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Cell membrane-cloaked nanotechnology has attracted increasing attention owing to its unique bionic

properties, such as specific recognition and biocompatibility conferred by the integrated membrane

structure and receptors. However, this technology is limited by the dissociation of the cell membrane

from its carrier. Here, we report a novel type of cell membrane-cloaked modified magnetic nanoparticle

with good stability in drug discovery. High α1A-adrenergic receptor (α1A-AR) expressing HEK293 cell mem-

brane-cloaked magnetic nanogrippers (α1A/MNGs) were used as a platform for the specific targeting and

binding of α1A-AR antagonists as candidate bioactive compounds from traditional Chinese medicine

(TCM). Furthermore, using a dynamic covalent bonding approach, α1A/MNGs showed great stability with

positive control drug recoveries of α1A/MNGs showing almost no decline after use in five adsorption–de-

sorption cycles. Moreover, the α1A/MNGs possessed a unilamellar membrane with magnetic features and

exhibited good binding capacity and selectivity. Ultimately, TCM and pharmacological studies of the

bioactivity of the screened compounds confirmed the considerable targeting and binding capability of

α1A/MNGs. Application of aldehyde group modification in this drug-targeting concept further improved

biomaterial stability and paves the way for the development of new drug discovery strategies. More impor-

tantly, the successful application of α1A/MNGs provides new insights into methodologies to improve the

integration of cell membranes with the nanoparticle platform.

Introduction

Magnetic nanoparticles (MNPs) have unique physicochemical
characteristics and are increasingly being applied to various
areas such as magnetic resonance imaging,1,2 drug delivery,3

cell tracking4,5 and drug discovery.6 In particular, their
efficient magnetic capacity and large surface area have been
utilized for drug discovery through rapid targeting and grip-
ping of bioactive compounds from complex matrix materials
such as traditional Chinese medicines.7,8 Therefore, over the
last decade, important progress in magnetic nanotechnology
has led to significant advances in the discovery of important
natural products.6,9 It is worth mentioning that the coating of
MNPs is the most important part of the design in the whole
natural product discovery procedure. A suitable coating is a
prerequisite that enables MNPs to effectively bind their targets
by increasing specific targeting while decreasing binding with

non-specific compounds in complex samples. Hence, an
efficient and target-selective coating technology is urgently
required. To this end, biomimetic design based on the
functionalization of naturally occurring materials has aroused
great interest. This approach provides nanoparticles with
incredible specificity. Many types of molecules such as
enzymes,10 peptides,11 proteins12 and other micromolecules13

have been investigated for the functionalization of the surface
of MNPs to equip them with distinct selective properties.
These bioinspired approaches, which are unique and robust
means to potentially impart natural characteristic on synthetic
systems, have yielded promising results. However, simple
molecule functionalization approaches are not sufficient to
simulate the extremely complex interfaces that occur in vivo.
Additionally, the structure of these molecules may be altered
compared to that of their native counterparts during the syn-
thesis process in vivo. These changes may result in false posi-
tive or false negative results. Hence, new approaches that
involve the functionalization of MNPs with effective surfaces
in the biological environment are required to accomplish com-
prehensive biological tasks in vivo.

A biomimetic design strategy using cell membrane-derived
vesicles as a functional coating has attracted increasing atten-
tion to address the aforementioned limitations of integrating
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one single type of biomolecule onto synthetic
nanoparticles.14–19 In this approach, design cues from nature
are utilized to mimic essential forms of cell membranes, such
as shape and flexibility in synthetic nanosystems. Thus, the
integral surface structures of the source cells can be used to
equip nanoparticles with the inherent properties of the mole-
cules on those cell membranes. To date, the cell membrane-
cloaked nanoparticle approach has provided a novel strategy
for engineering nanoparticles with a functional biointerface
and has been used for drug delivery,20,21 imaging and photoac-
tivatable therapy,22,23 detoxification24,25 and immune
modulation.24,26,27 Moreover, biomimetic nanoparticles have
been exploited to screen and extract bioactive compounds for
drug discovery, which has greatly improved the discovery
efficiency of lead compounds from natural products compared
to the results yielded using more traditional methods.28–30 It
has been demonstrated that membrane receptors, which are
the main targets for drug-binding, play an important role in
cell biointerfacing. Moreover, the effectiveness of at least 50%
to 60% of pharmaceuticals is known to be critically dependent
on the interaction with their specific cell membrane
receptors.31–33 Employed in this way, cell membrane-cloaked
nanoparticle technology has shown great potential as a selec-
tive screening tool for drug discovery. However, the cell mem-
brane-cloaked approach is limited by low extraction stability
due to the dissociation of the cell membrane falling from the
nanoparticle materials during use.28,34 Hence, more stable and
effective cell membrane-cloaked materials are urgently
required to overcome these limitations.

In general, particles and cell membranes are bound by
hydrophobic interactions,35 which are too weak to withstand
use in real applications, leading to dissociation of the cell
membrane from the surface of materials. Recently, covalent
bonding has emerged as an effective paradigm to ameliorate
the poor stability of biomaterials.36,37 It has been reported that
aldehyde groups can react with amine groups of the surface of
cells36 to form a stable imine linkage without disruption
under physiological conditions.38 On the other hand, cell
membranes are rich in phospholipids, some of which like
phosphatidyl-serine and phosphatidyl-ethanolamine possess
free amino groups that can form imine linkages. Inspired by
this, nanoparticles have been covalently coupled to cell mem-
branes by reaction between abundant surface aldehyde groups
of nanoparticles and exposed amino groups on the surface of
cell membrane phospholipids without disruption. This strat-
egy is effective for the improvement of the stability of cell
membrane-cloaked nanotechnology by incorporating the
advantages of dynamic covalent bonding.

Here, we report a novel biomimetic cell membrane-cloaked
magnetic nanogripper with enhanced stability achieved by
means of covalent bonding for screening bioactive compounds
from the traditional Chinese medicine (TCM), Radix aconiti
agrestis (RAA). TCMs have attracted great attention due to their
successful clinical applications and reliable therapeutic
effects. As a rich source for discovering new drugs, TCMs and
natural products have made a significant contribution to the

treatment of many diseases.39–41 Many biologically active com-
pounds screened from TCMs including as taxol42,43 and
camptothecin44,45 have effective therapeutic effects for many
diseases. Thus, the screening and identification of active com-
pounds from TCMs is a very important aspect of the develop-
ment of treatments for a variety of diseases.

The α1A-adrenergic receptor (α1A-AR), which belongs to the
G protein-coupled receptor superfamily, has a close relation-
ship with benign prostatic hyperplasia, a common disease
mainly affecting elderly men.46 Therefore, cell membranes
expressing high levels of α1A-AR are implicated for the effective
screening of α1A-AR antagonists. In this study, HEK293 cells
expressing high levels of α1A-AR were used to provide a cell
membrane substrate that specifically binds bioactive com-
pounds, regardless of differences in chemical structures. In
addition, we used an inner magnetic core to stabilize the cell
membrane shell and enable rapid and targeted binding of
compounds via magnetic extraction. We characterized the
morphology, magnetic properties, adsorption capacity and
selectivity of high α1A-AR expressing HEK293 cell membrane-
cloaked magnetic nanogrippers (α1A/MNGs). Moreover, by
means of dynamic covalent bonding, we improved the adsorp-
tion capacity and stability of α1A/MNGs, with only a 3.4%
decline in recovery after five adsorption–desorption cycles.
These advanced-stability and targeting capabilities hold con-
siderable promise for diverse biomedical applications. The
functional modification technique of nanoparticles highlights
an efficient approach toward the integration of biomaterials
with nanoparticle platforms.

Experimental
Materials and reagents

Silica gel (ZEX-II, 5 μm, 200 Å) was purchased from Qingdao
Meigao Chemical Co., Ltd (Qingdao, China). Calycosin,
ononin and quercetin were purchased from Preferred
Biological Technology (Chengdu, China). Nifedipine, valsar-
tan, captopril and methoxamine were obtained from Nanjing
Ange Pharmaceutical Co., Ltd (Jiangsu, China). Acetonitrile and
methanol (HPLC-grade) were from Thermo Fisher Scientific
(Pittsburgh, PA, USA). HQ injection (lot#: 1412223) was provided
by Zhengda Co., Ltd (Zhejiang, China). Paraformaldehyde (PFA)
was purchased from Tokyo Chemical Industry (Tokyo, Japan).
Dulbecco’s modified Eagle’s medium (DMEM) and trypsin were
obtained from Sigma (Saint Louis, MO, USA). Fluorescein iso-
thiocyanate isomer (FITC) was purchased from Yi Sheng Bio.
Tech. Co. (Shanghai, China). 1,1′-Dioctadecyl-3,3,3′,3′-tetra-
methylindocarbocyanine perchlorate (DiI) was purchased from
Beyotime Bio. Tech. Co. (Shanghai, China). HEK293, a human
embryonic kidney cell line, was purchased from the National
Infrastructure of Cell Line Resource (Beijing, China).

Instrumentation

α1A/MNGs and non-cell membrane-cloaked magnetic nano-
grippers (MNGs) were fully characterized by transmission elec-
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tron microscopy (TEM), dynamic light scattering (DLS), X-ray
diffraction (XRD), Fourier transform infrared spectroscopy
(FT-IR), vibrating sample magnetometry (VSM) and X-ray
photoelectron spectroscopy (XPS). TEM characterization was
performed with a JEOL JEM-2100HR transmission electron
microscope (Tokyo, Japan). XRD patterns were investigated in
the range of 2θ = 20–80° with an X-Ray diffractometer using Cu
Kα1 radiation (PANalytical X’Pert, Netherlands). FT-IR results
were obtained by using a Nicolet Nexus-670 FT-IR spectro-
meter. Magnetic properties were investigated by using a Lake
Shore 7410 vibrating sample magnetometer (Westerville, OH,
USA). XPS analysis was conducted using Thermo Fisher
Scientific. DLS investigation was characterized using a
Zetasizer Nano ZSE (Malvern, UK).

Preparation and characterization of α1A/MNGs

Fe3O4 MNPs were synthesized using a previously described
solvothermal method.47 Briefly, FeCl3·H2O (3.60 g) and triso-
dium citrate (0.72 g) were dissolved in ethylene glycol (100 mL)
and ultrasonicated. NaAc (4.80 g) was then added and the solu-
tion was stirred vigorously at 50 °C for 30 min. The hybrid was
then sealed in a 100 mL capacity Teflon-lined stainless-steel
autoclave and heated to 200 °C for 10 h. The final product was
washed six times with methanol and water.

The Fe3O4@SiO2 nanoparticles were synthesized according
to a previously reported method48 with a minor modification.
In brief, 0.1 g of dispersed Fe3O4 MNPs were added to a
mixture of ethanol (80 mL) and ultrapure water (12 mL), fol-
lowed by the addition of ammonia aqueous solution (4 mL,
25%) and the mixture was stirred at 40 °C. TEOS (tetraethyl
orthosilicate, 0.8 mL) was then added to the mixture. After stir-
ring for 8 h, Fe3O4@SiO2 nanoparticles were separated using
an external magnetic field and washed six times with metha-
nol and ultrapure water.

The Fe3O4@SiO2@NH2 nanoparticles were prepared by
reacting with APTES (3-aminopropyl triethoxysilane). First,
0.4 g of Fe3O4@SiO2 nanoparticles were dispersed in 50 mL of
anhydrous toluene. After sonication for 30 min and the
addition of 4 mL of APTES, the reaction was stirred for 24 h
under N2 protection at 120 °C. The resultant nanoparticles
were then washed sequentially with anhydrous toluene, metha-
nol and water. Then, 100 mg of Fe3O4@SiO2@NH2 nano-
particles were immersed in 100 mL of (2% v/v) glutaraldehyde
solution (pH 11) and stirred for 1 h at room temperature. After
washing with water to neutral pH and drying under vacuum,
Fe3O4–CHO nanoparticles were synthesized.

The HEK293 cell line, which expresses high levels of α1A-
AR, was used in this study to minimize adsorption of non-
specific compound binding to the cell membrane. Cells were
cultured in DMEM containing 100 U mL−1 streptomycin, 10%
fetal bovine serum, 300 mg L−1 geneticin and 100 U mL−1

penicillin. Cells were cultured at 37 °C in a humidified atmo-
sphere under 5% CO2. In the exponential growth phase, cells
were collected and washed three times with phosphate
buffered saline (PBS, pH 7.4) for the preparation of α1A/MNGs.

The α1A/MNG preparation process is illustrated in Fig. 1.
Cell membranes were isolated according to previously reported
methods.28,49 After three repeated washes with PBS, the har-
vested cells were resuspended in 50 mmol L−1 Tris-HCl (pH
7.4) and ruptured by three cycles of ultrasonication (42 kHz,
100 W) for 30 min. The crude membrane precipitate was then
washed three times with 10 mL of PBS by centrifugation at
12 000g, 4 °C for 20 min and finally suspended in PBS. The
α1A/MNGs were finally prepared by mixing sufficiently dis-
persed Fe3O4–CHO nanoparticles with the cell membrane sus-
pension at 4 °C under vacuum and with ultrasonication. The
MNGs were prepared under the same conditions with the re-
placement of cell membrane solution with PBS (pH 7.4).

The α1A/MNGs were then subjected to confocal microscopy
(Leica TCS SP5, Wetzlar, Germany) of fluorescently labeled
components. Before coating, the lipid bilayer of the cell mem-
brane suspension was labeled with DiI (red) by mixing at 4 °C
for 40 min. FITC solution was added to the Fe3O4@SiO2 reac-
tion system to prepare Fe3O4–CHO/FITC (green) nanoparticles.
Subsequently, α1A/MNGs and MNGs were prepared as
described previously. For FITC and DiI imaging, we used exci-
tation wavelengths of 488 and 549 nm, respectively, and emis-
sion filters at 525 nm and 565 nm for FITC and DiI,
respectively.

Stability test of α1A/MNGs

A total of 50 mg of α1A/MNGs or high α1A-AR expressing
HEK293 cell membrane-cloaked Fe3O4–OH nanoparticles (α1A/
Fe3O4–OHs) was added to tamsulosin solution. The mixture
was then sonicated and shaken for 20 min at 37 °C. The α1A/
MNGs were separated using a magnet and washed with 5 mL
of 0.1% acetic acid solution with sonication for 20 min to

Fig. 1 Schematic illustration of the high α1A-adrenergic receptor (α1A-
AR) expressing HEK293 cell membrane cloaked Fe3O4–CHO nano-
particles as nanogrippers for bioactive compound extraction.
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decrease non-specific interactions. After collecting the washing
solvent, 5 mL of 1% acetic acid solution was added to α1A/
MNGs with sonication for 20 min to completely remove the
captured compounds. The washing solvent and eluent were
then lyophilized to dryness and the residues were redissolved
in 0.5 mL of methanol for further HPLC analysis.

Binding experiments

The isothermal adsorption properties of α1A/MNGs were
assessed by adding 5.0 mg of α1A/MNGs or MNGs into a series
of concentrations of tamsulosin from 60 to 3500 mg L−1

(1 mL) using 2 mL centrifuge tubes. All mixtures were sealed
and shaken at 37 °C for 2 h. After separation using a magnetic
field, supernatant solutions were analyzed by HPLC to deter-
mine tamsulosin concentrations.

The adsorption capacity (Q) was calculated according to
eqn (1):

Q ¼ C0 � Ceð Þ � V
m

ð1Þ

where Q (mg g−1) is the adsorption quantity of tamsulosin to
α1A/MNGs or MNGs, C0 (mol L−1) is the original concentration
of tamsulosin before adsorption, Ce is the tamsulosin concen-
tration of the supernatant after adsorption, V (mL) is the
volume of the initial tamsulosin solution and m (g) is the
mass of α1A/MNGs or MNGs. All experiments were conducted
in triplicate.

Real application

RAA was purchased from the Xi’an medicine market (Xi’an,
China). In order to obtain more constituents, 10 g of RAA was
ground into a powder and refluxed in 100 mL of ethanol (60%,
v/v) for 2 h. The total extract was filtered using a Büchner
funnel and concentrated to a dark brown mass, which was
redissolved in the sample solution for use in all extraction pro-
cedures. Similarly, 50 mg of α1A/MNGs was added to RAA solu-
tion. The mixture was sonicated and shaken for 20 min at
37 °C. The α1A/MNGs were separated using a magnet and
washed with 5 mL of 0.1% acetic acid solution with sonication
for 20 min to decrease non-specific interactions. After collect-
ing the wash solvent, 5 mL of 1% acetic acid solution was
added to α1A/MNGs with sonication for 20 min to completely
remove the captured compounds. The wash solvent and eluent
were lyophilized to dryness and the residues were redissolved
in 0.5 mL of methanol for further HPLC analysis.

Animals

Sprague Dawley rats and healthy male New Zealand white
rabbits were obtained from the Animal Center of Xi’an
Jiaotong University (Xi’an, China, Production Certificate No.
SYSK [Shan] 2007-003). All animal procedures were performed
in accordance with the Guidelines for Care and Use of
Laboratory Animals of Xi’an Jiaotong University and
approved by the Animal Ethics Committee of Xi’an Jiaotong
University.

In vitro vascular ring tension study

To investigate the pharmacological effects of bulleyaconitine A
and benzoylhypacoitine, Sprague Dawley rat antral circular
smooth muscle strips were isolated and mounted in Multi
Myograph System-610M (Danish Myo Technology A/S, Aarhus,
Denmark) organ chambers individually filled with Krebs
buffer (pH 7.4). Tissues were maintained at 37 °C and aerated
with continuous 95% O2 and 5% CO2. Each muscle strip was
exposed to 4 nmol L−1 for 60 min to allow equilibration. Krebs
solution was renewed every 20 min throughout the experiment.
Subsequently, tissues were pre-contracted by the addition of
60 mmol L−1 K+-rich Krebs solution and washed with Krebs solu-
tion three times to investigate the in vitro bioactivity of strips.
After full stimulation with phenylephrine, each strip was treated
with different concentrations of bulleyaconitine A, benzoylhypa-
coitine and tamsulosin from 1 × 10−8 to 1 × 10−4 mol L−1. The
concentration–response curves were then generated.

In vitro prostatic smooth muscle strip tension test

The pharmacological effects of bulleyaconitine A were then ver-
ified in isolated prostatic smooth muscle strip tension tests.
Prostatic smooth muscle strips (0.2 × 0.2 × 1 cm) isolated from
healthy male New Zealand white rabbits were incubated in
Krebs solution in the Multi Myograph System-610M with con-
tinuous 95% O2 and 5% CO2 at 37 °C. The bioactivity of the
strips was verified by exposure to 60 mmol L−1 K+-rich Krebs
solution and Krebs solution as described in the previous
section. Phenylephrine solution was then added to each
chamber to stimulate the strips. When the tension was sus-
tained, tamsulosin and bulleyaconitine A solution (1 × 10−8 to
1 × 10−4 mol L−1) were added to each chamber and the concen-
tration–response curves were generated.

Molecular docking study

The mechanisms underlying the effects of the screened com-
pounds were simulated in molecular docking studies carried
out using the Surflex-Dock Module of Sybyl-X 2.0. The X-ray
crystal structure of α1A-AR (PDB ID: 4iye) was retrieved from the
Protein Data Bank with added hydrogen atoms and removed
water molecules as well as the inhibitor. Powell’s method was
used to optimize the ligand files. The Gasteiger–Hückel charges
and Tripos force field with 0.05 kcal (Å mol)−1 convergence cri-
terion were used to minimize energy. The ligands were docked
into the rigid receptor protein using default parameters.

Results and discussion
Evaluation of α1A/MNG stability

As bioactive compound grippers, α1A/MNGs are thought to be
highly efficient and stable. The cell membrane-cloaked nano-
particles reported in our previous study28 were limited by poor
stability after several cycles of use. Thus, consistent stability is
a crucial property of biomaterials in real sample studies. To
investigate their stability, three batches of α1A/MNGs and α1A/
Fe3O4–OHs were prepared and added to standard tamsulosin
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solutions for use in all binding procedures described in the
Experimental section. In this study, tamsulosin was selected as
a positive control drug for α1A-AR binding according to the lit-
erature.50 As shown in Fig. 2, the recovery of α1A/Fe3O4–OHs
declined as the adsorption–desorption cycle increased. After
five adsorption–desorption cycles, the recovery of α1A/Fe3O4–

OHs to tamsulosin was only 65.4%, which was a reduction of
almost 25% compared to the recovery of α1A/Fe3O4–OHs to
tamsulosin in the first cycle. However, the adsorption capacity
of α1A/MNGs was reduced by only 3.4% after five adsorption–
desorption cycles showing stable performance with no obvious
decline in recovery. The recovery loss of α1A/Fe3O4–OHs to tam-
sulosin is possibly due to the weak hydrophobic interaction
between cell membrane and nanoparticles, which results in
dissociation of the cell membrane during the washing and
elution procedures. However, the free aldehyde groups on the
surface of α1A/MNGs nanoparticles react with the amino
groups in phospholipids of the cell membrane via dynamic
covalent bonding, which is much stronger than hydrophobic
interactions and maintains the formation and stability of α1A/
MNGs. Thus, we concluded that α1A/MNGs were stable for use
in real applications.

Characterization of α1A/MNGs

The physicochemical characteristics of α1A/MNGs were investi-
gated using DLS, FT-IR, XRD and VSM. DLS showed that the
α1A/MNGs were a slightly larger than the bare Fe3O4–CHO
nanoparticles (550 nm versus 450 nm) (Fig. S1A†).
Furthermore, the zeta potential of the α1A/MNG surface was
similar to that of the cell membrane-derived vesicles. We con-
cluded that the surface of Fe3O4–CHO nanoparticles was effec-
tively cloaked by the cell membrane and that the α1A/MNGs
were successfully prepared. The successful preparation of
Fe3O4, Fe3O4–SiO2 and Fe3O4–CHO was verified in FT-IR
investigations. As shown in Fig. S1B,† the peak at 578 cm−1

was attributed to Fe–O stretching vibration. The characteristic
absorption bands of the SiO2 shell-layer were observed at 802,
948, and 1095 cm−1, which were attributed to the stretching
vibration of Si–O, Si–O–H and Si–O–Si, respectively. The peaks
at 2830 cm−1 and 1720 cm−1 were attributed to the stretching

vibration of C–H and CvO, respectively. Cell membrane
cloaked nanoparticles’ structures were confirmed by the
appearance of C–H and CvO peaks at 2830 cm−1 and
1720 cm−1, respectively and the appearance of CvN stretching
at 1662 cm−1. Hence, we concluded that α1A/MNGs were suc-
cessfully prepared.

The crystalline structures of Fe3O4, Fe3O4–CHO and α1A/
MNGs were investigated by XRD (Fig. S1C†). In the 20–80° 2θ
range, six characteristic peaks of the three materials were
observed. Their XRD patterns were consistent with that of the
standard pattern of Fe3O4 evidenced by six diffraction peaks:
(220), (311), (400), (422), (511), and (440) which were obtained
in the JCPDS (Joint Committee on Powder Diffraction
Standards)-International Center for Diffraction Data (JCPDS
card: 19-629) file. Thus, we concluded that there were no
changes in the physical absorption between Si–OH and the
cell membrane in the Fe3O4 phase. Magnetic characteristics
are vital for the application of prepared nanogrippers in
screening and separating target compounds. The magnetic
hysteresis loops of Fe3O4, Fe3O4–CHO and α1A/MNGs are
shown in Fig. S1D.† The magnetic hysteresis loops of the three
materials exhibited Fe3O4, Fe3O4–CHO and α1A/MNGs’s mag-
netic properties with a saturation magnetization of 52, 28 and
15 emu g−1, respectively. All three materials were highly sus-
ceptible to magnetic fields and were completely and rapidly
(within a few seconds) separated from the complex sample by
the application of an external magnetic field, even if there was
a decrease in saturation magnetization between different
kinds of materials resulting from the formation of SiO2 and
cell membrane shell-layers. As a result, the α1A/MNGs quickly
aggregated or formed a stable and homogeneous suspension
following the application or removal of an external magnet
during practical application.

The cell membrane-cloaking of Fe3O4–CHO nanoparticles
was confirmed by TEM and confocal microscopy. As shown in
Fig. 3A, TEM analysis of α1A/MNGs revealed the typical core–
shell structure of cell membrane-cloaked nanoparticles com-
pared to bare Fe3O4–CHO cores. The cell membrane coating
formed a ring around the bare Fe3O4–CHO core, indicating
that the α1A/MNGs were successfully prepared. Moreover,
Fe3O4–CHO nanoparticles were constructed with a green fluo-
rescent dye (FITC; excitation/emission 488 nm/520 nm) and
cell membranes were labeled with a red fluorescent dye (DiI;
excitation/emission 549 nm/565 nm). As shown in Fig. 3B and
Fig. S2 (the bright-field images),† although there was quench-
ing of the green fluorophore on the particles because of the
magnetic core, the green and red fluorescence signals were
clearly derived from Fe3O4–CHO cores and the cell membrane,
respectively, and marked colocalization was observed. Overall,
we concluded that the cell membranes were successfully trans-
located to the surface of Fe3O4–CHO nanoparticles.

Adsorption capacity of α1A/MNGs

The significant binding properties of the α1A/MNGs observed
in the real application were investigated by static and selecti-
vity studies. As shown in Fig. 4A, the adsorption capacity of

Fig. 2 Recoveries of α1A/MNGs and α1A/Fe3O4–OHs to tamsulosin.
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tamsulosin by α1A/MNGs increased rapidly at the start of the
experiment and then slowed as the concentration of tamsulo-
sin increased from 60 mg mL−1 to 2000 mg mL−1. The adsorp-
tion capacity then became stable and reached a saturation
plateau at 43.35 mg g−1. Moreover, the α1A/MNG adsorption
was much higher than that of MNGs. The binding properties
of α1A/MNGs were further evaluated by processing of the
binding data using Freundlich,51 Langmuir,52 Scatchard48 and
Dubinin–Radushkevich isotherms53 (Fig. 4B and Table 1). The
Freundlich isotherm (FI) model provided a perfect description
of the static adsorption with the highest correlation coefficient
(r, 0.9917 for α1A/MNGs and 0.9746 for MNGs). FI is a widely
used model based on eqn (2) and (3) as follows:

Qe ¼ KF � Cm
e ð2Þ

lg Qe ¼ lg KF þm lg Ce ð3Þ
where Qe (mg g−1) and Ce (mg L−1) represent the amounts of
free and bound tamsulosin, respectively. KF, and m KF rep-
resent adsorption capacity and m the heterogeneity index was
constant. According to the FI equation, the KF for α1A/MNGs
was 8.61 L mg−1 and m was 0.9079 (Table 1).

To investigate binding selectivity, α1A/MNGs were pretreated
with five different types of drugs: valsartan, captopril, silodo-
sin, oxymetazoline and tamsulosin. Among them, silodosin,54

oxymetazoline55 and tamsulosin were chosen as the positive
control drugs that act on the α1A-AR and are bound by α1A/
MNGs, respectively. As shown in Fig. 4C, silodosin, oxymetazo-
line and tamsulosin were bound by α1A/MNGs with high
affinity and significantly higher recoveries than that achieved
with MNGs. In contrast, valsartan and captopril were not
bound by either α1A/MNGs or MNGs. Overall, these results
demonstrate that α1A/MNGs exhibit strong selectivity and
binding affinity for α1A-AR-related drugs.

Optimization for α1A/MNGs in the extraction procedure

The choice of eluent is important in the extraction procedure.
To minimize adsorption of non-specific compounds by the
membrane, the washing solvent and eluent were optimized.
For optimal efficiency, five solvents (water, PBS, water–metha-
nol (2 : 8, v/v), 0.1% acetic acid solution and 1% acetic acid
solution) were utilized. As shown in Fig. 4D, 0.1% acetic acid
solution exhibited a good washing efficiency with high desorp-
tion of the positive control drug from the MNGs. In addition,
1% acetic acid solution provided good desorption of tamsulo-
sin from α1A/MNGs. Therefore, 0.1% acetic acid solution and
1% acetic acid solution were selected as the washing solvent
and eluent in the gripping procedure.

Method validation and real application of α1A/MNGs to TCM
samples

Under the optimized experimental conditions, we investigated
a series of experimental parameters using this method. All
analyses were performed three times using α1A/MNGs from
different batches. Satisfactory linearity was obtained for stan-
dard tamsulosin in the concentration range of 1–1000 mg L−1

Fig. 3 TEM images of bare MNG cores (a) and α1A/MNGs (b) (A); con-
focal microscopy images of MNG cores (a and b) and α1A/MNGs (c and
d) (green = nanoparticles cores, red = cell membrane) (B).

Fig. 4 Static adsorption isotherm results (A) and isotherm with
Freundlich fit (B); extraction percentage of five compounds on both α1A/
MNGs and MNGs (C); release percentage of tamsulosin with five eluents
on both α1A/MNGs and MNGs: water (a), PBS (b), water–methanol (2 : 8,
v/v, c), 0.1% acetic acid solution (d) and 1% acetic acid solution (e) (D).
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(r = 0.9997). The calculated limit of detection was estimated as
three times the signal-to-noise ratio, which was equivalent to
0.4 mg mL−1. The reproducibility of the biomaterials is a
crucial property in actual sample application. Thus, six
batches of α1A/MNGs were prepared and added to standard
tamsulosin solutions. The relative standard deviation (RSD)
value for the recovery was less than 7.3%, showing better
reproducibility and stability of α1A/MNGs for gripping bioactive
compounds from TCMs compared with that of our previous
study.28 These findings indicate the benefit of the covalent
bonding method for the preparation of α1A/MNGs.

The magnetic biomaterials generated in this study were
designed to provide a rapid, simple, targeted and effective
sample pretreatment technique for binding target compounds
from complex mixtures. To determine the applicability of the
proposed materials for this purpose, α1A/MNGs were pretreated
with RAA extract solution. As shown in Fig. 5, two main com-
ponents of the RAA extract were bio-gripped by α1A/MNGs,
whereas a large number of components were discarded.
The two bio-gripped components were identified as
benzoylhypacoitine and bulleyaconitine A by TOFMS analysis.
These results were verified by pretreatment of α1A/MNGs
with the corresponding commercially available reference
solutions.

Pharmacological effect

To verify the bioactivity of the bound compounds, isolated vas-
cular ring tension assays were conducted using tamsulosin as
a positive control (Fig. 6A). Compared to the positive control,
benzoylhypacoitine and bulleyaconitine A both showed strong
dose-dependent vasodilatation effects on the isolated Sprague
Dawley rat antral circular smooth muscle strips which had
been pre-contracted by exposure to phenylephrine. In addition,
bulleyaconitine A exhibited extremely high bioactivity (100 ±
2.0%). Similar in vitro bioactivity investigations showed that
bulleyaconitine A also evoked a concentration-dependent relax-
ation of prostatic smooth muscle strips pre-contracted by
exposure to phenylephrine (Fig. 6B) compared with the effects
of tamsulosin. Indeed, the maximum relaxation effect of bul-
leyaconitine A was 132 ± 2.0%, which was even higher than
that of tamsulosin (119 ± 9.0%). Furthermore, bulleyaconitine
A showed a gentle, slow and persistent relaxation effect com-
pared to that of the positive control group. Hence, the
high bioactivity of bulleyaconitine A and benzoylhypacoitine
confirms the effective targeting and griping binding of
α1A/MNGs.

Fig. 5 Chromatograms of RAA extracts pretreated with α1A/MNGs.
Initial RAA extract solution (a), solution after loading (b), solution after
washing (c), solution after eluting (d); TOFMS and chemical construction
of peaks 1 and 2 in eluent.

Fig. 6 Relaxant effects of tamsulosin (a), bulleyaconitine A (b) and ben-
zoylhypacoitine (c) on isolated SD rat antral circular smooth muscle
strips (A) and isolated male New Zealand white rabbit prostatic smooth
muscle strips (B). All values are mean ± SEM, n = 6.

Table 1 Equations and parameters of adsorption isotherms of α1A/MNGs and MNGs

Model Equations and parameters α1A/MNGs MNGs

Freundlich isotherm lgQe = lg KF + m lg Ce
KF (L mg−1) 8.61 8.94
m 0.9079 0.7052
r 0.9917 0.9746

Langmuir isotherm
Ce

Qe
¼ 1

QmaxKL
þ 1
Qmax

Ce

KL 2.66 × 10−4 9.46 × 10−4

Qmax 108.70 26.67
r 0.8523 0.9586

Scatchard isotherm
Qe

Ce
¼ Qmax

Kd
� Qe

Kd

Kd (mg L−1) 5000 1429
Qmax (mg g−1) 134.5 32.14
r 0.6791 0.8132

Dubinin–Radushkevich isotherm lg Te ¼ lg Tmax � Kad RT lg 1þ 1
Ce

� �� �2

Kad (mg2 KJ−2) 2.9 × 10−3 278.4
Qmax (mg g−1) 22.76 —
r 0.6882 0.5128
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Molecular docking experiment

Molecular docking studies were conducted to investigate the
interaction of benzoylhypacoitine and bulleyaconitine A with
α1A-AR, and to clarify the underlying mechanisms and binding
models. Both compounds were docked into the active site of
α1A-AR (PDB ID: 4iye). Tamsulosin was utilized as a positive
control drug to define the binding cavity. The maximum
possible binding positions of benzoylhypacoitine and bulley-
aconitin A were obtained. As shown in Fig. S3,† both benzoyl-
hypacoitine and bulleyaconitin A bound to the same region of
α1A-AR and in a similar manner to that of tamsulosin. Thus,
benzoylhypacoitine and bulleyaconitin A were validated as
selective α1A-AR blockers with high affinity.

Conclusion

In summary, we have developed a novel and highly stable func-
tionalized nanoparticle-based cell membrane-cloaked strategy
for targeting and gripping of bioactive compounds from TCM.
Specifically, α1A/MNGs were prepared using covalent bonding
between cell membranes and Fe3O4–CHO nanoparticles. This
technique represents significant progress in improving the
quality and stability of these materials, with α1A/MNG recovery
found to be stable after five adsorption–desorption cycles.
Moreover, we demonstrated the desirable morphological and
physical characteristics, magnetic features, chemical compo-
sition and crystalline structure of the α1A/MNGs. In addition,
the binding capacity and specificity of α1A/MNGs were success-
fully validated. FI isotherms accurately modeled the adsorp-
tion capacity of α1A/MNGs. Ultimately, we showed that the bio-
active compounds bulleyaconitine A and benzoylhypacoitine
were effectively bound in the real application of α1A/MNGs.
The bioactivities of the screened compounds were validated in
preliminarily pharmacological assays. Thus, our findings indi-
cate that the unique function and enhanced stability of cell
membrane-cloaked MNPs in binding bioactive compounds
represent a promising platform for new drug discovery strat-
egies. Furthermore, we show that aldehyde group modification
further enhances the stability of the cell membrane-cloaked
MNPs for the identification of natural products from complex
matrixes. Therefore, the application of our findings will
broaden the scope for integration of cell membranes with the
nanoparticle platform.
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