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KEY WORDS Abstract P-glycoprotein (P-gp) highly expressed in cancer cells can lead to multidrug resistance
(MDR) and the combination of anti-cancer drugs with P-gp inhibitor has been a promising strategy to
reverse MDR in cancer treatment. In this study, we established a label-free and detergent-free system
combining surface plasmon resonance (SPR) biosensor with styrene maleic acid (SMA) polymer mem-
brane proteins (MPs) stabilization technology to screen potential P-gp inhibitors. First, P-gp was ex-

Styrene maleic acid;
P-Glycoprotein;
Surface plasmon

M;:g::;;;mteins; tracted from MCF-7/ADR cells using SMA polymer to form SMA liposomes (SMALPs). Following
Inhibitor screening; that, SMALPs were immobilized on an SPR biosensor chip to establish a P-gp inhibitor screening system,
Affinity calculation; and the affinity between P-gp and small molecule ligand was determined. The methodological investiga-
Natural products; tion proved that the screening system had good specificity and stability. Nine P-gp ligands were screened
Multidrug resistance out from 50 natural products, and their affinity constants with P-gp were also determined. The in vitro cell

verification experiments demonstrated that tetrandrine, fangchinoline, praeruptorin B, neobaicalein, and
icariin could significantly increase the sensitivity of MCF-7/ADR cells to Adriamycin (Adr). Moreover,
tetrandrine, praeruptorin B, and neobaicalein could reverse MDR in MCF-7/ADR cells by inhibiting the
function of P-gp. This is the first time that SMALPs-based stabilization strategy was applied to SPR anal-
ysis system. SMA polymer can retain P-gp in the environment of natural lipid bilayer and thus maintain
the correct conformation and physiological functions of P-gp. The developed system can quickly and
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accurately screen small molecule ligands of complex MPs and obtain affinity between complex MPs and

small molecule ligands without protein purification.

© 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

Surface plasmon resonance (SPR) is a label-free biomolecular
interaction strategy, which can measure the membrane proteins
(MPs)-ligand interaction and can characterize the interaction
between a pair of soluble binding molecules in detail'>. SPR has
now become a powerful tool for drug screening and is currently
applied to new drug discovery, as it can determine affinity between
molecules quickly. The premise of SPR applications is that puri-
fied protein must be immobilized on the biosensor’s surface.
Unfortunately, MPs are difficult to be purified and immobilized on
the biosensor’s surface since their complex structures require a
lipid environment to maintain their correct conformation”.

MPs play an important role in intercellular communication,
material transfer and energy conversion. However, it is difficult to
maintain their activity when they are separated from the cell
membrane environment” °. Purifying MPs is time-consuming and
laborious, and it is difficult to obtain complex MPs. However, in
order to enable rapid and quantitative analysis of ligand—MP in-
teractions, these interactions must be probed in lipid bilayers that
resemble their native membrane environment”*. Therefore, a
method that immobilizes MPs together with their lipid environ-
ment on the biosensor’s surface in SPR analysis would be an
advantageous tool for discovering new drugs’. To interface with
existing SPR instrumentation, MPs can be immobilized as deter-
gent “solubilized” protein, deposited in supported lipid bilayers, or
trapped in vesicles and are subsequently captured. Some tech-
nologies are gradually being developed, including liposomes,
double cells and discs strategies to provide a membranous natural
environment for MPs to be presented in natural or near natural
form™'®. However, these techniques based on detergent solubility
require optimization of detergent properties and concentrations,
which can cause a loss to protein activity in the process of
recombination.

In previous studies, we employed lentiviruses particles (LVPs)
to stabilize P-glycoprotein (P-gp) and CXC chemokine receptor 4
(CXCR4), and immobilized LVPs on the surface of CM5 chip for
screening small molecular ligands'""'>. LVPs can serve as a nat-
ural environment for MPs, omitting complex purification steps.
However, there are thousands of receptors on the outer membrane
of LVPs, so the environment of target MPs is different from that of
mammalian cells, resulting in the low specificity and poor accu-
racy of screening results.

In recent years, styrene maleic acid (SMA) polymer is more
and more widely used in the extraction and purification of MPs.
SMA can realize self-assembly in cell membrane: SMA ring
surrounds lipids, forms a disk-shaped structure of layered mem-
brane, and produces very uniform particles with a diameter of 9 to
20 nm'*'*, The advantage of SMA over detergents and artificial

membranes is that it extracts the target protein into SMA lipid
particles (SMALPs) by recognizing the spontaneous assembly of
endogenous lipids around the target protein, and the protein is thus
retained in the environment of natural lipid bilayer. In addition,
MPs extracted into SMALPs show significant stability compared
with detergent and artificial membrane, and have successfully
been used for both functional and structural studies'>'®. So far,
SMA polymers have been used to stabilize the dissolution of many
MPs, including AcrB'”, ATP-binding cassette (ABC) transporter
such as MRP'®, potassium channel KcsA'®, penicillin-binding
protein PBP2A® and adenosine A2A receptor”'.

ABC transporters such as P-gp are responsible for conferring
multidrug resistance (MDR) phenotype, which first become
evident during treatment of cancers with anti-cancer drugs’>?.
The combination of anti-cancer drugs with P-gp inhibitors has
been a promising strategy to reverse MDR in cancer treatment.
However, to date, no compound has demonstrated a significant
reversal of MDR without causing considerable toxicity”*. Due to
ABC transporters’ low expression level and hydrophobic proper-
ties in cells, the requirement for a lipid double-layer environment
to maintain their correct conformation makes expression, extrac-
tion, and purification more difficult in the study of function and
structure”. Therefore, pure ABC transporters are difficult to ac-
quire, and the screening of their ligands is mainly based on cell
bidirectional transport experiments and computer-assisted virtual
screening”® . Currently, researchers have applied SMA tech-
nology to extract and stabilize ABC transporters in insect cell
membranes, and they have discovered that MPs can maintain their
correct conformation and physiological functions when stabilized
by SMA'®. However, applying SMA technology to extract and
stabilize complex MP such as P-gp, and then studying the inter-
action between ligands and MPs supported in SMA has not yet
been reported.

In this study, an SMA-based MPs immobilization strategy
was developed and combined with SPR biosensor analysis to
present a novel approach for screening potential P-gp inhibitors.
SMA was utilized to extract P-gp in MCF-7 and MCF-7/ADR
cells to obtain SMALPs-P-gp. P-gp was stabilized in endoge-
nous lipids and then employed in SPR technology to study its
interaction with small molecules. To the best of our knowledge,
this is the first time that an SMA strategy for stabilizing MPs is
combined with SPR analysis and the method shows high effi-
ciency in screening potential P-gp inhibitors. It can not only
perform effective compound screening but also accurately
determine the affinity between compounds and MPs. SMA
polymer strategy can solve the problems in the field of MPs
determination, expand the scope of SPR application, and provide
the possibility for MPs-drugs interactions and the development
of MPs-targeted drugs.
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2. Materials and methods

2.1.  Chemicals and reagents

Styrene maleic anhydride co-polymer SMA2000 was purchased
from Cray Valley (France). BCA Protein Assay Kit and Cell
Counting Kit-8 (CCK-8) were purchased from Beyotime
(Shanghai, China). All standard compounds were purchased from
Standard Technology Co. (Shanghai, China). Materials and re-
agents used for SPR assays (including CMS5 chips, EDC, NHS and
ethanolamine) were purchased from GE Healthcare (Shanghai,
China). P-gp ELISA Kit was purchased from Enzyme-linked
Biotechnology Co. Ltd. (Shanghai, China). Trans-well filters were
purchased from Corning Costar (Cambridge, MA, USA). Rh-123
was purchased from the Sigma Chemical Co. (St. Louis, MO,
USA), and RPMI 1640 and fetal calf serum and 0.25% trypsin
were purchased from Corning Costar (Cambridge, MA, USA).
Rabbit anti-P-gp antibody (ab170904), rabbit anti-GAPDH anti-
body (ab181603), HRP conjugated Goat anti-Rabbit IgG (H + L)
and HRP conjugated Goat anti-Mouse IgG (H + L) for Western
blot were purchased from Abcam (USA). P-Glycoprotein Mono-
clonal Antibody (C494) and mouse anti-P-gp antibody (MA1-
26529) were purchased from Thermo Fisher Scientific (Waltham,
MA, USA).

2.2.  Cell lines and culture conditions

MCF-7 and MCF-7/ADR cell lines were purchased from Shanghai
Xinyu Biological Technology Co., Ltd. (Shanghai, China). MCF-7
and MCF-7/ADR cells were cultured in RPMI 1640 containing
10% (v/v) fetal bovine serum and 1000 pg/mL glutamine. Addi-
tionally, 1000 ng/mL adriamycin (Adr) was added to the MCF-7/
ADR cells. MDR1-transfected Medin-Darby Canine Kidney cell
lines (MDCK-MDRI1) were kindly provided by Dr. Zeng (Zhe-
jiang University, China). MDCK-MDRI1 cells were cultured in
Dulbecco’s modified eagle’s medium containing 10% (v/v) fetal
bovine serum and two antibiotics (100 pg/mL streptomycin and
100 U/mL penicillin). All cells were cultured at 37 °C in 5% CO,.

2.3.  Preparation of styrene maleic acid co-polymer

The commercially available polymers are provided as styrene
maleic anhydride co-polymer and need to be converted into sty-
rene maleic acid co-polymer by hydrolysis using NaOH. 25 g of
styrene maleic anhydride co-polymer (SMA2000) was dissolved
in 250 mL of 1 mol/L NaOH in a round bottom flask and stirred
for 24 h at room temperature, then the round bottom flask was
heated and boiled until all the solids were dissolved. After the
solution cooled at room temperature, the pH was adjusted to <5
by adding concentrated hydrochloric acid in a fume hood and
stirred evenly. 1 mL of concentrated hydrochloric acid was needed
for every 6 mL of polymer solution generally and the copolymer
began to precipitate. The precipitate was washed five times with
water followed by separation using centrifugation. After the last
washing, 60 mL of 0.6 mol/L. NaOH was added to the precipitate
and the pH was adjusted to 8.0. The SMA copolymer was freeze-
dried and stored at room temperature.

2.4.  Preparation of cell membrane from MCF-7 cells and MCF-
7/ADR cells

The cells were washed twice with PBS and were thus gently
scraped off by adding PBS containing protease inhibitor. The cells
were disrupted by ultrasound, and the suspension was centrifuged
at 1000xg for 10 min. The supernatant was centrifuged at
20,000x g for 60 min. The pellet was re-suspended in PBS con-
taining protease inhibitor, and aliquots of the pellet suspension
were then stored at —80 °C. Except for special instructions, all
operations were performed at 4 °C.

2.5.  Preparation of SMALPs

Membranes were pelleted (100,000x g, 20 min, 4 °C), then sus-
pended in PBS at a final concentration of 80 mg/mL membrane
(wet membrane mass) and SMA was then added to a final con-
centration of 2.5% (w/v). Samples were incubated at room tem-
perature with gentle shaking for 4 h. Insoluble material was
removed by centrifugation (100,000xg, 20 min, 4 °C), and the
supernatant was taken containing liposomes SMALPs-MCF-7 and
SMALPs-MCF-7/ADR, respectively. The collected SMALPs were
concentrated with an ultrafiltration tube (100 kDa), and the protein
was quantified using the BCA Protein Assay Kit. The SMALPs
liposomes were stored at —80 °C.

2.6.  Experimental conditions for P-gp-SMALPs-SPR analysis

The cells were broken by ultrasonic disruption to obtain cell
membrane. 2 x 10’ MCF-7/ADR cells were broken at a constant
power of 600 W with a pulse for 2 s on and 10 s off as one cycle,
and processed 5, 10, 15 and 20 cycles, respectively. Membranes
were pelleted (100,000x g, 20 min, 4 °C), then suspended in PBS
at a final concentration of 80, 160, 320 and 640 mg/mL (wet
membrane mass) and SMA was then added to a final concentration
of 2.5% (w/v). Sample were gently shaken at room temperature for
1, 2, 4 and 24 h treatment, respectively. After SMA extraction,
Western blot experiment and ELISA experiment were used to
analyze the extraction efficiency of P-gp.

2.7.  Coupling time of SMALPs on LI chip

The L1 chip was chosen for SMALPs coupling with non-
covalently bound to the lipophilic group on the L1 chip’s sur-
face. The total protein concentration in SMALPs was quantified
by BCA assay. The SMALPs of the same concentration
were coupled on the chip for 30 min one time, the flow rate was
2 pL/min, and the coupling time was continuously increased to 3 h
for 6 times. The RU value was used to determine the highest
saturation of SMALPs on the L1 chip.

2.8.  Characterization of the SMALPs-LI chip’s specificity and
activity

The SMALPs obtained from MCF-7 cells were immobilized on
FC 1 cell used as reference FC and SMALPs obtained from MCF-
7/ADR cells were immobilized on FC 2 cell used as active FC,
respectively. The flow rate was 2 pL/min, the reaction time was
30 min. P-gp inhibitors valspodar and verapamil were selected as
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positive drugs, dexamethasone as negative drugs, and P-gp spe-
cific antibodies (C494) were used to evaluate the specificity and
activity of SMALPs-L1 chip. In the process, the signal of refer-
ence FC is deducted from the signal of active FC, and then the
signal of ligand acting on P-gp was acquired because the influence
of other proteins was excluded from the analysis. The flow rate of
ligands was 10 pL/min, the binding time was 60 s, and the
dissociation time was 30 s.

2.9.  Characterization of the SMALPs-LI chip’s stability

The coupling time and the stability of the SMALPs on the chip
were characterized to ensure the accuracy of this method. The
SMALPs were coupled to the L1 chip at a flow rate of 2 pL./min
and the baseline was recorded RU for 6, 12, 24, 48, and 72 h. P-gp
inhibitor valspodar was used as the positive drug to evaluate the
activity of SMALPs-L1 chip by affinity verification.

2.10.  Determination of protein concentration and the size of
SMALPs

2.10.1. ELISA

Enzyme-linked immunosorbent assay (ELISA) was used to
determine the P-gp content according to the kit operating pro-
cedures. The steps of mixing with the antibody, incubating at a
constant temperature, washing the plate, reacting with the sub-
strate, and terminating the reaction were carried out successively.
Standard wells, blank wells and sample wells were set as required.
Within 15 min after terminating the reaction, the absorbance (OD
value) of each well was measured at the wavelength of 450 nm
and the sample concentration was thus calculated.

2.10.2.  Western blots

Proteins were analyzed by SDS-PAGE and Western blot using
specific antibodies. SMALPs were analyzed in Western blot with
anti-GAPDH (1:3000) mAb, and anti-P-gp (1:2000) mAb. Equal
volume of lysate was added to SMALPs sample for 30 min. After
the lysis was completed, the sample was centrifuged for 10 min at
12,000x g and the total protein of the liquid was detected by BCA
method. Samples containing 20 pg of protein were subjected to
10% SDS-PAGE and electro-transferred to nitrocellulose mem-
branes. Membranes were blocked with 5% non-fat milk/0.05%
Tween PBS, incubated with primary antibodies against P-gp and
GAPDH overnight. The blot was washed and incubated for 2 h at
room temperature with HRP conjugated Goat anti-Rabbit IgG
(H + L) (1:5000) and HRP conjugated Goat anti-Mouse IgG
(H 4+ L) (1:5000) separately. The blots were then analyzed by
scanning densitometry using an Odyssey Infrared Imaging System
(Li-cor, USA).

2.103. TEM

Transmission electron microscopy (TEM) was used to charac-
terize the size and shape of SMALPs. Since SMA would interfere
with the view of TEM, it was necessary to remove the residual
SMA in the sample. SMALPs were separated using AKTA Pure
system (GE Healthcare) and Superdex 200 10/300 GL column
(GE Healthcare) to remove the residual SMA. The buffer was PBS
and the flow rate was 0.5 mL/min. The SMALPs fraction was
collected and concentrated to 0.5 mL (10 kDa, Merck) with an

ultrafiltration tube. The SMALPs were adsorbed onto a carbon-
coated grid, the excess solution was blotted dry, and the sample
was negatively stained with uranyl acetate [2% (w/v), 30 s]. JEM
100CX (JEOL) electron microscope records electron micrographs
at 50,000 times magnification under 100 kV. A lextight X5
scanner (Hasselblad) was used to process the micrographs.

2.11.  Establishment of P-gp-SMALPs-SPR screening system

According to the optimized conditions, the SMALPs-MCF-7 were
immobilized on FC 1 of the L1 chip, while the SMALPs-MCF-7/
ADR were immobilized on FC 2 of the L1 chip, and the affinity
between the compounds and the protein on the chip was obtained
by subtracting the signal values on the two FCs. The target
compounds which had a response signal on the surface of the chip
was performed affinity verification consequently. Thus, the P-gp-
SMALPs-SPR system was established to screen active compounds
to reverse P-gp-mediated MDR.

2.12.  Screening P-gp potential inhibitors from natural products

Standard compounds were diluted in 5% DMSO PBS (32 pmol/
L) and injected into different channels of the chip one by one at
a flow rate of 10 pL/min, and then running buffer was contin-
uously injected for 60 s (dissociation phase). The response be-
tween the compound and P-gp was calculated by subtracting the
signal values on the two FCs when the compound flew through
the surface of the chip. Ligands with the response value on the
detection channel higher than that on the reference channel
were regarded as target compounds for further affinity
verification.

2.13.  Affinity verification

The binding kinetic information between the compound and the
protein is characterized by affinity detection. Standard compounds
were diluted in a series of concentrations of 5% DMSO in PBS
and injected into the system at a flow rate of 10 puL/min. The
binding time was 60 s, and the dissociation time was 30 s. The FC
1 channel (immobilized SMALPs-MCF-7) was used as the FC to
calibrate the sensor signal. All steps were performed using the
system’s automated sampling, in response to changes in the signal
expressed in units (RU). Biacore T200 analysis software was used
to perform overall fitting through the steady-state affinity model
(1:1) to obtain the affinity constant (Kp).

2.14.  Activity verification of target compounds

The effects of target compounds on the ICsy value of Adr on
MCF-7/ADR cells toward Adr were investigated to verify the
activity of reversing MDR in vitro. Then the Western blot exper-
iment was used to verify the effect of the target compound on the
expression of P-gp, and rhodamine 123 (Rh123) transport exper-
iment was used to verify the effect of the target compound on the
function of P-gp.

2.14.1.  Cytotoxicity
MCF-7 and MCF-7/ADR cells were seeded into a 96-well plate
at a density of 5 x 10? cells/well. Then, the positive drugs and
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target compounds of different concentrations (1.25, 2.5, 5, 10,
20, 40, 80 pwmol/L) were incubated with MCF-7 cells and MCF-
7/ADR cells for 24 h. The sensitivity of cells to positive drug
and target compounds was measured as previously using the
CCK8 assayzg.

2.14.2.  The activity of reversing MDR

CCK8 analysis method was used to determine the cytotoxicity
toward MCF-7/ADR induced by Adr. MCF-7/ADR cells were
seeded into 96-well plates at a density of 5 x 10° cells/well. After
incubated with the target compounds for 24 h, the cells were
incubated with different concentrations of Adr (0, 1.56, 3.13, 6.25,
12.5, 25, 50, 100 pmol/L) for 24 h. The effects of target com-
pounds on sensitivity of cells to Adr was measured as previously
using the CCK8 assay.

2.14.3.  Determination of P-gp expression

MCEF-7/ADR cells were seeded into 6-well plates at a density of
1 x 10° cells/well. After incubated with the target compounds for
48 h, the cells were washed three times and lysed on ice for
30 min. The cell lysate was collected and centrifuged at 12,000x g
for 10 min. The supernatant was taken for BCA quantitative
detection of total protein and Western blot detection.

2.14.4.  RhI23 transport experiment

The efflux function of P-gp was verified by Rh123 transport
experiment which performed on Transwell plates using MDCK-
MDRI1 cells. The transport assay was carried out as previously
method™.

3. Results and discussion
3.1.  Construction of P-gp-SMALPs-SPR screening system

In this study, a novel screening system for potential P-gp inhibitors
was established by combining SMA MPs stabilization strategy
with SPR technology, as shown in Fig. 1. The human breast cancer
cells MCF-7 and Adr-resistant breast cancer cells MCF-7/ADR
with overexpressed P-gp were used as cell models. First, cell
membranes were extracted from the two kinds of cell lines, and
SMA polymer was added to form SMALPs-MCF-7 and SMALPs-
MCF-7/ADR. SMA polymer with an extended chain conformation
can interact with a portion of lipid bilayer, in which rings of
elongated polymer strands encircle 100—200 lipids, allowing the
hydrophobic groups to cut out a discoidal section®'. The original
ecological liposomes encapsulated by SMA ensure the natural
membrane environment of MPs (Fig. 1A). Then the SMALPs-
MCF-7 was coupled to (FC 1) as the reference FC, which was
used as a control to eliminate signals from uninterested proteins
on the surface of MCF-7 cells. And SMALPs-MCF-7/ADR was
coupled to FC 2 as the active FC. The interaction signal of the
ligand and the P-gp on the L1 chip’s surface was obtained by the
signal deduction of the FC 2 and FC 1, thus an effective and rapid
P-gp potential inhibitor screening system was established
(Fig. 1B). Two FCs were used on the SPR chip to exclude the
interference from heterogeneous proteins of cell membrane.
During the detection process, the signal of the reference FC was
subtracted from the signal of the active FC to obtain the affinity
between the compound and P-gp.
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Figure 1

Scheme of SMA polymer MPs stabilization technology combined with SPR system. (A) SMA polymer was used to extract MPs from

MCE-7 cell membrane and MCE-7/ADR cell membrane, and the SMALPs was obtained. (B) The SMALPs obtained from MCEF-7 cell with low P-
gp expression was immobilized on FC1 of L1 sensor chip which used as a control to eliminate signals from uninterested proteins on the cell
membrane of MCF-7 cells, while the SMALPs obtained from MCF-7/ADR cell with high P-gp expression was immobilized on FC2 which was

used as an active FC.
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A Table 1  The orthogonal experiment of the pretreatment for
o MCF-7 Cell SMALPs.
MCF-7/ADR Cell
M No. Ultrasonic Incubation Membrane
* prcipitation (afer SMA extraction) cycles time (h) concentration
1 *  MCF-7/ADR-SMALPs
(mg/mL)
1 10 2 320
2 10 1 80
3 20 1 320
4 15 2 40
5 15 1 160
6 5 4 320
7 5 1 40
8 5 24 80
9 15 24 320
Figure 2  The MPs extraction of MCF-7 and MCF-7/ADR cell by 10 5 2 160
SMA. (A) The P-gp content of different cell membrane samples were 11 20 2 80
verified by Western blot (1, MCF-7 cell lysate; 2, MCF-7/ADR cell 12 20 24 160
lysate; 3, SMALPs-MCF-7; 4, MCF-7/ADR membrane precipitation 13 10 24 40
after SMA extraction; 5, SMALPs-MCF-7/ADR. Data are 0 4 80
mean £+ SD, n = 3; *#*P < 0.01, MCF-7/ADR cell versus MCF-7 cell 12 ?8 j ‘1‘20

group, MCF-7-SMALPs and MCF-7/ADR cell membranes precipi-
tation after SMA extraction versus MCF-7/ADR-SMALPs group). (B)
TEM image of SMALPs particles negatively stained with uranyl ac-
etate, SMALPs-MCF-7/ADR is shown on the left and SMALPs-MCF-
7 is shown on the right, scale bar = 50 nm.

3.2.  Extraction of P-gp using SMA

The effect of SMA on the extraction of P-gp was investigated by
Western blot. The content of P-gp in cell membrane, SMALPs-
MCF-7, SMALPs-MCF-7/ADR and the cell membranes pellet
after SMA extraction were verified. The results are shown in
Fig. 2A. It was found that P-gp was overexpressed in MCF-7/ADR
cell membrane, and SMA can extract P-gp in the cell membrane.
The cell membrane suspension became clear after SMA extrac-
tion, which indicated P-gp were successfully extracted.

3.3.  Size characterization of SMALPs

Next, the morphological characterization of SMALPs was char-
acterized by TEM. SMALPs was separated by SEC to remove
excess SMA, and the purified SMALPs was collected and visu-
alized (stained) using cryo-EM. As shown in Fig. 2B, EM analysis
of negatively stained SMALPs shows dispersed disks with average
diameters of 10—15 nm, and the size of SMALPs obtained by
SMA extraction of cell membrane was uniform, which was
consistent with literature reports'>.

3.4.  Optimization of SMA extraction

The ultrasonic time has a great impact on the degree of cell
disruption, while the ratio of SMA to cell membrane and the
extraction time have a great impact on the extraction efficiency of
MPs. In the process of SMA extraction, the effects of ultrasonic
cycles (5, 10, 15, 20), the membrane concentration (40, 80, 160,
320 mg/mL), and the incubation time with SMA (1, 2, 4, 24 h on
the extraction efficiency of MPs were investigated. A total of 16
samples were investigated by orthogonal design as shown in Table
1. The extraction efficiency was evaluated by the P-gp concen-
tration in each SMALPs sample (Fig. 3A and B).

The results showed that the extraction efficiency of P-gp was
greatly affected by the cycle numbers of ultrasound, SMA

incubation time and membrane concentration. It was found that
the expression of P-gp in sample 3, 5, 6, 9, 15 and 16 was higher.

The content of P-gp in the samples was further detected by
ELISA (Fig. 3C). The content of P-gp in samples 3, 6, 9, 11, 12,
14, 15 and 16 was higher. Taking the results of Western blot and
ELISA together, the pretreatment method of sample 15 was
selected as the optimized method. In conclusion, the optimized
pretreatment conditions were ultrasonic 20 times to crush cells,
cell membrane concentration of 40 mg/mL, and SMA incubation
time of 4 h.

3.5.  Coupling condition of SMALPs on LI chip

SMALPs would precipitate at acidic pH values , and the pH de-
pendency is a potential drawback for SMA application in SPR
technology. This problem can be solved by sensor chip L1 which
surface consists of a carboxymethylated dextran matrix pre-
immobilized with lipophilic groups for rapid and reproducible
capture of lipid vesicles, and the process is not limited by pH. The
binding process involves diffusion of the vesicles to the surface
and incorporation of the lipophilic structures on sensor chip L1
into the lipid membrane, non-covalently anchoring the vesicle.
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Figure 3 The content of P-gp in samples under different pre-
processing methods. (A) The Western blot results. (B) The band
gray value calculated by Image J. (C) The content of P-gp detected by
ELISA. Data are mean + SD, n = 3.
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The coupling condition of SMALPs in a single channel of L1 chip
was investigated. SMALPs-MCF-7 were injected into FC 1 of L1
chip at a flow rate of 2 pL/min, the reaction time was continuously
increased, each injection lasted for 30 min, and a total of 6 in-
jections resulted in a total reaction time of 3 h. The baseline was
about 2000 RU and the increase of the response value on the
channel represented the coupling amount of SMALPs. As shown
in Fig. 4A, the absolute response value of the chip rise with the
increase of injection time, which indicated that the content of li-
posomes in the channel on the chip was increasing and the binding
sites were not all reacted. The absolute response value of the chip
channel after each coupling was plotted with the reaction time, as
shown in Fig. 4B. With the extension of reaction time, the increase
speed of liposomes on the sensor slowed down with a trend of
saturation, indicating that the binding sites in the chip channel
were gradually fully occupied. The maximum coupling amount
was 6000 RU.

3.6.  Specificity and activity of P-gp-SMALPs-LI chip

P-gp inhibitors and specific C494 antibody were used to verify the
feasibility and specificity of the established screening system.
First, SMALPs-MCF-7 was coupled to FC 1 as a reference
channel and SMALPs-MCF-7/ADR was coupled to FC 2 as
detection channel to construct detection system (Fig. 5A). P-gp
inhibitors valspodar and verapamil were used as positive drugs,
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(B) The response of individual small molecules on the chip (C) The response of the C494 antibody on the chip.
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Figure 7  The response of 50 natural products on the chip. Each

point in the figure represents a compound. The pink dot in the figure
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surface, while the yellow dot does not respond to the chip.

dexamethasone as a negative drug. It was found that valspodar and
verapamil could bind to the chip, while the negative drug dexa-
methasone did not respond (Fig. 5B). Similarly, the P-gp specific
antibody C494 could bind to the chip (Fig. 5C), which indicated
that the constructed analysis method had good specificity and
could be used to screen P-gp small molecule ligands. The above
results also proved the SMA polymer could keep P-gp in endog-
enous membrane environment and ensure the correct conforma-
tion of P-gp and the accuracy of drug screening.

3.7.  The stability of P-gp-SMALPs-L1 chip

The surface of L1 chip is dextran matrix, which can covalently
combine with lipophilic alkyl groups as active groups. The whole
liposome will be captured by lipophilic group, but will not
covalently bind to the L1 chip surface. During the usage, the li-
posomes will detach from the chip, and the protein will also lose
its activity. Therefore, it is necessary to investigate the stability of
P-gp contained in SMALPs. SMALPs-MCF-7 and SMALPs-
MCF-7/ADR were coupled to FC 1 and FC 2 of L1 chip. The
absolute response of the chip was recorded at 6, 12, 24 and 48 h,
and the loss percentage of SMALPs on the chip at each time point
was calculated based on the amount of SMALPs coupled on the
channel. The results were shown in Fig. 6A, the content of
SMALPs on the two channels gradually decreased with time went
by. After 24 h, FC 1 and FC 2 decreased to 85% and 75%,
respectively. After 48 h, FC 1 and FC 2 decreased to 80% and
65%, respectively. In order to verify the stability of P-gp in
SMALPs, the P-gp-L1 chip’s activity was tested with the positive
drug after SMALPs coupled and 24 h later by kinetic experiments.
The results are shown in Fig. 6B and C. 24 h after coupling, the
positive drug had good affinity with P-gp on the chip and the Kp
was 33.85 umol/L. This indicated that the P-gp on the chip was
stable and active within 24 h. The stability results suggested that
activity of P-gp-SMALPs-L1 chip can keep 24 h at least, thus, all
assays in this study were carried out within 24 h after the SMALPs
coupled on L1 chip to ensure the accuracy of the analysis.

3.8.  Potential P-gp inhibitors screening

Fifty natural products (detailed in Supporting Information) which
may relate to P-gp were collected and screened by the system.
Compounds were injected into the system one by one, and the
analysis time of each compound was about 60 s. As a result, 9
compounds with remarkable response values were regarded as
target compounds which could bind to P-gp (Fig. 7). They were
tetrandrine, praeruptorin B, fangchinoline, neobaicalein, icaritin,
praeruptorin A, luteolin, curcumin and isoliquiritigenin.

Current P-gp screening methods mainly depend on traditional
cell experiments and generally take several days. In this study, the
developed novel SPR screening system can shorten the time to
several hours, greatly improves screening efficiency and has good
specificity for P-gp interaction. The small molecule binding sites of
P-gp are primarily located in the intracellular domain, and a few
binding sites are located in the extracellular domain®***. SMA
polymer can be inserted into the cell membrane to form P-gp-
SMALPs, and the P-gp stabilized in SMALPs is non-directional, so
the developed P-gp-SMALPs SPR screening system can obtain
more potential ligands bound to intracellular and extracellular sites.

The LVPs-SPR screening system established in our previous
research targeted the binding sites of the extracellular segment of P-
gp with fewer ligands obtained because P-gp was integrated into the
surface of LVPs envelope'"*'>. Moreover, obtaining SMA polymers
is more convenient than constructing and purifying LVPs, and SMA
polymer is easy-to-use and inexpensive, and L1 chip can be reused.
It is worth noting protein stabilization in SMALPs is also non-
directional, and how to extract MPs directionally is necessary to
be considered in the future development of MPs ligand screening.

Compared with other MPs stabilization technologies, including
liposomes, the whole process of SMA polymer MPs stabilization
does not require the participation of detergents, and can avoid loss
of protein activity in nano-disc recombination. However, the
disadvantage of SMALPs screening system is that the pH de-
pendency of SMA polymer, which makes it incompatible with
CMS5 chips commonly used. At the same time the pH dependency
is also a potential drawback for certain classes of proteins whose
function depends on pH.

3.9.  Affinity determination

The affinity between compounds and the protein were further
determined by the SPR analysis system. The 9 target compounds
were diluted to different concentrations and injected into the system.
The results are shown in Table 2 and Supporting Information
Fig. S1. Generally, the affinity detection is considered to be
compliant when Chi? values are less than 1/10 of the Rax value.
Smaller Kp, value indicates the stronger binding of the compound to
the target protein. R,x represents the analyte binding capacity
which gives an indication of the theoretical analyte binding capacity
of the surface. The result showed that valspodar and 9 target com-
pounds had good affinity with P-gp, which demonstrated the
feasibility of the developed method. In the process of Adr inducing
drug resistance in MCF-7 cells, P-gp overexpression is usually
dominant and other MDR-related resistant proteins besides P-gp
might have little influence on the screening of P-gp inhibitors. The

Table 2  Parameters of affinity determination for nine target

compounds.
Compd. Kp (umol/L)  Rpax (RU)  Chi® (RU?)
Tetrandrine 220.6 11.24 0.0178
Fangchinoline 115.9 24.92 0.0346
Curcumin 152.5 270.2 3.88
Luteolin 51.74 47.21 443
Neobaicalein 126.8 89.01 9.47
Isoliquiritigenin ~ 255.1 114 0.122
Icaritiin 2.546 13.86 0.491
Praeruptorin A 7.175 2.618 0.0329
Praeruptorin B 0.5422 3.498 0.0554
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Control). The effect of Adr on MCF-7/ADR cell viability after treatment with the positive drug valspodar and 9 target compounds (A) and the

corresponding ICs( value (B).

Table 3  The bidirectional P,, values and ER of Rh123 in the MDCK-MDRI1 cell monolayer treated by different compounds.
Group Control Valspodar Tetrandrine Fangchinoline Praeruptin B Neobaicalein
AP-BL* BL-AP AP-BL BL-AP AP-BL AP-BL BL-AP BL-AP AP-BL BL-AP AP-BL BL-AP
Papp (X 10~%m/s) 1.85 5.64 2.42 2.57 1.97 2.85 1.95 3.71 1.98 2.07 1.97 2.30
ER 2.99 1.06* 1.46* 1.89 1.14%* 1.38%*

*Papp (ap-BL) Means the apparent permeability of apical to basolateral (AP-BL), Py, (1-ap) Mmeans the apparent permeability of basolateral to

apical (BL-AP), n = 3, *P <0.05, vs. Control.

affinity verification results of the potential target compounds
demonstrated the compounds were bound to P-gp and the system
was specific for P-gp inhibitor screening.

3.10.  The reversal effect of target compounds on MDR of MCF-
7/ADR cells

Next, the biological activity of the 9 compounds was determined,
as well as their activity to reverse MDR in vitro. Before verifying
the reversal of MDR activity, the maximum non-toxic concen-
tration of each compound was determined using CCKS assay. The
concentrations of 9 compounds were illustrated in Supporting
Information Figs. S3—S5, with 95% cell activity as the highest
non-toxic concentration. Then, ICs, value of Adr on MCF-7/ADR
cells was measured to characterize the reversal of MDR activity
by pre-incubating each non-toxic concentration of 9 target com-
pounds with MCF-7/ADR cells for 24 h. The sensitivity of MCF-
7/ADR cells to Adr was significantly increased by tetrandrine,
praeruptorin B, fangchinoline, neobaicalein, icaritiin, and positive
drug valspodar (Fig. 8A).

The ICs, of Adr toward MCF-7/ADR after pre-incubating with
target compounds are shown in Fig. 8B. The Adr toward MCF-7/
ADR were 13.52 £ 0.63, 25.78 + 1.62, 4443 + 751,
46.38 £+ 5.54, and 5291 + 5.07 umol/L with treatment of tet-
randrine, praeruptorin B, fangchinoline, neobaicalein, and icariin,
respectively, which were lower than control that without treatment
of compounds (86.09 £ 4.74 pmol/L). Therefore, these results
indicated tetrandrine, praeruptorin B, fangchinoline, neobaicalein,
and icariin could reverse the MDR of MCF-7/ADR cells. On the
other hand, the Adr toward MCF-7/ADR were 112.85 + 11.13 and
126.77 4+ 21.24 pmol/L with treatment curcumin and iso-
liquiritigenin, respectively. The results suggested that the two
compounds could not improve the sensitivity of Adr toward MCF-
7/ADR cells and reverse the MDR. In the previous screening

results, the R,,x of curcumin and isoliquiritigenin were larger,
which suggested that there might be nonspecific bindings. The
activity verification results also demonstrated the specificity of the
SPR analysis system.

3.11.  Effects of active compounds on P-gp-mediated Rhi23
transport in MDCK-MDR1

Then Rh123 transport experiment was conducted to investigate the
effect of tetrandrine, praeruptorin B, fanchinoline, neobaicalein,
and valspodar on P-gp function in MDCK-MDR1 cells. Rh123, a
substrate for P-gp, has been widely used as an indicator for testing
the activity of P-gp. The P, and efflux rate (ER) were shown in
Table 3 and Fig. 9, which indicated the permeability of Rh 123
and reflected the function of P-gp. In this study, we found that
after pre-incubation with valspodar, tetrandrine, praeruptorin B
and neobaicalein, the Py, (gL-ap) Of Rh123 in MDCK-MDRI cell
decreased and P,,, (ap-pL) increased, indicating that they could
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Figure 9  The effect of positive drug valspodar and active com-

pounds on the bidirectional P,y, values (A) and ER (B) of Rh123 in
the MDCK-MDRI cell monolayer (data are mean + SD, n = 3, *P <
0.05. ns, not significant. vs. Control).
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significantly reduce the ER of Rh123 and inhibit the function of P-
gp. It has been reported that tetrandrine can increase the accu-
mulation of anticancer drugs in MCF-7/ADR cells**. Fanchinoline
exhibits significant synergistic cytotoxicity when Caco-2 and
CEM/ADR cancer cells are co-treated with Adr’. The activity
verification results were consistent with these reports and
demonstrated the reliability of the established P-gp-SMALPs-SPR
screening method. Interestingly, neobaicalein and praeruptorin B
were reported to reverse MDR in MCF-7/ADR cells for the first
time, and their reversal mechanism were also investigated. The
Western blot results demonstrated that these compounds did not
affect P-gp expression in cancer cells (Fig. S5), indicating that the
reversal mechanism of these compounds was by inhibiting the
function of P-gp.

4. Conclusions

In this study, we developed an MPs-small molecular ligands SPR
analysis system based on SMA polymer MPs stabilization tech-
nology. This P-gp-SMALPs-SPR screening system can determine
the affinity between compounds and P-gp, allowing for rapid
screening of active compounds for MDR reversal. Nine P-gp li-
gands were screened out by this system from 50 natural products,
and their affinity constants towards P-gp were determined. /n vitro
cell verification experiments revealed that tetrandrine, fangchi-
noline, praeruptorin B, neobaicalein, and icariin could signifi-
cantly increase the sensitivity of MCF-7/ADR cells to Adr.
Tetrandrine, praeruptorin B and neobaicalein were revealed that
can reverse the MDR of MCF-7/ADR cells by inhibiting the
function of P-gp. In one word, for the first time, SMA-based MPs
stabilization technology has been applied to SPR analysis,
providing an effective approach for drug screening and affinity
detection of complex MPs.
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