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Abstract
Gastrointestinal mesenchymal tumors, as the most common mesenchymal tumors in the gastrointestinal tract, are adjuvantly 
treated with multi-targeted tyrosine kinase inhibitors, such as imatinib and sunitinib, but there are problems of drug resistance 
and complex methods of monitoring therapeutic agents. The pathogenesis of this disease is related to mutations in tyrosine 
kinase (KIT) or platelet-derived growth factor receptor α, an important target for drug therapy. In recent years, the screening 
of relevant tyrosine kinase inhibitors from traditional Chinese medicine has become a hotspot in antitumor drug research. 
In the current study, the KIT-SNAP-tag cell membrane chromatography (KIT-SNAP-tag/CMC) column was prepared with 
satisfying specificity, selectivity, and reproducibility by chemically bonding high KIT expression cell membranes to the silica 
gel surface using the SNAP-tag technology. The KIT-SNAP-tag/CMC-HPLC-MS two-dimensional coupling system was 
investigated using the positive drug imatinib, and the results showed that the system was a reliable model for screening 
potential antitumor compounds from complex systems. This system screened and identified three potential active compounds 
of evodiamine (EVO), rutaecarpin (RUT), and dehydroevodiamine (DEVO), which possibly target the KIT receptor, from 
the alcoholic extract of the traditional Chinese medicine Evodia rutaecarpa. Then, the KD values of the interaction of EVO, 
RUT, and DEVO with KIT receptors measured using nonlinear chromatography were 7.75 (±4.93) × 10−6, 1.42 (±0.71) × 
10−6, and 2.34 (±1.86) × 10−6 mol/L, respectively. In addition, the methyl thiazolyl tetrazolium assay validated the active 
effects of EVO and RUT in inhibiting the proliferation of high KIT-expressing cells in the ranges of 0.1–10 µmol/L and 
0.1–50 µmol/L, respectively. In conclusion, the KIT-SNAP-tag/CMC could be a reliable model for screening antitumor 
components from complex systems.
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Introduction

Gastrointestinal stromal tumors (GISTs) are the most com-
mon mesenchymal tumors of the gastrointestinal tract, 
with an incidence of 1.5/100,000 per year and accounting 
for 1–2% of all gastrointestinal tumors. Most GISTs har-
bor tyrosine kinase (KIT) or platelet-derived growth fac-
tor receptor α (PDGFRA) gene mutations [1]. In particular, 
KIT mutations are detected in 75–80% of cancer cells from 
patients with GIST. KIT mutations affect cell proliferation 
and survival by altering the KIT protein activity through the 
shortening of the growth factor receptor KIT/CD117 pro-
tein on the surface of normal cells. The proto-oncogene KIT 
encodes a type III receptor tyrosine kinase whose ligand is 
SCF. SCF–KIT interaction is essential for the development 
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of melanocytes, erythrocytes, germ cells, mast cells, and 
interstital cells of cajal (ICC) [2, 3].

The currently marketed KIT inhibitors are multitarget 
inhibitors. As a tyrosine kinase inhibitor (TKI), imatinib 
mesylate was the first-line targeted therapeutic agent for 
GIST approved by the U.S. Food and Drug Administra-
tion in 2002 and the State Drug Administration of China 
in 2013. Imatinib has high therapeutic efficacy and reduces 
cancer recurrence and metastasis. However, the drug still 
exhibits significant side effects and leads to lower quality of 
life in advanced patients. In addition, resistance to imatinib 
is one of the most important clinical challenges faced by 
patients with GIST [4], thereby increasing the demand for 
new therapies for advanced disease. The emergence of sec-
ondary mutations in KIT is the primary cause of imatinib 
resistance in ∼90% of KIT-mutant GISTs, and previous 
tumor tissue-based series revealed mutation clusters in the 
ATP-binding pocket (ATP-BP; encoded by exons 13 and 14) 
and the activation loop (A-loop; encoded by exons 17 and 
18) [5]. Approved TKIs for treating imatinib-resistant GIST 
include sunitinib (second line), regorafenib (third line), and 
ripretinib (fourth line), each producing an inhibitory spec-
trum against certain secondary KIT mutations; however, 
these drugs offer only limited benefits [6–9]. Therefore, the 
development of novel therapeutic strategies remains essen-
tial for improving patient outcomes.

Cell membrane chromatography (CMC) is a new type of 
bioaffinity chromatography, in which the model uses specific 
cell membranes bound to silica gel as the chromatographic 
stationary phase. The technique has a wide range of appli-
cations in drug screening, protein interaction analysis, and 
precision medication monitoring [10]. With the optimization 
and development of CMC in recent years, cell membranes 
bind to carriers in three main ways: physical adsorption, 
chemical bonding, and biological protein tag linkage. How-
ever, traditional physically adsorptive CMC columns have 
a short column life, low screening efficiency, and limited 
application scenarios. Therefore, two main ideas have been 
put forth to improve this problem. The first idea involves the 
use of the protein tag technology for immobilizing proteins 
to improve the specificity of receptor–ligand binding. The 
second idea suggests improving the stationary phase carrier, 
increasing the membrane loading of the stationary phase, 
and expanding the application scope of cell membrane sta-
tionary phase via the nanosizing and surface modification of 
the stationary phase material. Using the SNAP-tag technol-
ogy, the current group developed chemically bonded novel 
biomimetic materials to enhance the specificity of CMC, 
improve the stability and service life of the materials, and 
promote the application of CMC for screening lead com-
pounds [11–14].

In the present study, a CMC stationary phase was 
prepared by binding the KIT-ST cell membrane to the 

SiO2-benzyl guanine (BG) surface using the SNAP-tag 
technology to construct a two-dimensional coupling sys-
tem of KIT-SNAP-tag/CMC-high-performance liquid 
chromatography (HPLC)–mass spectrometry (MS). The 
model was first validated and then used to screen potential 
KIT receptor-targeting active compounds from the alco-
holic extract of the traditional Chinese medicine (TCM) 
Evodia rutaecarpa. Thereafter, nonlinear chromatography 
(NLC) was used to investigate the interactions of potential 
compounds with KIT receptors. In addition, the inhibitory 
effects of the identified active compounds on cell prolifera-
tion were verified using the methyl thiazolyl tetrazolium 
(MTT) assay.

Materials and methods

Chemicals and reagents

Imatinib (HPLC >99%) was purchased from Shanghai Alad-
din Biotech Co., Ltd., evodiamine (EVO, HPLC ≥98%) was 
bought from Sigma-Aldrich, Co. (product of USA), rutae-
carpin (RUT, HPLC >99.5%) was obtained from Chengdu 
Must Biotech Co., Ltd. (Chengdu, China), and dehydroevo-
diamine (DEVO, HPLC >99.5%) was bought from Pufei 
De Biotech Co., Ltd. (Chengdu, China). E. rutaecarpa 
(produced in Xinjiang) was purchased from Beijing Ton-
gren drug store in Xi’an and acetonitrile was obtained from 
ThermoFisher Scientific (Waltham, MA, USA). Terbutaline 
(HPLC >98%) was bought from Shanghai xianding Bio-
Technology Co., Ltd. Trihexyphenidyl hydrochloride (HPLC 
>99%) was obtained from National Institutes for Food and 
Drug Control; dexamethasone (HPLC >99%) was purchased 
from Shanghai yuanye Bio-Technology Co., Ltd.

MTT and BCA protein concentration determination kits 
were purchased from Solarbio Science & Technology Co., 
Ltd. (Beijing, China). Purified water was prepared using the 
Mocell 1810b ultra-pure water system (Chongqing, China). 
All other reagents were at least of analytical grade.

Preparation of standard and sample solutions

E. rutaecarpa powder (0.4 g) was ultrasonicated in 10 mL of 
70% methanol for 1 h. After centrifugation, the supernatant 
was collected and filtered using a 0.22-μm membrane filter 
before injection analysis. The stock solutions of imatinib, 
EVO, RUT, and DEVO were prepared for HPLC analysis at 
the concentration of 1 mg/mL and stored at 4°C in the dark. 
The reserve solutions of imatinib, EVO, RUT, and DEVO 
were prepared for in vitro assays at the concentration of 50 
mmol/L in DMSO and stored at −20°C in the dark.
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Cell lines

Human embryonic kidney 293 (HEK293) cells (Serial: 
SCSP-5209) were purchased from National Collection of 
Authenticated Cell Cultures. HEK293 cells overexpressing 
KIT-SNAP-tag (KIT-SNAP-tag cells, the SNAP-tag was 
inserted into the C-terminal of the KIT to produce a plasmid 
containing KIT-SNAP) and negative control HEK293 cells 
transfected with an empty plasmid (NC-HEK293) were pre-
pared using the genetic engineering technology by Cyagen 
Biotech Co., Ltd. (Guangzhou, China). KIT expression at the 
mRNA and protein levels was detected using real-time poly-
merase chain reaction (qPCR) and western blot, respectively. 
The KIT-SNAP-tag cell and the NC-HEK293 cell lines were 
cultured in Dulbecco’s modified Eagle medium (DMEM) 
supplemented with 10% fetal bovine serum and 100 U/mL 
penicillin–streptomycin (1:1) with 0.5 µg/mL puromycin.

Preparation of KIT‑SNAP‑tag cell membrane 
stationary phase

KIT-SNAP-tag cell membrane suspensions were prepared 
according to a previous method with further modifications 
[11]. In brief, KIT-SNAP-tag cells were first harvested using 
trypsin. The cells were washed twice using normal saline via 
centrifugation (1000 × g, 4°C, 10 min). The resulting cell 
pellet was resuspended in 5 mL Tris-HCl (50 mM, pH = 7.4), 
sonicated for 30 min at 4°C, and ruptured using an ultrasonic 
cell breaker (Emerson Electric Co., USA) at 80 W for 3 s for 
a total of six cycles with 1-s intervals. The homogenate was 
centrifuged (1000 × g, 10 min), and the obtained supernatant 
was transferred into a clean tube and recentrifuged (12,000 
× g, 20 min). Subsequently, the cell membrane (precipitate) 
was added to 5 mL physiological saline and ruptured using 
the ultrasonic cell crusher at 200 W for 3 s six times with 1-s 
intervals. Next, the cell membrane precipitate was washed 
using physiological saline and centrifuged (12,000 × g, 4°C, 
20 min) to obtain the KIT-SNAP-tag cell membrane. The 
suspension of cell membranes (protein concentration was no 
less than 2.68 mg/mL, as determined using the BCA kit) was 
slowly added to and mixed with 10 mg BG-decorated silica 
gel (SiO2-BG, 5 μm, 100 Å, synthesized using the method 
described in a previous study [11]) and vortexed for 1 min, 
followed by incubation at 37°C (30 min). After centrifuga-
tion (1000 × g, 5 min), the pellet was collected and washed 
three times with normal saline, thereby preparing the KIT-
SNAP-tag cell membrane stationary phase (KIT-SNAP-tag/
CMSP). Different cell membrane concentrations (0.15, 0.24, 
0.43, 0.85, 1.78, 2.68, and 3.34 mg/mL) were investigated at 
an immobilization time of 30 min.

The surface morphologies of SiO2-BG and KIT-SNAP-
tag/CMSP were characterized by transmission electron 
microscope (TEM; JEM-2100, JEOL). SiO2-BG and 

KIT-SNAP-tag/CMSP in ethanol were separately added onto 
the copper meshes, and dried under infrared light before 
observation by TEM.

Immunofluorescence

SiO2-BG and KIT-SNAP-tag/CMSP were first closed with 
5% skimmed milk powder at 37°C for 30 min, then washed 
twice with PBS and incubated with KIT antibody (1% BSA 
diluted 200-fold) for 1 h at 37°C, then washed three times 
with PBS and incubated with green fluorescent secondary 
antibody (1% BSA diluted 200-fold) for 2 h at 37°C, pro-
tected from light, and then photographed as a stationary 
phase under a laser confocal scanning microscope.

System suitability of the KIT‑SNAP‑tag/CMC model

Traditional CMC stationary phases primarily rely on physi-
cal adsorption to coat cell membranes on the surface of 
silica carriers, which has the disadvantages of nonspecific 
adsorption interference, easy shedding of cell membranes, 
and other stability problems. SNAP-tag can be combined 
with BG in a highly specific manner, and the use of the pro-
tein tag technology can be used to chemically bind the target 
proteins on the surface of the carriers with a high degree 
of stability and specificity. These processes are expected 
to improve CMC stability and specificity. KIT-SNAP-tag/
CMSP was loaded onto a column (inner diameter: 5 × 1.0 
mm) to obtain the KIT-SNAP-tag/CMC column.

Various drugs acting on different receptors (β2-adrenergic 
receptor agonist, terbutaline; central anticholinergic, trihexy-
phenidyl hydrochloride; and adrenocorticotropic hormone 
drug, dexamethasone) were selected as negative ligands to 
verify the selectivity of the KIT-SNAP-tag/CMC column. 
The column specificity was investigated via the retention 
time of imatinib on KIT-SNAP-tag/CMC, NC-HEK293/
CMC, and SiO2-BG/CMC columns. To validate the quality 
control procedure for KIT-SNAP-tag/CMC, different column 
batches were prepared and equilibrated in a HPLC system, 
and then, imatinib was injected. The retention time was used 
as the indicator of the repeatability of the KIT-SNAP-tag/
CMC columns.

Establishment and validation of KIT‑SNAP‑tag/CMC 
online HPLC‑MS system

The two-dimensional coupling system was assembled accord-
ing to existing methods [11]. A conventional HPLC system 
(LC-2030AHT, Shimadzu, Kyoto, Japan) was used in the 
first dimension, and the column part was the KIT-SNAP-tag/
CMC system for screening antitumor compounds acting on 
the KIT receptor from the complex TCM system. The fol-
lowing parameters were set: mobile phase A (100%, water); 
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flow rate, 0.2 mL/min; chromatographic column temperature, 
37°C; and UV detection wavelength, 266 nm (imatinib) and 
342 nm (E. rutaecarpa methanol extract). For the two-dimen-
sional system, an LC–MS and a matching LC–MS workstation 
(LCMS-IT-TOF, Shimadzu Corporation, Kyoto, Japan) were 
used. Complex samples were separated using Inertsil® ODS-3 
column (150 mm × 4.6 mm I.D., 5 μm, GL Sciences Inc., 
Japan), with the mobile phases of 0.1% formic acid in water 
(A) and acetonitrile (B) at a flow rate of 0.8 mL/min using an 
optimized gradient program (0–9 min, 7–10% B; 9–14 min, 
10–15% B, 14–30 min, 15–24% B; 30–35 min, 24–60% B; 
35–45 min, 60% B; 45–60 min, 60–100% B). The MS settings 
were as follows: nebulizer gas (N2, purity > 99.999%) flow 
rate at 3 L/min and drying gas (N2, purity > 99.999%) pressure 
at 100 kPa; interface, ESI source; temperature of curve deso-
lution line and heat block, 200℃; interface voltage, 4.5 kV; 
detector voltage, 1.57 kV; CID gas (Ar, purity > 99.999%); 
CID energy, 50%; ion accumulation, 30.0 ms; scan mode, posi-
tive ionization; automatic precursor ion selection; scan range, 
100–1000 m/z; and detector voltage, 1.70 kV. The two dimen-
sions were combined by a 6-port two-position switching valve 
(VICI Valco Instrument Co. Inc., Houston, TX, USA) and a 
Shim-pack VP-ODS pre-columns (10 mm × 2.0 mm i.d., 5 
µm, Shimadzu Corporation, Kyoto, Japan).

For the KIT-SNAP-tag/CMC online HPLC-IT-TOF-MS 
system, imatinib was used as the marker ligand to verify the 
suitability of the two-dimensional system.

Application of online system

The two-dimensional online system was used to screen, ana-
lyze, and identify active compounds in the total extract of E. 
rutaecarpa. For further verification, the system was used to 
analyze the mixed standard solution of the retained compounds 
identified from E. rutaecarpa.

Interaction analysis

NLC was first developed by H.C. Thomas and extended to 
affinity chromatography by Wade et al. [15, 16]. It assumes 
that the contribution of some kinetic processes is negligible 
compared with analyte binding to and dissociation from the 
ligand. Different combination and dissociation rates are the 
main factors for a peak profile. The band broadening of a peak 
and the shape deviation often follow non-Gaussian functions. 
In particular, NLC is suitable for the analysis of tailed chro-
matographic peaks. The expression of NLC is modeled as 
follows:

(1)

y =
a0

a3

�

1 − exp
�

−a3∕a2
��

[

√

(a1∕x)I1(2
√

a1x∕a2)exp[(−x − a1)∕a2

1 − T(a1∕a2, x∕a2)[1 − exp(−a3∕a2)
]

where y represents the intensity of the measured signal and 
x is the reduced retention time. The T (u, v) function is a 
switching function to produce a peak skew. Formula (2) is 
the conversion function when the chromatographic column 
is overloaded and I0 and I1 are modified Bessel functions. 
The terms a0, a1, a2, and a3 are the best-fit parameters used 
to fit this equation to the experimental peak. The rate and 
equilibrium constants for the analyte–ligand interaction pro-
duced the following relationships: dissociation rate constant, 
kd = 1/a2t0; dissociation constant, KD = C0/a3; and binding 
rate constant, ka = kd /KD, where t0 is the column void time 
and C0 is the injected solute concentration multiplied by the 
ratio of sample volume to the column dead volume.

This method does not require column saturation with a 
large number of ligands, as it can effectively compensate 
for the shortcomings of frontier analysis and zonal elution 
in terms of the lengthy analysis time and high drug dosage 
[17].

The different concentrations of EVO (0.1, 0.2, 0.3, 0.4, 
0.6, and 0.8 mM), RUT (0.1, 0.2, 0.4, 0.6, and 0.8 mM), and 
DEVO (0.1, 0.2, 0.3, 0.4, 0.6, and 0.8 mM) were injected 
into the KIT-SNAP-tag/CMC system to assess their interac-
tion with KIT. The data were fitted with the NLC function 
using PeakFit 4.12.

MTT cell viability assay

The MTT assay was used to evaluate the ability of imatinib 
and active compounds derived from E. rutaecarpa to inhibit 
KIT-SNAP-tag HEK293 cells. At the same time, the inhibi-
tion of NC-HEK293 using these drugs was used as a control. 
KIT-SNAP-tag HEK293 cells were seeded in a 96-well plate 
(3 × 103 cells per well) and incubated for 24 h. In each group 
of wells, 10 μL of the different concentrations of imatinib, 
EVO, RUT, and DEVO solutions was added. In the con-
trol wells, 10 μL of blank DMEM medium was added and 
incubated for 48 h. After incubation, the supernatant was 
removed and 0.5 mg/mL MTT solution was carefully added 
to each well without forming bubbles in a light-proof envi-
ronment, followed by incubation for 4 h at 37°C. The super-
natant was aspirated and 150 μL DMSO was added to each 
well, followed by incubation for 15 min with shaking at 100 
rpm. The absorbance of each well was measured at 490 nm 
using a microplate reader (UMI, Hangzhou), and cell viabil-
ity was compared with the negative control. Cell viability 
was calculated using the following formula: cell viability 
(%) = (absorbance of experimental group − absorbance of 
blank group) / (absorbance of control group − absorbance 
of blank group) × 100%.

(2)T(u, v) = exp(−v)∫
u

0

exp(−t)I0(2
√

vt)dt
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Molecular docking

To further verify of the receptor-inhibitor binding inter-
actions of EVO, RUT, and DEVO with KIT, a molecular 
docking assay was performed using the SYBYL-X 2.0 pro-
gram (Tripos, MO, USA) and PyMOL 2.5 (DeLano Sci-
entific LLC). The structural file of KIT (PDB ID: 1T46) 
was downloaded from PDB.org. 1T46 is structural basis for 
the autoinhibition and STI-571(Imatinib) inhibition of c-kit 
tyrosine kinase. The detailed operation steps were carried 
out according to the previous literature [18]. Then, the opti-
mized molecules were visualized using PyMOL 2.5.

Statistical analysis

All chromatograms were plotted in GraphPad Prism 6.01 
and Origin 2023b. To assess significance, two-way t-tests 
were performed using GraphPad Prism and p-value ≤ 0.05 
was considered significant.

Results

Verification of high KIT expression on HEK293 cells

SNAP-tag has been successfully used for the targeted cova-
lent immobilization of proteins [19]. In HEK293 cells, KIT 
was fused with the SNAP-tag at the C-terminus of the recep-
tor. The expression of KIT on KIT-SNAP-tag cells was then 
verified using qPCR and western blotting, and the results are 
shown in Table S1 and Fig. 1. qPCR showed that KIT gene 
expression was significantly higher in KIT-SNAP-tag cells 
than in NC-HEK293 cells (Table S1). Compared with the 
control group, KIT was upregulated 48-fold in KIT-SNAP-
tag HEK293 cells. As shown in Fig. 1, KIT protein expres-
sion in KIT-SNAP-tag HEK293 cells was also significantly 

higher than that in the control group (p < 0.001), indicating 
that KIT protein was successfully highly expressed in the 
constructed KIT-SNAP-tag HEK293 cells.

Preparation of the KIT‑SNAP‑Tag/CMC stationary 
phase

To obtain a more effective KIT-SNAP-tag/CMC stationary 
phase, the cell membrane concentration was measured dur-
ing cell membrane immobilization on SiO2-BG using a BCA 
protein quantification assay kit. Then, 0.5 mL cell mem-
brane was incubated with 3 mg SiO2-BG stationary phase 
at 37°C; a total of six cell membrane concentrations (0.15, 
0.24, 0.43, 0.85, 1.78, 2.68, and 3.34 mg/mL) were analyzed. 
Fig. S1 shows the optimization results of the cell membrane 
concentrations. The immobilized cell membrane concentra-
tion was positively associated with the cell membrane con-
centration increasing from 0.15 to 2.68 mg/mL. After 2.68 
mg/mL, immobilized cell membrane concentration did not 
increase, and 1 g SiO2-BG absorbed up to approximately 153 
mg membrane protein. Thus, the optimum cell membrane 
protein concentration was 2.68 mg/mL.

For observation of the surface morphology of the station-
ary phase, the SiO2-BG and prepared KIT-SNAP-tag/CMSP 
were characterized by TEM. Compared with SiO2-BG 
(Fig. 2c and d), the pores on the surface of silica gel were 
obviously covered (Fig. 2a and b), and a transparent mem-
brane on the surface could be observed under 100,000 times 
magnification (Fig. 2b). The membrane layer on KIT-SNAP-
tag/CMSP spherical surface was about 8–15 nm thicker than 
that of SiO2-BG.

To verify the membrane wrapping effect of KIT-SNAP-
tag/CMSP and confirm that the immobilized cell membranes 
contained the target receptor KIT, immunofluorescence 
was used to visualize KIT. As shown in Fig. 2, no green 
fluorescence was detected in SiO2-BG (Fig. 2h and i), but 

Fig. 1   Western blot detection 
of KIT protein expression (a) 
and quantitative results (b). The 
data are presented as mean ± 
standard deviation (SD) (*p < 
0.05, **p < 0.01, and ***p < 
0.001)
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fluorescence was observed in KIT-SNAP-tag/CMSP (Fig. 2e 
and f). This result indicated that the prepared KIT-SNAP-
tag/CMSP contained the target receptor KIT.

System suitability of the KIT‑SNAP‑Tag/CMC model

After KIT-SNAP-tag/CMSP was packed into columns and 
connected to the liquid system, the KIT-SNAP-tag/CMC 
system was established. The selectivity, specificity, and 
reproducibility of the KIT-SNAP-tag/CMC column were 
investigated, and the results are shown in Fig. 3a and b. 
Terbutaline, which acts on the β2 receptor; trihexyphenidyl 
hydrochloride, which affects the central cholinergic receptor; 

and dexamethasone, which acts on the glucocorticoid recep-
tor, were minimally retained on the KIT-SNAP-tag/CMC 
column, whereas the KIT receptor-positive drug imatinib 
was significantly retained on the column (tR = 28.57 min). 
The chromatograms of these four drugs on the KIT-SNAP-
tag/CMC column are depicted in Fig. 4a, and the results 
indicated that the column selectively recognized active com-
pounds that interact with the KIT receptor.

Next, the retention of imatinib on a SiO2-BG blank 
column and NC-HEK293/CMC column was investigated, 
and the chromatograms are shown in Fig. 4b. Although 
imatinib was retained on the NC-HEK293/CMC column 
(tR = 1.76 min), the retention time was shorter than that on 

Fig. 2   TEM and immunofluorescence characterization results of 
SiO2-BG and KIT-SNAP-tag/CMSP. a and b are TEM images of 
KIT-SNAP-tag/CMSP with magnifications of 1K× and 100K×, 
respectively; c and d are TEM images of SiO2-BG with magnifica-

tions of 1K× and 100K×; e and h are the laser confocal scan images 
of KIT-SNAP-tag/CMSP and SiO2-BG; f and i are the corresponding 
images under bright field. The magnification is all 1K×

Fig. 3   Results of selectivity (a) and specificity (b) examination of 
KIT-SNAP-tag/CMC. a Chromatograms of the positive drug and 
three drugs acting on other targets on the KIT-SNAP-tag/CMC. (I) 
Imatinib; (II) terbutaline; (III) trihexyphenidyl hydrochloride; (IV) 

dexamethasone. b Chromatograms of the positive drug imatinib on 
three cell membrane columns. (II) BG-SiO2-KIT-ST/CMC; (II) BG-
SiO2-NC/CMC; (III) BG-SiO2/CMC
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the KIT-SNAP-tag/CMC column. At the same time, com-
pared with the SiO2-BG blank column (tR = 18.35 min), 
cell membrane-coated columns significantly attenuated the 
nonspecific adsorption that may exist on silica gel columns, 
suggesting that the KIT-SNAP-tag/CMC chromatographic 
model has a certain specificity. The results of the reproduc-
ibility experiments shown in Table S2 revealed that the RSD 
(%) of the intra-column and inter-column retention time was 
2.15% and 1.65%, respectively, indicating that the stability 
of this CMC model was satisfactory.

Application of the online KIT‑SNAP‑Tag/CMC model

The established KIT-SNAP-tag/CMC system was coupled 
with HPLC-MS for the screening and identification of poten-
tial active compounds. Imatinib solution was used to validate 
the screening system, and the results are shown in Fig. 4. 

The retained fraction of imatinib in the KIT-SNAP-Tag/
CMC system (Fig. 4a) was enriched into the pre-column via 
the switching of the six-way valve, eventually switching to 
the HPLC-MS system for analysis (Fig. 4b). The comparison 
and MS identification of the chromatograms obtained from 
the switching of the two-dimensional system and the chro-
matograms obtained by the direct entry of imatinib into the 
HPLC-MS system (Fig. 4c) revealed that they were consist-
ent with each other. These results indicated that the screen-
ing system was suitable for the screening, separation, and 
identification of potential KIT-interacting active compounds.

TCM has been shown to reduce drug toxicity and increase 
drug sensitivity, stabilize tumors, and improve the mid- and 
long-term survival of patients with gastric cancer [20, 21]. 
Moreover, TCM and its extracts are considered an important 
source of potential anticancer drugs and new chemothera-
peutic adjuvants. Studies have shown that E. rutaecarpa, as 

Fig. 4   Chromatogram of imatinib on KIT-SNAP-tag/CMC-HPLC-
MS 2D coupling system. a Chromatogram of imatinib on KIT-SNAP-
tag/CMC system; b chromatogram of retained components switched 

into the HPLC-MS system by enrichment; c HPLC-MS chromato-
gram of imatinib analyzed by the two-dimensional system without 
connecting KIT-SNAP-tag/CMC column
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one of the commonly used clinical medicines in the spleen 
and stomach discipline of TCM, can disperse cold and 
relieve pain, reduce rebelliousness, stop vomiting, and halt 
diarrhea. There are numerous known chemical constituents 
in E. rutaecarpa, including alkaloids, picric acid, volatile 
oil, flavonoids, phenolic acids and their derivatives, anth-
raquinones, and other compounds [22]. Currently, there are 
few reports [23] on the treatment of GIST with TCM; in the 
study, the extract of E. rutaecarpa was used for the identi-
fication of potential active antitumor compounds using the 
two-dimensional screening system validated in this study, 
and the results are shown in Fig. 5. The peak R1 (3–12 min) 
valve obtained from the E. rutaecarpa extract run through 
the KIT-SNAP-tag/CMC system was switched to the HPLC-
MS system for analysis, and MS detected DEVO and EVO. 
Likewise, the peak R2 (16–40 min) valve obtained from the 
extract was identified as DEVO and RUT by MS.

The cleavage modes of the three potential active com-
pounds are shown in Fig. 6. Compound 1 had m/z 302.1279 
[M+H]+ as the quasi-molecular ion peak and m/z 286.0988 
and 258.1039 as the characteristic fragment ions, which 

were consistent with DEVO [24, 25]. Therefore, it was 
identified as DEVO. Compound 2 (t = 40.460 min) had 
m/z 304.1447 [M+H]+ as the quasi-molecular ion peak. Its 
MS2 plot contained the fragment ions 171.0930, 161.0716, 
144.0813, and 134.0610, where the fragment ions 171.0930 
and 134.0610 are the characteristic fragment ions produced 
by the RDA cleavage of EVO. As [M+H-C10H10N] (+ m/z 
161.0716) and [M+H-C9H8N2O] (+ m/z 144.0813) are the 
characteristic fragment ions produced by the rearrangement 
of the intramolecular double bonds after the RDA cleavage 
of EVO, this compound was identified as EVO [26]. Finally, 
compound 3 had m/z 288.1128 [M+H]+ as its quasi-molec-
ular ion peak, which was 16 less than that of compound 2, 
indicating the removal of a CH4 group. The fragment ion 
244.0874 was detected in its MS2 plot, a characteristic frag-
ment ion produced by RUT after RDA cleavage, indicat-
ing that compound 3 was RUT. All these inferences were 
combined with the maximum absorption wavelength and 
retention time of the corresponding peaks.

The mixed control of the three potential active com-
pounds was validated using the two-dimensional screening 

Fig. 5   Chromatograms of Evodia rutaecarpa methanol extract ana-
lyzed by KIT-SNAP-tag/CMC online coupled with HPLC-MS 
system. a Chromatogram of Evodia rutaecarpa methanol extract 
retained on KIT-SNAP-tag/CMC column; b HPLC-MS chromato-

grams of the retained fractions, R1 and R2; c HPLC-MS chromato-
grams of Evodia rutaecarpa methanol extract analyzed by the two-
dimensional system without connecting KIT-SNAP-tag/CMC column
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system, and the results were consistent with the chromato-
grams and mass spectra produced from the E. rutaecarpa 
extract via this system (Fig. S2). Thus, the potential KIT-
interacting active compounds in E. rutaecarpa extract were 
DEVO, EVO, and RUT.

Interaction analysis of active compounds

To investigate the interactions between the above three com-
pounds and KIT, the serial concentrations of DEVO, EVO, 
and RUT were analyzed individually using the KIT-SNAP-
tag/CMC system. Figure  7 shows the chromatographic 
superposition of the serial concentrations of EVO (0.1–0.8 
mmol/L), RUT, and DEVO on the KIT-SNAP-tag/CMC 
column, respectively, with the concentrations decreasing 
sequentially from the top to bottom. Owing to the constant 
number of KIT on the CMC column, the time required for 
receptor–ligand binding to reach saturation on the CMC col-
umn gradually decreased as the ligand drug concentration 
gradually increased.

The nonlinear fitting of each chromatogram was per-
formed using PeakFit. The binding kinetic parameters (KD, 
ka, and kd) were calculated from the average value of a1, a2, 
and a3 in the aforementioned concentration range (Table 1 

and Table S3). The binding constant KD of EVO, RUT, and 
DEVO were 7.75 (±4.93) × 10−6 mol/L, 1.42 (±0.71) × 
10−6 mol/L, and 2.34 (±1.86) × 10−6 mol/L, respectively, 
indicating that the three compounds interacted with KIT in 
the following order of affinity: EVO > DEVO > RUT.

Potential binding target of the imatinib and the three 
active components

The binding modes of the four compounds with the KIT 
were studied using molecular docking. As shown in Fig-
ure S3, imatinib, EVO, RUT, and DEVO matched the active 
pocket of the KIT well in the sphere space field model. As 
shown in Table S4, the scoring values of the four compo-
nents imatinib, EVO, RUT, and DEVO in combination with 
KIT were 5.4715, 3.7348, 3.8165, and 4.2300. In addition, 
imatinib formed one hydrogen bond with ARG791 (Fig-
ure S3a), The remaining three active components interact 
with the KIT probably through weak interaction forces such 
as van der Waals forces. The docking results indicated that 
the potential antitumor constituents bind well to the KIT.

In vitro cellular assay

The three active compounds EVO, RUT, and DEVO were 
identified using the KIT-SNAP-tag/CMC-HPLC-MS system. 

Fig. 6   Ion fragmentation peaks of the three active components obtained by retained fraction enrichment switching into the HPLC-MS system. a, 
b, c EVO, RUT, and DEVO
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To validate and explore the pharmacological activities of the 
active compounds, the MTT assay was used to investigate 
the effects of different concentrations of imatinib and the 
three active compounds on the proliferation of KIT-SNAP-
tag HEK293 cells. Figure 8a shows the cell viability results 
of the positive drug imatinib on KIT-SNAP-tag HEK293 
cells. Imatinib showed a dose-dependent decrease in cell 
survival in the concentration range of 5–50 μmol/L. Fig-
ure 8b and c show a dose-dependent decrease in cell survival 
across a concentration range of EVO (0.1–10 μmol/L) and 
RUT (0.1–50 μmol/L), respectively. Figure 8d shows that 
DEVO had no significant effect on cell survival in the 5–50 
μmol/L concentration range. These results indicated that 
EVO and RUT inhibited the proliferation of KIT-SNAP-tag 
HEK293 cells in the low concentration range.

To verify whether the three active compounds acted on 
KIT, the proliferation inhibition of NC-HEK293 cells with-
out KIT expression was evaluated as control using imatinib, 

EVO, RUT, and DEVO. The results showed that the effect 
of imatinib on the proliferation inhibition of NC-HEK293 
cells in the range of 5–10 μmol/L was not significantly dif-
ferent from that of cells with high KIT expression and that 
the inhibitory effect was significantly inferior to that of KIT-
SNAP-tag HEK293 cells in the concentration range of 10–50 
μmol/L. The inhibitory effects of the three active compounds 
EVO, RUT, and DEVO on NC-HEK293 cells were also less 
significant than those on SNAP-tag-KIT HEK293 cells.

The MTT assay revealed that EVO, RUT, and DEVO 
could dose-dependently inhibit the proliferation of KIT-
SNAP-tag HEK293 cells within the ranges of 0.1–10 
μmol/L, 0.1–50 μmol/L, and 50–100 μmol/L, respectively. 
The inhibitory effect, which was exerted by the inhibition 
of cell proliferation via the action on KIT, of EVO and RUT 
was superior to that of imatinib to a certain extent.

Discussion

The KIT-SNAP-tag/CMC system developed in this study 
exhibited good specificity and higher stability than the tra-
ditional CMC column, improving the screening efficiency 
of CMC, expanding the application scope of the protein 
tag technology and CMC to a certain extent, and providing 
a more powerful tool for the screening of antitumor drugs 
in TCM. However, this CMC system with silica gel as the 

Fig. 7   Superposition of chromatographic curves and example of non-
linear fitting of a series of concentrations of EVO, RUT, and DEVO 
on KIT-SNAP-tag/CMC columns. a The concentrations of EVO were 
0.1, 0.2, 0.3, 0.4, 0.6, 0.8 mmol/L. b The concentrations of RUT were 

0.1, 0.2, 0.4, 0.6, 0.8 mmol/L. c The concentrations of DEVO were 
0.1, 0.2, 0.3, 0.4, 0.6, 0.8 mmol/L. d, e, and f are example plots of 
nonlinear fits at 0.2 mmol/L for EVO, RUT, and DEVO, respectively

Table 1   Nonlinear chromatographic parameters for the interaction of 
EVO, RUT, and DEVO with KIT

Compound KD (10−6 mol/L) ka (104 L/mol/s) kd (/s)

EVO 7.75 ± 4.93 0.99 ± 0.72 0.05 ± 0.009
RUT​ 1.42 ± 0.71 2.74 ± 1.88 0.03 ± 0.001
DEVO 2.34 ± 1.86 1.00 ± 0.74 0.01 ± 0.001
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carrier still has the problems of low cell membrane utiliza-
tion and short column activity time. As a biomimetic mate-
rial, CMC still presents with great challenges in improving 
stability and column activity time.

Targeted therapies offer hope to GIST patients, it is not 
only by finding new therapeutic targets [27, 28], but also 
by conducting more in-depth mechanistic studies of exist-
ing KIT/PDGFRA inhibitors and screening novel potential 
active ingredients. The potential active compounds EVO 
and RUT identified using the KIT-SNAP-tag/CMC sys-
tem had certain inhibitory effects on the proliferation of 
high KIT-expressing HEK293 cells. The inhibitory effect 
was significantly different compared with that on the NC-
HEK293 control group, suggesting, to a certain extent, 
that these two potential active compounds act on the KIT 
receptor and thus exert a series of pharmacological effects. 
Subsequent research on the pharmacological mechanism 
of these two compounds in the signaling pathway down-
stream of the KIT receptor may prove valuable.

A previous study [29] suggested that resistance to 
imatinib during GIST treatment is caused by genetic muta-
tions. Thus, imatinib-resistant cell membranes can be used 
to construct a drug-resistant CMC model to identify TKIs 
for treating imatinib-resistant GIST, offering a novel solu-
tion for the treatment of patients with GIST on imatinib 
treatment exhibiting disease progression.

Taken together, the KIT-SNAP-tag/CMC system coupled 
with HPLC-MS was developed and validated to be an effec-
tive method for screening potential anti-GIST compounds 
from TCM. EVO and RUT were identified from E. rutae-
carpa and confirmed as active anti-GIST compounds.
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