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Abstract Biosensors based on acetylcholinesterase (AChE) are crucial for early diagnosis, less invasive

treatment, and drug evaluation of Alzheimer’s disease (AD). However, existing technologies often suffer

from enzyme conformational changes, leading to altered activity and loss and reduced sensor efficacy. To

address this challenge, we developed a novel right-side-out-oriented red blood cell membrane-coated

electrochemical biosensors (ROCMCBs) to evaluate AChE inhibitors from traditional Chinese medicines

(TCMs) as potential anti-AD agents. The developed right-side-out-oriented coating based on immunoaf-

finity not only fully exposed the binding sites of AChE on the cell membrane but also ensured its confor-

mation and stability as a peripheral membrane-anchoring protein, which was conducive to maintaining its

biological activity and producing optimal interaction with drugs. At the same time, the biosensors exhib-

ited a satisfactory sensitivity (limit of detection � 0.41 pmol/L). Ultimately, six potentially active com-

pounds against AD (baicalin, geniposide, gastrodin, berberine, rhynchophylline, and senkyunolide A)

were rapidly identified and evaluated from TCMs. This project provides a promising strategy for devel-

oping cell membrane-coated electrochemical biosensors. The application of cell membrane-coated elec-

trochemical biosensors with well-defined cell membrane orientation further expands new perspectives

and methods for AChE-targeted anti-AD research.
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1. Introduction

Alzheimer’s disease (AD) is a prevalent neurodegenerative disorder

characterized by systemic dementia manifestations, such as mem-

ory impairment, executive dysfunction, and changes in personality

and behavior1,2. The loss of cholinergic neurons reduces acetyl-

choline (ACh) levels, correlating strongly with cognitive decline in

AD patients3,4. It is known that acetylcholinesterase (AChE, E.C.

3.1.1.7) is a serine protease with aminopeptidase and carboxypep-

tidase activities. Its primary function is to hydrolyze ACh as a

neurotransmitter to terminate nerve conduction5. Numerous

approved drugs for the treatment of AD are associated with the

inhibition effect of AChE. For instance, huperzine A can inhibit

AChE and effectively alleviate AD6. Since AChE plays a critical

role in the cognitive decline observed in AD patients, targeted

evaluation and precise measurement of its activity can lay the

groundwork for the development of more specialized anti-AD

drugs. A variety of analytical techniques have been developed for

AChE assay, including UV-Vis spectrophotometry7, fluorescence

method8, and colorimetric method9. However, under physiological

conditions, the primary functional form of AChE is an amphiphilic

tetramer anchored to the cell membranes10,11. Once dissociated

from the cell membranes, AChE undergoes conformational changes

that alter its function. This limits the ability of current methods to

quantitatively assess AChE expression under conditions that reflect

actual biological activity. Consequently, there is a critical need to

develop a straightforward and practical anti-AD drug evaluation

method based on the actual biological activity of AChE.

Currently, cell membrane camouflage technology is increas-

ingly being employed as a top-down approach, leveraging natural

cell membranes to enhance the biointerface capabilities of nano-

particles12,13. This method faithfully preserves the complexity of

the membrane, endowing membrane-coated nanoparticles with

many of the source cell’s inherent characteristics14. This method

typically involves coating nanoparticles with cell membranes

derived from sources such as red blood cells (RBCs)15, platelets16,

or cancer cells17. RBCs are the most abundant type of blood cell.

They lack the nucleus and most organelles, and their plasma

membrane is highly biocompatible18. Recently, electrochemical

platforms based on natural cell membranes have been developed,

offering advantages in terms of simplicity, rapidity, and sensitivity.

These platforms have the potential to minimize nonspecific

biomolecule adsorption and offer a biocompatible interface for

enzyme expression detection19. Accordingly, they can provide a

more biomimetic method for detecting the actual biological

activity of AChE. Additionally, they exhibit considerable promise

and offer distinct benefits when it comes to screening or evalu-

ating potentially active compounds from natural products20-22.

However, the random orientation of the cell membrane coating

method hinders effective drug binding due to the asymmetric

nature of cell membranes. Existing cell membrane-based elec-

trochemical platforms often overlook this orientation issue during

electrode coating23. Consequently, the reconstruction of oriented

cell membranes on biosensor surfaces represents a significant

challenge that requires continued investigation.

In recent years, the directed assembly of cell membrane-coated

nanoparticles has been achieved through various methods,

including freeze-thaw cycles24, ultrasonication25, extrusion, and

electroporation26. These techniques have been extensively studied

and applied, driving advancements in the field of biomimetic

nanoparticles for diverse biomedical applications. However, these

methods subject the electrode material to mechanical and thermal

stresses, which may result in damage to the material or structural

changes on the surface of the electrode. Such changes will affect

the surface morphology, the degree of exposure of the active sites,

the catalytic performance, and the cycling stability of the elec-

trode. Furthermore, covalent binding immobilization of cell

membranes has been employed in the fabrication of electro-

chemical biosensors27-29. This method of immobilization is robust,

yet it may compromise the conformation or activity of the pro-

teins. Hence, considering the damage to the electrode and the

retention of peripheral membrane-anchored protein AChE activity,

achieving oriented assembly of cell membranes on the electrode

surface is another key issue.

In this study, we designed right-side-out-oriented red blood cell

membranes-coated electrochemical biosensors (ROCMCBs) to

accurately measure the biological activity of AChE. This platform

is particularly focused on the evaluation of inhibitors, playing a

crucial role in anti-AD research. The specific orientation not only

maximized the exposure of the peripheral membrane anchoring

protein AChE, enhancing its conformation and catalytic activity,

but also protected the structure of the electrode. Scheme 1 illus-

trated the operational schematic of the assay. Briefly, the right-

side-out-oriented assembly of red blood cell membrane (RBCM)

on the surface of glassy carbon electrodes (GCEs) was achieved

through immunoaffinity interaction. Compared to random-

oriented red blood cell membrane-coated electrochemical bio-

sensors (CMCBs), ROCMCBs demonstrated enhanced redox

activity due to the increased exposure of AChE’s active sites.

Furthermore, ROCMCBs also exhibited a sensitive detection limit

for huperzine A as low as 0.41 pmol/L. We also discussed the

practical advantages of this method for cell membrane-coated

electrochemical biosensors. This study highlights the evaluation

of AChE inhibitors, potentially expands the application of cell

membrane biomimetic technology in electrochemical biosensors,

and provides novel insights into evaluating potentially active

compounds from traditional Chinese medicines (TCMs) and

investigating their mechanisms of action.

2. Materials and methods

2.1. Collection of RBCM

The collection of RBCM was carried out as previously

described30. Specifically, fresh blood was first collected and

transferred into a centrifuge tube containing anticoagulants. The

whole blood was then centrifuged at 1000×g for 10 min at 4 ◦C to

separate the RBCs from the plasma. The resulting precipitates

were collected and washed 3 times with 1 × phosphate-buffered

saline (PBS, pH 7.4) at 4 ◦C to isolate pure RBCs. These washed
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RBCs were fully suspended in 0.25 × PBS and stored at 4 ◦C. Due

to osmotic pressure on the plasma membrane, the RBCs swelled

and underwent hemolysis. The suspension was subsequently

centrifuged at 12,000×g for 20 min at 4 ◦C, and the supernatant

was discarded. Finally, the RBCM was washed with 1 × PBS, and

this process was repeated 3 times. The isolated RBCM was stored

at 4 ◦C for temporary use.

2.2. Fabrication of ROCMCBs

Prior to modification, the GCEs were polished to a mirror finish

using alumina slurries with particle sizes of 1.0, 0.3, and 0.05 μm.

Following each polishing step, the GCEs were subjected to ul-

trasonic cleaning in dilute nitric acid, ethanol, and double-distilled

water sequentially for 3 min each. The electrodes were then dried

under a nitrogen atmosphere.

Subsequently, the secondary antibody (gold-conjugated sec-

ondary antibody against rabbit IgG, SA) was diluted with 0.5%

bovine serum albumin (BSA), after which glutaraldehyde was

added to form the SA-BSA-glutaraldehyde (SABG) solution. After

thorough mixing, 8 μL SABG was dripped on the GCEs and left to

air dry at room temperature. Glutaraldehyde was used to facilitate

the firm adhesion of SA to the surface of the GCEs. In parallel, the

cluster of differentiation 47 (CD47) intracellular primary antibody

(CIPA) was mixed with RBCM and incubated at 37 ◦C for 1 h to

achieve full binding to the CD47 receptors on the RBCM surface.

8 μL CIPA/RBCM were then dripped on the SABG/GCEs. The

electrodes were left at room temperature for 2 h, followed by 3

rinses with PBS. Due to the immunoaffinity between the anti-

bodies, ROCMCBs were successfully prepared by coating RBCM

on the surface of SABG/GCEs in a right-side-out orientation.

2.3. The immunofluorescence validation of ROCMCBs

In this experiment, CD47 was selected as a marker of membrane

orientation. CD47 is a transmembrane receptor with a heavily

glycosylated N-terminal IgV-like extracellular domain and a

diminutive C-terminal intracellular domain31,32, which is

widely expressed in human cells, including RBCs. Initially,

RBCM were labeled with the membrane dye 1,1′-dioctadecyl-

3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI) to mark

them in red. Next, complete ROCMCBs and CMCBs were

assembled separately, with at least 2 of each type. The CIPA and

CD47 extracellular primary antibody (CEPA) solutions were then

applied to the surface of each group of sensors, followed by incu-

bating at room temperature for 2 h and washing 3 times with PBS.

Subsequently, the Alexa Fluor 405-labeled SA (AFSA) was intro-

duced and incubated in the dark for 30 min to prevent fluorescence

quenching. This was followed by another set of 3 PBS washes to

remove any residues. Finally, the fluorescence on the sensor sur-

faces was examined with a confocal laser scanning microscope

(CLSM), and the fluorescence intensity was quantified with ImageJ.

This procedure was repeated 3 times to ensure the reproducibility.

2.4. Biosensor assay procedure

Electrochemical impedance spectroscopy (EIS), cyclic voltam-

mograms (CV), and differential pulse voltammetry (DPV) mea-

surements were carried out using a CHI-660E electrochemical

workstation, which was purchased from Shanghai CH Instruments

Ins. (Shanghai, China). GCEs with 3 mm diameter were used as

the working electrode. A platinum wire served as the counter

electrode, and an Ag/AgCl electrode (1 mol/L KCl) was employed

as the reference electrode.

EIS measurements were conducted in 0.1 mol/L PBS (pH 7.4)

containing 5.0 mmol/L [Fe(CN)6]3− /4− and 0.1 mol/L KCl. The

applied AC impedance varied from 10 to 1,000,000 Hz with an

amplitude of 50 mV at a constant potential of 0 V. CV was carried

out in the same solution, scanning from − 0.2 to 0.6 V. For all

experiments, a 3.0 mL electrolyte solution was used. The optimum

concentration of 5.0 mmol/L acetylthiocholine (ATCl) was pre-

pared in 0.1 mol/L PBS (pH 7.4). Due to the redox reaction

Scheme 1 Schematic representation of the preparation and application of ROCMCBs for potential anti-Alzheimer’s disease (AD) drug

evaluation.
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between the substrate and AChE, a distinct oxidation peak at

650 mV was detected using the DPV method. The reaction

equation based on ATCl is shown in Eq. (1). Initially, ATCl is

hydrolyzed by AChE to thiocholine (TCh) and acetic acid (HA).

Subsequently, according to Eq. (2), TCh is further oxidized to its

dimer (dithiobischoline) on the electrode surface.

ATCl+H2O→
AChE

TCh+HA+Cl- (1)

2TCh(red)→ TCh(ox)+2H+ + 2e- (2)

2.5. Electrochemical response of huperzine A on ROCMCBs

Huperzine A, a reversible cholinesterase inhibitor with selective

inhibitory effects on AChE, was selected as a positive drug6.

2.0 mg huperzine A was accurately weighed and dissolved in

2.0 mL of 0.1 mol/L PBS (pH 7.4) in a centrifuge tube to prepare a

4.1 mmol/L stock solution. The stock solution was added to

0.1 mol/L PBS (pH 7.4) containing 5.0 mmol/L ATCl and diluted

to obtain solutions with concentrations of 8.2 μmol/L, 4.1 μmol/L,

820.0 nmol/L, 410.0 nmol/L, 82.0 nmol/L, 41.0 nmol/L, 4.1 nmol/

L, 410.0 pmol/L, and 41.0 pmol/L, respectively. The inhibition of

the current response of ROCMCBs at 650 mV by different con-

centrations of huperzine A was tested with DPV, and the inhibition

rates were calculated using Eq. (3):

Inhibition (%)�
Imax‒Imin
Imax

× 100 (3)

where Imax is the current measured under optimal substrate con-

ditions (5.0 mmol/L ATCl), Imin is the steady-state current

following the addition of huperzine A.

The Michaelis-Menten constant (Km) for ROCMCBs was obtained

by analyzing the standard current-time curve at 650 mV after

incrementally adding ATCl to 0.1 mol/L PBS (pH 7.4) while

stirring. Then, the Km value was determined using the Lineweaver-

Burk equation [Eq. (4)]:

1
IS

�
Km
Imax

1
C
+
1
Imax

(4)

where Is is the steady-state current following substrate addition,

Imax is the peak current measured at saturated substrate conditions,

and C is the bulk concentration of the substrate.

2.6. Optimization of experimental conditions

To optimize RBCM concentration, a series of RBCM suspensions

with concentrations of 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 mg/mL were

prepared. The absorbance of each suspension was determined

using a spectrophotometer to ensure uniformity and appropriate

transmittance. The peak currents were compared at different

concentrations using DPV.

Then, a concentration-peak current curve was constructed to

determine the optimal cell membrane concentration. Subse-

quently, the effect of huperzine A inhibition time on ROCMCBs

was optimized. Here, the current difference (ΔI ) was defined in

Eq. (5):

ΔI� I0 — I1 (5)

where I0 is the peak current of ATCl prior to the incubation of

ROCMCBs with huperzine A, and I1 is the peak current of ATCl at

the same sensor after incubation with huperzine A.

Additionally, the buffer solution PBS was precisely adjusted to

pH values of 5.5, 6.0, 6.5, 7.0, 7.4, and 8.0. The peak currents of

ROCMCBs at different pH values were compared, and pH-peak

current curves were constructed to determine the optimal solution

pH value. Simultaneously, the peak currents of ROCMCBs were

assessed at different temperatures, including 4, 25, 37, and 50 ◦C.

A temperature-peak current curve was constructed to determine

the optimal incubation temperature. Each experiment was con-

ducted 3 times for reliability.

2.7. Selectivity, reproducibility, and stability of ROCMCBs

Huperzine A, galanthamine, nitrofurazone, oxytetracycline, and

indomethacin were accurately weighed. Each compound was

dissolved in 0.1 mol/L PBS (pH 7.4) in centrifuge tubes to prepare

initial solutions with a concentration of 4.1 mmol/L. These stock

solutions were then diluted with 0.1 mol/L PBS (pH 7.4) con-

taining 5.0 mmol/L ATCl to obtain final solutions with a con-

centration of 4.1 μmol/L. Ultimately, 4.1 μmol/L huperzine A,

galanthamine, nitrofurazone, oxytetracycline, and indomethacin

were employed to assess the selectivity of ROCMCBs and

CMCBs, respectively. The peak currents of their response to ATCl

under the same conditions were compared to assess the repro-

ducibility of the sensors. The experiment was repeated 3 times.

Then, to evaluate the storage stability of ROCMCBs, the inhibi-

tory responses of 4.1 μmol/L huperzine A on ROCMCBs and

CMCBs were measured daily over the course of seven consecutive

days, with inhibition rates calculated accordingly. The entire

experiment was repeated 3 times.

2.8. Molecular docking study

Molecular docking was conducted using SYBYL-X 2.0 (Tripos,

MO, USA) to investigate the interaction between potentially

active compounds from different kinds of TCMs and AChE. The

AChE structure used for docking was retrieved from the Protein

Data Bank (PDB). In the process of preparing the protein, eutectic

ligands and water molecules were removed, while hydrogen atoms

were added. The side chains underwent adjustments, and the

AMBER7 FF99 force field was employed. Drug molecule struc-

tures were drawn and integrated into the Tripos force field, and

Gasteiger-Hückel charge types were assigned to facilitate energy

minimization. Surflex-Dock was employed for molecular docking

studies. Finally, the binding interactions between drug ligands and

AChE protein were visualized using PyMOL (Schrödinger LLC,

OR, USA).

2.9. Inhibitors’ evaluation of ROCMCBs

Baicalin, geniposide, gastrodin, berberine, senkyunolide A,

rhynchophylline, tanshinone IIA, and echinacoside were accu-

rately weighed and dissolved in 0.1 mol/L PBS in centrifuge tubes

to prepare initial solutions, respectively. These stock solutions

were then diluted with 0.1 mol/L PBS (pH 7.4) containing

5.0 mmol/L ATCl to achieve target concentrations of 2.2, 4.5, 9.0,

22.4, 44.8, and 89.6 μmol/L for baicalin; 2.6, 3.9, 5.2, 6.5, 12.9,

and 25.7 μmol/L for geniposide; 0.9, 1.8, 3.5, 5.2, 7.0, and

14.0 μmol/L for gastrodin; 1.0, 1.5, 3.0, 9.9, 14.9, and 29.7 μmol/

L for berberine; 0.5, 5.2, 26.0, 52.0, 130.0, and 260.0 μmol/L for

senkyunolide A; 2.6, 5.2, 26.0, 65.0, 130.0, and 260.0 μmol/L for

rhynchophylline; 1.7, 17.0, 85.0, 170.0, 340.0, and 680.0 μmol/L

for tanshinone IIA; 0.1, 1.3, 12.7, 127.0, 254.0, and 635.0 μmol/L

for echinacoside. Due to the inhibition of enzyme activity, the

DPV current response to different concentrations of selected

AChE inhibitors evaluation by electrochemical biosensors with right-side-out-oriented membrane coating 5991



ingredients was diminished. The inhibition rates of selected

ingredients were calculated using Eq. (3), respectively.

2.10. Statistical analysis

Data were analyzed using Origin 2024b (OriginLab Corp., MA,

USA) and GraphPad Prism Software 9.5 (GraphPad Software Inc.,

CA, USA) and presented as mean ± standard error of the mean

(SD). The study assessed significant differences between the two

groups using Student’s t-test and employed one-way analysis of

variance (ANOVA) for multiple comparisons. The differences at

P < 0.05 were considered statistically significant (ns, no statistical

difference; *P < 0.05, **P < 0.01, and ***P < 0.001).

3. Results and discussion

3.1. Corroboration of right-side-out-oriented RBCM coating of

ROCMCBs

An oriented coating of cell membranes allows receptor proteins

and sensing elements to be arranged orderly, improving the

recognition of specific molecules and enhancing sensor sensitivity.

In contrast, random coating may hinder the specificity of the

prepared electrochemical sensor, making it harder to distinguish

similar compounds from complexes. Additionally, oriented

coating techniques can also form a stable membrane layer,

boosting the mechanical stability and durability of the prepared

electrochemical sensor. Therefore, CLSM, scanning electron mi-

croscope (SEM), EIS, and DPV experiments were used to inves-

tigate the orientation of RBCM coating. Here, the CD47 receptor

was selected as a marker for delineating the RBCM orientation of

ROCMCBs. Fig. 1A presented a schematic depiction of immu-

nofluorescence assays of ROCMCBs and CMCBs designed to

investigate the coating orientation of RBCM.

Fig. 1B showed the CLSM results of ROCMCBs. As we could

see, blue fluorescence was observed in the ROCMCBs group after

incubation with CEPA and AFSA. However, less blue fluorescence

was observed after incubation with CIPA and AFSA. It could be

inferred that only the extracellular portion of CD47 receptors

remained on the surface of ROCMCBs after SABG was coated

with RBCM with a right-side-out orientation. In contrast, blue

fluorescence was observed in the CMCBs group after incubation

with CEPA/CIPA and AFSA (Fig. 1C), revealing that both intra-

cellular and extracellular portions of CD47 receptors were

retained on the surface of CMCBs. The SEM analysis depicted in

Fig. 1D revealed microscopic scratches on the surface of the

Figure 1 Corroboration of the right-side-out-oriented coating. (A) Schematic demonstration of the orientation of RBCMs coating by immu-

nofluorescence assays. (B) CLSM images and quantification of fluorescence intensity of ROCMCBs. Scale bar � 5 μm. (C) CLSM images and

quantification of fluorescence intensity of CMCBs. Scale bar � 5 μm. (D) SEM images of bare GCEs (a), SABG/GCEs (b), CMCBs (c), and

ROCMCBs (d). Scale bar � 2 μm. (E) The Nyquist plots under different incubation methods including bare GCEs (a), RBCMs droplet was

incubated with GCEs for 2 h, followed by washing with PBS and drying with nitrogen atmosphere (b), RBCMs droplet was overnight incubated

with GCEs at 4 ◦C and humid conditions to avoid complete sample evaporation (c), RBCMs droplet was overnight incubated for complete sample

drying at room temperature (d), RBCMs droplet was overnight incubated with SABG/GCEs for complete sample drying at room temperature (e),

and RBCMs droplet was incubated with SABG/GCEs for 2 h, followed by washing with PBS and drying with nitrogen atmosphere (f). (F) DPV

curves of ROCMCBs (a) and CMCBs (c) in 5.0 mmol/L ATCl. And DPV curves of ROCMCBs (b) and CMCBs (d) in 5.0 mmol/L ATCl with

4.2 × 10− 8 mol/L huperzine A. (G) Quantification of current signal inhibition rates in (F). Data are presented as mean ± SD (n � 3).

***P < 0.001; ns, not significant.
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uncoated electrode (Fig. 1Da), whereas the surface of SABG/

GCEs exhibited a complete and uniform SABG coating

(Fig. 1Db). The surface of ROCMCBs (Fig. 1Dd) achieved a

flatter and more consistent RBCM coverage compared to CMCBs

(Fig. 1Dc). These observations underscored the stable deposition

of RBCM on ROCMCBs.

Typically, RBCM adheres to gold electrodes either through

electrostatic adsorption33 or covalent interactions34,35, such as

gold-sulfur bonds. However, the surface of GCEs lacks the

interactive capability to maintain the RBCM coating during the

application. When the RBCM is simply drop-coated on the GCEs,

perturbations in the electrical stimulation may lead to dislodge-

ment and inefficiency challenges. Thus, EIS experiments evalu-

ated different cell membrane coating techniques on GCEs. As we

could see in Fig. 1E, the right-side-out-oriented coating method

based on immunoaffinity achieved a high charge transfer resis-

tance of up to 1200 ohms for ROCMCBs (curve f) compared to

the other four different coating methods (curves b‒e) and bare

GCEs (curve a), verifying that the right-side-out-oriented coating

method was the most efficient method. In addition, to further

demonstrate the superiority of the right-side-out-oriented coating

method, the electrochemical behaviors of ROCMCBs and CMCBs

were investigated using the DPV method in 5.0 mmol/L ATCl. As

depicted in Fig. 1F, ROCMCBs (curves a and b) exhibited a

significantly higher current response compared to CMCBs (curves

c and d) under identical experimental conditions. This enhance-

ment could be primarily attributed to the right-side-out-oriented

coating method, which prevented detachment and improved the

stability of ROCMCBs. Moreover, Fig. 1G provided a quantitative

visual representation of current inhibition rates. The above ex-

periments demonstrated that the RBCM were coated on

ROCMCBs with a right-side-out orientation, exhibiting excellent

electrochemical performance. This right-side-out orientation

method is of significant importance for the evaluation of AD

inhibitors.

3.2. Fabrication and characterization of ROCMCBs

To investigate the immobilization of AChE on ROCMCBs, RBCM

underwent staining procedures using a specific primary antibody

(AChE monoclonal antibody, MA3-042) followed by an SA

(Alexa Fluor 488-labeled goat anti-rabbit) compatible for immu-

nofluorescence analysis. The samples were incubated with a DiI

staining reagent to stain RBCM. CLSM results indicated that

RBCM was labeled with red fluorescence (Fig. 2Aa), while AChE

was labeled with green fluorescence (Fig. 2Ab). The distinct co-

localization of red and green signals (Fig. 2Ac) confirmed that

AChE resided on the RBCM, establishing the basis for using

ROCMCBs in evaluating anti-AD drugs. Moreover, an energy-

dispersive spectroscopy (EDS) analysis was conducted. The

EDS maps of ROCMCBs are shown in Fig. 2B, and the EDS maps

of SABG and RBCM are shown in Supporting Information

Figs. S1 and S2. Obviously, SABG contained five elements, which

were C, O, N, S, and P, while RBCM contained only four ele-

ments, which were C, O, N, and P. The homogeneous distribution

of C, O, N, S, and P elements in ROCMCBs suggested the suc-

cessful decoration of RBCM on SABG.

In order to research the surface structure and properties of

ROCMCBs, the atomic force microscope (AFM) analysis was

adapted, and the results were presented in Fig. 2C. It was observed

that the average thickness of the SABG layer was approximately

2 nm (Fig. 2Ca). Upon the addition of the RBCM layer, the total

thickness increased by approximately 10 nm (Fig. 2Cb), which

indicated that RBCM were successfully integrated into

ROCMCBs. Then, the coating process was detected by Fourier

transform infrared spectroscopy (FT-IR) spectroscopy, as shown in

Fig. 2D. The spectra of SABG, CIPA/RBCM, and ROCMCBs

showed peaks in the range of 2800‒3000 cm− 1, which corre-

sponded to C‒H vibrations in membrane proteins and lipids

(Fig. 2Da), along with those in the range of 1080‒1085 cm− 1,

associated with phospholipid C—O—C vibrations (Fig. 2Db), were

Figure 2 Fabrication and characterization of ROCMCBs. (A) CLSM images of ROCMCBs: red fluorescence labelled by DiI represented the

existence of RBCMs (a), green fluorescence labelled by Alexa Fluor 488-labeled goat anti-rabbit represented the existence of AChE (b), and co-

localized image (c). Scale bar � 5 μm. (B) EDS mapping of C, N, O, P, and S elements in ROCMCBs. Scale bar � 5 μm. (C) AFM images of

SABG (a) and ROCMCBs (b). (D) FTIR investigation of wavelength 4000‒1000 cm− 1 (a) and 1800‒1000 cm− 1 (b).
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completely preserved on CIPA/RBCM and ROCMCBs. Mean-

while, the peaks identified in the ranges of 1600‒1700 cm− 1 and

1510‒1580 cm− 1 (Fig. 2Db) represent amide I and amide II

bands, respectively. The above results were consistent with the

previous reports36,37, indicating that the proteins of RBCM were

not destroyed excessively during the hemolysis and washing

process. Obviously, the characteristic spectral features within

RBCM were effectively preserved, and ROCMCBs were built

successfully.

3.3. Antifouling properties of ROCMCBs

Antifouling interfaces play a crucial role in the use of biosensors

for drug evaluation. They significantly enhance the precision and

reliability of ROCMCBs, thereby greatly improving their effi-

ciency and accuracy for drug screening. The CLSM images

revealed significant nonspecific protein adsorption on bare GCEs

(Fig. 3Aa) and SABG/GCEs (Fig. 3Ab), with a distinct green

fluorescence. In contrast, minimal fluorescence was observed on

CMCBs (Fig. 3Ac) and ROCMCBs (Fig. 3Ad). Quantitative

analysis in Fig. 3B quantificationally confirmed that ROCMCBs

had significantly lower fluorescence intensity compared to bare

GCEs and SABG/GCEs, similar to control groups (FITC-BSA

labeled CMCBs). The results underscored the effective protein-

repelling properties exhibited by the RBCM coating.

Fundamentally, constructing an antifouling surface of

ROCMCBs involves creating a hydrophilic interface38. Water

contact angles were measured across various material-modified

sensors to demonstrate robust hydrophilicity on the surfaces of

ROCMCBs. As indicated in Fig. 3Ca, the bare GCEs exhibited an

initial angle of 64.6◦. The angle decreased to 46.8◦ upon modi-

fication using SABG (Fig. 3Cb). Moreover, after being coated

with RBCM, the water contact angles of ROCMCBs and CMCBs

were down to 22.1◦ (Fig. 3Cc) and 28.6◦ (Fig. 3Cd), respectively.

These findings underscored that ROCMCBs provided compelling

groundwork for developing antifouling sensing interfaces. At the

same time, wettability is also a critical parameter for improving

the biocompatibility of materials39, which plays a significant role

in determining how effectively materials interact with biological

components, such as cells and tissues. The small water contact

angle could also reflect the ROCMCBs’ good wettability. There-

fore, the RBCM-modified interface could improve the biocom-

patibility of the electrode and enhance the performance of the

prepared electrochemical biosensor.

3.4. Optimization of experimental conditions

A key factor in the preparation of the electrochemical biosensor is

the quantity of AChE on ROCMCBs. To investigate this, the in-

fluence of RBCM concentration, from 0.5 to 3.0 mg/mL, was

studied in 0.1 mol/L PBS (pH 7.4) with 5.0 mmol/L ATCl. As

illustrated in Fig. 4A and B, the current response grew as the

RBCM concentration increased and reached a maximum of

approximately 2.0 mg/mL. However, it decreased significantly

with the further increase of RBCM concentration. This could be

due to the increased resistance of the electrochemical process due

to the thicker RBCM layer. Therefore, 2.0 mg/mL was selected as

the ideal concentration.

The effect of inhibition time on the prepared electrochemical

biosensor response is also one of the most important parameters.

Therefore, the effect of inhibition on AChE activity at different

incubation times (5‒30 min) was examined separately in

4.1 μmol/L huperzine A. The dependence of incubation time on

current differences was illustrated in Fig. 4C and D. The results

demonstrated that the inhibitory effect of huperzine A on AChE

increased with incubation time, eventually plateauing after

25 min. This indicated that the enzyme binding to the active target

site was saturated after 25 min. Thus, an incubation duration of

25 min was chosen as the optimal parameter.

Figure 3 Antifouling properties of ROCMCBs. (A) CLSM images of bare GCEs (a), SABG/GCEs (b), CMCBs (c), and ROCMCBs (d) after

soaking in FITC-labeled BSA solution. Scale bar � 50 μm. (B) Quantitative analysis of (A). (C) Contact angle images of bare GCEs (a), SABG/

GCEs (b), CMCBs (c), and ROCMCBs (d). Data are presented as mean ± SD (n � 3). ***P < 0.001; ns, not significant.
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In addition, it is widely recognized that the biological activity of

immobilized AChE is influenced by both the pH and temperature of

the solution. Thus, the relationship between the catalytic peak

current of AChE for the ATCl reaction and the pH value or tem-

perature of the solution was investigated. Notably, within the pH

range of 5.5 to 8.0, the maximum peak current occurred at pH 7.4

(Fig. 4E and F). In addition, 4, 25, 37, and 50 ◦C were tested, and

the highest peak current was recorded at 25 ◦C. The results were

shown in Fig. 4G and H. Consequently, the solution with pH 7.4

and temperature of 25 ◦C was selected for subsequent experiments.

3.5. Electrochemical behavior of ROCMCBs

The mechanism underlying the redox reaction between the

enzyme AChE and its substrate ATCl involves ATCl being hy-

drolyzed by AChE into TCh and HA. Subsequently, TCh

Figure 4 Optimization of experimental conditions of ROCMCBs. (A, B) RBCM concentration from 0.5 to 3.0 mg/mL. (C, D) The incubation

time with huperzine A. (E, F) pH and (G, H) temperature on the amperometric response. Data are presented as mean ± SD (n � 3).

Figure 5 Electrochemical behavior of ROCMCBs. (A) Schematic diagram of the specific reaction of AChE with ATCl. (B) CVs and (C) the

Nyquist plots of bare GCEs (a), SABG/GCEs (b), and ROCMCBs (c) in 3.0 mL of 5.0 mmol/L [Fe(CN)6]3− /4− . (D) DPV curves of ROCMCBs in

3.0 mL of 5.0 mmol/L ATCl (a) and 0.1 mol/L PBS (b). (E) The relationship between peak currents and concentrations of huperzine A. (F)

Selectivity investigation of ROCMCBs and CMCBs. (G) Reproducibility investigation of ROCMCBs and CMCBs. (H) Stability investigation of

ROCMCBs and CMCBs. Data are presented as mean ± SD (n � 3).
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undergoes oxidation, forming TCh(ox)40. This particular redox

reaction requires the presence of ATCl and not just in PBS.

Furthermore, if AChE activity is suppressed by an inhibitor, this

reaction similarly ceases. Fig. 5A schematically illustrates these

concepts.

The step-by-step construction of ROCMCBs was analyzed

using CV and EIS in a solution of 0.1 mol/L KCl and 5 mmol/L

[Fe(CN)6]3− /4− . Fig. 5B showed the CV results, indicating a

decrease in peak current and reversibility with the modification of

SABG (curve b) and CIPA/RBCM (curve c) compared to bare

GCEs (curve a). The EIS results in Fig. 5C displayed Nyquist

plots for different sensors, where the charge transfer resistance

(Rct) was calculated from the semicircle diameter. Bare GCEs

(Fig. 5Ca) exhibited a low Rct, appearing nearly linear on EIS

analysis. Conversely, when SABG was immobilized onto GCEs

using glutaraldehyde, an increase in impedance coupled was

observed due to the low conductivity of SABG (Fig. 5Cb).

Further impedance increase was observed after coating with

CIPA/RBCM (Fig. 5Cc). The CV and EIS results corresponded to

each other, indicating that ROCMCBs were constructed success-

fully step by step.

Subsequently, the electrochemical behavior of ROCMCBs was

assessed in the presence and absence of 5.0 mmol/L ATCl. DPV in

Fig. 5D showed a strong oxidation peak of AChE at 650 mV

(curve a), which was ascribed to the electrochemical oxidation of

the electroactive TCh. Meanwhile, there was no significant current

response of AChE in the electrolyte without substrate ATCl (curve

b). Furthermore, as shown in Supporting Information Fig. S3, the

CVs of various biosensors demonstrated the absence of redox

peaks without ATCl. However, with the addition of 3 mL

5.0 mmol/L ATCl, ROCMCBs exhibited an irreversible oxidation

peak at 650 mV, unlike bare GCEs and SABG/GCEs. Then, the

impact of scan rates on ROCMCBs in 0.1 mol/L PBS with

5.0 mmol/L ATCl was investigated in Supporting Information

Fig. S4. The results revealed that the oxidation of TCh occurred

as an irreversible electrode reaction, evidenced by a single

oxidation peak. Additionally, the oxidation peak current of TCh

increased with scan rates varying from 10 to 100 mV/s, suggesting

a diffusion-controlled process for ATCl oxidation on ROCMCBs.

A linear relationship between the TCh peak oxidation current (Ipa)

and the square root of the scan rate (v1/2) was confirmed by the

plot, supporting the diffusion-controlled nature of the oxidation

process (R2 � 0.9934, n � 3).

In addition, by continuously adding substrate (ATCl) to the

stirred cell, the typical current-time response curves for

ROCMCBs were obtained. As depicted in Supporting Information

Fig. S5, the addition of ATCl to ROCMCBs prompted a rapid and

sensitive current response, indicating the swift diffusion of reac-

tion products (ACh)41. Notably, the amperometric response

showed a linear increase within the concentration range of 1 to

5 mol/L as the concentration of ATCl increased (R2 � 0.9799).

The Km, which reflects the enzymatic activity of AChE when

reacting with ATCl as a substrate, was calculated as 1.995 mmol/L

according to Eq. (4). The small value of Km implied that AChE

immobilized on ROCMCBs maintained its catalytic activity and

exhibited a greater affinity for ATCl. Comparisons of Km of

ROCMCBs with other previously reported biosensors based on

AChE were shown in Supporting Information Table S1. Notably,

AChE used in previously reported sensors was isolated through

purification processes and exhibited well-defined enzymatic ac-

tivity as well as lower Km values. In contrast, although the Km

value of RBCM-anchored AChE in this study was slightly higher,

it could maintain the native spatial conformation of AChE to

closely mimic physiological conditions and meet the experimental

requirements for subsequent evaluation of AChE inhibitors.

3.6. Electrochemical response of huperzine A for ROCMCBs

The relationship between the rate of inhibition and the concen-

tration of anti-AD drugs was evaluated using huperzine A as a

model compound. As shown in Fig. 5E, with an increase in the

concentration of huperzine A in the ATCl solution, the generation

current of AChE decreased. Under the optimized experimental

conditions, the inhibitory effect of huperzine A on AChE was

proportional to its concentration (from 8.2 μmol/L to 41 pmol/L).

The linear equation was given by: Inhibition rate (%) � 12.85

logC + 144.59, R2 � 0.9984. The limit of detection (LOD) was

approximately 0.41 pmol/L (S/N � 3).

To the best of our knowledge, it turns out to be very difficult to

fabricate pure AChE on RBCM to replace commercial AChE for

anti-AD drug evaluation. In comparison with previously reported

purified AChE sensing platforms in Supporting Information

Table S2, our proposed strategy not only maintained the

authentic biological activity of AChE as a peripheral membrane-

anchored protein but also demonstrated comparable sensitivity

(LOD � 0.41 pmol/L), which was essential for accurate assess-

ment of AChE’s function and interactions. The above results

indicated that the designed ROCMCBs were competent in

detecting low abundance AChE. By leveraging the advantages of

easy acquisition and cost-effectiveness of RBCM, our method

offers promising applications for ultrasensitive biomedical assays.

3.7. Selectivity, reproducibility, and stability of ROCMCBs

The ability to selectively recognize ROCMCBs is essential for real

applications. Huperzine A and galantamine41 are known inhibitors

of AChE. Previous studies have demonstrated their highly selec-

tive and effective inhibition of AChE. Here, they were used as

positive control drugs to assess the selectivity of ROCMCBs.

Moreover, nitrofurazone, oxytetracycline, and indomethacin were

randomly selected as negative controls. These compounds repre-

sent distinct mechanisms of action. Nitrofurazone is used as an

antibacterial agent42, oxytetracycline serves as a broad-spectrum

antibiotic43, and indomethacin targets cyclooxygenase to alle-

viate inflammation44. Using them as negative controls assisted in

confirming the specificity of AChE activity, ensuring that the

observed electrochemical responses were not generic reactions

common to other widely used drugs. As shown in Fig. 5F, only

positive drugs (huperzine A and galanthamine) exhibited signifi-

cant inhibition rates on ROCMCBs (79.3% and 72.3%), and

another three drugs showed low inhibition rates on ROCMCBs

(2.0%, 5.8%, and 2.9%). Moreover, the inhibition rates of

huperzine A on ROCMCBs and CMCBs were 79.3% and 64.6%,

respectively, which showed the superiority of the right-side-out-

oriented coating method of ROCMCBs. These results confirmed

the selectivity of ROCMCBs towards AChE inhibitors.

Subsequently, the same procedure was used to prepare five

batches of ROCMCBs, which exhibited highly consistent re-

sponses in repeatability tests. As illustrated in Fig. 5G, the relative

standard deviation (RSD) of current at 650 mV of ROCMCBs was

3.39% (the current response values for ATCl across the five sets of

ROCMCBs ranged from 4.149 to 3.978), while that of CMCBs

was 7.07%. This high level of repeatability ensured the accuracy

and reliability of ROCMCBs, providing a solid foundation for
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drug evaluation in real applications. Then, in order to determine

the durability of ROCMCBs during storage, the inhibition re-

sponses of 4.1 μmol/L huperzine A on ROCMCBs and CMCBs

were measured daily. As shown in Fig. 5H, after 7 days of stor-

age, the average inhibition rate of ROCMCBs remained at

approximately 72% of the initial value. Surprisingly, the average

inhibition rate of CMCBs dropped to around 27% of the initial

value, which indicated that ROCMCBs possessed significantly

better storage stability compared to CMCBs, thereby ensuring

consistently reliable results over extended storage periods.

3.8. Molecular docking study

TCMs are renowned for their unique characteristics of multi-

component, multi-pathway, and multi-target effects. Therefore,

screening for active compounds from TCMs that target specific

sites is of paramount importance45. Molecular docking was uti-

lized to discover potentially active compounds from TCMs. Here,

eight ingredients of TCMs that showed therapeutic effects on AD

according to previous studies were selected, which were baica-

lin46, geniposide47, gastrodin48, berberine49, rhynchophylline50,

senkyunolide A51, tanshinone IIA52, and echinacoside53. Eight

compounds were docked to AChE using the Surflex-Dock mode of

SYBYL-X 2.0 to predict the inhibition behavior of the potentially

active compounds against AD. All compounds and the positive

drug huperzine A docked with the AChE active site (PDB ID:

1VOT). The total scores of the molecular docking were shown in

Supporting Information Table S3. Fig. 6A illustrated that the

amino acid residues of AChE that interact with huperzine A

include TYR 121 and GLU 199. Fig. 6B‒D showed the simulated

binding of baicalin, geniposide, and gastrodin. TYR 121 and GLU

199 from baicalin-AChE binding (Fig. 6B), GLU 199 from

geniposide-AChE binding (Fig. 6C), and GLU 199 from

gastrodin-AChE binding (Fig. 6D) were the same as huperzine

A-AChE binding. Meanwhile, Supporting Information Fig. S6‒S8

showed the simulated binding of berberine (Fig. S6), senkyunolide

A (Fig. S7), and rhynchophylline (Fig. S8). The molecular

docking total scores of the six compounds were all above 4 points,

Figure 6 Molecular docking study and inhibitors evaluation on ROCMCBs. Molecular docking results of (A) huperzine A, (B) baicalin,

(C) geniposide, and (D) gastrodin (PDB ID: 1VOT). DPV curves of (E) huperzine A, (F) baicalin, (G) geniposide, and (H) gastrodin in different

concentrations (μmol/L). Concentrations of (I) huperzine A, (J) baicalin, (K) geniposide, and (L) gastrodin versus inhibition rates (μmol/L). Data

are presented as mean ± SD (n � 3).
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proving that they were all potential anti-AD active compounds.

Furthermore, Supporting Information Fig. S9 illustrated the

simulated binding of tanshinone IIA, revealing that its binding

mode was dissimilar to that of the binding pocket of huperzine A.

The molecular docking total score of tanshinone IIA was less than

4 points, and the molecular docking total score of echinacoside

was − 13.6492, indicating that these two compounds interacted

with AChE in a relatively weak manner. In light of the afore-

mentioned docking results, baicalin, geniposide, gastrodin,

berberine, rhynchophylline, and senkyunolide A were initially

identified as potential selective AChE inhibitors.

3.9. Inhibitors’ evaluation of ROCMCBs

ROCMCBs were utilized to evaluate potentially active compounds

from TCMs according to the results of molecular docking. The

inhibitory effects of various concentrations of different ingredients

on AChE currents were observed using the DPV test, and their

IC50 values were calculated. The results were presented in

Fig. 6E‒L and Supporting Information Figs. S10‒S17. It was

obvious that the inhibitory effects of huperzine A (Fig. 6E and I),

baicalin (Fig. 6F and J), geniposide (Fig. 6G and K), gastrodin

(Fig. 6H and L), berberine (Figs. S10 and S13), senkyunolide A

(Figs. S11 and S14), and rhynchophylline (Figs. S12 and S15) on

AChE increased as the drug concentration increased, and their

IC50 on AChE were 0.056, 12.2, 8.3, 3.2, 4.7, 86.6, and 66.3 μmol/

L, respectively. However, tanshinone IIA (Fig. S16) and echina-

coside(Fig. S17) did not show significant AChE inhibition effects

under the same conditions. Therefore, it could be inferred that

baicalin, geniposide, gastrodin, berberine, senkyunolide A, and

rhynchophylline were likely to play an anti-AD role by inhibiting

the activity of AChE, while tanshinone IIA and echinacoside were

not. The above results correspond to their molecular docking re-

sults, demonstrating the potential of ROCMCBs in the identifi-

cation of inhibitors of AChE. This approach not only enabled the

evaluation of compounds that may inhibit AChE activity but also

provided valuable insights into the mechanisms through which

these compounds might operate as therapeutic agents for AD.

4. Conclusions

In this study, we introduced a novel method for right-side-out-

oriented RBCM coating of electrochemical biosensors based on

immunoaffinity, enabling the efficient evaluation of AChE in-

hibitors from TCMs and assessing their potential effectiveness as

anti-AD drugs. The specific immunoaffinity was utilized to ensure

the right-side-out orientation of RBCM, providing an effective

method for evaluating AChE inhibitors. The experimental results

demonstrated that this strategy ensured the directionality and

stability of the RBCM coating, thereby preserving the activity of

the peripheral membrane-anchoring protein. Consequently, six

potentially anti-AD active compounds, including baicalin, geni-

poside, gastrodin, berberine, rhynchophylline, and senkyunolide

A, were successfully evaluated by ROCMCBs based on AChE

activity. The evaluation results correlated well with molecular

docking simulations, highlighting the efficacy of the prepared

biosensors in accurately monitoring AChE activity inhibited by

potentially active compounds in TCMs. In conclusion, this strat-

egy represents a novel technique for precise bionic design in the

electrochemical drug evaluation from TCMs. This innovative

approach not only facilitates the exploration of cell membrane

coating technologies but also holds significant potential for

accelerating the evaluation process of AChE inhibitors and the

treatment of AD.
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