International Journal of Nanomedicine Dovepress
Taylor & Francis Group

ORIGINAL RESEARCH

LbL-Antibody Embedded Gold Mesh: An Effective
Method for Early Detection of Circulating Tumor
Cells

Rong Qin'"2, Zhihao Ma3, Chenglong Song?, Chenghong Huang®*, Zhigiang Zhu@°, Jing Yan®, Jie Wang?

'Department of Medical Oncology, Jiangsu University Affiliated People’s Hospital, Zhenjiang, People’s Republic of China; 2Zhenjiang Clinical Medical
College of Nanjing Medical University, Zhenjiang, People’s Republic of China; 3Institute for Advanced Materials, School of Materials Science and
Engineering, Jiangsu University, Zhenjiang, 212013, People’s Republic of China; *Chonggqing university of Science and Technology, Chongqing, 401331,
People’s Republic of China; >Suzhou Chien-Shiung Institute of Technology, Suzhou, 215123, People’s Republic of China; ®Holosensor Medical Ltd.,
Suzhou, 215000, People’s Republic of China

Correspondence: Jie Wang; Jing Yan, Email wangjie@uijs.edu.cn; yj@hemosmartmed.com

Introduction: The importance of early cancer diagnosis has been recognized for decades, driving the demand for technological
advancements and novel strategies for cancer detection. The conventional detection of circulating tumor cells (CTCs) often relies on
size-based separation to distinguish CTCs from other blood cells. However, this method frequently leads to significant cell congestion
and poorly recognizable fluorescent images, which inevitably reduces the sensitivity and specificity of CTC detection. Most CTC
current separation devices with a cell filtration process have a cell capture efficiency ranging from 50% to 80% in clinical application.
Methods: We constructed a flexible antibody network on the surface of gold-plated iron meshes with a pore size of 20 um using the
layer-by-layer (LbL) assembly technique. These meshes were then used to enrich MCF7 cells and CTCs in 10 clinical blood samples
from breast cancer patients.

Results and the Conclusion: This antibody network reduced the effective pore size, thereby improving both capture efficiency and
specificity for CTCs. In a cell line separation study, meshes with a trilayered antibody network demonstrated a capture efficiency of
65% compared to 26% for those with a single layer. In tests using clinical samples, the trilayered antibody network achieved 100%
accuracy, whereas the single-layer configuration only reached 40%. The multilayered antibody network shows strong potential for
enhancing widely used immunosensors.
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Introduction

Currently, cancer-related illnesses are among the most serious health challenges worldwide. Research on effective
techniques for early diagnosis and treatment is therefore critically important. The routine clinical treatment of patients
with cancer undergoing surgery, chemotherapy, and radiotherapy underestimates inter- and intra-patient heterogeneity. To
address this issue, personalized early diagnosis in precision oncology is indispensable.' Early diagnostic and prognostic

technologies are gradually shifting from conventional to more sophisticated techniques,”™

including the detection of
circulating tumor cells (CTCs).*” CTCs originate from primary tumor sites and circulate in the peripheral blood, making
them promising biomarkers for cancer diagnoses. These cells can be detected as early as 4-6 months before traditional
PET/CT imaging.® Detecting CTCs could serve as an effective early-diagnosis tool combined with conventional tumor
detection methods. CTC-based techniques are considerably less invasive and can provide valuable prognostic informa-
tion regarding treatment efficacy. However, the scarcity of CTCs presents a considerable challenge for detection
technologies, demanding high sensitivity.” '* Most current CTC separation devices rely on the size distinction between
CTCs and other cells. The process of isolating circulating tumor cells (CTCs) through filtration often leads to significant

cell congestion and yields unclear fluorescence images. These issues contribute to reduced sensitivity—typically ranging
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from 50% to 80%—and low specificity,'>'®

detection. Theoretically, too small pores used in cell filtration lead to cell clogging and reduced specificity, while overly

ultimately limiting the reliability and broader applicability of CTC

large pores result in a low sensitivity. Fixed-pore-size filters struggle to meet both demands of high sensitivity and
excellent specificity. Based on this principle, CTC sensors could be improved through the use of flexible pore structures.

In the construction of immunosensors, capture antibodies are typically immobilized using techniques such as
glutaraldehyde (Glu) cross-linking, cysteamine hydrochloride (CH), or EDC/NHS chemistry, which generally result in
the formation of a monolayer of antibodies on the immunosensor.'**° However, such a configuration inherently limits the
antibody loading capacity due to the constrained surface area. Moreover, antibodies are immobilized within nanometers
of the sensor surface, which may restrict their molecular flexibility and hinder efficient binding to target antigens.
According to previous studies, ligands featuring flexible spacer arms can enhance the mobility of immobilized antibodies,
thereby improving capture efficiency, particularly at low analyte concentration.”'

In this study, we developed a cell separation device for capturing tumor cells from peripheral blood samples using
a flexible multilayer antibody network. As illustrated in Figure 1, the device features a gold-plated iron mesh with pore
sizes of 20 um, functionalized via layer-by-layer (LbL) assembly of streptavidin and biotin-labeled antibodies. Unlike
conventional sensors with monolayer antibody coverage, this approach constructs a soft and flexible recognizing
molecules layer on the rigid mesh substrate. This flexible architecture not only enhances molecular recognition but
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Figure | Schematic of an CTCs separation platform based on LbL assembly of antibody. (a) Exploded view of the filtration unit, consisting of a gold-plated mesh secured
within a Teflon holder; (b) 3D-printed holder and its connection with a syringe pump; (c) The workflow of the Layer-by-Layer (LbL) process used to fabricate a three-
dimensional (3D) network of anti-EpCAM antibodies on the gold-coated surface.
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also effectively reduced the functional pore size during filtration. As a result, the device achieves an improved balance
between high sensitivity and specificity in circulating CTCs detection.

Materials and Methods
Biotin-labelled HS-PEG(5000) was purchased from Ponsure Biotechnology Co., Ltd. (China). TCEP and streptavidin were
purchased from Sigma-Aldrich company (USA). Biotin-labelled anti-EpCAM antibody was purchased from BioLegend
(USA). All other chemicals were of analytical grade and all aqueous solutions were prepared using deionized water.
ImM Tris (2-carboxyethyl) phosphine (TCEP) solution was prepared by dissolving 0.5 mg TCEP powder in 1.75mL
PBS. HS-PEG(5000)-biotin powder was dissolved in TCEP solution to obtain a 1mM HS-PEG(5000)-biotin solution.
HS-PEG(5000)-biotin solution was then added onto the gold surface of the Quartz Crystal Microbalance (QCM) chip and
incubated at room temperature for more than 10 h. Anti-human 326 (EpCAM), anti-Pan-CK, and anti-CD45 antibodies
were purchased from BioLegend (San Diego, CA, USA), and DAPI was purchased from Merck (Darmstadt, Germany).
Blood samples of breast tumor patients were from Jiangsu University Affiliated People’s Hospital. All procedures
performed in studies involving human participants were in accordance with the ethical standards of the institutional
research committee and the 1964 Helsinki Declaration and its later amendments. The study protocol was approved by the
Ethics Committee of Jiangsu University Affiliated People’s Hospital (Approval No. K-20240039-W).

Preparation of Anti-EpCAM Antibody on Gold Surface

We constructed different layers of anti-EpCAM antibodies through the interaction of streptavidin and biotinylated anti-
EpCAM antibodies. First, the HS-PEG(5000)-biotin solution was added to the gold surface and incubated for
10 h. 0.5 mg/mL streptavidin solution and biotin labelled anti-EpCAM antibody solution (=33 pmoL/L) were succes-
sively incubated with the gold surface for 1 h to establish a single layer of the antibody. Finally, the gold surface was
rinsed with PBS solution for 10 min. To construct multilayers of antibodies on the mesh, incubations with streptavidin
solution and biotin-labelled antibodies were repeated alternately for three cycles, as illustrated in Figure 1.

Cell Culture Studies Using MCF-7 Cells

The MCF-7 cells were purchased from National Collection of Authenticated Cell Cultures (Shanghai, China) and
cultured under well-known conditions. The basic medium for MCF-7 cells was MEM supplemented with 10% fetal
bovine serum (FBS) and a combination of penicillin and streptomycin. MCF-7 cells were prestained with the intracellular
fluorescent dye CFSE to simplify their counting.

Quartz Crystal Microbalance Measurement

QCM experiments were performed using Qsense E4 (Biolin Scientific, Sweden). In off-line experiments, QCM chips were
placed in a 24-well microplate and incubated in 500uL of 0.5 mg/mL streptavidin solution and 10uL biotin-labelled anti-
EpCAM antibody solution alternately to construct a single layer (single-cycle) or multilayer (multi-cycle) antibody assembly.
The resonant frequency in air was recorded and analyzed before and after the LbL assembly. Antibody-modified QCM chips
were used to capture MCF-7 cells, and the resonant frequency in air was recorded. In the online experiments, the QCM chips
were mounted into a QCM chamber and the corresponding frequency change was monitored online.

Atomic Force Microscopy

Atomic force microscopy (AFM) images were obtained using a Multimode 8 apparatus (Bruker, USA) in the tapping
mode with silicon cantilevers purchased from Olympus. The resonant frequency was set to 300kHz and the scan
frequency was set to 1 Hz. The resolution of the AFM images was set at 512 x 512 pixels. Gold surfaces covered by
a single layer and a three-layer anti-EpCAM antibody were characterized by AFM in air.

Electrochemical Measurement
Electrochemical measurements were performed on a Chenhua electrochemical workstation (CHI660E) with SmM Kj
[Fe(CN)s/K4[Fe(CN)g] as the redox probe in a 0.1M KClI solution. A traditional three-electrode system was employed,
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consisting of a gold electrode as the working electrode, Ag/AgCl electrode as the reference electrode, and platinum wire
electrode as the counter electrode.

All working electrodes were immersed in piranha solution (70% concentrated sulfuric acid and 30% H,0,) for 30 min
and then washed with distilled water. After that, the electrodes were polished with 0.3um and 0.05pum alumina and then
sonicated in ethanol and deionized water in sequence. After drying with nitrogen, the electrodes were placed in a freshly
prepared 0.5M sulfuric acid solution. Cyclic voltammetry (CV) and Electrochemical impedance spectroscopy (EIS)
curves were recorded with the voltage shifting from —0.4V to 1.6V.

Cell Enrichment Studies Using the Gold Meshes Modified with Anti-EpCAM Antibody
A gold-plated iron mesh was used for the enrichment of MCF-7 cells. An LbL-assembled 3D anti-EpCAM antibody network
was constructed on the gold surface of meshes and subsequently used to capture MCF-7 cells from Jurkat cells, which served
as the background cells. To test the efficacy of the CTC platform, 200 pL (100,000 cells/mL) of a cell suspension containing
20,000 CFSE-labeled MCF-7 cells was processed through meshes at a rate of 25 uL/min and counted. To capture trace cells,
100 CFSE-labeled MCF-7 cells were captured and compared based on a single-layer antibody-functionalized mesh and
a trilayer antibody-functionalized mesh. A mixture of 18 MCF-7 cells (EpCAM-positive) and 5106 Jurkat cells (EpCAM-
negative) was pushed through the meshes modified with different layers of anti-EpCAM antibody. MCF-7 and Jurkat cells
captured on the meshes were immunostained successively with anti-pan-CK, anti-CD45 antibodies, and DAPI solution.

Circulating Tumor Cells Detection from the Clinical Samples

About 12 mL peripheral blood samples from 10 breast cancer patients were collected with Clinical characteristics of the patients
included in Table S1 of supporting information. Peripheral blood mononuclear cells (PBMC) were obtained after processing by
typical density gradient centrifugation. Subsequently, cells were pushed through a gold mesh for CTCs detection.

Results and Discussion

It is well known that the low abundance of CTCs and the interference from millions of peripheral blood mononuclear
cells (PBMCs) in blood samples are the main challenges for CTC-based techniques. These challenges often lead to cell
congestion at the filtration pores of size-based devices. Consequently, high specificity in such devices is usually
accompanied by low CTC capture efficiency. Theoretically, flexible pore structures can expand under pressure, allowing
PBMC:s to pass through more readily than rigid pores of the same size. This deformability helps minimize clogging and
enables high specificity while maintaining high CTC capture efficiency. Moreover, the soft and flexible nature of such
pores helps to preserve the integrity of captured cells, reducing the risk of membrane damage.

As shown in Figure 1c, a flexible 3D antibody film was fabricated on gold-plated iron meshes using a LbL assembly
approach based on streptavidin—biotin interactions. This design increases the loading capacity of capture antibodies and
provides greater spatial flexibility. The modification process began with the self-assembly of HS-PEG(5000)-biotin on
the gold substrate, followed by iterative incubation with streptavidin and biotin-labeled anti-EpCAM antibody to form
a multilayered architecture. The anti-EpCAM antibody was used as the capture antibody for CTCs. The performance of
this CTC separation platform was evaluated using both MCF-7 cell line and clinical blood samples.

The QCM is a well-known mass sensor based on the piezoelectric effect. The resonance frequency of the QCM
decreases as the mass on the sensor surface increases. In liquid environments, the viscoelastic properties and thickness
changes of analytes layers can be analyzed by simulation using the Voigt model. In this study, the QCM was used to
monitor the construction of an antibody network via LbL assembly. The LbL process was first investigated offline in air.
The frequency shift at the third overtone (AF;) was recorded to analyze the formation of the anti-EpCAM antibody.
Streptavidin, which forms a tetramer capable of binding up to four biotin molecules, theoretically enables an increase in
antibody immobilization with each added layer. The AF; difference induced by immobilizing a single layer and a three-
layer antibody in air was 1840 Hz (F; was 14983310 Hz and 14985158 Hz for a single and three-layer antibody,
respectively). According to the Sauerbrey Equation, which relates resonant frequency shift to mass change on the QCM

22,23 1

crystal surface, the mass sensitivity for a 5 MHz fundamental frequency crystal is —17.7 ng cm > Hz '. Using
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Equation (1), a frequency shift of 1840 Hz corresponds to a mass change of 10.9 pug/cm 2 on the QCM chip surface,
which confirms the enhanced antibody immobilization by LbL multilayer assembly.

—C X Af/n @)
Subsequently, the LbL assembly process of the antibody in the liquid was monitored in real time. As shown in Figure 2a,
the immobilization of a single antibody layer on the QCM chip resulted in a frequency shift of 33.8 + 2.5 Hz.
Streptavidin and anti-EpCAM antibody solutions were then pumped into the QCM chamber iteratively three times to
form a three-layer assembly. As shown in Figure 2b, the stepwise changes in both resonant frequency and energy
dissipation curves indicated the successful construction of the multilayer antibody architecture through repetitive
streptavidin—biotin interactions. The frequency shift for a three-layer antibody assembly was 78.2 + 5.8 Hz, much higher
than that of a single layer of antibody. To evaluate capture performance, a mixed cell suspension containing MCF-7 and
Jurkat cells was pumped into the chamber. As shown in Figure 2c—d, the frequency shifts induced by cell capture were
3.8 + 2.5 Hz for the single-layer antibody and 16.2 + 5.8 Hz for the three-layer system, indicating enhanced MCF-7
capture with the multilayer assembly. The energy dissipation signals further revealed a stronger modulation of substrate
viscoelasticity by cells captured with the three-layer antibody, suggesting the presence of a larger number of cells and
possibly a thicker cellular layer on the surface. In conclusion, QCM analysis suggests that the LbL-assembled multi-
layered antibody network captured more MCF-7 cells compared to the single-layer configuration.

(a ) SEgteney ( b ) 3 | - E;e;;engi);sipation
- - - Dissipation cycles . i i y : -
N T SH-PEGBiotin " T T — 15 a ol st-PEG-Biotin PBS, | Streptavidin L30 ©
T N : N
1 = 304 1 L2s T
20 E 102 30 I c
E 40 1, Streptavidin -8 N .60 - Biotin-antibody 20 %
;’ ;Biotin-antibody |5 g_ 1:/ ; . ¥Streptavidin 15 .&
B -901 n
o -60 % Qm = : : ;Biotin—antibody K%]
Lé 5 LI<_] 120 1 : streptavidin 10 O
-120- 1
-80 0 > 1 1 BifirTantibofly 3
o2 ! o SdCels [0 o
5 1504 1 ! 3]
-1004 c ! Lo LICJ
: : . . . .5 W -1804+— . . . ;
0 5 10 15 20 25 0 5 10 15 20
Time (hour) Time (hour)
( C ) e Erequency ( d ) — Efequensy
- - - Dissipation 3 cycles —— Energy Dissipation
- T T 1 _ —_
40 Streptavidin S 6 90 T T T 1 g «?
: Biotin-antibody ] L
i W =
] r 10 Ser? c
N 60+ E 5 T 1201 :Biotin-antibody -6 ‘%
T : T < ; 2
o VoL 5 2 o '  Cells Lg @
~ 1 n = ] ! R
(ThE - N7 TR i @
S -80- 5 A 5 -150- ~
VL ' Cells L0 3 2 B
v (O]
o D
c
-1001 , , -5 W -180 4 : T T —-0
15 20 25 17 18 ] 19 20 21
Time (hour) Time (hour)

Figure 2 Resonant frequency and energy dissipation curves for (a) formation of a single antibody layer; (b) formation of a three-layer antibody assembly; (c) cell capture by
a single antibody layer; (d) cell capture by a three-layer antibody. The red and black colored dotted arrows with text indicated the addition of streptavidin and biotinylated

antibody respectively, during the LbL assembly process.
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AFM was used to characterize the morphology of the assembled anti-EpCAM antibody layers. As shown in Figure 3, height
measurements of the bare gold substrate (2.7 = 0.3 nm), a single antibody layer (8.8 + 2.5 nm), and a three-layer antibody
assembly (14.4 + 3.7 nm) confirmed the successful construction of LbL film on the surface. Furthermore, AFM topographical
analysis in Figure 3b reveals distinct morphological transitions: single-layer antibodies form a sparse network of interconnected
fibrillar structures, whereas the three-layer assembly produces a continuous and densely packed film on the gold substrate.

The LbL assembly process and its effect on cell capture performance were further investigated by EIS measurements.
As shown in Figure 4a, the electron transfer resistance (Ret) gradually increased during the LbL assembly of antibodies
on the gold electrode surface, which was consistent withthe assumption that the deposition of biomolecules hindered
electron transfer to the electrode. As shown in Figure 4b, a significant increase in Ret was observed after the formation of
the first antibody layer. The impedance showed a gradual increase from the formation of the first, second, and third
antibody layers, suggesting the successful stepwise assembly of the multilayered structure. The cells captured on the
electrode surface with two or three antibody layers induced impedance increment of 3.39 x 10° Q and 5.55 x 10° Q,
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Figure 3 AFM images of (a) bare gold surface; (b) gold substrate modified with a single-layer of anti-EpCAM antibody; (c) gold substrate modified with a three-layer of anti-
EpCAM antibody. The white dotted lines indicate the location of height profiles.
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Figure 4 (a) EIS curves and (b) R, value for gold electrodes modified with varying numbers of anti-EpCAM antibody layers, before and after cell capture.
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respectively. These electrochemical measurements indicated that the multilayered anti-EpCAM antibody enhanced the
cell capture performance compared with the single-layer antibody.

A cell mixture containing target MCF-7 and Jurkat cells was employed as a model for CTCs and white blood cells,
according to previous CTC studies.>**> A three-layer anti-EpCAM antibody network was immobilized onto gold-plated
iron meshes with a pore size of 20 um (Figure 1) to separate MCF-7 cells (EpCAM-positive) from Jurkat cells (EpCAM-
negative). As illustrated in Figure 1, the iron meshes were secured in a 3D-printed teflon holder and connected to
a syringe. Prior to capture, MCF-7 cells were prestained with intracellular fluorescent dye CFSE to facilitate cell counting
and efficiency calculation. Under continuous flow conditions (25 pL/min), a suspension of CFSE-labeled MCF-7 cells
(200 pL, 100,000 cells/mL) was processed through the functionalized meshes. The typical cell fluorescent images are
shown in Figure 5a, and capture efficiency of 69.8 £ 2.1% was achieved. Figure 5b—c further demonstrates the
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Figure 5 Evaluation of cell capture performance. (a) Fluorescent images 10,000 CFSE-prestained MCF-7 cells captured on the functionalized mesh; Fluorescent images of
100 CFSE-prestained MCF-7 cells captured using a single-layer (b) and a three-layer (c) antibody-functionalized mesh; (d) Immunostaining of captured MCF-7 cells (spiked
into Jurkat cell background) with anti-pan-CK, anti-CD45, and DAPI; (e) Enumeration of captured and immunostained CTCs on meshes functionalized with different
numbers of antibody layers; (f) Capture of CTCs from clinical patient samples using meshes modified with one-, two-, or three-layer antibody assemblies. CTC counts are
represented by gray, black, and red bars, respectively.
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performance of the trilayer antibody-modified platform in capturing 100 CFSE-labeled MCF-7 cells. The trilayer
antibody-functionalized mesh captured 65 + 8 cells compared with 26 + 4 cells using a single-layer antibody system.
Next, a cell mixture containing 18 MCF-7 cells and 5 x 10° Jurkat cells was processed through the platform, followed by
in situ immunostaining with anti-pan-CK, anti-CD45 antibodies, and DAPI (Figure 5d). The immunostaining image
showed successful identification of MCF-7 cells (pan-CK +, CD45 —, DAPI+). As shown in Figure Se, the trilayer
antibody-functionalized mesh captured 12 + 3 cells, whereas the single-layer antibody system captured 5 + 1 cells. The
results demonstrated that the capture efficiency was enhanced by more layers of antibody assembly, due to higher
antibody density and improved structural flexibility. The performance of this LbL-based CTCs sensor was compared with
other technologies for CTC enrichment in Table S2 in supporting information.

Finally, multilayered antibody-functionalized meshes were used to capture CTCs from blood samples of breast tumor
patients at Jiangsu University Affiliated People’s Hospital. We collected 12 mL of blood from 10 patients with breast
cancer and used meshes functionalized with one, two, or three layers of anti-EpCAM antibody to capture CTCs. As
shown in Figure 5f, the numbers of CTCs captured by meshes with three, two, and one antibody layers are represented by
red, black, and gray bars, respectively. Quantitative analysis revealed an enhancement in CTC capture efficiency with
a trilayer antibody network compared with monolayer systems. Clinically significant detection was achieved exclusively
by the trilayer functionalized meshes for all the patients, while monolayer counterparts showed 4 successful capture.
These results established a direct correlation between the antibody network and clinical detectability.

Conclusion

In conclusion, we have developed a CTC separation platform based on gold-coated iron meshes functionalized with
a multilayered antibody network. This multilayer architecture demonstrated the potential to enhance CTC capture
efficiency. In tests using clinical samples, the three-layer antibody network achieved nearly 100% detection accuracy,
compared to only 40% with a single-layer configuration. As the number of antibody layers increases, the resulting
antibody network becomes both thicker and more flexible, contributing to improved capture performance. However, the
number of layers may need further optimization, since excessively thick films may detach from the substrate. This
multilayer antibody strategy shows potential for application in other immunosensor platforms.
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