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ABSTRACT 

The novel models represented by organoids are becoming the key approach to solve the ethical and efficiency problems in drug 
development, but the effective and low-cost models are still urgently needed. The breakthrough development of artificial cell (AC) 
technology and synthetic biology has made it possible. In this study, a novel AC for evaluating the efficacy of various antitumor 
drugs is fabricated by combining cell membrane bionic technology and in situ synthetic biology. After entering ACs, antitumor 
drugs targeting nucleic acid affect the gene transcription of an artificially designed ribozyme that can catalyze the cleavage of 
molecular beacons and generate fluorescence signals in situ, indicating the efficacy of antitumor drugs at the cellular level. 
Specifically, ACs constructed with cell membranes containing drug-resistant proteins show significant drug inhibition, and the 
3D coded ACs established based on this method are capable of classifying cell-specific characteristics more accurately to provide 
support for targeted drug therapy. This platform for in situ pharmacodynamic analysis not only demonstrates the individualized 
penetration ability of tumor heterogeneous packaging membranes in response to tumor drugs but also fills the gap between 
non-living and living experiments as a supplementary strategy. 
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 Introduction 

rug testing and evaluation are indispensable components of
ew drug development, following a progressive approach from
iochemical analysis to cellular, animal, and human levels.
t the biochemical level, widely used strategies include high-
erformance liquid chromatography (HPLC) [ 1 ] and capillary
lectrophoresis (CE) [ 2 ]. At the cellular level and in vivo model
evels, drug sensitivity test methods such as MTT colorimetric
 3 ] and ATP bioluminescence technology (ATP-TCA) [ 4 ] offer
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the advantages of rapidity and simplicity. Patient-derived tumor
xenograft (PDX) models closely mimic the real tumor environ-
ment in the human body and can accurately reflect the pharma-
cokinetic characteristics of the tested drugs [ 5 ]. Subsequently, the
efficacy and safety of drugs can be effectively evaluated at the
animal and human levels. The implantation of a drug depot into
the patient’s tumor enables the controlled release of various drugs
or drug combinations in a spatially and temporally regulated
manner [ 6 ]. Consequently, a rigorous testing and evaluation
process has become an important basis for drug development.
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s technology advances, better protocols are breaking the tra-
itional drug testing and evaluation process. For example, at
he biochemical level, the development of artificial intelligence
as brought new technical approaches to drug analysis [ 7–9 ].
y utilizing machine learning (ML) and deep learning (DL),
ntermolecular docking and potential drug screening are realized,
ignificantly increasing the efficiency of new drug research and
evelopment and offering the potential for cost reduction and
mproved efficacy. At the animal and human level, the emergence
f organoids has partially addressed ethical concerns related to
nimal and human experimentation. Organoids can simulate
he tumor microenvironment in the human body and tumors’
eterogeneity over time, providing a more objective and accurate
ssessment of drug efficacy and safety [ 10–12 ]. However, the
xisting organoids exhibit high variability and lack fidelity and
epeatability [ 13, 14 ]. Additionally, the cultivation of organoids is
ostly and time-consuming, and their ability to simulate human
rgans is limited, especially in brain tissue [ 15, 16 ]. 

t the cellular level, the cells represent the smallest functional
nits with a comprehensive drug response mechanism. Consid-
ring the low cost and absence of ethical concerns associated
ith cell experiments, cells serve as ideal models for testing
he sensitivity of antitumor drugs. Nonetheless, natural cells
ften lack readable signals and are subject to various interfering
actors that can lead to plasmid loss or prolonged response
ignals [ 17 ]. Artificial cells (ACs) are structures designed and
reated using natural or synthetic materials to resemble biological
ells [ 18 ]. The progress of synthetic biology has facilitated the
evelopment of ACs with specific functions for artificial regula-
ion [ 19 ]. Simple artificial cells exhibit fundamental functions in
iving organisms, including metabolism [ 20 ], self-replication [ 21 ],
dhesion [ 22 ] and communication [ 23 ]. In practical applications,
Cs demonstrate unique advantages in clinical settings, such as
argeted transport function and drug delivery function by genome
odification, protein engineering, and other technologies [ 24,
5 ]. In addition, ACs are currently employed to detect clinically
elevant biomarkers as well as heavy metals and chemical
ontaminants, utilizing packaging transcription and translation
ystems, which holds significant promise for cancer treatment
nd environmental remediation [ 26–28 ]. However, due to the
ack of self-organization and self-adaptability, it is still one of the
hallenges to design more stable and complex ACs, and the tools
nd technologies of synthetic biology are still incomplete, such as
he unpredictability of the promoter-reporter gene module. As a
esult, ACs have not been fully developed into innovative models
or tumor treatment and evaluation based on cell levels. 

he cell membrane constitutes a barrier for cells against the
xternal environment and plays an important role in various
hysiological processes of cells, such as signal transduction, cell
ransport, cell survival, and differentiation [ 29 ]. As the special
rotective layer for cancer cells, cell membrane is the initial
ontact site for the drugs upon release [ 30, 31 ]. In the process
f exerting effects on antitumor drugs, genes are regarded as
he direct clinical targets clinically [ 32, 33 ], and the screening
odels and evaluations have been established accordingly [ 34 ].
n addition, the clinical trials of broad-spectrum drugs that
irectly act on genes directly in various tumor indications have
rought new treatment schemes for those malignant tumors
hat have no effective treatment drugs at present. Therefore,
of 16
integrating the tumor cell membrane, which represents the initial
response to tumor drugs, with artificially designed genes that
serve as the direct targets of many tumor drugs, and simplifying
them into an artificial cell system to generate output signals,
undoubtedly holds significant value for the efficacy analysis of
antitumor drugs. It is expected to construct a brand-new artificial
drug screening model. In this study, we constructed ACs using cell
membrane biomimetic technology and in situ synthetic biology
to evaluate the efficacy of different antitumor drugs. Using a
tumor cell membrane encapsulating a transcription and ribozyme
reporting system, nucleic acid-targeted antitumor drugs enter
artificial cells and affect the gene transcription of an artificially
designed ribozyme that can catalyze the cleavage of molecular
beacons and generate fluorescence signals, thus indicating the
efficacy of antitumor drugs at different concentrations. This phar-
macodynamic analysis platform based on artificial cells not only
reveals the relationship between tumor heterogeneity and early
adaptive drug resistance but also fills the gap between non-living
experiments and living experiments as a supplementary means,
further promoting the specificity, pertinence, and effectiveness of
clinical tumor treatment. 

2 Results and Discussion 

2.1 Principle of Tumor-Mimic Artificial Cells for 
Antitumor Drug Testing 

Cell membranes extracted from cancer cells have been endowed
with the intrinsic characteristics of original cells and control
their interactions with surrounding cells and tissues [ 35, 36 ].
The existence of multiple drug-resistant transmembrane trans-
porters on cancer cell membranes (CCM), such as p-glycoprotein
(P-gp/ABCB1) [ 37, 38 ], multidrug resistance protein 1 (MRP-
1/ABCC1) [ 39, 40 ], and solute carrier family 7 member 11
(SLC7A11/xCT) [ 41, 42 ], is the key reason for the difference in
sensitivity to anticancer drugs between primary and recurrent
tumors. In this work, we have constructed two types of artifi-
cial cells simulating properties of natural cell surfaces, namely
liposome-coated ACs (LACs) and CCM-coated ACs (CCMACs).
Figure 1 shows the detailed principle of using CCMACs for
antitumor drug sensitivity testing [ 43 ]. The drug sensitivity
test model we proposed mainly consists of two independent
processes: preparation of membrane materials and in vitro one-
pot reactions. As shown in Figure 1A , based on the previous
work, we improved the membrane extraction procedure and
obtained derived cell membranes with various transport mem-
brane proteins from tumor cells [ 44 ]. In detail, we collected
tumor cells in the logarithmic phase with a scraper, cracked
them repeatedly with chemical reagents and the freeze-thaw
method, and isolated cell membrane fragments by high-speed
centrifugation. Subsequently, we resuspended these fragments in
PBS solution and stored them at ‒80◦C. Finally, we extracted an
appropriate quantity of cell membrane fragments at a time for
ultrasound to package the in vitro transcription (IVT) system and
fabricate artificial cells. 

Then, the IVT system was used to respond to different concen-
trations of doxorubicin (DOX), cisplatin (DDP), and bleomycin
(BLM) (Figure 1B ), which is composed of a double-stranded DNA
template, T7 RNA polymerase (T7 RP), nucleotide triphosphate
Exploration, 2026
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FIGURE 1 Schematic illustration of OPRS@CCMAC synthesis and its reflection on antitumor efficacy. (A) The construction process of CCMACs. 
(B) Schematic diagram of CCMACs for testing of antitumor drug sensitivity. 
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NTP), ions, and substrate probes (named MB). In the absence
f antitumor drugs, the T7 promoter binds to the T7 RNA
olymerase, which activates transcription in the downstream
eporter region and produces hammerhead ribozyme (HHRz)
 45 ]. HHRz is an ideal RNA trans-cleavage tool that can specif-
cally cleave fluorescent and quencher-labeled MB to produce
 green fluorescence signal output. However, in the presence
f antitumor drugs, different concentrations of DOX, BLM, and
DP can enter into artificial cells through free diffusion [ 46–
8 ]. Among them, DOX can be inserted into the DNA helix,
nd BLM can non-specifically cut off the DNA template, while
DP can cross-link the DNA template [ 49, 50 ], resulting in
he failure of normal transcription of the DNA template, which
roduces an “OFF” fluorescence signal. Considering the multiple
rug-resistant transmembrane transporters on CCM can resist
rug influx or efflux of internal drugs with the assistance of
TP, exerting the common mechanism of drug resistance, the
amage of drugs to the DNA template was reduced, generating
ore fluorescence signals. The artificial cell model platform
e constructed can quantitatively analyze the drug sensitivity
f different multidrug-resistant tumors, which provides a novel
esearch approach for the communication between pharmacy
nd analysis. 

.2 Feasibility Validation of Testing Antitumor 
rugs in Solution 

e first used the IVT system to test three antitumor drugs (DOX,
DP, and BLM) in solution. Figure 2A shows the steps involved
xploration, 2026
in drug testing. In the step-by-step method, we first incubated
double-stranded DNA templates with different concentrations
of drugs. Then after adding the IVT system, the undamaged
DNA template was transcribed under the function of T7 RP
to produce hammerhead ribozyme products. Subsequently, the
substrate probe was added, and the ribozyme could specifically
cleave MB to release green fluorescence. Figure 2B shows the
molecular structures of three drugs (DOX, DDP, and BLM) and
their simulated complexes interacting with template double-
stranded DNA. The results of molecular docking research display
that the three drugs have good affinity and stability with the
target DNA. The effect of the three drugs on DNA structure
is evaluated by circular dichroism spectroscopy, and the results
are shown in Figure S1 . As it is observed, the intensities of
both the negative and positive bands increase due to base
destacking as DOX intercalation occurs. Whereas the intensity
of both the bands undergoes obvious decreasing (shifting to zero
levels) after interaction with DDP and BLM, suggesting that
the binding of drugs to DNA induces conformational changes.
The fluorescence spectrum showed that as the concentration
of drugs in the solution increased, the released fluorescence
signal reduced gradually, indicating that the drug can inhibit
the generation of the fluorescence signal. Among them, the
fluorescence signal of DOX decreased significantly at 20 µM. The
signal of DDP and BLM decreased slowly at low concentrations
and showed extremely significant fluorescence reduction at high
concentrations (Figure 2C ‒H ). Previous studies have shown
that the effect of BLM requires the involvement of an equal
concentration of ferrous ions [ 51 ]. We also demonstrated that
the interference background of ferrous ions on DNA can be
3 of 16
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FIGURE 2 Characterization and sensitivity test of antitumor drugs in solution. A) Schematic illustration of drug sensitivity tests performed by step 
reaction and one-pot reaction in solution. B) Molecular docking result of three drugs and double-stranded DNA obtained by Discovery Studio 2018. C-E) 
Fluorescence spectra of different concentrations of DOX, DDP, and BLM. F-H) The difference of corresponding normalized fluorescence intensity at 
different concentrations of DOX, DDP, and BLM by step reaction in solution. I-J) Fluorescence kinetics characterization of one-pot reactions in solution 
at different concentrations of DOX, DDP, and BLM. In F-H, all the points represent the means based on three independent replicates; bars represent the 
s.d. Statistical significance was determined by a two-tailed student’s t-test; ** p < 0.01, *** p < 0.001, and **** p < 0.0001; n.s., not significant ( p > 0.05). 
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gnored (Figure 2E ). The above results are consistent with the
erification of polyacrylamide gel electrophoresis (PAGE) (Figure
2 ), indicating that the IVT system we established can achieve
he detection of antitumor drugs. In order to shorten the reaction
ime, by combining the in vitro transcription with the enzyme
igestion system, we adopt a one-pot reaction step to evaluate
he efficacy for the detection of antitumor drugs in Figure 2A .
e selected the same drug concentration as the step method
nd conducted real-time fluorescence monitoring of the one-
tep reaction process, as shown in Figure 2I ‒K . The fluorescence
inetic curves of three different concentrations of drugs showed
hat the fluorescence signal of the reaction system gradually
ncreased with the prolongation of time but reached equilibrium
hen the reaction was carried out for 60 min. Of note, the
luorescence signal ratio of the same drug concentration at 60 min
as a good consistency with that of the step method, indicating
hat the one-pot method can replace the step method, which
s more time-saving and convenient to operate, providing an
vailable strategy for subsequent drug detection by artificial cells.

.3 Construction and Characterization of LACs 
or Detecting Drug Sensitivity 

ommercial liposomes composed of phospholipids are univer-
ally incubated with nucleic acids or proteins in the culture
edium, which are used as transfection reagents to deliver
ucleic acids or proteins to target cells [ 52 ]. Considering that
he components in the medium may impact IVT and digestion
ystems, DEPC water was treated as buffer solution for the
onstruction of LACs. In Figure S3 , flow cytometry was used to
xplore the effect of different a buffers on liposome-encapsulated
NA fluorescent probes. We distinguished the FAM-labeled
ingle-stranded DNA probe (FAM-DNA template) as the exper-
mental group and the DNA template as the control group.
of 16
Under the same test conditions, the liposome-encapsulated DNA
fluorescent probe based on DEPC water has more particles and
a stronger fluorescence signal. Therefore, we use DEPC water as
a preferred buffer for encapsulating IVT materials of the one-pot
method in situ (Figure S4A ). Then characterization of LACs was
performed using fluorescence microscopy, transmission electron
microscope (TEM), and dynamic light scattering (DLS). By using
lipophilic dye Dil to stain the OPRS@LACs, the outer membrane
and interior of LACs show orange and green, respectively, in
Figure S4B . The results indicated that the transcription-enzyme
digestion reaction is successfully carried out in LACs, and the
released FAM green fluorescence is co-localized with the orange
fluorescence region of the liposome. In addition, the results of
TEM in Figure S4C showed the regular spherical structure of
LACs that is consistent with the dynamic light scattering (DLS,
Figure S4F ) method, and the particle size is mostly concentrated
at 300 nm. In order to further demonstrate the ability of LACs
to encapsulate DNA/RNA and active enzymes, we separately
fabricated two liposomes containing FAM-Template DNA and
green fluorescent protein (GFP) in DEPC-treated water with
the same operation. DLS distribution showed that the particle
size distribution of both liposomes was around 342 nm (Figure
S4D ) and 295 nm (Figure S4E ), similar to OPRS@LACs, and the
corresponding fluorescence microscopy images (Figure S5 ) of the
two liposomes also visually confirmed the above results. 

In order to obtain the optimal encapsulation efficiency, the
conditions of the LACs preparation process were optimized,
including liposome dosage, encapsulation time, and reaction
time (Figure S6 ). Here, considering the variability of vesicle
population [ 53, 54 ], we set up the same events in advance to
control the variables to maintain other conditions consistent, and
all in situ readouts of flow cytometry were calculated by mean
fluorescence intensity (MFI). First, we measured the content of
membrane materials that could completely encapsulate the in
Exploration, 2026

e C
om

m
ons L

icense



v  

s  

q  

a  

l  

T  

f  

w  

t  

s  

s  

F  

t  

m  

c  

s  

p  

f  

g  

f  

a  

1  

i  

c  

a  

w  

f  

l  

t  

e  

a  

t  

T  

l  

S  

r  

t  

i  

r  

o  

b  

t  

a  

e  

s  

d  

t  

p  

a  

b  

0  

e

A  

L  

i  

e  

s  

d  

N  

e  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

E

 27662098, 2026, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/E

X
P.20240134 by C

ochraneC
hina, W

iley O
nline L

ibrary on [11/08/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reativ
itro transcription-enzyme digestion system. Figure S6A and S6D
how that MFI is stable after 1 µL, and excessive content will
uench fluorescence. This may be attributed to the excessive
mount of membrane materials in the solution, which causes a
arge number of particles to accumulate and fail to react properly.
herefore, 1 µL of liposome was preferred as the optimal dosage
or constructing LACs. Next, considering the timeliness of the
hole experiment, we studied the effects of package incubation
ime and transcription-digestion reaction time in LACs on encap-
ulation efficiency. When the incubation time reached 3 h, a
ignificant increase in MFI was observed (Figure S6B and S6E ).
luorescence increased in a time-dependent manner, and when
he one-pot reaction reached 4 h, the reaction product increased
ost significantly (Figure S6C and S6F ). Under the optimal
onditions, we performed fluorescence kinetic analysis of lipo-
omes containing FAM-DNA (Figure S7A and S7C ). Fluorescent
robes without liposomes were set as the control group, while
luorescent probes with liposomes were set as the experimental
roup. According to Figure S7C , we found that the time required
or liposomes to encapsulate DNA probes was remarkably short,
nd most of the fluorescent probes were encapsulated within just
0 min (red line). This rapid encapsulation resulted in a signif-
cant reduction in fluorescence intensity in the solution when
ompared to the control group without liposomes (black line),
nd the fluorescence in the solution did not change significantly
ith the extension of incubation time. These results indicate that
luorescent probes can indeed be effectively encapsulated within
iposomes. By calculating the average fluorescence ratio at each
ime point and the blank group, the corresponding encapsulation
fficiency can be obtained to be about 61.16%. Additionally, we
lso performed fluorescence kinetic analysis of LACs with the
otal system under optimal conditions (Figure S7B and S7D ).
he blank group was the total system in the solution without
iposomes, and the experimental group was the prepared LACs.
imilar to the above results, the one-pot reaction in the solution
eached the highest fluorescence intensity after about 1 h, while
he experimental group remained unchanged at a certain level,
ndicating that the liposomes include almost all the fluorescence
eaction products. According to the ratio of the maximum slopes
f the two curves obtained in the experimental group and the
lank group, the encapsulation efficiency obtained by subtracting
his ratio as a whole is calculated to be approximately 84.54%. The
bove results indicated that the LACs have good encapsulation
fficiency and stable performance, which can be utilized for
ubsequent experiments. By further using NTA to detect the
ensity of two kinds of coatings, LACs (Figure S7E ), we found
hat there were about 4.7 × 105 particles wrapped by fluorescent
robes and 4.5 × 104 particles wrapped by the total system on
verage. According to the above encapsulation efficiency, it can
e calculated that the average encapsulated DNA in each LAC is
.129 pM and 1.878 pM, respectively, and the encapsulated T7 RP
nzyme activity is 9.393 × 10− 5 U. 

fter a series of characterization experiments, we adopt prepared
ACs for testing the efficacy of DOX, DDP, and BLM. As shown
n Figure S8A , we selected NTPs as the synthesis switch. After
ncapsulating other materials, the drugs were added into the
olution containing LACs, which caused different degrees of
amage to the double-stranded DNA in LACs. Then, adding
TPs to initiate a one-pot reaction, the results of flow cytom-
try showed that with the increase of drug concentration, the
xploration, 2026
representative flow pattern shifted to the left (Figure S8B–D ).
The corresponding MFI confirmed that the three drugs led to
a significant fluorescence decrease (Figure S8E–G ), which was
consistent with the results in the solution, especially in the DOX
groups. Moreover, we observed that the high concentration of
DDP and BLM also showed the corresponding MFI gradient;
especially, the high concentration of bleomycin almost reached
fluorescence saturation, indicating that in the selected time, a
higher concentration of antitumor drugs may not lead to too
much change in fluorescence. In addition, we observed that
under the same concentration, the fluorescence signals of the
one-pot reaction in LACs were significantly lower than those in
the solution, which was speculated to be attributed to the fact that
LACs could be used as an independent microreactor to enrich a
large amount of DNA templates, which increases the probability
of drug interaction, thus improving the efficiency of drug testing.

2.4 Characterization of CCMACs and 

Comparison With LACs in Evaluating Antitumor 
Efficacy 

After determining that LACs can detect the sensitivity of anti-
tumor drugs, we next evaluated the feasibility of artificial cells
derived from real CCMs for sensitivity detection of drugs in situ,
so-called “surrogate testing.” It is well known that the perme-
ability of the membrane to small molecules depends largely on
the composition of the membrane [ 55, 56 ]. The biomembranes of
LACs and CCMACs are based on the phospholipid bilayer, while
the components on the CCMACs membrane are more complex,
including cholesterol and various transmembrane transporters.
Similar to LACs, we first used the purified cell membrane
extracted from HeLa cells as membrane material to encapsulate
IVT materials of the one-pot reaction to establish CCMACs
(Figure 3A ). Then the lipophilic dye Dil was used to stain the
CCMACs encapsulating the IVT and digestion system as shown
in Figure 3B . Through fluorescence microscopy, we also found
that the outer membrane and interior of CCMACs showed orange
and green, respectively, indicating that a transcription-enzyme
digestion reaction can also occur in CCMACs. Of note, CCMACs
populations also exhibited different fluorescence intensities of
FAM at the same incubation time. We speculate that such a
change may be due to vesicle aggregation, especially the natural
adhesion between tumor-derived membranes used by CCMACs,
or a different level of molecular exchange with the surrounding
buffer [ 26, 53, 54, 57, 58 ]. Moreover, OPRS@CCMACs were char-
acterized by TEM images (Figure 3C ) and DLS (Figure 3F ), reveal-
ing a predominantly spherical morphology with a size of 500 nm,
which was larger than that of LACs. Similarly, to further prove
the encapsulation ability of CCMACs, two CCMACs containing
FAM-DNA templates and GFP were prepared in the same way in 1
× PBS. The DLS results showed that the particle size distributions
of both CCMACs were approximately 342 nm (Figure 3D,E ).
Furthermore, fluorescence imaging characterization of CCMACs
encapsulated with DNA-FQ and GFP was conducted, as depicted
in Figure S9A and S9B . These results suggest that the volume
of one-pot reaction material encapsulated by tumor cell-derived
membrane is greater than that of individual components. 

To ensure the isolated cell membrane is in the correct spatial
orientation, we determined the sialic acid content on the cell
5 of 16
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FIGURE 3 Characterization of CCMAC and its ability to reflect drug efficacy. (A) Schematic diagram of CCMAC construction based on complex 
biologically derived membrane. (B) Fluorescent microscopy images of OPRS@CCMACs. Scale bars, 200 nm. (C) Transmission electron microscopy 
images of OPRS@CCMACs. Scale bars, 200 nm. Dynamic light scattering analysis of the template DNA-FQ@CCMACs (D), GFP@CCMACs (E), 
OPRS@CCMACs (F). (G) Schematic illustration of antitumor drug sensitivity test performed by OPRS@CCMACs. (H ‒J) Representative flow cytometric 
profiles in OPRS@CCMACs at different concentrations of DOX, DDP, and BLM. (K ‒M) Comparison of normalized fluorescence results of LACs and 
HeLa-CCMAC for antitumor drug sensitivity evaluation. The fluorescence value was analyzed by FlowJo v10 software. In K ‒M, LACs and HeLa-CCMAC 
data points represent the average of three independent experiments ± SD, respectively. 
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embrane surface of MCF-7-CCMAC and MCF-7 [ 59, 60 ]. Figure
10 shows that the sialic acid content from CCMAC is basically
he same as that of real tumor cells, indicating that the CCMACs
erived from MCF-7 have no obvious membrane inversion phe-
omenon and the correct orientation of the membrane protein
of 16
of the corresponding source cell has been restored as much as
possible, which implies that the membrane protein on these
CCMACs can be used for subsequent research. Then, we com-
pared the drug uptake with the same amount of MCF-7-CCMAC
and its source cells. After making the standard curves of drug
Exploration, 2026
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haracteristic peaks for drug concentration (Figure S11A ‒C ), we
bserved that the drugs of randomly selected high concentrations
ere absorbed by MCF-7 cells and MCF-7-CCMAC to a similar
xtent, which indicated that these tests could accurately reflect
he actual drug resistance effect (Figure S11D ‒F ). 

t has been proved that the MDR mechanism is mainly man-
fested in the failure of drugs to reach the concentration (or
ctivity) required for treatment in cancer cells, which may be
he failure of target drugs to enter targeted cells and/or drug
fflux [ 61, 62 ], such as p-glycoprotein (p-gp/ABCB1) and multi-
rug resistance protein 1 (MRP-1/ABCC1) with efflux-promoting
ffects, which belong to the ATP-binding cassette transporter
uperfamily (ABC) [ 37–39, 40 ], and solute carrier family 7 mem-
er 11 (SLC7A11/XCT) with uptake-resisting effects such as in the
olute transport protein family (SLC) [ 41, 42 ]. We investigated the
CMACs constructed by HeLa cell membranes for the testing
f three antitumor drugs. As shown in Figure 3G , similar to
igure S8A , we gradually encapsulated the IVT-enzyme digestion
ystem, drugs, and ATP into CCMACs and adopted NTPs as
he initiation switch. Considering the difference between natural
umor cell membranes and simple phospholipid bilayers, we first
tudied the effect of ATP as an energy molecule on the membrane
ransport function of CCMACs (Figure S12 ). Under the same
oncentration of drugs and different concentrations of ATP in
itu, the proteolysis of ATP on CCMACs membrane provided an
nergy source for the “pump” to reduce the effect of DOX on
he DNA template in CCMACs, thus promoting the generation
f fluorescence signals. In the absence or presence of a low
oncentration of ATP in the solution, high concentrations of DOX
ere enriched in CCMACs, resulting in inhibition of the IVT
ystem and low fluorescence signals. With the increase of ATP, the
OX efflux gradually increased, leading to a gradual increase in
PRS products and fluorescence signal until it became saturated
t 8 mM. Therefore, 8 mM ATP is used as an assisted molecule
n subsequent systems for evaluating the effect of drugs. Finally,
e adopted CCMACs for testing the same concentration of DOX,
DP, and BLM using flow cytometry. As the concentration of
hree drugs increased, the flow pattern moved relatively slowly
o the left (Figure 3H ‒J ), which is consistent with the confocal
maging results to visualize the sensitivity test of antitumor drugs
n solution (Figure S13 ). We also compared the normalized MFI
f CCMAC and LACs, as shown in Figure 3K ‒M . Weaker drug
fficacy was presented using CCMACs, especially the significant
ecrease in drug sensitivity to DOX, which indicated that mem-
rane transporters inhibited the destruction of DNA templates by
rugs and tumor-mimic CCMACs could be used for in situ testing
f antitumor drugs. 

.5 Exploration of CCMACs Derived From 

ifferent Tumor Cell Membranes for Testing of 
ntitumor Drug Sensitivity 

e further investigated the performance comparison of CCMACs
onstructed with different tumor cell membranes for the testing
f antitumor drugs [ 63, 64 ]. First, sodium dodecyl sulfate-
olyacrylamide gel electrophoresis (SDS-PAGE) and protein
taining confirmed that reagent A could separate tumor cell
embrane (Figure S14 ), which ensured that the characteristic
roteins inherited from CCM during the preparation of CCMACs
xploration, 2026
were well preserved. We explored the effect of membrane trans-
port resistance proteins on the efficacy of CCMACs model tests
(Figure 4A ). Here, we randomly selected six representative cell
lines of HeLa (human cervical cancer cell), MCF-7 (human breast
cancer cell), H1299 (human lung cancer cell), PATU8988 (human
pancreatic cancer cell), HepG2 (human hepatocellular carcinoma
cell), and T24 (human bladder transitional cell cancer cell) as
the source of derivative membranes of CCMACs. Western blot
analysis showed different levels of three resistance proteins in
CCM from 6 cancer cells (Figure 4B ), which were normalized
with the gray analysis results of HeLa, as shown in Figure 4C .
We found that the content of MRP-1 and SLC7A11 on cell
membranes of MCF-7 and H1299 were relatively lower compared
with other cells and significantly reduced compared with HeLa
cells. The content of P-gp protein on T-24 and HepG2 cells was
relatively higher compared with other cells and significantly
higher than on HeLa cells. Subsequently, the prepared equivalent
amounts of CCMACs were adopted to evaluate the effects of
three antitumor drugs (Figure 4D ‒F , Figures S15 , and S16 ). In
general, due to the different permeability of biomembranes and
the existence of MDR, the drug resistance of each CCMAC was
stronger than that of LAC. Among them, fluorescent signals in
CCMACs derived from MCF-7 and H1299 were lower at different
concentrations of three drugs, indicating that relatively more of
the drugs could penetrate the membrane to destroy template
DNA. On the other hand, it is interesting to note that T24-CCMAC
showed high fluorescence signal, presumably due to the high
content of drug-resistant proteins on the cell membrane of T24.
All the above results have displayed that different expression
levels of drug resistance proteins in a variety of malignant solid
tumors will directly affect the pharmacodynamic evaluation of
CCMACs, which demonstrated that our method could be used
as a platform for efficacy testing and provide theoretical guidance
for personalized treatment of cancer. 

Meanwhile, we randomly selected MCF-7-CCMAC to test the
specific minimum detection limit of three drugs. It is not difficult
to infer from Figure 4D ‒F that the highest concentration of
MCF-7-CCMAC in the test of three drugs is almost completely
saturated. The normalized MFI showed a good linear relationship
with the drugs’ concentrations in the range of 2–14 µM for DOX,
15–80 µM for DDP, and 10–150 µM for BLM (Figure S17 ). The limits
of detection (LOD) were calculated to be 0.35 µM, 7.8 µM, and 9.3
µM, respectively (LOD = 3 σ/k, σ is the standard deviation of the
blank sample; k is the slope of the fitted curve). In order to further
verify the universality of our platform, we independently tested
two other antitumor drugs that prevent normal transcription on
the same principle as DOX. As shown in Figure S18 , the efficacy
of epirubicin and daunorubicin can be evaluated by the system
in solution and HeLa-CCMAC, respectively. At the same highest
concentration, the inhibitory effect of daunorubicin is below
20%, which is better than that of DOX (Figure 4D ), while the
inhibitory effects of the same low concentrations of epirubicin on
HeLa-CCMAC are even worse than that of DDP (Figure 4E ). 

Next, we studied the effect of in situ sensitivity testing following
reduction of expression of resistance proteins by resistance pro-
tein inhibitors (reversal agents). Considering that the pathways
leading to MDR in living cells may be more complicated, we first
analyzed the effect of the MDR reversal agent on the physio-
logical activity of tumor cells by the CCK8 colorimetric method
7 of 16
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FIGURE 4 Comparison of CCMAC models from different tumor cell lines in detecting drug efficacy. A) Schematic illustration of inhibition 
of antitumor drug function due to the presence of multidrug resistance proteins on CCMACs. B-C) Western blotting analysis of MRP-1, P-gp, and 
SLC7A11 levels in CCMACs derived from HeLa, MCF-7, H1299, PATU8988, HepG2, and T24. D-F) Comparison of normalized fluorescence results of 
HeLa- CCMAC, MCF-7- CCMAC, H1299- CCMAC, PATU8988- CCMAC, HepG2- CCMAC, and T24- CCMAC for antitumor drug sensitivity evaluation. 
G) Schematic illustration of the influence of multidrug resistance inhibitors on CCMACs in evaluating the efficacy of antitumor drugs. H-I) Western 
blotting analysis of MRP-1, P-gp, and SLC7A11 levels in CCMACs derived from T24 treated with MK-571, PSC-833, and sulfasalazine, respectively. J- 
L) Comparison of normalized fluorescence results of CCMACs derived from T24 treated with MK-571, PSC-833, and sulfasalazine for antitumor drug 
sensitivity evaluation. The fluorescence value was analyzed by FlowJo v10 software. In C-F and I-L, each data point represents the average of three 
independent experiments ± SD. Statistical significance was determined by a two-tailed student’s t -test: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001; 
n.s., not significant ( p > 0.05). 

(  

s  

t  

w  

v  

 

 

 

 

 

8

 27662098, 2026, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/E

X
P.20240134 by C

ochraneC
hina, W

iley O
nline L

ibrary on [11/08/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reativ
Figure S19 ). Here, T24 cells with significant resistance were
elected as the research subjects. The living T24 cells in the con-
rol group were treated without a reversal agent. After incubating
ith different concentrations of three antitumor drugs, the cell
iability of control groups decreased to different extents, but the
of 16
average survival rate reached 80%. However, the survival state of
a few living cells was even better than that of blank cells without
reversal agents and drugs, which was presumably attributed to
the fact that the expression levels of the affected cell surface
resistance proteins were higher than those of the blank cells [ 65 ].
Exploration, 2026
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fter treatment with MK-571 [ 66 ], PSC-833 [ 67 ], and sulfasalazine
 68 ] against each of the three drug-resistant proteins, the survival
ate of T24 cells in the experimental group was higher before
he addition of antitumor drugs. Subsequently, it was observed
hat when different concentrations of DOX (Figure S19A ), DDP
Figure S19B ), and BLM (Figure S19C ) were added, most of the cell
iability was significantly reduced, which was related to the fact
hat the reversal agents reduced the expression of drug-resistant
rotein or inhibited the normal function of drug-resistant protein,
ndicating that the reversal agents selected had good reversing
ctivity and low cytotoxicity. 

inally, we explored the efficacy of T24 tumor cell membrane-
erived CCMACs after the function of resistance protein
nhibitors for the detection of antitumor drugs (Figure 4G ). The
evels of the three drug-resistant proteins in situ were analyzed by
estern blot (Figure 4H ). The gray analysis results of the blank
roup without inhibitors were normalized as a standard. The lev-
ls of the drug-resistant proteins on the T24 cell membrane were
ll significantly decreased after the effects of the three reversal
gents, while the contents of other proteins were also decreased
ut could be ignored relative to the blank group (Figure 4I ).
herein, the expression of SLC7A11 was most affected by the
eversal agent. We performed membrane separation on T24 cells
reated with the reversal agents and used the prepared CCMACs
o evaluate the effects of three antitumor drugs (Figure 4J ‒L ,
igure S20 ). The results showed that after the function of reversal
gents, the fluorescence signal decreased significantly with the
ncrease of drug concentration, indicating that the cell resistance
f CCMACs decreased to different degrees, and the reversal effect
f sulfasalazine was the lowest, which might be attributed to
he low content of SLC7A11. Fortunately, the cell survival rate is
ostly below 40% compared to the blank group without drugs,
ndicating that the reversal agents can reduce the cell resistance
Figure S19 ). Overall, our established CCMACs are allowed to
e utilized for testing of drug sensitivity and respond to the
egulation of tumor resistance by reversal agents. 

or the purpose of comparing the responses of real tumor cells
nd CCMACs to the three drugs, we chose HeLa cells as a
epresentative model and conducted synchronous tests at the
ame drug concentrations. According to Figure S21 , we observed
hat HeLa cells exhibited greater drug tolerance compared to
eLa-CCMAC, possibly attributed to certain drugs targeting
enes within the nucleus post-cell entry and bypassing the DNA
emplate we transfected. In Figure S21C , it is evident that the
luorescence interference stems from residual DOX with red
luorescence in real cells, while DDP and BLM do not exhibit
his phenomenon. Additionally, FAM fluorescence decreases as
rug concentration rises (Figure S21F, S21I ), underscoring the
ignificance of choosing the proportion of gene concentration
nd drug concentration in the simulation process. Therefore, our
indings highlight the advantages of utilizing the artificial cells we
eveloped for in vitro testing to prevent real cells from adhering to
he drug. Furthermore, to evaluate the potential value of our plat-
orm in clinical applications, we adopted MDA-MB-231 (breast
ancer cells) and MIA-PACA-2 (pancreatic cancer cells) from PDX
o construct CCMACs and carried out characterization and drug
ensitivity testing, respectively. We observed that the particle sizes
f CCMACs were concentrated at 615 nm and 513 nm, respectively,
orresponding to fluorescence imaging (Figure S22 ). Two sources
xploration, 2026
of CCMACs showed high drug resistance (Figure S23 ), further
indicating that our model can be applied in different cell types
and used as a data reference. 

2.6 A Platform for Testing the Drug Efficacy 
Through 3D Coded Artificial Cells 

In order to accurately reflect the clinical samples, it is essential
for CCMAC itself, possessing the cell-specific characteristics, to
provide targeted information for the diagnosis and prognosis
of specific diseases. Consider endowing CCMAC with extended
functions; here we classify the cell-specific features more accu-
rately by labeling with highly expressed membrane proteins in
situ on tumor cells, thus introducing dual recognition informa-
tion. The corresponding anti-programmed death ligand-1 (anti-
PD-L1) and anti-vascular endothelial growth factor receptor-2
(anti-VEGFR2) were stained by APC and PE, respectively [ 69, 70 ],
and the cleaving MB generated by IVT inside CCMACs was used
as the fluorescence source of 3D coding together (Figure 5A ). 

After conjugating the CCMACs with two fluorescent antibod-
ies, the third label was obtained for drug action and one-pot
reactions. Subsequently, the trichromatic coding of each CCMAC
was simultaneously detected using flow cytometry (Figure 5B ).
Specifically, CCMACs encapsulated with synthetic materials
were sequentially stained by anti-PD-L1-APC and anti-VEGFR2-
PE, followed by the addition of 56 µM DOX for 2 h. The CCMACs
were then washed three times before the addition of NTPs to
initiate the one-pot reaction. The fluorescence spatial distribution
of CCMACs from 11 cell membranes after trichromatic coding
is illustrated in Figure 5C . Variations in the expression levels
of PD-L1 and VEGFR2, as well as differences in drug resistance
among the cells, led to distinct fluorescence distributions among
the 11 CCMACs. It is noted that the two kinds of membrane fluo-
rescent antibodies have different MFI results for cell lines from
different sources (Figure 5D ). Among CCMACs derived from
breast cancer, the expression of PD-L1 on MDA-MB-231 is higher
than that of MCF-7 and BT474, while the content of VEGFR2
follows the order of MDA-MB-231 > MCF-7 > BT474. However, the
internal FAM result remains consistent with that of PD-L1 after
treatment with drugs. Conversely, the trichromatic fluorescence
encoded by H1299 and A549, both types of lung cancer, exhibit
striking differences in their spectral characteristics. Additionally,
significant variations exist among different tumor cell lines. We
noted that the PD-L1 content of PATU8988 (pancreatic cancer)
and HCT116 (colorectal cancer) is comparable, but the VEGFR2
content of 8988 is nearly double that of HCT116, and the MFI of
FAM is also approximately twice as high as that of HCT116. 

Furthermore, it is worth noting that the two membrane proteins
we selected are related to the efficacy of the drug. From Figure 5D ,
it is evident that there is a correlation between lower expression
levels of membrane proteins and reduced FAM fluorescence,
which can be observed in cell lines such as BT474, H1299,
and others. We speculate that this may be attributed to the
insufficient drug resistance of certain cells, which allows for the
easy penetration of drugs into the interior, thereby hindering
the initiation of IVT inside CCMACs. In connection with the
discussion of Figure 4 , our approach allows for the possibility
of combining various tumor-specific target inhibitors with small
9 of 16
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FIGURE 5 Establishment and application of three-dimensional pharmacodynamic test artificial cells. A) Schematic diagram of 3D fluorescent 
coding. B) Schematic illustration of the principle of the 3D-coded CCMAC platform for detecting drug efficacy. C) Under the treatment of 56 µM DOX, 
the trichromatically coded 3D scatter plots of CCMACs derived from MDA-MB-231, PATU8988, A549, BT474, H1299, HCT116, HeLa, HepG2, HT1376, 
MCF-7, and T24 cell membranes. D) 3D bar plot of the mean fluorescence intensities under trichromatic coding. The fluorescence value was analyzed 
by FlowJo v10 software. In D, each FAM data point represents the average of three independent experiments ± SD. 
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olecule chemotherapy in the future, which holds promise for
ignificantly enhancing the efficacy of cancer treatment across
ifferent tumor types in diverse patient populations. 

 Conclusion 

n summary, we have developed an artificial cell based on bionic
ell membranes and in situ synthetic biology to evaluate the
0 of 16
efficacy of different antitumor drugs. By integrating the tumor
cell membrane that is the first response of tumor drugs and
artificially designed genes that are the direct targets of many
tumor drugs, the artificial cell we constructed can respond to
different concentrations of antitumor drugs, thus saving time
and operating costs. Of note, the membrane-coated synthetic
biological elements here have the advantages of flexibility, con-
venience, and versatility due to the ease of controlling reaction
substrates and conditions in vitro operations. By simulating
Exploration, 2026
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he reaction of tumor drugs, our constructed artificial cell can
dentify effective drugs for specific types of tumors faster and
ore effectively than conventional tumor cells. Considering that
fficacy tests conducted at the living cell level are limited by
nexpected events that may occur in cancer cells, our established
rtificial cells can compensate for the lack of both non-living
xperiments and living experiments. Therefore, this approach
s anticipated to accelerate the screening and development of
ntitumor drugs while minimizing the reliance on animal testing.
oreover, utilizing artificial cells derived from patients’ own cells
llows for the evaluation of personalized treatment regimens
or specific tumors, offering increased flexibility, accuracy, and
ontrollability. Through in-depth analysis of the drug sensitivity
f artificial cells, different types of chemotherapy drugs and dif-
erent targeted inhibitors always change according to the patient’s
ondition. This allows us to make more accurate and effective
reatments for each patient so as to maximize the treatment
ffect and reduce the occurrence of side effects. Furthermore, it
s allowed to develop an integrated platform (such as microfluidic
hips) to design automated analysis equipment or combine deep
earning algorithms to calculate the fluorescence signals within
rtificial cells. These advancements could help eliminate hidden
perational variations in the experimental process and overcome
he limitations associated with bulk testing technology in the
uture. 

 Experimental Section 

.1 Materials and Reagents 

ll DNA oligonucleotides were synthesized by Hippo Biotech-
ology Co., Ltd. (Beijing, China) and purified by HPLC. The
equences are shown in Table S1 . Iron (II) chloride tetrahydrate
FeCl2 ⋅4H2 O) was purchased from Acmec (Shanghai, China), and
agnesium chloride hexahydrate (MgCl2 ⋅6H2 O) was obtained
rom Sigma Aldrich (USA). T7 RNA polymerase, ATP, GTP, CTP,
nd UTP were purchased from ApexBio (APExBIO, Shanghai,
hina). 5 × loading buffer (containing GelRed nucleic acid
ye) was purchased from Generay Biotech Co., Ltd. (Shanghai,
hina). Doxorubicin (DOX) and sulfasalazine were purchased
rom Aladdin (Shanghai, China). Cisplatin (DDP), sialidase,
nd PSC-833 were obtained from Medchemexpress Co., Ltd.
Shanghai, China). Bleomycin (BLM), MK-571, Lipo8000 trans-
ection reagent, membrane and cytosol protein extraction kit,
henylmethanesulfonyl fluoride (PMSF), coomassie brilliant
lue, polyvinylidene fluoride (PVDF) membrane, Tris-HCl, and
EPC-treated water (DNase/RNase free) were obtained from
eyotime Biotechnology (Shanghai, China). Sialic acid assay
it was purchased from Nanjing Jiancheng Bioengineering
nstitute (Nanjing, China). Cell Counting kit-8 (CCK-8) was
urchased from Dojindo Laboratories (Shanghai, China). Anti-
APDH was purchased from Abclonal (Wuhan, China), and
nti-MRP-1 was purchased from Abbkine (Shanghai, China);
nti-P-gp, anti-SLC7A11, and goat anti-rabbit immunoglobulin G
onjugated to horseradish peroxidase (IgG/HRP) were obtained
rom Solarbio (Beijing, China). APC-labeled anti-PD-L1 and
E-labeled anti-VEGFR2 were purchased from Sino Biological
USA). The BCA protein quantification kit was ordered from
azyme Biotechnology Co., Ltd. (Nanjing, China). Lipophilic
ye Dil was purchased from Sangon Biotechchnology (Shanghai,
xploration, 2026
China). Dulbecco’s modified Eagle medium (DMEM), RPMI 1640
medium, fetal bovine serum (FBS), and penicillin-streptomycin-
neomycin antibiotic mixture were obtained from Thermo Fisher
Scientific Co., Ltd. (Shanghai, China). All solutions were prepared
with Milli-Q water (18.2 M Ω cm− 1 ) from a Milli-Q purification
system (Millipore, Milford, MA, USA). 

4.2 Cell Culture 

HeLa (human cervical cancer cell), MCF-7 (human breast can-
cer cell), H1299 (human lung cancer cell), PATU8988 (Human
pancreatic cancer cell), HepG2 (human hepatocellular carcinoma
cell), and T24 (human bladder transitional cell cancer cell) cell
lines were purchased from the Institute of Biochemistry and
Cell Biology of the Chinese Academy of Sciences (Shanghai,
China). MDA-MB-231 (breast cancer cells) and MIA-PACA-2
(pancreatic cancer cells) from PDX were obtained from the
Suzhou Institute of Materia Medica. HeLa, MCF-7, and HepG2
cells were grown in DMEM with the addition of 10% FBS
and 1% penicillin-streptomycin-neomycin antibiotic mixture in
a humidified atmosphere containing 5% CO2 at 37◦C. H1299,
PATU8988, and T24 cells were grown in RPMI 1640 medium
containing 10% FBS and 1% antibiotic mixture under the same
culture conditions. These cells were collected at the end of the
log phase for the following experiments. In addition, in order
to obtain the resistance-reversing cell lines cultured by T24 cell
lines, we first cultured the T24 cell line in normal medium
for 24 h, then added probenecid with a final concentration of
0.25 mM, cyclosporine A of 1 µM, or sulfadiazine of 0.25 mM,
respectively, incubated for 72 h at 37◦C and 5% CO2 in an
incubator; and collected them with cell scrapers. 

4.3 In Vitro Transcription (IVT) and Ribozyme 
Cleavage Reaction 

Ribozyme was synthesized using the IVT method and ribozyme-
mediated cleavage reaction as described previously [ 65, 71 ]. In
short, the DNA template was formed through hybridization of the
sense strand and antisense strand that were annealed at 95◦C for
5 min and then quickly cooled to room temperature together. For
step reaction, 100 nM DNA template was incubated with different
concentrations of antitumor drugs (Dox: 0, 2, 10, 20 µM; DDP:
0, 5, 25, 50, 100 µM; BLM: 0, 20, 100, 200 µM) for 2 h. Then
the HyperScribe T7 high-yield RNA synthesis kit was used for
IVT. The above reaction system was mixed with 2 mM adenosine
triphosphate (ATP), 2 mM guanosine triphosphate (GTP), 2 mM
cytidine triphosphate (CTP), 2 mM uridine triphosphate (UTP),
2 µL 10 × T7 reaction buffer, and 5 U T7 RNA polymerase (T7
RP) in a final volume of 20 µL and incubated at 37◦C for 4 h to
synthetic ribozyme, followed by the removal of template DNA
using 2 U DNase I. The substrate as a molecular beacon (MB)
was modified with a FAM fluorophore and quenching group.
Ribozyme cleavage reaction was conducted by adding 500 nM
MB, ribozyme, and 1 × cleavage buffer (50 mM Tris-HCl, pH
7.5, 20 mM MgCl2 ) in a final volume of 60 µL. The mixture was
incubated at 37◦C for 4 h. On the other hand, a one-pot reaction
combined IVT and a ribozyme cleavage reaction. In brief, 100 nM
DNA template after incubating with antitumor drugs (Dox: 0, 2,
10, 20 µM; DDP: 0, 5, 25, 50, 100 µM; BLM: 0, 20, 100, 200 µM;
11 of 16
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aunorubicin: 0, 2, 6, 10, 20 µM; Epirubicin: 0, 2, 10, 50, 150 µM)
as mixed with 2 mM ATP, 2 mM GTP, 2 mM CTP, 2 mM UTP, 1 ×
7 reaction buffer, 5 U T7 RP, 500 nM MB, and 1 × cleavage buffer
n a final volume of 60 µL. After incubation at 37◦C for 4 h, the
luorescence intensity was measured by the F-7000 fluorescence
pectrometer (Hitachi, Japan) with an excitation wavelength of
20 nm and an emission wavelength of 490 nm. 

.4 PAGE 

5% non-denaturing PAGE was used to validate the effect of drugs
n the solution on the transcription of the DNA template. In
rief, transcription products (8 µL) together with 5 × loading
uffer (2 µL) containing GelRed were loaded onto a 15% gel.
lectrophoresis separation was then run at 120 V for 60 min in
 × TBE buffer. An image of the gel was obtained using a GelDoc
R imaging system (Bio-Rad, USA). 

.5 Preparation of CCM Fragments 

eferring to the previous literature [ 72 ], we further optimized
he membrane preparation process of the membrane and cytosol
rotein extraction kit. To prepare CCM fragments, HeLa, MCF-
, H1299, PATU8988, HepG2, and T24 cells were cultured into a
onfluent monolayer and collected by using cell scrapers and then
ounted with an automated cell counter (Bio-Rad, US). Next, the
ells were centrifuged at 1000 rpm for 5 min, followed by washing
ith cold 1 × PBS. The centrifugation and washing were repeated
hree times. After that, the collected cells were suspended in
embrane protein extraction reagent A containing 1 mM PMSF,
ixed, and incubated in an ice bath for 15 min. The obtained
ells were cycled three times at 37◦C and liquid nitrogen with
n interval of 3 min, repeatedly frozen and thawed to extract
ell membrane. The resulting solution was then sonicated on ice
sing a water-bath sonicator for 10 min and centrifuged at 700 g at
◦C for 10 min. The supernatant was then carefully collected and
entrifuged at 14,000 g for an additional 30 min at 4◦C. Finally, the
recipitate was collected as purified cell membrane fragments,
nd the supernatant was saved as plasma proteins, both stored
t -80◦C for subsequent experiments. 

.6 Western Blotting 

rotein lysates were obtained according to the protocol of reagent
 in the membrane and cytosol protein extraction kit [ 73 ], and the
oncentration of proteins was detected by the BCA protein assay
it. After that, the extracted cells were mixed with 5 × loading
uffer at a volume ratio of 1:4 and boiled at 95◦C for 10 min before
se. Equal amounts of membrane proteins and equal amounts
f plasma proteins of HeLa, T24, MCF-7, H1299, PATU8988, and
epG2 cells were separated on 10% sodium dodecyl SDS-PAGE;
he gel was imaged with Coomassie blue ready-to-use, and at
he appropriate time the imaging was stopped and decolorized
ith water. Afterward, the samples were imaged on the BioRad
hemiDoc MP gel imaging system. Similarly, equal amounts of
CM proteins from the fragments were separated on 7.5% SDS-
AGE and transferred to PVDF membranes. After being blocked
ith 5% skimmed milk, the PVDF membranes were incubated
2 of 16

v

overnight at 4◦C with primary antibodies against MRP-1, P-
gp, SLC7A11, and GAPDH. Afterward, the PVDF membranes
were washed three times and incubated at room temperature
for 2 h with goat anti-rabbit lgG/HRP. Finally, the membranes
were visualized by enhanced chemiluminescence kit and visu-
alized on the Tanon-5200 Chemiluminescent Imaging System
(Tanon Science & Technology). ImageJ software was used to
analyze relative protein expression by calculating the grayscale
blots. 

4.7 Construction of Liposome-Based and 

CCM-Based Artificial Cells 

Materials such as DNA-FQ, GFP, or OPRS were mixed with 1 µL
Lipo8000 transfection reagent and incubated at 37◦C for 3 h
to construct liposome-based artificial cells (LACs). Considering
that the liposomes we used could not be centrifuged at high
speed, LACs were stored at 4◦C for later use after low-speed
centrifugation to remove the uncoated mixture. In order to
prepare CCM-based artificial cells (CCMACs), we mixed the
same synthetic components as LACs into 5 µL CCMs, exposed
the mixture to ultrasound for 3 min in the mode of 3 s duty
cycle and 2 s stop cycle, and then incubated at 37◦C for 3 h to
construct complete CCMACs. After high-speed centrifugation at
4◦C, 10,000 g for 1 min to remove the non-embedded substances,
the obtained CCMAC precipitate was re-suspended in PBS. The
artificial cells formed above are incubated at 37◦C or stored at 4◦C
for later use by adding drugs and NTPs. 

4.8 Characterization of Artificial Cells 

For circular dichroism (CD) analysis, 1 µM template double-
stranded DNA was incubated with 10 µM DOX, 100 µM DDP, and
100 µM BLM at 37◦C for 2 h, including the blank control group,
and 200 µL of each sample was added to the sample pool for
testing with a multifunctional circular dichroism spectrometer
(Jasco, China). For dynamic laser light scattering (DLS), the
sizes of LACs and CCMACs, respectively coated with template
DNA-FQ, GFP, and a one-pot reaction system (OPRS), were
measured by using a ZETASIZER 3000HS instrument (Malvern
Instruments Ltd., UK). For nanoparticle tracking analysis (NTA),
the number of LACs coated by template DNA-FQ and OPRS
was detected by using a nanoparticle tracker (Particle Metrix,
Germany). For fluorescent microscopy observation, LACs were
first incubated for 30 min at 37◦C, and CCMACs were prepared
by ultrasonic method. After that, they were stained with DiI
(30 µM) for 30 min at 37◦C, and CCMACs were purified with a
100 KD ultrafiltration centrifuge tube to remove free dyes. Fluo-
rescence images were taken by Zeiss Axio Imager M2 fluorescent
microscopy (Zeiss, Germany) equipped with 488 nm and 565 nm
lasers to excite FAM and DiI, respectively. Additionally, the
fluorescence gradient of drug concentration in HeLa-CCMACs
and the characterization of MDA-MB-231-CCMAC and MIA-
PACA-2-CCMAC were conducted under a confocal laser scanning
microscope (CLSM) (Leica TCS SP8 STED 3X). For transmission
electron microscopy (TEM), OPRS@LACs and OPRS@CCMACs
were characterized using a Hitachi H-7650 transmission electron
microscope (Tokyo, Japan). 
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n order to characterize the membrane orientation of CCMACs
fter encapsulating the system, we selected an equal amount of
CF-7-CCMAC and its source cells (volume ratio is 2:1) after
uantifying membrane proteins in a BCA kit, with OPRS@LACs
s a negative control and the simple system as a blank control,
nd incubated sialic acid on the membrane surface for 2 h at
oom temperature with 20 U sialidase to hydrolyze into the
olution, then centrifuged at 14,000 g for 30 min and collected
upernatant and detected sialic acid content according to sialic
cid colorimetric kit instructions. 

n the process of exploring the drug uptake by CCMACs and
eal cells, we utilized the membrane derived from MCF-7 cells
o make OPRS@MCF-7-CCMAC and incubated it with the equal
mount of MCF-7 living cells at 37◦C for 2 h to wait for the end
f drug uptake, then centrifuged it at 14,000 g for 30 min, and
ook out the supernatant to test the ultraviolet-visible spectrum
f the remaining drugs and calculated the concentration of the
emaining drugs by using the corresponding standard curve. 

.9 Evaluation of Artificial Cell Encapsulation 

n order to test the encapsulation efficiency of template DNA-
Q@LACs (E1 ) for DNA strand, the fluorescence intensity of
he solution before wrapping and after incubation for different
imes was recorded by fluorescence spectrometer, and the average
ncapsulation efficiency was taken as the final data after the
luorescence reached the plateau period. The formula was as
ollows: 

E1 ( %) =
[ ( 

𝐹0 − 𝐹1 

𝐹0 
+ 𝐹0 − 𝐹2 

𝐹0 
+ 𝐹0 − 𝐹3 

𝐹0 

) 

∕3 

] 
× 100 

here F0 is the fluorescence intensity without LAC coating at all,
nd F1, F2, and F3 are the fluorescence intensities of the solution
fter incubation for a period of time and reaching the maximum
ncapsulation. 

n order to test the encapsulation efficiency of OPRS@LACs
E2) for the total system, the fluorescence dynamics records
he fluorescence intensity of the encapsulated system and the
ompletely uncoated reaction solution, and the ratio of the slope
Kmax ) where the fluorescence rises fastest is taken as the final
ata. The formula is as follows: 

E2 ( %) = [ 1 − ( Fs − Fs − 1 ) ∕ ( F𝑡 − F𝑡− 1 ) ] × 100% 

here Ft and Ft-1 are the adjacent fluorescence intensities where
he fluorescence of the uncoated system rises fastest, the corre-
ponding Kmax = F—Ft-1 . Fs and Fs-1 are the adjacent fluorescence
ntensities where the reaction fluorescence of the coated system
ises fastest; the corresponding Kmax = F—Fs-1 . 

or the calculation of the average package materials of two kinds
f LACs, the density of LACs ( ρ, particles/mL) is measured by
TA, and the formula is as follows: 

𝐶∕paticle =
𝐶 × 𝐸 (
𝜌

1000 

)
× 60 
xploration, 2026
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where C is the total concentration of materials in the system, E is
the corresponding encapsulation efficiency, and ρ is the density
(particles/mL) of the corresponding LACs. 

4.10 IVT and Ribozyme Cleavage Reaction With 

LACs/CCMACs 

Firstly, we used the ultrasonic method to package 100 nM
template DNA, 5 U T7 RP, 500 nM molecular beacon (MB), 1 ×
T7 reaction buffer and 1 × cleavage buffer, into 1 µL LACs/5 µL
CCMACs at 37◦C, supplemented to 60 µL with PBS. Then different
concentrations of antitumor drugs (DOX, 0, 20, 56, 560 µM; DDP,
0, 112, 560 µM, 2.8 mM; BLM, 0, 200 µM, 1 mM, 5 mM; Daunoru-
bicin: 0, 20, 56, 560 µM; Epirubicin: 0, 112, 560 µM, 2.8 mM) was
added to LACs/CCMACs by the free diffusion characteristics of
small molecules. Under the influence of drug-resistant proteins
on CCMACs membrane, the actual concentration of drugs acting
on the internal DNA template decreased. After incubating with
drugs at 37◦C for 2 h, NTPs: 2 mM ATP, 2 mM GTP, 2 mM
CTP, and 2 mM UTP required for transcription were added
to form complete OPRS@LACs/CCMACs. Finally, a one-pot
transcription-ribozyme cleavage reaction was carried out at 37◦C
for 4 h, and 240 µL PBS was added for dilution for flow counting
and fluorescence determination. 

4.11 Flow Cytometric Analysis 

Artificial cells were diluted in 1 × PBS before analysis. Flow
cytometry was conducted using a CytoFLEX Flow Cytometer
(Beckman Coulter, USA) with a flow rate setting of “Fast” and
voltage values of 30 V SSC-A, FSC-A, and 1 V FITC (fluorescein
isothiocyanate). For each run, at least 1000 gated events to 5000
total events were recorded with a gating strategy that took into
account only fractions containing LACs or CCMACs. And ensure
that the number of artificial cell particles effectively recorded in
each experiment is equal. For the experimental gating strategy,
the “nonfluorescent template DNA (sense strand)” sample was
used as a negative controls to determine the FITC-positive events
to create a new gate. Data were analyzed with FlowJo v10 software
(FlowJo LLC). 

4.12 Fluorescence Kinetic Analysis 

A one-pot reaction system in a final volume of 30 µL was
performed on a CFX96 Touch Deep Well real-time system (Bio-
Rad, USA). The mixture was incubated at 37◦C for 240 cycles
(each cycle was set for 1 min), and FAM fluorescence by ribozyme
cleavage reaction in solution was monitored in real time. 

4.13 Cell Viability Assay 

The cell Counting kit-8 (CCK-8) assay was applied to detect
cell viability as previously described [ 74 ]. Briefly, cells were
seeded onto 96-well plates (100 µL/well) at a density of 1
× 104 per well. The next day, cells were treated with three
resistance protein inhibitors (50 µM MK-571, 40 µM PSC-833, or
0.25 mM sulfasalazine, respectively) for 72 h with normal culture
13 of 16
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onditions. Subsequently, three antitumor drugs with different
oncentrations (DOX: 0, 20, 56, 560 µM; DDP: 0, 112, 560 µM,
.8 mM; BLM: 0, 200 µM, 1 mM, 5 mM) were incubated with three
rug resistance reversal cell lines for 2 h in the same environment.
inally, cells were incubated with 10 µL CCK-8 reagent for 2 h at
7◦C, 5% CO2 in an incubator. The absorbance at a wavelength
f 450 nm was determined using a SpectraMax iD5 Multi-Mode
icroplate Reader (Molecular Devices, USA). 

.14 Transfection 

ells were transfected with synthetic DNA templates, MB, and
7 RNA polymerase using Liposome 8000 transfection reagent
ccording to the manufacturer’s procedures [ 75 ]. More specifi-
ally, the contents of the DNA template, MB, T7 RP, and liposome
n each 6 cm cell culture dish were 5 µg, 25 µg, 200 U and
 µL, respectively, and the groups without T7 RP transfection
nd DNA template transfection were set as the blank group and
ontrol group. The two stages of transfection of oligonucleotide
nd transfection of T7 RP each took 4 h in the cell incubator.
hen, the cells were washed 3 times with DMEM medium with
0% FBS before inducing the in vivo transcription-restriction
nzyme digestion reaction. For verifying the feasibility of testing
rug efficacy in vivo cells, different final concentrations of drug
DOX: 0, 1.2, 3.3, 32.5 µM; DDP: 0, 6.5, 32.5 µM, 162.4 µM; BLM:
, 11.6 µM, 58 µM, 290 µM) were added after transfection and
ashing and then incubated for 2 h, followed by washing three
imes. It is necessary to avoid light during drug stimulation and
ranscription-enzyme digestion reactions in vivo. 

.15 Construction of 3D Coded Artificial Cells 

or each selected tumor cell line (MDA-MB-231, PATU8988, A549,
T474, H1299, HCT116, HeLa, HepG2, HT1376, MCF-7, T24), the
ell membrane was peeled off, which was used to encapsulate a
ne-pot system according to the above steps. Then, 2 µL anti-PD-
1-APC and anti-VEGFR2-PE (5 µL for 104 particles) were added,
espectively, and incubated with CCMACs in the dark at 4◦C for
.5 h. After incubation with 56 µM DOX for 2 h, NTPs were added
o initiate the internal one-pot reaction. The reaction conditions
re the same as the above-mentioned flow cytometric experiment.
he CytoFLEX Flow Cytometer (Beckman Coulter, USA) was
sed to count 5000 particles in three repeated experiments of
ach CCMAC, and the data processing of coding fluorescence was
arried out by FlowJo v10 software (FlowJo LLC). Including the
eneration of multi-layer original spectrograms and correspond-
ng average fluorescence data statistics about FITC-A, PE-A, and
PC-A, as well as three-dimensional point graphs generated in
D coding CCMACs, etc. 

.16 Statistical Analysis 

ll the experiments were repeated at least three times, and the
btained data were expressed as means ± standard deviation. A
wo-tailed student’s t-test was used to evaluate statistical mean
ifferences between two groups. All statistical analyses were
erformed using the GraphPad software (Prism 9.5), and p < 0.05
as regarded as statistically significant. 
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