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Abstract Cell membrane camouflaged nanoparticles have been widely used in the field of drug leads

discovery attribute to their unique biointerface targeting function. However, random orientation of cell

membrane coating does not guarantee effective and appropriate binding of drugs to specific sites, espe-

cially when applied to intracellular regions of transmembrane proteins. Bioorthogonal reactions have

been rapidly developed as a specific and reliable method for cell membrane functionalization without dis-

turbing living biosystem. Herein, inside-out cell membrane camouflaged magnetic nanoparticles

(IOCMMNPs) were accurately constructed via bioorthogonal reactions to screen small molecule inhibi-

tors targeting intracellular tyrosine kinase domain of vascular endothelial growth factor recptor-2. Azide

functionalized cell membrane acted as a platform for specific covalently coupling with alkynyl functio-

nalized magnetic Fe3O4 nanoparticles to prepare IOCMMNPs. The inside-out orientation of cell mem-

brane was successfully verified by immunogold staining and sialic acid quantification assay.

Ultimately, two compounds, senkyunolide A and ligustilidel, were successfully captured, and their poten-

tial antiproliferative activities were further testified by pharmacological experiments. It is anticipated that

the proposed inside-out cell membrane coating strategy endows tremendous versatility for engineering

cell membrane camouflaged nanoparticles and promotes the development of drug leads discovery plat-

forms.
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1. Introduction

Cell membrane with complete biological structure and dynamic
lateral fluidity has been directly used as a kind of natural
biomaterial to encapsulate nanoparticles1e3. Cell membrane
camouflaged nanoparticles display multiple desirable character-
istics such as long blood circulation4,5, superior ligand targeting
capability6,7 and enhanced particle stability8,9. In particular, a
great number of proteins and carbohydrates on the cell membrane
surface mediate a wide range of biological interactions. Among
them, receptors can selectively combine with drugs in vivo, ac-
counting for over two-thirds of drug targets10e12. On account of
this, cell membrane camouflaged nanoparticles have emerged as a
promising platform for capturing potential bioactive ingredients in
complex matrices13e15. However, considering the asymmetry
properties of cell membrane and the well-defined orientation of
transmembrane proteins16,17, maintaining the controllability of
cell membrane orientation is of great significance in promoting the
discovery of bioactive compounds.

Especially, receptor tyrosine kinases (RTKs) are single-pass
transmembrane glycoproteins composed of an N-terminal extra-
cellular domain, a single transmembrane helix region and an
intracellular kinase domain, which play a critical role in the
development process and deterioration of multiple cancers18e20.
Small molecule tyrosine kinase inhibitors can act on highly
conserved intracellular kinase domain of RTKs to inhibit tyrosine
phosphorylation21. Therefore, the development of inside-out cell
membrane camouflaged nanomaterials to provide intracellular
kinase domain is urgently needed. Thus far, lipid insertion method
has been utilized to construct drug screening materials with an
inside-out cell membrane coating22. Nevertheless, there are
tremendous challenges for the usage of lipopolymers functional-
ized cell membrane, mainly resulting from unstable connection
relied on physical interactions23. Particularly, the lipidepolymer
conjugates rapidly disappear from cell membrane due to hydro-
phobic interaction between free proteins and lipid anchor24,25.
Consequently, exploring engineering method with better coupling
stability and biocompatibility is a key challenge for the accurate
construction of cell membrane camouflaged nanoparticles with
inside-out orientation and may eventually facilitate the discovery
of small molecule tyrosine kinase inhibitors.

Recently, bioorthogonal reactions have been developed as new
powerful tools for selective modification of active biomolecules
in vitro or in vivo owing to its high specificity and non-interfering
with other components26,27. The functional derivatives such as
unnatural monosaccharide can effectively incorporate various
chemical groups including azide, alkyne and cyclopropane into
glycan on the cell surface through cellular metabolic pathway28.
Importantly, these exogenous “artificial chemical receptors” can
be subsequently modified with specific cross-linked groups
through bioorthogonal reactions. At present, bioorthogonal re-
actions have been widely applied in bioimaging29,30, tumor-tar-
geting31,32 and glycobiology33,34 due to their advantages such as
no impact on cell viability and functions, mild physiological
conditions and high yield35. Base on this, we envisioned that
cellular intrinsic metabolic pathway could provide an excellent
functional groups for efficient fabrication of inside-out cell
membrane camouflaged nanoparticles through bioorthogonal re-
actions, which could be applied to screen small molecule tyrosine
kinase inhibitors and overcome the limitation of instability of lipid
insertion methods.

In this contribution, we proposed a well-designed inside-out
cell membrane camouflaged platform through bioorthogonal re-
actions for screening drug leads from nature products. Briefly, the
azide analogues were introduced into the surface of high-
expression vascular endothelial growth factor recptor-2
(VEGFR-2)/HEK293 cells by metabolic glycoengineering. Then,
inside-out cell membrane camouflaged magnetic nanoparticles
(IOCMMNPs) could be achieved on the basis of the specific
bioorthogonal reactions between the unnatural azide groups
located on the outside of the cell membrane and the corresponding
alkynyl functionalized magnetic nanoparticles. We systematically
evaluated and characterized the orientation of cell membrane
coating of IOCMMNPs including immunogold staining and sialic
acid quantification assay. Additionally, a series of characteriza-
tions, adsorption performances and screening procedure of
IOCMMNPs have been thoroughly evaluated. Compared to
random direction cell membrane camouflaged magnetic nano-
particles (RCMMNPs), IOCMMNPs showed better adsorption
capacity because more adsorption sites were exposed. Eventually,
the developed IOCMMNPs were successfully applied for the
targeted screening of bioactive compounds from Ligusticum
chuanxiong Hort with high sensitivity. The inside-out cell mem-
brane camouflaging technology further expands the wide appli-
cation of bioorthogonal reactions and provides a potential
platform for site-specific drug targeted screening.

2. Materials and methods

2.1. Materials and regents

Sodium citrate, anhydrous sodium acetate, ethylene glycol, tet-
raethoxy silane (TEOS), 3-aminopropyltriethoxysilane (APTES),
Iron (III) chloride hexahydrate (FeCl3$6H2O), propiolic acid, 4-
methylpyridine (DMAP) and dicyclohexylcarbodiimide (DCC)
were provided by Macklin Technology Co., Ltd. (Shanghai,
China). N-Azidoacetylmannosamine-tetraacylated (Ac4ManNAz)
was supplied by Xi’an ruixi Biological Technology Co., Ltd.
(Xi’an, China). DBCO-Cy5 was offered by SigmaeAldrich LLC.
(St. Louis, MO, USA). 1,10-Dioctadecyl-3,3,30,30-tetramethy-
lindocarbocyanine perchlorate (DiI) was offered from Beyotime
Biotechnology Co., Ltd. (Shanghai, China). Fluorescein isothio-
cyanate isomer (FITC) was purchased from MedChemExpress
(Princeton, NJ, USA). CD47 antibodies and C-term CD47 anti-
bodies were purchased from GeneTex, Inc. (Irvine, CA, USA).
Colloidal gold labeled secondary antibodies was offtered by
SigmaeAldrich LLC.. Sorafenib, dexamethasone, nifedipine,
gliclazide and tamsulosin were provided by Sinopharm Chemical
Reagent Co., Ltd. (Xi’an, China). Senkyunolide A and ligustilide
were supplied by Yuan Ye Biological Technology Co., Ltd.
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(Shanghai, China). L. chuanxiong Hort was offered by Yi Kang
Medicine (Xi’an, China). Acetonitrile, isopropyl alcohol and
DMSO (HPLC grade solvents) were provided from Thermo Fisher
Scientific (Waltham, MA, USA).

2.2. Preparation of IOCMMNPs

Fe3O4, Fe3O4@SiO2 and Fe3O4@SiO2@NH2 magnetic nano-
particles were synthesized according to the protocol previously
described36, details of which were shown in supporting informa-
tion. The preparation process of Fe3O4@SiO2@NH2@C^CH
(denoted as bare MNPs) was as follows37. 1 g Fe3O4@SiO2@NH2

was dispersed in 33 mL dichloromethane, followed by the addi-
tion of 745 mL propiolic acid, 0.13 g DMAP and 2.2 g DCC. The
reaction mixtures were stirred for 24 h under N2 atmosphere at
120 �C. Finally, the obtained products were magnetically collected
and then washed three times with ethanol and ultrapure water in
turn.

The high-expression VEGFR-2 cell lines were constructed with
engineering cell HEK293 according to the method proposed in a
Chinese patent (authorized No.: CN 101701209 B). The high-
expression VEGFR-2/HEK293 cells were cultured in DMEM
mediumehigh glucose supplemented with 10% fetal bovine serum
(FBS) and 1% streptomycin-penicillin antibiotic at 37 �C and 5%
CO2. The cells were incubated with azido sugar (Ac4ManNAz,
50 mmol/L) for 48 h at 37 �C. Then, the cells were disengaged with
0.25% trypsin/EDTA solution, and separated at 1000�g for 10 min,
and gently washed three times with 1 � phosphate-buffered saline
(PBS, pH7.4) buffer solution. Subsequently, the collected cellswere
soaked in TriseHCl (50 mmol/L, pH 7.4) with ultrasound for
30 min. Cell pellets were centrifuged at 1000�g for 10 min at 4 �C,
then supernatant was collected and centrifuged at 12,000�g for
20 min. The azide-functionalized VEGFR-2/HEK293 cell mem-
brane (N3-cell membrane) was resuspended in PBS buffer and
frozen at �80 �C.

The prepared bare MNPs were sufficiently dispersed in N3-cell
membrane suspension. Then 1 mL freshly prepared catalytic solu-
tion (400 mmol/L CuSO4, 800 mmol/L sodium ascorbate and
200 mmol/L TBTA) was added to the mixture systems, and which
were stirred at 1400 rpm for 30 min at room temperature to prepare
IOCMMNPs. As a control, RCMMNPs were prepared by suffi-
ciently fusing bare MNPs with VEGFR-2/HEK 293 cell membrane
suspension (without the labeling of azide functional groups) under
vacuum ultrasound at 4 �C for 15 min. Moreover, HEK293 cell
membranewas selected as a negative control because HEK293 cells
do not express exogenous VEGFR-2 (the result of its expression
levels was shown in Supporting Information Fig. S1), which was
coated on the surface of bare MNPs magnetic nanoparticles
(HCMMNPs). The details of the preparation material character-
ization were described in supporting information.

2.3. Validation of metabolically labeled VEGFR-2/
HEK293 cells

To determine azide groups were grafted on the surface of high-
expression VEGFR-2/HEK293 cells, 3 � 104 cells were seeded in
35 mm glass-bottom dishes with incubated with Ac4ManNAz
(50 mmol/L). After incubation for 48 h, the metabolite-treated
VEGFR-2/HEK293 cells were washed twice with 1 � PBS
buffer (pH 7.4) and subsequently treatment of 20 mmol/L DBCO-
Cy5 at 37 �C for 2 h. The labeled high-expression VEGFR-2/
HEK293 cells (Cy5-VEGFR-2/HEK293 cells) were softly washed
twice with 1 � PBS buffer (pH 7.4), and then fixed with 4%
paraformaldehyde (PFA) for 15 min. After fixation, the cells were
stained with DAPI solution (Yeasen, Shanghai, China) to label
nuclei for 3 min and visualized using super-resolution confocal
laser scanning microscope (CLSM, Leica, TCS SP8 STED 3X,
Solms, Germany).

2.4. Determination of cell membrane coverage

N3-cell membrane was stained with DiI, and bare MNPs were
stained with FITC. Then IOCMMNPs were prepared according to
the above method, and the images were observed and analyzed
under fluorescence microscope. Moreover, membrane proteins of
IOCMMNPs were evaluated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). In short,
VEGFR-2/HEK293 cells, N3-cellmembrane and IOCMMNPswere
lysed on ice with RIPA lysis buffer (Epizyme Biomedical Tech-
nology Co., Ltd, Shanghai, China) and the total protein concentra-
tions were determined by BCA protein concentration assay kit
(Beyotime Biotechnology Co., Ltd.,). The equivalent protein con-
tents were loaded in 8% SDS-PAGE gel and then separated. Finally,
the gel was stained with Coomassie blue G-250 dye for 1 h and
destained with distilled water overnight for imaging analysis.

2.5. Determination of cell membrane orientation

The immunogold staining and sialic acid quantification assay were
used to evaluate cell membrane orientation. For immunogold
staining, IOCMMNPs, RCMMNPs and bare MNPs solution were
dropped on the carbon-copper grid, respectively. The grid was
washed with PBS (pH7.4), blocked in a 5% bovine serum albumin
(BSA) buffer, and then incubated with anti-CD47 antibodies for
30 min that specifically integrated into the intracellular or extra-
cellular region of CD47. Subsequently, the samplewas washed with
0.5% BSA solution and then stained with colloidal gold labeled
secondary antibodies solution for another 30 min. The droplet
sample was rinsed with water and visualized using transmission
electron microscopy (TEM, JEOL, JEM2100F, Tokyo, Japan).

Cell membrane orientation was also studied by sialic acid
quantification assay. IOCMMNPs were incubated with sialidase in
water at room temperature for 2 h to dissociate the sialic acid from
the cell membrane surface, and subsequently centrifuged at
200,000�g for 45 min using a Himac CP-NX ultracentrifuge (Koki
Holdings Co., Ltd., Tokyo, Japan). The supernatant was then
collected and using a sialic acid quantification kit (Sigma‒Aidrich
LLC.) to examine sialic acid content. The same amounts of cell
membrane ghost (CM ghost), RCMMNPs and bare MNPs were
treated with the same protocol, respectively.

2.6. Adsorption experiments

To assess the adsorption property of IOCMMNPs, static, dynamic
and selectivity adsorption experiments were performed. Sorafenib
was choosed as positive drug, due to it is a small molecule
VEGFR-2 tyrosine kinase inhibitor.

The adsorption isotherm experiments were performed by
adding 5 mg IOCMMNPs, RCMMNPs, bare MNPs and
HCMMNPs into 1 mL sorafenib solution with many different
concentrations (40e3000 mg/L), respectively. The residual con-
centration of sorafenib in supernatant after adsorption was
analyzed by HPLC. The adsorption ability (Q, mg/g) equation as
shown in Eq. (1):
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ðCoeCeÞ �V

m
ð1Þ

where Co (mg/L) and Ce (mg/L) represents the initial concentra-
tion and the final concentration of sorafenib. V (mL) is the volume
of analyte solution. m (mg) refers to the amount of IOCMMNPs,
RCMMNPs, bare MNPs and HCMMNPs.

In adsorption kinetics tests, IOCMMNPs, RCMMNPs, bare
MNPs and HCMMNPs were dispersed in 1 mL sorafenib solution
(200 mg/L), respectively. The supernatant was collected at certain
time intervals (10 s�25 min) and detected by HPLC. The
adsorption amounts were also calculated by Eq. (1).

To evaluate the specific recognition property of IOCMMNPs,
sorafenib, acting on VEFGR-2, was selected as a positive drug.
Some drugs that do not act on VEGFR-2 were selected as negative
controls, such as gliclazide (a hypoglycemic agent that acts on
sulfonylurea receptors), nifedipine (a dihydropyridine calcium
channel blocker), dexamethasone (a glucocorticoid receptor
agonist) and tamsulosin (a selective a1 adrenoceptor antagonist).
In short, 5 mg IOCMMNPs, RCMMNPs, bare MNPs and
HCMMNPs were mixed with 1 mL each standard ligand (100 mg/
L), respectively. Afterwards, the amounts of unbound drugs in
supernatant were determined by HPLC, which was also calculated
by Eq. (1).

2.7. Real application of IOCMMNPs

Potential active ingredients screened from traditional Chinese
medicine (TCM) have been used to treat various diseases38,39.
Thus, the prepared IOCMMNPs were putted into TCM extracts
solutions to investigate its practical application performance. 8
g L. chuanxiong Hort was ground into fine powder and then reflux
extracted with 50 mL 70% ethanol for 2 h. Then the obtained total
extracts were dried by evaporation and redissolved with 1 mL
Figure 1 Schematic representation of th
methanol. IOCMMNPs (5 mg) were incubated with the extract for
15 min to adsorb potential bioactive compounds bound to cell
membrane receptors. Subsequently, IOCMMNPs, collected by a
magnetic field, were washed with water-acetonitriler solution (7:3,
v/v). Lastly, the potential bioactive compounds were eluted by
DMSO and identified by gas chromatography-mass spectrometer
(GCeMS, Shimadzu Corporation, Kyoto, Japan).

2.8. Cell viability assay

Cell Counting Kit-8 (CCK-8) assay was applied to assess the
inhibitory effect of the obtained bioactive compounds on VEGFR-
2/HEK293 cells. In short, cells were dispensed in a 96-well plates
containing 1 � 104 cells per well. Then they were treated with
different concentrations of sorafenib, senkyunolide A and ligu-
stilide for 48 h, respectively. Subsequently, 10 mL of CCK-8 stock
reagents (YESEN Biotechnology Co., Ltd., Shanghai, China) was
added to per well and then incubated for 30 min. Finally, the
optical density was measured at 450 nm by a microplate reader.

2.9. Western blot analysis

Total proteins were obtained from VEGFR-2/HEK293 cells using
RIPA lysis buffer, and the protein concentration of samples was
measured by BCA protein assay kit. The proteins were then
loaded and separated by SDS-PAGE with 10% polyacrylamide gel
and then transferred onto polyvinylidene fluoride (PVDF) mem-
brane. After being blocked in 5% skim milk for 2 h at room
temperature, the PVDF membrane was kept overnight at 4 �C with
primary antibodies against VEGFR-2 (#2479, 1:1000, v/v, CST),
phosphorylated-VEGFR-2 (p-VEGFR-2) (#2478, 1:1000, v/v,
CST), protein kinase B (AKT) (#4685, 1:1000, v/v, CST),
phosphorylated-AKT (p-AKT) (#4060, 1:1000, v/v, CST), extra-
cellular regulated protein kinases (ERK) (#4695, 1:1000, v/v,
e preparation process of IOCMMNPs.
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CST), phosphorylated-ERK (p-ERK) (#4370, 1:1000, v/v, CST)
and glyceraldehyde phosphate dehydrogenase (GAPDH) (#5174,
1:1000, v/v, CST). The PVDF membrane was then incubated with
horseradish peroxidase (HRP)-conjugated secondary antibodies
(#7074, 1:3000, v/v, CST) for 1 h at 37 �C, and the immunore-
active bands were visualized by enhanced chemiluminescence
(ECL) reagent. All signals were quantitatively analyzed by Image
J software (National Institutes of Health, MD, USA).

3. Results and discussion

3.1. Metabolism of azide groups on the surface of VEGFR-2/
HEK293 cells

Asa typicalRTKs, the precise assembly ofVEGFR-2 guarantees the
effectivity and applicability of drug binding sites. Bioorthogonal
reactions have attracted considerable attention in the field of live cell
labeling and tracking and was therefore applied for inside-out cell
membrane cloaking in this work. The schematic representation of
the preparation process was shown in Fig. 1. At first, VEGFR-2/
HEK293 cells were treated with azido sugar (Ac4ManNAz) to
produce abundant exogenous azide groups on the cell surface
through intracellular metabolic glycoengineering. After that, the
synthesized bareMNPswere coatedwith the resulting azide groups-
cell membrane by bioorthogonal reactions.

It was crucial that azide groups were metabolized on the cells
surface. Near-infrared fluorescent dye (DBCO-Cy5), which could be
Figure 2 (A) CLSM images of VEGFR-2/HEK293 cells treated and u

Fe3O4 (a), Fe3O4@SiO2 (b), Fe3O4@SiO2@NH2 (c) and bare MNPs (d).
specifically conjugated to azide groups by bioorthogonal reactions,
was selected to prove the incorporation of azide groups on the surface
of cells. As depicted in Fig. 2A, the Ac4ManNAz þ DBCO-Cy5
group emitted strong red fluorescence signal on the cells surface,
while no obvious red fluorescence was detected in the DBCO-Cy5
group without incubation with Ac4ManNAz. The CLSM results
demonstrated that the azide groups were successfully inserted onto
the surface of cells.

3.2. Characterization of IOCMMNPs

Fourier transform infrared spectroscopy (FTIR) spectra of Fe3O4

(a), Fe3O4@SiO2 (b), Fe3O4@SiO2@NH2 (c) and bare MNPs (d)
were displayed in Fig. 2B. The characteristic band of FeeO
stretching vibration of Fe3O4 was located at 572 cm�1 (curve
a). The characteristic peaks of Fe3O4@SiO2 (curve b) were
observed at 800, 950, and 1085 cm�1, which were belonged to the
SieO, SieOeH and SieOeSi stretching vibration, respectively.
Although the bands of Fe3O4@SiO2@NH2 (curve c) were same as
those of Fe3O4@SiO2, the characterization of Fe3O4@SiO2@NH2

was demonstrated by other methods. In bare MNPs (curve d), the
characteristic peak at 3322 cm�1 was corresponded to CeH
stretching vibration of alkyne. Moreover, X-ray photoelectron
spectroscopy (XPS) was executed to characterize the surface
groups and elements of prepared composites. As depicted in
Fig. 2C, the peak of N 1s in Fe3O4@SiO2@NH2 (curve a) was
obviously observed, confirming the successful modification of
ntreated with Ac4ManNAz. Scale bar Z 25 mm. (B) FTIR spectra of

(C) XPS patterns of Fe3O4@SiO2@NH2 (a) and bare MNPs (b).
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NH2 on Fe3O4@SiO2. The peaks of bare MNPs (curve b) were
similar to those of Fe3O4@SiO2@NH2, suggesting that there was
no change in the elemental composition during the preparation
process.

The measurement results of dynamic light scattering exhibited
that the particle size increased after being coated with SiO2 (c), as
well as bare MNPs (d), RCMMNPs (e) and IOCMMNPs (f) had
similar size distributions (Supporting Information Fig. S2).
Moreover, after cell membrane coating, the surface charges of the
obtained materials (e and f) was similar to that of cell membrane
vesicles (a), and the Zeta potential of IOCMMNPs was lower than
that of RCMMNPs (Supporting Information Fig. S3), which could
be attributed to the lipids and proteins distributions on the both
sides of the cell membrane are apparently different.

The crystal structures of Fe3O4 (a), Fe3O4@SiO2 (b),
Fe3O4@SiO2@NH2 (c), bare MNPs (d) and IOCMMNPs (e) were
observed by X-ray diffraction (XRD) in Supporting Information
Fig. S4. Six characteristic diffraction peaks corresponding to
(220), (311), (400), (422), (511) and (440) were observed in all
samples at 2q Z 30.3�, 35.6�, 43.3�, 53.7�, 57.4� and 62.7�,
respectively, which indicated that the magnetite crystalline phase
remained unchanged during the preparation of the composites.
Magnetic property measurement system (MPMS) was used to
measure the magnetic properties of the prepared composites at
room temperature (Supporting Information Fig. S5). The satura-
tion magnetization (Ms) values of 41.85 and 32.80 emu/g for bare
MNPs and IOCMMNPs, respectively, which were lower than Ms
values of Fe3O4 (58.59 emu/g). Although Ms values were some-
what reduced due to chemical functional groups modification and
cell membrane coating, IOCMMNPs still had enough magnetic
Figure 3 Characterization of IOCMMNPs coverage and orientation

bar Z 2.5 mm. (B) Proteins analysis of cell lysate (a), cell membrane (b) a

RCMMNPs and bare MNPs with extracellular or intracellular domains of

Determination of sialic acid content in CM ghost, RCMMNPs, IOCMMN
responsiveness to ensure rapid separation through the additional
magnetic fields.

3.3. Envelope of cell membrane

The successful coating of the N3-cell membrane on the carrier
material is of great significance for the practical application of
IOCMMNPs. To verify the covering of N3-cell membrane, bare
MNPs was labeled with FITC and then incubated with DiI-labeled
N3-cell membrane. As shown in Fig. 3A, the green fluorescence
originated from the labeled nanoparticles (a) overlapped perfectly
with the red fluorescence from the labeled N3-cell membrane (b),
indicating that N3-cell membrane successfully coated on the sur-
face of carrier materials. Moreover, the retention of cell membrane
receptors is essential for targeting ligands. As shown in Fig. 3B,
cell lysate (a), cell membrane (b) and IOCMMNPs (c) had similar
protein compositions analyzed by SDS-PAGE. The results sug-
gested that cell membrane proteins almost remained during the
preparation of IOCMMNPs.

The inside-out orientation of cell membrane is critical for sub-
sequent practical application of IOCMMNPs. CD47 is a trans-
membrane protein widely expressed on the surface of human cells,
consisting of an N-terminal extracellular region, five hydrophobic
transmembrane helix structures and a very short C-terminal intra-
cellular sequence40, which can be acted as a properly indicator to
identify the cell membrane orientation of IOCMMNPs. As shown in
Fig. 3C, TEMvisualization showed that several electron-dense gold
particles were attached to intracellular anti-CD 47 labeled
IOCMMNPs (a), while no gold particles were accumulated on
extracellular anti-CD 47 labeled IOCMMNPs (b). The results
. (A) Fluorescence colocalization images of IOCMMNPs. Scale

nd IOCMMNPs (c) by SDS-PAGE. (C) TEM images of IOCMMNPs,

CD47 indicated by immunogold labeling. Scale bar Z 100 nm. (D)

Ps and bare MNPs. Data were presented as mean � SD (n Z 3).
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demonstrated that the cell membrane orientation of IOCMMNPs
was inside-out. For RCMMNPs randomly coated with cell mem-
brane, a small amount of aggregation immune gold particles could
be observed on the surface (c and d). For bareMNPs, no aggregation
immune gold particles were observed (e and f). Moreover, sialic
acid, present exclusively on the extracellular surface of asymmetric
cell membrane41, was further quantitatively analyzed. As shown in
Fig. 3D, the sialic acid content in CM ghost group was much higher
than that in RCMMMNPs group, whereas therewas no sialic acid in
IOCMMNPs and bare MNPs groups. The results demonstrated that
IOCMMNPswere prepared by an inside-out cell membrane coating
approach.

3.4. Adsorption capacity

The isotherm adsorption experiments were performed to evaluate
the adsorption capacity of adsorbents. The adsorption amounts of
Figure 4 (A) Isotherm adsorption experiments of IOCMMNPs, RC

IOCMMNPs, RCMMNPs, bare MNPs and HCMMNPs. (C) Adsorption sel

Schematic diagram of optimized capture conditions. (E) Selection of washi

v/v), water�isopropanol (d, 9:1, v/v), water�acetonitrile (e, 7:3, v/v) and

elution time.
IOCMMNPs, RCMMNPs, bare MNPs and HCMMNPs at different
concentrations of sorafenib were presented in Fig. 4A. Obviously,
with the increase of sorafenib concentration, the adsorption capacity
of the four sorbents also increased, and reached saturation at
1500 mg/L. In addition, the maximum binding amounts of
IOCMMNPs, RCMMNPs, bareMNPs and HCMMNPswere 370.4,
210.7, 19.2 and 12.9 mg/g, respectively. It was implied that the
adsorption ability of IOCMMNPs for sorafenib was stronger than
those of RCMMNPs, bare MNPs and HCMMNPs, which could be
attributed to IOCMMNPs possessed cell membranewith inside-out,
resulting in more specific receptors exposure. To deeply study the
binding properties of adsorbents, Freundlich, Langmuir, Scatchard
and Dubinin�Radushkevich isotherm models were used to process
the binding data. As shown in Supporting Information Table S1 and
Fig. S6, the binding process of IOCMMNPs could be more fitted to
Freundlich isotherm model [correlation coefficient (r) Z 0.9912]
than other models, which suggested that sorafenib could be
MMNPs, bare MNPs and HCMMNPs. (B) Adsorption kinetics of

ectivity of IOCMMNPs, RCMMNPs, bare MNPs and HCMMNPs. (D)

ng and elution solutions: water (a), PBS (b), water�acetonitrile (c, 9:1,

DMSO (f). (F) Investigation of elution volume. (G) Investigation of
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reversibly adsorbed on the heterogeneous solid surface of
IOCMMNPs42.

3.5. Adsorption kinetics

The adsorption kinetics of adsorbents for sorafenib were illus-
trated in Fig. 4B, which presented an initial significantly increase
in the first 5 min and then reached saturation. As time increased,
the adsorption sites were gradually occupied until adsorption
saturation was reached. Meanwhile, IOCMMNPs kept a higher
binding amount than those of RCMMNPs, bare MNPs and
HCMMNPs, which was due to the presence of more adsorption
sites on the surface of IOCMMNPs for sorafenib. To further
examine the adsorption process of the prepared materials, pseudo-
first-order (PFO) and pseudo-second-order (PSO) models were
applied to analyze the kinetic data of adsorbents. As listed in
Supporting Information Table S2, for IOCMMNPs, the correlation
coefficient of PSO model (r Z 0.9927) was higher than that of
PFO model (r Z 0.9232), suggesting that chemical adsorption
possibly dominated the binding process between receptor of
IOCMMNPs and sorafenib.

3.6. Adsorption selectivity

The selective recognition ability of IOCMMNPs was essential for
practical applications. To this end, the adsorption selectivity of
IOCMMNPs, RCMMNPs, bare MNPs and HCMMNPs for five
drugs was investigated. These include the positive drug (sorafenib)
and four negative drugs (gliclazide, nifedipine, dexamethasone and
tamsulosin) that act on other receptors. The results were shown in
Fig. 4C. It was clearly observed that both IOCMMNPs and
Figure 5 (A) Schematic illustration of IOCMMNPs for capturing d

IOCMMNPs: extract solution (a), solution after loading (b), solution after

and 2.
RCMMNPs showed good adsorption capacity for sorafenib, among
which IOCMMNPs had the highest adsorption capacity. However,
IOCMMNPs and RCMMNPs showed low binding amounts for the
four negative drugs, and there was no remarkable difference in
adsorption amounts. In addition, there was no significant difference
in the adsorption ability of bare MNPs and HCMMNPs for the five
drugs. The above results indicated that VEGFR-2/HEK293 cell
membrane played a crucial role in the selective recognition of sor-
afenib, and the inside-out orientation of cell membrane coating
could increase the adsorption sites for sorafenib.

3.7. Optimization of screening procedure

Appropriate screening procedures and conditions are important for
effective target acquisition. After the extracts loading, the inactive
compounds, adsorbed by nonspecific forces, needed to be washed
(Fig. 4D). As shown in Fig. 4E, there were significant differences
about recoveries of sorafenib under different elution solvents.
Good desorption effect for bare MNPs was obtained using
water�acetonitrile (e, 7:3, v/v), but only a weak desorption effect
for IOCMMNPs. Moreover, most sorafenib was eluted from both
IOCMMNPs and bare MNPs using DMSO (f). Therefore,
water�acetonitrile (7:3, v/v) was selected as washing solutions
and DMSO was chosen as elution solutions.

Furthermore, the eluent volume and elution time were also
optimized. As shown in Fig. 4F, with the volume increased from
0.5 to 4 mL, the recovery of IOCMMNPs for sorafenib increased.
When the volume was greater than 4 mL, the recovery remained
constant. In addition, the elution time was investigated from 0.25
to 20 min (Fig. 4G). The recovery of IOCMMNPs for sorafenib
increased from 0.25 to 2 min and then remained stable. As a
rug leads. (B) Chromatograms of the practical application using

washing (c) and solution after eluting (d); GCeMS results of peaks 1
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result, the optimal elution volume was 4 mL, and the optimal
elution time was 2 min.

3.8. Method validation and application in complex herbal
matrices

To evaluate the analytical parameters of the developed method,
sorafenib was used as a reference to evaluate the following pa-
rameters, including linearity, limit of detection (LOD) and method
precision. The linear range was determined to be 0.05e50 mg/mL
with r Z 0.9999, and the LOD (S/N Z 3) was calculated as
0.8 ng/mL. The results suggested that the present method
possessed good sensitivity and met the needs of detection.
Furthermore, six batches of IOCMMNPs were used to determine
the method precision. The results displayed that the relative
standard deviation (RSD) of recoveries was 1.71%, which could
be considered that the method had high precision and reproduc-
ibility, and could be used in practical application.

To verify that the proposed platform could be applied for rapid
screening of active ingredients in complex matrices, IOCMMNPs
were used to capture drug leads from the extract of L. chuanxiong
Hort (Fig. 5A). The results were depicted in Fig. 5B. It could be
clearly observed that only a few components could be remained on
IOCMMNPs after loading of the extraction solution (b). After
Figure 6 (A) Cell viability of VEGFR-2/HEK293 cells treated with sor

proteins in VEGFR-2/HEK293 cells treated with sorafenib, senkyunolide A

The relative level of p-AKT/AKT. (E) The relative level of p-ERK/ERK. D

***P < 0.001 vs. control group.
rinsing with wash and elution solvent, two main peaks were
detected in the eluent solution (d), its might be the potential
bioactive components captured by IOCMMNPs. These two com-
pounds were recoginized as senkyunolide A and ligustilide by
GCeMS. Hence, the prepared IOCMMNPs could be applied to
screen bioactive compounds acted on VEGFR-2 tyrosine kinase
from complex TCMs.

3.9. Pharmacological effect

To assess the inhibitory property of above two components,
VEGFR-2/HEK293 cells were treated with senkyunolide A and
ligustilide with different concentrations (5e35 mg/mL), and cell
viability was evaluated using CCK-8 assy. As depicted in Fig. 6A,
the results showed that senkyunolide A and ligustilide dose-
dependently inhibited cell growth. Moreover, the half-maximal
inhibitory concentration (IC50) of senkyunolide A and ligustilide
were 19.81 and 21.22 mg/mL, respectively. Thus, it revealed that
two bioactive compounds could effectively inhibit proliferation of
VEGFR-2/HEK293 cells.

Dimerization and phosphorylation of VEGFR-2 can activate
multiple downstream signaling pathways, including AKTand ERK,
etc43. The effects of senkyunolide A and ligustilide on the protein
expression and phosphorylation levels of VEGFR-2, AKTand ERK
afenib, senkyunolide A and ligustilidel. (B) The expression of related

and ligustilidel. (C) The relative level of p-VEGFR-2/VEGFR-2. (D)

ata are presented as mean � SD (n Z 3). *P < 0.05, **P < 0.01 and
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in the VEGFR-2/HEK293 cells were examined viawestern blotting
experiments. As displayed in Fig. 6B, senkyunolide A and ligu-
stilide dose-dependently reduced the expression of p-VEGFR-2,
while the expression of VEGFR-2 was almost unaffected. The re-
sults showed that these two compounds inhibited VEGF-induced
phosphorylation of AKT and ERK (p-AKT and p-ERK), but the
protein expression levels of AKTandERK showed no obvious dose-
dependent changes. Moreover, the quantification results in
Fig. 6C�6E demonstrated that the phosphorylation levels of
VEGFR-2, AKT and ERK were significantly reduced after treat-
ment with senkyunolideA and ligustilide comparedwith the control
group. Our results indicated that senkyunolideA and liguslide could
inhibit VEGFR-2/HEK293 cells proliferation by down-regulating
VEGFR-2 phosphorylation pathway.

3.10. Interaction simulations of screened compounds with
VEGFR-2

The molecular docking study was performed to explore the inter-
action mechanism of screened compounds and VEGFR-2. Sor-
afenib, an ATP-competitive inhibitor, was first docked with
VEGFR-2 (PDB ID: 3WZE), and then senkyunolide A and lig-
uslide were docked with VEGFR-2 under the same method condi-
tions.As shown inSupporting Information Figs. S7A, S8A andS9A,
senkyunolide A and ligustilide showed similar activity binding
pockets to sorafenib. Moreover, detailed analysis of the interactions
between the potential active ingredients and VEGFR-2 were shown
in the striped results (Fig. S7B, Fig. S8B and Fig. S9B). Senkyu-
nolideA formed a hydrogen bondwithCYS919 inVEGFR-2,which
was consistent with a hydrogen bond of sorafenib. These docking
results demonstrated that senkyunolide A and ligustilide were
identified as selective VEGFR-2 tyrosine kinase inhibitors.

4. Conclusions

In this work, we designed a novel inside-out cell membrane
coating strategy with better biocompatibility and stability based
on bioorthogonal reactions for drug leads discovery. The outside
surface of cell membrane was specifically labeled with azide
functional groups through metabolic engineering, which was
further covalently reacted with the alkynyl groups of magnetic
nanoparticles. It has been verified that the inside-out coating
method not only improved the adsorption capacity of the target,
but also helped to determine the action sites of drug. Moreover,
two potential active ingredients, senkyunolide A and ligustilidel,
were successfully screened from L. chuanxiong Hort. Preliminary
pharmacological results suggested that both compounds could
inhibit VEGFR-2 phosphorylation and further block downstream
signaling pathways, thereby inhibiting tumor cell proliferation. In
summary, the inside-out cell membrane cloaking strategy based on
bioorthogonal reactions provides a powerful tool for precise
immobilization of cell membrane, and also opens up a new ho-
rizon for effective screening of drug leads from natural products.
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