting iron, and
thus increase chemosensitivity of GEM. The M1Exo nanoformulations combining both GEM and
DFX significantly enhanced the therapeutic efficacy on the GEM-resistant PANC-1/GEM cells and
3D tumor spheroids by inhibiting cancer cell proliferation, cell attachment and migration, and
chemoresistance to GEM. These data demonstrated that M1Exo loaded with GEM and DFX offered
an efficient therapeutic strategy for drug-resistant pancreatic cancer.

Keywords: exosomes; gemcitabine; deferasirox; pancreatic cancer; chemoresistance; RRM2

1. Introduction

Pancreatic cancer is a lethal disease with poor survival rate and an increasing incidence
due to lack of early diagnosis and low treatment efficiency after diagnosis [1]. As less than
20% of patients are suitable for resection, chemotherapy is still one of the main treatments
for pancreatic cancer [2,3]. However, current treatment strategies are still unsatisfactory
and have failed to significantly increase the overall survival time of patients with pancreatic
cancer over the last decade.

Gemcitabine (GEM), a hydrophilic deoxycytidine analogue, is a first-line chemothera-
peutic drug and is widely used in the treatment of unresectable pancreatic cancer. However,
chemoresistance is still the major problem that limits the therapeutic efficacy of GEM. The
positive response rate for standard GEM treatment in pancreatic cancer patients is only
6% [4]. Although not completely understood, the mechanism of GEM resistance is associ-
ated with regulation of drug transport, DNA damage and repair, and renewability of cancer
stem cells [5-10]. Ribonucleotide reductase (RR) is an enzyme that catalyzes the formation
of deoxyribonucleotides from ribonucleotides, which is essential for cell replication. This
enzyme contains two subunits, M1 (RRM1) and M2 (RRM2). It has been reported that RRM2
plays an essential role in cancer cell proliferation and the development of resistance to GEM
in pancreatic tumor cells [11,12]. Studies have demonstrated that overexpression of RRM2
enhanced DNA damage repair and replication, leading to decreased chemosensitivity of
GEM [13]. In addition, clinical data demonstrated that patients who have elevated RRM2
expression had less response to gemcitabine-based chemotherapy, and high expression of
RRM?2 in pancreatic cancer is associated with a poor prognosis [14]. Therefore, RRM2 has
become a potential target to overcome GEM resistance. Iron chelators have been identified
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as RRM2 inhibitors as they can interact with the essential diiron tyrosyl radical center and
inhibit the enzyme activity. Deferasirox (DFX) is an oral iron chelator for the treatment of
iron overload. Studies have demonstrated that DFX can significantly downregulate the
expression of RRM2 and potentiate the therapeutic effects of GEM, resulting in improved
anticancer efficacy [15]. However, the application against GEM-resistant cancer is limited
due to variable bioavailability and low intratumoral distribution [16,17]. Therefore, there
is an urgent need to develop advanced delivery strategies to overcome these issues.

Exosomes are nanosized (30-150 nm) extracellular vesicles secreted by cells for in-
tercellular communications. They are promising natural drug carriers with advantages
including excellent biocompatibility, long circulation, and low immunogenicity [18-20].
Moreover, exosomes as delivery vesicles can fuse with target cells and directly transport
loaded drugs to receptor cells in order to overcome p-glycoprotein-involved drug resis-
tance [21]. In addition, exosomes derived from different cell types contain cell-specific
bioactive lipids, proteins, and genetic materials, which allows them to have the specific
biological functions [22]. Macrophages are a key immune cell population involved in the
tumor microenvironment and can be polarized into M1 or M2 phenotypes in response
to different stimuli. M1 macrophages produce high levels of proinflammatory and im-
munostimulatory cytokines, including interleukin 12 (IL-12), interleukin 23 (IL-23), tumor
necrosis factor alpha (TNF«) etc., leading to tumor suppression [23]. It has been reported
that M1 macrophage-derived exosomes (M1Exo) can release pro-inflammatory signals and
generate a stimulatory tumor immune-microenvironment, implying that they have great
therapeutic potentials for anti-cancer therapy [24]. More recently, M1Exo has been used
as drug carrier to deliver paclitaxel into the tumor tissue, and results demonstrated that
MI1Exo provided a pro-inflammatory environment which further enhanced the therapeutic
efficacy of chemotherapy by activating the apoptosis pathway [25]. Similar findings were
presented by Li and Wang et al., showing that anti-tumor efficiency of M1Exo loaded with
cisplatin was significantly improved in vivo via upregulating Bcl-2-associated X protein
(Bax) and caspase-3 in the apoptosis pathway [26]. Therefore, engineered M1Exo can be a
promising approach for drug delivery in cancer therapy.

In this study, M1Exo was engineered as drug carrier to co-delivery DFX and GEM to
overcome the chemoresistance of GEM and improve its therapeutic potential. Our aim is to
achieve efficient delivery of DEX and at the same time sensitize GEM-resistant pancreatic
cancer cells to this chemotherapy. Our results show that the M1Exo-based co-delivery of
DFEX and GEM can be used as a promising strategy for drug-resistant pancreatic cancer
treatment via the inhibition of cancer cell proliferation, metastasis, and chemoresistance.

2. Materials and Methods
2.1. Cell Culture

Human monocyte THP-1 cells and human pancreatic cancer PANC-1 cells were pur-
chased from National Collection of Authenticated Cell Cultures, China. THP-1 cells were
maintained in Roswell Park Memorial Institute medium (RPMI 1640, Thermo Fisher Scien-
tific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS, Thermo Fisher
Scientific) and 1% penicillin-streptomycin (PS, Thermo Fisher Scientific). PANC-1 cells
were cultured in Dulbecco’s Modified Eagle Medium (DMEM, Thermo Fisher Scientific)
supplemented with 10% FBS and 1% PS. THP-1 were differentiated to macrophage by
culturing in serum-free RPMI1640 medium with 100 ng/mL phorbol ester (PMA, Sigma-
Aldrich, New York, NY, USA) and 0.3% bovine Serum Albumin (BSA, Sigma-Aldrich) for
72 h. GEM-resistant pancreatic cancer cells (PANC-1/GEM) were induced by treatment
with 18 ug/mL GEM (Sigma-Aldrich) for ten months. Both PANC-1 and PANC-1/GEM
were cultured in a humidified incubator containing 5% CO, at 37 °C.

2.2. Exosome Isolation and Characterization

The TPH-1 differentiated macrophages (MO phenotype) were seeded in 6-well plate at
the density of 100 cells/mL. After 24 h incubation, cells were stimulated with 100 ng/mL
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lipopolysaccharide (LPS, Sigma-Aldrich) for 24 h to induce M1 macrophage polariza-
tion [27]. Next, the culture media of M1 macrophage were collected in order to obtain
MI1Exo. The media were centrifugated at 800x g (10 min), 3000 g (10 min), and 10,000 x g
(30 min) at 4 °C to remove cell debris and large extracellular vesicles. M1Exo were then
harvested by ultracentrifugation at 100,000x g for 70 min at 4 °C using an ultracentrifuge
(Optima XPN-100, Beckman Coulter, Indianapolis, IN, USA) [28].

The morphology of the exosomes was characterized using a transmission electron
microscope (TEM, Talos F200X, Thermo Fisher Scientific, Waltham, MA, USA). In brief, a
drop of the isolated exosomes in PBS solution was added onto carbon-coated copper grids
(Sigma-Aldrich). After drying for 5 min at room temperature, the samples were stained
with 1% uranium acetate (Sigma-Aldrich) for 1 min and the excess solution was removed
via a filter paper. The samples were further dried for 20 min at room temperature and then
imaged by TEM, and the TEM particle size data were converted directly to cumulative
number-based distributions. Particle size and zeta potential of the exosomes were measured
by dynamic light scattering (DLS, Nano-zs30, Malvern Panalytical, Malvern, UK).

2.3. Drug Loading and Quantification

The exosomes (100 pg) and drug mixture (100 pg) were mixed in 400 uL of PBS
solution, and electroporated in 4mm path length electroporation cuvettes using a Bio-Rad
electroporation instrument. The electroporation was performed at a voltage of 400 V and an
electric capacity of 150 mF with 1 ms of discharging time. The mixture was then incubated
at 37 °C for 30 min to recover the exosome membrane [29]. The un-encapsulated GEM and
DEFX (Sigma-Aldrich) was removed by passing through an amicon filter (100 kDa, Merk
Millipore, Burlington, VT, USA) and centrifuged at 100,000 g for 60 min.

The drug loading efficiency in the exosomes was measured by dissolving the exosomes
with methanol to completely release GEM and DFX, and the released GEM and DFX were
quantified by a high-performance liquid chromatography with ultraviolet detection (HPLC-
UV) (Agilent Scientific Instruments, Santa Clara, CA, USA) at wavelengths of 275 nm and
245 nm, respectively.

2.4. In Vitro Cell Viability

The cellular anti-cancer effects of M1Exo loaded with GEM and DFX (M1Exo-GEM-
DEX) against both PANC-1 and PANC-1/GEM cells were evaluated by MTS (3-(4,5-
dimethylthiazol-2-yl)-5-(3 carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetraz olium) as-
say (Sigma-Aldrich). Cells (1 x 10* cells/well) were seeded into 96-well plates. After 12 h
incubation, the cells were treated with control, M1Exo, GEM, DFX, GEM&DEFX, and M1Exo-
GEM-DEFX at corresponding concentrations of GEM (18 ug/mL) and DFX (18 ug/mL) for
48 h at 37 °C and 5% CO;. After incubation, the culture medium in each well was replaced
with 100 pL of MTS solution (20 uL CellTiter 96® AQueous One Solution Reagent and
80 pL tissue culture medium). After 1 h incubation, the absorbance was detected at 490 nm
using a microplate reader (Thermo Fisher Scientific, Waltham, MA, USA) to investigate the
cell viability.

2.5. Iron Removal Efficacy Study

Both PANC-1 and PANC-1/GEM cells were treated with PBS control, M1Exo, GEM,
DEX, GEM&DEFX, and M1Exo-GEM-DEX for 24 h. The cells were then harvested using
Trypsin (Thermo Fisher Scientific), washed twice with PBS, and counted in a cell counting
chamber. The final cell pellets were collected and digested, and their iron content was deter-
mined using inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7700, Agilent
Scientific Instruments, Santa Clara, CA, USA) under routine element operating conditions.

2.6. Multidrug Resistance (MDR) Study

Multidrug resistance study was performed by assessing drug efflux activity using
the Vybrant Multidrug Resistance Assay (Thermo Fisher Scientific) following the man-
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ufacturer’s instructions. PANC-1/GEM cells could express high levels of drug trans-
porter, p-glycoprotein, that rapidly eliminates nonfluorescent calcein AM from the plasma
membrane and reduces the intake of fluorescent calcein in the cytosol. Therefore, the
p-glycoprotein activity can be quantitated by measuring the accumulation of intracellular
calcein fluorescence. In brief, the cells were seeded on 12-well plates and treated with
verapamil (Thermo Fisher Scientific), control calcein (Thermo Fisher Scientific), and other
drug treatments including M1Exo, GEM, DFX, GEM&DFX, and M1Exo-GEM-DEX. The
calcein retention was measured using a microplate reader, with calcein-specific fluorescence
absorption maximum at 494 nm and the emission maximum at 517 nm.

2.7. Wound Healing Assays

Wound healing study was carried out using our method as previously described [30].
In brief, cells were seeded in 96-well plates and cultured until they reached more than
80% confluence and incubated in serum-free medium to eliminate the effect of cell pro-
liferation. The wounds on the cell monolayers were generated using an Incucyte wound
maker. The cells were then treated with fresh serum-free medium containing drug-loaded
M1Exo or controls, their wound healing behaviors were monitored using Incucyte Zoom
(Essen BioScience, Ann Arbor, MI, USA) and analyzed with IncuCyte Zoom software (In-
cuCyte®Scratch Wound Cell Migration Software Module, BioScience, Ann Arbor, MI, USA).

2.8. Cell Attachment Study

PANC-1/GEM cells were seeded onto 6-well plates and cultured until they reached
more than 80% confluence. The cells were treated with drug-loaded M1Exo or controls
for 24 h. After being washed with PBS and detached using versine, 5 x 10* cells per
well were seeded onto gelatine precoated 96-well plates for 2 h and then fixed with 4%
paraformaldehyde (PFA, Thermo Fisher Scientific) for 15 min. The attached cells were
imaged using Incucyte Zoom (Essen) and the number of cells was quantified using IncuCyte
Zoom software.

2.9. Western Blotting

The expression of both RRM2 and equilibrative nucleoside transporter-1 (hENT1)
markers were assessed by Western blotting. Cells were treated with drug-loaded nanoparti-
cles or controls for 24 h, and washed with PBS. Total protein was harvested and quantified
using the bicinchoninic acid protein assay kit (Thermo Fisher Scientific). Protein samples
were prepared at a concentration of 50 g protein/20 uL. Samples in loading buffer were
heated at 75 °C for 10 min, loaded into wells of 15% acrylamide gels (Thermo Fisher
Scientific) with a protein ladder, and run on SDS-PAGE at 100 V. The proteins were sub-
sequently transferred onto nitrocellulose membranes (Thermo Fisher Scientific) for 1 h
and blocked at 4 °C overnight. Blots were treated with an anti-RRM2 antibody (1:1000,
Abcam) or an anti-hENT1 antibody (1:1000, Abcam) in blocking buffer for 1 h at room
temperature on a shaker, while an anti-3-actin monoclonal antibody was a loading control
(1:1000, Abcam). After washing with Tris Buffered Saline with Tween (TBST, Thermo Fisher
Scientific) 4 times, the blots were incubated with secondary antibodies (1:5000, Abcam) in
the dark for 1 h. After washing 4 times and drying, the membranes were scanned with the
Odyssey imaging system (LI-COR) (LI-COR Biosciences, Lincoln, Dearborn, MI, USA).

2.10. Inhibition of 3D PANC-1 and PANC-1/GEM Tumor Spheroids

PANC-1/GEM tumor spheroids were formed in microwell devices using our reported
method [31-33]. The culture medium was changed every 2 days and the formation of
the tumor spheroids was monitored using a light microscope (OLYMPUS, CKX53,Tokyo,
Japan). When the size of the tumor spheroids reached 200 pm in diameter, the spheroids
were treated with drug-loaded nanoparticles or controls at a concentration of 50 ug/mL of
GEM or of 50 ug/mL of DEX, respectively, for 7 days. The growth of the spheroids was
recorded using a light microscope and the roundness was calculated using the following
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formula: roundness (%) = 100 — (R — r)/R x 100 (R: represents the radius of the minimum
circumscribed circle; r: represents the maximum inscribed concentric circle) and analyzed
by image] [34]. In addition, the tumor spheroid volume was calculated with the following
formula: V = (7 X dmax X dmin)/6 and the change ratio of the tumor spheroid volume was
compared with initial volume of each group [35].

2.11. Statistical Analysis

Multiple group comparisons were carried out using t-tests using GraphPad Prism
version 9 (GraphPad, San Diego, CA, USA). All results are shown as mean =+ the standard
deviations of at least three replicates. p < 0.05 was considered to be significantly different.

3. Results and Discussion
3.1. M1Exo Preparation, Characterization, and Drug Loading

TPH-1-derived macrophages were polarized using cytokines IFN-y or LPS for 24 h
until they turned into M1 phenotypes. M1Exo were collected and loaded with both DFX
and GEM via electroporation. M1Exo with or without drug loading were characterized by
morphology, hydrodynamic size, surface charge, and loading efficiency. The morphology
of M1Exo and M1Exo-GEM-DFX was measured by TEM and showed that they were a
uniform spherical shape with narrow size distribution (Figure 1). The hydrodynamic size
of M1Exo and M1Exo-GEM-DFX was investigated by DLS analysis. The results showed
that the size of M1Exo was 120.1 + 0.5 nm, while the size increased to 150.9 + 1.1 nm after
encapsulation of GEM and DFX (Table 1). The loading efficiency was measured by HPLC
via generating a standard curve at 275 nm and 245 nm for GEM and DFX, respectively. The
encapsulation efficiency was around 6.5 + 2.3 and 5.7 £ 1.4 for GEM and DEX, respectively,
as shown in Table 1.

Table 1. Physical properties and drug loading efficiency of M1Exo formulations. * Determined
by DLS.

Hydrodynamic Size

Sample Dy, 2 (nm) Zeta-Potential (mV) Drug Loading (%)
M1Exo 120.1 £ 0.5 —36.32 +1.89 -
M1Exo-GEM-DFX 1509+ 0.3 —34.30 £3.25 65 £ 23 (GEM)

5.7 4+ 1.4 (DFX)

3.2. In Vitro Cell Viability Study

Both PANC-1 and drug-resistant PANC-1/GEM cells were used to investigate the
cytotoxicity effects of M1Exo-GEM-DFX. Based on the viability study using MTS assays,
native empty M1Exo did not show significant cytotoxic effects on both PANC-1 and PANC-
1/GEM cells (Figure 2). Although both free GEM and free DFX showed greater cytotoxicity
to PANC-1 cells compared with the control group (Figure 2A), neither of them had an
obvious cytotoxicity effect on PANC-1/GEM cells (Figure 2B). The cell viability of the
GEM&DEFX group against PANC-1 cells was around 33%, while higher cell viability (~55%)
was observed when treated with PANC-1/GEM cells. These results indicated that free
drugs including GEM, DFX, and GEM&DEFX was able to inhibit the proliferation of PANC-1
cells, however, they had less or no cytotoxic effect on drug-resistant PANC-1/GEM cells.
In contrast, M1Exo-GEM-DFX showed greatest inhibition of cell viability against both
PANC-1 cells and PANC-1/GEM cells. Moreover, the cell viability of M1Exo-GEM-DFX
against PANC-1/GEM cells was around 29%, which was significantly lower than other
groups (Figure 2B), suggesting that M1Exo-GEM-DFX has great potential to reverse drug
resistance for pancreatic cancer treatment.
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Figure 1. Characterization of M1Exo with or without drug loading: TEM images of (A) M1Exo and (B) M1Exo-GEM-DEX
and the TEM particle size data which were converted directly to cumulative number-based distributions, (C) M1Exo, and
(D) M1Exo-GEM-DFX.
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Figure 2. Cell viability study determined by the MTS assay with treatment of different drug formulations, including M1Exo,
GEM, DEX, GEM&DFX, and M1Exo-GEM-DFX at a corresponding concentration of GEM and DFX in (A) PANC-1 cells and
(B) PANC-1/GEM cells. (* p < 0.05, *** p < 0.001, *** p < 0.0001).
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3.3. Iron Removal Efficacy

To understand whether M1Exo-GEM-DFX could efficiently remove iron from both
PANC-1 and drug-resistant PANC-1/GEM cells, we measured the iron content after the
treatment with the drug formulations. It was observed that native empty M1Exo did not
show iron-removing ability on PANC-1 or PANC-1/GEM cells (Figure 3). GEM, DFX, and
GEM&DEX slightly reduced the iron amount in PANC-1 cells compared with the control
group (Figure 3A), whereas, in Figure 3B, their iron-removing ability decreased during
the treatment of PANC-1/GEM cells. In addition, we found that the iron content of either
PANC-1 or PANC-1/GEM cells treated with M1Exo-GEM-DFX was the lowest compared
with other groups, indicating that M1Exo-GEM-DFX had the best iron removal efficacy,
even in drug-resistant cells. This novel formulation can be an effective iron chelation
strategy for cancer treatment.
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Figure 3. Iron removal efficacy of M1Exo, GEM, DFX, GEM&DEFX, and M1Exo-GEM-DFX at a corresponding concentration
of GEM and DEX in (A) PANC-1 cells and (B) PANC-1/GEM cells. (* p < 0.05, ** p < 0.01, *** p < 0.001).

3.4. Expression of Drug Resistance-Related Proteins

To investigate the mechanism and the degree of GEM resistance after the M1Exo-GEM-
DEX treatments, the protein expression of RRM2 and hENT1 was detected using Western
blot analysis. In Figure 4A,B, the band intensity of RRM2 of the M1Exo-GEM-DFX group
was the lowest among all the treatment groups, suggesting the expression of the RRM2
protein was significantly downregulated in the cells treated with M1Exo-GEM-DFX. This
reduced RRM2 expression is mainly related to the low iron supply induced by the iron
chelator as hENT1 is the main transporter of GEM to penetrate the cell membrane [36].
We then measured the expression of hENT1 and found that the expression of hENT1
was significantly increased in the M1Exo-GEM-DFX group compared with other groups
(Figure 4A,C). Taken together, these data demonstrated that M1Exo-GEM-DEX not only
inhibited the RRM2 expression via iron depletion, but also promoted the hENT1 expression
to efficiently transport the drug combinations into cells. Thus, M1Exo-GEM-DFX was able
to overcome GEM resistance, which may lead to better therapeutic outcomes for patient
with GEM-resistant pancreatic cancer.
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Figure 4. (A) Western blot of RRM2 and hENT1 expression in PANC-1/GEM cells at 24 h post-transplant. Figure 1. Exo,
GEM, DFX, GEM&DEFX, and M1Exo-GEM-DFX, while 3-actin was used as internal control. (B) Relative expression level of
RRM2. (C) Relative expression level of hENT1. (* p < 0.05).

3.5. Anti-MDR Effects

Overexpression of P-glycoprotein (p-gp) can lead to MDR in many cancers due to its
ability to efflux intracellular anticancer drugs. Therefore, inhibiting p-gp is a promising
strategy to improve the chemosensitivity of GEM in PANC-1/GEM cells. As shown in
Figure 5A, both M1Exo and the blank control had relatively low level of calcein AM reten-
tion, while the calcein AM retention levels were increased for both GEM and DFX treatment
groups. Meanwhile, when treated with M1Exo-GEM-DEFX, the calcein AM retention level
was over 80% compared to positive control verapamil, a classic P-gp inhibitor. These results
indicated that M1Exo-GEM-DEFEX treatment efficiently suppressed the expression of P-gp
in PANC-1/GEM cells, leading to increased accumulation of chemotherapeutic agents in
the cytosol.

3.6. Cell Migration and Attachment

Cell migration and attachment plays a critical role in cancer cell invasion and tumor
metastasis. Thus, we used wound-healing assay to investigate cell migration ability in vitro,
which is a commonly used model to mimic cancer cell metastasis. As shown in Figure 5B,C,
both wound length and rate of wound closure for PANC-1/GEM treated with M1Exo-
GEM-DFX remain unchanged when compared to other treated groups. In Figure 5D, GEM,
DEX, GEM&DEFX treatment groups had slightly reduced cellular confluency compared
to control and M1Exo groups. In contrast, PANC-1/GEM cells which received M1Exo-
GEM-DEX treatment had the lowest cellular confluency during cell attachment assay
due to its reduced adhesion ability of PANC-1/GEM cells. These results suggest that
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Figure 5. (A) Anti-MDR study of M1Exo, GEM, DFX, GEM&DEX, and M1Exo-GEM-DFX against PANC-1/GEM compared
with blank and positive controls. Wound-healing study of M1Exo, GEM, DFEX, GEM&DEFX, and M1Exo-GEM-DFX against
PANC-1/GEM: (B) Wound-healing assay of wound closure length. (C) Wound-closure rate. (D) Percentage of confluency
measured by cell attachment assay. (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).

3.7. Tumor Spheroid Assay

The anticancer effect was further evaluated in a 3D tumor spheroid system which has
been widely used for anticancer drug screening due to better mimicking the physiological
properties of tumor tissue [37]. Here, PANC-1/GEM tumor spheroids were successfully
cultured to evaluate the potential anti-tumor activity. Figure 6A represents the inhibitory
effects of the applied formulations on the 3D PANC-1/GEM tumor spheroids. As shown
in Figure 6B, native empty M1Exo had no effect on inhibiting the volume of the PANC-
1/GEM tumor spheroids, as a solid cellular cluster structure was maintained after the
treatment. Meanwhile, the tumor spheroid formation efficiency of both GEM&DEX and
M1Exo0-GEM-DEX decreased compared with other treatment groups in PANC-1/GEM
tumor spheroids. In addition, the volume change ratio of tumor spheroids at day seven
was 477.2 £ 17.2%, 448.5 £ 16.8%, 339.3 & 17.3%, 300.6 &= 15.9%, 47.1 £ 14.1% and 20 +
17.6% for control, M1Exo, GEM, DFX, GEM&DEFX, and M1Exo-GEM-DFX, respectively.
Among these formulations, M1Exo-GEM-DFX induced the strongest inhibitory effect on
PANC-1/GEM tumor spheroid growth. The measurement of the spheroid roundness was
compared, and we found that the tumor spheroids became granular and irregular on the
periphery and finally broke into pieces when treated with M1Exo-GEM-DEFX (Figure 6C).
These results were consistent with the previous results of cell migration and attachment
study. Our results indicated that M1Exo-GEM-DEX effectively inhibited the formation
and growth of PANC-1/GEM tumor spheroids compared with free drugs. Thus, these
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A

Dayl

Control

data provided solid evidence that M1Exo-GEM-DFX can significantly enhance therapeutic
efficacy toward drug-resistant PANC-1/GEM in vitro by inducing PANC-1/GEM cell
death and increasing drug sensitivity to GEM.
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Figure 6. (A) Morphology of 3D PANC-1/GEM tumor spheroids treated with blank control, M1Exo, GEM, DFX, GEM&DFX,
and M1Exo-GEM-DEX at the indicated concentration for 7 days. Scale bar: 200 um. (B) Inhibitory effect on the growth
of PANC-1/GEM tumor spheroids. (C) PANC-1/GEM tumor spheroid roundness after treatments, calculated by Image].

(*p <0.01).

4. Conclusions

In summary, co-delivery of gemcitabine and Deferasirox using M1Exo offers an effec-
tive solution for treating drug-resistant pancreatic cancer. Our study revealed that M1Exo-
GEM-DFX nanoformulation enhanced the cytotoxicity efficacy on the GEM-resistant PANC-
1/GEM cell line. The mechanism of action was associated with increasing chemosensitivity
of GEM in PANC-1/GEM cells by inhibition of RRM2 expression via depleting iron. We
also investigated the anticancer therapeutic efficacy of the nanoformulations using a 3D
tumor spheroid model. We demonstrated that M1Exo-GEM-DEFX effectively inhibited the
formation and growth of PANC-1/GEM tumor spheroids compared with free drugs. Over-
all, the present study suggested that M1Exo-GEM-DFX could be an efficient therapeutic
strategy for the treatment of drug-resistant pancreatic tumors and provided insight into
their mechanism of action.
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Abstract: Cancer represents one of the leading causes of morbidity and mortality worldwide, impos-
ing an urgent need to develop more efficient treatment alternatives. In this respect, much attention
has been drawn from conventional cancer treatments to more modern approaches, such as the use of
nanotechnology. Extensive research has been done for designing innovative nanoparticles able to
specifically target tumor cells and ensure the controlled release of anticancer agents. To avoid the
potential toxicity of synthetic materials, natural nanoparticles started to attract increasing scientific
interest. In this context, this paper aims to review the most important natural nanoparticles used
as active ingredients (e.g., polyphenols, polysaccharides, proteins, and sterol-like compounds) or
as carriers (e.g., proteins, polysaccharides, viral nanoparticles, and exosomes) of various anticancer
moieties, focusing on their recent applications in treating diverse malignancies.

Keywords: natural nanoparticles; natural anticancer compounds; natural cancer therapies; novel
cancer treatment alternatives; natural nanocarriers; chemotherapeutic agents targeted delivery

1. Introduction

Cancer has long been a critical threat worldwide, imposing a global health and eco-
nomic burden. Cancer cells can evade the immune system, multiply indefinitely, and
perform angiogenesis, leading to challenging malignancies that directly damage human
life [1-6].

The most frequently employed treatment option in fighting cancer is chemotherapy,
which can be used either alone or in combinatorial approaches with radiotherapy, surgery,
or adjuvant therapies (e.g., immunotherapy, hormone therapy, photothermal therapy,
photodynamic therapy, and ablative techniques) to produce effective responses depending
on the cancer stage [7-10]. However, the dissatisfying specificity coupled with poor
aqueous solubility and short blood circulation of conventional anticancer drugs leads to
low concentrations of drugs at the tumor site and the requirement of high doses [2,8,11-13].
In addition, the therapeutic efficacy of administered drugs diminishes over time due to
the development of drug resistance [14,15]. Despite the growing number of anticancer
agents developed in the last few decades, their severe toxicity, high production cost, and
low patient compliance demand better antitumor alternatives [16].

To improve treatment outcomes, radiotherapy can be used complementarily to destroy
cancer cells sensitized by chemotherapeutics. However, radiation also affects normal tissues,
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- Inoperable tumors

- Invasive procedure
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leading to side effects occurrence immediately or soon after radiotherapy treatment [17,18].
Thus, the lack of specificity of conventional therapies results in negative effects upon rapidly
multiplying normal cells (e.g., bone marrow, gastrointestinal tract, and hair follicles) [13]
or other healthy tissues, leading to multiple off-target adverse effects, including appetite
loss, anemia, internal bleeding, fatigue, and hair loss [2,12,19]. Some of the most important
disadvantages associated with the classic trio of cancer therapeutic options are summarized
in Figure 1.

- Poor aqueous solubility |
- Lack of selectivity i
- Short blood circulation i
- Low drug concentration |

at tumor site
- Multidrug resistance
Systemic toxicity

Chemotherapy

- Abscopal effect :
- Radioresistant tumors |
- Neurocognitive i

deficits i
- Decreased fertility |

Figure 1. Limitations of conventional cancer treatment strategies. Created based on information
from [13,20-25].

Nanotechnology has appeared as a promising solution to overcome the most pressing
challenges of current cancer treatments [2,26,27]. The use of nanocarriers is a viable option
for enhancing solubility and bioavailability of anticancer compounds of both natural
and synthetic origin [28], delivering drugs across traditional biological barriers in the
body [29], and combining therapeutic agents with imaging techniques towards achieving
synergic results [12]. In more detail, anticancer drug delivery via nanoparticles (NPs) is
influenced by biological barriers, counting tumor microenvironment (TME) and vasculature,
reticuloendothelial system, blood-brain barrier (BBB), and kidney filtration [30]. Thus,
special attention must be given to overcoming these barriers and ensuring tumor uptake
of NPs.

Specifically, by taking advantage of the newly accumulated knowledge TME [15,31,32],
multifunctional NPs can be designed to deliver bioactive agents directly to the tumor, reduc-
ing systemic side effects (Figure 2). This can be done either by surfaced functionalization
with ligands specific for receptors expressed by tumor cells or other cells in TME or by
functionalization with chemical groups that can respond to TME signals (e.g., secreted
molecules, acidic pH, and hypoxic conditions) [11,29,33].
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+ Achieved by surface modification with targeting ligands and unique
physicochemical properties that facilitate recognition and uptake by ~2
DCs
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)
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tumor pressure gradient, and nature of ECM
« By use of external stimuli to which particles are sensitive

!
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Figure 2. NPs roles in regulating TME and improving tumor immunotherapy. Created based on
information from [1,30,34-36]. Abbreviations: APCs—antigen-presenting cells; DCs—dendritic
cells; TME—tumor microenvironment; ECM—extracellular matrix; MHC—major histocompatibility
complex; CTL—cytotoxic T lymphocyte.

To date, a wide array of materials have been investigated for producing effective
anticancer NPs. Researchers developed different nanostructures of different shapes, sizes,
architectures, and compositions using various materials, including lipids, proteins, polysac-
charides, synthetic polymers, and inorganic materials [2,8,9,11,29].

In particular, the beneficial physicochemical and biological properties of natural ma-
terials have recently rendered these NPs among the most promising base materials for
cancer therapy. As compared to most synthetic NPs, nanostructures of natural origin have
been noticed to have better safety profiles, enhanced biocompatibility, biodegradability,
and non-immunogenicity; they also present functional groups that facilitate their chemical
modification towards obtaining even more performant formulations [8,11,37]. Moreover, as
detailed toxicology assessments are fundamental for the clinical translation of nanoparticu-
late nanomedicines [38], the favorable biological behavior of natural NPs may represent an
opportunity for their faster introduction into clinical trials and consequently into medical
practice as compared to synthetic alternatives.

In this respect, the present paper further discusses the most recent advances in natural
NPs for cancer management, including both natural molecules with inherent anticancer
properties loaded into NPs and natural NPs used as carriers of various freights in cancer
therapies. More specifically, in this review are considered “natural” the compounds and
materials that can be obtained from biological sources.
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2. Natural Compound-Based NPs with Intrinsic Anticancer Activity

Attempting to avoid the side effects and downsides of chemotherapeutic drugs, re-
searchers have tackled the anticancer potential of natural anticancer agents from a variety
of plants and organisms [39,40]. Some of the most relevant examples of nanoparticles of
natural origin with intrinsic anticancer activity are further described in this section.

2.1. Polyphenols

Polyphenols are well recognized for their health benefits, showing biomedical po-
tential in various diseases, such as tumors, inflammatory diseases, and cardiovascular
diseases [41,42]. They can be easily included in the daily diet, as they can be found in
diverse natural sources (e.g., tea, red wine, cocoa, fruits, and olive oil), or they can be
extracted and processed for developing nutraceutical and pharmaceutical formulations
with specific and enhanced activity [43].

Polyphenols represent a broad class of bioactive compounds, comprising a variety of
chemical structures (Figure 3). Their molecular structures allow polyphenols to combine
with other materials, such as proteins, metal ions, polymers, and nucleic acids, creating
better delivery strategies [41]. In this respect, the following subsections discuss the newest
approaches for polyphenols delivery that are relevant for alternative or complementary
cancer therapies.

Phenolic acids

!—j—\ [

Hydroxyclnnamlc Condensed tannins Hydrolysable
jreldiinet (Proanthocyanidins) tannins

E.g., p-coumarin POIyphen°|s E.g., catechin

acud caffeic acid, E.g, gallic acid, polymers, E.g., ellagitannins,
ferulic acid, ellagic acid, vanillic epicatechin gallotannins

chlorogenic acid acid, syringic acid polymers

\ ‘
E.g., resveratrol,
astringin, 0 E.g., umbelliferone,
iceatanol L ’un:uletin '
P E.g., secoisolariciresinol, E.g., curcumin,
m-ta.iresirlol, demethoxycurcumin,
medioresinol bisdemethoxycurcumin

e

’ E g . (+)-uuthln,
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myrlcetm luteolin eriodictyol gallate d-galactoside, delphinidin

Figure 3. Polyphenols classification and examples. Created based on information from [44—46].

2.1.1. Flavonoids

Nanoparticles obtained from flavonoids have promising anticancer effects [28,47].
One such useful compound is chrysin, which has proven advantageous characteristics,
including anti-inflammatory, antioxidant, antiallergic, and cancer chemopreventive prop-
erties [2,48,49]. Nonetheless, the poor water solubility and bioavailability of chrysin limit
its use as an anticancer drug [48,50]. In this context, special attention has been drawn
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to investigate chrysin in nanoparticulate form. Mutha et al. [49] have developed chrysin
NPs by probe sonication technique. The authors used small amounts of sodium dodecyl
sulfate to enhance aqueous solubility of NPs and mannitol as a bulking agent. The as-such
obtained NPs demonstrated potential cytotoxicity and significant control on the growth
of MCEF-7 breast cancer cell line. Another convenient strategy to overcome pure chrysin
limitations is to encapsulate this compound in PLGA-PEG nanoparticles [48,50]. For in-
stance, Mohammadian et al. [48] have evaluated chrysin-loaded PLGA-PEG NPs against
a gastric cancer cell line. The researchers observed a significant decrease in ICs) value of
nanocapsulated chrysin as compared to free flavonoid and a decline in miR-18a, miR-21,
and miR-221 gene expression. Another example is offered by Tavakoli et al. [50], who have
used PLGA-PEG NPs to co-deliver chrysin and curcumin. The scientists reported enhanced
antiproliferative and anti-metastatic effects on melanoma cancer when encapsulating these
polyphenols than when using them in free form.

Quercetin is another flavonoid with potential applications in cancer therapy as it
exhibits a strong inhibitory effect on the growth of several cancer cell lines, including
nasopharyngeal, lung, prostate, ovarian, breast, leukemic, skin, bone, and colon cancer
cells [51-53]. Nonetheless, the application of quercetin in anticancer treatments is limited
by low aqueous solubility, bioavailability, and chemical instability in neutral and alka-
line media [54]. To overcome these drawbacks, quercetin can be delivered via different
nanoplatforms. For instance, Rezaei-Sadabady et al. [55] have encapsulated quercetin into
liposomes to enhance the hydrophilicity and deliverability of this flavonoid. The authors
obtained promising results in terms of quercetin solubility and bioavailability, but the types
of cancer most likely to benefit from this non-toxic therapy were yet to be determined. An-
other delivery possibility is proposed by Sadhukhan et al. [56], who have loaded quercetin
into phenylboronic acid conjugated zinc oxide NPs. The scientists observed that their
nanosystem was able to enhance oxidative stress and mitochondrial damage, leading to
apoptotic cell death in human breast cancer cells. Moreover, tumor-associated toxicity
in the liver, kidney, and spleen was reportedly reduced. Quercetin was also prepared in
combination with other nanomaterials, including chitosan NPs [57,58], PEGylated-PLGA
nanocapsules [59], pluronic-grafted gelatin copolymers [60], mesoporous silica NPs [61],
and metal-organic frameworks [54].

Baicalein has also been extensively studied as an alternative to synthetic chemothera-
peutic agents [2]. It has been proven as an anti-inflammatory, antioxidant, and antitumor
agent for different types of cancers, including lung, breast, skin, and gastric cancers [62,63]
(Figure 4). To overcome its poor bioavailability caused by its hydrophobic nature, scientists
started to explore various baicalein-based nanoparticulate combinations. For instance,
Wang et al. [62] developed self-assembled NPs containing dual-targeted ligands of folate
and hyaluronic acid for co-delivery of baicalein and paclitaxel. The as-described system
was proven efficient for targeted drug delivery, leading to synergistic anticancer effects
and overcoming multidrug resistance in human lung cancer cells. A different strategy
is offered by Joshi et al. [64], who have fabricated solid lipid nanoparticles of baicalein
that had an increase of over ~300% in relative oral bioavailability as compared to free
flavonoid administration. The researchers also reported better radioprotection to healthy
cells and sensitized cancer cells to radiation-induced killing, concluding that these novel
nanoparticles can be employed as an adjuvant in cancer radiotherapy.
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Figure 4. Baicalein anticancer activity by binding to and interacting with specific cellular targets.
Reprinted from an open-access source [63].

Green tea catechins were also noted for their suppressive effects on cancer cell pro-
gression, metastasis, and angiogenesis [65]. The major bioactive constituent of green tea,
(—)-epigallocatechin-3-gallate (EGCG), has been intensively studied for its chemopreven-
tive and chemotherapeutic activity. However, its lack of target specificity, short half-life,
low stability, and low bioavailability limit its free use and request for special delivery
approaches [66,67] (Figure 5). EGCG-based nanosystems showed promising synergistic
results by conjugation with gold NPs [68-70], encapsulation in synthetic [71-73] and natu-

ral [74-77] polymeric NPs, liposome delivery [78-81], and combination with various other
anticancer agents [79,81-83].
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Figure 5. EGCG delivery possibilities for cancer therapy: (1) incorporation of ligands on NPs
surface for specific targeting of cancer cell receptors or antigens; (2) EGCG used as a capping agent;
(3) surface functionalization with polymers for improving drug release, cellular uptake, and intestinal
absorption; (4) co-encapsulation with conventional chemotherapeutic agents. Reprinted from an

open-access source [66].

2.1.2. Tannins

Condensed tannin extracts have also been remarked as promising anticancer candi-
dates due to their antitumor activity and potential of inducing apoptosis in cancer cells via
enzymes regulation [37,84,85]. Other anticancer mechanisms of tannins include negative
regulation of transcription factors, growth factors, receptor kinases, and various oncogenic

molecules [86].
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Recently, scientists have moved from condensed tannins extracts to their nanoparti-
cles’ counterparts, as is the case of AlMalki et al. [37], who have synthesized NPs from
a commercial product extracted from the bark of Pine trees. The researchers obtained
potential anticancer effects against MCF-7 cells, concluding that tannin nanoparticles are
promising candidates for treating breast cancer either alone or in combination with low
doses of tamoxifen.

2.1.3. Resveratrol

Resveratrol is the most studied stilbene due to its large availability, antioxidant proper-
ties, and potential induction of cancer chemopreventive and therapeutic responses [87,88].
Nonetheless, similar to other polyphenols, resveratrol’s direct use is hindered by its low
bioavailability and rapid metabolism [88].

Thus, the development of nanoparticulated formulations has become a convenient
solution for overcoming these drawbacks. Conjugating resveratrol to gold NPs was seen
to improve its bioavailability, leading to optimal cellular uptake, and enhanced antitumor
efficacy against breast, prostate, and pancreatic cancer cells [89]. Other studies emphasized
the potent anticancer activity of resveratrol (RES) when loaded in solid lipid NPs (SLNs [90],
functionalized mesoporous silica NPs (MSNs) [91], gelatin NPs [92,93], and more (Table 1).

Table 1. Examples of anticancer nanoparticle formulation based on resveratrol.

Physicochemical

Nanoformulation Characteristics Type(s) of Cancer Observations Refs.
Enhanced bioavailability of RES
Shape: spherical B Excellent loading of RES with
. . reast cancer . .
RES-conjugated Average core size: Prostate cancer subsequent efficient antitumor [89]
gold NPs 16.1 £ 5.0 nm Pancreatic cancer effects
Zeta potential: —25 mV Synergic anticancer activity due
to dual action of gold and RES
Enhanced bioavailability and
Shape: spherical anticancer activity of RES
Average diameter: Cell proliferation inhibited in a
168 £ 10.7 nm dose-dependent manner
RES-loaded SLNs Zeta potential: Breast cancer Lower ICsq values for RES-SLNs  [90]
—235+1.6mV than for free RES
Loading capacity: Increased cell cycle arrest in the
252+ 1.7% G0/G1 phase via CyclinD1
downregulation in cancer cells
Good stability under acidic
conditions
. . Effectively involved and
Ct}rl;f:_aé?so:;edd_ Shape: spherical . increased cytotoxicity in cancer
ferulic aci Average diameter: cells, resulting in apoptosis
erulic acid loaded 174 + 5 nm Colon cancer induction [94]
SENI\iI;Cf(;rfi]:g;tgd Zeta potential: —25.9 mV Cancer cells specific delivery;
induced cell death of HT-29 cell
line but did not affect normal
NIH 3T3 cells
Significant control over RES
release at 5.5 pH
RES-loaded in Shape: spherical Robust and dose-dependent
functionalized Average diameter: ~60 nm Prostate cancer sensitization of Docatexal in [91]
MSNs hypoxic cell environment

Enhanced antiproliferative
potential
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Table 1. Cont.

Physicochemical

Nanoformulation Characteristics Type(s) of Cancer Observations Refs.
e  Significant decrease cell viability
with IC5O and ICgO of 15.6 &+ 1.49
and 41.1 £ 2.19 uM, respectively
) e  Significantly greater cytotoxicity
° ihape: sl:é}}erlcal than free RES
° verage diameter: e  Anticancer effects mediated by
RES-loadISd PLGA 237.8 + 4'9?' nm Prostate cancer apoptosis; confirmed by cell [95]
NPs e Encapsulation efficiency: cycle arrest at G1-S transition
89.32 +3.51% phase, DNA nicking, loss of
mitochondrial membrane
potential, ROS generation, and
externalization of
phosphtidylserine
e  Superior efficacy in NCI-H460
e Shape: spherical cells o )
RES-loaded gelatin ~ ® Average diameter: 294 nm Non-small cell lung ?nduced a.poptOSlS via alteration
NPs e  Encapsulation efficiency: cancer in expression of p53, p21, [93]
93.6% caspase-3, Bax, Bcl-2 and NF-«xB
e  Induced cell arrest in the GO/G1
phase of cell cycle
e  Improved RES aqueous
solubility by 66-folds
RES-cyclodextrin ~ ®  Shape: spherical e Intensified anticancer effects
complex-loaded e Average diameter: Non-small cell lung compared to free RES [96]
264.2 + 3.4 nm cancer e  Enhanced cellular uptake,

PLGA NPs

cytotoxicity, and apoptosis
e  Very good aerosolization
potential

2.1.4. Curcumin

Curcumin is one of the most studied herbal anticancer compounds, especially due
to its multiple-fold action (Figure 6). Curcumin can inhibit carcinogenesis, angiogenesis,
and tumor growth [97] by modulating or interacting with growth factors, interleukins,
and protein kinases, thus being a promising alternative to conventional chemotherapeutic
agents [39,40].

However, curcumin has low water solubility and is unstable in physiological con-
ditions, drawbacks that further lead to poor bioavailability and unfavorable biodistribu-
tion [39,98]. To overcome these challenges and enhance anticancer bioactivity, scientists
employed curcumin (CUR) in the development of composite nanoparticles by conjugation
with human serum albumin (HSA) [99], encapsulation in chitosan [40,100], silk fibroin [101],
soybean polysaccharide [102], and more (Table 2).
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Figure 6. Anticancer effects of curcumin. Created based on information from [39,97].

Table 2. Examples of anticancer nanoparticle formulations based on curcumin.

Physicochemical Type(s) of

Nanoformulation Characteristics Cancer Observations Refs.
e  Shape: spl}erical e Enhanced stability of CUR both
e Average diameter: in physiological and acidic
] 180 4= 2nm ) conditions
CUR-‘cﬁrglus%:ted e  Zetapotential: Breast cancer e  Significant increase in CUR [99]
wit e —7mV . cytotoxicity on cancer cells
e  Loading capacity: 12% without increasing the toxicity
e  Encapsulation efficiency: on healthy cells
70%
e  Significant tumor treatment
CUR and liquid effects i i
o e  Shape: spherical e  Under low-intensity focused
perfluorohexane o Average diameter: 47 nm ultrasound (LIFU) and 5.0 pH,
(PHF) co-loaded in ~ ®  Zeta potential: —37mV Ovarian cancer tl;e nanopliltform released 53}:2 o [103]
ferritin nanocages ~ ® ~ CURloading ratio: of encapsulated drugs in 24
conjugated with 125.8 + 2.1% e After 4 min of LIFU at 5.0 pH,
bl acid the system provided

contrast-enhanced ultrasound

imaging capabilities
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Table 2. Cont.

Nanoformulation l’hysu:oche.m.lcal Type(s) of Observations Refs.
Characteristics Cancer
CUR was mostly released in the
e Shape: spherical first 5 h then gradually released
e  Average diameter: up to 90 h
115 + 21 nm Higher release in pH 5.2 than in
CUR-loaded e Zeta potential: 33.8mV Colon cancer pH7 [40]
chitosan NPs e Loading capacity: 21.6% Lung cancer Time-dependent decrement of
e  Encapsulation efficiency: cancer cells viability
83.8% After 96 h of exposure 67.6%
HCT-116 cells and 73.8% A-546
cells were dead
) Effective and precisely
e Shape: spl‘1er1ca1 controllable NPs induced
e  Average diameter: cytotoxicity only upon
CURoaded 415.30 + 9‘0.31{11“ irradiation with 457 nm LED
hitosan NPs e  Zeta potential: Lung cancer light NPs [100]
chitosa 33.37 £021 mV Upon photoactivation, CUR
e Encapsulation efficiency: induced chromatin condensation
73.56 £ 6.01% and DNA fragmentation leading
to cancer cells destruction
Local long-term sustained drug
. delivery
° Shape: spherical Cytotoxicity against cancer cells,
CUR-loaded silk e Average diameter: Hepat9cellular while no decreasing viability
fibroin NPs 155-175nm carcmnoma reported for healthy cells (1o1]
e  Zetapotential: —45 mV Neuroblastoma Higher efficacy against
neuroblastoma cells than against
hepatocellular carcinoma cells
No significant difference in the
. viability of HCT 116 and MCF-7
CUR-oaded e Shape: Spherlcal . cells challenged with
soybean *  Average diameter: Colon cancer DMSO-dissolved and
olvsaccharide 200-300 nm . Mammary nanoencapsulated CUR [102]
poy ) e Encapsulation efficiency: adenocarcinoma Most of antiproliferative activity
nanocapsuies ~90% of the nanosystem manifested
after sim, ulated gastric and
intestinal digestions
Significantly increased solubility
e  Shape: spherical and enhanced bioavailability of
e Average diameter: 197 nm CUR for photodynamic therapy
CUR-loaded e  Loading capacity: 8.1% Cervical cancer Smooth and steady release at [104]
PEGylated MSNs o Encapsulation efficiency: physiological pH, while at 5.0
89.1% pH the release rate was slightly
speeded up
Improved in vitro antioxidant
activity compared to crude CUR
CUR-loaded ) powder
poloxamer188-b-  © Shape: sp}}erlcal . Esophageal Particles could biodistribute into  [15]
PCL ° Average diameter: 100 nm squamous carcinoma liver, kidney, and lung tissues,
NPs

acting as protection agents in
cancer radiotherapy
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Table 2. Cont.

Physicochemical Type(s) of

Nanoformulation Characteristics Cancer Observations Refs.
Effective targeting ability,
. . suppressed cellular proliferation,
- Shape: spherical . S
CUR loéd?d_ AveI;ageIZIiameter: Nasopharyngeal and induced apoptosis in vitro
therapeutic lipid 198 + 42 nm carcinoma (NPC) Enhanced inhibitory effect on [106]
NPs ' ' NPC tumor growth and
metastasis in vivo
Dose-dependent decrease in cell
proliferation and viability of
glioblastoma stem-like cells
. Shape: spherical (GSC)
CUR-loaded in Average diameter: ~60 nm Glioblastoma Higher effects on GSC viability, [107]

niosomal NPs

Zeta potential: —35 mV

apoptosis, cell cycle arrest, and

expression of Bax than free CUR
e  Significantly impaired GSC
migration

2.2. Proteins

Increasing interest has been directed towards using ovalbumin (OVA) protein anti-
gen in developing novel anticancer nanoparticles. This non-toxic, temperature- and pH-
sensitive, and economical material is convenient for use in cancer immunotherapy as
it elicits cellular and humoral immune responses [108,109]. Habibi et al. [108] have cre-
ated different OVA-based NPs by chemically linking individual OVA molecules via PEG
units. The scientists noticed that by controlling the PEG/OVA ratio, the physicochemical
characteristics of the protein NPs, such as size, elasticity, and network structure, can be
tailored. The authors reported better results as the PEG/OVA ratio decreased, i.e., in-
creased uptake by lymph node macrophages, dendritic cells, and B cells, more effective
processing by dendritic cells, enhanced lymphatic drainage, higher anti-OVA antibody
titers in vivo, and overall improved humoral responses. Moreover, when compared to
solute OVA, NPs significantly increased the median survival rate in a mouse model of
B16F10-OVA melanoma.

Silk sericin is another protein of interest for improving cancer treatment strategies.
Sericin’s biocompatibility, non-immunogenicity, and antioxidant properties are the main
factors contributing to its research for anticancer purposes. It has been proven that this
natural material can reduce oxidative stress or suppress cancer cytokines for skin and
colon cancer. Moreover, silk sericin has a self-assembling capacity and unique chemistry
that favors surface modifications, thus also being a promising nanocarrier for anticancer
drugs [110,111].

Keratin may also be employed in designing NPs for cancer therapies. This protein is
particularly appealing due to its unique amino acid sequences that can specifically bind
vitronectin integrin receptors overexpressed by several cancer cells [112]. Nonetheless, this
inherent anticancer potential has been mostly exploited for delivery purposes, to create
stimuli-responsive nanocarriers for chemotherapeutics [112-115], or to enhance the effects
of phototherapies [116-119].

2.3. Polysaccharides

Fucoidan is a marine polysaccharide that can be extracted from different species of
brown algae. As this polymer exhibited great promise in treating several types of cancer,
including colon, bladder, liver, lymphoma, and gastric cancers, researchers started to
investigate its effects in the nanoscale form [120,121]. For instance, Etman et al. [120] have
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developed fucoidan-based NPs by polyelectrolyte interaction with lactoferrin targeted
ligand. The researchers have reported cytotoxic properties against pancreatic cancer cells,
enhanced ability to prevent tumor cells migration and invasion, with a 2.3-fold decreased
1C5g value for fucoidan NPs than for fucoidan solution.

Chitosan, a polymeric biomaterial found in shellfish exoskeletons, can also be used
in developing novel anticancer formulations. This polysaccharide manifests its antitumor
activity by affecting cell digestion and inhibiting cell development. However, most of the
studies approach chitosan as an assistant agent and nanocarrier rather than for its intrinsic
anticancer properties [122].

2.4. Sterol-Like Compounds

Sterol-like natural compounds have also been shown to have promising antitumor
activity, gaining interest in developing innovative nanoparticulate cancer therapeutics. For
instance, Qiu et al. [123] have loaded 20(S)-ginsenoside (Rg3) into pH-sensitive polymeric
NPs that can target cancer cells and prolong circulation time. It was reported that Rg3
could be released rapidly at the tumor site, significantly inhibiting tumor proliferation.
Specifically, the sterol-like compound decreased the expressions of proliferating cell nuclear
antigen, producing the apoptosis of colorectal cancer cells through the increased expressions
of caspase-3.

A different approach was used by Kim et al. [124], who have prepared flower-shaped
nanocomposites based on zinc oxide and hyaluronic acid, which they functionalized with
ginsenoside Rh2. This complex nanosystem proved successful against lung, colon, and
breast cancer cells, exerting its anticancer activity through several mechanisms (e.g., ROS
production, upregulation of p53 and BAX, downregulation of BCL2, induction of morpho-
logical changes in the nucleus of tumor cells).

3. Natural Nanoparticles for Anticancer Drug and Gene Delivery

A lot of research effort has been put into developing biocompatible targeted delivery
vehicles from materials of natural origin. Numerous studies have been published evaluating
the anticancer action of various natural-based nanosystems able to effectively and efficiently
deliver different cargos to the tumor site. Several recently developed nanoformulations
based on proteins, polysaccharides, viral NPs, exosomes, and other natural materials are
further presented to make an overview of current progress in the field and emphasize the
versatility of these nanoparticles for cancer management.

3.1. Protein-Based NPs
3.1.1. Albumin

Human serum albumin (HSA) is an appealing material for developing novel nanomedicines
as it has a high drug loading ability, self-assembling properties, long half-life, and prefer-
ential uptake by tumor and inflamed tissues [11,125]. Moreover, increasing interest has
been drawn to using HSA-based NPs in cancer management after the FDA approval of
paclitaxel-bound albumin NPs (Abraxane™) [7,126]. Albumin NPs also show a good
affinity for other cancer drugs, such as doxorubicin, curcumin, and tacrolimus [109].

For instance, Chaiwaree et al. [127] have successfully encapsulated doxorubicin in
HSA submicron particles. The researchers reported excellent A549 cell uptake (up to 98%)
and localization of drug nanoformulation within the cell lysosomal compartment. These
observations were also reflected in the reduction of cancer cell metabolic activities after 72 h
and less than 1% drug release within 5 h at physiological pH. Thus, it can be concluded
that this delivery system is a potential candidate for cancer therapy.

Another promising strategy was developed by Yu et al. [128], who have fabricated
albumin NPs loaded with docetaxel and functionalized with nucleolin-targeted aptamers.
Their targeted drug delivery system was preferentially ingested by nucleolin-expressing
CT26 colon cancer cells, leading to enhanced antitumor efficacy, low systemic toxicity, and
prolonged survival of CT26-bearing mice.
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3.1.2. Keratin

The targeting potential and ease of functionalization of keratin nanoparticles have
been exploited by Avancini et al. [116], who have used them as nanocarriers for salinomycin,
chlorin e6 photosensitizer, and vitamin E acetate. The researchers tested this novel drug
delivery system in vitro on breast cancer cell lines and cancer stem cell (CSC)-enriched
mammospheres, reporting synergistic cell killing, limited self-renewal capacity, and erad-
ication of CSCs. Further in vivo tests on zebrafish embryos confirmed the results and
revealed that keratin encapsulation of the drug does not alter its CSC-specific cytotoxicity.

Lu et al. [117] have also investigated keratin-based NPs for photodynamic therapy
against breast cancer. The complete nanosystem comprised keratin as nitric oxide generator,
phenylboronic acid (PBA)-modified d-a-tocopherol polyethylene glycol 1000 succinate
(TPGS) as targeting ligand, and methylene blue as photosensitizer. In vivo studies showed
that the developed constructs induced extensive cell apoptosis, leading to significant
inhibition of in situ tumor growth and lung metastases.

3.1.3. Silk Sericin and Fibroin

The two proteins of silk (i.e., sericin and fibroin) can be used for engineering silk-based
nanoparticles suitable for drug delivery and cancer treatment [129-131]. For instance,
Huang et al. [111] have fabricated folate-conjugated sericin nanoparticles for tumor tar-
geting and pH-responsive delivery of doxorubicin. The as-described NPs possessed good
cytotoxicity and hemocompatibility, specifically releasing the encapsulated drug freight
into the lysosomes of folate receptor-rich KB cells.

Silk sericin has also found use as a photosensitizer carrier. More specifically, Gao
et al. [132] have used this protein to create NPs for chlorin e6 delivery. These nanosystems
achieved superior accumulation in tumor sites compared to with free photosensitizer
agents, suppressing tumor growth and avoiding side effects occurrence.

Pandey et al. [133] have developed silk fibroin NPs coated with hydrophilic stabilizers
to allow longer circulation times and facilitate their uptake by low-density lipoprotein
receptors. These nanocarriers loaded with doxorubicin showed a proinflammatory re-
sponse, sustained drug release, and better cytotoxicity than the free drug, being a potential
candidate for glioblastoma treatment.

Silk fibroin was also proven useful in the delivery of drugs for colorectal cancer
treatment. Particularly, Hudita et al. [134] have designed silk fibroin-based NPs for the
delivery of 5-fluorouracil (5-FU). The scientists reported great antitumor efficacy in vitro
and promising results in vivo, as the proposed system was able to ameliorate mucositis
induced during 5-FU treatment.

3.1.4. Ferritin

Ferritin is a convenient protein for drug encapsulation as it self-assemblies naturally
into a hollow nanocage with an inner diameter of 7-8 nm. This structure is composed of
24 subunits of either heavy chain ferritin (HFn), light chain ferritin (LFn), or a mix between
the two types. In particular, HFn has been noted to bind human cells by interacting with
transferrin receptor 1 (TfR1), which is highly expressed on cancer cells and is commonly
used as a targeting marker for tumor diagnosis and therapy [135,136].

In this respect, Liang et al. [136] have investigated HFn nanocages for the delivery of
doxorubicin. The researchers demonstrated that these ferritin nanostructures were able to
transport high drug doses for tumor-specific targeting and killing without requiring any
additional functionalization or property modulation. Doxorubicin-loaded HFn internalized
into tumor cells via interaction with overexpressed TfR1, releasing the drug in lysosomes
and significantly inhibiting tumor growth after a single dose injection with minimum
healthy organ drug exposure. A similar approach was followed by Jiang et al. [137], who
have used doxorubicin-loaded ferritin nanosystems against hepatocellular carcinoma. The
scientists also used a targeted ligand (i.e., GRP78-targeted peptide SP94) to improve release
selectivity. The as-such designed platform was able to encapsulate a high amount of drug,
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ensuring a lower dosage of carrier and fewer adverse effects. Moreover, a better therapeutic
effect was observed as compared to currently reported nanomedicines.

A different strategy is offered by Sitia et al. [138], who have encapsulated navitoclax
and functionalized HFn nanocages with fibroblast activation protein (FAP) antibody frag-
ments aiming to create cancer-associated fibroblast (CAF)-targeted drug delivery agents.
The obtained results are promising as there were reported significantly higher drug release
only in FAP* cells, and considerably higher cytotoxicity than non-functionalized systems.
The researchers concluded it would be interesting to study if this nanoplatform is also able
to reduce metastases formation.

3.2. Polysaccharide-Based NPs
3.2.1. Chitosan

Chitosan has many advantageous properties recommending it as a suitable delivery ve-
hicle for a variety of biomolecules [139]. Being non-toxic, biodegradable, and biocompatible,
chitosan became the material of choice for developing many nanoparticulate formulations
for biomedical applications in general, and cancer management in particular [40].

For instance, chitosan has been demonstrated successful in improving the efficacy of
photodynamic therapy. Ding et al. [140] have prepared chitosan NPs encapsulated with
chlorin e6 photosensitizer by a nonsolvent-aided counterion complexation method, noting
enhanced biocompatibility and dramatically increased therapy efficiency compared with
free photosensitizer administration.

Chitosan NPs have also been remarked as a promising anticancer drug delivery
platform [141]. Gounden et al. [142] have developed silver NPs conjugated with chitosan
and loaded with cisplatin. The authors reported specificity towards breast cancer cells with
minimal cytotoxicity towards normal cells, as the drug was efficiently and rapidly released
from the nanosystem at low pH.

3.2.2. Fucoidan

Etman et al. [143] have used fucoidan extracted from Undaria pinnatifida to encapsulate
quinacrine. Fucoidan acted as both delivery vehicle and active targeting ligand, while for
some particles lactoferrin was added as a second active targeting ligand. The researchers
obtained promising results for both single- and dual-targeting particles against pancreatic
cancer, with a higher animal survival rate and no hepatotoxicity. In particular, dual-
targeted particles were reported to enhance quinacrine activity 5.7-fold compared to free
drug solution, having a higher ability in inhibiting cancer migration and invasion.

Jafari et al. [144] have also taken advantage of fucoidan’s targeting ability. The authors
used fucoidan-conjugated doxorubicin nanoparticles to target P-selectin overexpressed by
malignant cells, obtaining enhanced cellular uptake and cytotoxicity against the MDA-MB-
231 cell line.

Alternatively, Coutinho et al. [145] have combined fucoidan and chitosan to create
an oral delivery system for methotrexate. The nanoplatform was reported safe towards
fibroblasts but hindered lung cancer cell proliferation via an apoptotic process, being
7-times more effective than the free drug.

3.2.3. Alginate

Alginate has attracted research interest especially due to its biocompatibility, biodegrad-
ability, ease of production, and functionalization [146]. This natural polymer has been
used as a base material for several novel anticancer formulations. As an example, Pour-
javadi et al. [147] have employed this polysaccharide in the development of multifunctional
nanocarriers. The researchers fabricated a magnetic core nanocarrier with a lipophilic
surface based on oleic acid chains onto which paclitaxel and doxorubicin were adsorbed
and covered by a smart pH-sensitive alginate shell. The system exhibited increased stability,
enhanced biocompatibility, faster drug release in the acidic medium than at physiological
pH, and even higher toxicity toward MCF-7 and HeLa cells than the free drugs.
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3.2.4. Hyaluronic Acid

Hyaluronic acid (HA) is another polysaccharide [148] of interest for cancer drug
delivery especially due to its ability to specifically bind CD44 receptor overexpressed by
cancer cells [11]. For instance, Gaio et al. [149] have proposed the co-delivery of docetaxel
and meso-tetraphenyl chlorine disulfonate (TPCS,,) photosensitizer via HA-coated NPs.
Combining chemotherapy and photodynamic therapy, their nanosystem demonstrated
superior efficacy over monotherapies in lowering self-renewal capacity and inhibiting the
growth of breast cancer CSCs.

Moreover, thiolated HA (HA-SS) is sensitive to glutathione [19], and is thus a potential
targeting agent for TME-responsive delivery. In this respect, Debele et al. [150] have
created a dual-sensitive HA-SS conjugated with 6-mercaptopurine for doxorubicin-targeted
delivery to parental colon cancer and colon cancer CSCs. The synthesized nanoformulation
was uptaken via CD44 receptor, accumulating more in the tumor region than in any
other organ.

3.3. Viral NPs

The use of plant viruses in humans is considered a safe and promising alternative
for intravital imaging and drug delivery [151]. Particularly, cowpea mosaic virus (CPMV)
was reported advantageous due to its capsid’s icosahedral shape, which allows enhanced
multifunctional group display and endows the viral NP with the ability to carry specific
cargos. In what concerns cancer therapies, CPMV was noted to have enhanced permeability
and retention effect, allowing these viral NPs to preferentially extravasate from tumor
neovasculature and efficiently penetrate tumors [152].

For instance, Lam et al. [153] have used CPMV for the delivery of mitoxantrone
(MTO) antineoplastic chemotherapeutic to treat glioblastoma multiforme (GBM). The
researchers reported CPMV-MTO uptake in glioma cells and significant in vitro cyto-
toxic effects both as a solo therapy and in combination with tumor necrosis factor-related
apoptosis-inducing ligand, concluding that these plant virus-based NPs are promising
platforms for GBM treatment.

Cowpea chlorotic mottle virus (CCMV) has also been exploited in developing innova-
tive cancer treatments. Cai et al. [154] have employed this plant virus in the targeted deliv-
ery of oligodeoxynucleotides (ODN) with CpG motifs to tumor-associated macrophages
(TAMs). This nanoformulation promoted ODN uptake by TAMS, enhancing their phago-
cytic activity. Moreover, the direct injection of these engineered NPs into tumor tissues
induced a robust antitumor response increasing the phagocytic activity in the TME.

Another plant-based virus reported for anticancer drug delivery is tobacco mosaic
virus (TMV). Franke et al. [155] used TMV as a nanocarrier of cisplatin as a potential
treatment for platinum-resistant ovarian cancer. The scientists observed more efficient cell
uptake, superior cytotoxicity and DNA double-strand breakage in both platinum-sensitive
and platinum-resistant cancer cells than for free cisplatin, concluding that their newly
developed nanoplatform may be a powerful tool in combating ovarian cancer.

Other viruses reported for cancer applications include potato virus X, red clover
necrotic mosaic virus, papaya mosaic virus and physalis mottle virus [151].

3.4. Exosomes

Exosomes have recently emerged as potential nanocarriers of anticancer therapeutics
due to their biocompatibility, low immunogenicity, long circulation time, and high loading
capacity. These nanoscale extracellular vesicles benefit from an excellent tumor cell uptake
and high specificity to tumor-associated cells [19,29].

Agqil et al. [156] have used bovine milk exosomes as nanocarriers for siRNA delivery.
The scientists reported a dose-dependent antiproliferative activity against A549 cells treated
with folic acid-functionalized exosomes loaded with siKRASS!?S gene, concluding that this
nanocarrier is suitable for siRNA delivery and effective for tumor growth inhibition.
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Another application of bovine milk exosomes is offered by Li et al. [157], who have
encapsulated doxorubicin in these vesicles and decorated them with HA as a targeting
ligand for the selective delivery into overexpressed CD44 tumor cells. Munagala et al. [158]
have also developed drug-loaded exosomes for cancer therapy. The authors loaded vari-
ous chemopreventive and chemotherapeutic agents (i.e., withaferin A, bilberry-derived
anthocyanidins, curcumin, paclitaxel, and docetaxel) into exosomes and used folic acid to
achieve tumor targeting, reporting enhanced biological efficacy, improved specificity, and
elimination of off-target side effects of encapsulated drugs.

Furthermore, cancer cell-derived exosomes have unique characteristics that can be
exploited in early cancer diagnosis, detecting highly metastatic cancer cells, and assessing
cancer heterogeneity [159].

3.5. Other Natural NPs

Studies have also evaluated drug delivery nanoplatforms that do not fit under any
of the above-presented categories. One such example is proposed by Carvalho et al. [160],
who have encapsulated Solanum lycocarpum alkaloidic extract in natural lipid-based NPs
with the aim of creating a better bladder cancer treatment strategy. The authors reported a
sustained release profile 36 h after administration, antitumor activity in targeted cancer
cells, and high antiproliferative activity, with a 5.4 times lower cell viability than with
free extract.

Olive oil nanocapsules have also been described in the literature as efficient delivery
vehicles for anticancer drugs. For instance, Galisteo-Gonzalez et al. [161] have developed
nanocarriers with an olive oil core covered by a cross-linked HSA shell loaded with cur-
cumin. The as described nanoplatforms had a similar ICs, value to that of free curcumin,
but also avoided issues associated with excipients and displayed an excellent uptake per-
formance (entered human breast cancer cells massively in less than one minute). Another
approach of using olive oil nanocapsules was taken by Navarro-Marchal et al. [162], who
have surrounded them with a different shell containing phospholipids, a nonionic surfac-
tant and deoxycholic acid molecules, further coated with an xCD44 antibody. This complex
nanosystem was loaded with paclitaxel, leading to high targeted uptake and increased
antitumor efficacy (up to four times compared to free drug in pancreatic CSCs).

As it has been recently suggested that hydroxyapatite NPs have selective anticancer
activity for lung cancer cells, this natural inorganic material can also be employed in
designing targeted delivery vehicles [163]. Thus, Chen et al. [164] have developed hafnium-
doped hydroxyapatite NPs able to enhance photodynamic therapy efficiency and tumor
growth when bombarded with ionizing radiation. The authors concluded that their newly
developed nanoplatform is suitable for palliative treatment after lung surgical intervention.

Recent progress has been reported in developing DNA nanocages for delivery pur-
poses. For instance, Tam et al. [113] have designed self-assembled DNA nanocages func-
tionalized with or without blood-brain barrier (BBB)-targeting ligands. Their nanocarriers
were able to carry anticancer drugs and penetrate BBB to inhibit the tumor growth in a
U-87 MG xenograft mouse model, being a safe and cost-effective targeted delivery platform
for brain tumors. DNA nanocages were also proposed as multifunctional vehicles, such
as platforms for the co-delivery of anti-miR-21 and doxorubicin [165], or fluorometric
detection of human 8-oxoG DNA glycosylase 1 and doxorubicin delivery [166].

Another highly researched recent delivery concept in cancer therapy is the use of bio-
inspired nanoparticles mimicking natural components in the body [7,167]. More specifically,
cell membrane coating technology has emerged as a promising strategy to deliver drugs into
tumors as it endows nanomaterials with functions and properties that are inherent to source
cells [29,168]. In this respect, researchers started to disguise nanoparticles using the plasma
membranes of various cell types, including erythrocytes [168-171], leukocytes [172,173],
platelets [174,175], macrophages [176,177], bacterial cells [178], stem cells [179,180], cancer
cells [181,182], and different hybrid cell coatings [183-186].
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3.6. Summative Discussion

A variety of natural materials can be employed in developing nanoconstructs for
safe and efficient anticancer therapies. Incorporating a wide range of either conventional
drugs or natural bioactive molecules, natural nanocarriers have been studied against
diverse cancer cell lines in vitro or as in vivo therapeutic approaches in animal models.
Summarizing the above-discussed research studies, Figure 7 overviews the four main
categories of nanocarriers in a clear and concise manner in relation to their delivered
moieties and cancer types for which they have been investigated.

Delivered cargos Delivered cargos

icin, curcumin, tacrolimus, : S -
docetaxel salinomycin, chlorin e6, vitamin E Chlorin e6, cisplatin, quinacrine, doxorubicin,
acetate, methylene blue, 5-FU, navitoclax methotrexate, paclitaxel, docetaxel, TPCS2a

R —

Types of cancer

cancer, .
colorectal cancer, hepatocel!ular carcinoma, Lung cancer, colon cancer, breast cancer,

glioblastoma

Types of cancer

Lung cancer, breast cancer

cervical cancer, pancreatic cancer

—/

Types of cancer

Colon cancer, ovarian cancer, melanoma,
glioblastoma

Delivered cargos Delivered cargos

Doxorubicin, withaferin A, bilberry-derived
anthocyanidins, curcumin, paclitaxel,
docetaxel, siRNA

Mitoxantrone, cisplatin,
oligodeoxynucleotides

A=
Figure 7. Overview of the main discussed categories of natural nanocarriers for cancer management.

Proteins and polysaccharides can be considered dual-role biomaterials as some of
them can act both as delivery vehicles and active ingredients. Moreover, several exponents
of these categories may be concomitantly used as active targeting ligands (e.g., fucoidan,
hyaluronic acid, ferritin, and keratin). Nonetheless, additional research is needed for
improving the yields of synthesis methods, reducing inter-batch variability, and reducing
the costs implied by the design of precisely tailored NPs.

Viral NPs represent an interesting alternative as the use of plant viruses is considered
harmless for drug delivery in humans. Moreover, these nanoplatforms have been reported
successful against drug-resistant tumors. Nevertheless, their in vivo behavior is still diffi-
cult to predict, demanding an individual investigation of each viral-based delivery system.

Exosomes and biomimetic NPs have recently gained interest in the scientific world,
being highly promising natural carriers. However, these nanostructures are still in their
infancy in cancer management, requiring more research, especially concerning optimizing
their preparation processes.

In addition, comparative data on the performance and treatment efficiency of various
natural-origin-based NPs are still scarce in the literature [187]. In this context, further
research should also be focused on testing several types of nanocarriers in the same experi-
mental conditions in order to create a basis of understanding of which is the best material
and design option for a given type of tumor.

In an attempt to compare at least from a qualitative point of view the discussed
biomaterials, Table 3 summarizes the advantages and disadvantages of each class of the
presented nanocarriers.



Pharmaceutics 2022, 14, 18

Table 3. Advantages and disadvantages of main discussed natural nanocarriers for cancer management.

Nanocarrier Type Examples Advantages Disadvantages Refs.
e  Inherent targeting potential
e Increased cellular uptake ° Bat.ch-to—batch
e  Good affinity to anticancer drugs {anatlf’?; [11,109,
. S e  High drug-binding capacity ° ow ylelds 116,117,
Proteins ﬁbfoli“r;ii'si;rjﬁn'f esill‘tm e High stability e High costs 132,133,
4 4 e  Possibility of self-assembly ° .Som.e may cause 135,136,
e  Ease of functionalization mvivo 187-189]
e  Possibility of use in inflammation
photodynamic therapy
e Wide availability .
e  Ease of production ° Comphcateq
e  Ease of functionalization manufacturing [11,109,
. . e  Possibility of developing process ) 140,143,
Polysaccharides al icrg’:ssﬁn;fzfgrl\ciljz,ci d multifunctional carriers ° Unclear metabolism 144 146,
8 -y e  Some may act as targeting agents in the bOdY o 147,190,
e High stability e Poor solubility in 191]
e  Possibility of use in common solvents
photodynamic therapy
Cowpea mosaic e  Enhanced multifunctional grou g .
virus, cowpea display group 4 plff%cult to prf-edlct
chlorotic mosaic e  Some offer the possibility to treat m Vﬁvc? belzl;avm;,
virus, ‘tOb_aCCO platinum-resistant cancers Zai. virak ezse
Viral NPs mosaic virus, e Possibility of use in elivery system [151,192,
potato virus X, red clover photodynamic therapy must be evaluated 193]
nec.rot%c e  Can be used for intravital izs?scafijz:ase
mosaic virus, imaging, drug and gene delivery, 1S prior |
papaya mosaic and immunotherapy clinical testing
virus, physalis mottle virus
e  Highloading capacity for drugs ¢ [ ack of consensus
an‘d genes on the best method
e High stability for obtaining high
e Inherent targeting potential yields of pure
Bovine milk e Excellent tumor cell uptake eX0Somes (19,29
Exosomes exosomes, cancer e  High specificity to e Challenging toload 159 ’1 9 4']
cell-derived exosomes tumor-associated cells cargos and targeting !
e  Enhanced permeability and agents without
retention effect corrupting
. g‘an be e:'mployed in cancer exosomes
iagnosis
e  Some may raise
NPs coated with the e  Unique construction immunogenicity
membranes of red blood ~ ®  Long lifespan concerns,
o cells, white blood cells, ~ ®  Excellent targeting ability ¢ Challenging 29,167,
Biomimetic NPs platelets, macrophages, e Enhanced drug retention translation frgm 168.195]
bacterial cells, stem cells, ~®  Retained cytotoxicity to cancer bench to bedside
’ ’ cells e  Complex

cancer cells )
preparation process

e  Low yields

Moreover, natural NPs are considered attractive for developing theranostic systems.
Through an interdisciplinary approach, multifunctional and multivalent nanostructures
can be created towards generating innovative and performant cancer therapies [7,152].
Specifically, several of the discussed nanocarriers have been reported able to encapsulate
and co-deliver imaging moieties, drugs, and genes, and even detect cancer cells by binding
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to specific receptors. Thus, complex natural-based nanoparticulated formulations may hold
the answer for effective cancer management.

4. Conclusions

To summarize, cancers remain a global health concern, requiring urgently improved
therapeutic strategies. As the current treatment options are limited by invasiveness, severe
adverse effects, and poor patient compliance, increasing scientific interest has been shifted
to developing carrier systems able to ensure targeted delivery and controlled drug release.
Numerous studies have revolved around various synthetic and natural nanomaterials
as delivery platforms, yet, in recent years, the latter started to gain more ground. Alter-
natively, several natural anticancer compounds have been reported to be fabricated into
nanoparticles, eliminating the need for synthetic chemotherapeutic agents.

Thus, through an interdisciplinary approach, better treatment strategies can be envis-
aged in the foreseeable future. Nonetheless, before applying the described nanoformula-
tions in the clinic, more detailed research has to be performed concerning their efficacy
and safety in human use. Moreover, further progress in drug encapsulation optimization,
ligand conjugation efficiency, and high reproducibility fabrication with low costs is needed
prior to undergoing mass production.
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Abstract: Protein nanocages have been studied extensively, due to their unique architecture, excep-
tional biocompatibility and highly customization capabilities. In particular, ferritin nanocages (FNs)
have been employed for the delivery of a vast array of molecules, ranging from chemotherapeutics
to imaging agents, among others. One of the main favorable characteristics of FNs is their intrinsic
targeting efficiency toward the Transferrin Receptor 1, which is overexpressed in many tumors.
Furthermore, genetic manipulation can be employed to introduce novel variants that are able to
improve the loading capacity, targeting capabilities and bio-availability of this versatile drug delivery
system. In this review, we discuss the main characteristics of FN and the most recent applications of
this promising nanotechnology in the field of oncology with a particular emphasis on the imaging
and treatment of solid tumors.

Keywords: ferritin; cancer; tumor targeting; drug delivery; imaging

1. Introduction

Nanoparticle-based drug delivery systems have the capacity to enhance the physic-
ochemical properties of a wide variety of drugs used in oncology to limit off-site side
effects and improve their therapeutic efficacy [1-3]. The ideal nanocarrier should be
bio-compatible and be able to avoid recognition by the reticuloendothelial system (RES),
composed of tissue-resident macrophages and phagocytes in the bloodstream, capable of
efficiently clearing exogenous nanoparticles (NP) from the circulation [4]. Natural proteins
nanocages have a distinctive advantage in this regard, in comparison to synthetic NP
(liposomes, polymeric NP, micelles and dendrimers), since they are virtually invisible to
the immune system and display great biocompatibility coupled with minimal toxicity.
An exception is represented by virus-like particles (VLPs), which are also composed of
self-assembled proteins that are, in some cases, highly immunogenic [5].

Endogenous self-assembled NPs can be synthesized by many cell types and are pri-
marily used to store and/or distribute to different tissues a wide variety of molecules, such
as nutrients and biochemical signals. NPs of this kind are quite diverse in terms of size
and physiological activity. Some examples are ferritin nanocages (FNs), heat-shock protein
cages, vault ribonucleoparticles, the E2 protein of the pyruvate dehydrogenase multien-
zyme complex, chaperones, carboxysomes and other enzyme complexes [6]. Unfortunately,
most of these protein-based NP are understudied and have, so far, limited applications in
the field of oncology. However, FNs have been studied extensively due to their intrinsic
targeting capabilities toward the Transferrin Receptor 1 (TfR1), which is highly expressed
in many tumors, making them very appealing for drug-delivery applications in oncology.
Furthermore, the small size and high customization potential make them ideal candidates
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for the development of novel nanomedicines able to deliver a wide variety of drugs to
the tumor microenvironment (TME). This review describes the structure and function of
FN, modifications of the nanocages by chemical or genetic manipulation (Figure 1) and
novel applications of this nanotechnology for the imaging and treatment of solid tumors
(Figure 2).

Human Hc Ferritin Nanocages (FN) for the imaging and treatment of tumors

Conjugation by chemical modifications

12 | 8

nm [nm
Conjugation by genetic manipulation

NNM TfR1

Cancer cell

»
Polyethylene Glycol @ Fluorophore /)', Antibody
o9  Iron Oxide % Doxorubicin @ Paclitaxel

Figure 1. FN as a protein-based delivery system for oncological therapeutics and imaging agents.
FNs are composed of 24 Hc subunits that can be chemically or genetically modified to couple
a large variety of molecules (antibodies, peptides, fluorophores, polyethylene glycol (PEG) and
others) to their surface (N-terminus) or internal cavity (C-terminus). Furthermore, FNs can be
loaded with different drugs and imaging agents and have intrinsic targeting capabilities toward the
receptor TfR1, which is overexpressed in many tumors. This cartoon was created by using BioRender
(https:/ /biorender.com/, accessed on 2 November 2021).
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Applications of FN in the field of oncology
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Figure 2. Applications of FNs in the field of oncology. FNs are versatile drug delivery systems. They
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can be loaded simultaneously with anticancer and imaging agents to provide effective antitumor
therapy that can be monitored by different imaging modalities. In addition, FNs can be loaded
with immunomodulatory drugs to remodel the TME or can be developed to incorporate tumor
associated antigens to induce specific adaptive immune responses against cancer cells, in the case of
nanovaccines. This cartoon was created by using BioRender (https:/ /biorender.com/, accessed on 2
November 2021).

2. EN Structure and Properties

Ferritin self-assembles in hollow icosahedral-shaped nanocages with inner and outer
dimensions of 8 and 12 nm, respectively [7]. In mammalian cells, ferritin is composed of
heavy-chain (Hc, 21 kDa) and light-chain (Lc, 19 kDa) subunits (24 in total between the two)
which are structurally similar. FN employed as a delivery device in cancer application are
mostly constituted only by He subunits of human ferritin. Ferritin and FNs are remarkably
stable in biological fluids and are resistant to denaturants, including high temperatures
(>80 °C) [8]. Each subunit is composed of four long helixes, a short helix and a long loop [9].
The C-terminal of each subunit folds into the inner cavity, while the N-terminal is exposed
on the outer surface of the nanocage. The ratio between Hc and Lc subunits is determined
by ferritin’s primary role in tissues. For example, in the hearth and brain, the Hc is more
abundant, while, in the liver and spleen, the Lc is predominant. The Hc subunit contains a
dinuclear ferroxidase site that is located within the four-helix bundle, while the Lc provides
efficient sites for iron nucleation and mineralization [10]. Ferritin and FN carry six C4
channels and eight C3 channels. The C3 channels have hydrophilic properties and allow
the passage of Fe(II) ions and water molecules in and out of the protein cage. On the other
hand, the C4 channels allow the passage of small hydrophobic molecules [8].

Ferritin in the bloodstream is mainly composed of Lc subunits [8], which seem
to be secreted primarily by macrophages [11]; however, their role in the serum is still
highly debated. Nonetheless, high ferritin levels have been linked with ongoing infec-
tions and chronic inflammation, while its reduced levels have been correlated with iron
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deficiency [12-14]. Interestingly, it can be localized in cells both in the cytoplasm and in
the nucleus. Iron stored in ferritin can be utilized by the cell in a process mediated by
autophagy, where it is transported to the lysosomes and iron is released in a pH-dependent
manner [15]. On the other hand, in conditions of oxidative stress, ferritin can convert
DNA damaging Fe(II) to harmless Fe(Ill), thus limiting DNA damage mediated by the
formation of hydroxyl radicals through the Fenton reaction [16-18]. Two proteins, poly(rC)—
binding protein 1 (PCBP1) and nuclear receptor coactivator 4 (NCOA4), are involved in the
transport of iron inside and outside ferritin [19]. Furthermore, it has been proposed that
O-glycosylation of the Hc could be involved in the nuclear translocation of Ferritin, which
maintains its intact structure during this process [20,21]. FNs share all structural features
and properties with their physiological form, and they often have been demonstrated to be
managed by the cells and the tissue as natural ferritin [21,22].

Strategies for Loading FN

Molecular cargoes can be loaded into the inner core of FN by different methodologies
(Figure 3). Extreme pH (2 or 13) is used to transiently disassemble the protein nanocage
into monomers that can reassemble by adjusting the pH toward neutrality. By employing
this methodology, FN can be loaded with different chemotherapeutic drugs. Interestingly,
only minor differences in the loading efficiency between doxorubicin (DOX), epirubicin
(EPI), daunorubicin (DAU) and idarubicin (IDA) were seen, despite their differences in
terms of hydrophobicity [23]. In addition, high concentrations of guanidine hydrochloride
(GuHCI) or urea are able to disrupt the non-covalent forces which support FNs’ structure,
leading to their disassembly. This process can be reversed by dialysis to remove the excess
of chaotropic agents, leading to the recovery of the original nanostructure with consequent
loading of molecular cargoes in the inner cavity [24]. More recently, atmospheric cold
plasma (ACP) technology was implemented to reduce the x-helix/3-sheet contents and
thermal stability of FN to allow disassembly at a pH of 4. This technique can be utilized to
load molecules which are susceptible to extreme pH conditions and could be degraded
during the loading procedure [25]. In addition, our group has showed that the loading of
molecules sensitive to low pH can be achieved during the reassembly phase by adding
the molecule of interest to the ferritin-containing solution after the adjustment of the pH
toward neutrality [26]. In another report, Jiang and colleagues developed a methodology
that is able to provide high loading of DOX and high recovery of FN by incubating DOX
with FN at 60 °C for 4 h [27]. This loading methodology enables the opening of FN’s
channel to introduce DOX without disrupting FN's structure. Lastly, by taking advantage
of the natural capacity of FNs to encapsulate iron in their cavity, several metal ions can be
coupled to molecules of interest that can then be loaded into FNs. In this case, the final
loading efficiency of the chosen drug depends on its binding affinity for the metal ion, the
FN species used and preparation conditions. For example, Zhen and colleagues suggested
that, between Cu(Il), Mn(II), Zn(II) and Fe(III) metal ions, the use of copper resulted in
the highest loading rate of DOX into FN [28]. A more detailed comparison of loading
methodologies for DOX into FN has been reviewed by He and colleagues [29], while Zhang
and colleagues provide specific protocols regarding the loading of various drugs into FNs
by using different methodologies [30].

78



Pharmaceutics 2021, 13, 2000

Empty FN Drug-loaded FN
] pH 2, pH 13, GuHCI pH 7.5 or |/
s\‘ "" Urea 8mM ~\ g Urea dialysis S}; g’ﬁ
E = PR By s
uny v Vo uwy
Molecular Cargoes Disassembly Reassembly
\L[/ ifi \L[/
B §‘ "& ModufuesHFg or ACP \w\ \ . E\‘-@@f'ﬁ
_ P —_— :
> g S S
Molecular Coreoes g Disassembly Lowering Reassembly
\L[/ § & temperature to \\/[/
C &“ "ﬁ e g“"’g 25-C g‘,‘@ "ﬁ
e § -  _EBW§ — 25§
U ® Uy, N
Molecular Cargoes @ Reconstitution
Channel opening
s‘“"" Internalization mediated by metal affinity E“g’é’é

D = =
; ~ Complexation with Cu

; =]
UNS......... 70" —— e o " W

Molecular Cargoes 5

Figure 3. Biochemical strategies used to load different cargoes into FNs: (A) pH or urea-mediated
disassembly-reassembly methodology; (B) modified ferritins or ACP can be utilized to disassemble
EN at pH 4, and then pH 7.5 is used to reassemble FN; (C) high temperatures partially destabilize FN
to allow channel openings with consequent drug loading, and then lowering the temperature can
slowly reconstitute the natural conformation of FN; (D) molecular cargoes can be complexed with
Cu(II) or other metal ions which have a high affinity for the internal cavity of FN. This methodology
permits the loading of hydrophobic molecules with some limitations.

Overall, FNs’ physicochemical properties (small size and negative Z potential), to-
gether with their intrinsic capacity to avoid recognition by RES and targeting capability
toward TfR1-expressing tumor cells, make them an ideal candidate for the development
of drug delivery systems for nanobiotechnological applications in the field of oncology
(Table 1). Moreover, drug loading and targeting efficiency could be enhanced by chemical
and genetic manipulations of FNs, as is discussed in the following section.

Table 1. FN-based NPs for the imaging and treatment of tumors.

FN Origin Purpose Modifications Loaded with In Vivo Tested?  Reference
Human He FN Cancer therapy BCP1 peptide DOX Yes [31]
H Mutations to enhance the binding

uman He FN Cancer therapy of Cu2+ DOX Yes [32]
Human He FN Cancer therapy 4 Lysines (C-terminus) siRNA (EGFR) Yes [33]
Human He FN Cancer therapy PD-L1 binding peptide DOX Yes [34]
Human He FN Cancer therapy tLyP-1 peptide PTX Yes [35]
Human Hc FN Cancer therapy Trastuzumab DOX Yes [36]
Human Hc FN Cancer therapy PEGylation (50% subunits) DOX Yes [37]
Human Hc FN Cancer therapy PEGylation (75% subunits) Acriflavine Yes [38]
Human Hc FN Cancer therapy None Olaparib No [39]
Human Hc FN Cancer therapy None Everolimus No [40]
Human He FN Cancer therapy None Curcumin No [41]
Human He FN Cancer therapy Anti FAP antibody Navitoclax Yes [42]
Human He FN Cancer therapy None DOX Yes [43]
Human He FN Cancer therapy 231 targeting peptide DOX Yes [44]
Human He FN Cancer therapy None PTX Yes [45]
Human He FN Cancer therapy Trastuzumab or Cetuximab Empty No [46]
Human He FN Cancer therapy Pout peptide (C terminus) EPI, Camptothecin Yes [47]

Pyrococcus furiosus FN Cancer therapy SP94 peptide DOX Yes [48]
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Table 1. Cont.

FN Origin Purpose Modifications Loaded with In Vivo Tested?  Reference
Horse spleen FN Cancer therapy None Mertansine No [49]
Horse spleen FN Cancer therapy None Arsenoplatin-1 No [50]
Horse spleen FN Cancer therapy Emulsified FN (size 78nm) Rapzﬁ?’;ﬁ and Yes [51]
Horse spleen FN Cancer therapy GKRK peptide Vincristine Yes [52]

Unspecified Cancer therapy PEG-Panitumumab Oxaliplatin Yes [53]
Unspecified Cancer therapy RGD peptide Resveratrol Yes [54]
. Au(III)
Unspecified Cancer therapy None thiosemicarbazone Yes [55]
Pyrococcus furiosus FN Cancer nanovaccine SpyCatcher SpyTagged peptides Yes [56]
Cancer M2pep peptide (N-terminus),
Human He FN Immunotherapy cationic peptide (C-terminus) CpG Yes 571
. Iron Oxide (core) and
Human Hec FN Cancer Theranostic None IRdye800 or DOX Yes [58]
Human Hc FN Cancer Theranostic Coated Wlthv\lji]ff F(:,;nctlonahzed Iron Oxide, Cy5.5 Yes [59]
Horse spleen FN Cancer Theranostic 2-amino-2-deoxy-glucose Gold NP No [60]
Horse spleen FN Cancer Theranostic None Endogenous Iron Yes [61]
Unspecified Cancer Theranostic PEG-FA Perfluoropentane . AYes [62]
(imaging only)
Human He FN Tumor Imaging None ICG Yes [26,63]
. SDSSD peptide or hydroxyapatite )

Human He FN Tumor Imaging binding peptide Cy5 Yes [64]
Human He FN Tumor Imaging None Iron Oxide or Cy5.5 Yes [65]

3. Production and Modifications of FN

FNs utilized in preclinical studies are usually produced as recombinant protein in
E. coli strains engineered to express only the human Hc subunit. This procedure involves
the transformation of bacteria with a plasmid containing the Hc sequence of interest, which
is then purified by anion-exchanger columns after treatment at 70 °C. The resulting FNs
are composed, in this case, of 100% Hc subunits [66]. Otherwise, FNs can be purified from
the horse spleen, where the ratio between Hc and Lc subunits was found to be ~1/10 [67].
To ensure that purified FNs are not contaminated by endotoxins that could impact both
in vitro and in vivo experiments, additional procedures to remove endotoxins might be
required [68].

The genetic manipulation of the He-FN DNA sequence led to the development of
more than one hundred variants to introduce novel functionalities that are able to improve
the drug loading, biodistribution and targeting properties of FNs [69]. For example, the
self-assembly properties of FNs can be altered to produce novel nanostructures comprising
8 or 48 subunits instead of 24 [70,71]. In addition, ferritin can be modified to produce
nanocages that can disassemble at a pH of 4 or 6, instead of 2 [72-74]. Intriguingly, Gu
and colleagues developed His-modified ferritins that do not self-assemble at neutral pH.
However, metal ions or a pH of 10 induce self-assembly with consequent increases of
the drug-loading efficiency, as compared to the standard pH methodology discussed
previously [75]. Unfortunately, the stability in serum of His-modified ferritins was not
evaluated, and it is unclear if these nanoconstructs are suitable for in vivo studies.

Different strategies have been recently employed to enhance the half-life of FNs
in the circulation to provide higher tumor accumulation and reduce clearance by RES.
For example, Wang and colleagues developed a novel FN that includes an albumin-binding
domain that is able to increase FNs’ half-life by 17 times, as compared to the standard
EN [76]. In another report, an amino acid sequence rich in proline (P), serine (S) and alanine
(A) residues (PAS polypeptide) was inserted by genetic manipulation into FN to increase
blood half-life and DOX encapsulation efficiency [77,78]. Interestingly, the insertion of two
glutamate residues in the PAS sequence (PASE) further improved FNs’ accumulation to the
tumor site [79]. In another report, Jin and colleagues introduced in the ferritin construct a
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blood circulation prolonging (BCP) peptide derived from the phage M13. The generated FN
(BCP1-FN) showed improved circulation time compared to standard FN (20 h compared
to 2 h). In addition, when loaded with DOX, BCP1-FN-DOX showed superior therapeutic
efficacy in a mouse model of melanoma compared to FN-DOX and free DOX. Intriguingly,
the authors suggested that the RGD portion of the BCP1 peptide could be responsible for
the binding of BCP1-FN to peripheral blood cells, particularly platelets, which are able to
protect the nanocages from RES recognition [31]. Nonetheless, blood cells” “hitchhiking”
has recently emerged as one of the strategies that can be employed to enhance the delivery
of NP to the tumor site [80,81].

Since FNs are composed of different subunits, novel FN-based nanostructures have
been developed with combinations of different ferritins resulting in hybrid nanocages
with interesting physicochemical properties. Ahn and colleague developed a hybrid FN
composed of modified subunits (F160) and standard Hc in a ratio 1:1. F160 was devised
to provide large pores to FN and was produced by removing the C-terminal channel
forming E-helix from the Hc sequence. The resulting hybrid FN (nicked-FN) allows for
the encapsulation of DOX by simple incubation, improving the loading of DOX and the
recovery of the nicked-FN-DOX in comparison to encapsulation in unmodified FN or
with the pH-mediated disassembly and reassembly methodology [82]. Another strategy to
enhance DOX loading into FN was developed by producing a mutant FN that displays
an enhanced affinity for copper ions [32]. In another report, FNs were modified with the
addition of biotin accepted peptide, which resulted in biotinylated FN that can be more
easily modified by the addition of streptavidin-tagged molecules [83]. These modified FN
could be used in a variety of immunoassays based on streptavidin-tagged antibodies to
increase the sensitivity. It is unsure if they can be employed for in vivo studies.

The delivery of nucleic acids by NP-based delivery systems has always been a primary
goal of the research effort in the field of nanotechnology. Interestingly, modified FNs with
the addition of a cationic polypeptide were developed to facilitate the incorporation of
siRNAs in FNs’ nanostructure [33,84]. However, it has also recently been shown that
unmodified FNs could incorporate siRNAs by pH-mediated disassembly and reassembly
methodology [85].

FNs can also be modified to include immunogenic peptides that are able to induce im-
mune responses against specific antigens. As proof of principle, Kanekiyo and colleagues
developed a nanovaccine against the HIN1 virus based of FNs that were modified to
include the viral hemagglutinin sequence. Preclinical testing of the developed nanoformu-
lation showed induced protection of animal models to HIN1 infection [86]. More recently,
FN-based anticancer nanovaccines have been developed and were tested successfully in
preclinical models [56,87,88].

Interestingly, many FN variants have been developed to include novel targeting
ligands. For example, Jiang and colleagues introduced, by genetic manipulation, a hepato-
cellular carcinoma (HCC)-targeting peptide to the FN’s structure that was then loaded with
DOX. This novel formulation showed superior activity compared to free DOX in reducing
HCC tumor growth and metastases in preclinical models [48,89]. In another report, the PD-
L1 binding peptide 1 (PD-L1pep1, CLQKTPKQC) was introduced into ferritin’s sequence
to generate an FN targeted to PD-L1 [34]. Another well-studied tumor-targeting ligand is
the tLyp-1 peptide, which binds the receptor Neuropilin 1 expressed in the stroma of many
types of tumors [90]. Modified FNs were developed to include the tLyp-1 peptide in the
external structure of the nanocage and were subsequently loaded with Paclitaxel (PTX).
The resulting FNs (tLyp-FN-PTXs) showed enhanced uptake by tumor cells and were able
to control tumor growth in vivo compared to free-PTX or FN, where the sequence of tLyp
was mutated (m-tLyp-FN-PTX) [35].

Beyond genetic manipulation, FNs have available primary amines on their surface that
can be exploited for chemical conjugation purposes. N-hydroxysuccinimide (NHS) ester or
maleimide groups, in combination with 1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide
(EDC), are often used to couple peptides, PEG, fluorophores or antibodies to FN in a
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buffered solution, without the use of organic solvents [42,91]. This coupling methodology
is often employed to develop fluorescent versions of FNs that can be utilized in a variety
of in vitro and in vivo assays, including flow cytometry, fluorescence microscopy and live
imaging, which are critical techniques for NP characterization and for the evaluation of
biodistribution and targeting capacity of novel formulations of FNs. In a recent report, FNs
were modified with the addition of positively charged polyamine dendrimers (PAMAM)
to allow efficient loading of nucleic acids. MiRNA-loaded FNs were successfully used to
target leukemia cells and showed promising in vitro results [92].

Overall, both genetic and chemical manipulations can enhance multiple aspects of
the intrinsic properties of FNs, such as targeting, loading and half-life. However, it is
unknown if these modifications could induce the production of specific anti-ferritin anti-
bodies when administered in humans. Interestingly, it has been shown that modifications
such as PEGylation could result in the generation of anti-PEG antibodies [93]. Therefore,
it is plausible that some of the developed modifications of the native human Hc subunit,
by both genetic and chemical manipulation, could potentially reduce the effectiveness of
EN after multiple administrations, limit their targeting capabilities and induce undesirable
immunogenic reactions [93]. Furthermore, the FN’s origin could be an important factor
contributing to immunological side effect. These potential complications should be care-
fully taken in consideration to ensure the success of modified FNs in the prospect of clinical
translation [94].

4. FN-Based NPs for Cancer Treatment in Preclinical Models

One of the main issues in the delivery of chemotherapeutics for cancer treatment is the
onset of off-site side effects, which can cause a wide spectrum of complications, such as in-
fections, neuropathies, cytopenias, nephrotoxicity, cardiotoxicity and hepatotoxicity [95-98].
NP-based delivery systems are utilized in oncology primarily to reduce the severity of
these side effects, improving drug accumulation at the tumor site. Examples of nanother-
apeutics currently used in the clinical practice are Doxil™, Abraxane™, Marqibo™ and
DaunoXome™, which are NP-based platforms for the delivery of DOX, PTX, Vincristine
and DAU, respectively [1].

Interestingly, FNs have been extensively studied as nanocarriers for DOX, since this
hydrophilic drug can be encapsulated efficiently into FNs and can be delivered to tumor
cells by the TfR1-mediated intrinsic targeting capabilities of FNs. Our group and others
have shown that not only are FN-DOX formulations superior to free DOX or Doxil™
in controlling tumor burden in preclinical models of cancer, but they also dramatically
reduced drug cardiotoxic effects, as compared to the free DOX [48,99-101]. In another
report, Huang and colleagues developed a hybrid FN-DOX formulation for the treatment
of lung cancer. It is composed of PEGylated Hc subunits to provide stealth capabilities
and non-PEGylated Hc subunits to allow the binding of the nanocage to TfR1. In vivo
results showed that, after intratracheal administration of hybrid FN-DOX, the tumor
burden in a orthotopic murine model of lung cancer (3LL) was dramatically reduced when
compared to free DOX [37]. Apart from DOX, platinum-based chemotherapeutics (cisplatin,
oxaliplatin, Pt(Il) terpyridine and carboplatin) have been successfully encapsulated in FNs
and have shown encouraging antitumor activity in preclinical models of cancer [53,102,103].
Recently, Ferraro and colleagues developed a novel EN loaded with Arsenoplatin-1 (Pt(u-
NHC(CH3)O),ClAs(OH);), which combines the cytotoxic effects of both cisplatin and
arsenic trioxide. Preliminary in vitro results showed that this novel formulation provides
selectivity toward cancer cells, but, unfortunately, it was not tested in vivo [50].

The development of drug resistance often occurs after treatment with standard
chemotherapeutics, and it can be mediated by the activity of the transporter multidrug resis-
tance protein 1 (MDR1), which is upregulated in the hypoxic areas of tumors and facilitates
the excretion of chemotherapeutics outside the tumor cell membrane [104]. Interestingly,
hypoxia in the TME can induce the expression of TfR1 mediated by hypoxia-inducible
factor-1a (HIF-1«) in tumor cells [105]. Hence, FN-based NPs could be employed to specif-
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ically target hypoxic areas in tumors. For this purpose, Huang and colleagues developed
a hybrid FEN (composed of 75% PEGylated subunits) (Figure 4) for the delivery of the
HIF-1« inhibitor Acriflavine(AF). This nanoformulation was particularly effective when
used in combination with cisplatin, since the delivery of AF to the TME was able to reduce
the expression of MDR1 on tumor cells, thus reducing the development of resistance to
cisplatin, which was not effective as standalone treatment in the 3LL lung cancer xenograft
model [38].

Non-PEGylated
FTn Disassembly
—_—

B +AF

PEG-FTn"**/AF

PEGylated FTn

Figure 4. Structure and loading procedure for AF-loaded hybrid PEGylated FN. Hybrid FNs can be
developed by utilizing the pH disassembly /reassembly methodology, starting from two different
FNs (in this case, a PEGylated FN and non-PEGylated FN). In addition, prior to the reassembly
phase, anticancer drugs can be added, resulting in their inclusion inside the FN nanostructure after
reassembly. Adapted from [39], American Chemical Society, 2019.

Ferritin was also recently employed to develop a novel nanoformulation containing
both Rapamycin, an mTOR inhibitor, and Erastin, a ferroptosis inducer. NPs were produced
by the emulsification technique, which was shown to be superior compared to the standard
pH disassembly—reassembly methodology in regards to drug loading. Interestingly, the size
of the NP formed was 7-fold larger than standard FN (78 compared to 12 nm). Nonetheless,
this novel formulation achieved impressive results in controlling the tumor growth in a
murine model of breast cancer which recapitulates tumor relapse and metastases formation.
Briefly, the primary tumor was allowed to grow, and it was excised to simulate surgery.
Subsequently, NPs or the free drugs were included in a thermo-responsive F-127 hydrogel
and injected into the tumor resection cavity to test the ability of the nanoformulation to
prevent tumor recurrence [51]. Unfortunately, the authors did not evaluate the differences
in uptake between standard a FN and the modified version developed. Furthermore, since
NPs were not administered intravenously, their biodistribution was not evaluated.

FN has also been explored as a nanocarrier for a large variety of drugs for cancer ther-
apy, such as Olaparib [39], Everolimus [40], Curcumin [41], Oxaliplatin + Panitumumab [53],
Mertansine [49], Resveratrol [54] and Navitoclax [42].

4.1. FN-Based NPs for Immunomodulation and Immunotherapy

Another therapeutic strategy which has recently emerged in cancer therapy is the
immunomodulation of the TME, in particular, the reprogramming of tumor associated
macrophages (TAMs). In solid tumors, TAMs constitute up to 50% of the tumor mass and
have been shown to support local immunosuppression and metastases formation [106].
They are recruited from the bloodstream and surrounding tissues by growth factors and
chemokines, including colony-stimulating factor 1, C-C motif ligand 2 and vascular en-
dothelial growth factor [107,108]. Interestingly, TAMs are conventionally categorized as
anti-inflammatory M2-like macrophages and express high levels of TfR1 compared to pro-
inflammatory M1-like macrophages [109,110]. For this reason, TAMs could be effectively
targeted by FN-based therapeutics. Of note, macrophages, in general, can be considered as
“gate-keepers” of iron metabolism due to their involvement in the recycling of iron from
dying erythrocytes [111]. In addition, TAMs-derived FNs have been shown to function as
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growth factors on malignant mammary epithelium in a process independent of iron [112].
In order to re-educate TAMs and promote a phenotype switch from M2-like to antitumoral
Mi-like, FNs have been developed to deliver the toll-like receptor 9 agonist CpG, a nucleic
acid with M1-polarizing properties [57]. FNs were functionalized with the TAMs-targeting
peptide M2pep (YEQDPWGVKWWY), which was combined with a cationic peptide to
allow the attachment of the negatively charged CpG. Interestingly, this novel formulation
was able to achieve reduction in tumor growth in a murine model of breast cancer. How-
ever, a similar effect was seen even when CpG was absent. The authors hypothesized
that the antitumoral effect mediated by the M2pep-modifed FN could be mediated by the
intrinsic M1-polarizing activity of the cationic peptide included in the modified FN, since
the unmodified FN showed only minor antitumor activity [57].

The discovery of the molecular mechanisms underpinning the immunosuppressive
state in the TME led to the FDA approval of immune checkpoint inhibitors (ICIs) for
cancer therapy, giving rise to novel immunotherapeutic options that are able to induce a
strong infiltration of active immune cells in the TME, with consequent control of tumor
growth [113]. ICIs currently used in the clinical setting are monoclonal antibodies (mAbs)
that are able to block the activity of the programmed cell death protein 1 (PD-1)/PD-L1 in-
teraction or cytotoxic T-lymphocyte antigen-4 expressed by T cells. Recently, a DOX-loaded
engineered FN displaying the PD-L1 binding peptide (PpNF) was developed by Seon and
colleagues [34]. Interestingly, this novel nanoformulation was able to achieve enhanced
tumor-growth reduction in the colon carcinoma CT26 xenograft model, as compared to
anti-PD-L1 mAb and free DOX (Figure 5). In addition, the engineered FNs without DOX
were shown to be superior to anti-PD-L1 mAb in enhancing the activity of T cells in vitro.
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Dox 1.04 mg/kg (i.v.)_8 times
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Figure 5. Antitumor activity of FNs displaying the PD-L1 binding peptide (PpNF). (A) Experimental
schemes for antitumor treatments. Mice bearing s.c. CT26 syngeneic colon tumors were treated
with DOX-loaded PpNF (PpNF(Dox)) or PpNF or Dox administered by i.v. injection three times per
week. Anti-PD-L1 antibody was administered by i.p. injection twice per week. (B) Tumor volumes
after treatment. (C) The weights of excised tumors from each group at the 19-day post-injection.
(D) Body weights. The data represent means + SEM (* p < 0.05 and ** p < 0.01; t-test). Reproduced
with permission from [35], Elsevier, 2021.
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We hypothesize that, in future years, novel FN-based delivery system will be em-
ployed to modulate the activity of immune cells, since a new paradigm for NP-based
anticancer therapeutics is emerging [114]. In fact, the expanding arsenal of nanomedicines
able to modulate the activity of TME-infiltrating immune cells could be utilized to sup-
port standard chemotherapeutics or immunotherapies in order to reactivate the antitumor
immunity [115].

4.2. FN-Based NPs for the Treatment of Brain Tumors

The blood-brain barrier (BBB) is a diffusion barrier that impedes the influx of most
compounds from the bloodstream to the brain parenchyma and represents a protective
interface between the central nervous system and peripheral blood circulation [116]. In-
terestingly, brain cells require iron for metabolic processes; thus, transferrin and ferritin
have to bypass the BBB in a process mediated by ligand-receptor recognition. Within
the brain, TfR1 was shown to be expressed by capillary endothelial cells, choroid plexus
epithelial cells and neurons, which increase the expression of TfR1 in condition of iron
deficiency [117]. In addition, TfR1 has been shown to be overexpressed in brain tumors,
particularly in glioblastomas, and its overexpression is associated with worse progno-
sis [118]. Taking into consideration these experimental evidences, we see that FNs are
promising candidates for effective brain tumor therapy, due to their intrinsic targeting
capability toward TfR1.

Fan and colleagues demonstrated that DOX-loaded FNs are able to bypass the BBB
and deliver DOX to brain tumors in mice, dramatically increasing their survival compared
to mice treated with control treatments (free DOX and Doxil™) [43]. Interestingly, FNs
maintain their intact structure after crossing the BBB by transcytosis. This process is
mediated by endothelial cells and allows the accumulation of FNs in the brain parenchyma
in healthy mice. However, FNs co-localize with lysosomes after internalization in glioma
cells. These results corroborate the idea that FNs traverse the BBB and effectively deliver
therapeutics to brain tumors without affecting the surrounding tissues. The authors
speculate that the different fate of FNs between endothelial and tumor cells could be due
to the differences in expression of TfR1 [43]. More recently, a231-targeted Dox-loaded FN
(xpB-FN-DOX) was shown to have enhanced activity compared to FN-DOX in controlling
the tumor growth of glioblastoma in an orthotopic model of brain tumor (U-87MG) [44].
Interestingly, «3-FN-DOX had a higher drug-loading capacity compared to FN-DOX
(60 vs. 15%, respectively). The authors speculate that this could be due to the modified
integrin «2f31 targeting sequence, which possesses multiple carboxyl groups that could
have an impact in ionic interactions between DOX and «{3-FN.

In another report, PTX-loaded FNs were successfully developed by the disassembly
and reassembly methodology and were used to treat C6 glioma bearing mice. The results
showed enhanced activity of FN-PTX compared to the free drug in controlling tumor
growth. Furthermore, treatment with FN-PTX showed no apparent signs of toxicity in the
heart, liver, spleen, lung and kidneys of treated animals [45].

Other anticancer compounds, such as Au(IIl) thiosemicarbazone [55] and vincristine [52],
have been successfully loaded into FNs and used to treat brain tumors in various murine
models of cancer, achieving impressive results in controlling tumor growth. Interestingly,
FNs can also facilitate the delivery of therapeutic mAb through the BBB. Our group has
developed FNs coupled with Trastuzumab or Cetuximab, two FDA-approved mABs that
are able to target the human epidermal growth factor receptor 2 and the epidermal growth
factor receptor, respectively [46]. In addition, our group has developed a methodology to
specifically study the translocation of FNs (or potentially other nanocarriers) through the
BBB. This ex vivo model is based on layers of primary rat brain microvascular endothelial
cells and astrocytes, which are used as a surrogate of the BBB [119].

We speculate that the development of novel FN therapeutics for the treatment of
brain tumors will be particularly prominent in the coming years, since FNs have shown
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to effectively bypass the BBB without disassembly, leading to the release of FN-loaded
therapeutics directly to tumor cells and avoiding off-site side effects.

5. Preclinical Exploitation of FN-Based NPs for Tumor Imaging

There is an ever-growing need for novel imaging agents that are able to effectively
identify the presence of very small tumors in the early stage of the pathology, when they
can be successfully treated by surgery or anticancer therapies. In addition, after successful
surgery, patients undergo routine diagnostic tests to reveal the insurgence of metastatic
events that could occur even several years after the original diagnosis [120]. Unfortunately,
metastatic tumors are often incurable, since they usually become resistant to standard
therapies and account for 90% of total cancer death worldwide [121]. Hence, it is critical
to identify the presence of metastases with the current imaging modalities (computerized
tomography (CT), magnetic resonance imaging (MRI) and positron emission tomography
(PET)) which are often utilized together with contrast agents that are able to accumulate
specifically in the TME.

In regards to MRI, gadolinium-based contrast agents are widely used, since they are
able to identify highly vascularized tissues, such as tumors [122]. However, these types of
agents are not cancer-specific and can result in a high rate of false positives. In addition,
standard MRI does not have the sufficient spatial resolution to detect micro-metastases,
thus leading to possible misdiagnoses of oligometastatic disease [123]. On the other
hand, the glucose analog 18F-Fluorodeoxyglucose is a contrast agent utilized in PET/CT
imaging to detect tumors, allowing for the visualization of areas with high metabolic
activity [124]. Unfortunately, other areas characterized by active metabolic activity (benign
tumors, inflammation sites and areas of ongoing infections) can give rise to false-positive
results. Lastly, PET scans are quite expensive and require the use of radioactive contrast
agents based on glucose that cannot be utilized in pregnant women or diabetic patients,
due to off-target side effects [125].

NP-based delivery systems have been employed to enhance the specificity of contrast
agents for tumor cells [126-128]. FNs have also been explored as a delivery platform for
imaging probes, particularly for metal-based contrast agents. For example, multimodal
FNs loaded with superparamagnetic iron oxide (Magnetoferritins) and a near-infrared
fluorescence dyes were developed to efficiently detect tumors by multiple imaging modal-
ities [58,59,65]. Interestingly, Magnetoferritins can efficiently identify very small tumors
(~1 mm) by MRI in murine models of cancer, thus dramatically increasing the limit of
detection of current contrast agents for MRI. Iron-loaded FNs derived from equine spleen
(HoS-FN, composed of 85% of Lc and 15% of He subunits) were also utilized for MRI visual-
ization of tumors [61]. Interestingly, HoS-FN showed enhanced uptake by SCAR5-positive
cells, due to the specific targeting of this receptor mediated by Lc subunits. Furthermore,
HoS-FNs were also able to reduce tumor growth, as compared to apoferritin HoS-FN in a
murine model of breast cancer.

Imaging agents are also used in fluorescence-guided oncological surgery to assist
the surgeon in the identification of metastatic foci, particularly in lymph nodes [129].
Indocyanine-green (ICG) is one of the most used FDA-approved fluorescent dyes for this
purpose, since it can be visualized avoiding background autofluorescence (mainly due to
hemoglobin) and has a low risk of adverse events [130,131]. Our group has developed
ICG-loaded FNs with improved fluorescence accumulation in tumors in comparison to
free ICG in a murine model of breast cancer [26,63]. Since specific accumulation of FN-ICG
in tumors can be detected up to 24 h after intravenous injection in mice, we speculate that
FN-ICG could be administered prior to surgery, and it could be visualized during surgery
by fluorescence-guided endoscopy. This methodology could potentially reduce surgery
time and improve the detection of small metastases, particularly in lymph nodes.

FNs were also developed to specifically visualize bone metastases by genetic manipu-
lation of ferritin to include osteoblast and hydroxyapatite-binding peptides [64]. In another
report, folic acid-functionalized FNs were developed to target tumor cells and deliver
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perfluoropentane, a compound used for low-intensity focused ultrasound imaging and
therapy [62]. Lastly, gold NPs were efficiently encapsulated into 2-amino-2-deoxy-glucose-
functionalized FNs to develop a tumor-targeted FN for CT imaging [60].

Overall, FN-based nanostructures can be utilized for the tumor-specific delivery of
numerous contrast agents to improve their pharmacokinetic characteristics and enhance
tumor accumulation.

6. Drawbacks and Future Perspective of FN

FNs are a versatile drug delivery system for chemotherapeutics and imaging agents.
However, one of the major limitations of FNs in regards to drug loading is the low encap-
sulation capacity for hydrophobic compounds. This is primarily due to the leakage of the
loaded hydrophobic drug from FN soon after encapsulation. Nonetheless, hydrophobic
drugs can still be loaded inside FN by utilizing methodologies such as the pre-complexation
with copper ions or the modification of native ferritin with hydrophobic amino acid se-
quences, that are able to enhance the affinity of hydrophobic compounds for ferritin. For
this purpose, Wang and colleagues designed a novel FN construct (Am-PNCage) by linking
the sequence of the Pout peptide (GRGDSKKHHHHHHAFAFAFAFVVVAA) to the C
terminus of Hc ferritin through a flexible amino acid sequence GGSG, which replaced the
E helix amino acids of He. This novel FN was employed to achieve the co-loading of the
hydrophilic anthracycline EPI and the hydrophobic topoisomerase inhibitor Camptothecin
and showed impressive antitumor activity in different murine models of cancer [47].
This novel FN construct could pave the way for the development of sophisticated FN-
based nanostructures that are able to integrate multiple drugs with different mechanisms
of action. This combinatorial nanotherapy could synergistically strike solid tumors by
taking advantage of specific chemosensitivities to limit the insurgence of resistance to
single chemotherapeutics.

An important area that is currently understudied is the relevance of the various
modifications of FNs in regards to uptake and toxicity, particularly toward immune cells
and erythrocytes in the bloodstream. For example, RGD-modified NP (nano-emulsions
and liposomes) have been shown to be taken up by phagocytes in the bloodstream that are
then able to transport NPs to specific sites in the body where there is ongoing inflammation
and/or angiogenesis, such as the TME [132,133]. In fact, a majority of research efforts have
been focused on showing that FN-loaded drugs can induce fewer side effects as compared
to the free drug. This has been shown extensively for DOX, since FN-DOXs have an
encouraging minimal effect on cardiomyocytes when compared to DOX [99,100]. However,
it remains unclear if FN modifications can impact their uptake on different cell types
present in the bloodstream. This area of study could be particularly relevant to pursue
since it has been recently speculated that the enhanced accumulation of nanotherapeutics
in the TME could be mediated not only by the EPR effect but also by the phenomenon of
NP hitchhiking [81,114,133,134].

Indeed, FNs have favorable and interesting characteristics as an NP-based delivery
system. Their efficient loading capacity for different drugs used in oncology, intrinsic
targeting toward TfR1 and biocompatibility make them an ideal nano-platform for the
treatment and imaging of tumors. Unfortunately, to date, FNs have not yet reached the
clinical stage. In fact, the current high cost of production somewhat limits their translational
potential. However, we speculate that the recent advancement concerning drug-loading
efficiency and customization capabilities could facilitate the interest of pharmaceutical
industries in developing novel production protocols for FNs that are aimed at enhancing
purity, while, at the same time, reducing the costs of production. Collectively, the number
of experimental evidences in support of the use of FNs as nano-delivery systems are ever-
increasing, making their translation from bench to bedside a reasonable possibility. Lastly,
the opportunity of co-encapsulating different drugs into FNs allows for the development of
novel FN-based theranostic agents that are able to combine both imaging and therapeutic
functionality in a fully biocompatible nanosystem. For these reasons, we believe that, in
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the near future, the clinical application of FNs could play a pivotal role in the diagnosis
and treatment of solid tumors.
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Abstract: Natural compounds are emerging as effective agents for the treatment of malignant dis-
eases. The active constituent of a-mangostin from the pericarp of Garcinia mangostana L. has earned
significant interest as a plant base compound with anticancer properties. Despite a-mangostin’s
superior properties as an anticancer agent, its applications are limited due to its poor solubility and
physicochemical stability, rapid systemic clearance, and low cellular uptake. Our review aimed
to summarize and discuss the nanoparticle formulations of x-mangostin for cancer drug delivery
systems from published papers recorded in Scopus, PubMed, and Google Scholar. We investigated
various types of a-mangostin nanoformulations to improve its anticancer efficacy by improving
bioavailability, cellular uptake, and localization to specific areas These nanoformulations include
nanofibers, lipid carrier nanostructures, solid lipid nanoparticles, polymeric nanoparticles, nanomi-
celles, liposomes, and gold nanoparticles. Notably, polymeric nanoparticles and nanomicelles can
increase the accumulation of a-mangostin into tumors and inhibit tumor growth in vivo. In addi-
tion, polymeric nanoparticles with the addition of target ligands can increase the cellular uptake
of a-mangostin. In conclusion, nanoformulations of x-mangostin are a promising tool to enhance
the cellular uptake, accumulation in cancer cells, and the efficacy of a-mangostin as a candidate for
anticancer drugs.

Keywords: Garcinia mangostana L.; nanotechnology; drug delivery; cancer therapy

1. Introduction

Cancer is the second leading cause of death globally and was responsible for an
estimated 9.6 million worldwide deaths in 2018 [1]. The incidence of cancer cases is
gradually increasing because of population growth and life expectancy with a projected
increase in cases of up to 75% and is predicted to be the main cause of death by 2030 [2—4].
Currently, cancer treatments are surgery, radiotherapy, and anticancer drugs (chemotherapy
and immunotherapy). Surgery and radiotherapy are most effective for the treatment of
local and non-metastatic cancers, but less efficient for metastatic cancers [5,6]. Furthermore,
anticancer drugs are the current choice for the treatment of metastatic cancer, because they
can reach every organ in the body through the bloodstream [7]. However, anticancer drugs
such as chemotherapy have many limitations, including the high incidence of side effects,
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limited effectiveness, multidrug resistance, and is highly toxic to growing healthy cells due
to their non-specific targeting of cancer cells [8,9].

The development of natural product-based compounds is a promising strategy for
cancer treatment. Various plant-based molecules such as a-mangostin, curcumin, and
taxanes have chemopreventive or anticancer properties based on in vitro and in vivo
studies [10-21]. a-mangostin is a xanthone derivate extracted from the skin of the fruit of
Garcinia mangostana Linn known as the queen of fruits. It has revealed several anticancer
properties [22-26] in various kinds of cancers such as colon [27,28], lung [29], pancreas [30],
breast [22,31], skin [32], and blood [33]. However, x-mangostin has some physicochemical
properties drawback, especially limited water solubility, resulting in poor absorption and
low bioavailability on intravenous and oral administration, which can affect its effectiveness
as an anticancer therapeutic agent [34-36].

Thus, to overcome those limitations, nanoparticles or nano-structured materials were
introduced as a drug delivery system as an alternative to conventional drug delivery
systems to achieve high water solubility and specific biodistribution [37,38]. Various
nanotechnology-based drug delivery systems such as polymeric nanoparticles, solid lipid
nanoparticles, liposomes, and nanomicelles have been designed to improve the low-water
solubility of a-mangostin [39]. Many researchers reported that these formulations can en-
hance the therapeutic efficacy achieved from enhanced targeted localization and improved
cellular internalization of a-mangostin nanoformulation in cancer cells. Despite many de-
velopments in nanoformulation of drug delivery systems for a-mangostin, the engineering
on morphology and chemical structure related to their targeted or selective recognition
of cancer cells and control released drug delivery system remain challenges. This review
highlights various nanotechnological approaches used for a-mangostin delivery focused
on cancer therapy.

2. Methodology

This review is based on the literature obtained from Google Scholar, PubMed, and
Scopus using the keywords “nanoformulation of a-mangostin for cancer drug delivery
system”, “nanoparticle formulation of c-mangostin for cancer drug delivery system”, and
“@-mangostin nanoparticle for cancer drug delivery system” published in the last 10 years.
Opinions, assessments, and unrelated subjects such as pharmacological characteristics
and bioactivities were utilized as exclusion criteria. The flowchart of the methodology is
shown in Figure 1. The distribution of articles based on the year of publication can be seen

in Figure 2.

84 articles selected for initial

screening

Excluded (n=64) l—

Final Articles Included (n=20)
Nanofiber (n=2)

Solid lipid nanoparticle (n=2)
Nanostructured lipid carrier (n=1)
Polymeric nanoparticle (n=9)
Nanomicelles (n=3)
Liposomal nanoparticle (n=2)

Gold nanoparticle (n=1)

Figure 1. Flowchart of methodology.
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Figure 2. Distribution of articles based on the year of publication nanoformulation of a-mangostin
for cancer.

3. «-Mangostin

a-mangostin (Figure 3) is a metabolite of 1,3,6,7-tetrahydroxy-2,8-di(3-methyl-2-butenyl)
xanthones isolated from mangosteen pericarps [23,40-42]. «-mangostin is soluble in
methanol and has a water solubility of 2.03 x 10~* mg/L at 25 °C (Table 1) [43,44]. The low
solubility of c-mangostin in water causes low bioavailability. Pharmacokinetic studies per-
formed in mice after a single oral dose (20 mg/kg) showed low bioavailability (F = 2.29%)
which was thought to be due to low gastrointestinal absorption and rapid metabolism of
a-mangostin in the liver and small intestine [45].

HO 0O OH

Figure 3. Chemical structure of a-mangostin.

a-mangostin has been found to possess a wide range of biological activities such
as anticancer [22,27,46-49], antioxidant [50], antibacterial [51,52], hepatoprotective [53],
cardioprotective [54], antimalarial [55], anti-obesity activities [56], and neuroprotective
properties in Alzheimer’s disease [57]. Previous studies have shown that x-mangostin
acts against cancer cells through several mechanism pathways such as suppressing fatty
acid synthase [31], downregulating the PI3K/Akt pathway [46], and 3-catenin gene reg-
ulation [28]. Despite having the above-mentioned anticancer properties, its poor oral
bioavailability remains the main drawback, limiting its clinical potential. As a result,
these issues have led to the development of x-mangostin nanoformulations in the quest of
improving o-mangostin delivery for better therapeutic outcomes.
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Table 1. The physicochemical properties of a-mangostin [39,58].

Property Description
Molecular formula CoyHy6Op
TUPAC name )1( ,a?;f}—irnﬂ_;}ii;c;xy—%methoxy—2,8—bis(3—methylbut—2—en—1—yl)—9H—
Molecular weight 410.5
Color/Form Faint yellow to yellow powder
Melting point 180-181 °C
Solubility Soluble in methanol, in water (2.03 x 104 mg/L at 25 °C)
LogP log Kow =7.71
Stability Stable under normal temperatures and pressures

pKal = 3.68 (primary carbonyl); pKa2 = 7.69 (secondary carbonyl);

Dissociation constants pKa3 = 9.06 (tertiary carbonyl)

4. x-Mangostin Nanoformulation

The application of nanotechnology to medicine has resulted in the development of
nanoparticle therapeutic carriers [59]. The recommended particle size for cancer treatment
is 10-200 nm, which allows it to easily infiltrate tumor blood vessels that leak and collect in
tumor tissue, reducing side effects [60].

Several types of nanoparticles are in different stages of the development process as
cancer drug delivery systems, including nano polymers, micelles, liposomes, lipid-based
carriers (lipid emulsions and lipid—drug conjugates), and several ligand-targeted products
(such as an antibody, folate, and transferrin conjugated molecules) [59,61-63]. Nanopar-
ticles usually consist of two or more components, and at least one of them is an active
pharmaceutical ingredient. The materials and methods selection for nanoparticle assembly
is mainly based on the size and shape of the nanoparticles, physicochemical properties of
the active ingredient, the target delivery, and their stability and safety. Components and
methods selected are very crucial to ensure the intended administration method and drug
targeting abilities [64].

Nano-based cancer treatment, which employs a mixture of nanomaterials and chemother-
apeutic drugs, plays a significant role in the therapeutic effects against cancer [60,65,66].
Nanoparticles preferentially accumulate in tumors due to their enhanced permeability and
retention effect (EPR) (Figure 4), resulting in differences in the biodistribution between
conventional chemotherapeutics and nanoparticle drug carriers, where nanoparticle-based
chemotherapy can achieve higher drug concentrations in the intratumor environment,
and eventually better therapeutic efficiency and lower toxicity [67-69]. Various nanofor-
mulations are being explored to enhance the delivery of a-mangostin to tumor sites.
a-mangostin nanoformulations for cancer should enhance anticancer activity and selec-
tivity compared to free x-mangostin, and at the same time be non-toxic to normal cells.
a-mangostin nanoformulations for cancer that have been reported in the literature include
nanofibers, nanostructures lipid carrier, solid lipid nanoparticles, polymeric nanoparticles,
nanomicelles, liposomes, and gold nanoparticles. These nanoformulations are described in
Figure 5 and summarized in Table 2.
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Passive targeting

—  Tumor cell

Tumor tissue:

Leaky vasculature; accumulation
of nanoparticles due tc EPR
effect

(A)

Blood vessel

Normal tissue:

Nanoparticles are retained in |
bloodstream because normal =™
tissue has tight endothelium
junctions

Active targeting

(B)

(i)

~ x \~ Clathrin/Caveolin

J

Figure 4. (A) Nanoparticles are intended to exploit the enhanced permeability and retention effect to
exit the blood vessels through leaky vasculature, accumulate within tumor tissues, and enter the cells
via endocytosis before releasing their ‘drug’. Conversely, owing to the tight endothelium junctions in
normal tissues, the nanoparticles would remain in the bloodstream. (B) Small nanoparticles could
be internalized through many pathways such as (i) clathrin or caveolin-mediated endocytosis and
(ii) clathrin/caveolin-independent endocytosis.

Figure 5. Nanoformulation of a-mangostin for cancer drug delivery.
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Table 2. Summary of x-mangostin nanoformulations.

Carrier Cell Line Outcome Ref.
o e  Increased solubility
) Silk f1bro.1n e  Sustained release
N—(3—P1methylam1r.1.op.ropyl)— Caco-2 e  Reduced hematotoxicity up to 90%
N —ethylcgrbodumlde MCEF-7 e  Stable for up to 24 h when dispersed in IV diluent and B3]
hydrochlc.)ru.ie (EDC) z-md 6 months when preserved as lyophilized powder at 4 °C
polyethylenimine (crosslinker) ° Improved cytotoxicity and apoptosis in vitro
) e Significantly lower toxicity to normal cells than to
Acetobacter xylinum Bigépﬁgg;?, cancer cells [70]
’ e  Slightly toxic to HaCaT cell (normal cells)
o e  Particle size 150-300 nm
PLGA, soybean lecithin, ° Internalization of nanoparticles
DSP_E_PEGZOOO__COOH MCF-7 ° Strong disaggregation of MCF-7 multicellular (71]
Thioaptamer (ligand) tumor spheroids
. Particle size < 200 nm
e  High physical stability
Miglyol 812, cetyl paomitate, Caco2 e  Excellent encapsulation efficiency (EE > 90%)
montanov 82, and oleoyl :ICCI) ° High level cellular internalization [72]
chitosan (coating agent) ca e  Improved cytotoxicity
e  Downregulation of cyclin D1-(CCND1) and anti-apoptotic
gene BCL2
° Particle size < 200 nm
. ° Can easily enter into the cells
Pancreatic cancer o,y nregulation of pluripotency maintaining factors
cell line (AsPC-1, components of Shh pathway, Gli targets, EMT markers,
PLGA PANC'L and transcription factors, and upregulation of E-cadherin [35]
Mia-Paca-2) ° Inhibit proliferation, colony formation; cell motility,
Cancer stem cells migration, and invasion
(CSCs) ° Induced apoptosis, inhibits the growth, inhibits
development and metastasis of pancreatic cancer
HCT116 and . Internalization of nanoparticles
HT29 e  Suppressing the expression of Notch receptors and their
PLGA Normal ligands, y-secretase complex protein and downstream target [73]
epithelial cells ° Induced cancer cells and did not induce apoptosis in
(CRL-1831) normal cells
e  The highest level of solubility and complexation efficiency
. of x-mangostin was shown in complexation with CD
o, 3 dan v cyclodextrin (CD) e  CD nanoparticle x-mangostin complexes showed larger
Eplchlorohydnd (ECH) CT26WT loading ratio than CDs themselves [74,75]
as linker e  Rapid release and slow release
e Decreased cytotoxicity
e  Particles size < 50 nm
. e  Nanoparticles taken up into the cancer cells and affected
B-cyclodextrin A549 nuclear morphology [76]
e  Improved cytotoxicity
° Particle size around 400-500 nm
Chitosan and alginate HT-29 e  Genipin as a crosslinker significantly increases the loading [77]

Genipin as crosslinker

efficiency and loading capacity of the nanoparticles
Improved cytotoxicity
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Table 2. Cont.

Carrier

Cell Line

Outcome

Ref.

Poly-(ethylene
glycol)-poly(l-lactide)
(PEG-PLA)
CREKA peptide (ligand)

PANC-1
NIH3T3,
PANC-1-Luc2

Particle size 100 nm

Controlled and continuous release

Increased intracellular delivery

Suppressed NIH3T3 activation, decreased fibronectin
expression (in vivo), promotes tumor vascular
normalization and enhances blood perfusion (in vivo)
Blocked TGF-§ signaling pathways by inhibiting
phosphorylated Smad2 and Smad3 protein synthesis
(in vitro and in vivo); cancer-associated fibroblast (CAF)
suppression and collagen downregulation effect

[78]

Chitosan and Kappa
Carrageenan

MCEF-7

Particle size 200-400 nm

Excellent encapsulation efficiency (EE > 97%)
Increased solubility

Initial burst release

Improved cytotoxicity

[79]

Polyvinylpyrrolidone (PVP)

HCT 116

Significantly increases the solubility of alpha mangostin
(1000-fold)

Particles size < 130 nm

Nanomicelles can enter into cancer cell

The half maximal inhibitory concentrations for x-mangostin
nanomicelles was higher than raw «-mangostin

[43]

Monomethoxy poly (ethylene
glycol)-polycaprolactones
(MPEG-PCL)

A375 and B16
non-tumor cell
lines (LO2, Vero,
and HEK293T
cells)

Mean particle size = 30 nm as a monodisperse system
Drug loading up to 99.1%

Sustained drug-release profile

Excellent cellular uptake

Induced apoptosis via the mitochondrial-mediated intrinsic
pathway and the exogenous apoptosis pathway
Pharmacokinetic study shows a slow excretion behavior
from blood vessels

[80]

Methoxy poly(ethylene
glycol)-poly(lactide)
(MPEG-PLA)

us7

Mean particle size 32 nm and EE = 99.5%

Sustained release

Improved the pharmacokinetics of a-mangostin
Suppression of protein bcl-2 decreased, pro-apoptotic
protein Bax and cleaved-caspase-3, 8 and 9

[81]

Phosphatidylcholine and
cholesterol

Calu-3; HT-29;
MCEF-7; Caco-2;
HaCaT; HDF

Particle size around 100 nm

Lower toxicity in normal cells than x-mangostin in
aqueous solution

Decreased cytotoxicity, induced apoptosis

[82]

Dioleoylphosphatidylcholine
and cholesterol

Hep-G2

Particle size around 100 nm, high entrapment efficiency,
slow and sustained release
Improved cytotoxicity

[83]

Gold citrate

PC-3
DU145

Induced DNA fragmentation
Improved cytotoxicity

[84]

4.1. Nanofibers

Nanofibers are one-dimensional nanomaterial with a size of less than 500 nm [85].
Currently, nanofibrous polymer materials are being thoroughly investigated for a variety
of medical uses. The use of nanofiber system drug carriers in anticancer therapy offers
numerous benefits, including the ability to form fibers with varying diameters ranging
from nanometers to sub-microns, surface modification, having a large outer surface ratio
and unique porosity to maximize the drug encapsulation process, controlled and sustained

drug release in the desired workplace to improve efficacy [86-91].
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In 2019, D.T. Pham et al., tried to develop a fibroin nanoformulation for x-mangostin
using a natural polymer (silk fibroin) as a carrier, EDC or PEI as a crosslinker, and utilize
the desolvation method. Fibroin is a natural biocompatible and biodegradable protein
extracted from Bombyx mori silk. This material has been used as a carrier for anticancer
drugs [92,93]. The observed mean size was around 300 nm with a narrow size distribution
with PI < 0.3 and zeta potentials from —15 to +30 mV proportionally to the increase of
EDC content. The formula that uses a crosslinker had a higher entrapment efficiency and
loading capacity (70%) and (7%) than the formula without a crosslinker (<50% and <5%).
Compared to the free a-mangostin, nanoparticles increased the drug’s solubility up to
threefold. In vitro cytotoxicity of a-mangostin and a-mangostin loaded nanoparticles was
conducted in Caco-2 and MCE-7 cells. The results showed that the nanoparticle maintained
the apoptotic effect of x-mangostin and exhibited improved cytotoxicity (i.e., lower ICsg)
than the free x-mangostin. It is related to differences in the cellular uptake mechanisms.
Free a-mangostin in solution penetrates the cells via a passive transport pathway, limited
by cell lipid bilayers and the efflux pumps. Whereas, silk fibroin nanoparticles loaded with
a-mangostin effectively enter the cell via surface adsorption and endocytosis pathways,
where it is possible that two amino acids located near the N-terminal of the fibroin heavy
chain can bind to surface receptor integrin. In particular, the cell surface receptor integrin
was overexpressed in many cancer cells, including colon and breast cancer. This binding
will induce the endocytosis process. Therefore, the formulation of a-mangostin using
fibroin nanoparticles can enhance ICsj so that it can boost the effectiveness of x-mangostin
as a cancer medicine [3].

Taokaew et al. formulated bacterial cellulosic nanofiber film synthesized from Aceto-
bacter xylinum (Gram-negative aerobic bacteria). This bacterial-based nanofiber has several
advantages, such as its similarity to the natural extracellular matrix, high loading capacity,
non-toxicity, and resistance to heating during the sterilization process. Bacterial cellu-
losic cytotoxicity testing was performed on cancer cells (B16F10 melanoma and MCF-7
breast cancer cells) and normal cells (HaCat fibroblast and hGF keratinocyte cells). The
loading capacity of a-mangostin was up to 7.33% and the loading efficiency ~67.3% with
a concentration proportion of 0.01-1% (2, 24, and 250 mg/cm?®). The characteristics of
bacterial cellulosic nanofiber are cellulose fibers with a diameter of 50-100 nm with an
empty cavity that stretches between the fibers to absorb the active ingredients. The cyto-
toxicity of nanofibers on cancer and normal cells was tested at three x-mangostin loading
concentrations, namely 2, 24, and 250 mg/ cm®. The findings revealed that a concentration
of 2 mg/cm? had no cytotoxic effect on B16F10 melanoma, but a higher concentration
of a-mangostin inhibited growth and caused changes in cell morphology that suggested
membrane damage in B16F10 melanoma and MCF-7 breast cancer cells. Furthermore,
testing on normal cells showed a decrease in viability, namely ~40% in hGF cells and
38% in HaCaT cells during 24 h of observation. After incubation for 48 h, HaCaT cells
experienced an increase the viability by 111% while hGF cells by 53%. It suggests that
the a-mangostin nanofiber is slightly more toxic to HaCaT cells than hGF cells. It was
concluded that bacterial cellulosic nanofiber a-mangostin has lower cytotoxicity against
normal cells compared to cancer cells [70].

4.2. Solid Lipid Nanoparticle

Solid lipid nanoparticles (SLN) are colloidal particles constructed from biodegradable
physiological lipids which are solid at room and body temperature. It has sizes ranging
from 50 to 1000 nm according to the manufacturing method and type of lipid used. SLN
is widely used as a carrier for cancer medicines because it has many benefits, such as
solvent-free preparation, being composed of biocompatible and biodegradable materials,
site-specific targeting, physical stability, and controlled release for both hydrophilic and
lipophilic drugs [94-96].

F. Bonafe et al. attempted to develop solid lipid nanoparticles of a-mangostin conju-
gated with CD44 thioaptamer as a ligand targeting multicellular tumor spheroids (MCTSs)
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by MCEF-7 cell. Using a nanoprecipitation technique, lipid nanoparticles were synthe-
sized from PLGA, soybean lecithin, and DSPE-PEG2000-COOH, and the thioaptamer was
conjugated to nanoparticles using the two catalysts, 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide, and N-hydroxysuccinimide [71]. PLGA deployed as the core can carry
hydrophobic drugs with high loading capacity. Then, hydrophilic coating by soybean
lecithin and DSPE-PEG2000-COOH provides steric protection capable of reducing systemic
clearance rates, prolonged circulation half-life in vivo, and functional groups for surface
modification attachment of ligands [97]. The mean diameters of the nanoparticles were
227.0 & 88 and 174.0 = 29 nm (after filtered by 200 nm cut-off). a-mangostin nanoparticles
(0.1 ng/mL) induced significant dissociation of MCTSs at a dose 10 times lower than the
a-mangostin (1 ug/mL). These results suggested that nanocarrier is a suitable vehicle
for a-mangostin to suppress tumors at low concentrations. Moreover, the nanoparticles
conjugated to the CD44 thioaptamer could reduce the size of the spheroids. It suggests that
several cells died or slowed down their process of duplication [71]. Another solid lipid
nanoparticle was prepared by V. Kumar and tested against diethylnitrosamine-induced
hepatocellular cancer. This method generated particles with a size of 182.3 nm and a poly-
dispersity index of 0.203, and it reduced hepatic nodules by 84.5% and 93.4%, respectively.
The nanoparticle x-mangostin controlled the PI3K and Akt pathways, which are involved
in the inhibition of hepatic cancer growth and proliferation, as well as its chemoprotective
action [98].

4.3. Nanostructured Lipid Carriers

Nanostructured lipid carriers are novel therapeutic formulations consisting of phys-
iological and biocompatible lipids, surfactants, and co-surfactants. The use of NCL as
a carrier for chemotherapy agents is very promising because it is a bio-compatible and
bio-degradable lipid-based nanoparticle that is able to improve its physical and chemical
stability, and significantly increase the therapeutic capacity with low pharmacokinetic
properties [99-101].

The mucoadhesive NLC was developed for the possible oral delivery of x-mangostin.
Nanostructure lipid carrier coated with oleoyl-quaternized-chitosan (NLC-CS) with high-
pressure homogenization process was used for the nanoparticles prepared in a range of
nanoparticle sizes from 200 to 400 nm, low polydispersity, zeta potentials 40.9 mV, with
excellent encapsulation efficiency (>90%). Results demonstrated that the NLC-CS has a
higher toxicity than the NLC against Hela and Caco-2 cells. The CS-NLC particles resulted
in better cellular uptake than the NLC particles due to the mucoadhesive properties of the
CS-NLC particles. Positively charged nanoparticles have a higher internalization rate than
neutral or negatively charged species. This behavior is due to the strong electrostatic adhe-
sion of positively charged chitosan to negatively charged mucosal surfaces. Furthermore,
CS-NLC outperformed NLC due to improved mucoadhesion of the particles with the cells,
allowing for internalization. These findings support the use of surface-modified CS-NLC
nanoparticles as mucoadhesive carriers for drugs to cancer cells [72].

4.4. Polymeric Nanoparticle

Polymeric nanoparticles are particles in the size range from 1 to 1000 nm and can be
loaded with active compounds trapped in or surface adsorbed onto the polymer core [102].
These systems are typically structured through spontaneous assembly in which the thera-
peutic compound is trapped within the core of the nanoparticle structure [103]. Generally,
polymeric nanoparticles are composed of natural polymers (chitosan and alginate) and
synthetic polymers (PLGA and cyclodextrins) [104]. There are many advantages to using
polymeric nanoparticles for the delivery of anticancer drugs in cancer treatment, among oth-
ers, they can be used to deliver various types of drugs such as hydrophilic and hydrophobic
drugs, peptides, and biological macromolecules via several routes of administration [105],
improve the drug solubility [106], provide controlled release, increase bioavailability, thera-
peutic index, can transport active ingredients to targeted tissues or organs at a specified
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concentration [102,107], surface modification with ligand linking for stealth and targeted
drug delivery, biocompatibility, biodegradability, and low toxicity [108].

4.4.1. PLGA Nanoparticle

Verma et al. developed a-mangostin encapsulated PLGA nanoparticles to improve
the bioactivities of x-mangostin for inhibiting pancreatic cancer stem cells (Pan CSCs) in
human and KC mice (PdxCre; LSL-KrasG12D) (Pan CSC). This formula produces a particle
size of 186.3 £ 6.42 nm, a zeta potential of 0.03 £ 0.005 mV, and a drug encapsulation of
51.16 & 2.61%. The results indicated that a-mangostin nanoparticles inhibited cell prolif-
eration of Pan CSCs and pancreatic cancer cell lines more effectively than «-mangostin
and had no significant effect on human pancreatic normal ductal epithelial [35]. In an-
other study, V. Chandra Boinpelly et al. reported that x-mangostin-encapsulated PLGA
nanoparticles inhibit human colorectal cancer cells and colony deformation in colorectal
cancer HCT116 and HT29 cells in a dose-dependent manner at a dose of 0-10 mol/L [73].
These findings suggest that c-mangostin encapsulated PLGA nanoparticles are appropriate
for use as carriers to advance the effectiveness and therapeutic effects of a-mangostin for
pancreatic cancer and colorectal cancer.

4.4.2. PEG-PLA Nanoparticles

In 2020, J. Feng et al. developed cancer-associated fibroblasts (CAFs) targeting polymer
nanoparticle (methoxy poly (ethylene glycol)3000-poly (lactic acid)34000 (Me-PEG-PLA)
and maleimide-poly (ethylene glycol)3000-poly (lactic acid)34000 (Male-PEG-PLA) coated
with CREKA peptide and loaded with «x-mangostin. The concept of using CAFs-targeting
nanoformulation x-mangostin is an effective method of modifying tumor environment to
enhance pancreatic ductal adenocarcinoma chemotherapy. Nanoparticles with spherical
shape particles and average particle size diameter of x-mangostin nanoparticles [NP(x-M)]
is 103.76 & 7.45 nm; a-mangostin nanoparticles coated with CREKA peptide [CRE-NP(«x-
M)] is 106.93 + 3.69 nm with a zeta potential of —31.77 & 2.12 mV, respectively. The
negative charge generated by the nanoparticles renders an optimal possibility to develop
the EPR effect when examined in vivo. The nanoparticles effectively reduced the produc-
tion of secreted mass extracellular matrix both in vitro (NIH3T3 cells) (5.8-fold) and in vivo
by blocking the TGF-f signaling pathway and significantly inhibiting the tumor growth
(<70%), inducing apoptosis and necrosis on an orthotopic mice model. Biodegradable
nanocarriers (PEG-PLA) demonstrate controlled and continuous release behavior. Addi-
tionally, the use of PEG can avoid the elimination of nanoparticles by the reticuloendothelial
system, which further increases the circulation time in the body. Moreover, CREKA peptide
as a target ligand can bind to the fibroin—fibronectin complex that is overexpressed in the
tumor mass extracellular matrix, thereby increasing the accumulation in the tumor region.
From the results achieved, we can infer that this formula could be amplified as an efficient
method to enhance the therapeutic effects [78].

4.4.3. Chitosan-Alginate Nanoparticles

Samprasit et al. formulated a-mangostin-loaded chitosan/alginate (CS/ALG) nanopar-
ticles cross-linked with genipin (GP), used the ionotropic gelation method, and evaluated
antitumor activity against the colorectal cancer cells (HT-29) [77]. Chitosan is composed of
amino groups with a polycationic charge that interacts with negatively charged polymers
such as alginate, forming colloid nanoparticles. Chitosan and alginate complexes have
attracted attention due to their easy processing [109-111]. Genipin acts as a cross-linking
agent that reacts with the primary amine group of chitosan to form a rigid nanoparticle
structure with a slow degradation rate, making it capable of controlling swelling, degra-
dation, and drug release [111]. The mean particle sizes of GP nanoparticles and non-GP
nanoparticles were 477.2 4 32.2 and 437.6 & 50.3 nm. The percentage of loading efficiency
and capacity of GP nanoparticles is three times higher than that of non-GP nanoparticles. It
demonstrates that GP enhanced the a-mangostin loading, wherein during the cross-linking
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process x-mangostin may be trapped within the GP nanoparticles, resulting in increased
loading of a-mangostin. It is also in line with the increase in the particle size of the GP
nanoparticles. In vitro release tests simulated the state of the digestive tract at pH 1.2,
6.8, and 7.4. The result is that the release rate of a-mangostin is slower than the non-GP
nanoparticles at all pH conditions. Genipin can control the degradation, diffusion, erosion
of the nanoparticles, thereby inhibiting a-mangostin release into the medium. From the
entire pH range tested, the release of x-mangostin at low pH was significantly lower than
at high pH. At high pH, the amine group of chitosan undergoes deprotonation and loses its
charge, causing weak electrostatic interaction between chitosan and alginate and unstable
nanoparticles, which implies a higher release of x-mangostin. The pattern of slow release
of a-mangostin from GP nanoparticles in acid medium and rapid release of x-mangostin at
higher pH illustrates that GP nanoparticles can concentrate on the release of a-mangostin
in the small intestine and colon [77,111,112].

The viability of the cells treated with varying concentrations of blank GP nanoparticles
showed no substantial decrease in cell viability. As a result, blank GP nanoparticles
have little effect on cell viability and protected drug carrier. The cytotoxicity of the «-
mangostin-loaded GP nanoparticles was dose-dependent. Cell viability was lower at
concentrations of 200 and 300 pg/mL of a-mangostin-loaded GP nanoparticles compared
to the control. These findings are associated with x-mangostin’s cytotoxicity, confirming
that a-mangostin-loaded nanoparticles and c-mangostin have antitumor action against
colorectal adenocarcinoma cells. It concluded that chitosan/alginate nanoparticles cross-
linked with genipin could be promising candidates for a controlled release drug delivery
system of x-mangostin to the large intestine [77].

4.4.4. Chitosan-Kappa Carrageenan Nanoparticles

Wathoni et al. developed an enteric-coated nanoparticle of x-mangostin-loaded
chitosan-kappa carrageenan. Kappa carrageenan is a natural polymer used as an encap-
sulator that will protect nanoparticles from gastric acid because of its low sensitivity to
pH and ionic strength. This formula yields an average particle size of 200400 nm, high
entrapment efficiency, and increased solubility. In vitro release testing showed that the
nanoparticles produced an initial burst release for pH 1.2 and 7.4, respectively, followed by
a slow and sustained release. Cytotoxicity in MCF-7 cells showed an increase in nanoparti-
cle activity compared to free x-mangostin. The IC5y of x-mangostin, x-mangostin-chitosan
nanoparticle, and x-mangostin-chitosan-kappa carrageenan was 8.2, 6.7, and 4.7 g/mL,
respectively [79].

4.5. Cyclodextrin Nanoparticles

Cyclodextrins are non-reducing oligosaccharides of starch-modified products with a
ring-shaped chemical structure and are formed through the cyclization process by CGTase
activity (cyclodextrin glycosyltransferase). Suitable reaction conditions will produce three
main groups of cyclodextrin: -, 3-, and y-cyclodextrins consisting of 6, 7, and 8 units of
(1,4) linked D(+)-glucopyranose. As there are numerous hydroxyl groups linked to the
top and bottom of the molecule, it is water-soluble, but the inside of the cyclic structure
is hydrophobic and may trap hydrophobic molecules; this configuration is known as the
“molecular pocket”. The number of glucose units determines the cavity size, and the cavity
diameters of -, 3-, and y-cyclodextrin are 5.7, 7.8, and 9.5 A, respectively [113-115]. The
cyclodextrins molecular pocket is used to trap hydrophobic medicines like a-mangostin
without interfering with their bioactivity [74].

Cyclodextrin-based nanoparticles (CDNP) encapsulating x-mangostin were devel-
oped by a polyaddition reaction using epichlorohydrin and examined cytotoxicity in
CT26WT cancer cells. The cyclodextrin-containing hyperbranched polymer was produced
by a poly-addition reaction between cyclodextrin and epichlorohydrin (ECH) that capa-
bly integrates numerous cyclodextrins into the polymer using a relatively easy synthesis
technique. The results showed that BCDNP showed a higher loading ratio of a-mangostin.
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The cell viability results after 24 and 48 h of incubation indicated the CDNP themselves
are inert, while in the case of CDNP a-mangostin complexes, the cell viability is differ-
ent depending on the type of CD. The xCDNP/a-mangostin and YCDNP/ a-mangostin
showed high cytotoxicity for cells after 24 h. However, cell viability decreased signif-
icantly for BCDNP/«-mangostin after 48 h. It indicates that the a-mangostin in the
aCDNP and YCDNP systems can be easily released from the polymer network structure
so that almost no cells survived after 24 h of incubation. In contrast, because BCDNP
can strongly resist a-mangostin release, the BCDNP system does not show any toxicity
after 24 h. However, due to the presence of other candidates of the guest molecule for
BCD, such as cholesterol in the cell membrane, the x-mangostin in BCDNP was proba-
bly gradually exchanged by the guest molecules, resulting in releasing c-mangostin and
inducing higher toxicity after 48 h [74]. Continuing the previous study, V.T.H.Doan et al.
focused on the anticancer activity of CDNP/«-mangostin. They have evaluated in vitro
and in vivo anticancer efficacy using a CT26WT cell line. There was an increase in the
IC50 value from CDNP compared to x-mangostin in the monolayer culture, in the or-
der of a-mangostin (~14.5 uM), xCDNP/ x-mangostin (~27.7 uM), yCDNP/ x-mangostin
(~43.5 M), and BCDNP/ x-mangostin (~50.4 pM). It occurs due to nanoparticles retention
capability for a-mangostin release from the system. In this study, they examined the
in vitro cytotoxicity of x-mangostin and CDNP/x-mangostin on CT26WT spheroid cells.
The IC50 values increased ~33 times in a-mangostin and ~9 times in CDNPs/ x-mangostin.
In the spheroid cells, the drug must penetrate the spheroid cellular layer to migrate inside
and kill the cells. This is because of the hydrophobicity of a-mangostin that was easily
adsorbed on the spheroid cells and causes a decrease in drug concentration in the spheroid.
Whereas, CDNP reduces the hydrophobicity of a-mangostin so that it has better cellular
penetration than a-mangostin, which has better cytotoxicity and lower IC50 than that
observed for a-mangostin. The contrast in IC50 values between 3CDNP/x-mangostin and
yCDNP/ a-mangostin is due to the higher x-mangostin retention capability of BCDNP
than YCDNP. a-mangostin may not be released much in the case of CDNP/x-mangostin,
appearing in a higher ICs than YCDNP/x-mangostin. It is relevant to the cavity size of
CDs; YCDNP/ o-mangostin have a larger cavity than BCDNP/ a-mangostin. Impressively,
in vivo anticancer efficacy showed changes in the tumor volume and tumor growth ratio
after i.v. (10 mg/kg) of a-mangostin and FCDNP/x-mangostin into BALB/c mice bearing
CT26WT tumors. x-mangostin showed tumor volume and tumor growth ratio gradually
increased over 22 days and reached 1145 & 194 mm? in tumor volume and tumor growth,
indicating an increase of ~10-fold. While, the BCDNP/x-mangostin showed appreciable
suppression of tumor growth. The tumor volume was 501 + 372 mm? and the tumor
growth ratio was ~4 [75]. The increase in tumor size and volume on a-mangostin treatment
was due to a-mangostin swiftly clearing from the blood within 3.5 h after intravenous
injection with a single dose [36]. Consequently, to achieve significant anticancer efficacy a
frequent a-mangostin administration is required. Whereas for BCDNP/ «-mangostin, most
of the particles remained in the serum after 6 h, showing good circulation in the blood,
which may be due to the hydrophilic surface of BCDNP. Biodistribution testing showed
BCDNP appeared to accumulate in the tumor [75].

In another study, M.P. Nguyen Thi et al. synthesized 8CDNP/x-mangostin with
particles size of <50 nm and zeta potential of —38 mV. Cytotoxicity against lung cancer
cells A549 demonstrated that CDNP/a-mangostin exhibited lower ICsy values than
a-mangostin (2.34 and 4.86 g/mL, respectively). Furthermore, fluorescence microscopy
revealed that 3CDNP/ a-mangostin is carried into cancer cells and changes the shape of the
cell’s nucleus. These findings suggest that BCDNP/«-mangostin improves bioavailability
and anticancer efficacy [76].

4.6. Nanomicelles

Nanomicelles are colloidal nano-sized structures with a hydrophobic core and a
hydrophilic shell [116]. Nanomicelles have been widely used as the delivery system for an-

106



Pharmaceutics 2021, 13, 1993

ticancer drugs, in particular for the delivery of water-insoluble bioactive compounds [117].
Micelles structures formed amphiphilic block copolymers containing hydrophilic blocks
and hydrophobic blocks, some hydrophilic and nonionic polymers, such as PEG, poly
(N-vinyl pyrrolidone) (PVP), poly (N-isopropyl acrylamide) (PNIPAM), and poly (hydrox-
ypropyl methacrylamide) (PHPMA) is widely used as shell-forming material. Nanomicelles
have many advantages, including being structurally stable, having the ability to trap a
large number of hydrophobic drugs, their surface can be conjugated with the targeting
ligand [118], and they have a suitable size distribution to avoid rapid renal excretion,
allowing accumulation into the tumor tissue through the effect of EPR [119].

In a study from A.F.A. Aisha et al., x-mangostin was prepared in PVP by solvent
evaporation method and the intracellular delivery through endocytosis that may enhance
the antitumor efficacy of x-mangostin was examined. The cellular uptake assay on human
colon tumor cell line 116 (HCT16) showed high permeability of a-mangostin through the
cytoplasmic membrane around the treated cells whereas nanomicelles showed fluores-
cence in the form of spherical particles. These results suggest that cellular uptake from
nanomicelles can be mediated through endocytosis. The cytotoxic effect of a-mangostin
and nanomicelles exhibited a significant cytotoxic effect in a dose-dependent manner with
ICs5p of 7.7 + 0.1 and 8.9 £ 0.2 pug/mL, respectively. Cytotoxicity results show intracellular
release of drug payload, which occurred due to the degradative effect of lysosomal en-
zymes and also show the interaction of PVP and x-mangostin does not affect a-mangostin’s
cytotoxicity [43].

Another study of nanomicelles nanoformulation was used to improve the x-mangostin
anti-melanoma effect. The a-mangostin/MPEG-PCL has a core structure with PCL (hy-
drophobic) which absorbs «-mangostin and MPEG (hydrophilic) as shells. The molecular
modeling examined the interaction between the «M and MPEG-PCL as carriers which
were observed by comparing the interactions in the aquatic environment and the tumor en-
vironment. The results showed that the interaction between a-mangostin and MPEG-PCL
in an aqueous environment tended to persist with a spherical particle shape, whereas in
the tumor environment, MPEG-PCL did not appear to be able to maintain their spherical
particles so that it was easier for «M to exit the nanoparticle system. In in vitro cytotoxic
testing, x-mangostin nanomicelles possessed a stronger inhibitory effect compared to the -
mangostin on A375 and B16 melanoma cells and exhibited low cytotoxicity for non-tumor
cell lines (LO2, Vero, and HEK293T cells). The growth inhibitory effect of the a-mangostin
and x-mangostin nanomicelles shows inhibition on melanoma cell colonies. Surprisingly,
no colony formation was observed in A375 and B16 cells treated by x-mangostin nanomi-
celles. However, several colony formations under the same condition were formed in the
a-mangostin group. These results suggest that x-mangostin nanomicelles have a more
intense restraining effect on the colony formation rate in melanoma cells compared to
a-mangostin. Moreover, the improved apoptotic activity of a-mangostin nanomicelles
was determined compared with x-mangostin. It is because the nanomicelles had a better
cellular uptake behavior than the x-mangostin. Furthermore, in vivo anticancer activity
of the x-mangostin nanomicelles was observed using A375 cells injected subcutaneously
into the female BALB/c athymic mice. The a-mangostin nanomicelles possessed a better
effect on tumor growth inhibition (tumor weight and volume = 0.35 g and 400 mm?) com-
pared to the free a-mangostin (0.7 g and 910 mm?). The a-mangostin nanomicelles held
smaller tumors than «-mangostin. In conclusion, a strategy was presented in which the
a-mangostin delivery system in nanomicelles comprehensively increases the anti-tumor
activity of a-mangostin in vivo [80].

In another study, a-mangostin encapsulated with MPEG-PLA nanomicelles was
formulated by S. Zheng et al. The nanomicelles show a spherical, monodisperse, and
narrow particle size structure with an average size of 32 nm. In vitro antitumor activity
of a-mangostin and nanomicelles on U87 cells indicate the inhibition of the proliferation
process and promoted apoptosis. The antitumor effect of nanomicelles was higher when
compared to x-mangostin, with apoptosis rates, at concentrations of 10 and 20 pg/mL, of
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36.6% and 54.9% for nanomicelles and 20.4% and 45.5% for a-mangostin. Furthermore,
the antitumor activity test on female C57/BL6 mice showed nanomicelles increased the
antitumor effect of a-mangostin (65% reduction of tumor volume) and indicated by a
decrease in tumor weight (0.62 g for nanomicelles and 1.14 g for x-mangostin), inhibited
tumor growth, decreased proliferation, suppression of angiogenesis, and an increase in
the apoptosis index that was two times higher than that of x-mangostin. This increase
in activity is due to the particle size of nanomicelles at the nanoscale, being able to pass
through the inter-endothelial junctions of a tumor by passive diffusion, and the use of
PEG to increase the stability of nanoparticles in blood circulation and high retention in the
tumor region [81].

4.7. Liposomal Nanoparticles

Liposomes are membrane vesicles composed of amphiphilic lipids that surround
the water nucleus. Liposomes form spontaneously as lipid molecules are dispersed in a
liquid medium, resulting in nanometer to micrometer size. Liposomes are formed by a
phospholipid sheath composed of one or more lipid bilayers with hydrophilic head groups
and hydrophobic tail groups [120,121]. This vesicle bilayer system enables the liposome to
trap lipophilic and hydrophilic molecules, enabling these vesicles to bundle different drugs.
Via the effect of increased permeability and preservation, encapsulation in the liposome
structure can shield compounds from early inactivation, oxidation in the bloodstream,
improve the half-life, and increase aggregation in the tumor [120,122,123].

R. Benjakul et al. developed liposomes nanoformulation and evaluated their cytotoxic
effect and mechanism inducing cell death in various human carcinomas (human lung
epithelial carcinoma (Calu-3), human colon carcinoma (HT-29), human breast carcinoma
(MCEF-7), and human colon carcinoma (Caco-2) cells). Liposome was prepared with phos-
phatidylcholine and cholesterol using the reverse-phase evaporation method. The particle
size, polydispersity index, and zeta potential were 113.98 4 2.95 nm, 0.13 &+ 0.01, and
—25.6 = 0.07 mV, respectively. The cytotoxic effect trends of x-mangostin liposomes on
human carcinoma cell lines revealed that x-mangostin liposomes were less toxic than
o-mangostin. In all four measured cells, the ICsy was 2—4 times greater than c-mangostin.
It is due to the disparity in the cellular absorption process, where x-mangostin can reach
cells through passive diffusion, while a-mangostin liposomes can enter cells through ad-
sorption, endocytosis, or the fusion mechanisms, then accompanied by an x-mangostin
release from its carriers. Although free x-mangostin showed relatively higher toxicity
than a-mangostin liposomes, the use of liposomes as nanocarriers can still be used as a
promising «-mangostin delivery system for anticancer therapy to avoid direct toxicity of
a-mangostin to normal cells (drug targeting) [82].

In another study from M.P. Nguyen Thi et al., x-mangostin liposomes were formulated
with dioleoylphosphatidylcholine and cholesterol, and a cytotoxicity test was conducted
on human hepatocellular carcinoma (Hep-G2) cells. There was a significant decrease in the
IC5 value of 2.4 times between a-mangostin and x-mangostin liposomes (1.9 and 4.6 uM,
respectively). Furthermore, the cell viability significantly reduced after 48 and 96 h in the
a-mangostin liposome group compared with the x-mangostin. Due to the x-mangostin
liposome group, a-mangostin is released slowly and the cells could absorb it gradually so
that it kills fewer cells than free a-mangostin within 24 h and length of the period (48 and
96 h). It is consistent with the release of in vitro liposome that exhibits a sustained drug
release profile. As for a-mangostin, cell viability varied with the concentration during
the first 24 h. The results of this study indicate that liposomes exhibited a more effective
cytotoxic effect against Hep-G2 cells as compared with free a-mangostin [83].

4.8. Gold Nanoparticles

Gold nanoparticles are excellent carrier molecules for cancer drug delivery. They
can be synthesized in a variety of sizes and surface characteristics, which make them
promising candidates as drug delivery vehicles. Multifunctional gold nanoparticles are
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now widely used in cancer therapy because of their inertness and biocompatibility. The
surface of the gold nanoparticles can be easily modified to provide a controlled release
strategy using internal or external stimuli [124-126]. S. Qiu et al. developed x-mangostin
gold nanoparticles using gold citrate and coated with PEI and sulfated p-cyclodextrin to
complex «-mangostin. This formula produces an average particle size of around 100 nm
with a particle size distribution that is monodisperse. The zeta potential of the nanoparticles
is 30 £ 3 mV, meaning that they are stable. In vitro cell viability assays of gold x-mangostin
nanoparticles against prostate cancer cell lines (PC-3 and DU145) revealed a 15% and 50%
improvement in activity relative to x-mangostin, respectively. Furthermore, x-mangostin
nanoparticles are known to trigger an apoptotic death pathway that enables tumor cell
damage and elimination through phagocytosis. According to the findings of this research,
this drug delivery mechanism (gold nanoparticles) could increase the cytotoxicity of -
mangostin against prostate cancer cell lines [84].

5. The Perspective of the Authors

Recently, nanoformulations have been taken into consideration as a drug carrier as
they have improved the pharmacokinetic properties of the drug to increase its efficiency
and reduce side effects. In cancer treatment, targeted treatment only targeted the cancer
cells to be killed and less harm to the normal cells is increasingly desirable. Nanotechnology
has improved cancer therapy in many ways, such as selective recognition of cancer cells,
targeted drug delivery, and overcoming the limitations of a-mangostin.

It is generally known that nanoparticles with smaller sizes and modified surface
properties can reach or penetrate certain areas that normally cannot be passed through.
Surface properties, particularly the surface charge of the particles, can also influence
the distribution of the nanoparticles and possibly lead to higher toxicity in both cancer
and non-cancer cells. Therefore, future research can perform surface functionalization
of a-mangostin nanoformulations with specific antibodies, proteins, nucleic acids, and
small molecules that can actively attach to cancer cells. Currently, CREKA peptide and
thioaptamer are ligands that use a-mangostin nanoformulations. The use of these two
ligands showed to increase the intracellular delivery and the efficacy of x-mangostin.
There are many types of target ligands (such as antibodies and small molecules) that
can develop in nanoformulations of a-mangostin to increase the anticancer effectiveness
of a-mangostin.

Polymeric nanoformulation (PEG-PLA-CREKA), 3-cyclodextrin nanoparticles, lipo-
somes, gold nanoparticles, and nanomicelles (MPEG-PCL and MPEG-PLA) have particle
size characteristics >150 nm, which are suitable for entry into cancer cells and increased
cellular uptake of x-mangostin nanoparticles. Cytotoxicity testing in vitro also showed
increased activity in the tested cancer cell lines, except for in 3-cyclodextrin nanoparticles,
there was a decrease in cytotoxicity in the CT26WT cell line and liposomes (phosphatidyl-
choline and cholesterol) in Calu-3, HT-29, MCF-7, and Caco-2 cell lines. It is due to
differences in the cellular mechanism for uptake of free a-mangostin, which can pass
into cells by passive transport (diffusion) mechanism, the p-cyclodextrin and liposome
nanoformulations can be taken up into cells by adsorption and endocytosis and related to
the x-mangostin release from the carrier. MPEG-PLA and MPEG-PCL nanomicelles were
proved to improve the bioavailability of x-mangostin in mice which showed significantly
reduced a-mangostin elimination. In addition, the in vivo anticancer activity showed
better inhibition of tumor growth than x-mangosin.

Polymeric, fibroin, solid lipid nanoparticles are very promising to be developed due to
biodegradable components, high-loading capacity (up to 17%), and easy preparation, but
these formulas produce large particle sizes up to 400 nm. The development of nanoformu-
lations for a-mangostin such as enteric coating nanoparticles (chitosan-kappa carrageenan)
and mucoadhesive (NLC-CS) is an alternative for oral delivery of «a-mangostin, by modify-
ing the release stimulated by pH and the surface charge interactions of the nanoparticles
that can target the release at specific areas of the gastrointestinal tract. Even though in vitro
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studies have been shown to increase cytotoxicity activity through the activity of inhibit-
ing proliferation and increasing apoptosis against cancer cells, further studies regarding
anticancer activity in vivo are needed.

Although recent reports on a-mangostin nanoformulation to date appear promising,
most of the published data come from in vitro and in vivo (Table 3) trials and not clinical
trials. Therefore, there are concerns regarding the toxicity of nanoparticles, as little is
known about the behavior of nanoparticles in humans. While the unique properties
of nanoparticles brought about by their small size provide enormous opportunity for
medicinal uses, safety concerns have surfaced since their physicochemical properties
might lead to altered pharmacokinetics, with the ability to overcome biological barriers.
Furthermore, the inherent toxicity of several of the compounds, as well as their capacity to
collect and stay in the human body, has hampered their translation. The use of biological
capping materials like such as chitosan further reduce toxicity while their biocompatibility
and biodegradative capacity making them an intuitive choice for a nanocarrier. The stability,
circulation time, access and bioavailability to disease locations, and safety profile of these
nanoparticles are critical for successful clinical translation. Thus, clinical trials are ultimately
needed to understand the in vivo behavior of the x-mangostin nanoformulation, which can
ultimately lead to the design of a suitable formulation with superior therapeutic efficacy.

Table 3. The volume reduction of tumor treatment with different x-mangostin nanoformulations.

Type of

Formulation Reduction of Tumor Volume Ref.
Tumor
. More than 60% of tumor reduction

PLGA Pancreatic with 20 mg /kg dosage [35]

. . Approximately 56% of tumor
Cyclodextrin nanoparticle Colon reduction with 10 mg/kg dosage [75]
PEG-PLA nanomicelles Pancreatic More than 70% of tumor reduction 78]

coated with CREKA peptide with 20 mg/kg dosage

. Almost 50% of tumor growth
MPEG-PCL nanomicelles Melanoma reduction with 50 mg/kg dosage [80]
MPEG-PLA nanomicelles Clioma Approximately 65% tumor reduction [81]

with 50 mg/kg dosage

6. Conclusions

In recent years, various nanoformulations of x-mangostin have been developed to im-
prove bioavailability and effectiveness in cancer treatment. x-mangostin exhibits excellent
anticancer properties but its poor solubility, rapid elimination, and poor pharmacokinetic
properties hinder its usability as a potent drug against cancer. Many techniques have been
used to address this issue, one of which is the development of nanosized delivery vehicles.
For o-mangostin formulated as nanoparticles, this development is very welcome because
they are not only able to improve the dispersion of a-mangostin in aqueous solution, but
also provide other advantages not obtained from conventional delivery techniques. These
advantages include changeable particle size as well as modifiable surface characteristics.
For example, the conjugation of x-mangostin nanoparticles with targeting ligands such
as peptides and aptamers can provide specific targeting to cancer cells. With the nanofor-
mulation, the researchers can improve the bioavailability and therapeutic properties of
a-mangostin nanoparticles to achieve high therapeutic efficacy. Moreover, the x-mangostin
nanoformulation appears to have good affinity and selectivity against cancer cells while
imparting negligible toxicity to normal cells.
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Abstract: This review outlines the methods for preparing carbon dots (CDs) from various natural
resources to select the process to produce CDs with the best biological application efficacy. The
oxidative activity of CDs mainly involves photo-induced cell damage and the destruction of biofilm
matrices through the production of reactive oxygen species (ROS), thereby causing cell auto-apoptosis.
Recent research has found that CDs derived from organic carbon sources can treat cancer cells as
effectively as conventional drugs without causing damage to normal cells. CDs obtained by heating
a natural carbon source inherit properties similar to the carbon source from which they are derived.
Importantly, these characteristics can be exploited to perform non-invasive targeted therapy on
human cancers, avoiding the harm caused to the human body by conventional treatments. CDs are
attractive for large-scale clinical applications. Water, herbs, plants, and probiotics are ideal carbon-
containing sources that can be used to synthesize therapeutic and diagnostic CDs that have become
the focus of attention due to their excellent light stability, fluorescence, good biocompatibility, and low
toxicity. They can be applied as biosensors, bioimaging, diagnosis, and treatment applications. These
advantages make CDs attractive for large-scale clinical application, providing new technologies and
methods for disease occurrence, diagnosis, and treatment research.

Keywords: natural carbon nanodots; tumor-targeting probes; biosensing; cancer theranostic; toxic-
ity assessment

1. Introduction

The materials studied in the past were at the micrometer scale; however, in the past
few decades, nanometer-scale development has changed, which has become an essential
direction of scientific and technological development. Nano-sized materials are widely used
in various fields, such as medicine, biosensor development, energy research, and catalysis.
As fluorescent nanomaterials can emit light, they have the potential for application in
biomarking technology, such as semiconductor-based quantum dots containing cadmium
sulfide (CdS) or cadmium selenide (CdSe). However, most materials with a high quantum
yield (QY, ¢) on the market include heavy metal components, which pose risks related to
their biological toxicity and cytotoxicity. Contamination may occur during the synthesis
process, and they are not adequately recycled after use; as such, the associated harm to the
environment should not be underestimated. The above shortcomings limit the application
range as semiconductor quantum dots.

In recent years, nanotechnology has been widely used in the field of biomedicine [1].
Generally, when the scale of a substance drops to the nanometer level, its physical and
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chemical properties also undergo tremendous changes, especially in terms of its optical
properties, providing an ideal development space for applications in the field of biomark-
ers and optical imaging of diseases [2]. Since their inception, carbon nanomaterials have
attracted attention from researchers in materials science and biomedicine, especially con-
sidering their excellent optical properties, facilitating their application in bioimaging,
biomarkers, and sensors [3]. Fluorescent carbon dots (CDs) are another new type of carbon
nanomaterial, with a typical particle size of about 10 nm. In addition to the advantages
related to the particle size and wavelength-dependent luminescence characterizing quan-
tum dots, fluorescent CDs also have high light stability and present no light scintillation
phenomena. Their surface is easily functionalized and modified, and the preparation
materials are widely available [4-6]. Wang et al. evaluated the toxicity of CDs and showed
that they do not cause any abnormalities or damage to tissues and organs [7]. Kang et al.
compared CDs, single-walled carbon tubes, and carbon dioxide [8]. After the cytotoxicities
of silicon and zinc oxide were determined, CDs showed the lowest toxicity compared with
the materials mentioned above. CDs’ unique optical properties and excellent biological
properties confer outstanding advantages and good development prospects in biomed-
ical optical imaging and tumor diagnosis. In addition, the ability to introduce multiple
functional groups onto the surface of CDs also provides possibilities for their modification.
Green manufacturing is a modern manufacturing model that comprehensively con-
siders the environmental impact and resource benefits. Due to the increasing awareness
of environmental protection, green manufacturing is becoming an increasingly important
process in all walks of life. The chemical synthesis of CDs can be similar to that produced
from various natural resources in the nanoscale process. For instance, Hsu et al. used coffee
grounds to synthesize CDs by calcining in 2012. The average particle size of the synthesized
CDs was about 5 nm, and they were successfully applied to biological imaging. Unlike the
previous need for complex processing procedures, a rapid and straightforward synthesis
method was developed. Later, Crista et al. used different organic compounds to synthesize
CDs, with an average particle size of about 2.6-7.9 nm, with many carboxyl and amine
groups, proving that the quantum yield varies with functional groups [9]. In 2013, Qu et al.
used citric acid and ethylenediamine to synthesize CDs, leading to a quantum yield as
high as 60.2% [10]. It can be speculated that naturally synthesized carbon nanomaterials
should have higher biocompatibility and lower toxicity. To date, many techniques for
synthesizing CDs from natural sources have been developed, including laser ablation, arc
discharge, electrochemistry, thermal decomposition, ultrasonic, and microwave methods,
among others. In particular, the thermal decomposition method is simple, safe, fast, and
effective. Research has found that carbon nanoparticles synthesized by this method have
good fluorescent performance, although the quantum yield is not high [11-13]. The optical
properties, stability, and biocompatibility are still powerful enough for use in bioapplica-
tions. This review introduces and simplifies the current carbon nanocomposite synthesis
techniques. We provide a brief introduction to fluorescent CDs, mainly reviewing their
structural characteristics, carbon source materials, preparation methods, luminescence
mechanism, and applications in the field of biomedicine. Obtaining CDs from natural re-
sources can produce nanomaterials that are more environmentally friendly. The considered
technique intends to use available (in a daily sense) materials to synthesize low-toxicity
fluorescent nanomaterials. The production process does not require the use of many pre-
cursor chemicals to build natural CDs. We hope that developing a safe and straightforward
production process can unite fluorescent materials and natural CDs and contribute to
understanding and exploring the application of nano-fluorescent materials.

2. Natural Carbon Nanodots

CDs are a new type of carbon nanomaterials with luminescence characteristics, quasi-
zero dimension, relatively simple preparation, abundant sources of raw materials, easy
surface functionalization, low toxicity, and good biocompatibility. The fluorescence wave-
length can be adjusted, and the two-photon absorption area is large. In various literature
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reports, CDs have also been referred to as carbon quantum dots (CQDs), carbon nanodots

(CNDs), Graphene quantum dots (GQDs), carbon nanocrystals, and so on. Due to their

excellent performance, CDs show promising potential application prospects in sensing,

biology, medicine, food, environment, catalysis, photoelectricity, energy, and so on. Re-

searchers have conducted extensive scientific studies and made significant progress [14].

CDs synthesis methods can be mainly divided into two categories: One uses physical or

chemical means to crack larger carbon structures (e.g., carbon nanotubes, graphite rods,

graphene, carbon powder) into tiny CDs; these top-down methods include arc discharge
methods, laser ablation methods, chemical oxidation methods, and so on. Small organic
molecule precursors, such as sugar, citric acid, and amino acids, are used as carbon sources
for these methods through functional group coupling to achieve polymerization to prepare
the CDs [15-17]. The second category comprises bottom-up methods, such as electrochemi-

cal, hydrothermal, pyrolysis, microwave-assisted, and ultrasonic methods [18].

Other methods, such as template methods, neutralization reaction exothermic meth-
ods, and micro-fluidized bed technology methods, can also be used to prepare carbon
dots [19-21]. The preparation of CDs well-embodies the concept of green chemistry, using
cheap, environmentally friendly carbon source precursors and natural renewable, cheap
raw materials as carbon sources. The resources for synthesizing CDs can be found in
the natural environment, such as eggs, grass, tea leaves, leaves, silk, silkworm pupae,
shrimp shells, grapefruit peel, peanut shells, coffee grounds, beer, and other materials.
CDs were discovered and debuted for the first time due to their fluorescent luminescence
characteristics. The luminescence mechanism of CDs has always been a critical research
direction for researchers, considering factors such as the quantum size effect, surface state,
functional group mechanisms, electron holes, and radiation. Their rearrangement theory
has been studied in various aspects. Although a complete theoretical explanation system
of the CDs fluorescence mechanism has not been formed, the absorption and fluorescence
of CDs exhibit properties such as photoluminescence, chemiluminescence, electrochemi-
luminescence, and luminescence. The conversion of photoluminescence, peroxidase-like
activity, non-toxicity, and other physical and chemical properties provides a solid and
feasible theoretical basis for further research.

The main application research directions of CDs can be divided into the following
categories (Figure 1):

1. Imaging: multicolor fluorescent images of mammalian cells, plant cells, and micro-
organisms, and imaging in mice;

2. Photocatalysis: the degradation of organic molecules, the reduction in CO;, and
water splitting;

3. Optoelectronic devices: LEDs and solar cells (sensitizer /co-sensitizer, transport layer,
electrolyte, and/or co-catalyst for counter electrode);

4. Sensors: food quality and safety, drug analysis, environmental pollution determi-
nation, immunoassay, and other fields, such as detecting heavy metal ions, anions,
pesticides, molecules, small organic molecules, and/or nucleic acids;

5. Electrocatalysis: mainly used in oxidation-reduction reactions, oxygen evolution
reactions, hydrogen evolution reactions, and reduction reactions for carbon dioxide,
and dual-function catalysts;

6.  Biomedicine: photodynamic therapy, photosensitizers for cancer cell destruction, radio-
therapy, the tracing and delivery of drugs or genes, drug release, and anticancer drugs.
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Figure 1. The main application research directions of CDs. This review focuses on summarizing the
biological applications of CDs, such as cell imaging, photocatalysis, optoelectronic devices, molecules
sensors, electrocatalysis, and biomedicines, comprehensively. Finally, current challenges, research
emphasis, and prospects of this field are also discussed.

Most carbon sources derive from exhausted petroleum resources or non-environmentally
friendly manufacturing processes. Therefore, using recycled materials and bio-renewable
resources to develop high-performance CDs is a critical green environmental issue. In
recent years, the awareness of environmental protection has significantly risen, and, as
such, naturally derived CDs have gradually received more attention.

The main factor is that they are derived from renewable and sustainable biological
materials; for example, lignocellulose from dead wood, waste wood, rice straw, bagasse,
wheat straw, etc. Suppose that such a raw material can be used as a carbon resource and
converted into CDs with therapeutic and diagnostic value. In that case, we can imagine
the result will not overwhelm the demand of the food supply chain. Still, it can also
address waste disposal problems while applying the resource to produce high value-added
products such as electronics, energy, and biomedicine. Table 1 summarizes the existing
research on converting various natural resources into CDs, and the associated applications
and emission spectra are described in detail.
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3. Toxicity Evaluation of Natural Carbon Nanodots

CDs can be derived from a wide range of synthetic raw materials, low-cost, stable
chemical properties, and non-toxic materials. The application of CDs in medicine and
pharmacy was recently extensively studied. One of the most promising nanomaterials is
carbon quantum dots (CQDs). For this purpose, the toxicity of CQDs was investigated
in cells and living systems (Table 2). In 2019, L. Janus used human dermal fibroblasts to
conduct a cytotoxicity study of N-doped chitosan-based CDs [129]. As shown in Figure 2,
after 48 h, the cell viability was recorded as 94%. CDs were synthesized by utilizing
non-toxic raw materials and removing unreactive residues during purification.
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Figure 2. TXT assay study on human dermal fibroblasts. Adapted from [129], MDPI, 2019.
First, we start with the selection of carbon source and the adjustment of dopants
that synthesize carbon dots, and at the same time list the test models of carbon dots.
Secondly, according to the selective response of the carbon dot to the biological models, the
corresponding toxicity was constructed, and the actual application was investigated. As
mentioned in Table 2, CQDs are usually doped with nitrogen to enhance their fluorescence
quantum yield and optical performance [130,131]. CDs doped with nitrogen (such as
carbon nanotubes, graphene, hollow spheres, etc.) have unique properties. They can inject
electrons into the carbon substrate to change the electron and transport characteristics such
as sensors, nanogenerators, etc., and are widely used and have become a research trend.
Moreover, green methods that utilize natural biomass/biowaste and micro-organisms
without introducing toxic chemicals as CDs precursors have been widely used to synthesize
CQDs [132].
Table 2. Toxicity evaluation methods for CDs.
. . o Cells or Animal . .
Material Sources Concentration QY (%) Models Toxicity Ref.
Human normal hepatic
Carbon Medicinal stellate cell line LX-2 .
quantum dots ~ mulberry leaves 500 ug/mL 97 cells and human HCC Almost non-cytotoxic  [133]
cell line HepG2 cells
Remained above 90%
Carbon dots Mango peel 500 ug/L 8.5 A549 cells Low toxicity [134]
Nitrogen- Watermelon Remained 90%
doped carbon 300 ug/mL 10.6 HepG2 cells ’ [135]

quantum dots

juice

Low cytotoxicity
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Table 2. Cont.

Cells or Animal

. . o ..
Material Sources Concentration QY (%) Models Toxicity Ref.
N-doped . . o

carbon Bl(?-wfalste 100 mg/mL 81 Mouse macrophage Remamed'9.6.8 Jo [136]
lignin cells Low toxicity

quantum dots

1 0,
Carbon dots Roast duck 1mg/mL 38.05 PC12 cells and C. Remained .91.'19 o [122]
elegans Low toxicity
Nitrogen- . . . o
doped carbon P ac?d%ts fruit 200 ug/mL 12.5 Cells and C. elegans Remained 9.3 ./0 [137]
d juice Low cytotoxicity
ots
Carbon Salvia Remained 91.7%
hispanica L. 250 ug/mL 17.8 HEK293 cell line A [138]
quantum dots Low toxicity
seeds
Negligible
Carbon dots Wheat straw 0.8 mg/mL 7.5 HeLa cells . [139]
cytotoxicity
: - o
Carbon dots Malus fl orzbundu 200 ug/mL 19 Cells and C. elegans Remained 9.3/0 and low [140]
fruit toxicity
Carbon Banana peel -
quantum dots waste 200 ug/mL 20 C. elegans Low toxicity [141]
Nitrogen and
sulfur Remained over 95%
dual-doped Fungus fibers 400 ug/mL 28.11 HepG2 cells S0 [142]
Low cytotoxicity
carbon
quantum dots
Sweet lemon Remained above 75%
Carbon dots peel 500 ug/mL n/a MDA-MB231 cells Low cytotoxicity [143]
3 0,
Carbon dots Lychee waste 1.2 mg/mL 23.5 Skin melanoma cells Remained abo\fe_ 89% [144]
Low cytotoxicity
Nitrogen- ; o

doped carbon Citrus lemon 2 mg/mL 31 Humar.l breast Remained aboy ¢ 88% [145]

adenocarcinoma cells low cytotoxicity,

quantum dots

Daucus carota . o
Carbon dots subsp. sativus 1mg/mL 7.6 MCE-7 cells Remained abpye 5% [146]
Low toxicity
roots
Custard apple . o
Carbon peel waste 100 ug/mL n/a HeLa and 1929 cells Remained abﬁve 85% [147]
nanodots . Low toxicity
biomass
Carbon . Remained 84%
quantum dots Pineapple peel 1 mg/mL 42 HeLa and MCF-7 cells Low toxicity [148]
3 ()
N-carbon dots Jackfruit seeds 2 mg/mL 17.91 Ab49 cells Remained 96% and less [149]

toxic

S. Cong et al. [122] used PC12 cells for a cytotoxicity study of CQDs obtained from a
roast duck. After 36 h, the cell viability of PC12 was recorded as 91.19% at the concentration
of 1 mg/mL. In addition, using CDs at a concentration of 15 mg/mL for treating nematodes
did not lead to any death for 24 h. These results indicate the low toxicity of CDs, even after
a long period of exposure at high concentrations. In 2021, R. Atchudan et al. [141] used C.
elegans as an animal model for their toxicity evaluation of CQDs. As displayed in Figure 3,
the CQDs synthesized from banana peel were shown to have low nematode toxicity, even
at a high concentration of 200 ug/mL. These results can be explained by their utilizing
non-toxic raw materials without adding any passivates or additives.
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0

50 100 150 200

Concentration of CQDs (ug mL™)

Figure 3. (a) Toxicity assay of nematode incubation under different concentrations of synthesized CQDs. Multicolor imaging
of in vivo model nematode incubated with CQDs (100 pg/mL) under the excitation wavelengths of (b) 400 nm, (c) 470 nm,
(d) 550 nm, (e) bright-field (BF), and (f) merge (overlap). Live nematodes were immobilized using 0.05% sodium azide
(NaN3) for imaging under fluorescence filters. Adapted with permission from [141], Elsevier, 2021.

4. Theranostic Application of Natural Carbon Nanodots

Therefore, fluorescent materials are expected to be critical in biological applications.
CDs have become the focus of attention as new nanomaterials due to their excellent light
stability, fluorescence, good biocompatibility, and low toxicity. Surgery, radiotherapy, and
chemotherapy are inevitable treatments for most cancer patients, but these processes have
considerable side effects on the human body. However, fluorescent nanomaterials have the
advantages of high fluorescence stability, low biotoxicity, and good biocompatibility. The
most important thing is that they can be used to perform non-invasive targeted therapy on
human lesions, exploiting their characteristics to avoid harm to the human body caused by
the abovementioned treatments.

This paragraph covers the luminescence mechanism of CDs and their applications
in biology, focusing on applying natural CDs in biological diagnosis and treatment. We
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discuss the combination of CDs with specific targeting molecules to form CD-based probes
for detecting fluorescent signals. With the help of advanced optical imaging technology,
real-time dynamic monitoring of molecules in cells and organisms can be carried out, and
rapid immunofluorescence analysis of primary infectious disease sources can be carried
out. They can provide new technologies and methods for disease occurrence, diagnosis,
and treatment research [150].

4.1. Bioimaging

The discrete and diverse microstates of CDs lead to broad excitation and emission
ranges [151,152]. CDs have many unique properties, and their excellent photostability can
provide fluorescent information in a biological environment. The surface modification of
functional groups can make CDs more helpful in applying biomarkers (Table 3). In this
section, we compare bioimaging from cells to living animals, emphasizing the biological
diversity to prove the generalized safety of CDs. In cell imaging applications, CDs are
usually applied to HepG2 cells, HeLa cells, T24 cells, and so on [27,102,120,124]. In ad-
dition, normal cell lines have been used in trials, showing good cell compatibility [24,71].
Alam et al. treated HaCaT cells with cabbage-derived CDs and showed that, at 500 pg/mL
of CDs, the cell viability was 100%. Furthermore, CDs’ tunable excitation and emission
show promise for normal cell imaging under the irradiation of confocal fluorescence mi-
croscopy [71]. In a cell imaging experiment, Mehta et al. considered CDs originating from
apple juice and three fungal (M. tuberculosis, P. aeruginosa, and M. oryzae) sources. Cell
compatibility was shown by feeding more than 100 mg/mL of CDs. The germination of M.
oryzae spores also strongly indicated how CDs are good biocompatible nanocomposites at
high concentrations (i.e., 400 mg/mL). The fungi appeared red, green, and blue in confocal
laser microscopic images [62].

Kasibabu et al. provided pictures of Bacillus subtilis and Aspergillus aculeatus after
incubating with CDs derived from papaya juice for 1-6 h. The uptake ability was shown by
observing well-dispersed CDs in the cytoplasm of the fungi [90]. In vivo tests are critical
standards for investigating the potential and toxicity of CDs in animals. Atchudan et al.
explored colorful nitrogen-doped CDs (NCDs) derived from gooseberry by hydrothermal
methods in C. elegans imaging. C. elegans presented blue, green, and red in the whole body
when excited under 400 nm, 470 nm, and 550 nm. The cell viability was over 97% after
incubating C. elegans in NCDs for 24 h from 0 to 200 pug/mL (Figure 4a—f) [96]. Cong et al.
using roast duck as the source and pyrolyzing at 200 °C, 250 °C, and 300 °C, synthesized
single-fluorescence CDs. C. elegans were treated with 15 mg/mL of the CDs pyrolyzed at
300 °C (300-CDs) for 24 h. Compared with the wild-type group, the accumulation and up-
take of 300-CDs made the intestine appear blue under UV light exposure (Figure 4g—j) [122].
The murine model has also been widely used for determining the efficiency of CDs.

Ding et al. subcutaneously injected 100 uL of red-emitting CDs (R-CDs) into nude mice.
Strong fluorescence at 700 nm was detected under an excitation wavelength of 535 nm,
indicating the excellent penetration ability from tissues to skin. Furthermore, the mice were
still alive after 10 days (Figure 5a) [22]. Liu et al. investigated how the accumulation of
carbonized polymer dots (CPDs) varied with time. Most CPDs remained in the lung and
liver in the early period, with negligible dispersion to the brain and heart. The metabolism
of CPDs was confirmed after 4 h, as their fluorescence decreased sharply (Figure 5b) [23].
Ding et al. compared subcutaneous and intravenous injections of near-infrared emissive
CDs (NIR-CDs). Through the use of subcutaneous methods, NIR-CDs were distributed
into mouse skin and tissues. As for intravenously injected nude mice, fluorescence was
seen in the bladder, indicating NIR-CDs elimination via urine (Figure 5c) [26]. Liu et al.
tracked CDs (Fn-CDs) in Kunming mice for different periods.
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Figure 4. C. elegans confocal imaging excited under the wavelengths of (a) 400 nm, (b) 470 nm, and (c) 550 nm; as well
as (d) bight field; (e) the merged image; and (f) cell viability test under different concentrations of NCDs, adapted with
permission from [96], ACS Publications, 2018. Bright-field (g) wild-type C. elegans imaging and (i) 300-CDs treated C. elegans
imaging; UV-exposed (h) wild-type C. elegans imaging and (j) 300-CDs treated C. elegans imaging, adapted with permission
from [122], Elsevier, 2019.

They concluded that, with the assistance of PL, Fn-CDs show strong fluorescence
in the bladder and are eliminated after 7 h (Figure 5d) [28]. Therefore, CDs can perform
well as imaging nanoparticles and be adapted to different cell lines and living animals.
In addition, their multiple emission ranges, low toxicity, and small size confer their high
potential in future clinical applications.
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Figure 5. In vivo images and accumulation of CDs: (a) in vivo images of R-CDs, adapted with permission from [22], Royal

Society of Chemistry, 2017; (b) metabolism of CPDs, adapted with permission from [23], Wiley, 2020; (c) subcutaneous
and intravenous injection of NIR-CDs, adapted with permission from [26], Elsevier, 2019; and (d) metabolism of Fn-CDs,
adapted with permission from [28], Royal Society of Chemistry, 2021.

4.2. Sensors

Inorganic ions are critical for creatures, not only for enhancing the efficiency of catalytic
reactions in bio-systems but also for maintaining our fundamental life functions. However,
it is harmful to have too many metal cations, which are highly toxic to human beings.
Therefore, developing sensors for inorganic ions is a simple beneficial method to collate the
concentration and standard. Owing to the multiple PL of CDs, we can observe the intensity
variation and chelation quenching effect at other peaks in the PL image. For natural CDs
sensors, Fe>*, Hg?*, and Cu?* are the most examined targets. Shen et al. assessed HepG2
and HeLa cell images after incubating with CDs and Fe3*.

According to the decreased blue fluorescence under 405 nm irradiated light, Fe?* had a
practical quenching effect on the CDs (Figure 6a-d) [33]. Hu et al. prepared double-emitted
biomass nitrogen co-doped CDs (B-NCdots) for Cu?* probing in T24 cells. Similarly, the
quenching effect was still available for Cu?*, causing a decreased intensity of blue and
green, as shown in Figure 6e,f [117]. Furthermore, bio-related molecules, including peptides
and drug-containing cells, are even more crucial. Some researchers designed chemically
sensitive CDs to assist in directly resolving the effects of molecules by monitoring the
decrease or increase in fluorescence. Liang et al. added 0.5 mM and 1 mM of glutathione
and 150 pg/mL rose-red fluorescence CDs (wCDs) in 1.929 cells, HeLa cells, and HepG2
cells. An intense quenching effect of glutathione was observed in L929 cells and HeLa cells.
However, no apparent variation occurred in HepG2 cells, which implies a distinct response
of wCDs to glutathione (GSH) in various cells (Figure 7) [24].
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50 uM

Figure 6. Confocal images collected at 405 nm of (a) HeLa cell; (c) HepG2 cell incubated with CDs; adding Fe* and CDs to
(b) HeLa cell; and (d) HepG2 cell, adapted with permission from [33], Elsevier, 2017. Confocal laser images of T24 cells
excited at 405 nm and 488 nm, (e) treated with B-NCdots and (f) treated with Cu?* and B-NCdots, adapted with permission
from [117], Springer Nature, 2019.

Wang et al. constructed a glutathione assay composed of eggshell-derived CDs and
Cu?*. The authors quantify without other indicators by plotting the fluorescence ratio
versus the glutathione concentration (Figure 8a) [107]. Wang et al. examined how the
fluorescence intensity of Shiitake mushroom-derived CDs (MCDs) varied with pH in
dexamethasone-induced HeLa cell apoptosis. At higher concentrations of dexamethasone,
the fluorescence under excitation at 405 nm and 488 nm was stronger, indicating a positive
relationship on MCDs with increasing intracellular acidification (Figure 8c—e) [66]. As for
drug probing, Zhu et al. analyzed doxorubicin (DOX), an anthracycline-based anticancer
medicine, by taking advantage of the PL of plum-based carbon quantum dots (PCQDs).
The dual-emitted property at the wavelengths of 491 nm and 591 nm provided a ratiometric
calibration curve as a function of the DOX concentration. They also confirmed the accuracy
by analyzing urine and serum samples (Figure 8b) [27]. CDs are suitable for detecting
different kinds of molecules and ions. The intensity changed at a single emission peak,
but the amplitude ratio of two emission peaks is valid for sensing experiments. Due to
their intrinsic properties, CDs show promise in the bio-sensing field and are applied to
cancer therapy.

4.3. Antibacterial Activity

Bacteria are well-known as the origins of various diseases. Recently, super bacteria
have appeared globally, which cause incurable illnesses due to the abuse of antibiotics.
In addition, people have come to pay more attention to the side effects of antibiotics and
wish to avoid unexpected risks. Nanomedicines, especially CDs, have been taken into
consideration as substitute methods. E. coli and S. aureus are the most common types of
bacteria for investigating how nanomedicines or antibiotics work to induce apoptosis in
bacteria. Wang et al. used CDs (ACDs) derived from Artemisia argyi leaves to treat E. coli
and S. aureus cultures. According to the SEM images (Figure 9a-h), it can be seen that
the cell walls of E. coli were destroyed; however, there was no distinct difference between
treated and untreated S. aureus. This means that ACDs are selective to Gram-negative
bacteria due to the structural properties of their cell walls [123]. Sun et al. synthesized
chlorhexidine gluconate CDs from large to small (I-CGCDs, m-CGCD, and s-CGCDs) to
determine the relationship between size and antibacterial activity. From the SEM imagery
(Figure 9i), it can be seen that the rigidity of cell walls was the strongest in the control
group and decreased from I- to s-CGCDs groups. These results revealed that CGCDs lead
to frustration in the walls and membranes of E. coli and S. aureus. Bacterial death can
be controlled by tuning the size of the CGCDs [76]. Ma et al. tested three kinds of CDs,
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including osmanthus leaves-derived CDs (OCDs), milk vetch-derived CDs (MCDs), and tea
leaves-derived CDs (TCDs). In Figure 10, 80% of E. coli and S. aureus were killed by OCDs at
a 1 mg/mL concentration, while 70% of bacteria survived in the MCDs group. In addition,
E. coli had stronger resistivity than S. aureus among these CDs. CDs are internalized into
bacteria. The outer surface of bacteria is attached to CDs leading to indirect proliferating
inhibition [153-155]. These results prove the natural sources are essential for the synthesis
of CDs [79]. As mentioned above, the tunability of raw material and diameters primarily
affect the antibacterial efficiency and selectivity of the resultant CDs. Treating the patient’s
wounds after surgery with CDs with editable properties can tremendously decrease the
associated risks.

0 min 5 min 10 min 20 min 30 min

1.929
0.5 mM GSH

1.929
I mM GSH

Hela
1 mM GSH

HepG2
0.5 mM GSH

2. Hel.a Gl
I 0.5 mM GSH

2
SH

v

¥
'
¥

Hep(
I mM (

Figure 7. Confocal laser images of: (a) L929 cells, (c) HeLa cells, and (e) HepG2 cells in 0.5 mM GSH and 150 ug/mL wCDs;
and (b) L929 cells, (d) HeLa cells, (f) and HepG2 cells in 1 mM GSH and 150 pg/mL wCDs, adapted with permission
from [24], Royal Society of Chemistry, 2021.
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Figure 8. (a) Linear calibration of GSH probing, adapted with permission from [107], Royal Society of Chemistry, 2012.
(b) The fluorescence spectra of PCQDs with varying DOX concentrations, adapted with permission from [27], Elsevier, 2021.
(c) Confocal images of HeLa cells treated with MCDs, (d) adding 10 pM dexamethasone or (e) 100 uM dexamethasone,
at excitation wavelengths of (c1,d1,e1) 405 nm, (c2,d2,e2) 488 nm, and (c3,d3,e3) bright-field, adapted with permission
from [66], Royal Society of Chemistry, 2016.
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Figure 9. SEM images without ACDs of (a) E. coli, (e) S. aureus, and ACDs-treated (c) E. coli, and (g) S. aureus. Magnified
SEM images in the red square (b) E. coli, (f) S. aureus; and ACDs-treated (d) E. coli, and (h) S. aureus, adapted with permission
from [123], Royal Society of Chemistry, 2020. SEM images of (i) E. coli and S. aureus untreated and treated with 75 ug/mL
and 50 pg/mL of s-CGCDs, m-CGCDs, and 1-CGCDs in Luria-Bertani broth medium for 6 h, adapted with permission
from [76], Elsevier, 2021.

4.4. Anticancer Activity

At present, cancers are prevalent within all age ranges. Cancers may be fatal due to
unexpected syndromes as well as the disorder of living functions. Furthermore, conven-
tional cancer therapies are long-term processes. Surgeries are straightforward methods, but
recovery typically poses a challenge for patients. Even though chemotherapy seems safer,
the currently used drugs lack selectivity and affinities to specific tumors. Some targeted
therapies have been developed in recent years. However, they are expensive and only
valid for certain types of cancers. CDs can provide great theranostic nanomedicines in
cancer treatments. Scientists have attempted to eliminate cancer cells through photother-
mal therapy (PTT) [81,82] and photodynamic therapy (PDT) [83,87,129] to fulfill tumor
targeting. Li et al. tested NIR-II emitted (900-1200 nm) CDs (CDs), adapted for 808 nm
laser photothermal therapy. According to the in vivo test (Figure 11), the temperature
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increased to 50 °C in the intratumoral environment after intravenous injection. Tumor
inhibition and volume shrinkage were observed within 6 days, compared with the PBS
group. No detectable damage to tissues or weight loss after the treatment confirmed the
high biocompatibility of the CDs [156]. Jia et al. prepared red-light absorbing (610 nm) CDs
from Hypocrella Bambusa (HBCUs). They found that HBCDs highly generate 10, under 635
laser irradiation. The reactive radicals induced apoptosis of cancer cells, which is helpful
in the hypoxia tumor environment.

As shown in an in vivo experiment (Figure 12), due to the synergistic effect of PDT
and PTT, the temperature at the tumor site increased to 56.4 °C in 10 min. Secondly, a good
tumor inhibition effect was found after 14 days of therapy, even though the tumor could not
be depleted thoroughly. No harmful phenomena were observed in other organs, indicating
the safety of the treatment [82]. Xue et al. conducted modification with polyethylene glycol
diamine (H,N-PEG-NH,), chlorin e6 (Ce6), and transferrin (Tf) on natural biomass CDs
(NBCDs) to increase the targeting efficacy.
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Figure 10. Graphs of E. coli and S. aureus incubated with varying concentrations of OCDs, TCDs, and MCDs for 24 h;
alive ratio of E. coli and S. aureus calculated using UV-Vis spectroscopy methods, adapted with permission from [79],
Elsevier, 2020.
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Figure 11. (a) Schematic diagram of photothermal therapy of cancer in vivo; (b) infrared thermal

images of tumor-bearing mice with intravenous (i.v.) or intratumoral (i.t.) injection of CDs (50 uL,
20 mg/mL), and PBS (50 uL); (c) tumor volume after treatment; and (d,e) images of tumor-bearing
mice and harvested tumors after 6 days, adapted with permission from [156], ACS publications, 2019.

The resulting products, NBCD-PEG-Ce6-Tf, were shown to remain within the tumor
environment for 120 h using a real-time NIR fluorescence image (Figure 13a). The mice
were irradiated daily under a 650 nm laser to generate 'O,. During the 21-day process,
tumor growth was stopped, and the tumors were ablated, indicating no conflict between
the NBCDs and modifications (Figure 13b,c) [126]. Li et al. synthesized reactive oxygen
species (ROS)-generating CDs from ginger. The CDs were harvested from HepG2 tumor
inoculating mice; next, the tumor regressions were observed in the C-dot (440 pg) treated
group; the tumor growth was prominently delayed, which attained only 3.7 £ 0.2 mg.
In contrast, tumors in the PBS group grew up to 104 mg [84]. Boobalan et al. added
30 ug/mL of CDs into P. aeruginosa. They observed the destruction of cell walls due to ROS
attack, in agreement with the results of ROS fluorescence detection using a fluorogenic dye,
2/,7'-dichlorofluorescein diacetate (DCFDA) (Figure 14a—c). MDA-MB-231 breast cancer
cells were treated with CDs (3.34 ug/mL). Cell apoptosis staining, acridine orange and
ethidium bromide (AO/EtBr), and nuclear staining (Hoechst 33342) were applied to the
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cells. The presence of orange colors and blue dots indicate cell fragmentation due to CDs
(Figure 14d—g) [80]. CDs have a powerful potential in the anticancer field. Their flexibility
is because the CDs are modified with various molecules, which can improve the uptake by
tumor cells and increase the tumor-killing ability of the nanohybrids.
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Figure 12. (a) IR thermal images post-injection; (b) temperature increase trends; (c) images of mice with different therapeutic
methods; and (d) growth of the tumor during 14 days, adapted with permission from [82], Elsevier, 2018.
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Figure 13. (a) Real-time NIR fluorescence image of mice tumors under NBCD-PEG-Ce6-Tf treatment at different time points;
tumor propagating images for (b) NBCD-PEG-Ce6-Tf + laser-treated and (d) control groups; (c) time-dependent tumor
growth curves after other treatments, adapted with permission from [126], Royal Society of Chemistry, 2018.
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Table 3. Modifications of CDs.

CDs Type Modification Goal Ref.

Carbon quantum dots Ethylene diamine Nucleoli selection [101]

Nitrogen-doped carbon dots Folic acid Cancer cell targeting [104]
Carbon dots Polyethylene gtlg;c;)slfj:;r:me ; chlorin e6; Photosecr’lesﬁtziggtia:; cancer

Carbon dots 4-carboxy-benzyl boronic acid Tumor cell targeting [127]

~200
2180

Fluorescence Intensity (

Figure 14. SEM images of (a) untreated and (b) treated P. aeruginosa with 30 ug/mL of CDs; (c) DCFDA probing of ROS
generation; fluorescent microscopic images of MDA-MB-231 cells (d,f) CDs (3.34 pg/mL) treated and (e,g) untreated with
nuclear staining assays (AO and Hoechst 33342), adapted with permission from [80], ACS publications, 2020.

5. Discussion and Conclusions

Carbon nanomaterials have been widely used in various scientific, engineering, and
commercial fields, due to their high catalytic activity and good stability. Among them,
the new “zero-dimensional” carbon nanomaterials, CDs, have unique optical properties,
such as stable fluorescence signals, no light scintillation, adjustable excitation and emission
wavelength, and low biological toxicity and biocompatibility. These advantages gradually
led to the popularity of researching carbon nanomaterials, widely used in bioimaging,
natural cell labeling, sensors, photocatalysis, solar cells, and light-emitting elements. This
article mainly reviewed the different synthesis methods of CDs (including top-down and
bottom-up methods) and their applications. Their luminescence properties can be adjusted
through surface modification. They have been applied in many fields and have great
potential. The function of CDs can also be modified by using various surface functional
groups, allowing them to act, for example, as detectors and cleaners for different heavy
metal ions or by doping with other ions. By controlling the surface light energy groups,
they can be better used in the required fields.

Green chemistry is a discipline that has gradually received attention in recent years.
The core concept focuses on the development of environmentally friendly chemical tech-
nologies. At the technical level, chemical technologies and methods are applied to reduce
or eliminate the use and generation of hazardous substances in chemical synthesis and
analysis, and recovery and reuse technologies are combined with increasing energy and
material use efficiency. Green chemistry and nanotechnology have become emerging
technology research and development directions in recent years. With the deepening of
the concept of sustainability, combining the advantages of the two and accelerating the
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expansion of their research and development applications has become a top priority. Lab-
oratories are committed to determining the complementary relationships between green
chemistry practices and nanotechnology and applying them to materials development,
chemical analysis, energy, environmental, and other related fields. The preparation of CDs
well embodies the concept of green chemistry. Cheap, environmentally friendly carbon
source precursors and natural renewable raw materials as carbon sources for preparation,
such as eggs, grass, leaves, silk, coffee grounds, beer, and other materials, have become
carbon sources for the synthesis of CDs.

Excellent performance and a unique structure provide natural CDs unlimited charm
and various changes. Natural CDs, combined with biological and pharmaceutical molecules
of interest through surface modification, seem to be an emerging platform for imaging
probes that are both diagnostic and therapeutic. The next generation of nano-molecular
probes integrates a variety of fluorescent dyes, drugs, and multifunctional nanomaterials
into a single nanoprobe, providing superior signal contrast, controllable transmission, and
targeted drug delivery capabilities. However, before this kind of multifunctional imaging
probe was used in diagnosis and treatment, there were still many challenges, such as
long-term safety, risk-benefit, biocompatibility, and biodistribution, to be evaluated. In the
future, we need to solve several critical scientific problems in the research of natural CDs.
First of all, the uncertain chemical groups on the surface indicate that natural-synthetic
CDs are a kind of unsure material. It means the method of natural mass production of
high-quality CDs is still a big challenge. Secondly, due to the different sources of naturally
transformed CDs, the luminescence centers of CDs are also dissimilar. Finding a suitable
luminescence position is also essential to research content. Third, categorizing different
natural CDs and conducting a systematic comparative analysis will be beneficial research
methods. Nanotoxicology is the emerging study of potential adverse effects derived from
the interaction between nanomaterials and biological systems, and it is bound to become
more critical. To further clarify its physical toxicity and adjust the size and structure ac-
cordingly, it will significantly improve CDs’” application performance while expanding a
more comprehensive range of applications. The scale and complexity of biomedical issues
have always been an enormous challenge for researchers. It is more necessary to conduct
cross-disciplinary research in chemistry, physics, materials, biomedical engineering, toxi-
cology, public health, and clinical medicine. As more research on natural CDs continues to
develop, the topic will achieve breakthroughs and progress in a short period.
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Abbreviations

AO/EtBr  Acridine orange and ethidium bromide

B-NCdots  Biomass nitrogen co-doped carbon dots

c-CDs Camellia bee pollen carbon dots
CDs Carbon dots
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CNDs Carbon Nanodots

CPDs Carbonized polymer dots

CQDs Carbon quantum dots

CdSe Cadmium selenide

Cds Cadmium sulfide

ACDs CDs derived from Artemisia argyi leaves
Ceb Chlorin e6

1-CGCDs Large chlorhexidine gluconate carbon dots
m-CGCDs Medium chlorhexidine gluconate carbon dots
s-CGCDs Small chlorhexidine gluconate carbon dots
DCFDA 2/ 7'-dichlorofluorescein diacetate

DOX Doxorubicin

DCDs Dual emission carbon dots

EtOH Ethanol

Fn-CDs F. nucleatum-carbon dots

HBCUs Hypocrella Bambusa

HBCDs Hypocrella Bambusa CDs

GSH Glutathione

GQDs Graphene quantum dots

1-CDs Lotus bee pollen carbon dots

MCDs Milk vetch-derived CDs

NCDs Nitrogen-doped CDs

NBCDs Natural biomass CDs

NIR-CDs Near-infrared emissive CDs

PDT Photodynamic therapy

PL Photoluminescence

PTT Photothermal therapy

PCQDs Plum-based carbon quantum dots
H);N-PEG-NH; Polyethylene glycol diamine

OCDs Osmanthus leaves-derived CDs

QY, ¢ Quantum yield

ROS Reactive oxygen species

R-CDs Red-emitting CDs

wCDs Rose-red fluorescence CDs

SCDs Single-emission carbon dots

MCDs Shiitake mushroom derived CDs

TCDs Tea leaves-derived CDs

Tf Transferrin
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Abstract: Pancreatic cancer is one of the most lethal forms of cancer, predicted to be the second
leading cause of cancer-associated death by 2025. Despite intensive research for effective treatment
strategies and novel anticancer drugs over the past decade, the overall patient survival rate remains
low. RNA interference (RNAi) is capable of interfering with expression of specific genes and has
emerged as a promising approach for pancreatic cancer because genetic aberrations and dysregulated
signaling are the drivers for tumor formation and the stromal barrier to conventional therapy.
Despite its therapeutic potential, RNA-based drugs have remaining hurdles such as poor tumor
delivery and susceptibility to serum degradation, which could be overcome with the incorporation of
nanocarriers for clinical applications. Here we summarize the use of small interfering RNA (siRNA)
and microRNA (miRNA) in pancreatic cancer therapy in preclinical reports with approaches for
targeting either the tumor or tumor microenvironment (TME) using various types of nanocarriers.
In these studies, inhibition of oncogene expression and induction of a tumor suppressive response in
cancer cells and surrounding immune cells in TME exhibited a strong anticancer effect in pancreatic
cancer models. The review discusses the remaining challenges and prospective strategies suggesting
the potential of RNAi-based therapeutics for pancreatic cancer.

Keywords: RNA interference; siRNA; miRNA; pancreatic cancer; nanocarrier

1. Introduction

Pancreatic cancer is one of the most aggressive malignancies, ranking as the fourth
leading cause of cancer-related deaths with a five-year survival rate of 8% [1]. If outcomes
are not improved, pancreatic cancer is predicted to be the second leading cause of cancer-
related mortality by 2025 [2]. With a minimal increase in patient survival rate in past
four decades, pancreatic cancer is often discovered and diagnosed at advanced stage
where metastasis have already taken asymptomatically, and limited treatment options
are left [3]. Because of aggressive perineural and vascular local growth, chemotherapy,
radiotherapy, and molecularly target therapies are better treatment options than surgical
resection. Typically, chemotherapy elongates the life span only by 8 to 16 weeks, and there is
an urgent need for new therapeutic options for pancreatic cancer patients [4]. In particular,
pancreatic cancer is characterized both by complicated genetic mutations and epigenetic
alterations and by development of a dense tumor microenvironment that together result in
a low survival rate of just ~15-25% of patients who undergo surgical resection [5]. One of
the unique histological features of pancreatic cancer is a dense fibrotic stroma surrounding
the tumor that comprises around 80% of the whole tumor mass [6]. In addition to the
early metastasis and robustly immunosuppressive TME, this protective stromal barrier and
distorted tumor blood vessels contribute greatly to poor survival by increasing the difficulty
of drug delivery and distribution [7-10]. In addition, the abnormal vasculature induces
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hypoxic environment in TME which contributes to resistance towards chemotherapy and
immunotherapy [11,12]. Desmoplastic features with an abundance extracellular matrix
are known to be developed by the cancer-associated pancreatic stellate cells (PSCs) in
communication with the surrounding cells in the TME [13]. The PSCs that are normally
quiescent in the healthy pancreas are recruited upon cancer cell communication to fuel
the aggressive proliferation of tumors [14-16]. Given the clear importance of TME in
tumorigenesis, approaches targeting specific features within TME have been investigated
in addition to the focus on directly targeting tumor cells.

In recent decades, studies have delineated the genetic mutations unique to pancre-
atic cancer. For example, 94% of pancreatic tumors feature mutations along with muta-
tions in the TP53 (64%), SMAD4 (21%), and CDKN2A (17%) tumor suppressor genes [17].
The largest challenge with the genetic aberrations of pancreatic cancer is that the KRAS
oncogene has been ‘undruggable” using the now conventional treatment approach of
targeted chemical inhibitors [18]. Undruggable targets represent proteins that is pharma-
cologically incapable of being targeted due to elusive factors from molecular shapes and
mechanism of action. For this reason, the potential to selectively inhibit undruggable genes
with RNAi represents a promising strategy to halt pancreatic cancer progression. RNAI is
a post-transcriptional mechanism that involves the inhibition of specific gene expression
through promoting cleavage of the relevant messenger RNA (mRNA). After decades of
investigation, in 2018 the first RN Ai-based drug, Patisiran (ONPATTRO®) finally proved
the potential of siRNA therapeutics as demonstrated by FDA approval and market en-
try [19]. In the following years, Givosiran (GIVLAARI®) and Lumasiran (OXLUMO®)
were FDA approved in 2019 and 2020, embarking the era of RNAi-based oligo therapeutics.
Thus, RNAi-based technology has presented an opportunity to regulate a set of tumor-
promoting genes in cancer cells and other targets in TME. However, the clinical application
of RNAI therapeutics is still hindered by poor delivery to the target organs and inefficient
internalization into target cells. In this review, we discuss the prospects and challenges in
RNAi-based approaches using various strategies of nanomedicine to target key genes in
cancer cells or TME of pancreatic cancer.

2. RNAIi Targets for Pancreatic Cancer Therapy

RNAI is a regulatory mechanism using small regulatory RNAs to prevent translation
of mRNA and regulate protein expression levels. As an intrinsic mechanism for post-
transcription editing, RNAi comprises two major different types of RNA molecules, siRNA,
and miRNA, generated via similar mechanisms involving the dicer protein (Figure 1).
Both siRNA and miRNA are short non-coding RNA strands that can silence the target
mRNA in sequence-specific manner, therefore offering the advantage of greater selectivity
and expanding the inhibitory action for undruggable targets. Despite numerous chal-
lenges involving delivery, safety, and potency, RNAi-based drugs have shown therapeutic
potential in rare genetic diseases and complex diseases such as cancer [20-24].

siRNA is a 20 to 25 base pairs double-stranded non-coding RNA that plays a key role
in RNAi machinery. Once internalized in a cellular system, the siRNA forms an activated
RNA-induced silencing complex to guide pairing with a target mRNA of complementary
sequence resulting in cleavage and degradation [25,26]. The ability of siRNA to silence
specific gene expression involved in diseases has led to a significant effort to use it as
an alternative treatment option. Despite the breakthroughs in the generation of siRNA
therapeutics beyond preclinical studies, siRNA delivery into cells at the disease site has
remained the major hurdle in various clinical applications. The challenges include the
negatively charged nature of siRNA, immediate degradation by the serum proteins, and fast
clearance from the reticuloendothelial system [27]. Furthermore, the dense fibrotic stroma
and vascular barriers of pancreatic cancer add an extra layer of difficulty in successfully
delivering siRNA to the tumor and surrounding cells in TME. We will use this forum to
introduce siRNA-based approaches to pancreatic cancer therapy using various reagents
and strategies.
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miRNAs are 19-25 nucleotides long, endogenous non-coding RNAs found in living
organisms as one of the key players in the RNAi machinery as shown in Figure 1 [28].
Similar to siRNA, miRNA interfere with the expression of specific proteins by binding to
the mRNA strand. miRNA is a long bimolecular RNA duplex that partially binds to the
untranslated region of multiple genes to interfere with the post-transcriptional expression.
Contrary to the direct and specific inhibition of siRNA, miRNA often hinders the translation
of several mRNAs via closely related binding sites in the 3’ regions of target mRNAs [29].
Compelling evidence has demonstrated that miRNA is involved in the cellular machinery
and signaling contributing to the dysregulation of cancer cell growth [30]. miRNA may
function as oncogenes or tumor suppressors interfering with a set of specific protein
expression. The dysregulation of miRNA is known to be prevalent across cancer types,
contributing to sustaining proliferative signaling, evading growth suppressors, resisting
cell death, activating invasion, and inducing metastasis and angiogenesis. For this reason,
miRNA-based therapeutics that inhibit the levels of oncogenic signaling or elevate tumor
suppressor functionality have enormous potential [31].

Transcription
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Figure 1. Gene silencing mechanism of siRNA and miRNA of RNAi.

2.1. Pancreatic Tumor Targets

Conventional treatment approaches are focused on the eradication of pancreatic can-
cer using chemotherapies. The potency of a of given procedure is related to its ability
to effectively remove cancerous cells; however, many therapies often harm the normal
organs causing major side effects in patients [32]. To overcome these drawbacks, targeted
therapies have been advanced as the next generation of cancer therapies. The carcino-
genesis of pancreatic ductal adenocarcinoma (PDAC), comprising 90% of the pancreatic
cancers, involves progressive accumulation of key driver mutations, usually leading to the
activation of the KRAS oncogene and loss of the tumor suppressor gene TP53, contribut-
ing to the histological evolution of pancreatic intraepithelial neoplasia to PDAC [33-35].
These genetic aberrations induce invasive adenocarcinoma and remodel the surrounding
stromal structure into one more favorable for tumor formation. Because of the unique
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stromal feature and frequent oncogenic mutations, wide range of pancreatic cancer models
exist for investigation for varying purposes as summarized in Table 1.

Often, the genes discovered to be the novel cancer-related oncogenes that promote
tumor progression are found to be ‘undruggable,” since they are difficult to inhibit using
small drug molecules [36]. Because of lack of suitable ligand binding sites or the presence
of large protein-protein interaction interfaces, various oncogenes are relatively intractable
using small-molecule inhibitors [37]. A notable undruggable target, mutationally activated
KRAS, is present in >90% of PDAC and represents the most frequent (>90%) and the
earliest genetic alternation, found even in low-grade pancreatic intraepithelial neoplasia
1A lesions [38,39]. Moreover, KRAS activation is also a poor prognostic factor resulting
resistance to traditional treatments [5,39,40]. Genetically engineered mouse models also
support the initiating role of KRAS mutation in PDAC and its involvement in progression to
the malignancy [41,42]. When coupled with mutational inactivation of TP53 (TP53R175H),
CDKN2A, or SMAD4, pancreatic intraepithelial neoplasia formation rapidly evolves into
high-frequency occurrence of metastatic PDAC [41,43,44]. In recent decades, KRAS has
been an intractable challenge as the therapeutic target with no targeted inhibitors. Recently
a breakthrough was made with the generation of KRASS1?¢ inhibitors which have proved
effective in non-small cell lung cancer patients in phase I clinical trials; however, only
2% of the PDAC carry KRASC!2C specific mutations rather than the common KRASS12D
mutation. Thus, while KRASS'2C inhibitors are a great proof of concept, their existence only
increases the urgency to develop alternative KRAS-targeting moieties such as RNAi [45].
In addition to the prominent undruggable KRAS mutation, other aberrations in gene
expression in PDAC also emphasize the need for RNAi mediated approach for therapy.
Table 2 summarizes the reported siRNA therapeutics used in pancreatic cancer therapy
by targeting various ‘undruggable’ genes. Most importantly, the incorporation of delivery
agents such as nanoparticles and extracellular vesicles have facilitated the delivery of
siRNA to cancer cells.

For miRNA, there are numerous evident data from in vitro models as well as from
PDAC patient samples proving dysregulated levels of miRNA in pancreatic cancer [46].
From analyzing 95 miRNAs expression levels in pancreatic cancer tissues and cell lines,
eight miRNAs—miR-196a, miR-190, miR-186, miR-221, miR-222, miR-200b, miR-15b,
and miR-95—were significantly up-regulated in most pancreatic cancer samples. On the
other hand, miR-148a, miR-217, miR-34a and miR-375 tumor suppressor miRNAs are
frequently down-regulated in PDAC [47,48]. Over the past decade, extensive research
efforts have been dedicated to investigating the underlying mechanism of chemoresistance.
Along with dysregulation of various genes involved in key signaling pathways, such as
phosphoinositide-3-kinase (PI3K), NF-kB, and hedgehog, miRNAs have also been demon-
strated to modulate the expression associated with chemoresistance in PDAC [49]. For this
reason, miRNA has gained attention as a useful biomarker for PDAC prognosis and as a
target for therapeutic applications. Table 3 summarizes the miRNA-based approaches for
pancreatic cancer therapy now in preclinical studies.

2.2. Targets in the Pancreatic Tumor Stroma and Immunosuppressive Microenvironment

The prominent stromal structure of PDAC consists of several cellular and acellular
components, which together play a critical part in disease progression [83-85]. Although
substantial research studies have focused on developing small-molecule or biological
inhibitors directly targeting the cancer cells interest has more recently turned to agents
targeting the tumor microenvironment. The key players of PDAC microenvironment are
PSCs and cancer-associated fibroblasts responsible for the desmoplasia as well as various
immune cells including immunosuppressive myeloid-derived suppressor cells, tumor-
associated macrophages, and regulatory T cells [86]. The unique stromal barrier is often
the cause of drug resistance while tumor induced alterations of the stroma have been
suggested to facilitate tumor progression and proliferation. Thus, the concept of stomal
reprogramming holds considerable promise [87].

152



Pharmaceutics 2021, 13, 1638

Table 1. Various models of pancreatic cancer for preclinical studies.

In Vitro In Vivo
. Patient-Derived . Patient-Derived Genetically Modified
Models Cell Line Organoid Cell Line Xenograft Xenograft Mouse Model (GEMM)
TME - +++ + ++ ++
Immune system - ++ + + +H+
. Fast and easy . Mimic complex . Useful for testin . Mirror patient . Useful tool for
. growth TME and stroma N & response to drug oncogenic mutation
Pros ; . drug efficacy and . . -
. Rapid drug . Orthotopically . Personalized drug investigation and
. safety N . .
screening transplantable regimen biomarker discovery
. Engraftment
difficulties . Species discrepancy
. Genetically ° New model and . Limited TME and . Long duration of . High cost and
Cons needs further
uniform . immune system growth complexity of GEMM
analysis N A
. Selection for generation
aggressive tumors
Parameters are appreciated as abundant (+++), moderate (++), minimal (+) and none (-).
Table 2. siRNA-based therapeutics in preclinical pancreatic cancer models.
Category Delivery Vehicle siRNA Target Tumor Model Drug Route Co;;[‘;:;t;on Reference
Lipid-based Lipi .
S ipid nanoparticle (LNPK15) KRAS MIA PaCa-2 s.c. LV. [50]
Nanoparticles
Lipoplex KRAS PANCI s.c. LV. [51]
Lipoplex (Atu027) PKN3 DanG orthotopic LV. [52]
Liposome KRAS PANC-1 s.c. LV. Gemcitabine [53]
Polymer-based Gold nanocluster siRNA PANC-1 s.c., orthotopic and ,
Nanoparticles (GNC-siRNA) Nerve growth factor PDX LT. 154]
Superparamagnetic iron oxide
nanoparticles PLK1 6606PDA orthotopic [55] V. [56]
(siPLK1-StAv-SPIONSs)
Star polymeric nanoparticles
different lengths of cationic . MiaPaCa-2 and HPAF-II
PDMAEMA side-arms and BIII-tubulin orthotopic IT. 157,581
varied amounts of POEGMA
Poly(ethylene glycol) and
charge-conversional polymer VEGF L1-Luc/TAg transgenic [59] LV. [60,61]
(PEG-CCP)
Local Drug EluteR, LODER PANCI-Luc or Capanl-Luc
(PLGA) KRAS s.c., synograft, and orthotopic IT. [62]
PLGA/poloxamer EPAS1 BxPC3 s.c. LT. [63]
Cholesterol-modified polymeric
CXCR4 antagonist (PCX) NCOA3 CD18/HPAF orthotopic LV. [64]
nanoparticles
Cholesterol-modified polymeric
CXCR4 antagonist (PCX) KRAS KPC8060 orthotopic ILV.and LP. [65]
nanoparticles
BCPV KRAS MiaPaCa-2 s.c. Peritumoral [66]
Folic acid (FA)-modified ARHGEF4, CCDC88A,
PEG-chitosan oligosaccharide LAMTOR2, mTOR, $2-013 orthotopic LV. [67]
lactate (COL) nanoparticles NUP85, and WASF2
PEGylated iRGD-guided KP D8-175 orthotopic from
tumor-penetrating KRAS Pdx1-Cre; Krasp /LSL-G12D; LV. [68]
nanocomplexes (TPN) Trp53fl/ (KPC) mouse
poly(ethylene PANC-1 (mutant Arsenic
glycol)-block-poly-L-lysine KRAS KrasGGT_GAT), BXPC-3 LV. thera, [69]
(PEG-PLL) (KrasWT) s.c. 124
Peptide-conjugated PSPG .
(PSPGP) TR3 PANC-1s.c. LV. Paclitaxel [70]
Magnetic nanocarrier PD-L1 PANC-02 syngeneic LV. Gemcitabine [71]
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Table 2. Cont.

Category

Delivery Vehicle siRNA Target Tumor Model Drug Route

Combination

Therapy Reference

Extracellular
vesicle

Exosome

PANC-1 or BxPC-3/1)
PANC-1, BXxPC-3, or KPC689
orthotopic tumor mice model

2) KTC (Ptflacre/+;LSL-
Kras®12D /4 ;Tgfbr2lox/lox)
genetically engineered mouse

KRAS LP. [72]

Extracellular vesicle Galectin-9 PANC-02 orthotopic LV. Oxaliplatin [73]

Abbreviations: PDMAEMA, Poly[2 (Dimethylamino)ethyl methacrylate]; POEGMA, Polyoligo(ethylene glycol) methyl ether methacrylate;
PLGA, Poly lactic-co-glycolic acid; PSPG, G2 dendrimers through disulfide linkages; PEG, polyethylene glycol; RGD, arginylglycylaspartic
acid; CXCR4, C-X-C chemokine receptor type 4; BCPV, Biodegradable charged polyester-based vector; PKN3, protein kinase N3; NGF,
nerve growth factor; PLK1, polo-like kinase 1; VEGF, vascular endothelial growth factor; EPAS1, endothelial PAS domain protein 1;
NCOAB3, nuclear receptor coactivator 3; ARHGEF4, rho guanine nucleotide exchange factor 4, CCDC88A, coiled-coil domain containing
88a; LAMTOR2, late endosomal/lysosomal adaptor, MAPK, and mTOR activator 2; mTOR, mechanistic target of rapamycin; NUP85,
nucleoporin 85; WASF2, Wiskott-Aldrich syndrome protein family member 2; PD-L1, programed death-ligand 1; s.c., subcutaneous; PDX,
patient-derived xenograft; V., intravenous; L.P., intraperitoneal; I.T., intratumoral.

There have been numerous siRNA targets in TME and stromal or immune cells to
seek therapeutic effect for pancreatic cancer. One of the unique drivers of the dense stroma
in PDAC are the activated PSCs. The PSCs are normally in a quiescent state functioning as
a storage of vitamin A-rich lipid droplets [88]. During the initial development of PDAC,
the PSCs are switched to an activated state losing the ability to produce lipid droplets and
instead, producing an excessive amount of extracellular matrix components and proin-
flammatory chemokines [89]. The extracellular matrix production disrupts the normal
parenchyma, leading to hypovascularity, and hypoxic conditions, which in turn further
activates PSCs maintaining a hypoxia-fibrosis cycle [90]. Toll-like receptors are proteins
that recognize foreign pathogen-associated molecular patterns and play a key role in the
innate immune system. Recently, it has been shown that PSCs express a variety of toll-like
receptors contributing to the activation of proinflammatory signaling pathways [91,92].
In particular, the toll-like receptor 4 is heavily involved in the stromal development in
pancreatic cancer and has been advanced as a therapeutic target in PSCs [92]. Based on this,
vitamin A-coupled liposomes carrying toll-like receptor 4-silencing small hairpin RNAs
were used to target PSCs, reducing fibrosis by inducing mitochondrial apoptosis [93].
Ishiwatari et al. similarly used vitamin A-coupled liposomes (VA-lip) containing siRNA to
induce collagen secretion by activated PSCs [94]. The siRNA targeting the collagen specific
chaperone protein gp46 in VA-lip successfully inhibited the secretion of collagen and tissue
collagenases, which dissolves the existing collagen matrix. Furthermore, Han et al. used
a TME-responsive nanosystem to re-educate the PSCs to return to a quiescent state [95].
The nanosystem consists of polyethylene glycol-modified polyethyleneimine-coated gold
nanoparticles to co-deliver all-trans-retinoic acid and siRNA targeting heat shock protein
47 (hsp47). The combination strategy successfully restored homeostatic stromal function
and improved the efficacy of chemotherapy in stroma-rich tumor Another molecular target
in the TME is the tumor-associated macrophages, of which depletion or reprogramming
can induce immunogenic attack of the tumor cells [96]. Although various targets have been
explored to reprogram or deplete tumor-associated macrophages, inhibition of the colony
stimulating factor 1 (CSF1) or C-C Motif Chemokine Ligand 2 (CCL2) signaling have been
particularly reported [97,98]. As one of the most abundant tumor-infiltrating leukocytes
in all types of cancer, tumor-associated macrophages tend to stay in an alternative M2
state rather than the classically activated M1 state [99]. The M2 phase macrophage ex-
hibit numerous tumor-promoting properties such as angiogenic signaling and restraining
adaptive immune responses arising from the interactions of dendritic cells and CD8* T
cells. To deplete M2 macrophage, Qian et al. developed a dual-targeting nanoparticle
(M2NPs), whose structure and function are controlled by two targeting moieties, an «-
peptide coupled with an M2 macrophage binding protein for extremely specific targeting
of M2 macrophage [100]. Upon loading of an anti-colony stimulating factor-1 receptor
targeted siRNA, M2NPs showed higher affinity to M2-like tumor-associated macrophages
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than to tissue-resident macrophages resulting in the elimination of M2 macrophage, thus
decreasing tumor size in cancer bearing mice. In a later study, colony stimulating factor-
1 receptor silencing siRNA was co-delivered with PI3K inhibitor, BEZ-235 using an M2
tumor-associated macrophage targeting nanomicelle to elicit therapeutic immune responses
against pancreatic cancer cells both in vitro and in tumor models [101]. The combination
treatment switched the macrophage state from M2 to M1, thus, reducing tumor infiltra-
tion of myeloid-derived suppressor cells. The reprogramming of M2 tumor-associated
macrophage activated antitumor immune responses and enhanced anti-pancreatic tumor
effects in a Pan-02 pancreatic xenograft model.

Table 3. miRNAs used for preclinical pancreatic cancer therapy.

miRNA Target PC Cell Line/Model Combination Therapy = Reference
miR-150 MUC4 and HER2 Colo-357 and HPAF cells [74]
miR-155 SOD2, CAT, and DCK MiaPaCa and Colo-357 cells Gemcitabine [75]
. RPS18, Acta-2, Collagenl«l,
miR-199a ASO PDGFR-p, and mTOR hPSCs [76]
. . CDKe6, IRAK3, NRP1,
miR-21 Z“S%m‘R'zzl SMAD?, SOCS6, C5SORF41,  L3.6plGres-SP orthotopic 1771
KLF12, MAPK10, EFNA1
miR-21 ASO PDCD4 and PTEN MIA PaCa-2 s.c. Gemcitabine [78]
miR-212 UspPoX PDX Doxorubicin [79]
miR-345 SHH, Gli-1, MUC4, and Kie7 2P a“‘i SDlg/ HDAF Gemcitabine [80]
miR-34a E2F3, Bel-2, c-myc, and PANC-1 s.c. [81]
cyclin D1
miR-34a and SIRT1, CD44, aldehyde MiaPaCa-2 s.c. and

miR-143/145

dehydrogenase, KRAS2, and

¢ [82]
RREB1 orthotopic

Abbreviations: miR, microRNA; ASO, antisense oligonucleotide; MUC4, mucin 4; HER2, human epidermal growth factor receptor 2;
SOD2, superoxide dismutase 2; CAT, catalase; DCK, deoxycytidine kinase; RPS18, ribosomal protein S18; Acta-2, actin alpha 2; PDGFR,
platelet-derived growth factor receptor; mTOR, mechanistic target of rapamycin; CDK6, cell division protein kinase 6; IRAK3, interleukin 1
receptor associated kinase 3; NRP1, neuropilin 1; SMAD7, SMAD family member 7; SOCS6, suppressor of cytokine signaling 6; C5SORF41,
chromosome 5 open reading frame 41; KLF12, Krueppel-like factor 12; MAPK10, mitogen-activated protein kinase 10; EFNA1, Ephrin-A1
precursor; PDCD4, programed cell death protein 4; PTEN, phosphatase, and tensin homolog; USP9X, ubiquitin specific peptidase 9 x-linked;
SHH, sonic hedgehog; Bcl-2, B-cell lymphoma 2; SIRT1, sirtuin 1; RREB1, ras responsive element binding protein 1; s.c., subcutaneous; PDX,

patient-derived xenograft.

3. RNAIi Delivery Strategies for Pancreatic Cancer Therapy
3.1. Nanocarrier-Mediated RNAi Therapy

Over the last several decades of nanotechnology advancement, several applications
and products containing nanomaterials have become available in the field of medicine [102].
Nanotechnology for medical purposes has been termed nanomedicine and is defined as the
use of nanomaterials for diagnosis, monitoring, prevention, and treatment of diseases [103].
Nanomaterials can be applied in nanomedicine largely in three areas: diagnosis, drug
delivery, and regenerative medicine. As discussed earlier, the direct injection of naked,
unmodified siRNA was not found to be effective as siRNA will faces challenges of RNA
degradation, short half-life, and circulation time, and poor biodistribution on systemic
injection. Direct chemical modifications on the 2’ carbon of the RNA ribose ring have been
shown to prolong the half-life of siRNA without altering its functionality [104]. However,
the modified siRNA has still shown discouraging results in clinical trials due to poor
delivery to target tissues. For this reason, nanocarrier-mediated strategies have emerged
as tool for therapy by acting as a protective delivery agent for siRNA. To provide the best
opportunity to penetrate and accumulate within the cancer cells of the tumor, the size of
delivery agent should range from 10 to 200 nm [105]. This size enables the nanoparticle to
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passively localize in the tumor sites via ‘enhanced permeability and retention effect’ (EPR
effect) which arises from the leaky tumor vascular structure [106] (Figure 2). Nanoparticles
that are over 10 nm in size are too large to penetrate healthy vessels and tight-gap junc-
tions [107]. Several passively targeted nanomedicines—including Doxil™, Abraxane™,
Margibo™, DaunoXome™, and Onivyde™—are currently in clinical use, suggesting that
the EPR effect can drive therapeutic outcomes [108]. Although EPR effect is the underlying
mechanism for nanomedicine, active targeting of nanoparticles with ligands and modalities
are also being used as strategies to increase the target ability of RNAi therapeutics. Active
targeting can significantly increase the quantity of drug delivered to the target cell com-
pared to free drug or passively target nanosystems [109]. Ligands that target transferrin
receptors or nicotinic acetylcholine receptors or even antibodies greatly enhance targeting
of nanomedicine. In addition to nanoparticles, naturally occurring extracellular vesicles
have also gained attention as a possible RNAi delivery agent also capable of biological
communication with the tumor by harnessing cytokines and signaling proteins. Here, we
will discuss some recent studies have demonstrated the potential of siRNA therapeutics
using nanoparticles and extracellular vesicles for effective siRNA delivery and release into
the tumor cell.

Tumor
vasculature

Normal
vasculature

Figure 2. Drug delivery in vasculature of normal and tumor tissue.

3.1.1. Lipid-Based Nanoparticle Delivery

Lipid-based nanoparticles are siRNA delivery agents consisting of pH-sensitive
cationic lipid components. The lipids are amphiphilic and capable of self-assembly into
micelles or liposomes in conjunction with siRNA via electronic charge interactions under
acidic conditions [110]. Lipid-based nanoparticles such as liposomes are a suitable carrier
for both small-molecule drug and nucleic acid delivery because of their excellent biocom-
patibility, biodegradability, low toxicity and immunity, structural flexibility, and ease of
mass-production [111]. Decades after the discovery of RNAi, Patisiran (ONTATTRO™),
which is a lipid-based nanoparticle formulated with siRNA targeting transthyretin, was
FDA approved in 2018 as the first siRNA drug for the treatment of transthyretin-type amy-
loid polyneuropathy [112]. Because KRAS is so frequently mutated and active in cancer,
especially in pancreatic cancer, KRAS is often the molecular target of siRNA therapeutics.

In 2019, Sasayama et al. generated a lipid nanoparticle formulation (LNPK15) to
deliver KRAS-targeting siRNA to MIA PaCa-2 cells in vitro and in tumors in vivo achieving
food protein knock down suggesting antitumor efficacy [50]. The group developed a
PEGylated lipid-based nanoparticle named LNPK15 using two novel cationic lipids, SST-01
and SST-31, encapsulating KRAS siRNA that showed long circulation and efficient siRNA
delivery to tumor sites. The KRAS-targeting LNPK15 showed strong antitumor efficacy
in tumor xenograft mice of MIA PaCa-2 pancreatic cancer although the in vitro knock
down activity of lipid-based nanoparticle was rather weak compared to its effect in tumors.

156



Pharmaceutics 2021, 13, 1638

Although PEGylation with 3.3% 1,2-distearoyl-sn-glycero-3-phosphatidylethanolamine-
N-(polyethylene glycol-2000) (PEG-DSPE) provides benefit in terms of long durations,
it could be disadvantageous for intracellular delivery and endosomal escape of siRNA,
which explains the lower activity in cell lines. The in vitro activity was rescued with lipase
treatment for lipid nanoparticle hydrolysis for enhanced knock down of KRAS.

Rao et al. have demonstrated KRAS down-regulation by a lipoplex encoding a short
hairpin RNA via systemic injection in a pancreatic cancer model [51]. The lipoplex con-
tained a plasmid encoding a short hairpin RNA that executes selective silencing of the
mutated KRAS gene with tumor cell entry facilitated by facilitated by fusogenic liposomes.
The bifunctional short hairpin RNA design is designed for more rapid silencing, higher
efficacy, and greater durability of siRNA action compared to conventional short hairpin
RNA [113]. The lipoplex containing the KRAS-targeting bi-short hairpin RNA was sys-
temically injected in female athymic Nu/Nu mice bearing PANC1 xenografts and showed
successful delivery. In addition to the KRAS mutation as therapeutic target for RNAi],
other genes such as protein kinase N3 have been investigated as targets for siRNA in
pancreatic cancer. Kaufmann’s group generated a liposomal formulation Atu027) for pro-
tein kinase N3 siRNA delivery from neutral fusogenic and polyethylene glycol-modified
lipid components (for improved pharmacokinetic properties, cellular uptake, and efficient
siRNA release in cells [52]. The siRNA-lipoplexes were capable of accumulating in tu-
mor endothelial cells in vivo and halted tumor growth in two different xenograft mouse
models [114]. As protein kinase N3 has previous been identified as a downstream effector
of the PI3K signaling pathway, reduction of protein kinase N3 expression with Atu027
resulted in changes in tumor lymphatic vasculature, suggesting an anti-lymph angiogenesis
therapeutic strategy for pancreatic cancer [115].

In addition to the demonstration of therapeutic potential of siRNA, miRNA has also
been investigated in pancreatic cancer therapy. Pramanik et al. selected miR-34a and miR-
143/145 for PDAC therapy based on their involvement in cancer stem cell survival and
expression of KRAS and effectors. The miRNAs were formulated in lipid-based nanovector
and intravenously injected in MiaPaCa-2 subcutaneous and orthotopic models where they
effected tumor growth inhibition and increased apoptosis [82]. The success of miRNA-
based therapeutics in preclinical studies has led some candidates to enter human clinical
trials for cancer and other diseases [116-118]. The first ever miRNA-based clinical trial was
with the miR-122 targeting called drug Miravirsen, which features the use of an LNA-based
miRNA inhibitor, and has gone on to Phase II with for Hepatitis C virus infected liver
cells [119]. Another miRNA mimicking drug MRX34, a lipid-based nanoparticle, was
tested in clinical trials to treat advanced solid tumors [120]. However, the clinical trials
involving miRNA-based drugs have largely been terminated because of severe adverse
events arising from immune responses after treatments [121]. The two major discontinued
miRNA-drug clinical trial results indicated that more than 30 genes in immunogenic and
cytokine signaling pathways were identified to be affected by the miRNA machinery [122].
This results in the immune-related adverse events in phase I studies of miRNA-based drug
clinical trials.

3.1.2. Metal Nanoparticle USE for Delivery

For centuries, the noble metal gold has been studied first as a bulk material and now
impacting nanomedicine [123]. In particular, gold nanoparticles (AuNPs) have shown
important roles in the vaccine field as both an adjuvant and a carrier, by reducing toxicity,
and increasing stability for storage [124]. Outside of vaccine applications, Lei et al. have
shown that AuNPs are capable of siRNA delivery in vivo as nanocarriers for pancreatic
tumor models [54]. As the nervous microenvironment has been recognized as a novel
niche for PDAC progression and metastasis, nerve growth factor (NGF) and brain derived
growth factor (BDGF) are rising targets for pancreatic cancer [125]. The gold nanocluster-
assisted delivery of NGF targeting siRNA (GNC-siRNA) allowed efficient NGF gene
silencing and pancreatic tumor treatment in subcutaneous, orthotopic, and patient-derived
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xenograft models. To add the biomimetic property, the AuNP nanoflowers (Au@BSA)
were coated with bovine serum albumin (BSA) and conjugated with survivin-targeting
siRNA for efficient delivery and inhibition of gene expression in BxPC-3 pancreatic cancer
cells [126]. Other than AuNPs, iron oxide nanoparticles have also gained attention as a
stable agent for thermal and immunotherapies for cancer [127]. Mahajan et al. developed
superparamagnetic iron oxide nanoparticles coupled with siRNA directed against polo-
like kinase-1 (PLK1), serving a dual purpose by both delivering siRNA to the tumor and
facilitating non-invasive assessment of targeting efficiency via molecular imaging [56].
With uMUC1-specific ligand, EPPT1 and the myristoylated polyarginine peptide ligand
and dextran, superparamagnetic iron oxide nanoparticle uptake was specific to pancreatic
cancer and induced a drastic decrease in tumor volume in a syngeneic orthotopic model
driven by PLK1 silencing. In addition to published reports of siRNA delivery using
AuNPs, other inorganic nanoparticles such as graphene oxide and carbon nanotubes use
were demonstrated in pancreatic cancer cells and models. Feng et al. developed a multi-
functionalized monolayer graphene oxide as delivery agent for HDAC1 and KRAS siRNA
in MIA PaCa-2 pancreatic cancer cells [128]. The dual gene silencing induced apoptosis,
proliferation inhibition and cell cycle arrest and when treated in combination with near
infrared light thermotherapy showed tumor volume growth inhibition for pancreatic
in vivo models. Furthermore, Anderson et al. formulated a functionalized single walled
carbon nanotubes as a siRNA carrier for in vitro gene therapy [129]. With KRAS siRNA in
the carbon nanotube, PANC-1 cells showed great knockdown of KRAS gene expression.

3.1.3. Polymer-Based Nanoparticle Delivery

McCarroll et al. has developed a star-shaped polymeric nanoparticle for delivery of
siRNA into pancreatic cancer cells in vitro and in vivo. The star polymers are cost-effective
nanoparticles that self-assemble with siRNA to produce a small (<50 nm) delivery sys-
tem [58]. These star polymers, containing different lengths of cationic poly(dimethylaminoethyl
methacrylate) side-arms and varied amounts of poly[oligo(ethylene glycol) methyl ether
methacrylate], delivered siRNA targeting BIII-tubulin to orthotopic pancreatic tumors [57].
Using this approach BllI-tubulin expression was silenced by 80% and tumor growth pro-
gression was delayed when star polymers were administered in orthotopic models. Often,
polyethylene glycol coating offers nanoparticles increased compatibility with aqueous
environments. prolonging circulation time and reducing immunogenicity.

However, there has been biosafety issues from PEG recognizing antibodies contribut-
ing to immune responses and mitigation of therapeutic efficacy of PEGylated drugs. De-
spite these concerns, these nanoparticles have shown improved efficacy with polyethylene
glycol fabrication when systemically administered [130]. Furthermore, Kataoka’s group
have developed a polyethylene glycol coated calcium phosphate hybrid micelle system
for siRNA delivery in pancreatic cancer [60,61]. First, the PEG-b-charge-conversional poly-
mer/calcium phosphate hybrid micelles were systemically administered to EL1-Luc/TAg
transgenic mice carrying luciferase targeting siRNA to ensure RNAI activity. As vascular
endothelial growth factor (VEGF) is a key pro-angiogenic molecule in tumor progres-
sion, VEGF specific siRNA was then therapeutically administered with the help of the
hybrid micelle. After systemic administration of purified nanoparticles, the reduction
of expression level VEGF mRNA was evaluated in tumor tissues and found to be corre-
lated with the pancreatic tumor growth rates [60]. Because of major issues concerning
toxicity, safety, and clearance of inorganic nanoparticles, biodegradable and biocompatible
organic materials have been sought out as a nanocarrier option for various drugs [131].
Poly (lactic-co-glycolic acid) (PLGA) is one of the most investigated biodegradable poly-
meric nanoparticles, and already has won FDA approval for medical applications [132].
Zorde Khvalevsky et al. synthesized a local prolonged siRNA delivery system, siG12D-
LODER™, with PLGA for protection and gradual release of drug over time [62]. An siRNA
against the mutated KRASS'?P was encapsulated in LODER and implanted in a pancreatic
xenograft and an orthotopic model, leading to decreased KRAS levels, as well as inhibition
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of cell proliferation and epithelial-mesenchymal transition over 155-day period. The group
later injected the siRNA encapsulated LODER into tumors of locally advanced pancreatic
cancer patients in combination with chemotherapy in a clinical trial study. Pan et al. also de-
signed a PLGA /poloxamer nanoparticle loaded with EPAS1 siRNA and tested it on BxPC-3
pancreatic cancer cells in a mouse model of pancreatic cancer [133]. The endothelial PAS
domain protein, also known as hypoxia-inducible factor-2, is a transcription factor known
to regulate tumor cell adaption to hypoxic microenvironments and to accelerate metastatic
spread [63]. The study demonstrated that the PLGA /poloxamer nanoparticle successfully
inhibited VEGF and CD34 expression, therefore halting the growth of pancreatic tumors.

Oupicky’s group developed a different type of polyplex for nucleic acid delivery using
cholesterol-modified polymeric CXCR4 antagonist nanoparticles to improve pancreatic
cancer therapy [64,65]. The nuclear receptor coactivator-3 (NCOA3) is a critical modulator
of musin expression that is critical in pancreatic cancer progression. The siRNA targeting
NCOAS3 was formulated along with a cholesterol-modified polymeric CXCR4 antagonist
in a dual-function polyplex for delivery to tumors to inhibit CXCR4 chemokine receptor to
treat metastatic pancreatic cancer [64]. Additionally, triple targeted nanoparticles featuring
the CXCR4 antagonist for cancer stromal blockade action, as well as anti-miR-210 and
siRNA targeting mutated KRAS were developed. The triple action-nanoparticle modulated
the desmoplastic TME via inactivating PSCs and promoting infiltration of cytotoxic T
cells [65].

Another organic material used for siRNA delivery is a biodegradable charged polyester-
based vector which has demonstrated no significant toxicities on blood vessels, tissues,
or organs even at high dosage [134]. When KRAS-targeting siRNA is formulated in this
delivery vector and peritumorally injected in pancreatic xenograft models, significant
decreases in tumor growth and local invasion were observed [66]. Many polysaccharide-
derived nanoparticles such as chitosan nanoparticles are being investigated for nucleic
acid drug delivery across diseases [135]. In particular, chitosan oligosaccharide lactate can
be assembled with folic acid and polyethylene glycol into nanoparticles that are capable
of encapsulating siRNA and intravenously localizing in tumors in pancreatic orthotopic
models [67]. This formulated nanoparticle containing siRNA silencing genes LAMTOR?2,
mTOR, and NUP85 have shown clinical potential by inhibiting retroperitoneal invasion
and dissemination, therefore improving the prognosis of the mice. Overall, these studies
indicate promising strategies of nanoparticle usage for siRNA therapeutics for pancreatic
cancer therapy.

Other than the lipid and polymeric nanoparticles, peptides have also been investigated
as siRNA delivery materials due to their biocompatibility and biodegradability for minimal
toxicity [136]. In addition, peptides also have intrinsic property to act as ligands for target-
ing specific receptors. An arginine-glycine-aspartic acid-peptide is well-known to specifi-
cally bind to the integrin receptors overexpressed on the surface of cancerous cells [137].
Bhatia’s group formulated arginine-glycine-aspartic acid peptides with polyethylene gly-
col to encapsulate siRNA to generate a tumor-penetrating nanocomplex [68]. When a
KRAS siRNA was intravenously delivered by this tumor-penetrating nanocomplex into
a genetically engineered PDAC mouse model, the growth of pancreatic tumors arising
from allografted KP D8-175 cells were significantly delayed. Similarly, pancreatic tumor
inhibition was seen when miR-34a was delivered in nanocomplexes formulated with a
tumor-targeting and penetrating bifunctional CC9 peptide [81]. The nanoparticle facilitated
the cellular uptake of miR-34a and induced cell cycle arrest and blocked angiogenesis in
xenograft model using PANC-1 cells. Another type of tumor suppressor miRNA, miR-150
was administered to pancreatic cancer cells in a PLGA-based nanoformulation incorpo-
rating polyethyleneimine. The cells showed a significant decrease in MUC4 expression
and downstream signaling proteins such as human epidermal growth factor receptor 2
(hEGFR?2), therefore reducing tumor growth, clonogenicity, motility, and invasion [74].
Due to these and other successes, the application of various nanoparticles is still being
investigated in preclinical and clinical trials for pancreatic cancer therapy.
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3.1.4. Extracellular Vesicle-Mediated Delivery

Exosomes or extracellular vesicles are roughly 100 nm spherical vesicles, which
are secreted by all cells. Initially, exosomes were considered to be garbage bags for
cells [138]. However, recent findings demonstrating that exosomes contain a variety
of bioactive molecules reflecting parental cells and play a crucial role in cell-cell signaling,
have drawn much attention to exosome research [139]. In addition, exosomes exhibit
many advantages as delivery systems including low immunogenicity, multi-functionality,
and disease-targetability [140]. Notably, exosomes can be internalized by cells via a fu-
sion mechanism, leading to efficient delivery of drugs into the target cell cytoplasm [141].
Some reports have indicated that exosomes expressing viral fusogen fused significantly
with the target cell membrane in acidic conditions compared with native exosomes [142].
Notably, Liu et al. showed that viral fusogen decorated and programed death-ligand 1
siRNA-loaded, macrophage-derived extracellular vesicles substantially elevated tumor-
specific CD8" T cell immune responses in CT26 tumor-bearing mice through efficient
programed death-ligand 1 gene silencing [143]. Although packing drug candidates into
extracellular vesicles is still challenging, these findings indicate that the exosome has great
potential as a drug delivery platform due to strengths mentioned above [144].

Several studies suggested that extracellular vesicles can effectively transfer RNAi into
the cancer cells, eliciting substantial antitumor effects. For example, extracellular vesicles
containing miRINA-134 enhanced the therapeutic effects of anti-heat shock protein 90 drugs
in breast cancer [145]. Similarly, glucose-regulated protein 78 (GRP78) siRNA-loaded
extracellular vesicles could sensitize resistant tumor cells to sorafenib [146]. Another study
found that extracellular vesicle delivery of let-7a miRNA had potent antitumor effects on
breast cancer cells breast cancer cells, and that extracellular vesicles expressing GE11 or
AS1411, to target epidermal growth factor or nucleolin, respectively, on breast cancer cells,
could enhance the effects of let-7a miRNA by enhancing delivery of their payload to the
tumor cells [117,147]. Furthermore, taking advantage of fact that extracellular vesicles can
penetrate the blood-brain barrier via transcytosis, systemic administration of extracellular
vesicles harboring miRNA-21, miRNA-164b, miRNA-124a, or vesicular endothelial growth
factor siRNA significantly retarded brain tumor growth, improving survival [148-151].

There have also been attempts to treat PDAC using exosomal siRNA. Kalluri et al.
reported that mesenchymal stem cell-derived exosomes loaded with KRASG!2P siRNA
(termed iExosomes) provoked effective antitumor responses in pancreatic cancer mod-
els [72]. They also found that iExosomes showed a long half-life due to high expression of
exosomal CD47, facilitating evasion of immunological clearance. The production protocol
of iExosomes has been successfully established to generate clinical grade-exosomes that
have entered phase 1 clinical trials for the treatment of PDAC [ClinicalTrials.gov identi-
fier: NCT03608631] [152]. Zhou et al. recently developed engineered exosomes loaded
with galectin-9 siRNA to alleviate immunosuppressive properties of tumor-associated
macrophages [73]. Co-delivery of galectin-9 siRNA and the immunogenic chemotherapy
oxaliplatin by exosomes elicited successful tumor control via immune activation. Collec-
tively, these studies indicate that exosome-mediated gene silencing could be attractive for
the treatment of PDAC.

3.2. Combination Therapy

Many studies have shown that the combination of siRNA and other therapeutic agents
can exhibit synergistic effects to overcome multiple drug resistance by enhancing both
silencing and chemotherapy activity [153,154]. Continuous administration of inhibitors
often leads to the development of resistance via acquired mutations or epigenetic alter-
ations. In combination therapy, the approach is designed to reverse the acquired genetic or
epigenetic mechanism with the RNAi drugs instead of additional chemical inhibitors which
result in increased toxicity. There have been numerous reports on therapeutic efficacy when
existing therapeutic agents are combined with the concomitant use of RNAi drugs [155].
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There is also evidence indicating that a combination strategy can also reduce the side effects
of individual therapeutics by enhancing the therapeutic index [156].

As one of the most common cancer types with very low survival rate, pancreatic
cancer is uniquely identified by its dense surrounding tumor microenvironment that limits
the therapeutic effect of existing drugs. Both the dense stroma and acquired resistance to
conventional therapies are triggered from dysregulated expression of cancer-associated
genes. To target these key genes, RNAi-based approaches have gained attention both
to elicit direct antitumor effects and to alter the nature of tumor microenvironment to
remove barriers for chemotherapeutic action. Thus, several studies have sought to achieve
antitumor therapeutic effects using KRAS siRNA in combination with chemotherapies
and other small-molecule drugs. Zeng et al. reported that the combination of KRAS
siRNA and arsenic trioxide effectively inhibited pancreatic tumor growth by exerting a
synergistic effect of siRNA-induced cell cycle blockage and arsenic-induced apoptosis [69].
Wang et al. showed the combination of KRAS siRNA and gemcitabine exhibited improved
inhibition of cell proliferation, cell cycle arrest, increased apoptosis, and suppression of
tumor progression without any toxicity. In addition, they demonstrated that the anticancer
effect of KRAS siRNA contributes to the low IC50 value of siRNA /gemcitabine-loaded
liposomes [53]. Golan et al. tested that a biodegradable implant termed siG12D-LODER™
loaded with siRNA drug against KRASS!?P and gemcitabine for pancreatic cancer. Of the
15 patients, 12 patients did not show tumor progression, 10 out of 12 patients showed
stable disease, and 2 patients had partial response, yielding an increased average patient
survival rate [157]. In addition, several attempts have been made to knock down several
other genes highly associated with pancreatic cancer. Li et al. used a peptide-binding
nanovehicle for co-delivery of paclitaxel and siRNA targeting TR3, an orphan nuclear
receptor, finding that the co-delivery system exhibited a higher loading efficiency of siRNA,
markedly inhibited tumor growth, and induced cancer cell apoptosis [70]. McCarroll et al.
also identified BIII-tubulin as a novel mediator for chemoresistance and metastases in
pancreatic cancer and used siRNA to increase chemosensitivity [158]. When III-tubulin
expression is inhibited in orthotopic pancreatic cancer model in the presence of gemcitabine,
tumor growth, and metastases were reduced in vivo. Additionally, siRNAs have been used
to alter the immunosuppressive microenvironment and to reduce the stromal physical
barrier to improve antibody or chemotherapeutic drug actions [159]. Yoo et al. combined an
siRNA targeting the programed death-ligand 1 in a magnetic nanocarrier with gemcitabine
to activate immune responses against tumor cells while noninvasively monitoring the
therapeutic response via magnetic resonance imaging [71].

Currently, miRNA-based drugs are also being investigated in combination with
chemotherapeutic drugs to enhance therapeutic efficacy in pancreatic cancer [160]. Al-
though the chemotherapeutic gemcitabine remains a cornerstone of the PDAC treatment,
patients acquire resistance within weeks of treatment [161]. To overcome the resistance,
several novel therapeutic approaches as well as new entrapment designs with nanopar-
ticles are currently being investigated. Patel et al. encapsulated miR-155 in extracellular
vesicles from gemcitabine-resistant pancreatic cancer cells to reduce deoxycytidine kinase
(gemcitabine-metabolizing gene) and increase superoxide dismutase 2 and catalase (ROS-
detoxifying genes) expression in the presence of chemotherapy [75]. The deoxycytidine
kinase reduction by miR-155 delivered by the extracellular vesicles led to abrogation of
acquired resistance of gemcitabine in pancreatic cancer cells. Another miRNA that was
combined with gemcitabine for pancreatic cancer treatment is miR-345 which was delivered
in polymeric dual delivery nanoscale device [80]. The temperature and pH-responsive
pentablock copolymer system enhanced/restored the miR-345 levels, making xenograft
pancreatic cancer tumors more susceptible to gemcitabine. Immunohistochemical analysis
revealed that the miR-345 induced significant down-regulation of desmoplastic reaction, as
well as improving SHH, Gli-1, MUC4, and Ki67 levels. Because oncogenic miRNAs are
responsible for triggering the cancerous features, antisense oligonucleotides are used to
inhibit the activity of commonly dysregulated miRNAs [162]. Among numerous oncogenic
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miRNAs, miR-21 is one of the earliest identified and most abundant cancer-promoting miR-
NAs and hence has been targeted in cancer [163]. Li et al. developed a combined therapy
using an miR-21 antisense oligonucleotide and gemcitabine co-delivered by a nanoparticle
made from polyethylene glycol-polyethyleneimine-magnetic iron oxide [78]. With a coating
of anti-CD44v6 single-chain variable fragment for targeted delivery, the miR-21 antisense
oligonucleotide and gemcitabine dual-treatment nanoparticle up-regulated programed cell
death protein 4 and phosphatase and tensin homolog (PTEN) expression, thus suppressing
epithelial-mesenchymal transition, cell proliferation, migration, and invasion of pancreatic
cancer cells. This combination therapy also showed a synergistic antitumor effect in a MIA
PaCa-2 pancreatic xenograft model.

Other than gemcitabine, doxorubicin, and the hedgehog inhibitor, GDC-0944 have
been combined with miRNA for pancreatic cancer therapy. Chen et al. developed a new
chimeric peptide composed of plectin-1 for PDAC-specific targeting coupled with arginine-
rich RNA-binding motifs for miR-212 delivery [79]. The reduction of USP9X expression by
miR-212 enhanced the therapeutic effect of doxorubicin to induce apoptosis and autophagy
of PDAC cells in vitro as well as in patient-derived pancreatic xenograft model. Kumar et al.
selected miR-let7b as a therapeutic target because of inherently low expression miR-let7b
in PDAC tumors with elevated hedgehog levels [164]. Using mPEG-block-poly(2-methyl-2-
carboxyl-propylenecarbonate-graft-dodecanol-graft-tetraethylene-pentamine copolymer,
miR-let7b and the hedgehog inhibitor, GDC-0944 were co-formulated into micelles, which
inhibited tumor growth of an ectopic xenograft model by triggering apoptosis. Instead
of combination with chemotherapy, miR-21 and miR-221 antisense oligonucleotides were
used to target stem-cell-like cancer cells [77]. The miR-21 and miR-221 antisense oligonu-
cleotides were given to sorted side population cells from gemcitabine-resistant cells and
inhibited the growth and metastasis when both miRNAs were given. Schnittert et al.
demonstrated a novel peptide-based nanocomplex for miR-199a antisense oligonucleotide
delivery into human-derived PSCs [76]. The miR-199a antisense oligonucleotide inhibited
PSC differentiation into cancer-associated fibroblasts and reduced the size of 3D hetero-
spheroids made of PSCs and cancer cells. Taken together, these studies have shown that the
combination of siRNA and chemotherapy not only has excellent anticancer effects, but also
reduces toxicity and inhibits resistance.

4. Challenges and Future Prospects

Even with numerous efforts and ongoing investigations of RNAi-based therapeutics,
pancreatic cancer remains as one of the most challenging with devastating malignancies
with an extremely poor prognosis [165]. The successful delivery of degradation-prone
nucleotide-based drugs is still the challenging goal in the field of RNAi therapeutics,
requiring alternative strategies and reagents. One of the most promising mechanisms to
consider in addressing the hurdles of intracellular RNAi delivery to gain cellular entry is
macropinocytosis. The significance of macropinocytosis as a delivery pathway is that it is
broadly applicable across multiple cell types, cargos, and delivery systems. Exploitation
of macropinocytosis for therapeutic delivery to cancer cells is uniquely advantageous
because macropinocytosis plays a key role in sustaining cancer cell growth within the
nutrient-poor by functioning as a nutrient supply route [166-170]. Frequently observed
oncogenic mutations, such as KRAS, PI3K, and PTEN, have been demonstrated to greatly
enhance macropinocytosis in cancer cells [171-174]. Thus, it is not surprising to find that
numerous delivery systems, such as lipids, polymers, and peptides, use macropinocytosis
to enter a broad range of cancer cells [72,175-180]. Another important aspect of employing
macropinocytosis in RNAi delivery is that macropinocytic entry delivers cargo to late
endosomes and multivesicular bodies, which are particularly favorable destinations for
nucleic acids [181-183]. Whether the siRNAs are delivered by lipids or nanoparticles,
the intracellular trafficking of siRNAs begins in early endosomal vesicles [184]. The early
endosomes subsequently fuse with sorting endosomes, which in turn transfer the content to
the late endosomes. The acidic late endosomes later then relocated to the lysosomes where
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abundant nucleases exist. Thus, late endosomes and multivesicular bodies are where most
endosomal escape is reported to occur before lysosomal degradation, a major barrier to the
intracellular delivery of RNAi therapeutics [185]. These reports are especially interesting
considering that cancer cells use macropinocytosis for nutrient scavenging, which requires
lysosomal degradation of proteins into amino acids. The studies to elucidate the exact
mechanism of macropinocytic delivery have encountered numerous difficulties due to the
lack of specific inhibitors, varying rates among different cell types, and high sensitivity
to external stimuli, and others [186,187]. However, our rapidly growing understanding
of macropinocytosis presents unique opportunities to design better strategies to target
macropinocytosis for intracellular delivery of RNAi.

One major hurdle specific to pancreatic cancer is the stromal barrier that hinders the
therapeutic action of current and RNAi-based drugs within tumor cells or TME. Repeated
reports and studies demonstrate that the tumor’s genetic aberrations cause the develop-
ment of dense stromal environment and suppressive immune response, emphasizing the
need for RNAi for TME reprogramming in addition to direct attack on tumor cells [188].
Targeting the infiltrated immune cells present in stromal structure is an alternative ap-
proach to cancer therapy using immunotherapeutic options. The use of nanoparticles has
led to successful delivery of RNAi drugs into tumor cells; however, the uptake rate remains
low for clinical significance. Similar to the immunotherapeutic drug agents, RNAi has the
potential to take action on immune cells to re-sensitize the suppressive immune response
as an alternative cancer therapeutic strategy [189]. Genetic mutations of signaling pro-
teins and transcription factors triggering the immunosuppression are potential RNAi drug
targets with benefits over chemical inhibitors and conventional therapies. Furthermore,
the application of RNAi drugs with current checkpoint inhibitors has great potential in
clinical translation to patients who developed resistance to immunotherapy.

Although milestones of RNAi-based drugs have proved clinical translation of oligo
therapeutics and has opened numerous application possibilities, the systemic delivery
challenge remains for specific disease targets. When designing a delivery strategy for
oligonucleotide, the cargo and moiety of drug often jeopardizes the safety profile and
cause adverse toxicities upon accumulation. Though RNAi-based drugs are naturally
occurring biological materials, the chemical modifications and fabrication is inevitable
and accompanies safety concerns. For this reason, strategies to use siRNA conjugation
with more transparent and simpler structures and designs is under investigation across
academia and industry for its advantages in clinical translation.

5. Conclusions

The potential to regulate selective gene expression using RNAi-based moieties holds
promise for pancreatic cancer treatment. Numerous results demonstrating antitumor ef-
fects, chemosensitization, anti-metastatic activity and activation of immunogenicity against
cancer cells have been shown in preclinical and even in early clinical stages. Pancreatic
cancer, one of the cancer types with the lowest survival rate, is uniquely identified with
dense tumor microenvironment serving as a barrier to conventional drugs. Dysregulated
expression of cancer-associated genes and key signaling pathways are often the driver for
acquired resistance and the discouraging outcomes of current therapies. For this reason,
the RN Ai-based approaches have gained attention to elicit antitumor effect or altering the
nature of TME to remove barriers for chemotherapeutic action. From the studies mentioned
above, it appears that RNAi-based drugs hold great hope in pancreatic cancer therapy [190].
In addition to the RNAi-based drug discovery and development, it is crucial to develop
a model or system that accurately reflects the biology of human pancreatic cancer with
clinically similar features. Orthotopic pancreatic cancer mouse models with an intact
and functional fibrotic stroma, and genetically engineered mouse models with functional
immune system and 3D tissue models have been developed and are continually being
improved to advance pancreatic cancer therapy [191]. In particular, the use of 3D cultures is
an innovative approach that narrows the gap between traditional 2D cell culture and animal
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models allowing the manipulation of individual cell population involved in TME specific
to the disease type [192]. Several groups have demonstrated spheroids, hydrogel structures,
and microfluidic designs to mimic the TME nature of pancreatic cancer [193-197]. These
models, used in parallel with clinically relevant in vivo models, can inform the design of
novel RNAi-based drugs. Since personalized medicine and targeted therapies are the next
generation of cancer treatments, the unique pathophysiology of pancreatic cancer needs to
be addressed. In particular, the dense fibrotic stroma presenting a large barrier is a strong
consideration in introducing a novel RNAi-based approach for pancreatic cancer therapy.
Despite the heterogeneity and complexity of pancreatic cancer, we believe that versatility
of RNAi-based drugs with numerous targets hold promising potential for pancreatic cancer
therapy in combined with chemotherapy or immunotherapy.
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Abstract: Numerous factors need to be considered to develop a nanodrug delivery system that is
biocompatible, non-toxic, easy to synthesize, cost-effective, and feasible for scale up over and above
their therapeutic efficacy. With regards to this, worldwide, exosomes, which are nano-sized vesicles
obtained from mammalian cells, are being explored as a biomimetic drug delivery system that has
superior biocompatibility and high translational capability. However, the economics of undertaking
large-scale mammalian culture to derive exosomal vesicles for translation seems to be challenging and
unfeasible. Recently, Bacterial Membrane Vesicles (BMVs) derived from bacteria are being explored
as a viable alternative as biomimetic drug delivery systems that can be manufactured relatively
easily at much lower costs at a large scale. Until now, BMVs have been investigated extensively as
successful immunomodulating agents, but their capability as drug delivery systems remains to be
explored in detail. In this review, the use of BMVs as suitable cargo delivery vehicles is discussed
with focus on their use for in vivo treatment of cancer and bacterial infections reported thus far.
Additionally, the different types of BMVs, factors affecting their synthesis and different cargo loading
techniques used in BMVs are also discussed.

Keywords: biomimetics; bacterial membrane vesicles; nanoparticles; drug delivery; antibiotic therapy

1. Introduction

For developing translatable engineered nanomedical systems for therapeutic and
diagnostic applications, it is essential to consider the various different engineering and
biological roadblocks these would encounter on the path to translation. From the en-
gineering standpoint, large scale uniform production of nanoparticle (NP) systems is
difficult to achieve primarily because of the complexity in their design [1,2], which leads
to manufacturing difficulties in scale-up, quality control issues, downstream purification
complexities, and increased cost of production. While from the biological standpoint,
the immunogenicity of the NP system as a whole as well as its individual components,
nanotoxicity, and overall therapeutic efficacy can further hinder its translatability [3,4]
(Figure 1). In the past decade, there has been a collective effort towards addressing these
issues, especially with concerns regarding the immunogenicity and biocompatibility of the
designed NPs. Specifically, there has been a rise in research related to the development of
NP systems that partly resemble or mimic non-immunogenic biological entities called as
biomimetic/bioinspired NPs [5-7]. Such biomimetic/bioinspired NPs are considered to
not only be non-immunogenic with reduced toxicity, but also possess superior pharmacoki-
netic properties [8-10] (due to lower macrophage clearance), paving the way for extensive
research regarding their use for various therapeutic and imaging applications.
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Figure 1. (A) Conventional NPs synthesized routinely in laboratories could face many more road-
blocks on the path to clinical translation as compared to (B) biomimetic NPs. On the other hand,
(C) BMV-based nanomedical systems could benefit over other biomimetic NPs as they have the
potential to be easily mass produced.

These biomimetic/bioinspired nanoparticles are considered to possess several ad-
vantages as compared to conventional NP systems composed of polymeric and inorganic
materials. The most important advantage that they provide is their high biodegradability
and non-toxic degradation products that can be easily cleared from the body without
eliciting any long-term toxicity and bioaccumulation effects. Additionally, as the building
blocks for the synthesis of such NPs are biomolecules, they can be harnessed directly from
biological sources, which in some cases (e.g., albumin) can be obtained in large scale at low
cost. Biomimetic/bioinspired NPs have been reported to be synthesized through a number
of different materials and approaches which include (a) nanoparticles derived directly
from biomolecules, (b) biomaterial coated nanoparticles, and (c) cell membrane-coated
nanoparticles (Table 1, Figure 2). Nanoparticles that are derived directly from biomolecules
are designed using a bottom to top synthesis strategy wherein biologically derived com-
ponents such as albumin [11], casein [12,13], starch [14,15], gelatin [16,17], etc. are used
directly to engineer and assemble the NP system that is loaded with a cargo of interest. Of
note, the FDA-approved nanomedicine Abraxane®, which consists of the chemotherapeutic
drug paclitaxel bound to albumin [18], is a prime example of this type of NP. Additionally,
these biomolecules have also been used for coating NP surfaces in order to combine their
biocompatibility with the desired functional ability of engineered NPs [19,20]. This strategy
is particularly important since the pharmacokinetic property of a drug delivery system is
primarily dependent on its surface physicochemical properties. By appropriately coating a
functional polymeric/inorganic NP system with suitable biomolecules (Table 1), its interac-
tion with different blood components in the body (including proteins and macrophages)
is favorably altered so as to impart improved circulation time, higher bioavailability, and
reduced clearance. Another widely used approach that has gained widespread attention
involves the surface modification of synthetic NPs with cell membrane components [21]
obtained from cells such as erythrocytes [22-24], platelets [25-27], macrophages [28-30],
etc. This leads to the creation of a phospholipid bilayer surface on the NPs, thus affording
them advantageous properties similar to that of liposomal structures. This strategy can
be considered to be superior as compared to biomolecule coating, since the transfer of cell
membrane components and the corresponding functional proteins (including cell mem-
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brane receptors, signaling proteins, etc.) provide added functionality to the NP system as a
whole such as cancer cell targeting, immune evasion, biobarrier penetration, etc.

Table 1. Different types of biomimetic/bioinspired NPs reported in literature.

Type Biological Source

Cargo Loaded/NP

Application

Reference

Human Serum albumin

Indocyanine green

Active targeting and
photothermal therapy of
NIH-3T6.7 tumor (in vivo)

[31]

Casein

10-hydroxycamptothecin

Drug delivery to C6 glioma
tumor (in vivo)

[32]

Biomolecule assembly

Human transferrin

Near-infrared dye IR-780

Photodynamic and
photothermal therapy of

[33]

CT26 colon carcinoma
(in vivo)

Drug delivery to US7MG

human glioma (341

Human H-ferritin Doxorubicin

Surface modification

Bovine serum albumin

Photothermal ablation of
B16F10 murine melanoma [35]
(in vitro)

Silver NPs

Active EGFR targeting
(in vitro) and MRI contrast [36]
(in vivo)

Casein Iron-Oxide NPs

Nucleic acid delivery to
PC3 prostate cancer cells [37]
(in vitro)

High density

lipoprotein gold NPs

Mammalian cell

membrane-coated NPs

Toxin removal-
demonstrated in mouse [22]
sepsis model

Erythrocytes poly(lactic-coglycolic) acid NPs

Glyburide delivery for

stroke treatment (in vivo) [38]

Neural stem cells poly(lactic-coglycolic) acid NPs

Rapamycin delivery for
atherosclerosis treatment [26]
(in vivo)

Platelets poly(lactic-coglycolic) acid NPs

Mouse leukemia cell

Active targeting and
delivery of dexamethasone
del for treatment of lung
infection (in vivo)

poly(lactic-coglycolic) acid NPs [39]

C1498

In contrast to the above methods of synthesis of biomimetic/bioinspired NPs, there is
another approach that has recently gained widespread attention in the area of nanomedicine
research. This involves the direct use of naturally synthesized extracellular vesicles [40]
that are ubiquitously found to be produced by all cells (Figure 2D). Among the differ-
ent types of extracellular vesicles such as microvesicles, exosomes and apoptotic bodies,
the nano-sized extracellular vesicles called ‘exosomes’ obtained either from mammalian
cells [41-43] or ‘Bacterial Membrane Vesicles (BMV)’ obtained from bacteria [44,45], have
been demonstrated as excellent drug delivery agents particularly owing to their nanoscale
size. Unlike other conventional nanoparticles that could have a solid core structure, the
nanovesicle structures have a hollow hydrophilic interior (similar to liposomes) and can
be used to transport drugs and other cargo. These naturally derived vesicles will exhibit
a surface chemical composition identical to the parent cell from which they are obtained,
and therefore would demonstrate high biocompatibility and low immunogenicity. Such
favorable characteristics make them ideally suited for easy translation from a biological
standpoint. Moreover, as they are biologically synthesized by cells directly, no chemi-
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cal synthesis step would be required for their production and they can be produced by
optimizing the cell culture and growth condition.
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Figure 2. Depiction of different types of biomimetic/bioinspired NPs that have been reported in
literature. (A) NPs synthesized directly from a biomolecule. (B) Surface modification of synthesized
NPs with biomolecular structures. (C) Coating of synthesized NPs with cell membrane surfaces
derived from mammalian cells. (D) Direct utilization of nano-sized extracellular vesicles/bacterial
membrane vesicles isolated from mammalian or bacteria cells respectively.

Even though such biomimetic nanovesicles could make it easier to scale the biological
roadblock of clinical translation, it is important to overcome the large-scale design and
engineering roadblocks with regards to their synthesis. Taking this into consideration,
exosomes derived from mammalian cells would be particularly difficult to translate due
to the challenge involved in undertaking large-scale mammalian cell culture to obtain
exosomes in large quantities, in addition to the high cost for maintaining mammalian
cell culture conditions at an industrial scale [46]. In this regard, exosomes obtained from
bacterial sources, i.e., BMVs, could have high translation potential. The mass production
of bacteria in bacterial growth tanks would be relatively easier to accomplish and the
subsequent associated costs would also be relatively low [47], as compared to mammalian
cell cultures. Additionally, a unique advantage associated with utilizing bacteria for
BMV synthesis is their ease of genetic engineering which can help specifically design and
produce BMVs with functional moieties [48]. In this review, the biomedical applications of
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BMVs are discussed with regards to their use as drug delivery vehicles for cancer therapy
and antibacterial therapy. Particularly, attention will be focused on the bacterial sources
for BMV production, their separation and purification, characterization techniques, drug
loading strategies, and their in vivo biomedical applications reported thus far.

2. Types of BMVs and Factors Affecting Their Synthesis

Broadly, two different types of BMVs can be considered to exist based on the Gram
staining of the bacterial source from which they are produced. BMVs that are secreted
from Gram-negative bacteria are generally termed Outer Membrane Vesicles (OMVs),
while those that are secreted from Gram-positive bacteria are simply called membrane
vesicles (MVs) or Cytoplasmic Membrane Vesicles (CMVs). The reason the BMVs secreted
from Gram-negative bacteria are called OMVs is because they originate from the outer
membrane of the complex cell envelope [49] that encompasses the Gram-negative bacteria
(Figure 3). On the other hand, MVs synthesized from Gram-positive bacteria originate
directly from the cytoplasmic membrane of the simple Gram-positive bacterial cell wall [50].
Apart from these typical BMVs, several other structures such as Outer—Inner Membrane
vesicles [51], Explosive Outer Membrane Vesicles [52], and Tube-shaped Membranous
structures [53] have also been identified to be secreted by bacterial cells.

Gram +e BMVs :
MVs/CMVs

Outer Membrane

doglycan Layer

Inner Membrane

Cytoplasm

Figure 3. Origin of BMVs differ in gram negative and gram positive bacteria due to the inherent
differences in the cell membrane structure.

Even though the route of synthesis of BMVs is not clearly understood, several hypothe-
ses for the same can be made by evaluating their composition and relative concentrations
of protein, lipids, and nucleic acid contents [54]. As OMVs contain lipids and proteins that
are typically present in the outer membrane and periplasmic space of their parent source
bacteria, they are considered to originate from the gram negative bacterial outer membrane
through cell membrane blebbing mechanisms [55]. On the other hand, Outer-Inner Mem-
brane vesicles, which consist of two membrane layers (from both the outer membrane and
inner membrane), additionally contain cytoplasmic protein and DNA and are considered to
originate from the inner membrane of Gram-negative bacteria, by pinching off cytoplasmic
cell components [51,56,57]. Outer-Inner Membrane vesicles are sometimes also found to
contain chromosomal DNA, in which case they are considered to originate due to explosive
cell lysis that result in cell death [52,58]. The synthesis of OMVs in Gram-negative bacteria
are thought to occur due to defects in the peptidoglycan layer of the bacterial cell wall
which can lead to the dissociation of the outer membrane. These defects can arise due to a
number of factors such as disrupted crosslinking between the peptidoglycan and the outer
membrane [59,60], accumulation of misfolded proteins in the periplasmic space [61,62],
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and through ‘bilayer coupling’ effects that are brought about by molecules that induce
membrane curvatures [63,64]. Another possible mechanism for vesicle blebbing involves
the action of the endolysin/autolysin enzyme, that can degrade the peptidoglycan layer.
In Gram-negative bacteria, the action of endolysin leads to membrane instability that
causes explosive cell lysis and eventual vesiculation [52,65]. For Gram-positive bacteria,
the cytoplasmic membrane vesicles are considered to arise either from dying cells [65] or
from other conservative blebbing mechanisms [56]. Here, the action of endolysin/autolysin
is also considered to play a key role in the formation of CMVs. However, as Gram-positive
bacteria have a thicker peptidoglycan layer, membrane instability effects are relatively less
pronounced which led to the protrusion of the cytoplasmic membrane through pores in
the peptidoglycan layer eventually leading to the release of CMVs.

A number of different genetic and environmental factors can affect vesicle formation
in bacteria. Genetic factors can predispose a bacterium to produce more vesicles due to the
accumulation of misfolded proteins in the peptidoglycan layer or due to lipid and protein
composition in the outer membrane that can affect membrane curvature or cell envelope
cross-linking. An example of a hypervesiculating bacteria is the Escherichia coli JC8031
produced by the genetic knockout of tolRA gene, that leads to membrane instability in
the E. coli cell envelope [66]. Due to this hypervesiculating nature, E. coli JC8031 has been
explored for various biomedical applications including the development of vaccines [67,68]
and for drug delivery (discussed below). Environmental factors including bacterial growth
conditions, medium composition, and other stress factors (including thermal stress [69,70]
and antibiotic stress [71]) can also increase the release of BMVs.

BMVs play important roles including intracellular communication such as horizontal
gene transfer between different bacterial species [72,73], immunomodulation in a potential
host [74], aiding the formation of bacterial biofilms [75], and many others. In the human
body, BMVs not only play important role in bacterial infection, but also play a protective
role in preventing inflammation such as from commensal bacteria that reside in the gut [76].
Information regarding their structural composition, functions and mechanism of action are
not yet fully unraveled, however readers are referred to exhaustive resources [77,78] that
provide up-to date knowledge regarding these.

3. BMV Source for Cargo Delivery

BMVs for cargo delivery have been reported to be procured from a wide variety of
different Gram-negative (Escherichia coli [79], Acinetobacter baumannii [71], Cystobacter vela-
tus [80], Klebsiella pneumoniae [81], Salmonella typhimurium [82], and Salmonella enterica [83])
and Gram-positive bacteria (Staphylococcus Aureus [84] and Lactobacillus acidophilus [83])
sources which have been demonstrated for use in various biomedical applications (Table 2).
Unlike other biomimetic NPs such as exosomes [41] or erythrocyte membrane mimicking
NPs [23], BMVs generated from bacteria have the potential to produce an immunogenic
response in vivo due to the presence of LPS (Gram-negative) or LTA (Gram-positive) and
other non-human bacterial proteins on the BMV surface [85]. To counter this effect or
to increase their tolerability, attenuated bacterial strains such as the E. coli K-12 W3110
strain [86] (carrying an msbB mutation which produces under-acylated LPS) or the attenu-
ated S. Typhimurium strains [82] have been reported, which can exhibit reduced endotoxicity
when used in vivo. However, the immunogenic potential of BMVs from non-attenuated
bacterial strains have also been reported successfully for different applications including
immunotherapy [87] and antibiotic delivery [71]. Additionally, BMVs have also been
obtained from genetically engineered bacteria such that the synthesized BMVs have surface
modifications that impart specific functions (IgG [88] and anti-HER2 affibody [86]) or are
pre-loaded with cargo such as enzymes (luciferase [89] and phosphotriesterase [90]) or
a therapeutic agent (melanin [91]). For successful translation, however, it is imperative
that BMVs be either generated in large quantities using bacterial bioreactors or through
the use of hypersecreting BMV strains such as the E. coli JC8031 [89]. Additionally, to
circumvent issues related to toxicity and safety during clinical translation, utilizing non-
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pathogenic commensal bacteria such as Bacteroides thetaiotaomicron (that are part of the
intestinal microbiota) could also be a viable alternative [92].

Table 2. BMVs isolated from different sources utilized for various applications.

Bacterial Species BMV Size (nm) Cargo Loaded Loading Method Application
E. coli K-12 W3110 . . .
strain [86] 30-250 siRNA Electroporation Anti-tumor therapy
E. coli [88] 55 4+ 1 NanoLuc Luciferase Genetic engineering of Bioluminescence Imaging
enzyme parent bacteria
E. coli strain BL21 [90] 136 + 67 Phosphotriesterase Genetic engineering of Env1ronm?ntal
enzyme parent bacteria remediation
Antibiotics (ceftriaxone,
amikacin, azithromycin, .
A. baumannii [71] 200-300 ampicillin, levofloxacin, Antibiotic treatmfent of Antibacterial Therapy
. . parent bacteria
ciprofloxacin,
norfloxacin)
E. coli K'-lZ WS110 20-200 Melanin Genetic engineering of Cancer theranostics
strain [91] parent bacteria
Ability to decorate
E. coli JC8031 [89] 40 NanoLuc Luciferase Genetic engineering of mulhp}e fun'c‘af)nal
enzyme parent bacteria protein moieties
demonstrated
K. pneumoniae - Simple incubation of Anti-tumor therapy
(attenuated) [81] 70 Doxorubicin drug with BMVs (drug + immunotherapy)
. . Showed ability to load
P. aeruginosa [93] 30-200 Gold NPs Electroporation gold NPs in BMV lumen

4. Separation, Purification, and Storage of BMVs

The separation and purification of BMVs from bacterial culture typically involves the
following steps (Figure 4): (1) Centrifugation—employed at low speeds for the separation
of bacteria from the culture suspension; (2) filtration and concentration—using 0.45 pm
filters followed by concentration of crude BMVs using a 100 KDa membrane; and finally,
(3) ultracentrifugation at reduced temperatures. Additional steps involving multiple
filtration and centrifugation steps are routinely employed to separate the BMVs. Caution
on multiple centrifugation steps must be taken as excessive centrifugal forces may disrupt
the vesicular structure of the BMVs or lead to vesicle clumping.
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Figure 4. Separation and purification steps involved in BMV isolation.
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For the purification of BMVs from extraneous proteins purification steps such as
sucrose density gradient centrifugation and size exclusion chromatography techniques
are utilized. However, these purification steps can affect total BMV yield, as BMVs have a
wide size distribution and composition that can affect their density leading to reduction in
BMYV content in the final yield. Additionally, to remove the presence of free endotoxins,
BMYV concentrates could be purified using endotoxin removing columns.

For long-term storage of BMVs, most studies have employed low temperature storage
condition of —80 °C wherein the BMVs themselves are resuspended either in PBS or
water with or without anti-freeze compounds such as glycerol. However, one report
which assessed the storage stability of BMVs at 4 °C, —20 °C, —80 °C, and lyophilized
powder conditions (for storage between 7 and 75 days) has found that compared to the low
temperature storage conditions, lyophilization of BMVs produced the lowest reduction in
BMV concentration and size [80]. It is therefore imperative that a universal storage protocol
be developed for long-term BMV use without affecting their size, physico-chemical stability
and surface protein activity.

5. BMV Characterization Techniques

The physicochemical characterization techniques that are routinely applied for nanopar-
ticles are also used for BMV characterization and consists of DLS and Zeta potential
measurements, NTA analysis and TEM imaging. Typically, BMVs are 30-300 nm in size
and are negatively charged. Figure 5A shows the TEM images of OMVs obtained from
both wild type E. coli and its AmsbB mutant [83], and were found to have a similar hy-
drodynamic diameter of ~38 nm. However, upon comparing the yield of OMVs obtained
from both strains through protein quantification, the AmsbB mutant was found to produce
significantly higher yield as compared to the wild type strain.

By undertaking such protein concentration measurements to quantify the yield of
BMVs obtained after separation and purification, bacterial growth culture conditions can be
optimized in order to improve BMV yield, as the external growth conditions and medium
can significantly alter bacterial growth rate and the corresponding vesicle release. This
was interestingly depicted for OMVs obtained from A. baumannii (Figure 5B) when grown
in the presence of different antibiotics at sub-lethal concentrations [71]. Through protein
content and particle number analysis (NTA), it was found that only in the presence of
levofloxacin, ~2.47-fold increase in the number of OMVs were observed. Correspondingly
under these conditions, a significant increase in protein yield and OMV hydrodynamic
diameter was also observed as compared to treatments with other tested antibiotics and
untreated control (discussed in detail below).

Apart from the above physicochemical characterizations, BMVs are also bio-chemically
characterized to determine the specific proteins that are expressed on its surface which
are derived from the bacterial parent source. This is particularly important to assess the
biological activity of the synthesized BMVs. These surface expressed proteins can be
utilized as an anchor point to selectively express other functional proteins of interest or to
load a suitable cargo. In one report, the bacterial membrane protein x-pore-forming toxin
Cytolysin A was used to anchor anti-HER2 affibody [86] on its surface, so as to impart
active targeting capability towards cancer cells that overexpress HER2. Similarly, in another
report, the bacterial membrane protein OmPA was used to selectively load an enzyme
cargo in vitro within the lumen of synthesized BMVs [90] (discussed later).
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Figure 5. Top panel (A): (i) TEM and (ii) DLS data depicting the actual site and hydrodynamic diameter of the OMVs
obtained from E. coli and its AmsbB mutant (***: p < 0.001). The comparative yield of OMVs from each strain was quantified
through protein concentration measurements. Reproduced from [83], Springer Nature, 2017. Bottom panel (B): (i) TEM
image of OMVs obtained from A. baumannii cultured in different antibiotics and their (ii) comparative yield measured using
NTA analysis (*** p < 0.001; ** p < 0.01; * p < 0.05). Reproduced from [71], Elsevier, 2020.

6. Cargo Loading and Surface Modification Using BMVs

The loading of cargo into BMVs have been undertaken through many different active
(energy dependent) and passive (energy independent) loading mechanisms as reported
in literature (Figure 6, Table 1). Among the different active loading techniques discussed
below, co-extrusion and sonication have also been employed for the direct surface mod-
ification of NPs. By Np surface modification, the bio-(physicochemical) property of the
parent source bacteria can be transferred onto the NPs for harnessing their function as
discussed in specific examples below.

6.1. Active Cargo Loading
6.1.1. Electroporation

Electroporation is usually employed as a non-viral gene delivery technique in vitro
and in vivo. The technique involves the application of short high-voltage pulses to cells
to form pores within its cell membrane to create a transient state of permeability [94,95].
This state of permeability allows the entry of drugs and fluorochrome compounds and
even large-sized cargo such as nucleotides, which is optimized by varying the electric
pulse and its duration. If optimized correctly, the phospholipid membrane then recovers
its structure once this process is completed, without incurring any irreversible damage.
Being applicable to cells, particularly to cell surface membranes, this process has been
naturally extended for cargo loading of other lipid bilayer structures which can act as
delivery vehicles such as biomimetic exosomes [96-98].
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Figure 6. BMVs can be loaded either through (A) (i) direct exposure of cargo to parent bacteria, (ii) by
transformation of parent bacteria with desired expression vector or (B) through different active and
passive cargo loading techniques post BMV isolation.

The first report on the use of electroporation to load cargo into BMVs was published
in 2014 wherein BMVs from Gram-negative E. coli was used for the delivery of therapeutic
siRNA [86]. The loading of siRNA in this case was achieved through the electroporation
technique (at 700 V and 50 pF) leading to a high loading efficiency of 15 wt% siRNA in BMVs
(Figure 7A). Here, fluorescent dye-labeled siRNA was loaded into BMVs, which extended
its usage as a theranostic agent for cancer. Apart from nucleotide loading, metallic gold
(Au) NP has also been loaded successfully into BMVs [93] (Figure 7B). In this study, small-
sized Au NPs (<10 nm) could be loaded into P. aeruginosa BMVs by applying an optimal
voltage of 470 V and 1 pulse yielding an encapsulation efficiency of ~35%. Note here
that when P. aeruginosa BMVs alone were subjected to a higher electroporation voltage of
1500 V, a reduction in their structural stability was observed, indicated by a reduction in its
protein concentration and an overall increase in the standard deviation of its hydrodynamic
diameter. Thus, it is important to optimize the parameters for electroporation in order to
successfully load BMVs with a desired cargo. Nevertheless, such Au NP-loaded BMVs
could have wide biomedical applications, and this process of electroporation could be used
for the loading of other types of cargo such as iron-oxides for MR imaging applications or
quantum dots for fluorescence imaging.

6.1.2. Co-Extrusion/Surface Modification

Co-extrusion has been reported to be widely used as a technique for surface modifica-
tion of NPs, wherein a material of interest is mixed with the NP and extruded together so
as to force an interaction between them [99]. Specifically, a number of different biomimetic
NPs have been synthesized through this route by coating NP surface with cell mem-
brane structures such as those obtained from red blood cells [23], leukocytes [100], cancer
cells [101], platelets [102], etc. The technique mostly involves the isolation of the cell surface
membranes followed by repeated mechanical extrusion of these membranes with the NP
of interest through polycarbonate membranes of varying pore sizes. More recently, this has
been utilized for the synthesis of exosome membrane coated NPs [103-105] and has now
been extended to bacterial membranes and BMVs as discussed below.
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Figure 7. Top panel (A): (i) Schematic of electroporation mediated siRNA loading of siRNA into E. coli OMVs. (ii) siRNA
loading was optimized at different high-voltage pulses. Reproduced from [86], American Chemical Society, 2014. Bottom
panel (B): (i) TEM image of P. Aeruginosa BMV before (i) and after (ii) loading of Au NPs through electroporation. Reproduced
from [93], Springer Nature, 2019.

In one such study, 30 nm citrate stabilized Au NPs were surface modified (Figure 8(Ai)
using E. coli derived BMVs (~30-30 nm diameter) by extruding their mixture 7 times
through a 50 nm polycarbonate porous membrane resulting in the production of ~42 nm
surface modified Au nanoparticles [87]. This extrusion and surface coating process resulted
in a natural increase in the hydrodynamic diameter of the Au NPs which was caused by the
presence of BMV proteins on its surface. To further confirm the presence of surface-bound
proteins on Au NPs, a fluorescence quenching analysis was done using FITC-thiol fluo-
rochrome, as Au NP surfaces are known to be ultra-efficient quenchers (Figure 8(Aii) [106].
Due to successful surface modification, fluorescence quenching was observed only when
unmodified Au NPs were mixed with FITC-thiol. It was found that the surface-modified
BMVs contained ~8 wt% surface proteins as measured through the BCA protein assay,
and this led to an increase in the stability of Au NPs in a physiological environment when
compared to unmodified bare Au NPs. Similar to the above study, the coating of BMVs
on drug loaded micelles have also been demonstrated [82]. Here, two different steps of
extrusion steps were carried out to create a unique BMV modified micelle structure. BMVs
isolated from S. typhimurium were first modified to incorporate a polymer, PEG-RGD by
extrusion through a 220 nm polycarbonate membrane. This was done initially to reduce
the immunogenicity of BMVs and to impart active targeting capability to them. These
modified BMVs were then further extruded with tegafur-loaded F127 micelles, to obtain
BMYV coated micelle structures (Figure 8B).
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Figure 8. Top panel: (A) (i) TEM image of bacterial membrane coated Au NPs and measurement of protein content on Au
NPs before and after coating. (ii) Fluorescence quenching assay showing the reduction in fluorescence intensity of FITC-thiol
only when incubated with bare Au NPs as compared to bacterial membrane coated Au NPs (BM-Au NPs). Reproduced
from [87], American Chemical Society, 2015. Bottom panel: (B) TEM image of (i) RGD functionalized OMV [OR], (ii) F127
polymeric micelle and (iii) OMV coated F127 micelle. Reproduced from [82], American Chemical Society, 2020.

6.1.3. Sonication/Surface Modification

Similar to the co-extrusion technique, sonication is a simpler alternative which can
be used for surface modification of NPs. The application of ultrasonic frequencies to cell
membrane components can lead to their disruption and subsequent attachment on the
surface of NPs [22,107]. Such NPs have altered physico-chemical properties that mimic cell
surface characteristics in vivo.

In another report, antibiotic-loaded polymeric PLGA NPs were coated with BMVs
for investigating active delivery of antibiotics to infection sites in vivo [84]. Here, BMVs
isolated from S. aureus and E. coli bacteria were coated on vancomycin and rifampicin
loaded PLGA NPs by mixing the NPs and BMVs at a 2:1 mass ratio followed by bath
sonication of the resultant mixture. The protein loading on the surface modified PLGA
NPs were found to be ~7 wt%. An interesting observation that was observed in this
study, was the specific uptake of BMV membrane coated PLGA NPs by macrophages that
were previously infected with bacteria. Importantly, it was found that this uptake was
dependent on the specific bacteria that the macrophage had previously been infected to,
i.e., macrophages infected with S. aureus or E. coli bacteria specifically showed a significant
uptake of PLGA NPs that were either coated with S. aureus or E. coli BMVs, respectively.

6.2. Passive Cargo Loading
6.2.1. Simple Incubation

BMVs can also be loaded through a passive loading technique of simple incubation
with cargo. In one such study, Gram-negative K. pneumoniae BMVs were loaded with
chemotherapeutic drug doxorubicin-hydrochloride [81] by incubating the BMVs with the
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drug at 37 °C for 4 h, followed by the removal of free drug using 100 KDa membrane
ultrafiltration and PBS wash repeatedly. The encapsulated drug in BMVs were quantified
using mass spectrometry analysis which showed that maximum encapsulation efficiency
of ~78% could be obtained when the drug and BMVs were incubated at a mass ratio of 1:45.
In other reported studies, the simple incubation technique was used for the fluorescent
labelling of BMVs for in-vivo imaging applications. [79,83] Here, the BMVs were incubated
with an NIR dye Cy7 mono NHS ester for 2 h at 37 °C followed by their separation from
excess dye through ultracentrifugation.

6.2.2. Incubation with Parent Bacteria

A simple mode of loading BMVs is achieved through incubating the cargo material
with the bacteria of interest during its growth phase. The bacteria in this case would
engulf the cargo present in the extra cellular environment and sort the same into BMVs
which are shed from the bacteria. In one such extensive study, antibiotic-loaded BMVs were
synthesized from A. baumanii by culturing the bacteria in antibiotic containing medium [71].
Specifically, different antibiotics such as ceftriaxone, amikacin, azithromycin, ampicillin,
levofloxacin, ciprofloxacin, and norfloxacin were added at different fractions of their
respective Minimum Inhibitory Concentrations (1/2, 1/4, 1/8). Characterization studies
post drug loading showed that the phospholipid wall in BMVs had thickened when they
were loaded with ceftriaxone, amikacin, azithromycin, and levofloxacin. Additionally,
it was found that the antibiotic levofloxacin at 1/8 minimum inhibitory concentration
produced the highest encapsulation efficiency in the generated BMVs, with ~120 ug of
Levofloxacin/10'2 BMV particles, while, on the other hand, ciprofloxacin, azithromycin,
and ampicillin antibiotics failed to be loaded into the secreted BMVs. The authors report
that the reason for this wide difference and preferential loading of drugs into BMVs could
be complex and further studies are therefore needed to understand the same. Interestingly,
this study also reports that mere incubation of drug cargo with empty BMVs did not lead to
any cargo loading. This phenomenon could suggest that the loading of antibiotics internally
through bacteria in this case could have occurred through a drug efflux mechanism.

In another report with a similar objective of developing BMVs for anti-bacterial
applications, BMVs were synthesized and isolated from non-pathogenic myxobacteria
(soil bacteria) C. velatus, Sorangiineae species strain SBSr073 [80]. Here, the BMVs were
studied directly for their antibacterial property since the myxobacterial species are known
to be predatory towards other competing Gram-positive and Gram-negative bacteria while
using them as a nutrient source.

6.2.3. Transformation of Parent Bacteria

Cargo loading of BMVs can also be employed intrinsically by transformation of the
parent bacteria (genetic engineering) wherein a plasmid expressing the desired protein
cargo is engineered. In one such report, multifunctional BMVs were synthesized using
genetically engineered E. coli [88,89]. To load cargo within BMV lumen, native proteins
anchored to the periplasmic side of the outer membrane were utilized as an anchor point.
Specifically, a bioluminescent agent, NanoLuciferase enzyme, was loaded within BMV
lumen by anchoring it to SlyB protein by co-expressing them in a bacterial expression
system. Further, a protein scaffold was used to anchor IgG antibody to BMV surface by
binding to an BMV surface membrane expressed Ice Nucleation protein. The loading of
NanoLuciferase within BMVs was confirmed by Western blotting analysis which showed
that the cargo protein degraded upon the use proteinase K only when the BMVs were
lysed using SDS. Such synthesized BMVs could be used for biosensing applications for
the detection of any antigen. In another report, BMVs were utilized for the packaging
of a bioremediating enzyme phosphotriesterase within BMV lumen. [90] For this, a Spy-
Catcher/SpyTag bioconjugation system was employed in E. coli bacteria, wherein the
native surface membrane protein, OmpA was bound to the SpyCatcher domain while the
phosphotriesterase enzyme was bound to the SpyTag domain. The packaging of cargo
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Transformed
bacteria

was attempted by co-transformation using expression vectors containing the appropriately
modified SpyCatcher and SpyTag genes, which could lead to the formation of the hybrid
protein within the bacteria, and its release in BMVs. It was found that the cargo packaging
into BMVs increased its stability and robustness, possibly allowing its usage in harsh
environmental conditions for bioremediation.

An interesting study on the use of BMVs for theranostic application was recently
reported, wherein genetic engineering techniques were employed for loading a theranostic
agent, melanin into E. coli generated BMVs [91]. Here, the enzyme tyrosinase, which is
responsible for the production of melanin, was encoded into an expression vector. Upon
the introduction of the tyrosin substrate, the tyrosinase enzyme catalyzed its conversion to
melanin within bacterial cytosol and periplasmic space which could then be packaged into
released BMVs (Figure 9). Thus, the versatility of genetic engineering techniques enables it
to be employed for the loading of many different types of cargo.

Melanin
loaded BMVs

-

(A)

Figure 9. (A) Simple schematic showing the loading of melanin from transformed bacteria. (B) Comparative of TEM images
of unloaded wild type OMV (OMV"™T) and melanin-loaded OMVs (OMVMel) from E. coli. Reproduced with permission
from [91], Springer Nature, 2019.

7. Drug Delivery Applications of BMVs

The therapeutic application of BMVs has largely been explored pre-clinically for its
use as an immune-modulating agent [108-110]. This is primarily because of the presence
of antigenic protein molecules in BMVs which when used, may trigger a favorable immune
response in the body. Until now this phenomenon has been successfully translated to
clinics for the development of a vaccine against Neisseria meningitidis serogroup B (Bexsero®
developed by Novartis) [111]. In some cases, BMVs have been demonstrated to amplify
the immunogenicity of a low immunogenic protein antigen by acting as a vaccine delivery
system [112,113]. Additionally, the ease of genetic modification of the bacterial source has
also contributed to it being utilized as an efficient and promising immunomodulator.

The use of BMVs for drug/cargo delivery applications has only been explored recently
with only a handful of published literature reports. Most of the applications for BMVs has
primarily been focused either on cancer therapy or antibacterial therapy (Figure 10).
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Figure 10. Different applications of BMVs reported in literature for (A) cancer therapy and (B) an-
tibacterial therapy.

186



Pharmaceutics 2021, 13, 1430

7.1. Cancer Therapy

In one such report, BMVs isolated from non-pathogenic attenuated K. prneumoniae
were utilized for the delivery of doxorubicin [81]. Anti-tumor studies carried out using
such BMVs at a dose of 2 mg/Kg of DOX (injected intraperitoneally every day for 11 days)
in A549 tumor bearing BALB/c nude mice showed a significant reduction in tumor volume
as compared to the use of free drug, empty BMVs, and even doxorubicin-loaded liposomes
(Figure 11A). In fact, it was observed that the rate of reduction in tumor volumes was found
to be greater for DOX-loaded BMVs as compared to DOX-loaded liposomes, signifying that
BMVs showed a better therapeutic response. This added therapeutic response observed in
DOX-loaded BMVs could be attributed to the favorable immune response that BMVs can
induce in vivo which in conjunction with chemotherapeutic drugs leads to generation of
a higher therapeutic efficacy. This was supported by tumor volume reduction studies in
the same report that showed that the use of bare BMVs alone in vivo lead to a significant
reduction in tumor volume as compared to untreated controls. Further, it was also observed
that there occurred a significant accumulation of murine macrophages in tumor tissues
that were treated with both doxorubicin loaded BMVs and empty BMVs. Pharmacokinetic
analysis showed that the use of drug loaded BMVs lead to a greater drug retention in
tumors that lasted for longer periods of time as compared to DOX-loaded liposomes
with a concurrently lower retention found in the heart (Figure 11B). As a result, the
cardiac toxicity (which is notable in the use of doxorubicin) was found to be significantly
reduced when DOX-loaded BMVs were used (as measured through analysis of lactate
dehydrogenase, aspartate aminotransferase, and creatine kinase isoenzyme in blood),
which were further supported through histopathological analysis of cardiac tissues. Overall,
the pharmacokinetic profile of the loaded drug was improved (characterized by an increase
in the drug half-life, reduction in clearance rate, and improved bioavailability) when BMVs
were utilized as a drug delivery vehicle. Immunotoxicity analysis in C57BL/6 normal mice
at the therapeutic dosage (over a period of 11 days) showed that the administration of
both DOX-loaded BMVs and bare BMVs lead to a significant increase in serum cytokine
levels which returned back to basal levels over a period of time. These results therefore
showed that BMVs could be well tolerated in vivo and could be used as an effective drug
delivery vehicle.
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Figure 11. (A) Tumor volume reduction measurements and (B) in vivo drug distribution of
doxorubicin-loaded K. pneumoniae OMVs as compared to controls. Reproduced from [81], Else-
vier, 2020. **** p < 0.001 vs. control, n.s. no statistic difference vs. control.

Similar to the above, a study depicting the use of S. typhimurium BMVs for combined
drug delivery and immunotherapy against cancer was reported [82]. In vivo tumor therapy
studies carried out using hybrid BMVs (BMV /micelle/drug) in B16F10 melanoma and
4T1 mammary tumor in C57BL/6 mice at a dose of 30 pg of BMVs (once/3 days for
a total of 3 injections) lead to a significant reduction in tumor volume and increase in
survival as compared to controls. Furthermore, this treatment also limited the spread of
cancer metastatic nodules in lung tissues, which otherwise are prevalent in the B16F10
tumor model, which could explain the increase survival of mice observed on treatment.
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Interestingly, the synthesized BMVs also showed an immunoprotective effect against tumor.
Mice that were pretreated with BMVs, when challenged with tumor cells later on, showed
a delayed tumor growth response with significantly small tumor volumes (Figure 12).
Even though the exact reasons for the same have not been elucidated in this report, these
results show overall the promising effect that BMVs have towards developing a strategy for
tumor prevention and treatment. Upon BMV administration, the in vivo cytokine analysis
of blood and tumor samples showed that even though there occurred an increase in the
cytokine levels of TNF-«, IEN-y, IL-12, IL-4, and IL-17, the levels of these cytokine reduced
to basal levels after 24 h. Overall, no blood toxicity and organ toxicity (including liver and
renal functions) were found upon BMV administration.
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Figure 12. (A) Treatment timeline for evaluating the protective role of hybrid BMVs (drug-loaded
micelles surface modified with BMVs)—hybrid BMVs were administered to mice before tumor
challenge. (B) Percentage of tumor-free mice after tumor challenge (C) Mean tumor volume mea-
surements of hybrid OMVs against controls (Teg-Tegafur, FT-Tegafur loaded F127 micelle, OR-RGD
functionalized BMV, ORFT—Tegafur-loaded F127 micelle surface modified with RGD functionalized
BMV). Reproduced with permission from [82], American Chemical Society, 2020.

Even though the above studies showed the ability of BMVs as a promising drug deliv-
ery agent, an interesting study has demonstrated its ability to be used as in its native form
as a potential anti-tumor immunotherapeutic agent [83]. To demonstrate its applicability,
unmodified BMVs isolated from both Gram-negative and -positive bacterial species were
assessed for their ability to actuate an anti-tumor immune response in different tumor
models in mice. Specifically, BMVs isolated from Gram-negative E. coli and S. Enterica
and Gram-positive S. aureus and L. acidophilus were injected intravenously in BALB/c
mice bearing CT26 colon adenocarcinoma at a 5 ug BMV dose (4 times at 3 days interval),
significant tumor volume reductions were observed as compared to PBS injected controls
(Figure 13A,B). Additionally, to demonstrate its diverse potential, BMVs from E. coli were
assessed for their therapeutic response in CT26 colon adenocarcinoma and 4T1 mouse mam-
mary tumor of BALB/c mice, and MC38 mouse colon adenocarcinoma and B16BL6 mouse
melanoma cancer of C57BL/6 mice. Ata 5 pug E. coli BMV dose injected intravenously
(4 times at 3 days interval), significant tumor volume reductions were observed for all the
treated tumor types. However, the reduction in tumor volumes in 4T1 and B16BL6 tumors
were found to be less effective as compared to those observed in CT26 and MC38 tumors,
which shows the important role tumor biology and characteristics have on the net thera-
peutic outcome. Interestingly, for the treatment of CT26 tumors, a long-term memory effect
was observed for treatment using E. coli BMVs wherein secondary and tertiary challenges
of CT-26 tumor cells were rejected in mice that recovered from the primary tumor challenge
post BMV administration. These results show how BMVs have the ability to favorably
modulate the immune system and possibly provide a protective environment to prevent
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tumor relapse as observed for other immunotherapeutic modalities [114]. Similar to other
reports on the use of BMVs in vivo, an increase in the levels of cytokines and chemokines
such as IL-12p40, IFN-y, CXCL10, TNF-«, IL-6, and IL-12p70 were also observed in this
study. However, it was observed that the cytokines CXCL10 and IFN-y specifically showed
elevated levels in the tumor tissues over 24 and 48 h which could imply that these cytokines
play an important role in eliciting an anti-tumor immune response (Figure 13C,D).
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Figure 13. Tumor volume measurement study for CT26 tumors injected with (A) Gram-positive S.
Aureus, lipoteichoic acid S. Aureus mutant, and L. Acidophilus. (B) Gram-negative E. coli and S. enterica.
Measurement of (C) IFN-y and (D) CXCL10 cytokine levels in tumor cell lysate at different time
points after E. coli BMV administration in CT26 tumors (** p < 0.01, and *** p < 0.001). Reproduced
with permission from [83], Springer Nature, 2017.

Apart from utilizing BMVs for drug loading, BMVs have also been utilized for the
delivery of therapeutic nucleic acids for the treatment of cancer. By loading siRNA tar-
geting kinetic spindle protein, a protein essential for spindle formation and continuation
of cell cycle, into BMVs obtained from AmsbB E. coli, in vivo treatment of liver cancer
was demonstrated [86]. Significant reduction of HCC-1954 xenografts in nude mice was
observed upon intravenous administration of siRNA-loaded BMVs at a 4 ug dose siRNA
injected on alternate days over a 22-day treatment period as compared to controls. Serum
cytokine analysis showed elevated levels of TNF alpha, IL6, and IFNYy in C57BL/6 mice
upon repeated dosing (at 10-20 ug siRNA) over 4 consecutive days. However, this eleva-
tion was observed only for a brief period of 3 h post-administration and would return back
to basal levels in 24 h. Note that lethal dose toxicity studies showed that the BMVs obtained
from AmsbB E. coli did not cause any mortality even at a single high dose of 100 ug, while,
on the other hand, administration of 50 j1g of BMVs obtained from wild type E. coli lead to
mortality within 48 h post administration. This shows how the biochemical composition of
the surface moieties of BMVs play a crucial role in its toxicity response. Here, the AmsbB
mutation in E. coli produces underacylated LPS which shows reduced endotoxicity.

While BMVs show great promise as a drug delivery vehicle, one report has gone fur-
ther to evaluate its potential as a stimuli-responsive multifunctional theranostic agent [91].
To do so, BMVs synthesized from AmsbB E. coli were loaded with melanin (which can act
both as a photoacoustic and photothermal agent), by introducing the required plasmid
to the bacteria. This led to the generation of melanin which is packed within the BMV
lumen. Upon laser exposure, a concentration dependent thermal response was observed for
melanin loaded BMVs, which when used in vitro produced significant cell death due to the
photothermal effect (Figure 14A,B). When such melanin-loaded BMVs were administered
in 4T1 mammary tumor-bearing FOX-N-1 nude mice intravenously at a single dose of
~150 pg protein, optoacoustic signals could be observed in tumor, liver, and kidneys, en-
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abling the study of its biodistribution profile. The imaging results demonstrated that these
BMVs accumulated in the tumor through EPR effects, underwent continuous circulation
in vivo, and cleared slowly from the system over a period of 24 h. Photothermal treatment
of the 4T1 tumors 3 h post-injection of a single dose of ~75 ng BMVs lead to a significant
thermal response of 56 °C and 47 °C for intratumoral and intravenous administration
respectively. This resulted in a significant reduction in tumor volume over an 8 days period
after just a single treatment and laser therapy which its high effectiveness in cancer therapy
(Figure 14C,D). As previous studies have pointed out, there occurred a significant increase
in the cytokine levels of TNF-«, IL-6, and IFN-y 2 h post administration of BMVs, which
however reduced near to the baseline levels after 25 h.
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Figure 14. (A) Thermal response of melanin-loaded OMVs at different concentrations as compared
to wild type OMVs upon laser exposure. (B) Live—dead (calcein AM/EthD-1) staining of 4T1 cancer
cells treated with melanin-loaded OMVs and exposed to laser as compared to controls. Thermal
imaging (C) and tumor volume reduction measurements (D) of 4T1 tumors after either intravenous
or intratumoral administration of melanin loaded OMVs and laser exposure as compared to controls.
Reproduced with permission from [91], Springer Nature, 2019. *** p < 0.001 vs. PBS with laser treatment.

7.2. Antibacterial Therapy

The use of BMVs for antibacterial applications has mostly been investigated by uti-
lizing the inherent antigenic molecules present on BMV surface for eliciting a favorable
immune response against the invading pathogen. In this regard, BMVs have been uti-
lized either directly in its unmodified form [80] or modified appropriately to present the
antigenic proteins with a suitable material to elicit a desired immune response. One way
of presenting antigenic proteins to the immune system is through the use of NPs, which
can maximize immune cell recognition owing to their large surface area and size scale
that facilitates particle uptake [115-117]. Numerous literature reports have utilized this
methodology to develop nanotechnology-based vaccines and similar approaches have
been demonstrated with BMVs for antibacterial therapy.

To demonstrate the potential of NP-based immunomodulation by utilizing BMV
antigen proteins, surface-modified Au NPs have been investigated in vivo for antibacterial
therapy applications [87]. Upon intravenous administration of BMV protein-coated Au
NPs (2.5 pg dose) into immunocompetent CD-1 mice, a number of highly precise immune
responses were observed as compared to bare BMVs and PBS injected controls. Specifically,
it was observed that BMV-coated Au NPs lead to a heighted activation and maturation of
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dendritic cells and T cells and an increased B cell response and a consequent increase in
antibody titers. Note, in this study, that when smaller sized Au NPs (~30 nm) were used as
compared to larger sized Au NPs (~90 nm) a relatively heighted dendritic cell activation
and maturation was observed. This was found to be due to the better accumulation of
smaller sized Au NPs in the lymph nodes of mice, thereby making them more suitable
for immune activation. However, in this study the application of these BMV protein
surface-modified Au NPs was not evaluated in an infection model.

In an interesting report, BMVs were utilized to surface modify polymeric NP-based
antibiotic delivery systems such that target specificity could be achieved [84]. Preliminary
in vitro studies undertaken by this group showed that BMVs isolated either from E. coli
or S. aureus showed specific uptake in macrophages that were pre-infected with E. coli or
S. aureus, respectively. As a result, antibiotic-loaded PLGA NPs surface modified with S.
aureus BMVs were found to show significantly greater accumulation in major organs of an
S. aureus infected BALB/c mice model as compared to E. coli BMV-coated PLGA NPs and
liposome-coated PLGA NPs. This greater internalization was explained to be caused by the
greater ability of infected macrophages to internalize the NPs first, followed by the natural
biodistribution of these macrophages to the infected organs. As a result of this greater
accumulation observed for the S. aureus BMV-coated antibiotic loaded PLGA NPs, effective
reduction of bacterial CFU counts could be observed in kidneys and lungs of the infected
mice. However, note here that effective therapeutic efficacy could not be achieved for all
major organs, and more studies need to be carried out to exploit this specific property of
BMV-coated NPs. It would be interesting to study in this case if the specific uptake of
BMV-coated NPs in infected macrophages could be extended to other infected mammalian
cells and cancer cells. If such a specificity could be achieved, it could open up the possibility
of treating patients with tumors bearing bacterial load. Such infected tumor conditions are
nowadays observed in clinical investigations and the presence of these bacteria in tumors
are found to play an important role in inhibiting the efficacy of chemotherapeutic drug
treatments [118,119].

Beyond the use of BMVs, one unique report demonstrated the direct use of bacterial
cells for NP surface modification [120]. Here, bacterial protoplasts were first isolated by
treating bacteria with lysozyme to remove the bacterial cell wall, followed by its serial
extrusion through 10, 5, and 1 pm sized polycarbonate membrane filters. These protoplast-
derived nanovesicles (PDNVs) show inherent advantage over BMVs as they can be directly
synthesized in large amounts from the bacterial suspension. Additionally, due to removal of
the bacterial cell wall, the resultant PDNVs were depleted of the outer membrane proteins
OmpA and lipid A which are components of LPS, thus making them less immunogenic
and more favorable for drug delivery and theranostic applications. Here, for investigating
its immunotherapeutic potential, PDNVs were loaded separately either with E. coli antigen
OmpA and S. aureus antigen Scoagulase by expressing the desired antigen in the parent
E. coli bacterium. The resultant PDNVs, when administered in vivo in C57BL/6 mice,
showed high specificity in developing an immune-protective response against bacterial
challenge. Specifically, it was observed that PDNVs harboring either the OmpA antigen
or the Scoagulase antigen showed effective immune response in vivo when challenged
with lethal doses of E. coli or S. aureus respectively. This response was found to be highly
specific with respect to the antigen that the PDNVs harbored such that mice that were
administered with PDNVs harbouring E. coli antigen OmpA succumbed when challenged
with S. aureus infection, and vice versa. The protective immunity offered by such PDNVs
could be observed in mice up to 6 weeks post-administration. Interestingly, these PDNVs
were found to show low in vitro and in vivo toxicity as compared to E. coli-derived BMVs.
Specifically, it was observed that even upon administration of upto 1 mg of PDNVs in
C57BL/6 mice all animals survived, while a dosage of only 25 g of BMVs lead to the death
of 80% of the animals. Overall, PDNVs show great promise towards the development of
biomimetic drug delivery vehicles and show several advantages as compared to BMVs.
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8. Challenges and Future Perspective of Utilizing BMVs for Drug Delivery

The use of BMVs for drug delivery applications would encounter challenges that
are similar to the design and synthesis of other drug delivery systems as well as other
unique challenges that pertain to it alone. One of the most important properties of drug
delivery systems over and above its therapeutic efficacy is its safety and immunogenicity.
Unlike in the use of BMVs for vaccine development, for drug delivery applications, it is
imperative that BMVs do not elicit an immunogenic response in the body. The presence of
immunogenic molecules such as LPS and LTA and other bacterial proteins can impede the
utility of BMVs for such applications. In such cases, efforts need to be focused on utilizing
and developing bacterial strains that can produce BMVs containing lower amounts of
or attenuated immunogenic molecules (e.g., AmsbB E. coli [83]). To prevent immune
recognition other methods such as pegylation [121] or the incorporation of anti-phagocytic
CD-47 molecules [122] on the surface of BMVs could be utilized. However, this could
lead to additional synthesis/modification steps which could add to the complexity of the
otherwise simple BMV system.

Another challenge that researchers face at this stage in utilizing BMVs for drug
delivery applications is the lack of knowledge regarding BMV synthesis routes, mechanism
of cargo packaging, and factors affecting the same. Knowledge regarding these can enable
the design of suitable strategies for maximizing vesicle synthesis and cargo loading such
that cargo loaded BMVs could be obtained in the first instance of BMV synthesis. This is
advantageous because separation and purification procedures would be comparatively
simple for preloaded BMVs as compared to post-loading strategies (after BMV separation)
wherein unloaded cargo, empty BMVs, and cargo-loaded BMVs have to be separated
individually. To overcome challenges related to separation, affinity-based separation could
be utilized if the cargo of interest is also coupled with a desired protein tag. However, in
this case the cargo and protein tag should be present on the BMV surface such that the
proteins face the outer surface of the vesicles in order to interact with the affinity molecule
used for separation. Magnetic separation of BMVs could also be a viable alternative if the
cargo of interest is coupled to magnetic NPs which can then be loaded into BMVs. Such a
separation technique has been demonstrated successfully for exosomes [123].

As the use of BMVs for drug delivery applications is still in its infancy, and BMVs
have very high heterogeneity (based on the parent bacterial source and strain and growth
conditions), it is absolutely essential that researchers working on this field quantify data
regarding BMV synthesis, cargo loading, and culture conditions such that comparative
analysis across various studies could be made effectively These standard parameters should
also include details such as number of BMVs obtained/CFU, isolation protocol, storge
conditions, and their effect on long-term stability, protein content, and concentration etc.
For drug delivery applications particularly, it is essential that %cargo loading be evaluated
and the cargo loading method be detailed. Additionally, it is also important to carry
out studies on evaluating the differences on utilizing BMVs of different sizes for drug
delivery obtained from the same bacterial source to understand if the size parameter plays
an important role in their overall cargo delivery /pharmacokinetics. Understanding and
cataloging such information would help steer and accelerate the use of BMVs for drug
delivery applications in the future.

From the engineering standpoint, one major challenge that BMVs would face for their
utility for biomedical application is their difficulty in separation and purification for clinical
translation. At present, a number of different steps are required to separate BMVs from
the parent bacterial growth culture and other extraneous proteins, which in the long-run
can increase their cost of production. Other alternative low-energy separation techniques
need to be developed and optimized for successful translation of BMVs for drug delivery.
Ultimately, the cost-to-benefit ratio of synthesizing and purifying BMVs from bacterial
culture must be assessed as compared to other promising biomimetic systems such as
exosomes which could require a large-scale mammalian culture facility.
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9. Conclusions

Even though the use of BMVs for drug delivery applications is still in its infancy, it
has tremendous potential to become a successfully translatable drug delivery system. This
is primarily because of their ability to be produced innately by bacteria in large quantities
using inexpensive medium and culture conditions. Until now, BMVs have been investi-
gated for the delivery of a number of different cargos including chemotherapeutic drugs,
therapeutic nucleic acids, antibiotics, NPs, etc. and have been evaluated in vivo in a few
studies with promising results. Nevertheless, more thorough and detailed investigations
are required on evaluating BMVs for different biomedical applications.
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