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ABSTRACT: As nanoscale extracellular vesicles secreted by cells, L-GR0s _DGQDs

small extracellular vesicles (sEVs) have enormous potential as safe Small Extracellular Vesicles
and effective vehicles to deliver drugs into lesion locations. Despite

promising advances with sEV-based drug delivery systems, there )

are still challenges to drug loading into sEVs, which hinder the ‘=7 ,

clinical applications of sEVs. Herein, we report an exogenous drug- '

agnostic chiral graphene quantum dots (GQDs) sEV-loading

platform, based on chirality matching with the sEV lipid bilayer. 7

Both hydrophobic and hydrophilic chemical and biological drugs '
can be functionalized or adsorbed onto GQDs by z—7 stacking ~
and van der Waals interactions. By tuning the ligands and GQD “
size to optimize its chirality, we demonstrate drug loading

efficiency of 66.3% and 64.1% for doxorubicin and siRNA, which

is significantly higher than other reported sEV loading techniques.
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that are enclosed by a membrane and actively secreted
by nearly all types of cells. They are present in various
human body fluids, such as blood, urine, saliva, and ascites.
Small extracellular vesicles (sEVs), which refer to EVs with a
diameter of less than 200 nm, are among the most extensively
studied types of EVs due to their crucial roles in numerous
physiological and pathological processes." These vesicles are
known to transport bioactive components, including nucleic
acids and proteins, from donor cells to recipient cells, enabling
intercellular communication. Recently, sEVs have been
extensively explored as drug delivery vehicles due to their
biological and functional characteristics such as low immuno-
genicity, long circulation time, nontoxicity, optimal biocompat-
ibility, strong tissue penetration, enhanced targeting effect, and
ability to cross the blood—brain barrier.” However, production
and clinical applications of sEV-based drug delivery vehicles
remain elusive due to drug loading challenges. sEV drug
loading efficiencies of the available approaches are relatively
low.>* Most of these approaches potentially result in lipid
damage, protein denaturation, and precipitation of nucleic
acids.” Thus, efficient loading of various exogenous therapeu-
tics into sEVs is gaining increasing recognition.6
Endogenous drug loading involves specific cell cultures or
transfected/programmed cell cultures that secret drug-loaded
sEVs.” It does not require any auxiliary loading apparatus and

E xtracellular vesicles (EVs) are a diverse group of vesicles
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is hence quite simple. However, it cannot be used for chemical
drugs, and the yield of secreted sEVs with biologics is generally
low (<30%)” due to the myriad of intracellular sEV biogenesis
and molecular sorting mechanisms. Active exogenous drug
loading methods such as sonication, electroporation, extrusion,
surfactant (saponin) permeabilization, liposome fusion, and
freeze—thaw cycles aim to incorporate the drugs after sEV
harvesting and isolation.” As these active methods involve
disruption of the sEV bilayer, they can also lead to sEV lysis or
fusion. Hence, the size distribution, function, zeta potential,
and drug capacity of the cargo-loaded sEVs are sensitive to the
loading procedures.” The most popular electroporation and
sonication methods'® can also damage the loaded cargos,
leading to lipid degradation, protein denaturation, and nucleic
acid precipitation due to acoustophoretic and electrophoretic
effects and their related dipolar force fields at the single-

11,12
molecule level.”
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Figure 1. (a) The principle of chiral graphene quantum dots (GQDs)-enhanced drug loading into small extracellular vesicles (sEVs). (b)
Transmission electron microscope (TEM) images of isolated sEVs by an asymmetric nanopore membrane (ANM). (c) Characterization of p-
Cys-GQDs by transmission electron microscope (TEM), measured after 1 week of sample preparation, and TEM images of R-, L-, and p-Cys-
GQDs are displayed in Figures Sla. (d) Atomic force microscopy (AFM) and (e) circular dichroism (CD). (f) Permeation of chiral GQDs
(blue) into sEVs was evaluated by confocal microscope at room temperature. The samples were prepared by incubating 7.5 gM achiral or
chiral GQDs with 3T3 sEVs (1.0 X 10° particles/mL) and then washing with PBS (4 °C) for four times under the support of a 100 kDa
centrifuge tube. (g) Confocal images of PHK26-labeled sEVs (red) were taken after being treated with p-Cys-GQDs (blue). (h) Permeation
efficiency was quantified by counts of GQD-loaded sEVs (blue) over the total counts of sEVs. (i) Size distribution and particle number of
GQD-loaded sEVs were measured with nanoparticle tracking analysis (NTA).

Passive exogenous loading by incubation of drugs and
extracted sEVs'’ is the least disruptive loading technology
among the currently available methods. It is also the most
scalable to large-volume production relevant to clinical
translations and applications.l4 However, with just diffusion
across the lipid bilayer as the only loading mechanism, passive
incubation can only be applied to soluble drugs with lipophilic
moieties.”> Consequently, small interfering RNA (siRNA)
cargoes are often conjugated with hydrophobic molecules to
facilitate this transport. However, other than their potential
toxic effects, such moieties often prevent luminal drug loading
with the drug either adhering to the sEV or intercalated at its

bilayer.ls"6 Without the conjugation of hydrophobic moieties,

passive loading efficiency of soluble drugs is typically lower
than 10%.'7"®

Clearly, an easily optimized high-efficiency passive drug
loading carrier that can adhere to the sEV bilayer but also
permeate into the sEV luminal interior would be ideal. Due to
their favorable hydrophobic and van der Waals interactions
with lipid bilayer, graphene nanosheets have been suggested as
a viable drug carrier that allows intercalation with the sEV lipid
bilayer.'” The delocalized electron of the graphene allows easy
adsorption of hydrophobic drugs, and hydrophilic drugs can be
functionalized directly onto the graphene. However, graphene
drug carriers are often encapsulated within the bilayer without
transit into the interior. In a recent study,””*" we discovered a
potential mechanism that allows this final transit into the
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interior of the sEVs: chiral interaction between the graphene
sheets and the lipid molecules.

As chirality is hard-wired into every biological system,””
chirality of nanoparticles (NPs) plays a key role in their
biomedical applications involving biological events, such as cell
uptake, immune response, and tissue transport.23 It was
demonstrated that NPs coordinated with p-chirality displayed
3-fold higher permeability through cell membrane penetration
in breast, cervical, and multiple myeloma cancer cells than
those with r-chirality.”* These p-formed NPs exhibited
superior stability and longer biological half-lives in vivo.”®
Graphene quantum dots (GQDs), as single-layered graphene
nanosheets, have widely been used in biomedical applications
due to its low cytotoxicity and high biocompatibility,”® optical
properties,”” and precisely controlled physical and chemical
properties.”® Most importantly, GQDs displayed superior
passive transport properties” through cellular lipid membranes
due to their two-dimensional (2D) morphology,” chemical
structure,”’ and nanoscale dimensions.”® In particular, GQDs
with right-handed chirality (p-GQDs) derived from Dp-cystine™’
were previously reported to permeate phosphatidylcholine
(POPC) lipid bilayers more efﬁcientlzr compared to the ones
with left-handed chirality (:-GQDs).”" In addition, GQDs are
capable of carrying a wide range of drugs with a high efficiency
(>90%), and these drugs carried by GQDs with arbitrary
charge can be hydrophobic or hydrophilic, biological or
chemical via pi stacking and van der Waals interactions.”**
Therefore, a chiral GQD with right handedness is a potential
tool to efficiently load drugs/genes into sEVs by passive
transport through the sEV lipid bilayers that are similar to the
membranes of the parent cells.’***

In this work, we investigated the permeability of chiral
GQDs into sEVs through a lipid membrane and their ability of
passive drug loading in sEVs (Figure la). We found that D-
GQDs derived from D-cysteine have a stronger tendency (52.4
+ 8.2% of permeation efficiency) to permeate into sEVs than
pristine GQDs and 1-GQDs, and the permeability of p-GQDs
could further be improved to 85% after optimization. Taking
advantage of chiral interactions between chiral NPs and
biological lipid membranes, and the synergistic effect of the
physical surface of chiral GQDs, we successfully loaded a
hydrophobic chemotherapy drug—doxorubicin (Dox)—and a
large biological drug—siRNAs—into sEVs. Dox/siRNA-
loaded sEVs exhibited effective killing of cancer cells, with
significant knock-down of the targeted gene and the inhibited
expression of relative protein levels, respectively. Our work
indicated that passive drug loading into sEVs enhanced by
chiral GQDs is hence the most robust (drug-agnostic) and
scalable loading method that requires minimal tuning.
Therefore, our developed chiral GQD enhanced drug loading
technology provides a promising platform for loading
therapeutic sEVs for future clinical translation.

RESULTS AND DISCUSSION

Investigation of Chiral GQD Permeation into sEVs. To
investigate the permeation efficiency of chiral GQDs into sEVs
(Figure 1ab), we first synthesized chiral GQDs derived by
surface modification with r- and D-cysteine (1- and p-Cys-
GQDs) using a previously reported method.”” The structures
of derived 1- and Dp-Cys-GQDs were confirmed by the
combination of spectroscopy and microscopy. Transmission
electron microscope (TEM) images showed that 1- and p-Cys-
GQDs have a size distribution of 3.0—9.4 nm (Figure 1c and

Figure Sla). Atomic force microscopy (AFM) images (Figure
1d) confirmed the size range of r- and p-Cys-GQDs in TEM.
The thickness of L- and p-Cys-GQDs was within 2 nm, verified
by AFM (Figure 1d), which corresponded to a single layer of
chiral GQDs with enhanced height from helical buckling
(twisting) of the pristine GQDs (~1 nm).*>*° - and p-Cys-
GQDs showed positive and negative peaks at 236 nm,
respectively (Figure le) in circular dichroism (CD) spectra.
These chiroptical bands and g-factor (Figure S1b) of chiral
GQDs showed opposite signs depending on the level of right-
and left-handed twists of the 2D nanosheets, respectively,
matching the chirality of L- and p-cysteine used for conjugation
to the GQDs.”” Cloud peaks at 264 nm indicated covalent
bonding of cysteines on the edge of GQDs,”” whereas the as-
synthesized GQDs and R-Cys-GQDs (i.e., made with a
racemic mixture of - and D-cysteine) displayed no chiroptical
activity in CD spectra (Figure Slc), either a high-energy peak
at 220—250 nm or a low-energy peak at 250—300 nm.
Furthermore, the UV—vis spectra (Figure S1d) of the chiral
GQDs revealed two distinct absorption bands centered at 270
nm (ascribed to 7—z* transitions in the sp>-hybridized carbon
core) and 375 nm (attributed to the n—z* transitions or
carboxyl groups). It indicated partial relaxation of exciton
confinement compared to pristine GQDs with a peak at 225
nm due to the hybridization of the aromatic system of GQDs
with the atomic orbitals on cysteine moieties.”’ Being excited
by photons with A, = 360 nm, pristine GQDs showed
emission at 480—540 nm, while 1- and p-forms of GQDs
displayed strong emission at S00—550 nm (Figure Sle). The
red shift (~26 nm) after the modification with the amino acids
in the photoluminescent (PL) peaks was caused by charge
transfer between functional groups and the graphene carbon
core of GQDs, which narrowed the band gap.”** The zeta-
potential ({) of as-synthesized GQDs was —21.8 + 4.2 mV
(Figure SIf). After attachment of cysteine moieties, (-
potentials of 1- and p-form chiral GQDs became —3.3 + 2.1
mV and —1.6 + 1.8 mV (Figure SIf), respectively. Such
reduction of surface charge from GQD to L- and p-Cys-GQDs
was consistent with amidation of negatively charged carboxyl
groups (—COOH) at the edges of GQDs while retaining a
substantial degree of ionization. Taken together, the combined
results supported our successful synthesis of chiral GQDs.
Following the synthesis and characterization of - and p-Cys-
GQDs, we investigated the permeation of chiral Cys-GQDs
into sEVs isolated from cell culture media of 3T3 cell lines
(Figure 1b and Figure S2). As-synthesized GQDs and their
chiral derivates (7.5 uM) were incubated with 3T3 sEVs (1.09
x 10° particles/mL) in phosphate-buffered saline (PBS) buffer
(pH 7.4) at room temperature under a static condition. The
permeation of GQDs and their chiral derivatives into sEVs was
examined by confocal imaging based on the innate
fluorescence of GQDs at 480—540 nm. sEVs after incubation
with GQDs were washed with PBS buffer in a 100 kDa
centrifuge tube until the fluorescence intensity of GQDs in the
mixture decreased to a constant (Figure S3). The permeation
of chiral GQDs into sEVs was detected by the accumulation of
innate fluorescence of GQDs (around 525 nm, marked as
blue) in the sEVs using a confocal microscope. Cys-GQDs
with right-handed chirality (p-Cys-GQDs) showed a signifi-
cantly higher density of blue dots (the accumulation of GQDs)
than achiral R-Cys-GQDs and left-handed 1-Cys-GQDs
(Figure 1f) under the same concentration of the sEVs (10°
particles/mL). To verify that the observed fluorescent signal of
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Figure 2. Size effect on permeation of chiral GQDs into sEVs. (a) TEM images and (b) histograms of size distribution of three size ranges of
GQDs. Characterization of chiral GQDs under different size ranges, (c) fluorescent spectra excited at 360 nm, (d) CD spectra, and (e)
permeation efficiency of size-dependent chiral GQDs (15 uM) into sEVs (10° particles/mL, L-G: L-Cys-GQDs and p-G: p-Cys-GQDs).

GQDs was inside sEVs, we labeled sEVs by staining their
membranes using PKH26, which is a red fluorescent lipid
membrane dye. The colocalization of PHK26-labeled sEV
(red) and p-Cys-GQDs (blue) in Figure 1g demonstrated the
permeation and accumulation of p-Cys-GQDs in the sEVs. To
note, some point sources (100—500 nm) in the fluorescent
image were about twice larger than the actual size of the
objects (30—200 nm) due to the diffraction effects and
resolution limitation of the ogtical microscope (180 nm
laterally and 500 nm axially);*” thus they were within the
dimension range of sEVs. The permeation of chiral GQDs into
sEVs was further quantified by fluorometry. The labeled EVs
loaded with D-Cys-GQDs were lysed using 5 uL of RIPA
(radioimmunoprecipitation) buffer. The change of the
fluorescent intensity from the lysate was measured under the
excitation wavelength of 365 nm (GQDs) and S50 nm
(PHK26) (Figure S4a). The greatest fluorescent recovery
(defined as the change in the emission fluorescence intensity
before and after lysis for PHK26: 580 nm and GQDs: 510 nm)
was achieved with p-Cys-GQDs, yielding a 3.6-fold increase of
fluorescent intensity compared to L-Cys-GQDs and a 2.4-fold
increase compared to R-Cys-GQDs, which provided further
evidence for the highest permeation efficiency of p-Cys-GQDs.

In order to quantify the permeation efficiency of GQDs into
sEVs, we developed a counting method based on image
analysis (see Methods) to reflect the loaded sEVs at the single-
SEV level. In short, the permeation efficiency of GQDs in sEVs
was determined by statistically analyzing the total amount of
GQD-loaded sEVs (blue dots larger than 30 nm as a
threshold) over the total counts of sEVs from nanoparticle
tracking analysis (NTA). p-Cys-GQDs exhibited significantly
higher permeating efficiency (52.4 & 8.2%) than R-Cys-GQDs
(13.8 + 4.7%), while .-Cys-GQDs (5.7 & 2.2%) showed very
limited permeation (Figure 1h). Most importantly, the size and
morphology of sEVs retained integrity after the loading
procedure by p-Cys-GQDs based on TEM and NTA results
(Figure S4b and Figure 1i). This result aligned with the
previous findings by molecular dynamics (MD) simulation that
D-Cys-GQDs had a stronger tendency to penetrate the cellular
lipid membrane of mammalian cells than 1-Cys-GQDs.”” This
facilitated transport phenomenon is potentially attributed to
the twist of 2D nanosheets that gives rise to nanoscale chirality
with a single chiral center,*® which, in turn, produces favorable
interactions between chiral GQDs and the chiral lipid
membrane of sEVs.
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Figure 3. Effect of ligand on permeability of chiral GQDs into sEVs. (a) Photographs of the chiral GQDs depending on various ligands
excited by UV light (4,,,, = 365 nm). Characterization of GQDs and their chiral derivatives in (b) fluorescent spectra excited at 360 nm, (c)
CD spectra and (d, e) permeation efficiency of chiral GQDs (7.5 uM) into sEVs (10° particles/mL) imaged by a confocal microscope at

room temperature and quantified by analyzing images.

The Effect of Size on Permeability of Chiral GQDs
into sEVs. The interaction of GQDs with the lipid bilayer
membrane depends on the size of GQDs.”' In particular, small
GQDs (<13.3 nm) are able to enter the lipid bilayers with the
b4 However, larger GQDs tend to deform
the membrane with the formation of hemispherical vesicles
and cause potential damage.“’43 Moreover, the chirality

originated by lattice distortion at the nanoscale is influenced

membrane intact.

by the size of NP lattices** and thus may affect the permeation
efficiency of chiral GQDs in sEVs. Here, we investigated the
effect of - and p-Cys-GQDs (15 uM) with three different sizes
on their permeation into sEVs (1.09 X 10° particles/mL). The
average sizes of the three GQD samples were 5.14, 25.6, and
65.7 nm (Figure 2a,b) in this study. Due to the same tendency
of fluorescence spectra and CD spectra (Figure SSa) of - and
p-Cys-GQDs, p-Cys-GQDs, which has higher permeation
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efficiency, is demonstrated in Figure 2 to show a size effect.
With the size increase of chiral GQDs, a bathochromic shift
was observed in fluorescent emission spectra of p-Cys-GQDs
(excited at 360 nm, Figure 2c). The chirality corresponding to
the nanoscale distortion was observed at a low-energy peak
(250—300 nm) in CD spectra. Smaller p-Cys-GQDs (5.14
nm) exhibited higher chiroptical activities at 250—300 nm than
the larger ones (25.6 and 65.7 nm). This was further confirmed
by the CD peak at 265 nm of smaller p-Cys-GQDs associated
with the Cotton effect (Figure 2d).*> This phenomenon was
potentially due to larger dihedral angles in the twisted
molecular structures of the smaller chiral GQDs according to
the previously reported study.”” In addition, there were more
terminal —COOH groups on larger GQDs, which increased
the probability of anomalous and asymmetric bindings of
cysteines, diminishing the symmetry-breaking perturbation of
chiral edge 1i§ands to electronic states of graphene
nanostructures.”** Following the characterizations of chiral
Cys-GQDs with different sizes, we investigated the permeation
of these - and p-Cys-GQDs into sEVs isolated from 3T3 cell
culture media by an ultracentrifugation method. The largest
chiral GQDs (65.7 nm) showed limited permeation into sEVs
according to the quantification method of permeation
efficiency in the previous section (Figure 2e). This most likely
occurs because the size of the largest GQDs (65.7 nm) was
comparable to the size of sEVs (116 nm, Figure S1). Instead of
passive transport through the membrane, the large GQDs
damaged the lipid membranes of sEVs, confirmed by TEM
images of sEVs (debris of sEVs observed in Figure SSb).
Compared to the smaller p-Cys-GQDs (S5.14 nm) with a
permeation efficiency of 82.7% into sEVs, the ones with a
median size (25.6 nm) had a low permeation efficiency
(16.9%). This is consistent with the size distribution of the
median GQDs, of which 9.4% are below 13.3 nm. The
permeation efficiency of p-Cys-GQDs was 1.5 to 3 times higher
than that of 1-Cys-GQDs for both sizes of 5.14 and 25.6 nm,
indicating the chirality-selective passive diffusion of GQDs
through sEV membranes. Overall, the results suggested that
small p-Cys-GQDs can permeate 3T3 sEV membranes most
efficiently, which can be attributed to the relative size of GQD
to sEV membrane thickness*”*’ and size-associated chirality
generated from distortion of NP lattices.*"*”**

The Effect of Ligand on Permeability of Chiral GQDs
into SEVs. According to our previous study,”’ the chirality of
GQDs can be tuned by ligand types. This is because chiral
ligands with different molecular weight, structures, and charges
can change the dihedral angles of physical twists of nanosheets
and thus generate different chirality at the nanoscale. Here, we
use two alternative ligands, tryptophan and arginine, mainly
because (1) tryptophan is a heavier chiral molecule than
cysteine, which may result in a larger dihedral angle of
nanosheet twist. Moreover, due to the benzene ring in
tryptophan, there are multiple chiral centers generated by
this ligand, which increases the complexity of chirality from
chiral GQDs; (2) on the other hand, arginine, as a positively
charged chiral molecule at pH 7, results in a smaller dihedral
angle than cysteine due to its electrostatic interactions with
carboxyl groups of GQDs, thus having lower chirality at the
nanoscale. To investigate the ligand effect on permeation
efficiencies of chiral GQDs into sEVs, GQDs were function-
alized with another two chiral amino acids, arginine and
tryptophan, by the same coupling reaction for 1- and p-Cys-
GQDs to generate different chiral GQDs (Figure 3a). The

successful conjugations of arginine and tryptophan onto the
edge of GQDs were supported by UV—vis absorption and
fluorescent spectra. Both -, p-Arg-GQDs and 1-, p-Trp-GQDs
had UV—vis absorption peaks at around 270 and 375 nm,
which is similar to Cys-GQDs (Figure S6a). When excited at
360 nm, L/p-Arg-GQDs displayed strong emission at 400—500
nm (Figure 3b). A blue shift (~40 nm) was observed
compared to as-synthesized GQDs in the PL peaks due to the
coupling of an electron-donating side chain that played a role
of chromophore on GQDs. 1- and p-Trp-GQDs showed a
broad range of fluorescent emission compared to Cys-GQDs
and Arg-GQDs with relatively lower intensity under the same
concentration (7.5 uM). This was attributed to the fact that
conjugating the large indole group of tryptophan to GQDs
weakened the optical property (lower intensity of emission),"’
and increasing the size of GQDs changed the band gaps.”” The
chirality of these functionalized GQDs was determined and
analyzed by CD spectra. CD spectra of both 1-, p-Arg-GQDs
and L-, D-Trp-CQDs gave rise to a symmetrical CD signal at
around 240—300 nm. These peaks were different from those of
free arginine and tryptophan near 220 nm, indicating the
successful synthesis of chiral GQDs with chiroptical activity
(Figure 3c,d). The zeta potentials ({) of chiral Arg-GQDs were
+0.5 mV (1) and +0.3 mV (p), and those of Trp-GQDs were
—1.1 mV (1), —0.7 mV (p) (Figure S6b).

We investigated the permeation of chiral GQDs derived
from different chiral ligands (7.5 #M) into sEVs (107 particles/
mL) under the same condition as in the previous section. D-
Trp-GQDs reflected slightly higher permeation efficiency
(15.63 + 4.39%) into sEVs than L-Trp-GQDs (9.79 =+
6.48%). However, Trp-GQDs showed a significant reduction
of permeation efficiency into sEVs compared with p-Cys-
GQDs (Figure 2de). The potential reason is that the
tryptophan with a large aromatic molecular structure (Figure
3a) gave rise to multiple chiral centers’’ and increased the
complicity of chiral interactions of chiral GQDs with lipid
bilayers of sEVs. Meanwhile, Arg-GQDs presented higher
permeation efficiency (1, 31%; b, 29%) (Figure 3e) than Trp-
GQDs; however, there is no selectivity between - and p-Arg-
GQDs. From the CD spectra, the lack of Cotton effect
indicated that the chirality from Arg-GQDs originated from
the surface enhancement of arginine attached on GQDs
noncovalently. This also reflected on the broaden bands
between 275 and 370 nm without cloud peaks with opposite
signs of ligand chirality.”” This is caused by the partial physical
electrostatic absorption of the arginine ligand on the GQDs
due to the charge of amino acids (+) and as-synthesized GQDs
(=). These effects further implicated that nanoscale chirality
originating from the twisting of a 2D nanosheet enhances the
permeability of the biological lipid membrane through selective
chiral interactions. Therefore, with the highest permeation
efficiency due to the nanoscale chirality,”> p-Cys-GQDs were
chosen as the optimum chiral carriers for drug loading into
sEVs in all the subsequent drug loading experiments.

The Effect of Concentration on Permeability of Chiral
GQDs into sEVs. The concentration gradient of NPs across
the lipid membrane is one of the main driving forces for NP
transport through a lipid membrane.>* Therefore, to optimize
the permeation efficiency of chiral GQDs as a drug loading
vehicle, we investigated the permeation efficiency of p-Cys-
GQDs at different concentrations in the range of 0.75—30 uM
in PBS buffer. With an increase in the concentration of the p-
Cys-GQDs, a larger amount of p-Cys-GQDs entered the sEVs,
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Figure 4. Effect of chiral GQD concentrations on their permeation into sEVs. (a) Confocal images of sEVs that were incubated with different
concentrations of p-Cys-GQDs and then washed with PBS (4 °C) for four times under the support of a 100 kDa centrifuge tube. (b)
Fluorescent spectra of p-Cys-GQDs-loaded sEVs excited at 360 nm and (c) statistical analysis of permeation efficiency of p-Cys-GQDs into

sEVs.

indicated by more accumulation of p-Cys-GQDs (blue dots,
Figure 4a) and higher retention fluorescent intensity of p-Cys-
GQDs-loaded sEV solution (Figure 4b). Permeation efficiency
of p-Cys-GQDs into sEVs was enhanced with the increased
concentration in the range of 0.75 to 15 uM. However, the
permeation efficiency of p-Cys-GQDs dropped significantly
when the concentration of p-Cys-GQDs reached up to 30 yuM
(Figure 4b). This is potentially attributed to saturation of p-
Cys-GQDs within the sEVs that eventually resulted in damage
of sEVs at an external p-Cys-GQDs saturation concentration of
30 uM (Figure S7a). Overall, the highest permeation
efficiency, 852 + 10.3% of p-Cys-GQDs, into sEVs was
achieved at a concentration of 15 uM (Figure 4c). All the
subsequent drug loading experiments into sEVs were
conducted at this optimized concentration of p-Cys-GQDs.

p-Cys-GQDs-Enhanced Chemotherapy Drug Loading
into SEVs. After optimizing the permeability of chiral GQDs
into sEVs, we evaluated the loading efficiency of a common
hydrophobic chemotherapy drug, doxorubicin, facilitated by p-
Cys-GQDs. Dox-loaded sEVs as a promising nanomedicine
have shown enhanced therapeutic effects compared to the
commercially available Dox-loaded liposomes.”> However,
loading Dox or other common drugs into sEVs remains
challenging, which hinders their translational applications as
drug delivery carriers.

D-Cys-GQDs can carry Dox molecules via 7—n stacking
between the planar surface (carbon ring) of GQDs and the
anthracene group of Dox molecules.*® This binding can further
be stabilized by electrostatic interaction between negatively
charged surface functional groups, such as carboxylic groups,
and the positively charged amino groups of Dox molecules.””
(see Methods) Such p-Cys-GQDs/Dox complex can permeate
the lipid bilayer of the SEV membrane with high efficiency,
similar to the permeation efficiency of p-Cys-GQDs into sEVs
(Figure Sa). The amount of Dox molecules carried by each p-
Cys-GQD was determined by the quenching efficiency using
the fluorescence resonance energy transfer (FRET) assay
(Figure 5b).°" As the concentration of p-Cys-GQDs increased,
the quenching efficiency of Dox (200 pM) decreased
dramatically. The quenching efficiency of Dox began to
reach a plateau when concentrations of p-Cys-GQDs were
higher than 15 uM (Figure S8a), which confirmed the
attachment of Dox on the surface of p-Cys-GQDs. Based on
the molar concentrations of Dox and p-Cys-GQDs at the
plateau of quenching efficiency, each p-Cys-GQD was able to
carry 14 Dox molecules (Figure S8b). The p-Cys-GQDs/Dox
complex showed absorbance at both featured regions of p-Cys-
GQDs and Dox, which further verified the attachment of Dox
on the surface of p-Cys-GQDs (Figure S8c). Taken together,
the combined results supported the formation of the p-Cys-
GQDs/Dox complex.
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Figure 5. The chemotherapy drug doxorubicin (Dox) was loaded into sEVs by p-Cys-GQDs. (a) Schematic illustration of Dox loading into
sEVs facilitated by p-Cys-GQDs. (b) Characterization of attachment of Dox (200 gM) directly onto the p-Cys-GQDs (7.5—22.5 uM) by
fluorescent spectra (4,,,, = 360 nm) and quenching efficiency. (c) Comparison of p-Cys-GQDs (15 uM) and sonication loading strategies for
Dox (200 uM for both strategies) by a confocal microscope at room temperature. (d) Loading efficiency of Dox into sEVs facilitated by
chiral GQDs. (e) Confocal images of free Dox and sEVs-Dox (loaded at a ratio of p-Cys-GQDs/Dox 15 uM/200 uM) uptake by 3T3 cells in
vitro (scale bars: 10 um) and (f) cell viability assessed using the CCK-8 assay.

We investigated the loading efficiency of the p-Cys-GQDs/
Dox complex into sEVs at the optimized p-Cys-GQD
concentration of 15 uM. For all the drug loading tests, p-
Cys-GQDs/Dox (15 yM/200 M) complexes were incubated
with 3T3 sEVs (1.0 X 10° particles/mL) at room temperature
under a static condition. The incubated solution was then
washed with 1X PBS buffer in a 100 kDa cellulose centrifugal
filter for multiple times to remove excessive D-Cys-GQDs/Dox
complex. The change of the fluorescence intensity of the
incubated solution was monitored at each washing step. The
intensity of fluorescence decreased as the washing steps
increased (Figure S9a—d). The fluorescent intensity of p-Cys-
GQDs/Dox-loaded sEVs decreased moderately and kept the
retention rate of 30.5% (Figure S9e), indicating the strong
interaction between p-Cys-GQDs/Dox and sEVs. In contrast, a
relatively steep decrease and low retention rate were observed
for sEVs loaded by 1-Cys-GQDs/Dox (24.4%), R-Cys-GQDs/
Dox (21.9%), and free-Dox (11.5%) and a sonication
method® (17.5%) (Figure S8e).

Drug loading via chiral GQDs into sEVs was further
examined by confocal fluorescence microscopy by visualizing
the colocalization of chiral GQDs (blue), sEVs (membrane dye

in green), and the Dox (red) (Figure S10a). Due to FRET
effect, all blue signals corresponding to GQDs variants were
quenched by the attachment of Dox and thus showed relatively
low intensity of signal in the confocal images (Figure S10a).
Thus, the permeation of chiral-GQDs/Dox complex results
were analyzed using the Dox channel (red) (Figure Sc and
Figure S10b). Based on the definition of the encapsulation
efficiency in the liposome formulation,”" the drug loading
efficiency of sEVs is defined to be the percentage of active sEVs
that successfully encapsulate drugs (see Methods). Similar to
the permeation efliciency of p-Cys-GQDs into sEVs, the
loading efficiency of p-Cys-GQDs/Dox into sEVs (66.7 =+
9.5%) was significantly higher than that of 1-Cys-GQDs/Dox
(18.3 £ 6.7%). Meanwhile, the loading efficiency of R-Cys-
GQDs/Dox (15.2 + 6.3%) is the lowest among all samples
(Figure Sd). In addition, sEVs loaded with Dox via the
traditional sonication approach were prepared as a control.
The low loading efficiency of traditional sonication (14.5 =+
7.9%) was reflected by a relative low density of Dox signal
(Red) on confocal fluorescence microscopy (Figure Sc). Most
importantly, sEVs retained integrity without significant change
in size after drug loading by p-Cys-GQDs. In contrast, the
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GQDs/siRNA complex into sEVs. (d) Confocal imaging of DU145 cell lines treated with 3T3 sEVs for 48 h (scale bars: 20 um). (e, f) Pygo2
mRNA level (e) and protein level (f) in DU145 cells with the treatment of 3T3 sEVs loaded with p-Cys-GQDs/Pygo2 siRNA at different
density for 48 h. (g, h) Comparison of Pygo2 silencing efficiency after being treated with p-Cys-GQDs/Pygo2 siRNA-loaded 3T3, HepG2, or

plasma sEVs for 48 h through qPCR (g) and Western blot (h).

physical properties of sEVs were altered by sonication
significantly, as shown in TEM and NTA (Figure Sllab).
These results demonstrated that drug loading into sEVs
facilitated by chiral GQDs had significantly high efficiency and
maintained the integrity of sEVs.

To evaluate whether p-Cys-GQDs/Dox-loaded sEVs (sEVs-
Dox) can be taken up by the cells, we treated 3T3 cells with
sEVs-Dox in vitro for 24 h and compared it to the control
group treated with free Dox. The presence of Dox signals (red)
in the confocal images demonstrated that Dox molecules were

delivered successfully into the cells and mainly accumulated in
the nucleus (Figure Se); it is believed that doxorubicin exerts
its effects via intercalation of DNA and the binding to proteins
involved in DNA replication and transcription.”’ Meanwhile,
p-Cys-GQDs (blue) were distributed mostly in the cytosol of
cells, indicating the release of Dox from the p-Cys-GQDs/Dox
complex, which hence does not require another drug release
mechanism. These desirable properties make it possible to
design concise and multifunctional drug delivery and release

. 62
monitoring systems.
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We then analyzed the ability of sEVs-Dox to inhibit cancer
cell proliferation in vitro. Human hepatocellular carcinoma cells
(HepG2) and cervical carcinoma cells (HeLa) were treated
with sEVs-Dox for 24 h, while cells without treatment, those
treated with control sEVs, and p-Cys-GQDs mixed with free
Dox are negative controls. Cell viability of all samples was
measured by the CCK-8 assay. sEVs-Dox inhibited cell
proliferation by 44.2 + 9.2% for HepG2 cells and by 27.4 +
6.5% for HeLa cells, comparable to free Dox (HepG2: 28.3 +
52% and HeLa: 27.7 + 5.0%) (Figure Sf). Significant
inhibition of cell growth was not observed in control samples
treated with sEV and p-Cys-GQDs, indicating low or no
toxicity associated with sEVs or p-Cys-GQDs. Dox-loaded
sEVs by the sonication method were not included in the cell
viability tests due to low yield of loaded sEVs that was caused
by the damage of the physical structure of sEVs by sonication
(Figure Slla)b).

Chiral GQD-Based siRNA Loading in sEVs for Gene
Therapy. siRNA therapeutics are promising treatment for viral
infections, hereditary disorders, and cancers.”> However, it is
still challenging in translational applications due to their poor
intracellular uptake and the limited stability of siRNA in the
bloodstream. When siRNA is administered intravenously, it is
readily digested by nucleases and largely cleared from the
kidney glomeruli before reaching the diseased organs. sEVs
have been invested as nanocarriers for siRNA encapsulation to
overcome this challenge due to the high stability in
circulation® and efficient cellular uptake®® compared with
liposomes. However, the efficacy of siRNA loading in the sEV
is relatively low,” as these nucleotides are relatively large and
cannot diffuse into the sEV spontaneously.”® Moreover,
current methods, such as the usage of transfection reagents
and viral transduction-based strategies, may affect the function
of sEVs, and the pathogenicity and teratogenicity of the viruses
may be preserved and inherited in sEVs, resulting in safety
risks.”” %

Similar to enhanced Dox loading into sEVs through p-Cys-
GQDs, we utilized p-Cys-GQDs to load the siRNA into 3T3
sEVs. The aromatic surface of GQDs can immobilize genomic
substance drugs by 7—7 stacking.”” To demonstrate siRNA
loading, a nucleic acid sequence (GUGCAAUGA-
GGGACCAGUA) labeled with red dye ROX (carboxy-X-
rhodamine) was tested first. The density of the siRNA on the
p-Cys-GQDs surface was determined to be siRNAs per GQD
by the same FRET assay (Figure S12) as the method for Dox.
The optimized condition for loading was the chiral-Cys-
GQDs/siRNA complex (15 uM/30 uM) determined by the
saturation point of siRNA attachment on p-Cys-GQDs for the
following loading investigation. The loading of p-Cys-GQDs/
siRNA in sEVs was confirmed with confocal fluorescence
microscopy by the colocalization signals of the labeled siRNA
(red) and sEV (green, Cellmask green plasma membrane
stain) (Figure 6a). Furthermore, we visualized p-Cys-GQDs/
siRNA complex-loaded sEVs through TEM to confirm the
successful loading. TEM images showed colocalization of p-
Cys-GQDs/siRNA and sEVs with black dots in sight of
individual sEVs compared with the bare ones (Figure 6b). The
loading efficiencies were analyzed using the same method as in
previous sections based on the red signal of siRNA (Figure
S13a). Compared with free siRNA, which rarely entered sEVs,
the loading efficiencies of p-Cys-GQDs/siRNA, R-Cys-GQDs/
siRNA, and 1-Cys-GQDs/siRNA were 64.1 + 16.5%, 17.8 +
7.4%, and 7.1 + 4.2% (Figure 6¢ and Figure S13a). In addition,

the size of siRNA-loaded sEVs remained similar to unloaded
sEVs shown in NTA (Figure S13b). The results demonstrated
that siRNAs were successfully loaded in the sEVs by chiral
GQDs, and the sEVs retained integrity after the loading
procedure.

To determine whether siRNA-loaded sEVs by p-Cys-GQDs
are effective and efficient for cancer treatment, we chose a
recently identified oncogene Pygo2 in prostate cancer as a
target. Pygo2 is a chromatin effector and has been reported to
have overexpression in prostate, ovarian, breast, cervical,
hepatic, lung, intestinal, and brain cancers.”’ We recently
also found that Pygo2 played an essential role in
immunosuppressive tumor microenvironment regulation and
inducing the resistance of prostate cancer to immunotherapy.”'
Therefore, targeting Pygo2 has very good implications in
clinical treatment for many types of cancer. We have
demonstrated the gene knock-down using commercially
available Pygo2 (Pygopus homologue 2) siRNA. Pygo2 has
good efficiency on silencing and has been used for gene
delivery application.”” Meanwhile, DU145 is a widely used
human prostate cancer cell line with a high expression of
Pygo2. Thus, we assessed p-Cys-GQDs/siRNA-loaded sEVs
using a DU14S cell culture in vitro. First, we tested the uptake
of the isolated 3T3 sEVs by the DU14S cell line. A strong
fluorescent signal (blue: GQDs) was observed in the cytoplasm
of DU14S cells incubated with p-Cys-GQDs-loaded (3T3)
sEVs for 48 h (Figure 6d). Efficiencies of gene knock-down by
D-Cys-GQDs/siRNA-loaded sEVs were confirmed with qRT-
PCR and Western blotting. For 3T3 sEVs (100 to 2000 sEVs/
cell), it showed significant reduction of Pygo2 mRNA levels by
45—80% with a mean value of 62% (Figure 6e). The
expression of Pygo2 protein levels in DU14S cells was also
silenced by p-Cys-GQDs/siRNA-loaded (3T3) sEVs by 22—
91%, compared to the control group (Figure 6f). In addition,
D-Cys-GQDs/siRNA induced a dose-dependent decrease for
both mRNA and protein expressions. To reflect loading
reliability of p-Cys-GQDs, sEVs isolated from two other
sources, HepG2 cell culture medium and healthy human
plasma, were tested as controls. Similarly, p-Cys-GQDs/
siRNA-loaded plasma sEVs reduced expression of mRNA by
63.3 + 7.8% (Figure 6g) and expression of protein by 50%
(Figure 6h). HepG2 sEVs showed no obvious reduction of
mRNA and Pygo2 protein, which contributed to the fact that
the sEV uptake capabilities were different depending on the
recipient cell types.”> An overall 60—80% knock-down of the
target gene and higher than 60% inhibition of Pygo2 protein
indicated the efficacy of p-Cys-GQDs/siRNA-loaded sEVs to
the target cells. Overall, D-Cys-GQDs can facilitate loading
genes such as siRNA into sEVs without membrane damage of
sEVs, and the loaded sEVs can successfully mediate silencing
of target genes with high efficiency.

To compare our loading strategy with the other known
method in terms of cytotoxicity and RNA stability, we loaded
siRNA into sEVs by p-Cys-GQDs and a common transfection
reagent, Lipofectamine 2000 (Lipo-2000). First, we tested
cytotoxicity of siRNA-loaded sEVs on HepG2 cells. HepG2
cells were incubated with siRNA-loaded sEVs (10000
particles/cell) for 24 h. The responses of cells to siRNA-
loaded SEVs were monitored by CCK-8 assay (Figure S14a).
siRNA-loaded 3T3-sEVs by b-Cys-GQDs exhibited no
inhibition of cell proliferation (cell viability: >95%), while
siRNA-loaded 3T3-sEVs by Lipo-2000 presented slightly
higher toxicity in HepG2 cells (cell viability: 76%), which
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can potentially be attributed to the fusion of cationic lipids
with sEVs. Moreover, confocal fluorescent images of the sEV
solution (Figure S14b) after transfection of a ROX-labeled
siRNA by Lipo-2000 suggested that the siRNA and Lipo-2000
formed large aggregates that were not able to fuse to the sEV
membrane or enter the sEVs. In contrast, chiral-GQD-assisted
siRNA loading strategy produced excellent dispersion after the
loading and the sEVs retained integrity after siRNA loading by
p-Cys-GQDs (Figure Sl4c). In addition, we tested controls,
including 3T3-sEVs (10 000 particles/cell), Lipo-2000 (1 uL,
unknown concentration, Thermo Fisher Scientific), Lipo-
2000/siRNA (1 uL/20 pmol), p-Cys-GQDs (15 nM), and p-
Cys-GQDs/siRNA (15 nM/30 nM). Bare 3T3-sEVs displayed
no cytotoxicity toward HepG2 cells. Meanwhile, inhibition of
cell growth was not observed in the control samples treated
with p-Cys-GQDs and p-Cys-GQDs/siRNA, indicating low or
no toxicity associated with p-Cys-GQDs and their complex p-
Cys-GQDs/siRNA. Lipo-2000 and Lipo-2000-encapsulated
siRNA showed a slight toxicity in HepG2 cells (cell viability:
60—70%), which is due to the side effect of cationic lipid on
caspase activation dependent signaling pathway and mitochon-
drial dysfunction.”* siRNA stability was evaluated by the
Bioanalyzer system (Figure S14d), which is a tool commonly
used to assess the quality of RNA samples. It uses microfluidic
electrophoresis to separate RNA molecules based on size and
generate a digital electropherogram that provides valuable
information on the quality of RNA samples before downstream
applications.” The siRNA loading strategies using chiral GQD
exhibited a consistent size distribution of siRNA (Pygo2) that
is comparable to the siRNA control group, as well as the
traditional transfection reagent. Overall, the chiral-GQD-
assisted loading strategy exhibited lower cell toxicity and
similar RNA stability than the common transfection agent
loading method.

CONCLUSION

In summary, we have developed an exogenous drug-agnostic
chiral GQDs sEV-loaded platform, based on chirality matching
with the sEV lipid bilayer. Both hydrophobic and hydrophilic
chemical and biological drugs can be functionalized or
adsorbed onto GQDs by n—r stacking and van der Waals
interactions. By tuning the ligands and GQD size to optimize
its chirality, we demonstrate significantly higher drug loading
efficiency for Dox and siRNA into sEVs by p-Cys-GQDs at an
optimal concentration, compared to other reported SEV
loading techniques.'® The drug-loaded sEVs by p-Cys-GQDs
are shown to be effective in killing cancer cells, the knock-
down of the target gene, and the inhibition of mRNA and
relative protein expression levels. Thus, chiral-GQD-enhanced
drug loading is a promising generic and scalable drug loading
technique that can enable high-throughput production of
therapeutic sEVs for clinical applications.

METHODS AND EXPERIMENTAL SECTION

Isolation and Characterization of sEVs. The Hep-G2 and 3T3
cells were purchased from the American Type Culture Collection
(ATCC) and propagated in minimum essential medium (MEM,
Corning Incorporated, Corning, NY, USA) supplemented with 10%
fetal bovine serum (FBS) (sEV-depleted) and antibiotics. All cells
were maintained in 5% CO, at 37 °C, and the cell culture medium
(CM) was collected for 24 h. Then, the CM was centrifuged at S00g
for 10 min, 2000g for 10 min, and 12000g for 30 min to remove cells
and cell debris. The supernatants were pelleted by ultracentrifugation

at 100000g for 80 min. However, we found the yield of
ultracentrifugation to be too low to produce sufficient sEVs for
loading, to the extent that pellets were not found for some cell media
samples. Instead, we adopted an ultrafiltration method based on our
earlier work. The nanopores of ion-track membranes are etched into
conic pores’® to allow high-throughput isolation, enrichment, and
purification with minimum loss of the sEVs.”””® The data reported
are mostly from this asymmetric nanopore membrane (ANM)
ultrafiltration technique (Aopia Biosciences, USA) with a flow rate
of 20 mL/h. A typical NTA characterization of ANM-filtered sEVs is
seen in Figure S1b in the Supporting Information. sEVs were
dissolved with PBS buffer and stored at —80 °C until use.

sEV markers CD63 [1:1000; Cell Signaling Technology (CST),
USA] and Alix (1:1000; Abcam, UK) and the ER marker calnexin
(1:1000; Abcam, UK) were detected by Western blotting. The size
distribution and zeta potential of N-Ex were measured by the
NanoSight LM10 system (NTA, UK). The PDI of N-Ex was tested by
dynamic light scattering (DLS, Malvern Instruments, UK).

Nanoparticle tracking analysis measurements were performed with
a NanoSight NS300 (NanoSight Ltd., UK) using purified sEVs (100
uL in 1 mL of PBS buffer). The mean sEV size distribution (modal
hydrodynamic diameter in nm) and sEV concentration (number of
EVs enriched from 1 mL of sample in particles/mL) were captured
and analyzed with the NTA 3.3 analytical software suite. All
procedures were performed at room temperature.

The morphology of sEVs was identified by TEM (JEOL 2011) and
AFM (Park XE7, Korea). Its structure was further characterized by
electron microscopy (EM). Purified sEVs were resuspended in PBS
and fixed with 2% paraformaldehyde for 30 min at room temperature.
Eight microliters of mixture was then dropped onto EM grids that had
been pretreated with UV light to reduce static electricity. After drying
for 30 min, sEVs were stained twice (6 min each) with 1% uranyl
acetate. The dried grids were examined using an HT7700 (JEOL
2011) transmission electron microscope at 120 kV.

GQD and Chiral GQD Synthesis. The carbon nanofibers (100
nm), r- and bD-cysteine, sulfuric acid, nitric acid, N-(3-
(dimethylamino)propyl)-N’-ethylcarbodiimide hydrochloride (EDC,
191.7 g/mol), and N-hydroxysulfosuccinimide sodium salt (Sulfo-
NHS, 217.13 g/mol) were purchased from Sigma-Aldrich. The GQDs
were synthesized by a modified protocol from our previous
report.”””® Briefly, 0.4 g of carbon nanofibers was dispersed into a
40 mL mixture of sulfuric acid and nitric acid (3:1, v/v) and sonicated
for 2 h. The mixture was mechanically stirred for 6 h at room
temperature followed by being heated to 120 °C to continuously react
for 10 h. After the reaction, the mixture solution was cooled and
diluted with ice DI water, and the pH adjusted to 8 by adding sodium
hydroxide. Then, the GQDs was purified with 3 days’ dialysis, and the
final concentration of GQDs was 1 mg/mL. In order to impart
chirality to the GQDs, the carboxylic group of GQDs was connected
with the amine group of r-(or D-)cysteine by the EDC/NHS
method.**® Briefly, a solution of EDC (20 uL, 100 mM) was added
into 2 mL of GQD (100 uM) solution. After 10 min of stirring, 40 L
of Sulfo-NHS (100 mM) was added to the solution, and it was
sonicated for 40 min under an ice—water bath.®’ The resulting
mixture was treated by a 1 kDa centrifuge tube and rinsed three times
to remove excess EDC and Sulfo-NHS. Finally, 40 uL of r- (or p-)
cysteine (100 mM) was added into the GQD-NHS ester, and the
mixture was stirred for 2 h. The surplus 1- and p-forms of cysteine
were removed by a dialysis membrane (1 kDa, Fisher Scientific). The
density of the cystine molecules on GQDs was determined to be 2.6
using a colorimetric-based assay®” in Figure S15 and validating with
the absorbance of chiral GQDs in Figure S1f at 375 nm. Relatively
large size GQDs were obtained with average size tunable by reaction
time.**> After 2 h of reaction under the same condition (sulfuric acid
and nitric acid were 3:1 in v/v), the size of GQDs was found to be
around 3—90 nm (mean value: SO nm). The solution was separated
and cut off by using two sizes of nanoporous membrane (18 and S0
nm). The small-size GQDs (<18 nm) in this bench was discarded.
The middle size (18—50 nm) and large size (S0—90 nm) in this
bench were collected, and then they were modified with r- and p-
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cysteine using the same EDC/NHS method. The size was
characterized by TEM (Figure 2).

The chiroptical activity of the dispersions was measured by CD
spectroscopy (J-1700, JASCO), and the chemical reaction progress
was monitored by FT-IR spectroscopy (FT/IR-6300, Jasco) and
Raman spectroscopy (NRS-5100, Jasco). The absorbance of chiral
GQDs was analyzed by UV/vis spectroscopy (Agilent, 89090A). The
fluorescence property of chiral GQDs was characterized by an Infinite
M1000 plate reader (Tecan Group). The morphology of chiral GQDs
was observed by TEM (JEOL 2011). Their surface potential was
analyzed by a Zetasizer (Malvern Instruments, Nano ZS).

Cell Cultures and Viability Assays. 3T3 and hepatocellular
carcinoma human cells (HepG2) (ATCC, VA) were maintained with
Eagle’s minimum essential medium (EMEM) supplemented with 10%
FBS and 1% penicillin—streptomycin (ATCC) in a humidified
incubator (MCO-1SAC, Sanyo) at 37 °C in which the CO, level
was maintained at 5% before seeding. All of the medium was filtered
using a 0.22 p SteriCup filter assembly (Millipore, USA) and stored at
4 °C for no longer than 2 weeks. For cells incubated with the siRNA-
sEVs, and control sEVs, the cells were cultured overnight to allow
attachment in a 96-well plate and confocal dishes, washed with FBS-
free EMEM, and then incubated with sEV analytes at 37 °C for 1 h in
FBS-free medium. After incubation with difference windows, the cells
were washed repeatedly with sterilized PBS and maintained in culture
medium before further analysis.

Cell viability was assessed using a Cell Counting Kit-8 (CCK-8
assay, Enzo). In brief, 3T3 and HepG2 cells were seeded into a 96-
well flat culture plate (Corning). After being cultured overnight, the
cells were washed with FBS-free EMEM and incubated with a specific
concentration of sEV and sEVs in FBS-free medium at 37 °C for 12,
24, 36, and 48 h. The cells were then washed three times with
sterilized PBS and incubated overnight with fresh medium containing
10% FBS. The cells were then washed with PBS and FBS-free EMEM
(500 mL) before adding assay reagent. After incubation for 20 min at
37 °C, the cell proliferation and cytotoxicity were measured by
absorbance at 460 nm. The background was measured by 3T3 and
HepG2 cells cultured in FBS-free EMEM only.

Loading Therapeutic Cargo. To load the sEVs with Dox, 150
UL of purified sEVs and 50 yL of complex (40 M p-Cys-GQDs: 560
UM Dox) were gently mixed at 4 °C, and the mixture was incubated at
room temperature for 20 min to ensure the full permeation. To load
the sEVs with siRNA, 150 uL of purified sEVs and 50 uL of complex
(40 uM D-Cys-GQDs and 80 uM siRNA) were gently mixed at 4 °C,
and the mixture was incubated at 37 °C for 20 min to ensure the full
permeation. Recovery was assessed by analysis of confocal images as
described above. sEVs were then washed with PBS (4 °C) four times
under the support of a 100 kDa centrifuge tube to remove
unincorporated free p-Cys-GQDs/siRNA. The sEVs loaded with
siRNA were quantified for the encapsulated genomic drug by
detecting the intrinsic fluorescence of labeled siRNA using the
Infinite M1000 plate reader (Tecan Group) at 608 nm with excitation
at 588 nm and image analysis of the confocal microscope under
excitation at 561 nm.

Determination of the Permeation Efficiency of Chiral GQDs.
The permeation efficiency of GQDs in sEVs was indirectly
determined by statistically analyzing the count of blue-fluorescent
lit-up sEVs (caused by permeation) under confocal microscopy over
the total concentration of sEV after loading. In brief, 5 uL of loaded
sEV sample was fully covered with 18 mm X 18 mm cover glasses
(Corning, square, No. 1) and scanned under a 100X objective with a
normal field size of 150 ym X 150 um. Four Z-stacks of images were
captured through random domains. Each Z-stack contained around
20—30 images from presenting to disappearing fluorescent dots with a
step size of 0.125 pum. Then, captured images were analyzed using
Image]. The total fluorescent sEV particles (TFEPs) were counted by
settings with manually adjusted thresholds and matching the size of
sEVs. Colocalized fluorescent sEV particles (CFEPs) of Z-stack
images were counted based on centers of mass-particle coincidence by
using the JACOPx Plugin. The permeation efficiency into sEVs was
calculated using the following formula:

Permeation efficiency (%)
_ 2 (TFEPs — CFEPs)
a 4 X TEPs

150 pm X 150 um SuL

18 mm X 18 mm 1
X

X 100

where TECs is the total SEV concentration (particles/mL) that is
measured by NTA.

Determination of Loading Efficiency of Drug in sEVs. While
the success of the drug loading procedure was mostly reported in the
form of loading efficiency (the percentage of total available drug that
has been encapsulated within EVs) or loading capacity (the amount of
drug loaded per mass of particles),** it is only applicable for reflecting
the concentration of active drugs and cannot realistically be applied
for defining reproducible protocols of the exogenous loading of
sEVs." By taking the encapsulation efficiency of the liposome
formulation,”’ loading efficiency for sEVs, which measures the
percentage of active sEVs that successfully encapsulate drugs, was
used in the design of sEV-based drug delivery systems. The same as
the GQDs’ permeation, the loading efficiency of Dox and siRNA in
sEVs was indirectly determined by statistically analyzing the count of
red fluorescent lit-up sEVs (caused by loading) under confocal
microscopy over the total concentration of sEVs after loading. The
loading efficiency into sEVs was calculated using the following
formula:

Loading efficiency (%)
_ X (TFEPs - CFEPs)
- 4 X TEPs

18 mm X 18 mm 1
X

150 pm X 150 pm SuL

X 100

where TECs is the total sEV concentration (particles/mL) that is
measured by NTA.

Western Blot. 3T3 cell derived sEVs were added to 1x RIPA
buffer (Cell Signaling) to lysate, and samples were separated by SDS-
PAGE. The separated proteins were transferred to a nitrocellulose
membrane (Biorad) and treated with anti-CD9 antibody, anti-CD63
antibody, anti-CD81 antibody, anti-CD9 antibody (EXOAB-KIT-1,
SBI), and anti-f-actin antibody (Santa Cruz Biotechnology). A
secondary anti-rabbit antibody labeled with horseradish peroxidase
(SBI) and anti-mouse HPR-linked antibody (Cell Signaling) were
used, and immunoreactive species were detected by a Clarity Max
Western ECL Substrate (Biorad).

Stability Test of siRNA. For conventional loading of siRNA into
sEV, siRNA and chemical transfection reagent (Lipofectamine-2000,
ThermoFisher) were mixed with a 2:1 ratio followed by incubation
for 15 min at room temperature. Then an sEV suspension was added
to the siRNA—Lipofectamine complex and incubated at 37 °C for 20
min. sEVs were then washed with PBS four times with the 100 kDa
centrifuge tube to remove the free siRNA—Lipofectamine complex. A
bioanalyzer (2100 Bioanalyzer System, Agilent) was used to measure
the size of siRNA before and after loading into EVs.
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