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ABSTRACT: A factor closely associated with renal disease status in clinical
diagnosis is abnormal human serum albumin (HSA) concentration levels in
human body fluids urine, serum, etc. The surface stress biosensor was developed
as a new type of biosensor to detect protein molecule concentration and has a
wide range of clinical applications. However, further sensitivity improvement is
required to achieve higher detection performance. Herein, MXene/PDMS/
Fe3O4/PDMS of the multilayer heterogeneous membrane biosensor (MHBios)
based on the coupling of the magnetic field, electric field, and surface stress field
was successfully developed to achieve high sensitivity HSA detection through
magnetic sensitization. The modified antibody specifically binds to HSA at the
AuNP layer, allowing the biosensor to convert the surface stress caused by PDMS
film deformation into an electrical signal. When the biosensor was exposed to a
uniform magnetic field, the conductive path of the conductive layer was reshaped
further as the magnetic force amplified the deformation of the PDMS film, enhancing the conversion of biological signals to electrical
signals. The results exhibited that the detection limit (LOD) of the MHBios was 78 ng/mL when HSA concentration was 0−50 μg/
mL, which was markedly lower than the minimum diagnostic limit of microalbuminuria. Furthermore, the MHBios detected HSA in
actual samples, confirming the potential for early disease screening.

1. INTRODUCTION
Kidney disease is a major concern because of its extremely high
mortality rate and the complexity of detecting it early. Early
detection can dramatically improve the effectiveness of disease
treatment and prevention.1−3 Microalbuminuria is a critical
biomarker for assessing chronic kidney disease (CKD). The
potency of human serum albumin (HSA) present in normal
human urine is 20 mg/mL−1. If the HSA in urine exceeds the
upper limit of this value, the risk of kidney disease is indicated.4

Hence, efficient detection of urinary HSA concentration can
effectively diagnose and prevent kidney disease at an early
stage,3−5 and it is necessary to design a biosensor that can
effectively detect the concentration of HSA.
These days, platforms for HSA detection and sensing have

been developed, including radioimmunoassay, immunotur-
bidimetry, high-performance liquid chromatography (HPLC),
and urine test paper colorimetry.5−7 In the past, urine test
paper colorimetry was developed for HSA detection. Low
sensitivity and semiquantitative methods led to inaccurate and
false-positive results, though.8−10 High sensitivity and accuracy
were obtained by immunoturbidimetry, HPLC, and radio-
immunoassay for the detection of HSA, but their broad
applicability was constrained by laborious sample pretreatment
procedures. Additionally, the price of the equipment was
high.11 The surface stress-based membrane biosensor (MBios)

has shown improvements over existing sensors in terms of
price, detection speed, and operability. Hence, the MBios has
received a lot of attention recently as a reliable technique for
HSA detection.9,12−15

The MBios is a novel type of biosensor that converts surface
stress produced during biomolecular detection into physically
detectable signals to enable biomolecule analysis.16 However,
for the purpose of improving the performance of detecting
higher single molecules, the sensitivity of the MBios needed to
be further improved.16,17

As a consequence, we built a magnetic electrocoupling-based
very sensitive biosensor. The influence of the magnetic field
was intensified by the creation of multilayer heterostructure
membranes, increasing the sensitivity of sensor detection. We
did a thorough comparison of the biosensor with the existing
biosensors that detect HSA and were able to identify various
HSA concentrations in various situations. Ultimately, the
biosensor was utilized to detect actual human urine samples in

Received: November 15, 2022
Accepted: December 22, 2022
Published: January 9, 2023

Articlehttp://pubs.acs.org/journal/acsodf

© 2023 The Authors. Published by
American Chemical Society

3423
https://doi.org/10.1021/acsomega.2c07338

ACS Omega 2023, 8, 3423−3428

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haoyu+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pengli+Xiao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shengbo+Sang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Honglie+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiushan+Dong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yang+Ge"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xing+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dong+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dong+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c07338&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07338?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07338?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07338?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07338?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07338?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/3?ref=pdf
https://pubs.acs.org/toc/acsodf/8/3?ref=pdf
https://pubs.acs.org/toc/acsodf/8/3?ref=pdf
https://pubs.acs.org/toc/acsodf/8/3?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c07338?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


order to assess its usability, and the results indicated that it had
the potential to be used in the adjunct diagnosis of renal
illnesses.

2. MATERIALS AND METHODS
2.1. Materials for Preparation. PDMS (polydimethylsi-

loxane) was manufactured by Dow Corning (Midland, MI).
PAA (03326 polyacrylic acid) was produced by an American
polysciences company. PAA concentration is 25%, molecular
weight is 345,000, pH value is 2−3, and Brinell viscosity is
682c PS. Cysteamine (CYS) was provided by Aladdin
(Shanghai, China). Fe3O4 particles were dispersed in alcohol
solution by an ultrasonic disperser. Carcinoembryonic antigen
(CEA) was obtained from Sangon Biotech (Shanghai, China).
BSA (bovine serum albumin) was produced by Bioengineering
(Shanghai, China). Tau protein (microtubule-associated
protein) was manufactured by Bioengineering (Shanghai,
China). Gelatin was purchased from McLean Biochemical
Technology Co, Ltd. (Shanghai, China). The HSA antibody
(anti-HSA) and HSA were purchased from Haling Biology
(Shanghai, China). The gold target used for magnetron
sputtering was purchased from Deyang ona Co., Ltd. (Sichuan,
China).

2.2. Preparation of the MHBios. The glass substrate was
first cleaned with acetone, isopropanol, ethanol, and deionized
water, followed by hydrophilic modification with an oxygen
plasma cleaning machine (Atto, Beijing Zhongxing Bairui
Technology Co., Ltd). Polyacrylic acid (PAA, 66.7%) with
deionized water solvent was spin-coated on glass at 3500 rpm
for 1 min and cured at 120 °C for 15 min to take the shape of
the PAA membrane. When the PDMS prepolymer was mixed
with the hardener at a 10:1 weight ratio, a deaerator (KK-
300SSE, Kurabo, Japan) was used to eliminate air bubbles
from the mixed solution. The PDMS mixture was coated on
the PAA membrane and heated at 2000 rpm for 60 s and 120
°C for 15 min to prepare the PDMS membrane. The Fe3O4
nanoparticles were fully dispersed into alcohol for 8 min with
an ultrasonic dispersant (Nanjing Shunma Instrument Equip-
ment Co., Ltd.) at a ratio of 0.05 g/mL. The Fe3O4 membrane
was manufactured by coating the Fe3O4 mixture on PDMS
membranes at 3500 rpm for 1 min and curing at 60 °C for 15
min.18 The sandwich composite membranes were fabricated by
spin-coating PDMS on the Fe3O4 membrane at 3000 rpm for 1
min and cured at 100 °C for 30 min. After this, the PDMS/

Fe3O4/PDMS sandwich composite membranes were trans-
ferred from the glass substrate to polyethylene terephthalate
(PET). PET was sputtered with a AuNP layer by a magnetron
sputtering machine (Hefei Kejing Material Technology Co,
Ltd. VTC-600-2HD, China).19 The MXene membrane was
formed by coating the MXene mixture on the other side of
PET at 3000 rpm for 1 min and heated at 80 °C for 10 min.20
The conductive silver adhesive was imprinted on PET to
convert electrical signals (Figure 1).

2.3. Characterization. The electrical characteristics of the
MHBios was measured by a digital multimeter (Keithley 2400,
Tektronix, Shanghai, China). A dual target magnetron
sputtering instrument (VTC-600-2HD, Kejing Material
Technology Co, Ltd., Hefei, China) was served to sputter
AuNP layers on the surface. The surface morphology of the
MHBios was characterized by a scanning electron microscope
(geminiSEM 300, Germany). A magnetic field generator (pem-
60, China) is used to produce a strength of 30−70 mT for the
uniform magnetic field. Using energy-dispersive spectroscopy
(EDS) observation, the MHBios surface was modified to form
the corresponding chemical bonds, and validation modification
was successful.

3. RESULTS AND DISCUSSION
3.1. Characterizations of the MHBios. To enable the

HSA molecules to be caught by the MHBios specificity, the
antibodies were altered.21 Scanning electron microscopy
(SEM) and EDS were used to demonstrate the effective
modification of antibodies. SEM was employed to describe the
MHBios surface before antibodies were modified (Figure S2a).
SEM was then applied to describe the surface of the MHBios
after the change of antibodies, revealing that the antibodies
were dispersed uniformly across the surface of the AuNP layer
(Figure S2b).31−33 EDS was intended to show the MHBios
surface in the detection process in order to further explain the
element changes before and after in the character of the
MHBios during the modification process. Only C, O, Si, and
Au elements were present on the surface of the MHBios
membranes prior to alteration, as shown by the EDS scanning
image (Figure S2c). The presence of the S element served as
evidence that the CYS molecule was successfully modified on
the AuNP-PDMS membrane. The surface of the modified
AuNP-PDMS membrane also had more C and O elements and
formed a new element N because anti-HSA and HSA are

Figure 1. MHBios preparation process. At the end of the preparation flow chart is the real MHBios picture.
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protein molecules (Figure S2d). The thickness of each layer in
the multilayer heterogeneous membrane structure, as well as
the profile morphology of the MHBios, was subsequently
determined by SEM (Figure S3).

3.2. Analysis of the MHBios Signal Conversion
Principle. Electrical conductivity is quite high in the two-
dimensional (2D) transition metal compound MXene, which
consists of carbon/nitrogen/carbon. MXene has exceptional
sensing capabilities due to its high electrical conductivity.
MXene was consequently selected as the conductive layer
material for the MHBios. The MHBios’ resistance modifies
with the deformation of the MXene membrane.16,17,22 Surface
stress was produced by the specific binding of anti-HSA and
HSA to the sensitive layer. Surface tension caused the MXene
membrane’s structure to alter, which changed the conductive
route through the membrane.23,24 Additionally, the magnetic
nanoparticles move on the MHBios surface under the influence
of a uniform magnetic field as a result of magnetic Fe3O4
sensitization. This causes the PDMS membrane to deform
more, which shortens the conductive route and increases
resistance. After the addition of HSA droplets, the surface
stress caused by antigen-specific binding amplified the
deformation, resulting in a decreased conduction path and
an increased relative resistance (ΔR/R0) of the MXene
membrane. Then, by capturing different concentrations of
HSA, the MHBios produced greater relative resistance changes
with the increase in HSA concentration, to improve the
detection performance of the sensor. The MHBios then caused
significant changes in relative resistance with the continual
growth of the magnetic field by altering the size of various
magnetic fields (Figure S3). Because of this, the MHBios was
able to magnetically sensitize and improve its sensitivity in
multifield coupling.

3.3. HSA Detection of the MHBios. For the sake of
better detecting HSA, the performance of the MHBios was
tested in advance. At room temperature, the MHBios’ reaction
to the influence of several conditions was investigated. On the
AuNP layer, various weights of deionized water were applied
and left for 10 min. Because of the surface stress brought on by
water’s gravity, the MXene membrane distorted, changing the
relative resistance (Figure 2). Furthermore, HSA was detected
by the MHBios under the nonuniform magnetic field and

generated a linear relationship in the range of 10−50 μg/
mL(Figure 3a). The linear equation used was ΔR/R0 =
0.27894 CHSA − 1.25345 (R2 = 0.99349). The detection limit
(LOD) of the MHBios was computed by the formula LOD =
3σ/S as 0.53 μg/mL.2,25−27

A homogenous magnetic field of varying intensities was used
to further evaluate the impact of magnetic fields on sensor
detection and to see if the MHBios would perform at a higher
level. The MHBios was put into a uniform magnetic field for
10 min. The change in relative resistance of the MHBios in the
magnetic field was detected, which determined that the
optimal influence range of the magnetic field is 30−70mT.
The MHBios additionally demonstrated a linear response to
various HSA concentrations under various magnetic field
intensities (Figure 3b). Under a magnetic field strength of 70
mT, the sensitivity of the MHBios is the highest (Figure S5).
The linear equation ΔR/R0 = 0.31274 CHSA + 0.02075 (R2 =
0.98272) was obtained in a 70 mT magnetic field. The
calculated MHBios detection limit (LOD) for a uniform
magnetic field is 78 ng/mL, which is orders of magnitude less
than the LOD for no uniform magnetic field. The MHBios
were made with various levels of Fe3O4, and the optimal
concentration of Fe3O4 was determined to be 0.05 g/mL in the
presence of an optimum magnetic field and a perfect HSA
concentration (Figure S6). A magnetic field of 70 mT was
delivered to the MHBios every 10 min while it was being
tested with an HSA solution that contained 50 g/mL
concentration. The fact that the sensitivity of MHBios
remained mostly unaltered throughout each time period
suggests that the magnetic field action time had minimal
impact on MHBios sensitivity (Figure S7). The MHBios
reaction was augmented by magnetic Fe3O4 nanoparticles
under the influence of the magnetic field created by the surface
stress, proving that magnetic sensitization successfully
increased the MHBios’ sensitivity.
By contrasting the MHBios with other biosensors from the

prior literature, the detection performance of the MHBios was
demonstrated.2,11,28 The LOD of the MHBios was many
orders of magnitude lower than those of the NiFe2O4/paper-
based magnetoelastic biosensor, fluorescent probe sensor, and

Figure 2. Deionized water was placed on the MHBios to detect the
change of surface stress on the relative resistance of the sensor when
the control voltage was 5 V.

Figure 3. ΔR/R0 detected by the MHBios. The test was repeated for
five times under the same experimental conditions.
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antibody-functionalized gold nanorod sensor, all of which have
wider detection ranges than the MHBios.29,30 The MHBios
not only has no label and is less expensive than the water-
soluble BODIPY-based fluorescent probe but also offers higher
sensitivity. Consequently, the MHBios has a lot of promise for
identifying HSA (Table 1).

3.4. Specificity of the MHBios. Different latent
interference factors, including those with the same concen-
trations of HSA, BSA, CEA, glucose, T protein, glucose
oxidase, and gelatin, were investigated to express the specificity
of the MHBios (Figure 4). The response of the MHBios was

more pronounced when HSA was detected, indicating that the
MHBios has relatively high specificity for HSA detection. This
is due to the anti-HSA specificity combined with HSA
molecules produced by the surface stress of the reaction.
Because of other biological molecules and the MHBios
between physical adsorption, the reaction is relatively weak.

3.5. Stability of the MHBios. Additionally, stability, a
crucial aspect of the MHBios, was evaluated. The MHBios was
created and kept at a temperature of 4 °C. The MHBios was
used to test HSA, BSA, T protein, gelatin solution, and glucose
solution at 50 μg/mL (Figure 5). The MHBios detected the
activity of HSA through the response of chart results ΔR/R0,
which remained relatively stable during the test for a while,
indicating that the MHBios has significant stability. In

conclusion, it was anticipated that the excellent stability of
the MHBios will eventually offer an auxiliary diagnosis for
renal illness.

3.6. Selectivity of the MHBios. Evaluation of MHBios
selectivity was carried out through the detection of the
MHBios selectivity to HSA in a complex environment. The
different solutions were mixed and drip-added to the MHBios.
The MHBios was rinsed five times to get rid of any leftover
molecules after 20 min of reaction, shielding it from the
impacts of sample viscosity or proton conductivity. It is worth
noting that different signals were shown only in the solution
containing HSA. Moreover, the presence of T protein and
glucose oxidase had no obvious response to the MHBios
(Figure 6). The MHBios nonetheless retained high selectivity
for HSA detection in complicated situations as a result.

3.7. Detection of Clinical Samples. To validate the
reliability of the MHBios in complex environments, human
urine was quantified at room temperature. Samples were
provided by Shanxi Bethune Hospital. A sample of initial
human urine with various HSA concentrations was chosen and
quantified as drops onto the MHBios. The MHBios detection
performance of clinical samples is shown in Table 2 The
recovery rate of the MHBios fluctuated in the range of 87.7
and 108.8, indicating that for MHBios detection in a complex
environment, HSA has higher reliability.

Table 1. Performance Comparison of Various Biosensors for HSA Detection

material method

detection
range
(μg/mL)

LOD
(μg/mL) labels

sample
collection
time ref.

novel NiFe2O4/Paper magnetoelastic effect of NiFe2O4 nanoparticles and mechanical
properties of the paper

10−200 0.43 label-
free

immediate 4

antibody-functionalized gold
nanorods

surface plasmon resonance characteristics and sensitivity of
antibody-functionalized gold nanorods (GNRs)

30−300 1 label-
free

immediate 5

water-soluble BODIPY-based
fluorescent probe

spectral methods and molecular docking 0−8.35 50 label-
free

immediate 32

a fluorescent sensor recognized
by the FA1 site

HSA-selective light-up fluorescent sensor, DCM-ML 0−80 250 label-
free

immediate 2

MXene/PDMS/Fe3O4/AuNP
composite membrane

MHBios based on MSEC enhancement 0−50 0.078 label-
free

immediate this
work

Figure 4. Specificity of the MHBios was determined. Five parallel
experiments were carried out.

Figure 5.MHBios tested the stability of HSA at a concentration of 50
μg/mL.
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4. CONCLUSIONS
In general, the MHBios was reported to realize the effective
conversion from biological signals to surface stress and
magnetic force on MXene/PDMS/Fe3O4/PDMS composite
membranes. The coupling of surface stress and magnetic force
fundamentally improved the sensitivity of surface stress
biosensors. Additionally, it can perform sensitive HSA
detection. The PDMS membrane deforms more rapidly than
the Fe3O4 membrane under the influence of the magnetic field,
amplifying the surface stress that can be output as electrical
impulses. Therefore, multiphysical field coupling enhancement
is realized. Under the uniform magnetic field, the MHBios
showed good detection performance. The detection limit of
the MHBios without the magnetic field has been greatly
reduced thanks to the application of a multilayer hetero-
structure, where the LOD of the MHBios is 78 ng/mL.
Especially in the actual sample test, the MHBios has high
reliability, which indicates that the MHBios has a potential
application value in the auxiliary diagnosis of kidney disease.
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Figure 6. Selectivity of the MHBios: 1 stands for HSA solution; 2
represents the solution consisting of HSA and BSA; 3 represents the
solution consisting of HSA, CEA, and BSA; 4 represents the solution
consisting of HSA, gelatin, and glucose; 5 represents the whole
mixture; and 6 represents the solution consisting of T protein and
glucose oxidase. Five parallel experiments were carried out.

Table 2. Detect HSA Concentration in Human Urine

samples
original
[μg/mL−1]

found
[μg/mL−1]

recovery
[%]

SD
[μg/mL−1]

1 5.7 5.06 88.8 0.35
2 38 37.81 99.7 0.84
3 46 41.76 90.8 0.51
4 44 45.32 103.4 0.46
5 43 46.78 108.8 0.82
6 76 66.65 87.7 0.97
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