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Abstract: Cell-derived microparticles (MPs) have been
recently recognized as critical intercellular information con-
veyors. However, further understanding of their biological
behavior and potential application has been hampered by the
limitations of current labeling techniques. Herein, a universal
donor-cell-assisted membrane biotinylation strategy was pro-
posed for labeling MPs by skillfully utilizing the natural
membrane phospholipid exchange of their donor cells. This
innovative strategy conveniently led to specific, efficient,
reproducible, and biocompatible quantum dot (QD) labeling
of MPs, thereby reliably conferring valuable traceability on
MPs. By further loading with small interference RNA, QD-
labeled M Ps that had inherent cell-targeting and biomolecule-
conveying ability were successfully employed for combined
bioimaging and tumor-targeted therapy. This study provides
the first reliable and biofriendly strategy for transforming
biogenic M Ps into functionalized nanovectors.

M icroparticles (MPs), also known as microvesicles or
shedding vesicles, are a fascinating population of cell-derived
membrane vesicles. They are nanosized (100 nm to 1000 nm)
spherical structures formed by direct budding of the plasma
membrane.!!’ MPs are usually considered as miniature
versions of cells since they can inherit comparable membrane
lipids, surface antigens, cytoplasmic proteins, and nucleic
acids from their donor cells. Recently, MPs have been
recognized as novel and critical mediators for intercellular
communication.””? By conveying bioactive molecules from the
donor cells to the recipient target cells, either locally or at
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a distance through circulation, MPs are able to function in
a broad range of physiological processes, such as regulation of
vascular homeostasis.’) Meanwhile, a considerable increase in
circulating MPs is also closely linked to various pathological
events including angiogenesis, inflammation, atherosclerosis,
thrombosis, and malignancy.>® Moreover, recent studies
have indicated that MPs, which possess natural biomole-
cule-transporting capacity, may hold great potential as novel
delivery vehicles for theranostic purpose.*”! However, defi-
ciencies in the knowledge of MPs’ biological behavior and
lack of good strategies for labeling and visualizing these
nanosized particles, have hampered the identification of MPs
and meanwhile posed great challenges for their potential
applications.

Current approaches for optical visualization of MPs
mainly rely on traditional fluorescent dyes, including carb-
oxyfluorescein diacetate succinimidyl ester (CFSE), PKH?26,
and Calcein AM.®! However, it has to be considered that
MPs’ biological behavior and their interplay with the
recipient cells usually are complicated processes at the
subcellular level. This is why long-term tracing and specific
labeling techniques are required to investigate the biological
behavior of MPs and meanwhile to discriminate them from
the intrinsic structures of recipient cells, and the drawbacks of
conventional organic fluorescent dyes, such as photobleach-
ing, weak intensity, biodegradation, cytotoxicity, and non-
specific staining,’! have largely restricted their application in
labeling MPs. Thanks to the rapid progress in nanomaterial
preparation, several pioneering works have been recently
performed for coupling MPs with inorganic nanoparticles,®”!
which can provide prominent advantages for the imaging of
MPs. Nevertheless, there are still some key issues to be
addressed to achieve a better combination of biogenic MPs
and advanced nanoparticles. Firstly, the previously reported
labeling of biogenic MPs, whether with fluorescent dyes or
functional nanoparticles, was mostly realized by the “indirect
encapsulation” strategy, namely, pre-incubation of the donor
cells with different tags (dyes or nanoparticles) and then
collection of the secreted MPs assumed to carry the tags. Such
a strategy may easily give low efficiency and result in uneven
outcomes, because it is highly dependent on the tag internal-
ization by the donor cells and the enclosure of internalized
tags into the secreted MPs, both of which are in fact
nonselective and uncontrollable processes. Meanwhile, the
metabolism process and intracellular environment of the
donor cells are also under suspicion for causing harmfulness
to the stability of internalized tags. Thus, the obtained MPs
may actually contain a large subpopulation without any tags
encapsulated and great variances may also exist among the
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labeled MPs in terms of tag-carrying amount. Moreover, since
MP generation is a tightly regulated and stimuli-sensitive
process,'”! pre-incubation of their donor cells with different
labeling materials, which are usually non-self components,
may affect the MP formation process as well as the natural
properties of MPs, thus posing obstacles to investigating their
original behavior and functions. Considering the limitations
of currently existing labeling approaches, it is highly desirable
to develop a reliable and biofriendly strategy for more
efficient and biocompatible labeling of biogenic MPs.
Previously, we have developed a number of reliable
strategies for labeling nanosized organisms with fluorescent
nanoparticles, and successfully revealed the infection mech-
anisms of multiple viruses.""*?) More notably, based on the
feature that viruses hijack their host cellular machineries for
self-reproduction, we have established a universal host-cell-
assisted methodology for surface labeling of enveloped
viruses, which shows fascinating advantages such as conven-
ient procedure, high efficiency, favorable biocompatibility,
and good versatility."® Herein, by taking great advantage of
the characteristic that MPs are formed by direct budding of
the plasma membrane and meanwhile skillfully utilizing the
natural biological process that phospholipids within the cell
membrane are constantly and dynamically exchanged with
the lipids from extracellular environment, we innovatively
proposed a biofriendly and reliable donor-cell-assisted mem-
brane biotinylation strategy for labeling cell-derived MPs. As
shown in Scheme 1, the first step of our strategy is to obtain
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Scheme 1. QD labeling of cell-derived MPs through a reliable and
biofriendly donor-cell-assisted membrane biotinylation strategy, and its
potential application in combined bioimaging and tumor-targeted
therapy. Color code for bottom right part: light green cells, angiogenic
vascular cells; orange cells, tumor cells.

donor cells with a biotinylated membrane by culturing them
in modified medium containing biotin-functionalized phos-
phatidylethanolamine (DSPE-PEG-biotin). The MPs, formed
by direct budding from the plasma membrane of donor cells,
will inherit the biotinylated membrane. Then, the biotinylated
MPs can be directly labeled with streptavidin-conjugated
quantum dots (SA-QDs) by utilizing the high affinity between
biotin and streptavidin.
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Considering the prominent significance of endothelial
MPs (EMPs) in various pathophysiological events, the human
umbilical vein endothelial cells (HUVECs) were selected as
the model donor cells for EMP production. Initially, we
confirmed that no cytotoxicity was detected during the
membrane biotinylation of donor cells (Figure S1). By
employing flow cytometry (Figure S2) and fluorescence
microscopy observation (Figure S3), we then verified that
membrane biotinylation and subsequent QD labeling could
be conveniently realized on the donor cells by culturing them
with DSPE-PEG-biotin for several days. To further obtain
EMPs with biotinylated membrane, the as-prepared biotiny-
lated HUVECs were starved in basic medium for EMP
release (Figures S4 and S5).

To assess the specificity and efficiency of our proposed
labeling strategy for MPs, the EMPs purified from CFSE-
labeled HUVECs with or without membrane biotinylation
were incubated with SA-QDs, and then observed under
a fluorescence microscope or analyzed with flow cytometry
following removal of the unbound QDs by sucrose gradient
centrifugation (Figure S6). As shown in Figure 1a, concurrent
QD and CFSE fluorescence signals could be observed in
biotinylated EMPs, but only CFSE and nearly no QD signal
could be detected in the EMPs isolated from normal
HUVEG:. Also, the electron micrographs verified the specific
binding of SA-QDs onto the surface membrane of biotiny-
lated EMPs (Figure 1b, red arrows). The results from flow
cytometric analysis (Figure 1c¢) further demonstrated that
both the percentage of QD-labeled events and QD fluores-
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Figure 1. Specificity and efficiency of the membrane biotinylation-
based QD labeling strategy for MPs. a) Fluorescence images of EMPs
or biotinylated EMPs after dual labeling with SA-QDs and CFSE.

b) Transmission electron micrographs of EMPs or biotinylated EMPs
after incubation with SA-QDs. c) Flow cytometry analysis of EMPs or
biotinylated EMPs after labeling with SA-QDs. **, P<0.01 versus the
normal EMP group.
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cence intensity in biotinylated EMPs were markedly higher
than those in the EMPs purified from normal HUVECs,
thereby suggesting the good specificity of this labeling
strategy. Besides valuable specificity, our membrane biotin-
ylation-based QD labeling strategy also showed higher
efficiency than the labeling strategy using indirect encapsu-
lation of CFSE, PKH26, or QDs (Figure S7). All these results
indicate that the membrane biotinylation-based labeling
strategy has good specificity and high efficiency.

To determine whether the high specificity and efficiency
of this membrane biotinylation-based labeling strategy were
reproducible for MPs of different cellular origins, two other
major types of cell-derived MPs, i.e., macrophage-derived
MPs (MMPs) and tumor-derived MPs (TMPs), were then
employed in this study. The results revealed that MMPs and
TMPs, derived from biotinylated THP-1 cells and CAL-27
cells, respectively, were also successfully labeled with SA-
QDs with good specificity and high efficiency (Figures S8 and
S9). As shown in Table 1, the labeling efficiency and
coefficient of variation (CV) for different types of MPs
further prove that our proposed membrane biotinylation-
based labeling strategy also has good universality and reliable
reproducibility.

Table 1: Membrane biotinylation-based QD labeling for MPs of different
origins.

Different types of Labeling effi- Coefficient of varia-
MPs ciency [%)] tion [%)]

EMPs 85.3 3.8

MMPs 83.1 4.5

TMPs 86.3 54

As mentioned before, good biocompatibility is particu-
larly important for the labeling of cell-derived MPs. To
evaluate the influence of membrane biotinylation and QD
labeling on MPs, the biotinylated EMPs were initially
characterized by transmission electron microscopy (Fig-
ure S10), dynamic light scattering (Figure S11), and flow
cytometry analysis (Figure S12). The results demonstrated
that the biotinylated EMPs had a diameter of 100 nm to
1000 nm and highly expressed phosphatidylserine (PS) and
the endothelial cell marker CD31, which is in line with the
features of normal EMPs." Moreover, the surface markers of
EMPs were not affected by QD labeling, as evidenced by the
concurrence of QDs with PS*/CD31" expression (Fig-
ure S13). Meanwhile, real-time quantitative polymerase
chain reaction (QPCR) and western blot analysis indicated
that membrane biotinylation and QD labeling did not
influence the mRNA or protein expression of characteristic
molecules in EMPs (Figure S14). Then, uptake assays using
endothelial progenitor cells (EPCs) as the recipient cells were
performed to determine the cellular internalization of QD-
labeled EMPs by considering CFSE-labeled EMPs as refer-
ence. As shown in Figure 2, both QD- and CFSE-labeled
EMPs (white arrows) were effectively taken up by EPCs after
short-term incubation, showing no significant difference in

www.angewandte.org

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

I QD-labeled EMPs

QD-labeled EMPs CFSE-labeled EMPs g o ~ocPne =0 oo
ICFSE/ 5 20
Q
- {15
v 4 510 _
; /A 5 5
@
2
£ 0 0 1 2 4 8
2 Incubation time (h)

Figure 2. Fluorescence imaging for cellular uptake of QD- or CFSE-
labeled EMPs by EPCs after 2 h incubation (left). The number of
labeled EMPs per cell was analyzed at different time points (right).

the uptake efficiency when observed statically at different
time points. Thus, it can be concluded that the natural
properties of EMPs, including the size, molecular composi-
tion, and capability to be internalized into target cells, are
unaffected by membrane biotinylation or QD labeling,
suggesting the excellent biocompatibility of this labeling
strategy.

Collectively, the above results demonstrate that QD
labeling of MPs is realized with a convenient procedure,
good specificity, high efficiency, reliable reproducibility, and
excellent biocompatibility through a donor-cell-assisted
membrane biotinylation strategy. In addition to reliably
conferring the highly valuable long-term traceability on
MPs (Figure S15), this biofriendly labeling strategy, which
utilizes the natural membrane phospholipid exchange of the
donor cells, can meanwhile maximally preserve the natural
properties and functions of MPs. Regarding the potential
toxicity of the exposed QDs, we consider that surface labeling
with an appropriate amount of carefully synthesized and
modified QDs would not induce significant cytotoxicity to
affect the laboratory research of MPs, which has been
evidenced by our findings that the uptake of QD-labeled
EMPs did not affect the viability of EPCs (Figure S16).
Moreover, if necessary, the biotinylated MPs can be conven-
iently conjugated with more biocompatible QDs including
our synthesized Ag,Se QDs.™™ Importantly, the biotinylated
MPs can also be used as a versatile platform for efficient
conjugation of biogenic MPs with a variety of functional
nanomaterials according to different research demands by
taking advantage of the high affinity between biotin and
streptavidin, such as the magnetic nanospheres, which are
powerful tools for rapid isolation and efficient detection.'
This reliable and biofriendly labeling and functionalization
strategy, which also shows particular compatibility with
additional labeling techniques for the inner molecules of
MPs, can provide high feasibility for future investigations and
applications of MPs.

Here, in an attempt to investigate the in vivo implication
of EMPs in human malignant melanoma, we injected nude
mice bearing A2058 xenografts with QD-labeled EMPs.
Firstly, the invivo detectability of QD-labeled MPs was
verified (Figure 3a). Figure 3b indicates that fluorescence
signals for QD-labeled EMPs and QDs could be detected 24 h
after intratumoral injection. The fluorescence signals of QDs
alone were restrained to the injection point (white arrow),
whereas the fluorescence signal of QD-labeled EMPs diffused
toward the whole tumor site (red dashed cycle), thereby
suggesting the potential tumor-targeting ability of EMPs.
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Figure 3. In vivo imaging of QD-labeled EMPs. a) Fluorescence and
bright field images of QD-labeled EMPs in the solvent. b) In vivo
fluorescence photographs of A2058 human melanoma xenografts after
injection with QD-labeled EMPs for 24 h. ¢) In situ visualization of QD-
labeled EMPs on the frozen sections of A2058 xenografts.

Consistently, by contrast to the injection with QDs alone,
much weaker fluorescence emission could be observed in the
liver 24 h after intratumoral injection with QD-labeled EMPs
(Figure S17). The insitu visualization assays on the frozen
sections of A2058 xenografts also verified that positive QD
signals (white arrows) could only be detected when injected
with QD-labeled EMPs, mostly located in the cells positive
for CD133 (EPC marker), CD34 (EC marker), and vimentin
(tumor cell marker) expression (Figures 3¢ and S18), which
was in line with our in vitro results (Figures 2 and S19).
Simultaneous targeting of multiple cellular components
within the tumor microenvironment has been recently proven
as one of the most potent strategies for tumor-targeted
therapy.'” In this regard, we proposed to produce traceable
biogenic nanovectors for tumor-targeted delivery of thera-
peutic small interference RNA (siRNA) based on combined
QD Ilabeling and siRNA loading of EMPs. As indicated in
Scheme 1, the purified biotinylated MPs were electroporated
with carboxyfluorescein (FAM)-labeled siRNA (siRNAFM)
against vascular endothelial growth factor (VEGF), a critical
growth factor for both melanoma and angiogenic vascular
cells.” The siRNA-loaded biotinylated MPs were then
labeled with SA-QDs to form functionalized MPs. Such
MPs are versatile for bioimaging at different levels, and can
meanwhile deliver the therapeutic siRNA to induce tumor-
targeted inhibition by taking virtue of their selective uptake
by target cells, including tumor and angiogenic vascular cells.
As shown in Figure S20, our results demonstrated that
siRNA™M was efficiently loaded into EMPs in a concentra-
tion-dependent manner. The flow cytometry analysis (Fig-
ure S21) and fluorescence microscopy observation (Fig-
ure S22) further verified the high co-localization efficiency
of siRNA™M and QD-labeled EMPs. Moreover, the encap-
sulated siRNA™M within QD-labeled EMPs exhibited no
significant change over 48 h (Figure S23), which suggests the
favorable stability of siRNA-loaded EMPs. Then, we con-
firmed that the VEGF-siRNA was efficiently delivered into
A2058 cells and EPCs through cellular internalization of the
siRNA-loaded EMPs, as demonstrated by the intracellular
co-localization of FAM with QD signals (Figures 4a and S24,
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Figure 4. EMP-mediated siRNA delivery in vitro. a) Fluorescence
images of A2058 cells after incubation with free VEGF-siRNA or VEGF-
siRNA loaded in QD-labeled EMPs (siRNA/EMPs). b) Proliferation of
A2058 cells after indicated treatments. c) Apoptosis of A2058 cells
after indicated treatments. d) The expression levels of apoptosis-
related proteins in A2058 cells after indicated treatments. **, P<0.01
versus the control group.

white arrows). The results further demonstrated that, after
incubation with VEGF-siRNA-loaded EMPs but not free
VEGF-siRNA, the mRNA expression and protein secretion
levels of VEGF and several other related factors in A2058
cells (Figure S25) and EPCs (Figure S26) were significantly
down-regulated, thereby suggesting favorable gene-silencing
efficiency. Our results also showed that VEGF-siRNA-loaded
EMPs exhibited proliferation inhibition (Figures 4b and S27)
and apoptosis induction (Figures4c and S28) effects on
A2058 cells and EPCs, which correlated with the altered
expression of apoptosis-related proteins (Figures4d and
S29).

After verification of the great potential of EMPs in
therapeutic siRNA delivery in vitro, we then evaluated their
invivo efficiency. As shown in Figure Sa, intratumoral
injection with VEGF-siRNA-loaded EMPs reduced the
growth of A2058 xenografts when compared with the free
VEGF-siRNA and control groups, and no obvious toxicity
was observed (Figure S30). Consistently, the expression levels
of cytoplasmic VEGF and nuclear Ki-67 were down-regulated

Control VEGF-siRNA/EMPs

a) 1500-

VEGF-siRNA/EMPs C)
','," & T

1000-

500-

Tumor volume (mm?)

Figure 5. VEGF-siRNA-loaded EMPs exhibited tumor-inhibitory effects
in vivo. a) The volume of A2058 xenografts after treatment with vehicle
control, free VEGF-siRNA or VEGF-siRNA-loaded EMPs. *, P<0.05
versus the control group. b) The expression of VEGF and proliferation
marker Ki-67 in A2058 tumors evaluated by immunohistochemistry.

c) The microvessels and apoptotic cells determined by CD34-immuno-
fluorescence and in situ TUNEL assay.
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in the tumor tissues injected with VEGF-siRNA-loaded
EMPs (Figure 5b), correlating with the decrease in CD34-
positive microvessels and increase in apoptotic cells (Fig-
ure 5c). All the above results suggested that biogenic EMPs
could be applied as tumor-targeted vectors for therapeutic
siRNA delivery by utilizing their inherent ability in cell
targeting and biomolecule conveying.

In summary, our present study proposed the first bio-
friendly and reliable strategy for labeling and functionalizing
cell-derived MPs, which exhibits a number of unprecedented
advantages. Based on our proposed donor-cell-assisted mem-
brane biotinylation strategy, QD-labeled MPs were obtained
in a convenient procedure and with good specificity, high
efficiency, reliable reproducibility, and excellent biocompat-
ibility. This strategy not only conferred the highly valuable
traceability on MPs, but also maximally preserved the natural
properties and functions of MPs. In virtue of the excellent
traceability and biocompatibility, we provided the first direct
evidence that EMPs may greatly contribute to the progression
of malignant melanoma through their dual uptake by tumor
and angiogenic vascular cells. More importantly, by further
integration of biofriendly QD labeling and efficient siRNA
encapsulation, the biogenic MPs were successfully trans-
formed from natural intercellular communicators to function-
alized nanovectors for combined bioimaging and tumor-
targeted therapy. This study may potentially revolutionize the
field with regard to the investigation and application of cell-
derived MPs, and meanwhile open new avenues for generat-
ing multifunctional nanovectors.
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