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Abstract: Biogenic microvesicles (MVs) play a pivotal role in intercellular signal communication,
thus initiating critical biological responses such as the proliferation of cancer cells, gene and protein
transport, and chemo-drug resistance. In addition, they have been recognized as having great
potential in drug delivery applications. However, the productivity of biologically produced MVs is
not sufficient for clinical applications. In this study, synthetic poly(lactic-co-glycolic acid) (PLGA)
MVs were prepared via a double emulsion method. The PLGA MVs had a biogenic MV-mimic
vesicular structure with a hydrophilic core/surface and hydrophobic interior of the shell, showing
great potential for drug delivery. We successfully embedded hydrophobic iron carbonyl (IC), a
carbon monoxide (CO) donor, in the PLGA shell region, enabling the delivery of IC in an aqueous
solution. Because of the intrinsic properties of PLGA, it was susceptible to temperature, and the
MVs could easily collapse in a warm environment, leading to the decomposition of IC into CO. The
in vitro result indicated that the cell viability of A549 lung carcinoma cells significantly decreased to
14% after treatment with IC-loaded PLGA MVs for 24 h, suggesting that these synthetic PLGA MVs
constitute an excellent drug delivery platform.

Keywords: microvesicles; poly(lactic-co-glycolic acid); carbon monoxide; emulsion; cancer

1. Introduction

Extracellular vesicles (EVs) are biological nanoparticles secreted by mammalian cells,
bacteria, and fungus under specific conditions or environments [1-3]. Microvesicles
(MVs) and outer membrane vesicles (OMVs) are two kinds of EVs that have definite
characteristics—namely, a phospholipid bilayer membrane-constructed vesicular sphere
with a specific size range (100-1000 nm) and equipping of the original membrane proteins,
which are generated through outward budding from animal cells and bacteria, respec-
tively [4,5]. The main objective of secreting these EVs is to communicate between individual
cells through the signaling genes or proteins delivery, thus regulating cellular processes
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such as tumor metastasis, gene transport, defense, infection, quorum sensing, and au-
tophagy [6-9]. Based on this principle, MVs and OMVs have been indicated to have great
potential as carriers to transport drugs into specific cancer cells; therefore, many scientists
have performed related research on identifying vesicle types, exploring the mechanism of
EV secretion, and developing the methodology of vesicle generation [10-12]. The genera-
tion of MVs and OMVs by biogenesis has shown very low efficiency, and the amount of
product produced has been insufficient so far for clinical application. Therefore, developing
a feasible method with the ideal productivity of vesicles remains a great challenge that it is
essential to overcome.

As an alternative approach, artificially preparing an EV-mimic carrier is an ideal
way to directly overcome the low yield of vesicles from the biogenic method [13,14].
Many biocompatible polymers, fatty acids, and lipids are excellent materials for preparing
vesicles [15,16]. A drawback of synthetic EV-mimic carriers is that they lack natural
biological cargo and thus cannot provide any additional biofunctions that real EVs could
offer. On the other hand, vesicular carriers with a membranous structure have shown great
affinity with cells and an excellent capability to load a high quantity of drugs, which makes
them a suitable drug delivery system (DDS) [17].

Carbon monoxide (CO) is a silent killer that is colorless, odorless, and capable of
causing severe harm [18]. Inhaling excess CO can cause hypoxic poisoning and even shock,
as CO has a more than 250 times greater affinity for hemoglobin than oxygen and thus
inhibits O, delivery. On the other hand, CO has also shown a unique ability to upregulate
cancer cells” metabolism by continually activating mitochondria, thus inducing excess
reactive oxygen species (ROS) generation and leading to the exhaustion of mitochondria
and the apoptosis of cancer cells, which is called the anti-Warburg effect [19]. Inorganic
complexes composed of metal centers and multicarbonyl ligands that can release large
amounts of CO gas, usually termed as carbon monoxide-releasing molecules (CORMs),
provide safer means of CO delivery than the direct inhalation of CO gas [20]. However,
CORMs usually present high toxicity, unideal stability in the bioenvironment, and poor
water solubility. Therefore, developing a suitable DDS for stabilizing and delivering
CORMs into the target area after administration has remained a challenge and necessity.

Here, we used an easily handled double emulsion method to obtain synthetic poly(lactic-
co-glycolic acid) (PLGA) MVs with a clear vesicular structure. The shell was constructed
by an amphiphilic copolymer via a water-in-oil-in-water (W/O/W) emulsion process. The
resulting MVs had a lipid bilayer-mimic membrane feature showing a hydrophilic membrane
surface and a hydrophobic shell interior wherein water-insoluble drugs could be embedded.
In this study, PLGA MVs were used to load iron carbonyl (IC) as a CO donor, and CO therapy,
through providing IC-loaded PLGA MVs to cancer cells, was evaluated to determine its
feasibility. Through CO measurement, the vast amount of CO released from the IC-loaded
PLGA MVs was detected under warm conditions (37 °C), which can easily be achieved in
any tumor site. Our in vitro results indicated significant cytotoxicity to A549 lung cancer cells
after incubation with IC-loaded PLGA MVs, which indicated that these synthetic PLGA MVs
are an excellent candidate for replacing biogenic MVs as a reliable DDS for the applications of
water-insoluble drug delivery and gas therapy.

2. Materials and Methods
2.1. Materials

All reagents were of analytical grade and used without further purification. Iron
carbonyl (IC, Fe(CO)s), hemoglobin (MW = 64,500), sodium hydrosulfite (NayS,O4, 85%),
poly(vinyl alcohol) (PVA, MW = 47,000, 98%), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT, C1gH14BrNsS, 97.5%), and poly(lactic-co-glycolic acid) (PLGA,
50:50, MW = 24,000-38,000) were purchased from Sigma-Aldrich. Dichloromethane
(CH,Clp, 99.9%) was bought from ECHO. Water was obtained using a Millipore direct-Q
deionized water system throughout all studies.
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2.2. Preparation of IC-Loaded PLGA MV's

First, an oil phase solution containing 4 mL dichloromethane and 40 mg PLGA was
prepared. For the first emulsion, 0.8 mL PVA(aq) (1.7 mM) was slowly added in oil phase
solution under sonication at 4 °C for 2 h. During the process of emulsion, micelles w/o
PLGA were produced. Afterwards, 100 or 20 pL iron carbonyl solution was mixed with the
first emulsion solution. This mixture solution was dropped into another 12 mL PVA(aq)
solution for the second emulsion process, which used a homogenizer at 4 °C for 20 min to
generate w/o/w IC-loaded PLGA microvesicles. The resulting solution was centrifuged at
1000 rpm for 1 min at least two times to remove unembedded iron carbonyl and residual
organic solvent, which stayed at the bottom of the tube. Subsequently, the supernatant was
concentrated by centrifugation (1500 rpm, 3 min). The pellet of IC-loaded PLGA MVs was
dispersed in ultrapurified water and stored in the refrigerator at 4 °C.

2.3. Characterization

The morphology of the MVs was observed by a transmission electron microscope
(TEM, Hitachi H-7500) and scanning electron microscope (SEM, Zeiss Auriga). UV —vis
spectra were recorded on a UV —vis absorption spectrometer (Analytik Jena SPECORD
200 PLUS). The FT-IR spectra of the MVs were measured by a Fourier transform infrared
spectrometer (FT-IR, Bruker ALPHA). The quantification of cell viability was performed
using an enzyme-linked immunosorbent assay reader (ELISA reader, BioTek Synergy HTX).
A dynamic light scattering spectrometer (DLS, Otsuka Electronics ELSZ-2000) was used to
measure the hydrodynamic diameters of MVs.

2.4. Evaluation of CO Release from IC-Loaded PLGA MV's

Reduced hemoglobin (r-Hb) was used as an indicator to determine the amount of CO
released by observing the absorption peak at 410 nm, which corresponds to the formation
of r-Hb-CO. Three milligrams of sodium hydrosulfite were added to 6 mL hemoglobin
solution (14.5 uM) in a sealed bottle, then the solution was purged with N, gas for 20 min
to obtain an r-Hb work solution. Afterwards, 0.8 mL r-Hb work solution was mixed with
0.2 mL IC-loaded PLGA MYV solution (13 mg/mL) and immersed in a warm water bath
(37 °C) for different time periods (0, 10, 30, and 60 min) to decompose the IC into CO gases,
which could further form r-Hb-CO in the r-Hb solution. The supernatants of r-Hb-CO were
obtained by centrifugation (1500 rpm, 3 min), and their absorbances were measured by a
UV —vis spectrometer.

2.5. Cell Culture

Ab549 cells (human lung carcinoma/alveolar cell lines) were cultured in DMEM con-
taining 0.1 mM NEAA, 1% penicillin/streptomycin (PS), and 10% FBS in an incubator at
37 °C, 95% humidity, and 5% CO,.

2.6. In Vitro Cytotoxicity Study

The A549 cells were subcultured in a 96-well plate (4000 cells per well) and incubated
for 24 h. The old medium was removed, then fresh medium, without and with PLGA MVs,
IC-loaded PLGA MYVs, or IC100-loaded PLGA MVs, was added to the culture. UV—vis
measurement determined the concentration of materials with an optical density of 0.14
at 800 nm. The cells treated with MVs were incubated for another 24 h, followed by a
wash with phosphate-buffered saline (PBS) at least three times. Finally, MTT reagent was
used for the determination of cell viability by the standard ELISA method. All data were
obtained in quadruplicate.

2.7. In Vitro Reactive Oxygen Species Evaluation

APF dye as an indicator was used to evaluate the intracellular ROS level in this study.
Ab49 cells were subcultured in a 96-well plate (4000 cells/per well) and incubated for 24 h.
The old medium was removed, and then a fresh medium with APF (10 uM) was added
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to the culture. After 30 min, this medium with excess APF dye was changed for a new
medium without and with PLGA MVs, IC-loaded PLGA MVs, or IC100-loaded PLGA
MVs. Materials were concentrated at an optical density of 0.14 at 800 nm, as measured by
UV. The cells were incubated for 30 min, and the correlated emission signals were detected
by the fluorescence plate reader (Ex = 485 nm; Em = 525 nm). All data were obtained in
quadruplicate.

3. Results and Discussion
3.1. Synthetic Polymer Microvesicles with Cell Membrane-Mimic Shells for Drug Loading

For some simple conditions, such as applying vesicles for drug delivery only, artificial
synthetic polymer MVs without the functions of biological reaction and conjugation are
ideal for replacing scarce biogenic EVs because they can be easily produced on a gram scale.
For this reason, we applied a mature double emulsion approach to prepare PLGA MVs with
a similar structural feature to the cell membrane. Amphiphilic PLGA with PVA constructed
a biological membrane-mimic shell showing hydrophilic inner and outer surfaces of the
shell and a hydrophobic interior. Here, a hydrophobic coordination compound, iron
carbonyl, was used as a CO donor and successfully embedded into the interspace of the
PLGA shell during the emulsion process. These IC-loaded PLGA MVs could spontaneously
release CO in warm surroundings, thus showing great potential for use as a new vesicular
carrier for biomedical applications (Figure 1).
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Figure 1. The vesicular structure and membrane-mimicking feature of iron carbonyl (IC)-loaded PLGA MVs. Water-
insoluble IC could be embedded in the hydrophobic interior of the shell.

3.2. Morphology and Size Distribution of MVs with and without IC Loading

In this study, low (20 puL) and high (100 pL) amounts of iron carbonyl were loaded
onto PLGA MVs, which were named IC-loaded and IC100-loaded PLGA MVs, respectively.
Through observation by transmission electron microscopy (TEM), the PLGA MVs and
IC-loaded PLGA MVs showed an obvious spherical morphology and homogenous size
distribution (Figure 2a). The TEM image of IC-loaded PLGA MVs revealed a few vesicles
with a bright contrast, which indicates inflation of the vesicular shells (Figure 2a). The
slight CO gas generation from the high loading of unstable IC after preparation might
cause this result. Scanning electron microscopy (SEM) images indicated that all IC-carrying
MVs maintained intact vesicular surfaces without collapsing or bursting, even though a
small amount of the loaded IC decomposed into gas and increased the stress on the vesicles
(Figure 2b). Through DLS measurement, the IC-loaded PLGA MVs showed a centralized
particle size distribution of 769.0 £ 94.1 nm. They presented a slightly larger size than the
PLGA MVs, which indicates the swelling of the vesicles due to gas generation inside of the
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carriers (Figure 3a,b). A more severe swelling phenomenon was found in IC100-loaded
PLGA MVs, the size distribution of which was 1056.3 £ 121.7 nm (Figure 3c).

(a) ~ PLGA MVs IC-loaded PLGA MVs IC100 loaded PLGA MVs

2 pm J ’ : 1 pm pm
(b) PLGA MVs IC-loaded PLGA MVs IC100-loaded PLGA MVs

Figure 2. Morphology observation of vesicles. (a) TEM images of PLGA MVs, IC-loaded PLGA MVs, and IC100-loaded
PLGA MVs. The red arrows indicate regions of brighter contrast. (b) HR-SEM images of PLGA MVs, IC-loaded PLGA MVs,
and IC100-loaded PLGA MVs.

(2) (b) (©)
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Figure 3. The hydrodynamic diameters of (a) PLGA MVs, (b) IC-loaded PLGA MVs, and (c) IC100-loaded PLGA MVs, as
measured by DLS.

3.3. Characterization of IC Loading on the MVs

The yellow colloidal solution of IC-loaded PLGA MVs indicated that the IC molecules
were loaded onto the PLGA carriers, as empty PLGA microparticles showed a white
color. UV-vis analysis also indicated that the IC-loaded PLGA MVs showed a higher
characteristic absorbance at the wavelength range of 200-500 nm compared to PLGA
MVs alone, involved in the phenomenon of charge transfer absorption in an iron-based
coordination complex (Figure 4). The FT-IR analysis showed the characteristic signals
of PLGA MVs at 1758, 1170, and 1091 cm !, which, respectively, corresponded to the
vibration in the C=0, C-O-C, and C-O bonds of PLGA (Figure 5). The new vibration signals
of the CO triple bond (2009 cm 1) and Fe-C bond (640 and 477 cm™!) of IC were detected
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from IC-loaded PLGA MVs, indicating the presence of IC on the vesicles after the emulsion
process. After characterization, all evidence indicated the presence of IC in the PLGA
MVs, and these products showed excellent stability at low temperature (~4 °C), which is
beneficial for long-term storage.

= PLGA MVs
= JC-loaded PLGA MVs

Absorbance

0

200 300 400 S00 600 700 800 900
Wavelength (nm)

Figure 4. Optical characterization of PLGA MVs and IC-loaded PLGA MVs.
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Figure 5. FT-IR analysis of PLGA MVs and IC-loaded PLGA MVs.

3.4. Evaluation of CO Release from IC-Loaded PLGA MV's

A reduced hemoglobin (r-Hb) solution was prepared as an indicator to determine
the amount of CO molecules and evaluate the CO-releasing capability of IC-loaded PLGA
MVs [21]. The IC-loaded PLGA MVs were mixed with r-Hb at 4 and 37 °C for different
incubation times (0, 10, 30, and 60 min). The thermally unstable IC molecules in the PLGA
shell interior gradually decomposed into CO bubbles under warm conditions. Then, the
stress increase caused by gas generation burst the vesicles, causing further gas release,
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and these free CO gases were captured by r-Hb to form the CO-conjugated r-Hb, termed
r-Hb-CO. Afterwards, the mixture was centrifugated once, and UV-vis was used to further
measure the supernatant of r-Hb-CO to determine the amounts of CO released from MVs.
Figure 6a shows all the UV-vis spectra without obvious differences, demonstrating that
the IC-loaded PLGA MVs do not release CO gas and are very stable at 4 °C. Interestingly, a
significantly increased absorbance of r-Hb-CO at 410 nm was obtained after leaving the IC-
loaded PLGA MVs in a warm environment for 10, 30, and 60 min (Figure 6b). CO generation
gradually increased depending on the time of incubation at 37 °C, which supports the
high applicability of IC-loaded PLGA MVs in spontaneously releasing CO under body
temperature conditions (Figure 6¢). The TEM image of the IC-loaded PLGA MVs incubated
at 37 °C for 60 min showed the destruction of MVs, implying IC decomposition, CO bubble
generation, and thus the destruction of the polymer shell (Figure 6d). We believe that the
stability of the cargo is the critical factor affecting the behavior of CO release. Another
relatively stable drug candidate, triiron dodecarbonyl (Fe3(CO)1;), was loaded in the PLGA
MVs following the same preparation method. No CO gas generation from carriers was
measured by the same analysis system, even when maintained at 95 °C for 10 min (data
are not shown here).

(a) at4 °C (b) at 37 °C
25 25 - e
= (0 min = 0 min
2 - = 10 min 2 /‘\ =10 min
g =~ 30 min o Ir‘ \ =~ 30 min
- < -
515 1 == 60 min 159 == 60 min
S )
- —
Z 17 217
< <
0.5 0.5
0 T T T T T J 0 T T T T T g
300 350 400 450 500 550 600 300 350 400 450 500 550 600
Wavelength (nm) Wavelength (nm)

~
()
N’

37°C

Absorbance of r-Hb-CO (410 nm)
=

Time (min)

Figure 6. Evaluation of CO release from IC-loaded PLGA MVs. (a,b) The UV-vis spectra of reduced hemoglobin were
measured to monitor the CO release from IC-loaded PLGA MVs at 4 and 37 °C for 0-60 min. (c) The dynamic CO release
curves were obtained through the evaluation of the absorbance of r-Hb-CO at 410 nm. (d) A TEM image of the broken
IC-loaded PLGA MVs.

3.5. In Vitro Study for the Evaluation of CO-Induced Cytotoxicity by IC-Loaded PLGA MV's

For the next step, the applicability of IC-loaded PLGA MVs in drug delivery and CO
therapy was checked. The human lung carcinoma/alveolar cell line (A549) was selected as
the cell model in all in vitro studies. Through an MTT assay, cell viability was evaluated
with and without IC-loaded PLGA MVs after 24-h incubations. The IC100-loaded and
IC-loaded PLGA MVs showed an excellent ability to kill the cancer cells, resulting in cancer
cell viabilities of 14 and 29%, respectively (Figure 7a). No significant cytotoxicity was
observed after treatment with PLGA MVs alone, which reveals the high biocompatibility
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of this vesicular material. The cytotoxicity of the cells treated with IC-loaded PLGA MVs
was due to the action of CO molecules, which not only generated high amounts of reactive
oxygen species (ROS) but also induced mitochondrial exhaustion, which in turn induced
the apoptosis of cancer cells [20]. APF dye was used as the ROS indicator to assess the
ROS level inside the cells. Through analysis by a fluorescence reader, the A549 cells treated
with IC-loaded and IC100-loaded PLGA MVs showed very strong fluorescence signals
compared to IC-free groups, demonstrating the high ROS level inside the cells, which
was activated by CO stimulation (Figure 7b). All in vitro outcomes demonstrated the
highly efficient CO treatment of IC-loaded PLGA MVs and revealed that PLGA MVs are
a feasible drug delivery system, especially as a carrier for delivering highly toxic and
unstable coordination complexes.
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Figure 7. The in vitro study was used to evaluate the cytotoxicity of CO therapy. (a) The cell viability analysis of A549 cancer
cells treated with medium alone (control), PLGA MVs, IC-loaded PLGA MVs, and IC100-loaded PLGA MVs. * p < 0.05,
calculated and compared to IC-loaded and IC100-loaded PLGA MVs. (b) The intracellular ROS levels of A549 cancer cells
treated with medium alone (control), PLGA MVs, IC-loaded PLGA MVs, and IC100-loaded PLGA MVs were determined by
the fluorescence intensity of APF dye at 525 nm. * p < 0.05, calculated and compared to IC-loaded and IC100-loaded PLGA
MVs as well as control and IC-loaded PLGA MVs.

3.6. The Future Development of Synthetic MVs

Even though the application of synthetic MVs is very restricted because they lack natural
membrane proteins and biological cargos, they are still highly reliable as a vesicle-type DDS
for delivering hydrophobic and unstable drugs. In addition, applying synthetic approaches
would allow us to easily obtain MVs on a gram scale in a short time, which is impossible when
harvesting MVs by biological methods. This advantage of the high yield is vital to provide an
inexhaustible supply of synthetic MVs at a low cost for various clinical applications in the
future. Notwithstanding that, these synthetic MVs still have much room for improvement,
which would enable similar applications as biogenic MVs. To achieve this aim, many feasible
strategies and concepts have been devised and reported in recent literature [17]. Inserting
or attaching the functional proteins to the surface of synthetic MVs is a direct method to
endow them with biological activity for additional purposes, such as immune activation,
specific cell targeting, and intercellular communication [22,23]. As an example, our PLGA
vesicles could form a corona through BSA adsorption onto the surface [24]. Using biological
materials to replace the polymer to prepare MVs is a feasible way to reduce the differences
between synthetic and biogenic MVs. Vesicles prepared with lipids and fatty acids showed
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excellent biocompatibility and could be a DDS [25,26]. An alternative strategy of integrating
synthetic and biogenic MVs to form hybrid membrane MVs or natural membrane-coated MVs
showed huge potential for future development [27-29]. On the other hand, the combination of
synthetic MVs and functionalized nanoparticles with various features, such as hyperthermia
or photothermal, photodynamic, photoacoustic effects, or magnetic targeting, among others,
produced hybrid therapeutic platforms that could constitute a promising medical means to
treat tumors in the future [30]. Accurate delivery of PLGA MVs to tumor tissue is a critical
issue in actual future applications. Antibody-modified PLGA MVs and PLGA-magnetic
nanobeads hybrid MVs are two feasible options to increase the homing efficiency of MVs
into the tumor by specific bio-conjugation effect and remotely controllable magnetic targeting,
respectively.

4. Conclusions

Our artificial MVs showed an excellent ability to carry unstable iron-based complexes and
revealed significant cytotoxicity to lung cancer cells through spontaneous IC decomposition
into CO at 37 °C and ensuing CO-related mitochondria exhaustion. This result indicates that
PLGA MVs with cell membrane-mimic shells represent a suitable carrier for water-insoluble
drug delivery. Notably, a synthetic approach for preparing MVs is more feasible for achieving
a reasonable yield for clinical requirements than biogenic methods. However, this kind of
synthetic PLGA MV does not have natural membrane proteins on the surface, resulting in the
intrinsic disadvantage of lacking other biofunctions such as immune activation, cell targeting,
microenvironment modulation, and cell-to-cell communication. This drawback significantly
limits this polymeric material’s applicability in many potential fields. We believe that this
limitation will probably be overcome through new technologies developed in the future.
The modification of the surface of MVs by natural biological membranes or active proteins
is a possible direction for future research in order to reduce the differences in the surface
characteristics of vesicles created by synthetic and biogenic approaches.
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