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ABSTRACT

Hepatic carcinoma (HC) is the sixth most frequently occurring malignancies and the third leading cause of cancer death
worldwide. Sepantronium bromide (YM155) is a small molecule inhibitor of survivin, which has broad-spectrum anticancer
therapeutic effects in various xenograft models. However, several-day continuous infusion is required to achieve greater anti-
tumor efficacy because of rapid elimination from the blood circulation. Herein, a SMMC-7721 cancerous cyto-membrane-cloaked
drug delivery system (DDS) (named as iM7721@GQD-YM), was developed for co-encapsulation of YM155 and graphene
quantum dots (GQDs). Cytomembrane coating endowed iM7721@GQD-YM with effective targeting for homologous HC cells,
excellent biocompatibility and favorable immunocompatibility for in vivo application. Surface decoration of iRGD peptide further
enhanced its tumor targeting activity by iRGD-integrin recognition. In addition, under the irradiation of near-infrared ray (NIR),
GQDs can directly kill tumors through photothermal effect and cause cell membrane rupture, accurately releasing YM155 at
tumor sites. The physicochemical properties, in vivo and ex vivo anti-tumor efficacy, and mechanisms of iIM7721@GQD-YM
nanoparticles (NPs) were systematically investigated in this work. The experimental results clearly indicate that the versatile
biomimetic DDS holds great potential for the treatment of HC, which merits further investigation in both pre-clinical and clinical
studies.
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rending it an ideal potential target for cancer therapy [8]. During
the development and progression of HC, elevated expression of
survivin inhibits cancer cell apoptosis, promotes proliferation,
induces tumor stromal angiogenesis, and ultimately affects the
prognosis of patients [9]. And inhibition of survivin could
effectively promote apoptosis, reduce the survival potential of
malignant cells, and enhance their sensitivity to therapeutic agents
[9-11].

Sepantronium bromide (YMI155) is an innovative small
molecule inhibitor that acts directly on the survivin promoter
region, thereby effectively inhibiting its expression at the protein
level [12]. Pre-clinical studies have shown that YM155 has a broad-

1 Introduction

Hepatic carcinoma (HC) is the sixth-most frequently occurring
malignancies worldwide, with approximately 906,000 new cases in
2020 [1]. China has the greatest number of cases, which is
attributable to both an elevated morbidity (18.3 per 100,000) and
the world’s largest population [2]. Although surgical resection
remains the most effective treatment, more than 80% of HC
patients have entered the advanced stage at the time of diagnosis
and lost the opportunity for surgery [3,4]. Despite significant
improvements in the prevention and treatment in the last decades,
HC remains the third-most leading cause of cancer death
according to the latest statistic report [1, 5]. Therefore, finding safe

and effective therapeutic methods is urgently needed.

Survivin is an important member of the inhibitor of apoptosis
(IAP) family, which is required for fetal development but later
become absent in terminally differentiated tissues such as adult
liver, spleen, kidney, and other visceral organs [6,7]. However,
many studies have shown that survivin is significantly
overexpressed and plays vital roles in a variety of malignancies,

spectrum anticancer therapeutic efficacy in various xenograft
models [13,14]. However, as YMI155 shows time-dependent
activity and is rapidly eliminated from the blood circulation,
greater anti-tumor efficacy should be obtained by several-day
continuous infusion for achieving therapeutic concentrations in
the tumor site, the method is inconvenient for both patients and
healthcare professionals [15]. Thus, formulating YM155 in a
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suitable drug delivery system (DDS) to prolong its circulation time
and provide targeting to tumors would be an effective way for
promoting therapeutic efficacy.

In recent years, a variety of smart nano-sized biomaterials
provide more choices for drug delivery [16-18]. However, clinical
application of a great many DDSs is still significantly restricted
because of limited tumor targeting, premature drug leakage, and
nanomaterials’ prone to be engulfed by macrophages due to weak
immunocompatibility, etc. [19-22]. To overcome these
weaknesses, the biomimetic strategy with utilization of natural cell
membrane camouflage technology has been widely employed in
nano-drug preparations for tumor diagnosis and treatment
[23-26]. Numerous studies have shown that adhesion molecules
expressed on cancer cell membrane (CCM) can navigate and
anchor cancer cells through receptor-ligand binding [27,28].
Besides, CCM-camouflage endowing nanoparticles (NPs) with
immunomodulatory self-markers, could enhance their anti-
phagocytic abilities and prolong their in vivo circulation time [29].
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To this regard, among various cytomembranes, CCM attracts our
attention. We hypothesize that applying homotypic CCM as cloak
could endow nanocarrier with excellent homotypic targeting
ability and remarkable immunocompatibility, resulting in
prominent tumor suppressing activity [30, 31].

In this study, we designed an HC membrane cloaked DDS for
delivering YM155 to homotypic cancerous cells. In order for
further improving its targeting ability, iRGD, which is a tumor-
targeting transmembrane peptide and can be closely combined
with the highly expressed av3/B5 integrin on malignant cells, was
modified on surface of the biomimetic DDS. Besides, a self-
synthesized graphene quantum dot (GQD), which can effectively
convert near-infrared ray (NIR) irradiation into heat energy, was
co-encapsulated to generate the effect of photothermal therapy
(PTT), directly inducing tumor cell apoptosis by thermal ablation
[32,33]. Moreover, YM155 can be effectively released due to
membrane disturbance caused by the photothermal effect of
GQDs, further improving the anti-tumor effects (Fig. 1).

YM155 GQD iRGD-DSPE-PEG

iRGD-M7721
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Figure 1 Schematic illustration of homotypic cell membrane-cloaked biomimetic nanocarrier for synergistic anti-tumor therapy against HC. (1) Effective tumor
accumulation by homologous cell membrane recognition/iRGD-mediated synergistic targeting. (2) Under NIR radiation, GQD can directly kill tumors through
photothermal therapy, and cause cell membrane rupture, accurately releasing YM155 at tumor sites. (3) Released YM155 promotes the apoptosis of tumor cells.
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2 Results and discussion

2.1 Preparation and characterization of GQDs

GQD with NIR response was synthesized by one-step
hydrothermal molecular fusion method (Fig.S1(a) in the
Electronic Supplementary Material (ESM)). Transmission electron
microscopy (TEM) images (Fig. S1(b) in the ESM) illustrate that
GQDs had high dispersion in an aqueous solution with an average
particle size of approximately 5.5 + 1.4 nm. X-ray diffraction
(XRD), Raman, Fourier transform infrared (FTIR) spectrometer,
and X-ray photoelectron spectroscopy (XPS) results (Figs.
S1(c)-S1(f) in the ESM) reveal that GQD is N-doped, abundant
hydroxyl and amino functional groups which indirectly indicates
its favorable water solubility [34].

The UV-visible (UV-vis) spectra (Fig. S2(a) in the ESM) show
that GQD has obvious light absorption from 600 to 1,200 nm,
covering the visible to near-infrared region. Fluorescence
spectrum analysis (Fig. S2(b) in the ESM) shows that the optimal
excitation and emission wavelength of GQD are 405 and 480 nm,
respectively. When the excitation wavelength changes from 300 to
420 nm, the position of the fluorescence emission peak
(photoluminescence (PL)) remains unchanged, indicating no
fluorescence excitation wavelength dependence of GQD (Fig.
S2(c) in the ESM). Confocal laser scanning microscopy (CLSM)

(a)
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results indicate that when GQD was endocytosed into cells, the
bright green fluorescence signal can be observed, and the
fluorescence intensity did not significantly decrease after
continuous NIR irradiation for 30 min (Fig. S2(c) in the ESM).
Figures S2(d)-S2(f) in the ESM indicate that after NIR irradiation,
the temperature of GQD solution significantly increased in both
concentration and power dependent manners, and the
temperature rise efficacy was rarely affected after six consecutive
on/oft laser irradiation, indicating its excellent photothermal
stability. In addition, we measured the heating and cooling curves
of 300 ug/mL GQD under NIR irradiation with a power density of
0.8 W/cnv’, and the photothermal conversion efficiency (1) of
GQD was calculated to be as high as 52.4% (Figs. S2(g)-S2(i) in
the ESM), similar to the same products employed in our previous
study [35].

2.2 Characterization of biomimetic NPs

To prepare biomimetic NPs, we firstly extracted the
cytomembrane of SMMC-7721 cells, and then wrapped GQD and
YM155 (GQD/YM) by liposome squeezer. TEM and scanning
electron microscopy (SEM) images (Figs. 2(a) and 2(b)) show that
iM7721@GQD-YM (stands for iRGD-M7721@GQD-YM) is
uniform and stable spherical, with an ideal particle size of
approximately 100 nm, in accordance with the dynamic light

- ()

100 nm¢
—_——

7
) 5.0 kV 8.8 mm x 100k SE (UL)

Marker I) (II) (1) (AV)

() @ ©
T - 7 = GQD
M7721@GQD E 30 M7721
B M7721@GQD-YM £ = M7721@GQD-YM
g 2004 ™ IM7721@GQD-YM T 20 I iM7721@GQD-YM
= =
by 5 101
N 3
@ 100 =0
3 -104
0- -20
6)] (2 (h)
- GQD Species C((:tl.c.;;l)ts
< IR ~ Cls B ol %
S |252nm — YM155 = 0 | 8
g — iM721@GQD-YM | & o | &
£ Z £
w
= 347 nm = b
P - [ 8
= : = =
'5 L) L)
- T T T T T T T T T T T T T
200 300 400 500 600 700 800 900 O 200 400 600 800 02 30 40 50 60
Binding energy (eV) 20 (°)

Wavelength (nm)

Figure 2 Characterization of iM7721@GQD-YM. (a) TEM images of iM7721@GQD-YM. (b) SEM image of iM7721@GQD-YM. (c) Hydrodynamic diameters and
(d) zeta potential of iM7721@GQD-YM and counterparts. (e) SDS-PAGE for different samples ((I): cancer cell lysate, (II): cancer cell empty vesicles,
(IID): M7721@GQD-YM, (IV): iM7721@GQD-YM). (f) UV-vis absorption, (g) XPS spectrum, and (h) XRD pattern of iM7721@GQD-YM.
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scattering (DLS) results (Fig.2(c)). Moreover, dot-like particles
can be seen within the vesicles, directly indicating the successful
encapsulation of GQDs. Figure 2(d) reveals that the zeta potential
of GQD altered from positive (35.7 + 1.6 mV) to negative after
being coated into negatively charged cytomembranes. The surface
protein library of bionic NPs from source cells was determined by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) (Fig.2(e)), the results of which show similar protein
composition among cancer cell lysates (I), empty cancer cell
vesicles (II), M7721@GQD-YM (IlI), and iM7721@GQD-YM
(IV). Successful encapsulation of YM155 was validated by UV-vis
spectra analysis, and the results show that iM7721@GQD-YM
owns remarkable absorption at 252 nm, being present in the
results of YM155 but absent in that of both cytomembrane
(iM7721) and free GQD (Fig. 2(f)). Similarly, encapsulation of
GQD was validated by XPS spectrum (Fig. 2(g)), the results of
which reveal that P and Br are present in iM7721@GQD-YM but
absent in free GQD. Besides, Fig. 1(h) indicates that XRD pattern
of iM7721@GQD-YM is similar to that of free GQD (Fig. S1(c) in
the ESM), indicating the crystal structure of GQD was not affected
during the process of encapsulation.

2.3 In vitro stability, photothermal properties, and drug
release

Considering the intended use (intravenous administration),
phosphate buffered saline (PBS) and Dulbecco’s modified Eagle’s
medium (DMEM) containing 50% fetal bovine serum (FBS) was
employed as in vitro serum models to check the particle serum
stability [36]. The existence of FBS was employed to mimic a
variety of serum proteins in the complicated environment within
the blood vessels. Figure 3(a) shows no obvious size alteration of
iM7721@GQD-YM during the experimental period of 6 days in
both PBS buffer and DMEM culture, regardless of whether FBS is
added to the solution, indicating a high stability of the biomimetic
system. Figure 3(d) reveals that after co-incubation with SMMC-
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7721 cells, the fluorescence signal of GQD (green) was co-localized
with the membrane signal (red), indicating that iM7721@GQD-
YM could well maintain its structural integrity even after a short
period of cellular uptake.

To explore the photothermal properties, different samples were
treated with irradiated with NIR (808 nm, 1.0 W/cm?, 5 min), and
the temperature was measured and recorded by Fluke infrared
thermal imager. As shown in Figs. 3(b) and 3(c), no obvious
temperature variation of empty cytomembrane (M7721) was
observed after irradiation. However, free and encapsulated GQDs
showed a sharply temperature increase, reaching to approximately
56.1 and 54.4 °C respectively. It seems that although encapsulated
GQDs displayed a slower temperature rise than free ones, effective
and excellent photothermal abilities still retain for encapsulated
GQDs, meeting the requirements for subsequent application.

It was well expected that our bionic DDS could be an excellent
drug carrier, benefiting from the natural and stable structure. For
validating this expectation, we evaluated the YM155 encapsulation
efficiency (EE) and release profile. Figure 3(e) reveals that when
original YM155 increased to 500 pg/mL, the EE of M7721@GQD-
YM and iM7721@GQD-YM were calculated to be as high as
79.03% and 79.75%, respectively. Figure 3(f) demonstrates that
iM7721@GQD-YM exhibits a sustained drug release in neutral
(pH = 7.4) environment, with no initial burst during the period of
72 h. The release rate significantly accelerated under acidic
conditions (pH = 5.0). This is because that lower pH increases the
extent of protonated phosphatidic acid (PA) headgroups on
membrane bilayer lipids and PA-rich heterogeneities, giving rise
to molecular packing defects originating at the phase boundaries
[37]. Tt is also acknowledged that cytomembranes consist of
bilayer lipids embedded with transmembrane proteins, whose
formation and dynamic properties are temperature-dependent. At
sufficiently high temperature, the molecular kinetic energy
constituting the cell membrane is greater than the binding force
that maintains the cell membrane formation, leading to the
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Figure 3 Serum stability, drug loading, and releasing profiles of the biomimetic DDS. (a) Excellent in vitro serum stability of iM7721@GQD-YM. (b) Infrared thermal
images of I: iM7721; II: GQD; III: M7721@GQD-YM; and IV: iM7721@GQD-YM with NIR laser irradiation. (c) Temperature curves of different agents under NIR
laser irradiation for 5 min. (d) CLSM image of SMMC-7721 cells after co-culture with iM7721@GQD-YM (red: fluorescence signal of Dil-labeled membrane; green:
fluorescence signal of GQD). (e) Encapsulation efficiency of M7721@GQD-YM and iM7721@GQD-YM. (f) Drug release profile of YM155 from biomimetic DDS at

different conditions.
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dissociation of the lipid bilayer [38]. This so-called temperature
responsive drug release was also validated in Fig. 3(e), the results
indicate that NIR irradiation can enhance the membrane
permeability, with more than 50% encapsulated YM155 being
released after 12 h. All these results reveal that iM7721@GQD-YM
could maintain stability under physiological conditions and release
drugs rapidly of cancer cells in the acidic environment. Moreover,
we can also effectively regulate the release of drugs by NIR
irradiation at desired sites, thereby reducing the side effects of
containing therapeutics [39, 40].

24 Excellent in vitro biocompatibility

Hemocompatibility was examined by incubating erythrocytes with
iM7721@GQD-YM and counterparts at gradient concentrations.
As indicated in Figs. 4(a) and 4(b), free and encapsulated GQDs
all exhibit moderate hemolysis rate (less than 7%) at different
concentrations (from 25 to 400 pg/mL). Besides, both free and
encapsulated GQDs demonstrate low-cytotoxicity to four different
cells (including LO2, HepG2, SMMC-7721, and PATU-8988) in
concentrations of up to 400 ug/mL (Figs. 4(c) and 4(d)). These
results clearly reflect that iM7721@GQD and counterparts own
excellent biocompatibility.

2.5 Favorable immunocompatibility

It is well established that artificial NPs can be easily recognized
and eliminated by the reticuloendothelial system (RES), resulting
in limited circulation time and insufficient accumulation in tumor
sites [41]. However, cancer cells, which were employed for particle
camouflage in this study, have the ability to avoid the recognition
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b

of the immune system [42,43]. In order to evaluate the
immunocompatibility, biomimetic NPs and counterparts were
incubated with J774A.1 macrophages, and swallowed
GQD fluorescent was compared. As shown in Fig.5, HC
cytomembrane encapsulated GQDs are less prone than free ones
to be engulfed by macrophage cells, resulting in decreased
fluorescence in J774A.1 cells. Hence, it demonstrates that coating
therapeutic agents with cancer cell membranes could effectively
inhibit the macrophage uptake, endowing the biomimetic DDS
with excellent immunocompatibility.

2.6 Enhanced intracellular uptake

We subsequently investigated the homologous targeting ability of
cancer membrane camouflage. Figure 6(a) and Fig. S3(a) in the
ESM demonstrate that the green fluorescence derived from free
GQD incubated cells was negligible for both normal and
malignant liver cells. The cytomembrane camouflage significantly
enhanced the intracellular uptake of encapsulated GQDs for
homologous cancerous cells (HepG2 and SMMC-7721), which
indicated by increased intracellular green fluorescence intensity. In
addition, iRGD decoration further enhanced the intracellular
fluorescence at the same condition. However, such homologous
targeting trend was not observed in normal LO2 cells. Besides,
M8988 cytomembrane (a type of pancreatic cancer cell membrane
employed as a nonhomologous control) enhanced cellular uptake
of encapsulated GQDs is less obvious than that enhanced by
homologous membrane (Fig. 6(b) and Fig. S3(b) in the ESM).
These results show that due to the homologous targeting,
cytomembrane coated NPs can reach homologous cancer cells
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Figure4 In vitro biocompatibility of biomimetic DDS. (a) and (b) Hemolysis quantification of RBC incubated with iM7721@GQD-YM and counterparts.

Cytotoxicity profile of (c) GQD and (d) iM7721@GQD to various cell lines.
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Figure 5 CLSM images of J774A.1 macrophages incubated with free and encapsulated GQDs for 2 h. Green and blue fluorescence indicates GQD and nucleus,
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Figure 6 Cellular uptake of biomimetic DDS. (a) Effects of homologous cytomembrane and iRGD decoration on the intracellular uptake of GQDs in normal (LO2)
and homologous malignant liver cells (SMMC-7721 and HepG2) by CLSM and FCM. (b) Effects of homologous and nonhomologous cytomembrane camouflaging
on intracellular uptake of GQDs in SMMC-7721 cells by CLSM and FCM. Green: GQD; blue: nucleus.

more accurately. In addition, using iRGD modification further
improves the penetration efficiency via it’s binding with avp3/f5
integrin on malignant cells [44]. Therefore, the combined
application of cancer cell membrane camouflage and iRGD
modification has the ability of synergistic targeting, further
improving the drug delivery efficiency and accuracy.

2.7 In vitro cytotoxicity

As illustrated in Figs. 7(a) and 7(b), both SMMC-7721 and HepG2
cells showed a significantly lower cell viability after the treatment

of encapsulated drugs than free ones, while iRGD decoration
slightly increased the tumor suppressing activity in all tested
concentrations. More importantly, NIR irradiation further
enhanced the anti-tumor effects when compared with non-
irradiated groups. Furthermore, the half maximal (50%) inhibitory
concentration (IC50) of YM155 was calculated to evaluate the
cytotoxicity of different formulations according to the YMI155
concentration dependence of cell viability. It was shown in Table 1
that when compared with non-irradiated counterparts
(iIM7721@GQD-YM group, IC504p, = 2.56 ug/mL, IC50s\nic 7721 =
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free and encapsulated agents by CCK-8 analysis. Live/dead staining of SMMC-7721 (c) and HepG2 (d) cells with different treatments. The live cells were stained with
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Table1 IC50 (ug/mL) of free and encapsulated YM155 to HC cells

Nano Res. 2022, 15(9): 8255-8269

Groups SMMC-7721 cells HepG2 cells
YM 9.88 10.20
YM+GQD 9.73 10.33
YM+GQD+NIR 3.28 3.57
M8988@GQD-YM 5.26 5.30
M7721@GQD-YM 2.05 3.68
iM7721@GQD-YM 1.04 2.58
iM7721@GQD-YM+NIR 0.56 0.84

1.04 pg/mL), iM7721@GQD-YM+NIR group demonstrated lower
IC50 to both SMMC-7721 (0.56 pug/mL) and HepG2 (0.84 pug/mL)
cells, which was approximately 17 and 12 times lower than that of
free drugs (YMI155+GQD), respectively. Interesting, the
cytotoxicity of YM155 promoted by M8988 cytomembrane was
not so obvious as that promoted by homologous SMMC-7721
cytomembrane (Fig. 7(e)). All these results were validated by live-
dead cell staining as shown in Figs. 7(c), 7(d), and 7(f), which
further confirmed that homologous targeting, iRGD decoration,
and NIR irradiation together enhanced the in vitro cytotoxicity of
YM155 against HC cells.

2.8 Enhanced apoptosis inducing activity

As YMI55 is a type of surviving suppressor, which is associated
with cellular apoptosis (Fig.S4 in the ESM), we subsequently
investigated the apoptosis inducing ability of our bionic DDS. As
shown in Figs. 8(a) and 8(b), HC cell membrane camouflage can
significantly promote the apoptosis inducing ability of
encapsulated agents against two malignant cells, and this apoptosis
inducing activity can be slightly enhanced by iRGD decoration in
SMMC-7721 cells. Encouragingly, NIR irradiation further
enhanced the cellular apoptosis, with a highest apoptosis ratio
among groups (SMMC-7721 cells: 77.6%, HepG2 cells: 63.5%).
Figure 8(e) and Fig.S5 in the ESM demonstrates that both
cytomembrane encapsulation and NIR irradiation can enhance
the biological function of YM155, including the downregulation of
survivin and activation of caspase-3/9 (indicated by the
upregulation of cleaved caspase-3/9). These results were validated
by biological electron microscopy, as shown in Fig. 8(f). Just as
expected, the apoptosis inducing ability of YM155 promoted by
nonhomologous M8988 cytomembrane was not so obvious as
that promoted by homologous SMMC-7721 cytomembrane
(Figs. 8(c) and 8(d)).

In summary, we can draw the conclusion that our biomimetic
NPs own prominent ability for enhancing the in vitro anti-tumor
efficacy of containing drugs, which indicated by decreased cell
growth and increased cellular apoptosis. This might be attributed
to the co-effects of particle enhanced cellular endocytosis,
homologous targeting by HC cytomembranes, and active targeting
by iRGD-integrin recognition between biomimetic DDS and
target cells. Besides, NIR irradiation induced local drug release and
PTT may also participate in the promotion of tumor suppressing
activity.

2.9 In vivo pharmacokinetics and biological distribution

Before evaluating the in vivo anti-tumor efficacy, the
pharmacokinetics (PK) assays were performed to verify the long-
term stability of the cancer cell membrane-cloaked DDS and
encapsulated drugs. A one-compartment model was used to
describe the time course of the blood YM155 concentrations [45].
As shown in the concentration-time curve (Fig. S6 in the ESM)
and PK parameters (Table 2), the elimination half-time (f,,) of

free YM155 is much shorter (0.69 h) than that of encapsulated
YM155 (4.79 h). The prolonged t,,, of approximately 7 times
directly demonstrated that the elimination of iM7721@YM was
much slower than free YM155 from rat peripheral blood.

The in vivo distribution of free and encapsulated drugs in
tumor bearing mice was investigated by in vivo fluorescence
imaging during 72 h after intravenous injection. As we can see, the
tumor accumulation of DiD fluorescence, which was employed to
label the particle membrane, increased during the first 9 h, and
then gradually decreased with time (Fig. 9(a)). 72-h post injection,
the DiD fluorescence in the tumor region is much stronger in
M7721@GQD group than those in M8988@GQD group, proving
the effective target ability and enrichment effect of homologous
than nonhomologous cytomembrane. Besides, the tumor
fluorescence intensity in iM7721@GQD group was the highest
among groups. After 72 h of injection, the nude mice were
sacrificed, and main organs and tumors were taken for
fluorescence imaging. Similar results further confirmed that the
accumulation of dual-targeted iM7721@GQD in tumors was the
most among groups (Fig. 9(b)).

To prove that GQD still owns an obvious photothermal effect
in vivo, we monitored the temperature alteration of tumor sites
during NIR irradiation. As shown in Fig. 9(c), compared with the
PBS group, local temperature of tumor sites in free GQD and
M8988@GQD groups slightly increased after NIR irradiation.
While in the groups of homologous membrane encapsulated
GQDs (M7721@GQD and iM7721@GQD), tumor sites
experienced a faster and more remarkable temperature rise, with
iM7721@GQD  demonstrates the most excellent in vivo
photothermal ability among groups due to the synergistic
targeting effect of enhanced permeability and retention (EPR)
effect, homologous cell membrane targeting, and iRGD mediated
active targeting.

2.10 In vivo anti-tumor efficacy

The SMMC-7721 subcutaneous tumor model was employed to
evaluate the in vivo tumor suppressing efficacy. Figures 9(d)-9(f)
indicates that mice treated with free YM155+GQD exhibit rapid
tumor growth and short survival, being similar to those treated
with PBS. NIR irradiation slightly promotes the anti-tumor effects
of free drugs, indicating that GQD’s photothermal effect itself has
certain ability to kill tumor cells. An obviously enhanced
therapeutic effect was found for homologous cytomembrane
encapsulated drugs, which was further promoted by iRGD
fabrication, indicating that both cytomembrane camouflage and
iRGD mediated targeting do work in vivo. As expected, among all
experimental groups, iM7721@GQD-YM+NIR group exhibits the
most outstanding tumor suppressing activity, which indicated by
approximately 70% reduction of tumor volume (vs. control group)
and all mice’s survival at the end of survival analysis (40 days post
tumor implantation). Consistently, through histological analysis, a
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respectively. Data expressed as means + sd. **P < 0.01.
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Table2 Parameters of pharmacokinetics for different formulations of YM155*

Groups t, (h) CL (L/h) MRT (h) AUC,_., (ng/(mL-h))
YM155 0.69 0.20 1.00 4,883.29
iM7721@YM 4.79 0.03 6.91 33,073.03

*Abbreviations: f,),: elimination half-life; CL: clearance; MRT: mean residence time; and AUC: extrapolated area under the curve from zero to infinity.
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Figure 9 In vivo antitumor efficacy of the biomimetic DDS. (a) Fluorescence imaging of tumor-bearing mice after intravenous injection of DiD-M8988@GQD, DiD-
M7721@GQD, and DiD-iM7721@GQD. (b) Fluorescence imaging of major organs and tumors from nude mice 72 h after injection of DiD-M8988@GQD, DiD-
M7721@GQD, and DiD-iM7721@GQD. (c) Infrared thermal images of tumor bearing mice with different treatment under NIR irradiation. (d) Representative
photographs of tumors collected from mice of various groups 21 days after treatment. (e) Quantitative results of the SMMC-7721 tumor volumes after different
treatments during the experimental course (1 = 6). (f) Survival curves of SMMC-7721 tumor-bearing nude mice treated with different formulations. (g) H&E staining,
immunohistochemical staining with Ki67, immunofluorescence staining with HSP70 and TUNEL assay of tumor tissues. Data expressed as means + sd. **P < 0.01.

more marked reduction of tumor cells, lower Ki67 staining, and
remarkable terminal deoxynucleotidyl transferase mediated dUTP
nick-end labeling (TUNEL) signaling in iM7721@GQD-YM+NIR
treated tumors were detected than others (Fig. 9(g)).

During the clinical application of anti-cancer drugs, the main

TSINGHUA
UNIVERSITY PRESS

side effects of anti-cancer drugs are due to their cumulative and
dose-dependent hematotoxicity, hepatotoxicity, and
nephrotoxicity. Thus, blood routine and biochemical indexes in
plasma taken from tumor bearing mice were measured 24 h after
therapeutic agent injection to vivo

evaluate their in
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biocompatibility. As we can see, the counts of white blood cell
(WBC) and platelet (PLT) decreased, and blood aspartate
transaminase (AST), urea nitrogen (UREA), creatinine (CREA)
increased slightly in mice treated with free drugs. However, there
are no significant differences between the biomimetic DDS treated
groups and the PBS control group in both blood routine and
biochemistry indexes (Figs. S7 and S8 in the ESM). The
hematoxylin and eosin (H&E) staining assay also indicated the
minimal systematic toxicity of encapsulated drugs (Fig. S9 in the
ESM).

These results confirmed that our bionic DDS was characterized
of low toxicity, excellent biocompatibility, and satisfactory
therapeutic efficiency in tumor bearing mice, which could be used
as an effective nano-platform for photothermal/chemotherapy
combined therapy.

211 Immunogenic cell death induced by the treatment
of biomimetic DDS

Figure 9(g) illustrates that the heat shock protein 70 (HSP70) was
found to be remarkably upregulated in tumor tissues following
NIR irradiation (YM+GQD+NIR and iM7721@GQD-YM+NIR
experimental groups). HSP constitutes a class of chaperones,
which function to protect cells by refolding damaged proteins or
by redirecting them to proteasomal degradation under non-lethal
stress conditions [46]. HSP70 can translocate from intracellular
compartments to cell surface during certain types of cell death,
facilitating the uptake of tumor associated antigens (TAAs) by
antigen presenting cells (APCs), and hence can elicit an antigen-
specific immune response against a broad spectrum of solid
tumors [47]. This so-called immunogenic cell death (ICD) was
also characterized and accompanied by a variety of danger
associated molecular patterns (DAMPs) such as calreticulin
(CRT), high mobility group box 1 (HMGB-1), adenosine
triphosphate (ATP), and TAAs etc. [47]. In order to verify
whether the biomimetic is an effective ICD inducer, we performed
experiments for evaluating the expression of CRT, and
HMGBI/ATP release in SMMC-7721 cells treated by
iM7721@GQD-YM and counterparts. CRT plays the most
important roles in promoting ICD induced antitumor response,
which binds to CD91 receptors on dendritic cells (DCs), enabling
phagocytosis of dying cancer cells as well as antigen cross-
presentation to cytotoxic T lymphocytes [48]. As we can see from
Figs. 10(a)-10(c), upregulated CRT expression can be found on
surface of cells treated with NIR irradiation (YM+GQD+NIR and
iM7721@GQD-YM+NIR experimental groups). In accordance,
promoted releases of HMGB1 and ATP, which are two major
hallmarks of ICD, were also detected in the supernatant of NIR
treated cells (Figs. 10(d) and 10(e)). A variety of studies illustrated
that fever-like local temperature induced by PTT can efficiently
induce the ICD against malignant cells via the enhanced antigen
presentation, improved tumor blood flow, and accelerated
leukocyte trafficking in tumor microenvironment [49]. This may
explain the upregulation of ICD hallmarks in NIR irradiated
tumor tissues and cells illustrated in Figs. 9 and 10.

3 Methods

3.1 Materials and cells

4',6-Diamidino-2-phenylindole (DAPI) nuclear staining solution,
4% paraformaldehyde, and Coomassie brilliant blue were obtained
from Beyotime Biotechnology (Shanghai, China). AM/PI cell
double staining kit and Annexin V-633/PI cell apoptosis kit were
bought from Dojindo (Kumamoto, Japan). YM155 was provided
by Sigma-Aldrich (MO, USA). DSPE-PEG-iRGD was purchased
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from MeloPEG (Shanghai, China). Two human liver cancer cell
lines (SMMC-7721 and HepG2), human normal liver cell line
(LO2), human pancreatic cancer cell line (PATU-8988), and
mouse mononuclear macrophage cell line (J774A.1) were all
obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA). Cells were incubated in DMEM containing
10% (v/v) FBS and 1% penicillin/streptomycin (Thermo Fisher
Scientific, Massachusetts, USA) in a humidified incubator at 37 °C
with 5% CO,.

3.2 Preparation of GQD

GQDs were prepared according to our previous publication [50].
Briefly, 1,3,6-trinitropyrene (TNP) was first prepared through the
nitration reaction of pyrene (TCI, Japan). With TNP as the
precursor, 0.1 g TNP and 0.8 g polyethyleneimine (BPEI) were
mixed and dissolved in 10 mL deionized water. After adequately
mixing, the solution was placed in a reactor and reacted at 230 °C
for 12 h. The products obtained by microwave were filtered by a
0.22 pum aqueous membrane, and the unreacted reactants were
removed. The black powder (GQDs) was obtained by freeze-

drying.
3.3 Cell membrane extraction

Cancer cell membrane was extracted as previously described
[27, 51]. Briefly, cultured cells were collected, washed, and finally
resuspended in PBS to maintain the cell density at about 10’/mL.
The well-prepared lysate containing sodium bicarbonate and
ethylene diamine tetraacetic acid (EDTA) were added to the
suspension, and phenylmethylsulfonyl fluoride (PMSF) was then
added to prevent membrane protein degradation. The mixture
was placed in a refrigerator at 4 °C overnight. The lysed cells were
crushed by sonication (80 W, 10 min) and centrifuged (3,200g,
5 min). The supernatant was collected and centrifuged (100,000g,
30 min), and the precipitate was collected, which resuspended in
PBS and stored at —80 °C for future use.

34 Encapsulation of GQD and YM155 in biomimetic
DDS

The GQDs (800 pg/mL) and YM155 (800 pg/mL) were mixed and
subjected to ultrasonic oscillation for 4 h. Subsequently, extracted
cell membrane was added, and the mixture was then extruded
through polycarbonate films with pore sizes of 400 and 200 nm
for 30 cycles to obtain NPs with uniform size. For the preparation
of iRGD decorated NPs, cancer cell membranes (CCMs) were
incubated with DSPE-PEG-iRGD at 37 °C for 30 min and then
ultrasonically suspended for 30 s before being added to
GQD/YM155 solution.

3.5 Cell membrane integrity analysis

The membrane protein characterization was conducted by SDS-
PAGE [52]. Specifically, samples were prepared with 1 mg/mL
final protein concentration in the loading buffer and heated in a
metal bath for 10 min. The samples (20 uL) were subjected to SDS-
PAGE, and protein bands were stained by using Coomassie blue
before imaging.

3.6 Particle characterization

For the preparation of specimens for TEM measurement (Emesis
Veleta G3 transmission electron microscope) experiments, the
droplet containing GQD or iM7721@GQD-YM was placed on
Holey Carbon Coated-Copper 200 mesh Grids (Ted Pella,
California, USA). Samples were examined on TEM at 80 kV after
air-dried. The photothermal conversion efficiency of NP was
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Figure 10 Hallmarks of ICD in biomimetic DDS treated cells. CLSM images (a) and FCM results ((b) and (c)) for surface expression of CRT on SMMC-7721 cells
treated with iM7721@GQD-YM+NIR and counterparts. Green: CRT; blue: nucleus. HMGBI1 (d) and ATP (e) release from SMMC-7721 cells treated with

iM7721@GQD-YM+NIR and counterparts. **P < 0.01.

characterized by measuring the temperature increase under NIR
(LWIRPD-5F, Beijing Laserwave Opteolectronics Technology Co.,
Ltd., China) for different durations (808 nm, 0.8 W/cm?). The
temperature was measured by an IR thermal imaging system (E53,
FLIR SYSTEMS AB, Sweden). Structure and spectral
characteristics of NPs were measured by XRD (Rigaku Ultima IV,
Japan), XPS (K-alpha, Thermo Scientific, USA), Raman
spectrometer (Horiba evolution, Japan), FTIR (Nicolet AVATAR

TSINGHUA

370, Thermo  Scientificc  USA), and  fluorescence
spectrophotometer (Hitachi 7000, Japan), respectively. The (-
potential, polydispersity index, hydrodynamic diameter, and size
distribution of prepared samples were performed by ZetaSizer
(Nano-ZS, Malvern Instruments, UK). The UV-vis absorption
spectra were determined by a DUS800 spectrophotometer
(Beckman Coulter Inc, USA). SEM images were recorded using a
Hitachi S-4800 FE-SEM.
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3.7 Invitro drug release

A dialysis bag (molecular weight cut-off: 3.5 kDa) containing 2 mL
iM7721@YM155 was put in a beaker containing 10 mL of PBS,
which was fixed in a water bath to keep the temperature at 37 °C
with continuous stirring. At various time points, 500 puL samples
outside the dialysis bag were taken up and YM155 concentrations
were measured using the UV-vis spectrum analysis at 252 nm
absorbance. To detect the controlled release, samples were
irradiated by 808 nm laser (1.0 W/cm®) for 5 min before
experiments.

3.8 In vitro cytotoxicity assessment

For cell counting kit-8 (CCK-8) analysis, cells were seeded into 96
well plates in 100 pL of culture medium supplemented with free
and encapsulated YM155 with a gradient concentration from 0.5
to 16 ug/mL. For NIR groups, cells were irradiated with 808 nm
laser (1.0 W/cmy’) for 5 min after 4 h of drug incubation. After
24 h of culture, 10 uL CCK-8 (Dojindo Molecular Technologies,
Oslo, Norway) was respectively added to each well for another 2 h
incubation in the dark. The absorbance (Ab) at 450 nm was
recorded and the cell viability was calculated by the following
(Absumpies — Abgjan)
(AbC(\mml - AbBIunk)
Aby, is the absorbance values of the culture medium without
cells.

For live/dead staining, the prepared AM/PI cell double staining
solution was added and incubated with cells in the incubator for
15 min according to the manufacturer’s instructions, cells were
then observed by CLSM (LSM 710, Zeiss, Germany).

function: Cellviability (%) = x 100%, where

3.9 Cellular uptake

Cellular uptake was observed by CLSM and quantitatively
analyzed by flow cytometry (FCM). Cells were inoculated at a
density of 5x10*/well. After 24 h of culture, samples (free GQD,
M8988@GQD, M7721@GQD, and iM7721@GQD) were added
to each well with a final GQD concentration of 20 pg/mL for
another 2 h-incubation. For CLAM, cells were washed and fixed
by 4% paraformaldehyde at room temperature. After being
stained with DAPI, cells were washed and subjected to confocal
microscopic observation. For FCM, cells were collected, washed,
and the fluorescence signal of GQD was analyzed by a Flow
Cytometer (MoFlo XDPBD, Beckman Coulter, USA).

3.10 Cellular apoptosis assays

Cells in the logarithmic growth phase were prepared as a single-
cell suspension and inoculated in 6-well plates at a density of 5 x
10*/well. After 24 h, cells were treated with different formulations
with the same YM155 concentration of 8 pg/mL for another 24 h.
Cells of NIR group was irradiated with 808 nm laser (1.0 W/cm?)
for 5 min after 4 h drug treatment. Cells were then collected,
washed with pre-cooled PBS, incubated with Annexin V-633 in
the dark, and analyzed by FCM. Apoptotic cells were also
observed by TEM measurement.

3.11 Western blotting

Cells were collected and suspended in lysis buffer containing
protease and phosphatase inhibitors. The protein concentration
was quantified by a BCA protein detection kit (Beyotime
Biotechnology, Shanghai, China). Equal amount of protein
samples was subjected to SDS-PAGE and immunoblotted with
survivin or cleaved caspase-3/9 antibodies (Cell Signaling
Technology, Massachusetts, USA).
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3.12 Invivostudies

3.12.1 Animals

Four-week-old female BALB/c mice and SD rats were purchased
from Slack Laboratory Animals Co., Ltd., Shanghai, China and
housed in specific-pathogen-free (SPF) conditions. All the
experiments on live mice were approved by the Committee on
Animals of the Shanghai University (Shanghai, China). The
experimental process was carried out in strict accordance with the
care and Use Plan of Shanghai University Experimental Animal
Institution (approved ECSHU-2020-030).

3.12.2 Pharmacokinetic analysis

SD rats (10-week-old) were randomly divided into two groups of
3 each, and jugular vein catheterization was employed for repeated
blood sampling. Rats were administered tail vein injection of
either free YM155 or iM7721@YM155, with an equivalent YM155
amount of 5 mg/kg. At each designated time points (5 min,
10 min, 15 min, 30 min, 1 h, 4 h, 8 h, 16 h, 24 h, and 48 h),
approximately 150 pL of blood samples was collected in tubes
containing EDTA as anticoagulant. Liquid
chromatographytandem mass spectrometry (LC-MS/MS) was
employed to determine the plasma concentration of YM155 [53].
The data were analyzed by PK solver software.

3.12.3 Invivo biodistribution and photothermal effect

Tumor bearing mice were randomly divided into different groups
and intravenously injected with iM7721@GQD or the
counterparts. For in vivo Dbiodistribution analysis, the
cytomembrane carriers were labeled with cell membrane dye DiD
before injection. Mice were anesthetized at different time points
post injection, and the fluorescence imaging was performed by
IVIS Lumina III imaging system (PerkinElmer, California, USA).
Finally, mice were euthanized, the tumors and main organs were
obtained and analyzed by IVIS Lumina III in a Vivo imaging
system. For in vivo photothermal evaluation, the tumor sites of
nude mice were irradiated by NIR (1 W/cm?, 5 min) 12 h post
injection, and the temperature alteration was recorded by a
thermal infrared imaging system.

3.12.4 Treatment of established tumors in vivo

SMMC-7721 cells (2 x 10°) suspended in 200 pL PBS was
inoculated subcutaneously into the lateral flank of 5-week-old
BAL B/c nude mice. When tumors reached about 8 mm in length,
mice were randomly divided into 6 groups and respectively
administered with tail vein injection of (a) PBS, (b) free YM155
and GQD, (c) M7721@GQD-YM, (d) iM7721@GQD-YM, (e)
YM155+GQD+NIR, and (f) iM7721@GQD-YM+NIR with an
equal amount of YM155 (5 mg/kg) every three days for three
times. For irradiated groups, mice were irradiated with NIR
(808 nm, 1 W/cmy’) for 5 min 12 h post treatment. The tumor size
was measured in two perpendicular diameters with precision

calipers every three days and calculated according to the following

LxW?
equation: Tumor volume = — (L: tumor length; W: tumor

width).

All mice were euthanized on day 21 after treatment and
dissected to obtain tumors and vital organs. Tissues were fixed
with 4% paraformaldehyde for H&E staining, Ki-67
immunohistochemical ~ staining, HSP  immunofluorescence
staining, and TUNEL. For survival analysis, mice were observed
daily until natural death in a range of 40 days.

3.13 Detection of surface CRT expression
For CLSM evaluation, SMCC-7721 cells were inoculated in a
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35 mm Petri laser confocal culture dish at a density of 5 X
10* cells/well overnight and subjected with different treatments.
After being fixed with 4% paraformaldehyde, cells were stained
with anti-CRT antibody, Alexa Fluor 488 labeled secondary
antibody, and DAPI in succession in the dark. Cells were then
observed by CLSM. For FCM analysis, cells were seeded in 6-well
plates and subjected with different treatments for 20 h. Cells were
collected, washed with PBS, labeled with anti-CRT antibodies for 2
h, and then analyzed by a Flow Cytometer.

3.14 Detection of extracellular release of HMGB1 and
ATP

SMMC-7721 cells were seeded in 6-well plates and subjected with
different treatments for 20 h. Then the cell supernatants were
collected and the contents of HMGB1 and ATP were detected
according to the instructions of HMGBI1 ELISA kit (Fine Biotech
Co. Ltd, Wuhan, China) and ATP detection kit (Beyotime
Biotech Co. Ltd., Shanghai, China).

3.15 Statistical analysis

Results have been reported in this study as means * standard
deviations (sd). Statistical analysis was performed by Student’s
unpaired t-test or one-way analysis of variance (ANOVA) to
identify significant differences unless otherwise indicated.
Differences were considered significant when p < 0.05.

4 Conclusions

In this study, a novel nano-drug delivery system iM7721@GQD-
YM was successfully constructed by biomimetic strategy. SMMC-
7721 cell membrane coating endowed iM7721@GQD-YM with
effective targeting ability to homologous cells, and excellent
biocompatibility & immunocompatibility for in vivo application.
Surface decoration of iRGD further enhanced its tumor targeting
activity by iRGD-integrin recognition between biomimetic NPs
and target cells. In addition, under NIR irradiation, GQD can
directly kill tumors through photothermal effect, and cause cell
membrane rupture, accurately releasing survivin inhibitor YM155
at tumor sites. In addition, immunogenic cell death can also be
detected in malignant cells treated with iM7721@GQD-YM and
NIR irradiation. In conclusion, the versatile biomimetic DDS hold
great potential for the treatment of homologous HC, which merits
further investigation in both pre-clinical and clinical studies.
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