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Purpose: Fetal nucleated red blood cells (fNRBCs) in the peripheral blood of pregnant women contain comprehensive fetal genetic
information, making them an ideal target for non-invasive prenatal diagnosis (NIPD). However, challenges in identifying, enriching,
and detecting fNRBCs limit their diagnostic potential.

Methods: To overcome these obstacles, we developed a novel biomimetic chip, replicating the micro-nano structure of red rose petals
on polydimethylsiloxane (PDMS). The surface was modified with gelatin nanoparticles (GNPs) and affinity antibodies to enhance cell
adhesion and facilitate specific cell identification. We subsequently investigated the chip’s characteristics, along with its in vitro
capture and release system, and conducted further experiments using peripheral blood samples from pregnant women.

Results: In the cell line capture and release assay, the chip achieved a cell capture efficiency of 90.4%. Following metalloproteinase-9
(MMP-9) enzymatic degradation, the release efficiency was 84.08%, with cell viability at 85.97%. Notably, {NRBCs can be captured
from the peripheral blood of pregnant women as early as 7 weeks of gestation. We used these fNRBCs to diagnose a case of single-
gene disease and instances of chromosomal aneuploidies, yielding results consistent with those obtained from amniotic fluid punctures.
Conclusion: This novel chip not only enables efficient enrichment of fNRBCs for NIPD but also extends the diagnostic window for
genetic and developmental disorders to as early as 7 weeks of gestation, potentially allowing for earlier interventions. By improving
the accuracy and reliability of NIPD, this technology could reduce reliance on invasive diagnostic techniques, offering a new pathway
for diagnosing fetal genetic conditions in clinical practice.

Keywords: non-invasive prenatal diagnosis, fetal nucleated red blood cells, nanostructure microchip, chromosomal aneuploidy,

monogenic disease

Introduction

Birth defects are a significant cause of early newborn mortality and chronic illness’, primarily attributed to chromosomal
or genetic abnormalities.” These conditions place a heavy burden on affected families and society, highlighting the
importance of prenatal testing in reducing the incidence of birth defects. Traditional prenatal diagnostic methods, such as

International Journal of Nanomedicine 2024:19 13445-13460 13445
Received: 31 July 2024 © 2024 Li et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
Accepted: 4 December 2024 AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Published: 17 December 2024


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Li et al Dove

chorionic villus sampling and amniocentesis,” rely on the analysis of fetal materials. However, these invasive procedures
carry an increased risk of miscarriage and impose psychological stress on pregnant women.* Furthermore, these
techniques are unsuitable for women with blood type incompatibilities, infections, or bleeding disorders.”” As
a result, the development of non-invasive prenatal diagnostic (NIPD) methods has become a key area of research.

Currently, fetal chromosomal and genetic abnormalities are screened using cell-free fetal DNA (cffDNA).® However,
because cffDNA originates from the placenta, it can be affected by placental mosaicism, leading to discordant results.”'
Additionally, due to the fragmented nature of cffDNA, complex mutations in homologous genomic regions may not be
detectable."' By contrast, circulating fetal cells in maternal blood and exfoliated fetal cells in the maternal vagina—
primarily fetal nucleated red blood cells (fNRBCs) and trophoblast cells—offer greater potential for NIPD.'? Although
trophoblast cells also originate from the placenta, they contain a complete fetal genome and have shown significant
promise in clinical research.'*'* This study focuses on fNRBCs as the target cells, primarily because they are of fetal
origin and thus avoid inconsistencies caused by placental mosaicism. fNRBCs offer several advantages for prenatal
diagnosis: (1) They are continuously present in maternal blood throughout pregnancy;' (2) After delivery, they are
cleared from the maternal circulation, so cells from previous pregnancies do not interfere with results;'® (3) They carry
the complete fetal genetic profile, making them ideal for diagnosing chromosomal and genetic disorders; (4) Their
numbers are unaffected by maternal body mass index (BMI);'” and (5) They possess specific markers that facilitate cell
sorting.'®!? Despite these advantages, fNRBCs are scarce in maternal circulation, driving research efforts to develop
highly sensitive and specific enrichment methods for downstream analysis.

To date, various techniques for separating fNRBCs have been explored, including density gradient centrifugation®’
(DGC), fluorescence-activated cell sorting”' (FACS), and magnetic activated cell sorting® (MACS). DGC typically
yields cells with low purity, while FACS requires advanced equipment and significant volumes of maternal peripheral
blood. In MACS, magnetic particles can remain attached to the cells, potentially interfering with subsequent analyses.
Consequently, there is ongoing research into chip technology for fNRBCs isolation. The microfluidic chip®® technique
sorts cells by implementing multiple reaction protocols on the chip based on the cells’ characteristics. However, the
complex material production processes and cumbersome experimental protocols hinder its widespread use for fNRBCs
sorting. Recently, researchers have developed nanomaterials with multivalent activities and high affinities, capable of
enriching fNRBCs by modifying the surfaces of nanoscale chips and microspheres.**>* The construction and modifica-
tion of these nanomaterials can significantly enhance capture efficiency. Nevertheless, non-specific adsorption of other
cells poses a considerable challenge to the complete isolation and identification of fNRBCs.

Nanostructured biological surfaces facilitate numerous cellular functions, including recognition, adhesion,?® proliferation,
and interaction.*® Previous studies have shown that micro-nanostructures can dramatically enhance cell capture ability compared
to traditional plate substrates by strengthening local interactions between the substrate material and the filopodia and microvilli on
the cell surface.®’ Furthermore, micro-nanostructures increase the surface area available for antibody binding, thereby enhancing
the rate of antibody attachment to membrane receptors and improving cell capture effectiveness. Additionally, these structures
can create a more favorable environment for cell survival. This suggests that biological interfaces for target cells may be
developed by integrating surface chemistry with nanostructures to promote efficient cell-material interactions. Although some
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studies have synthesized multi-layer composite materials using chemical techniques, these processes tend to be complex.

Nature offers a powerful source of inspiration for materials design, having produced many sophisticated multi-layer composite

37 and

structures with remarkable performance, enabling various complex functions*>—such as cellulose, chitin,36 lotus leaves,
rose petals. Drawing from these biomimetic hierarchical designs, materials scientists have developed various sustainable, multi-
level composite nanostructure materials using simplified preparation processes.

Prior studies have examined the microcapillaries and nanoscale epidermal folds on the surfaces of red rose petals. The
integration of micro-nanostructures enhances cell adhesion to the surface, while the micropapillary system conforms to
cell curvature, facilitating cell accommodation.*® With a micropapillary diameter of approximately 20-30 pm—compar-
able to that of fNRBCs—red rose petals promote cell attachment.** Consequently, we selected red rose petals as the
template for this investigation. Additionally, the nanoscale folds of the microstructure encourage the expansion of cell
pseudopodia. Polydimethylsiloxane (PDMS) was chosen as the substrate due to its non-toxic nature, ease of shaping, and

mechanical properties akin to the extracellular matrix. Gelatin nanoparticles (GNPs), a natural protein characterized by
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Figure 1 Overview of the preparation, characterization, and application of GNPs-rPDMS for fetal cell isolation and genetic diagnosis. The red rose petal structure is
replicated onto polydimethylsiloxane (PDMS) to create reverse PDMS (rPDMS). This surface is further modified with gelatin nanoparticles (GNPs) to enhance cell capture
efficiency. Fetal nucleated red blood cells (fNRBC:s) are identified through immunofluorescence and fluorescence in situ hybridization (FISH). The enriched cells are applied
for FISH, quantitative fluorescence polymerase chain reaction (QF-PCR), Sanger sequencing, and whole-exome sequencing (WES) to enable genetic diagnosis.

excellent biocompatibility, high cell affinity, and biodegradability, were utilized to create multifunctional nanofacials for
fNRBCs isolation. The GNPs-based nanointerface rapidly responds to the matrix metalloproteinase-9 (MMP-9) enzyme,
enabling partial enzymatic degradation of the GNPs layer on the chip, which facilitates the release of adhered cells.*’

In this study, we present a novel non-invasive, cell-based prenatal diagnostic system designed to provide comprehensive
fetal samples for the detection of fetal chromosomes and genetic diseases. We developed a bionic micro-nano hierarchical
composite structure chip by modifying GNPs and biotinylated anti-CD147 antibodies on a concave PDMS scaffold, referred
to as GNPs-rPDMS. Leveraging the complementary effects of physical terrain interactions and molecular recognition, this
chip effectively captures fNRBCs. We conducted a series of studies to evaluate the cell capture and release capabilities of the
chip, as well as the diagnostic potential of peripheral blood fNRBCs in pregnant women. To provide a visual summary of our
experimental workflow, we present a flowchart in Figure 1. We believe this study will provide valuable guidance for the
enrichment and analysis of fNRBCs, offering novel insights into non-invasive prenatal diagnosis.

Material and Methods

Materials

The polydimethylsiloxane (PDMS) and curing agent were obtained from Momentive (Waterford, NY, USA). Lymphocyte
separation medium (LSM), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), N-hydroxysuccinimide (NHS),
(3-aminopropyl) triethoxysilane (APTES), paraformaldehyde (PFA), Triton X-100, bovine serum albumin (BSA), gelatin
(Type B, 225 Bloom), glutaraldehyde solution, and matrix metalloproteinase-9 (MMP-9) were sourced from Sigma-
Aldrich (St. Louis, MO, USA). Anti-fluorescence quenching edge sealing solution (containing 4.6-diamidino-2-pheny-
lindole dihydrochloride) was purchased from Beyotime Biotechnology (Shanghai, China). Streptavidin was acquired
from Invitrogen (Carlsbad, CA, USA), while biotinylated anti-CD147 was obtained from R&D Systems (Minneapolis,
MN, USA). Phycoerythrin (PE)-mouse anti-human fetal hemoglobin antibody was procured from BD Biosciences
(Franklin Lakes, NJ, USA), and fluorescein isothiocyanate (FITC)-anti-human GPA antibody and thGM-CSF were
obtained from Proteintech (Wuhan, China). PRMI-1640 and 100% penicillin/streptomycin were sourced from Procell
(Wuhan, China). Fetal bovine serum was purchased from Biological Industries (Kibbutz Beit Haemek, Israel).
Fluorescein diacetate (FDA) and propidium iodide (PI) were obtained from Solarbio (Beijing, China). The MALBAC

single-cell whole genome amplification kit was obtained from Yikon Genomics (Suzhou, China), while the Short Tandem
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Repeat detection kit and the fluorescence in situ hybridization detection kit were both acquired from Microread (Beijing,
China) and LBP (Guangzhou, China), respectively.

Synthesis and Activation of GNPs
To prepare the gelatin solution,*' 0.625 g of Gelatin Type B was dissolved in 12.5 mL of deionized DI water at 50 °C.
The solution was kept heated while 12.5 mL of acetone was added and stirred. After allowing the mixture to settle, the
supernatant was removed, and an additional 12.5 mL of DI water was added to redissolve the gelatin at 50 °C. The pH
was adjusted to 10, and acetone was added until the solution turned turbid. Subsequently, 1 mL of 2.5% glutaraldehyde
was added slowly, and the mixture was stirred at room temperature for 16 hours. The gelatin nanoparticles (GNPs) were
purified by centrifugation three times, redispersed in DI water, and stored at 4 °C.

Before use, the GNPs were thoroughly washed with DI water and 0.1 M MES solution, then activated in a 0.1
M MES solution containing EDC (4 mg/mL) and NHS (6 mg/mL) for 30 minutes.

Preparation of GNPs-rPDMS

The red roses (Rosa carolina) used in this study were procured from a local florist in Wuhan, China, as cut flowers, which
were immediately transported to the laboratory for subsequent experiments. No specific permissions were required for the
purchase of these commercially available plants, commonly cultivated for decorative purposes. In this study, the reverse
pattern of red rose petals was replicated on PDMS. The PDMS elastomer and curing agent were mixed in a 10:1 ratio,
degassed, and poured over fresh red rose petals. After curing at 70 °C for 2 hours, the red rose petals were completely
removed.*® The resulting chip was washed and baked at 80 °C for 1 hour. Next, the chip was treated with O, plasma for
3 minutes and immersed in a 5% APTES solution in ethanol at room temperature for 1 hour, followed by three washes with
ethanol. Subsequently, the activated GNP solution (2 mg/mL) was incubated on the chip for 1.5 hours, allowing GNPs to
modify the chip surface. Finally, the chip was treated with 50 pg/mL streptavidin in PBS solution at 4 °C.

Before use, the prepared chip was washed three times with PBS at room temperature, and surface moisture was
slightly removed. Subsequently, the surface was modified with biotinylated anti-CD147 antibody for 2 hours. Following
the cleaning of the uncombined antibody, the experiment commenced.

Characterization of GNPs-rPDMS
The size of the GNPs was measured using dynamic light scattering (DLS; Malvern Zetasizer Nano 266 ZS90) and

scanning electron microscopy (SEM; Zeiss, 264 Sigma 300). The zeta potential of GNPs was also determined by DLS,
while SEM provided insights into the morphology of GNPs-rPDMS.

TF-1 Cell Culture, Capture and Release Assays

The nucleated erythrocyte cell line (359057, TF-1) was obtained from BNCC. TF-1 cells were maintained in RPMI-1640
medium supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin, and 2.5 ng/mL rhGM-CSF, under an
atmosphere of 5% CO, at 37°C.

For the cell capture assay, 10* cells were stained with FDA and placed on the chip surface. After varying incubation
times, non-specifically adsorbed cells were washed away with PBS. The cells were then photographed under
a fluorescence microscope (IX-81, Olympus, Japan) and counted using Image-Pro Plus.

In the cell release assay, the chip was placed in a 12-well plate, and 0.1 mg/mL MMP-9** was incubated on the chip
surface for different durations to degrade GNPs. The resulting suspension was gently shaken and removed. Cells were
stained with FDA and PI for 5 minutes and observed under a fluorescence microscope to evaluate cell activity. The
calculation formula applied is as follows:

Number of capture cells

Capt ffici =
apture cHiclency Number of spiked cells
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. Number of capture cells — Number of remained cells
Release efficiency =

Number of capture cells

Cell viability Number of alive cells

Number of total stained cells

fNRBCs Capture, Immunofluorescence Staining and Release Assays

This study was conducted in accordance with the Declaration of Helsinki and approved by the Medical Ethics Committee
of Zhongnan Hospital of Wuhan University (ethical number: 2021127). Informed consent was obtained from all
participants, including pregnant women undergoing routine medical testing at the hospital. Each participant received
a thorough explanation of the study, and written informed consent was obtained before commencement. The consent
process was conducted by trained research staff in a private setting, allowing participants to ask questions and seek
clarifications. Blood samples were collected as part of routine medical examinations, with no additional procedures or
burdens imposed on the participants. To ensure confidentiality and privacy, all personal identifiers were removed from the
dataset, and samples were assigned unique identifiers. Access to the data was restricted to authorized personnel only, and
all data were securely stored in accordance with the policies of Zhongnan Hospital of Wuhan University. Blood samples
were collected from 28 pregnant women at 5-24 weeks of gestation (n = 28), with each woman providing 2 mL of blood
in a K2-EDTA tube. Samples were stored at 4°C, transported to the laboratory in frozen packaging, and processed within
6 hours. The pre-processing of blood samples adhered to the LSM protocol. An equal volume of PBS was mixed with the
blood, resulting in the formation of a distinct red-white interface on the surface of the LSM. Following centrifugation at
1500 rpm for 30 minutes, four liquid layers were obtained, with the second layer comprising the mononuclear cells
containing fNRBCs. The cell suspension was then applied to a chip modified with a biotinylated anti-CD147 antibody.
Capture and release assays for fNRBCs were conducted under optimal conditions established through assays in cell lines.
After 60 minutes of capture, the cells were fixed with 4% PFA, permeabilized with 0.5% Triton X-100, and blocked with
5% BSA. The chip was then incubated with a fluorescent antibody diluent containing PE-labelled anti-human fetal
hemoglobin, FITC-labelled anti-GPA, and Cy5-labelled anti-CD45 for 2 hours. DAPI, combined with an anti-fluorescent
quenching agent, was applied for 10 minutes. Before downstream analysis, samples were incubated with 0.1 mg/mL
MMP-9 for 30 minutes and stored at —20 °C, to be processed within 1 month of collection.

Fluorescence in situ Hybridization Analysis

FISH analysis was performed using a prenatal chromosome number detection kit. The fNRBCs were fixed onto slides
with a mixture of methanol and acetic acid (3:1), digested with 0.01% pepsin for 10 minutes at 37°C, and dehydrated
through a gradient of ethanol (70%, 85%, and 100%). Following dehydration, fluorescent probes specific for CSP 18/X/Y
or CSP 13/21 were applied to the slides. Hybridization occurred at 85°C for 2 minutes, followed by a 2-hour incubation
at 45°C in a humidified chamber. After hybridization, slides were washed with 2x SSC buffer at 45°C and dehydrated
through the ethanol series. DAPI was used for nuclear counterstaining. The cells were observed and photographed under
a fluorescence microscope, and hybridization signals were analyzed for chromosomal abnormalities.

Detection of Short Tandem Repeat Loci Using Quantitative Fluorescence Polymerase

Chain Reaction

Whole genome amplification* (WGA) of fNRBCs was conducted using the MALBAC WGA kit. Maternal genomic
DNA (gDNA) was extracted from peripheral blood using a TTANGEN genomic DNA kit. The concentration and quality
of the DNA were measured with a NanoDrop 2000 (Thermo Scientific, US). Twenty-one human STR loci from maternal
DNA and fNRBCs were analyzed: D19S433, D5S818, D6S1043, AMEL, D3S1358, D7S820, D16S539, CSF1PO, Penta
D, D2S441, D8S1179, vWA, TPOX, Penta E, THO1, D12S391, D2S1338, FGA, D21S11, D18S51, and D13S317. PCR
products were analyzed using an ABI 3730x] Genetic Analyzer (Thermo Fisher Scientific, USA), with results identified
using GeneMapper 4.2 (Applied Biosystems Inc., Thermo Fisher Scientific).
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Sanger Sequencing

For Sanger sequencing, the genotypes of 10 random single nucleotide polymorphism (SNP) loci from 10 chromosomes
and one pathogenic SNP locus from chromosome 16 were determined. Gene amplification was performed using an ABI
PCR thermocycler with 50 ng of WGA product. The amplified products were purified through 1% agarose gel
electrophoresis and analyzed using an ABI Genetic Analyzer 3730xl.

Whole-Exome Sequencing Analysis of Samples

Whole-exome sequences (WES) were efficiently enriched from genomic DNA using the Agilent liquid capture system,
and the DNA libraries were sequenced on the Illumina platform. Valid sequencing data were then mapped to the
reference genome (Hgl9).

Statistical Analysis

All experimental data were statistically analyzed using GraphPad Prism 9.0 software. Data are presented as mean =+
standard deviation (mean + SD). Each experiment was repeated at least three times to ensure the reliability of the results.
For the comparison of capture efficiency, release efficiency, and cell viability under different incubation times, a one-way
analysis of variance (ANOVA) was conducted, followed by Tukey’s post hoc test for pairwise comparisons. This
statistical approach was used to determine whether there were significant differences between experimental groups,
with a significance level set at p < 0.05.

Results
Characterization and Optimization of GNPs-rPDMS

The mechanism of cell capture and release is illustrated in Figure 2. The chip’s biomimetic red rose petal surface is
grooved to a size that maximizes contact with cells, enhancing capture efficiency. The incorporation of GNPs increases
the substrate’s structural hierarchy and roughness. Their nanoscale dimensions complement the microvilli and filamen-
tous pseudopods on the cell surface, promoting adhesion. The chips were modified with a biotinylated anti-CD147
antibody for the identification and capture of fNRBCs.** Moreover, MMP-9 was employed to dissolve GNPs, facilitating
the release of fNRBCs from the GNPs-rPDMS.***

In this study, a cell enrichment system was developed using soft lithography technology. The assembly and
performance of the chip are influenced by various parameters, including the size and stability of GNPs, as well as
capture and release times. Dynamic light scattering (DLS) results provided detailed data on the diameter distribution of
GNPs (Figure 3A), revealing an average size of approximately 174.3 nm and a zeta potential of —29.7 mV, confirming
their stability (Figure 3B). The morphology of the GNPs was visualized through scanning electron microscopy (SEM)
(Figure 3C), demonstrating that their structure met the experimental requirements.****® Additionally, photographs of the
GNPs-rPDMS chip provided an overview of its physical dimensions (Figure 3D). The transparent characteristics of the
captured cells enhance analysis. Due to the high biocompatibility and enzymatic breakdown capabilities of GNPs, they
were modified on the chip surface to improve cell-substrate affinity and facilitate the release of target cells. As shown in
Figure 3E, the SEM images, the GNPs-rPDMS exhibited densely arranged cavities on the chip surface with diameters of
approximately 20—30 pm, indicating the successful acquisition of a biomimetic red rose petal structure.*” The rough and
granular surface of each groove confirms the attachment of GNPs.

We investigated whether the concave, multi-layer structure of the chip could enhance cell capture performance. The
effects of different surface modifications on the capture efficiency of TF-1 cells using the anti-CD147 modified micro-
nano chip (GNPs-rPDMS), anti-CD147 modified flat PDMS, non-modified micro-nano chip, and non-modified flat
PDMS are summarized in Figures 3F and Figure S1. The anti-CD147 antibody-modified GNPs-rPDMS exhibited
significantly higher capture ability than the other configurations. These results underscore the critical roles of both the
multi-layer structure and antibody modification in cell recognition and capture. The multi-layer architecture, inspired by
red rose petals and integrated with GNPs, provided a rough surface and an optimal environment for cell interaction.
These features enhance the interaction between cells and the GNPs-rPDMS surface.
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Figure 2 Schematic illustration of the fetal cell separation and release mechanism utilizing GNPs-rPDMS technology. The red rose petal morphology is replicated onto
PDMS, which, adorned with GNPs, forms a concave structure to furnish an expanded array of binding sites for the capture antibody (anti-CD [47), thereby amplifying the
affinity between fNRBCs and the substrate. Post cell capture, the GNPs are selectively degraded by an MMP-9 solution, facilitating the isolation and retrieval of intact cells.

High capture and release efficiency, along with the viability of released cells, are essential for downstream analyses.
To determine the optimal cell capture time, TF-1 cells were incubated with the chip for 30, 45, 60, 90, and 120 minutes.
Capture efficiency peaked at 90.4% after 60 minutes and did not significantly increase with prolonged incubation (one-
way ANOVA, p > 0.05, Figure 3G). Consequently, we selected 60 minutes as the optimal capture time for subsequent
experiments. We then evaluated the effects of incubation time on cell release under MMP-9 treatment, with captured TF-
1 cells incubated for 10, 20, 30, 40, and 50 minutes. At 30 minutes, capture efficiency was 84.08%, reaching a plateau
(Figure 3H). Statistical analysis (one-way ANOVA) showed no significant increase beyond 30 minutes (p > 0.05),
indicating that 30 minutes is an effective incubation time for optimal cell release. To assess the impact of the capture and
release processes on cell viability, TF-1 cells were pre-stained with FDA/PI prior to incubation. As shown in Figure 31,
cell viability was 85.97% after 30 minutes of incubation, with the error bars indicating standard deviation (SD) values
across three replicates. The statistical comparison confirmed that cell viability remained above 80% across all tested
conditions, suggesting satisfactory biocompatibility of the GNPs-rPDMS. Figure S2 displays live/dead fluorescence
images of TF-1 cells on the chip surface, demonstrating that nearly all captured cells could be released and maintained
high viability after MMP-9 treatment.

Further observations of the captured cells and chip surface morphology were conducted using SEM. The insets in
Figure 3J reveal that the GNPs-rPDMS surface is uniformly coated with GNPs prior to cell release. The captured TF-1
cells exhibited a spread morphology with numerous pseudopodia (Figure 3K). Following MMP-9 enzymatic degradation,
the cells were released, and the GNPs were digested (Figure 3L). Collectively, our findings demonstrate that the
hierarchical micro-nano structure of GNPs-rPDMS enhances the binding affinity and adhesion of cells to the chip,
enabling specific capture and release of CD147-expressing cells, which can be utilized for enriching fNRBCs in non-

invasive prenatal diagnosis.
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Figure 3 Characterization and optimization of the GNPs-rPDMS (A and B) DLS analysis of GNPs indicated an average size of |75 nm, with a zeta potential of —29.7 mV. (C)
Representative SEM image of GNPs (scale bar = 200 nm). (D) Photograph of GNPs-rPDMS. (E) SEM image of GNPs-rPDMS showing the micro-nano structure resembling
a red rose petal (scale bar = [0 um). (F) Cell capture efficiency comparison between flat PDMS and GNPs-rPDMS with or without CD147. (G) Capture efficiency of GNPs-
rPDMS at different incubation times. (H) Release efficiency of GNPs-rPDMS under varying MMP-9 incubation times. (I) Viability of released TF-1 cells after incubation with
MMP-9 for different times. (J) SEM image of GNPs-rPDMS before cell incubation (scale bar =2 um). (K) SEM image of captured cells on GNPs-rPDMS (scale bar = 2 um). (L)
SEM image of GNPs-rPDMS after MMP-9 incubation (scale bar = 2 um).

Isolation and Fetal Origin ldentification of fNRBCs from Maternal Blood

To assess the clinical feasibility of our novel chip, we enriched fNRBCs from the peripheral blood samples of pregnant
women. fNRBCs were specifically stained with anti-GPA and anti-HBF markers,*® while maternal white blood cells were
stained with anti-CD45. The presence of nuclei was confirmed using DAPI staining. Fluorescence imaging revealed that
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Figure 4 (A) Four-color immunofluorescence images of captured fNRBCs and maternal leukocytes (scale bar = 5 um). (B) Counts of captured fNRBCs from 28 maternal
blood samples. (C) Identification of fetal origin of captured fNRBCs using FISH combined with three-color immunofluorescence (scale bar = 5 um).

fNRBCs (HBF'/GPA/CD45") were successfully captured on the chip, whereas maternal leukocytes (GPA/HBF /
CD45") were nonspecifically adsorbed (Figure 4A). Statistical analysis of 28 blood samples, summarized in Figure 4B
and Table S1, demonstrated successful collection of fNRBCs in most samples. The GNPs-rPDMS technology captured
cells as early as 7 weeks of gestation, highlighting its excellent potential for early prenatal diagnosis. Additionally,
fNRBCs were collected from 7 to 23 gestational weeks, prior to 16 weeks, the number of enriched cells per milliliter
ranged from 2.5 to 12, with a median of 6. Between 16 and 24 weeks, the count increased to 37-52 cells per milliliter,
with a median of 43.5, confirming the versatility of GNPs-rPDMS.

To further distinguish the released fNRBCs, we employed specific protein expression and genotyping analyses for
fetal origin identification. Immunofluorescence staining with HBF and GPA antibodies, combined with X/Y chromosome
FISH assays, validated the fetal origin of the cells* (Figure 4C). Male fNRBCs were identified by two FISH signals (X/
Y chromosomes) in the nucleus, along with positive expressions of HBF, GPA, and DAPI. By contrast, maternal white
blood cells were stained with X/X chromosomes and DAPI. These results affirm the reliability of GNPs-rPDMS in
identifying fNRBCs. While the Y chromosome staining method provides clear visualization of fNRBC:s, it is limited by
gender specificity. Consequently, we incorporated genotyping analyses, including STR>*' profiling and SNP°*
genotyping, to further ascertain the fetal origin of the captured cells.

In the STR analysis, we utilized maternal DNA and WGA products from released fNRBCs to target 20 autosomal loci
and 1 sex chromosome locus. The STR results indicated that the released cells could be traced back to maternal DNA
STR fingerprints, confirming fetal-maternal relationships (Figure 5A). Notably, no instances of three or more alleles were
detected, indicating that the collected target cells were pure fetal cells. Furthermore, SNP profiles for these cells included
10 SNPs on 10 human autosomes, with a minor allele frequency (MAF) ranging from 0.27 to 0.49°* (Figure 5B). Distinct
genotypes at several loci further demonstrated the different origins of the two cell types. Overall, the genotyping results
reinforce that the cells enriched by GNPs-rPDMS were indeed fNRBCs.

Prenatal Diagnosis of Chromosomal Aneuploidies and Single-Gene Disease

We confirmed that GNPs-rPDMS can effectively capture and release fNRBCs, verifying the fetal origin of the released
cells. Subsequently, we validated the clinical application of GNPs-rPDMS for diagnosing prenatal chromosomal
aneuploidies and single-gene diseases. Maternal peripheral blood samples were collected from pregnant women
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Figure 5 (A) STR analysis confirming the fetal origin of captured fNRBCs. (B) SNP analysis confirming the fetal origin of captured fNRBCs.

identified as high-risk for chromosomal aneuploidy through cffDNA-based non-invasive prenatal testing® or fetal
structural abnormalities identified through ultrasound. Following the enrichment of fNRBCs, FISH and QF-PCR assays

were utilized to analyze fetal genetic information, facilitating the diagnosis of fetal chromosome aneuploidy.
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In the FISH examination, fNRBCs were incubated with fluorescent probes targeting chromosomes 21, 13, 18, X, and
Y to diagnose conditions such as Down syndrome, Edwards syndrome, Klinefelter syndrome, and Turner syndrome
(Figure 6A). The diagnostic results were consistent with the karyotype obtained from amniocentesis. These findings
indicate that the isolated fetal cells possess sufficient genetic information for diagnosing fetal chromosomal disorders
using FISH techniques. In the QF-PCR examination, autosomal loci were amplified for fetal identification, while the
No. 21 chromosome loci were amplified to assess chromosomal aneuploidy. The volume ratio of results for the target
chromosomes was consistent with trisomy (Figure 6B). This method identified two cases of Down syndrome, and the
number of replications in autosomes confirmed the fetal-maternal relationships (Figure S3). Additionally, the results
aligned with the karyotype and copy number variation sequencing (CNV-seq) findings from amniocentesis. QF-PCR
requires only 1 pg of DNA to perform a multi-locus test, making it particularly suitable for fNRBCs, which may be
present in sparse numbers and exhibit low DNA concentration. Thus, our findings demonstrate that fNRBCs isolated
using GNPs-rPDMS can be effectively employed for non-invasive prenatal diagnosis of chromosomal aneuploidy.

In a typical case, a 20-week pregnant woman underwent fetal echocardiography, revealing multiple solid lesions in
the left and right ventricles (possible rhabdomyomas) and tricuspid regurgitation. Following amniocentesis, CNV-seq and
WES were performed according to ACOG guidelines. The sequencing results identified the NM_000548.3:¢.1535T>G
(p.Leu512Arg) mutation in the TSC2 gene,>® associated with nodular sclerosis type 2, with no family history of the
condition. We collected maternal peripheral blood and enriched fNRBCs by incubating the samples with GNPs-rPDMS.
STR analysis confirmed the fetal origin of the cells (Figure S4). Site-specific amplification products were subsequently
analyzed using Sanger sequencing. As shown in Figure 6C, the mother exhibited a T/T genotype, while the fetus
displayed a heterozygous T/G genotype. Further exploration using WES on the target fNRBCs yielded an average
effective data volume of 88.04%, a Q20 score of 93.97%, and an average error rate of 0.04%. The average raw data
generated was 9.02 Gb. These results demonstrate high-quality sequencing data that meet analytical requirements.’”*>®*
The sequencing depth for chromosome 16 reached 58.66x, with an average coverage of 87.5%. Figure 6D illustrates the
T>G mutation at the same locus of the TSC2 gene, corroborating the WES results from amniotic fluid samples. This
confirms that fNRBCs captured by GNPs-rPDMS can be effectively utilized for diagnosing point mutations associated
with monogenic diseases.

Discussion
The technological advancements of this study include the enrichment and identification of rare fNRBCs, yielding high-
purity fetal DNA. This is achieved through genotyping and specific protein staining to confirm fetal origin. We also
analyzed the feasibility of using cell-based tests for detecting chromosomal disorders and monogenic diseases. Compared
with previous studies, this research employs a bioinspired structure modeled after red rose petals, resulting in lower costs
and a simpler fabrication process. The ability to collect sufficient quantities of high-quality rare cells for genetic analysis
is crucial, while achieving comparable capture efficiency. The GNPs-rPDMS chip boasts several superior characteristics:
(1) a surface-specific micro-nano multi-layered structure that increases antibody binding sites and enhances cell
adhesion; (2) excellent light transmission for effective cell detection; (3) the capability to release captured fNRBCs
via MMP-9 digestion with minimal cellular impairment; and (4) the versatility of released fNRBCs for various
subsequent analyses.

Utilizing chips with micro-nano structural differences on their surfaces, combined with specific antibodies, represents
a strategic approach for the rapid screening of rare cells. Micrometer-sized chips that match the scale of cell surfaces, in
conjunction with GNPs to enhance cell adhesion and facilitate release, render these chips both simple and effective in
differentiating fNRBCs from maternal cells. Subsequent studies confirmed the accurate source identification of cells,
achieving high precision in distinguishing fetal from maternal cells. With this advanced chip technology, we successfully
identified between 2.5 and 52 target cells per milliliter of blood in 96% of the samples, as early as 7 weeks into gestation.
This indicates that chromosomal or genetic testing of the fetus can be performed as early as 7 weeks of pregnancy,
preceding the gestational age at which invasive prenatal diagnostic procedures or screening are currently employed in
clinical practice. This advancement enables both pregnant women and clinicians to gain earlier insights into fetal health,
facilitating improved pregnancy monitoring and management, and potentially allowing for early interventions or
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Figure 6 (A) Representative images for diagnosing fetal chromosome aneuploidy using FISH analysis of isolated fNRBCs from maternal peripheral blood. Red fluorescence
represents chromosomes 21 and Y, green represents chromosomes |3 and X, and cyan represents chromosome 18 (scale bar = 5 pum). All results were consistent with
amniocentesis karyotype results. (B) Representative images for diagnosing fetal trisomy 21 using QF-PCR analysis of isolated fNRBCs from maternal peripheral blood. (C)
Sequencing results of candidate fNRBCs from a pregnancy affected by Bourneville disease. The results suggested that the fetus harbors a heterozygous c.1535T > G mutation
in the TSC2 gene, while the mother is unaffected. The arrow indicates the location of the variant. (D) WES of candidate fNRBCs in the above cases suggested the presence
of the ¢.1535T > G mutation in the same gene.
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treatment measures in the first trimester. Notably, the only exception was a sample from a woman at 5 weeks of gestation.
This discrepancy may result from the early gestational age, leading to an insufficient quantity of fNRBCs in the maternal
peripheral blood for effective analysis. This non-invasive and highly accurate approach is particularly effective for
enriching fNRBCs and yields high-quality molecular analysis outcomes. A limitation of this study is the sample size of
28 cases in the counting section, expanding this in future studies will facilitate a more comprehensive investigation of the
clinical feasibility of this chip, which is a key direction for future research. Establishing the fetal origin of presumed cells
is essential for their use in prenatal testing. We observed positive HBF and GPA expression in enriched cells.
Additionally, during pregnancies with male fetuses, Y chromosome signals were positively identified in isolated cells
through FISH analysis. Collectively, these findings indicate that the isolated target cells originate from the fetus. Beyond
mere staining, employing STR and SNP genotyping of these cells represents the gold standard for confirming fetal origin.

Currently, only a few studies have investigated the fetal origin of fNRBCs through STR.*® Most research has focused
on fetal trophoblast cells,'***" likely due to the scarcity of fNRBCs in peripheral blood, complicating their separation.
The successful detection of STR and SNP in rare fNRBCs in our study supports the efficacy of GNPs-rPDMS in
enriching fetal cells, enabling the extraction of precise fetal genetic information. Given the high purity of fetal cells, the
accuracy of fetal genotyping is comparable to invasive strategies and potentially superior to that of cffDNA.

Presently, prenatal diagnostic methods for fetal chromosomal or genetic diseases still predominantly rely on invasive
procedures. Some studies have attempted to diagnose monogenic diseases using cffDNA,®' however, its fragmented
nature poses limitations. By contrast, fetal cells provide advantages due to the high integrity of pure fetal DNA. Our
approach utilizes a simple chip to isolate rare fNRBCs and employs established clinical genetic analysis techniques such
as FISH,%* QF-PCR,*® Sanger sequencing,®* and WES, to explore the potential for diagnosing other genetic disorders
based on these cells. The use of fNRBCs for NIPD of monogenic diseases is rare, and only preliminary attempts have
been made in this study. Notably, this is the first study to utilize fNRBCs isolated from peripheral blood to diagnose fetal
Bourneville disease. Further research is necessary to investigate the potential of this cell-based test for diagnosing other
genetic disorders.

Currently, commercially available cell-based NIPD primarily employs ARCEDI’s method of sorting fetal trophoblast
cells, which are then used for research on chromosomal aneuploidies, microdeletions, and monogenic diseases.®>-%¢
However, this study did not extend the enriched fNRBCs to microdeletion or duplication testing, representing
a limitation. While the turnaround time and gestational weeks for obtaining results are comparable between both
methods, ARCEDI requires a larger blood volume. Despite its higher cost, ARCEDI’s two-step sorting reduces non-
specific cell adsorption, highlighting an area where we can improve.

Several important limitations must be acknowledged in our study. For instance, we detected only two reads in the
target region, likely due to sample deterioration, low concentration, or randomness in the WES.®”*° Furthermore, before
our diagnostic platform can be clinically implemented, additional studies with larger sample sizes are necessary,
including a more diverse cohort of patients with various genetic anomalies. Additionally, the current DNA amplification
method is fragmentary, making comparative analyses of DNA quality unfeasible. Therefore, a more robust WGA
technique may be required to obtain higher-quality fetal DNA, suitable for extensive molecular analyses. Current
research indicates that fNRBCs are released in greater quantities in conditions such as fetal cardiac malformations’® or
maternal complications such as preeclampsia.”' However, whether fNRBCs undergo specific expression changes under
pathological conditions remains unclear and warrants further investigation. Future research should explore RNA
sequencing or other molecular biology approaches to analyze enriched fNRBCs and assess their potential clinical
applications.

In summary, the GNPs-rPDMS method presented here offers a non-invasive means of obtaining valuable molecular
information from fetuses at risk for chromosomal or monogenic diseases. The chip exhibits high accuracy in enriching
rare fNRBCs. Compared with invasive procedures, this cell-based enrichment and detection approach maintains high
diagnostic accuracy without posing safety risks to the fetus, positioning it as a promising candidate for clinical use. Our
findings suggest that fNRBC enrichment from maternal peripheral blood holds substantial promise for identifying fetuses
with congenital defects.
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Conclusion
The biomimetic micro-nano hierarchical composite structure chip, GNPs-rPDMS, effectively enriches fNRBCs from the

peripheral blood of pregnant women, providing a novel non-invasive prenatal diagnostic method. This study aims to

address the limitations of NIPD and offer new insights into the genetic and developmental disorders of fetuses.
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