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Abstract Biomimetic nanoengineering presents great potential in biomedical research by integrating

cell membrane (CM) with functional nanoparticles. However, preparation of CM biomimetic nanomater-

ials for custom applications that can avoid the aggregation of nanocarriers while maintaining the biolog-

ical activity of CM remains a challenge. Herein, a high-performance CM biomimetic graphene

nanodecoy was fabricated via purposeful surface engineering, where polyethylene glycol (PEG) was used

to modifying magnetic graphene oxide (MGO) to improve its stability in physiological solution, so as to

improve the screening efficiency to active components of traditional Chinese medicine (TCM). With this

strategy, the constructed PEGylated MGO (PMGO) could keep stable at least 10 days, thus improving the

CM coating efficiency. Meanwhile, by taking advantage of the inherent ability of HeLa cell membrane

(HM) to interact with specific ligands, HM-camouflaged PMGO showed satisfied adsorption capacity

(116.2 mg/g) and selectivity. Finally, three potential active components, byakangelicol, imperatorin,

and isoimperatorin, were screened from Angelica dahurica, whose potential antiproliferative activity

were further validated by pharmacological studies. These results demonstrated that the purposeful surface
9 82656788.
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engineering is a promising strategy for the design of efficient CM biomimetic nanomaterials, which will

promote the development of active components screening in TCM.

ª 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cell membrane (CM)-camouflaged nanomaterials represent an
emerging and interesting biomimetic platform, which become
increasingly prevalent in biomedical research1e4. To date, nano-
materials with unique properties such as carbon nanotube5 and
magnetic particles6 have been employed to develop CM-
camouflaged nanomaterials. By transferring the membrane
directly onto the surface of the nanomaterials, the complexity of
the membrane, including its proteins, carbohydrates, and lipids,
can be completely preserved, enabling the synthetic CM-
camouflaged nanomaterials to possess many of the characteris-
tics exhibited by the source cell7e10. In particular, by taking
advantage of the inherent ability of CM to interact with specific
ligands, CM-camouflaged nanomaterials have enhanced targeting
capability, showing an attractive prospect in the affinity recogni-
tion field11e13. Promising results have also recently emerged in
potential active components screening in traditional Chinese
medicine (TCM)14e16.

From nanomaterials synthesis point of view, the typical top-
down pathway is currently in a leading position for CM camou-
flage to nanocarriers, because it excludes tedious chemical syn-
thesis and causes negligible damage on the composition of CM
and the function of nanocarriers17,18. However, the interfacial
interactions between CM and nanocarriers affect whether the CM
can be camouflaged onto the nanocarriers effectively19,20. For
instance, nanocarriers have a strong tendency to accumulate in
salt-containing or physiological media owing to the existence of
static charges, which greatly reduce the binding area, resulting in a
low membrane-coating rate21. Hence, a critical challenge to the
top-down pathway is how to avoid the aggregation of the nano-
carriers before the membrane camouflage while maintaining the
bioactivity of the CM.

Given the importance of nanomaterials biointerfacing, the
purposeful surface engineering is a critical part of the top-down
pathway, which can be employed to settle the issues described
above22. With a high surface area, good biocompatibility, and
sufficient surface groups, graphene oxide (GO) can be used as a
unique double-sided and easily accessible nanocarrier for efficient
loading of CM23e26. The intrinsic chemical composition and
lateral size of GO have a certain influence on its dispersity, which
leads to aggregation in the process of CM coating. It is worth
noting that the well-functionalized GO modified by a variety of
biocompatible polymers showed a significant improvement in
dispersity27e29. Inspired by this, we expected that the biocom-
patible polymer modification could greatly increase the interfacial
interaction between the CM and GO, resulting in a high membrane
coating efficiency. Among various biocompatible polymers,
polyethylene glycol (PEG) is a very useful modification material
due to its remarkable hydrophilicity, low cytotoxicity, and bio-
compatibility30e35. Hence, it was expected that the surface
modification of GO using PEG plays an important role in
improving the CM coating efficiency and enhancing the selectivity
of active components screening from TCM.

Herein, the novel CM biomimetic graphene nanodecoys with
improved screening efficiency were prepared via the purposeful
surface engineering. During this procedure, the PEGylated
magnetic GO (PMGO) was synthesized, and then coated with
CM from HeLa cells through an optimized top-down approach.
Among all the CM sources, the pathological tissues are the most
ideal materials for screening active components from TCM due
to the maximum imitation of in vivo drugereceptor in-
teractions36. Hence, HeLa cell membrane (HM) was incorpo-
rated as the coating of PMGO to provide nanodecoys (HPMGO)
in view of the above merits. In addition, magnetic nanoparticles
were introduced as the magnetic assistance to help efficiently
separate the nanodecoys. The morphological characterization
and adsorption properties of the resultant HPMGO were sys-
tematically evaluated. We found that the conjugation of PEG
effectively enhanced the dispersity of magnetic GO (MGO) in
physiological solutions, and the HM coating efficiency was
further enhanced. Furthermore, the HPMGO demonstrated better
efficiency for screening active components from TCM owing to
the improved coating amounts of HM. Ultimately, our results
indicated the broad applicability of the purposeful surface en-
gineering for CM-camouflaged nanomaterials, which will pro-
mote the rapid development of this emerging biomimetic
nanotechnology and open up a new path for the study on active
components of TCM.

2. Materials and methods

2.1. Materials and regents

GO was purchased from XFNANO material Tech. Co., Ltd.
(Nanjing, China). Iron (III) chloride hexahydrate (FeCl3$6H2O),
ethylene glycol (EG), and sodium acetate (NaAc) were provided
by Guanghua Tech. Co., Ltd. (Guangzhou, China). Six-armed
polyethyleneglycol with six amino end groups (6-armed
PEGeNH2) was obtained from Ponsure Biotech. Inc.
(Shanghai, China). DMEM, trypsin, fetal bovine serum (FBS),
and N-(3-(dimethylamino)propyl)-N0-ethylcarbodiimide hydro-
chloride (EDC$HCl) were offered by SigmaeAldrich LLC. (St.
Louis, MO, USA). Verapamil, tamsulosin, and valsartan were
obtained from Ange Pharmaceutical Co., Ltd. (Nanjing, China).
Vinorelbine ditartrate, fluorescein Isothiocyanate (FITC), coo-
massie brilliant blue R250, PAGE gel quick preparation kit,
hoechst 33,258 stain solution, and annexin V-FITC/PI apoptosis
assays kit were offered by Yeasen Bio. Tech. Co., Ltd.
(Shanghai, China). Byakangelicol, imperatorin, and iso-
imperatorin were obtained from Herbest Bio. Tech. Co., Ltd.
(Baoji, China).

http://creativecommons.org/licenses/by-nc-nd/4.0/
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2.2. Preparation of HPMGO

At first, MGO was synthesized via a previously described sol-
vothermal approach26. In brief, GO (85 mg) was suspended in EG
(6 mL) and ultrasonicated for 1 h FeCl3$6H2O (320 mg) was
added, followed by ultrasonic treatment for 30 min, and then so-
dium acetate (300 mg) was added and stirring for 30 min at 50 �C.
The mixture was then heated to 200 �C in a stainless-steel auto-
clave for 6 h. The obtained MGO were collected by external
magnetic field, and then purified by washing sequentially with
methanol and water each three times.

To enhance the dispersity of MGO, PEG was conjugated ac-
cording to a previously reported approach with a minor modifi-
cation32. For the PEGylation of MGO, 6-armed PEGeNH2 was
employed as the PEG coupling reagent, while EDC$HCl was used
as the carboxyl activator to enable the formation of amide bond
during the chemical conjugation. MGO supernatant was pre-
treated with NaOH followed by bath-sonicated with 10 mg/mL
6-armed PEGeNH2 for 5 min. EDC was then added to reach
5 mmol/L and the solution was bath sonicated for another 30 min,
followed by adding enough EDC to reach 20 mmol/L and stirring
for 12 h. Dialysis (MWcutoff Z 14 kDa) was used to purify the
initial product for 3 days, and the unbound 6-armed PEGeNH2

was removed to finally obtain PMGO.
HeLa cells were cultured in a humidified atmosphere (5%

CO2) at 37
�C with DMEM medium containing FBS (10%) and

penicillin/streptomycin (1%). HM was prepared following a pre-
viously published approach15. The resulting pellets of HM were
lyophilized and stored at �80 �C. The protein amounts were
determined by the bicinchoninic acid (BCA) protein assay kit
(Yeasen Bio. Tech. Co., Ltd., Shanghai, China). The lyophilized
membrane materials were rehydrated in PBS (pH Z 7.4) prior to
use. Then, the above PMGO was added into the HM under vor-
texing, followed by the ultrasonication at 4 �C for 10 min. Af-
terwards, the resulting products were further collected by
magnetic field and washed to remove unbound HM.

2.3. Characterization of HPMGO

The surface morphologies of prepared materials were studied
using JEOL JCM-5700 scanning electron microscopy (SEM;
Welwyn Garden City, UK) and JEOL JEM-2100Plus transmission
electronic microscopy (TEM; Tokyo, Japan). The chemical
conjugation of PEG to MGO was confirmed by Fourier Transform
Infrared Spectroscopy (FTIR; AVATAR-360 FTIR spectropho-
tometer, Madison, Wisconsin, USA). The element composition of
MGO and PMGO was recorded on X-ray photoelectron spec-
troscopy (XPS; K-Alpha, Thermo Fisher, Waltham, MA, USA).
Thermogravimetric analysis (TGA) was conducted on Discovery
TGA 55 thermal analysis system (TA, New Castle, PA, USA) in
N2 with a heating rate of 10 �C/min. Surface charge of GO,
PMGO, HM, and HPMGO in PBS buffer (pH 7.4) were confirmed
by zeta potential measurements using dynamic light scattering
(Malvern Zetasizer Nano S90, Malvern, UK). The magnetic
property was assessed by Lake Shore 7307 vibrating sample
magnetometer (VSM; Columbus, OH, USA).

2.4. Protein analysis and fluorescence characterization

The protein components of prepared materials were analyzed by
using sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). The HeLa cell, HM, and HPMGO were prepared in
SDS sample buffer, and then various samples were loaded into
each well of an 8% SDS gel. The resulting polyacrylamide gel was
stained in Coomassie Blue and destained overnight for visuali-
zation. Before fusing HM and PMGO, HM was labelled with CM
red fluorescent probe DiI (1,1ʹ-dioctadecyl-3,3,3ʹ,3ʹ-tetramethy-
lindocarbocyanine perchlorate, Beyotime Biotechnology Co.,
Ltd., Shanghai, China). Briefly, HM was mixed with DiI for
20 min. Excessive DiI was removed from HM by centrifugation
and washed with PBS. Then DiI-labelled HM was further coated
onto PMGO as described above. Meanwhile, PMGO was labelled
by the same procedure as HPMGO in the absence of HM. Finally,
the labelled materials were imaged using TCS SP8 STED 3X
confocal laser scanning microscope (CLSM; Leica, Solms,
Germany).

2.5. Stability study

The stability of PMGO dispersion was studied in different media
including deionized water, normal saline, PBS buffer, and DMEM
medium. During the given time intervals, the dispersity of PMGO
in the tubes were photographed to intuitively reflect the changes
over a period of time. MGO without PEG served as control.

2.6. In vitro targeting toward ligands

Adsorption selectivity experiment was used to investigate the li-
gands targeting ability of HPMGO. In brief, vinorelbine ditartrate
(selective HeLa cell inhibitor) was employed as the positive drug,
while verapamil (calcium channel blocker), tamsulosin (selective
a1 adrenergic receptor blocker), and valsartan (angiotensin
receptor blocker) were used as the negative control applied to
the adsorption selectivity experiments. Samples of 10 mg
HPMGO and non-HM-coated PMGO (NPMGO) were placed in
centrifuge tubes, followed by the addition of 1 mL above ligands
(100 mg/mL), respectively. These samples were ultrasonic
dispersed and oscillated at 4 �C for 10 min in a constant tem-
perature oscillator. After adsorption, the samples were separated
and washed, and the concentration of all the supernatant was
detected. The binding amounts equation as shown in Eq. (1):

QZ
ðC0 �CeÞ �V

m
ð1Þ

where C0 (mg/mL) is the initial concentration of ligands, and Ce

(mg/mL) is the residual concentration of ligands. V (mL) refers to
the volume of ligands, and m (mg) refers to the amount of the
adsorbent.

2.7. Potential active components screening from TCM

HPMGO was used as adsorbent to screen potential active com-
ponents from TCM following an evaluation of targeted identifi-
cation and ligand enrichment capabilities. The Angelica dahurica
(1.0 g) was ground into fine powder and extracted with 20 mL
ether for 1 h under oscillate. The filtrate was evaporated and
dissolved in ethyl acetate. 5.0 mg HPMGO was dispersed in
1.0 mL crude extract to capture the potential bioactive ingredients
binding to the receptor. The washing solvent was PBS-acetonitrile
(9:1, v/v) and the elution solvent was PBS-acetonitrile (7:3, v/v).
Under these conditions, we collected the elution solutions and
identified the potential bioactive ingredients by HPLCeQ-TOF-
MS/MS (Shimadzu Corporation, Kyoto, Japan).
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2.8. Antiproliferative assay

The in vitro antiproliferative assay was measured by the CCK-8
assay (Cell Counting Kit-8, Beyotime Biotechnology Co., Ltd.,
Shanghai, China). First, HeLa cells were seeded into 96-well
plates in 200 mL medium and subsequently cultured for 24 h.
Then different concentrations of above bioactive ingredients were
added to the wells, respectively, and further incubated for 24 h. In
the end, 100 mL medium containing 10 mL CCK-8 was added, and
incubated for another 1 h. Finally, the cell viability was measured
using a microplate reader at a wavelength of 450 nm.

2.9. Apoptosis by hoechst 33,258 staining assay

Since the screened active components indicated significant cyto-
toxic potential on HeLa cells, the apoptotic effect was further
evaluated to understand the cytological changes. HeLa cells
(2 � 105) were seeded on 6-well plates and treated with the
captured potential bioactive ingredients at the different concen-
trations for 48 h, respectively. After treatment, the cells were
washed twice with PBS and stained with hoechst 33,258 solution
for 20 min. The stained cells were further washed twice with PBS
and then observed under a fluorescence microscope excited at
350 nm and emitted at 460 nm.

2.10. Cell apoptosis analysis

Apoptosis of HeLa cells was further evaluated with annexin V-
FITC/PI apoptosis detection kit. For that, HeLa cells (2 � 105)
were seeded on 6-well plates and incubated for 12 h. The cells
were treated with the captured potential bioactive ingredients
at different concentrations for 48 h, respectively. The cells
were collected and washed twice with prechilled PBS, and
further resuspended in 100 mL 1 � binding buffer. Next, 5 mL
annexin V-FITC and 10 mL PI staining solution were added.
After incubation at room temperature in dark for 10 min,
1 � binding buffer (400 mL) was added. The cells apoptosis
was analyzed by a flow cytometer (ACEA biosciences, San
Diego, CA, USA).

2.11. Statistical method

All data were taken from three independent experiments and
presented as mean � SD. Statistical analysis was performed using
GraphPad Prism 5.0. Differences were considered significant at
*P < 0.05, **P < 0.01, and ***P < 0.001.

3. Results and discussion

3.1. Preparation and protein analysis of HPMGO

The primary task of this work is to fabricate the well-
functionalized MGO with excellent dispersity, which is critical
for the following coating by HM to provide HPMGO with
enhanced efficiency. As we know, nanomaterials were prone to
aggregation due to the high surface energy and large specific
surface area37. Chemical conjugation of various biocompatible
polymers on the nanomaterials is the most commonly used
method to improve the dispersity in aqueous medium27. Hence, to
address above issue, we attempted to prepare a functionalized
MGO with excellent dispersity by PEGylation.
Schematic representation of the preparation, application, and
advancement of HPMGO were shown in Fig. 1. The design and
preparation process were illustrated in Fig. 1A. At first, to
construct HPMGO, PEG-modified MGO was synthesized. The
resultant PMGO dispersed well in water. HM were prepared by
emptying the intracellular contents through combining hypotonic
lys, mechanical fragmentation, and gradient centrifugation. After
that, PMGO were surface coated with the resulting HM by mixing
the PMGO and HM. Fig. 1B and C exhibited the drug leads
capture application and the dispersity improvement of HPMGO,
respectively.

In order to obtain versatile HPMGO with high performance,
the preparation process (Fig. 2A) was optimized. The amount of
coated HM in PMGO was studied. For these study, FITC (488/
525 nm) as a fluorescent probe was used to quantify attachment of
HM. FITC was mixed with HM in PBS to form labeled HM (HM/
FITC). Fig. 2B show emission spectra of HPMGO prepared by
HM/FITC and MGO at different ratios. It was found that the
fluorescence intensity enhanced significantly with the increase of
HM concentration, and did not change until the ratio increased to
1:4, indicating that 1:4 was the optimum preparation condition.
The coated HM amounts on PMGO were quantified by a BCA
protein assay kit. The coating amount equation as shown in Eq.
(2):

QZ
ðm0 �meÞ

m
ð2Þ

where Q (mg/g) represents the coating amount of HM. m0 (mg)
and me (mg) are the initial and equilibrium amounts of the HM,
respectively. And m (mg) refers to the amount of PMGO. The
result showed that the coating amount was 794.3 mg/g.

3.2. Dispersity of PMGO in different medium

As mentioned above, the dispersity of the prepared PMGO in the
aqueous medium was crucial for the membrane coating. Thus, in
order to illustrate the significant effect of PEGylation on the dis-
persity enhancement, the dispersity of MGO and PMGO in
different medium was further assessed. It appeared from Fig. 2C
that MGO nanomaterials aggregated promptly in deionized water,
normal saline, PBS, and DMEM medium, clearly indicating the
necessity for enhancing the dispersity of MGO in physiological
solutions for further application in biomimetic nanoengineering.
On the contrary, it could be found that PMGO had a brilliant
dispersity in deionized water and DMEM, which could keep stable
at least 10 days. After 10 days, there was slight discoloration
appeared in PBS and normal saline, which might be related to the
mild aggregation of PMGO. Overall, surface PEGylation played a
crucial part in improving the dispersity of MGO, which can be
employed to settle the issue of PMGO aggregation in the top-
down approach. The brilliant dispersity in PBS endowed PMGO
with great interfacial interaction potential, which enabled it to be
employed as a nanocarrier with high membrane coating rate.

In order to affirm whether PEGylation could improve the HM
coating efficiency, we investigated the fluorescence property of
HPMGO and HM coated MGO (HMGO) by fluorescence spec-
troscopy. As indicated in Fig. 2D, HPMGO and HMGO both
exhibited a sharp emission peak appearing at around 525 nm
originated from FITC, while the emission of HPMGO was found
to be higher than that of HMGO. The difference indicated that due
to the improved dispersity and increased contact area between GO



Figure 1 Schematic representation of (A) the preparation of HPMGO, (B) its application for drug leads capture, and (C) difference between

traditional aggregation system and the promising PEGylated stable system.
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and CM, PEGylated GO can increase the adsorption amount of
HM on its surface.

3.3. Characterization of HPMGO

To confirm whether the PMGO has been fabricated as we ex-
pected, FTIR spectrums of GO and PMGO were first performed.
As shown in Fig. 3A, both GO and PMGO exhibited a CeO
stretching vibration peak (3411 cm�1) and an eOH vibration
peak (1634 cm�1), which corresponded to the structure of GO. It
is obvious that after PEGylation of MGO, the characteristic bands
of CeH stretching vibration and CeO stretching vibration can be
found at 2871 and 1102 cm�1, respectively. Moreover, the bands
at 587 cm�1 can be observed, which was assigned to the stretching
vibration of FeeO.

With a view to explore the element composition of PMGO
before and after modification, XPS measurements were carried
out. As presented in Fig. 3B, the presence of the N 1s peak in
PMGO clearly demonstrated the attachment of PEG. From the
thermal decomposition patterns of GO and PMGO displayed in
TGA (Supporting Information Fig. S1), it can be seen that their
weight losses were 60% and 40%, respectively, which revealed
that the thermal stability of PMGO was enhanced after the
attachment of PEG. This may be due to the crosslinking of PEG
and GO, which enhanced the correlation between molecules, thus
improving the thermal stability of PMGO.

Magnetization curves were obtained by VSM analysis. As can
be seen from Fig. 3C, after PEGylation and HM coating, the
saturation magnetization (Ms) of HPMGO was decreased. The
decrease of Ms value could be ascribed to the existence of GO and
HM, which reduced the content of Fe3O4 of the composites.
However, there is still enough magnetism to allow rapid separation
of HPMGO. As indicated in Fig. 3D, the zeta potential of PMGO
is �0.73 � 0.25 mV, which becomes more cationic after PEG
modification, verifying the successful attach of positively charged
amino groups to the PMGO surface. Subsequently, the zeta po-
tential of HPMGO is �19.23 � 0.74 mV, which close to that of
the donor cells indicating that HM successful coating on the
surface of PMGO, and presented in the right-side-out direction.

As depicted in Fig. 3E and Supporting Information Fig. S2, the
structural morphologies of GO, PMGO, and HPMGO were stud-
ied by TEM and SEM. From TEM images of GO (Fig. 3E), it
could be found that GO exhibited a sheet-liked structure with
smooth surface. After attached with magnetic beads and PEG,
PMGO were formed, and the size of the magnetic beads was
around 200 nm. After being coated by HM, the transparency of
HPMGO was lower than that of PMGO nanosheet, indicating that
HM successfully coated PMGO. Furthermore, the SEM image of
GO presented a sheet-like structure with small thickness and
smooth surface as illustrated in Fig. S2. It can be seen that the
nanolayer structure of PMGO still existed after magnetic modifi-
cation and PEGylation, and the magnetic beads were successfully
attached on the GO nanosheets. Subsequently, the surface of
HPMGO is obviously rough, which was consistent with above
structural morphologies results.

Furthermore, the optical properties of MGO and PMGO were
examined by UVeVis absorbance spectroscopy. As illustrated in
Supporting Information Fig. S3, MGO and PMGO both revealed
UVeVis absorbance over a wide wavelength range, though the
absorbance of PMGO was higher than that of MGO. The differ-
ence in absorbance could be attributed to the surface modification
associated with the amidation of GO PEGylation, which was
consistent with the previous report33,34.

3.4. Protein analysis and fluorescence characterization

As the existence of specific receptors is the key to successfully
target ligands. We confirmed the protein composition of HeLa



Figure 2 Preparation and dispersity evaluation of HPMGO. (A) Schematic illustration of synthesis of HPMGO. (B) Emission spectra of

HPMGO prepared by HM/FITC and MGO at different ratios. (C) Digital photographs of MGO and PMGO in different medium. (D) Fluorescence

property of HPMGO and HMGO.
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cell, HM, and HPMGO by using SDS-PAGE. Protein analysis
illustrated that membrane proteins of HeLa cells were well pre-
served during coating process as well as could be identified on
HPMGO (Fig. 3F). To further study the HM coating, we con-
ducted the CLSM to directly visualize the attachment of HM on
the surface of PMGO. It can be seen from Fig. 3G that PMGO
nanosheets could be wrapped by the membrane layer and endowed
with a large number of ligand-targeting sites, which enabled
HPMGO to have excellent targeting capability compared with
bare PMGO.

3.5. Adsorption capability of HPMGO

Since the dispersity of PMGO was well improved, we then further
investigated the adsorption capability of the prepared HPMGO.
We used vinorelbine ditartrate as a model ligand to investigate the
adsorption capability of HPMGO, and the binding amounts (Q)
was used as an indicator to evaluate the capability. Various con-
centrations of vinorelbine ditartrate were incubated with HPMGO
and PMGO, respectively, and the HPLC was employed to monitor
the binding amounts. As illustrated in Fig. 4A, with the increase of
concentration, the binding amounts of HPMGO to vinorelbine
ditartrate increased rapidly at the initial stage, and then slowed
down until reached saturation at 116.2 mg/g. Compared with
PMGO (Q Z 45.5 mg/g), the adsorption capability of HPMGO to
vinorelbine ditartrate was significantly increased as the result that
HM coating endowed it with a large number of specific receptors,
providing active ligand targeting sites for vinorelbine ditartrate
binding.

To better understand the adsorption process, Langmuir and
Freundlich adsorption isotherm models were used to fit the
adsorption data, and the equations as shown in Eqs. (3) and (4):

Ce

Qe

Z
1

QmaxKL

þ 1

Qmax

Ce ð3Þ

LgQeZLgKF þmLgCe ð4Þ
where Qmax (mg/g) refers to the maximum adsorption capacity. KL

(L/g) refers to adsorption constants of Langmuir and KF (mg/g)
refers to adsorption constants of Freundlich. And n is heteroge-
neity factor. The adsorption isotherms data were fitted by Lang-
muir and Freundlich models (Supporting Information Fig. S4) to
obtain relevant parameters (Supporting Information Table S1).
According to the values of correlation coefficient (r), the



Figure 3 Characterization of HPMGO. (A) FTIR spectra of GO and PMGO. (B) XPS patterns of GO and PMGO. (C) Magnetic hysteresis

loops of Fe3O4, PMGO, and HPMGO. (D) Zeta potential results of MGO, PMGO, HM, and HPMGO. (E) TEM images of GO (scale

bar Z 500 nm), PMGO (scale bar Z 1 mm), and HPMGO. (scale bar Z 1 mm). (F) Membrane protein analysis of HeLa cells, HM, and HPMGO.

(G) Confocal microscopy images of HPMGO and PMGO labelled with DiI (red). Scale bar Z 50 mm.
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adsorption behavior was more consistent with the Langmuir
model, indicating a monolayer sorption of vinorelbine ditartrate
on the surface of HPMGO.

3.6. Adsorption kinetics of HPMGO

The adsorption kinetics of HPMGO and PMGO for vinorelbine
ditartrate adsorption were presented in Fig. 4B. Accordingly, the
adsorption rate of HPMGO to vinorelbine ditartrate was fast.
Because of the abundant adsorption sites, it can achieve half of its
saturation adsorption within 3 min. After only 6 min, the
adsorption reached equilibrium. Compared with HPMGO, PMGO
had a slow adsorption rate and small adsorption amount. High
adsorption efficiency of HPMGO might be due to the abundant
target sites on its surface.

In this study, the pseudo-first-order (PFO) and pseudo-second-
order (PSO) equations were applied to fit the adsorption kinetic
data. The equations as shown in Eqs. (5) and (6):

Logðqe�qtÞZLogqe � k1t

2:303
ð5Þ
t

qt
Z

1

k2q2e
þ t

q0
ð6Þ

where qe (mg/g) and qt (mg/g) refer to the equilibrium adsorption
capacity and the adsorption capacity at a certain time (min),
respectively. k1 (min�1) represents the adsorption rate constants of
PFO model, and k2 (g/mg/min) represents the adsorption rate
constants of PSO model. Both HPMGO and PMGO presented a
better correlation with the PSO model (Supporting Information
Table S2), indicating that the adsorption was related to the number
of binding sites.

3.7. Adsorption selectivity of HPMGO

Furthermore, to verify the selectivity of HPMGO in capture
specific ligands, we challenged our detection by using other
drugs acting on different receptors. In this study, vinorelbine
ditartrate was used as the target drug, while verapamil, tamsu-
losin, and valsartan were applied as the negative controls. As
depicted in Fig. 4C, compared to the negative controls, the



Figure 4 (A) Static adsorption isotherm curves. (B) Dynamic adsorption curves. (C) Adsorption selectivity results. (D) Selection of washing

and elution solution: (a) water, (b) PBS, (c) 10% methanol solution, (d) PBS-acetonitrile (9:1, v/v), and (e) PBS-acetonitrile (7:3, v/v). (E)

Optimization of elution time. (F) Optimization of elution volume.
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adsorption capacity of positive drug vinorelbine ditartrate by
HPMGO was higher, which demonstrated stronger binding ca-
pacity of vinorelbine ditartrate to HPMGO, supporting the ex-
istence of ligand targeting sites. Clearly, all the encouraging
results indicated that the HM coating could firmly endow
HPMGO with rich ligand targeting sites and enhance its
adsorption performance for specific ligands. Therefore, sensitive
and selective detection of the proposed drug leads capture plat-
form is feasible.

3.8. Screening conditions optimization

Based on the well-preserved membrane activity and target
adsorption capability of HPMGO, we then envision the potential
application of HPMGO in efficient screening of active compo-
nents, where HPMGO was employed as the adsorbent. Hence,
several experimental parameters were optimized for efficient li-
gands capture. Firstly, in order to obtain a high recovery, the
washing solvent and elution solvent were optimized. Specifically,
five solvents [water (a), PBS (b), 10% methanol solution (c), PBS-
acetonitrile (9:1, v/v; d), and PBS-acetonitrile (7:3, v/v; e)] were
investigated. As shown in Fig. 4D, we can see that the maximum
recovery was obtained when employed the PBS-acetonitrile (7:3,
v/v) as elution solvent, while PBS-acetonitrile (9:1, v/v) had better
elution ability for PMGO, but had no obvious influence on
HPMGO. Therefore, 9:1 and 7:3 PBS-acetonitrile were applied as
the washing solvent and elution solvent, respectively. Besides,
elution time and eluent volume, which might influence the re-
covery of adsorbate, were also optimized. As the results depicted
in Fig. 4E, the recovery positively correlated with the elution time
from 0.5 to 30 min and reached stable after 5 min, indicating that
the elution procedure can be essentially completed in 5 min. In
addition, since the recovery can reach the maximum when the
solution volume was larger than 2 mL, 2 mL was taken as the
elution volume.
3.9. Potential active components screening from TCM

To evaluate the batch to batch variation of the HPMGO nano-
decoys, the adsorption capacity of six batches of HPMGO was
studied. The average adsorption capacity of the six batches of
HPMGO was 45.33 mg/g, and the relative standard deviation
(RSD) was 6.8%, indicating that HPMMGO had good
reproducibility.

Despite many efforts and advances have been made in the
screening of active components in TCM in recent decades, the
screening of potential active components from TCM is still an
expensive, complex, time-consuming, and laborious process
without a guarantee of success. In this context, biomimetic affinity
recognition technology has become a promising strategy with the
advantage of directly simulating drug interactions in vivo,
detecting the affinity of different ligands to membrane receptors,
and screening potential active components. In consideration of the
critical role of PEGylation in improving dispersity of MGO, this
work introduced PEGylation to solve the problem of easy aggre-
gation of nanocarriers in the top-down approach to improve the
affinity recognition efficiency.

A. dahurica is a TCM that has been used in the therapy for
pain, furunculosis, abscesses, and acne. In previous studies, A.
dahurica exhibited diverse biological activities, including anti-
tumor38, antiinflammatory39, antioxidant40, and anti-allergic ef-
fects41. Inspired by these biological activities, we hypothesize that
A. dahurica cotains compounds that could bind to HeLa cells.
Therefore, taking A. dahurica as an example, the screening of
potential active components from TCM was carried out to validate
the practical application of the designed HPMGO. The schematic
was illustrated in Fig. 5A. As a result, there were three intensive
peaks can be observed in the elution (Fig. 5B), which may be the
potential active compounds screened by HPMGO. The adsorption
of these compounds on HPMGO indicated that they were ligands
of the HM receptor since binding between them. Furthermore, the



Figure 5 (A) Schematic illustration of drug leads capture from complex herbal matrices. (B) Chromatograms of the practical application using

HPMGO and TOFMS results of peaks 1, 2 and 3.
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screened active components were identified as byakangelicol,
imperatorin, and isoimperatorin, respectively, using HPLCeQ-
TOF-MS/MS, and verified by corresponding standards. The
above three components are coumarins in Angelica dahuricae.
Although the coumarins in A. dahuricae are similar in structure,
other coumarins have not been screened out, possibly due to their
different contents and pharmacological activity. The above results
indicated that the CM affinity recognition platform can selectively
screen potential active components from TCM with high
reliability.

3.10. In vitro antiproliferative activity

The evaluation of the antiproliferative efficacy of the screened
active components was subsequently performed in vitro by
CCK-8 assay. After treated with byakangelicol, imperatorin, and
isoimperatorin at different concentrations (0.78, 1.56, 3.125,
6.25, 25 and 100 mg/mL), cell viability of HeLa cells was
determined by microplate reader. As expected, cell viability all
decreased with increasing concentration, which clearly demon-
strated the efficiency of prepared drug leads capture platform by
the receptoreligand interaction (Fig. 6A). The half-maximal
inhibitory concentrations (IC50) of byakangelicol and iso-
imperatorin were 22.65 � 1.21 and 11.89 � 1.24 mg/mL,
respectively. However, the inhibition of imperatorin on HeLa
cells did not reach 50% in the range of 0.78e100 mg/mL,
revealing that the antiproliferative efficacy of imperatorin was
weaker than that of the other two compounds. In addition, ac-
cording to the contents of byakangelicol, imperatorin, and iso-
imperatorin in A. dahuricae extract, we mixed these compounds
at the similar concentration to get the artificial mixture. And
then compared the cytotoxicity of HeLa cells incubated with the
artificial mixture and A. dahurica. As depicted in Supporting
Information Fig. S5, the cytotoxicity of A. dahurica extract was
slightly higher than that of the mixture, which may be due to the
presence of a small amount of other active components in the A.
dahurica extract.

3.11. Cell apoptosis analysis

As byakangelicol, imperatorin, and isoimperatorin showed potent
antiproliferative activity on HeLa cells, hoechst 33,258 staining
assay was further carried out to investigate its ability to induce
apoptosis of HeLa cells. As illustrated in Fig. 6B, after treatment
of HeLa cells with byakangelicol, imperatorin, and isoimperatorin
for 48 h, respectively, the typical apoptotic characteristics
including decreased cell number, cell contraction, and nuclear
condensation were appeared, which suggested that all the com-
pounds could induce apoptosis of HeLa cells.

To further confirm the effect of above three active compounds
on induction of apoptosis in HeLa cells, an annexin FITC/PI
staining assay was also conducted. HeLa cells were treated with
byakangelicol, imperatorin, and isoimperatorin at different con-
centrations, and the flow cytometry analysis results were depic-
ted in Fig. 6C. The result showed that byakangelicol,
imperatorin, and isoimperatorin could induce apoptosis in a
concentration-dependent manner. The apoptosis rates of HeLa
cells induced by byakangelicol were 10.3%, 26.0%, and 36.9% at
10, 20, and 40 mg/mL, respectively. The apoptosis rates of HeLa
cells induced by imperatorin were 11.4%, 15.3%, and 39.7% at
10, 20, and 40 mg/mL, respectively. The apoptosis rates of HeLa
cells induced by isoimperatorin were 10.4%, 17.7%, and 62.8%
at 10, 20, and 40 mg/mL, respectively. In addition, a positive
control, vinorelbine ditartrate, induced 10.8%, 25.9%, and 83.6%
apoptosis in HeLa cells at 0.01, 0.05, and 0.1 mg/mL, respec-
tively. Moreover, we also compared the apoptosis of HeLa cells
incubated with the artificial mixture and A. dahurica. As shown
in Supporting Information Fig. S6, the apoptosis rates induced by
the artificial mixture and A. dahurica were 36.6% and 44.5%,
respectively.



Figure 6 (A) Effect of byakangelicol, imperatorin, and isoimperatorin on the cell growth of HeLa cells. (B) Hoechst 33,258 staining of

byakangelicol, imperatorin, and isoimperatorin on HeLa cells and DMSO treatment group was used as control. Scale bar Z 200 mm. (C)

Apoptotic effects of byakangelicol, imperatorin, and isoimperatorin on HeLa cells. Cells were incubated with the different concentrations for 48 h

and detected using Annexin V-FITC/PI staining by flow cytometry. Data are presented as mean � SD (n Z 3). *P < 0.05, **P < 0.01, and

***P < 0.001 vs. control group.
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4. Conclusions

Summarily, based on purposeful surface engineering, a novel
CM biomimetic graphene nanodecoy was developed for active
components screening from TCM with enhanced efficiency.
Specifically, PMGO was fabricated by covalently grafting 6-
armed PEGeNH2 onto the surface of MGO, and was used as a
high dispersity HM coating nanocarrier for preparing nanodecoy
with enhanced coating efficiency and screening ability. The
nanostructure and dispersity of prepared PMGO and HPMGO
were well characterized. The constructed PMGO possessed
enhanced physiological stability and biocompatibility, which
could keep stable at least 10 days, and the CM coating efficiency
was further improved. Notably, the prepared HPMGO can be
used as nanodecoys for screening of active components from
TCM. In vitro antiproliferative activity and cell apoptosis
analysis demonstrated that the screened compounds by HPMGO
could induced HeLa cells apoptosis in a concentration-dependent
manner, indicating an aussichtsreich prospect in the ligand tar-
geting field. Significantly, this accurately controlled coating
strategy holds great promise for the customization applications
of CM-camouflage nanomaterials, which would further promote
the design of more effective nanoplatforms for active compo-
nents screening from TCM.
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