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Abstract

Noninvasive prenatal diagnosis (NIPD) aims to detect fetal-related genetic disorders before birth by detecting markers
in the peripheral blood of pregnant women, holding the potential in reducing the risk of fetal birth defects. Fetal-
nucleated red blood cells (fNRBCs) can be used as biomarkers for NIPD, given their remarkable nature of carrying the
entire genetic information of the fetus. Here, we review recent advances in NIPD technologies based on the isolation
and analysis of fNRBCs. Conventional cell separation methods rely primarily on physical properties and surface anti-
gens of fNRBCs, such as density gradient centrifugation, fluorescence-activated cell sorting, and magnetic-activated
cell sorting. Due to the limitations of sensitivity and purity in Conventional methods, separation techniques based

on micro-/nanomaterials have been developed as novel methods for isolating and enriching fNRBCs. We also discuss
emerging methods based on microfluidic chips and nanostructured substrates for static and dynamic isolation of
fNRBCs. Additionally, we introduce the identification techniques of fNRBCs and address the potential clinical diagnos-
tic values of fNRBCs. Finally, we highlight the challenges and the future directions of fNRBCs as treatment guidelines in
NIPD.
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Introduction
Approximately 8 million infants born in the world every
year are diagnosed with fetal genetic disorder, and over
300,000 die from the disease [1]. Fetal genetic disorders
including gene mutations and chromosomal abnormali-
ties have been considered as the leading causes of infant
mortality. Even if infants with one of these disorders do
survive, most of them show intellectual or physical dis-
abilities that cannot be cured. This imposes a serious
economic burden on society, as the total hospital cost of
treating these diseases exceeds $14 billion in the US [2,
3]. Tremendous techniques have been used in prenatal
diagnosis to reduce the risk of fetal birth defects [4]. As
shown in Table 1, Conventional techniques, including
amniocentesis, fetal umbilical vein puncture, and chori-
onic villi sampling [5], are used as the gold standard for
prenatal diagnosis by far. However, these invasive diag-
nostic techniques could bring risks such as a miscarriage
to the pregnant woman [6]. As an alternative, noninva-
sive prenatal diagnosis (NIPD) provides a fast, safe, and
convenient method for diagnosing fetal diseases in the
clinic [4, 7]. Currently, ultrasound and serological tests
are also widely used for noninvasive screening but are
suffering from low sensitivity and/or low detection, fur-
ther requiring an invasive gold standard for confirmation
[8, 9]. Therefore, there is a critical need to identify more
representative markers and relevant techniques in NIPD.
Current fetal genetic biomarkers in NIPD are mainly
derived from cell-free fetal DNA (cff[DNA) and fNRBCs in
the peripheral blood of pregnant women [10-13]. Since
the discovery of cffDNA in the pregnancy peripheral
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blood in 1997, numerous studies have illustrated the
great contribution of cffDNA in fetal aneuploidy screen-
ing [14—17]. However, cfflDNA is not only minimal in the
first trimester but also could contain a mixture of fetal
DNA with a large amount of maternal DNA in the pla-
cental mosaic. Consequently, it significantly limits the
isolation of cffDNA and results in false positives or false
negatives, bringing difficulties for downstream analy-
sis in NIPD [18-21]. Superior to cfIDNA, fNRBCs may
provide a comprehensive and precise result for NIPD.
In 1893, Schmorl et al. discovered fNRBCs in mater-
nal pathological autopsies [22]. Later in 1993, Simpson
et al. obtained fNRBCs based on markers like transfer-
rin receptor (CD71) and Glycophorin A (GPA) and dem-
onstrated the existence of fetal DNA in maternal blood
using PCR [23]. They then detected trisomy 21 (T21)
with trisomy 18 (T18) by fluorescence in situ hybridiza-
tion (FISH), offering the possibility of using fNRBCs for
NIPD. FNRBCs are promising biomarkers for NIPD [12,
13, 24] due to several advantages: (1) fNRBCs contain the
whole genetic information of the fetus [25]; (2) fNRBCs
have distinct biomarkers on their surface to facilitate cell
isolation and enrichment, such as CD71, CD147, GPA
[26]; (3) The short life cycles of fNRBCs are not affected
by the last prenatal examination [27]; (4) fNRBCs can be
detected at 6 weeks of gestation and their amounts are
positively correlated with gestational weeks in the second
trimester [27].

Fetal-nucleated red blood cells (fNRBCs) are consid-
ered as rare cells since there are only several to several
tens of per mL of maternal peripheral blood [28]. They
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Table 1 Strengths and Weaknesses of Prenatal Diagnosis Methods

Methods Strengths Weaknesses References

Invasive Wide range of clinical applications Invasive and risky [5, 6]
Amniocentesis Gold standard; Invasive means; [5]

For detection of fetal chromosomal abnormalities

Chorionic villi - For karyotyping and genetic diagnosis;
Sampling Detectable at 6-9 weeks
Non-invasive Quick, non-invasive, and convenient

Serum Testing  Non-invasive, detectable in early pregnancy;

For Down syndrome and neurotuberculosis screening

Ultrasound Non-invasive, Detect thickness of the nuchal translucency
to rule out chromosomal abnormalities

CffDNA Non-invasive and can be detected as early as 4 weeks;
Contains fetal genetic information for fetal aneuploidy
screening

FNRBCs Contain the whole genetic information of the fetus;

Have specific biomarkers (CD71 » CD147 » GPA);

A short life cycle, and not affected by the last prenatal
examination;

Can be detected at 6 weeks of gestation

Risk of abortion for pregnant women

Invasive, with risk of preterm delivery, intracavitary infec-  [6]
tion

and miscarriage;

Contaminated samples seriously affect the test accuracy

Less clinical application at present [4,71

Low sensitivity and specificity; [8]

Only as an aid, need to have invasive methods to confirm

A complementary tool, more limited in detecting fetal [9]
abnormalities

The minimal, mosaic phenomenon, challenge to detect;  [14-17]
Requires invasive means for confirmation

Low quantity [23,25-27]

can be detected at 6 weeks of gestation, and their num-
ber increases with gestational weeks, reaching a peak at
around 17 to 18 weeks [29, 30]. It has also been shown
that the number of fNRBCs is related to the sex of the
fetus, and male fetuses generally have a higher amount of
fNRBCs than female fetuses [13]. Additionally, the num-
ber of fNRBCs may be associated with certain diseases. It
was found that fetal hypoxia and anemia could be caused
by factors like fetal prematurity, chronic hypoxia, ABO
hemolysis, maternal diabetes, maternal smoking, and con-
genital TORCH infections (toxoplasma, other pathogens,
rubella, cytomegalovirus, herpes simplex virus). These fac-
tors could contribute to the elevation of erythropoietin,
thus leading to a pathological increase in the number of
fNRBC:s [31]. Even though fNRBCs have numerous distinc-
tive advantages, NIPD targeting fNRBCs is limited by the
separation of fNRBCs due to their extremely low number
presenting in maternal peripheral blood [32]. Conven-
tional cell separation and enrichment methods such as
density gradient centrifugation (DGC) [33], fluorescence-
activated cell sorting (FACS) [34], and magnetic-activated
cell sorting (MACS) [35] have been used for fNRBC isola-
tion. However, these methods are mainly suffering from the
purity and sensitivity issues. With the advantages such as
high throughput, high sensitivity, integration, and minia-
turization, micro-/nanotechnologies have attracted great
attention for isolating fNRBCs [36]. Micro-/nanomaterials

can improve the cell capture rate compared with conven-
tional methods because the size of micro-/nanomaterials
matches the cell better and provide more surface area for
binding ligands. Meanwhile, nanostructured substrates can
retain the integrity and activity of the cells, enabling the
subsequent identification and analysis of fNRBCs for NIPD
(Fig. 1) [37].

NIPD targeting fNRBCs may hold great potential as
treatment guidelines for clinics. Currently, FISH, short
tandem repeat (STR), PCR, array comparative genomic
hybridization (ACGH), next-generation sequencing, and
whole-genome sequencing (WGS) are used to diagnose
fetal diseases. FISH and STR can identify the origin of
cells and detect aneuploidy diseases caused by multicopy
number variants of fetal chromosomes [38, 39]. PCR tech-
niques can detect single gene disorders caused by single
nucleotide variants [40]. ACGH techniques can further
detect chromosomal microduplications, microdeletions,
micro-rearrangements, and abnormalities caused by sub-
microstructures [39]. In addition, single nucleotide inser-
tions, deletions, and other variants need to be analyzed in
combination with NGS, WGS, and WES [41-43]. For clini-
cal use, the physician needs to choose the specific analy-
sis technique in the context of the pregnant woman. The
techniques targeting fNRBCs may provide comprehensive
genetic information about the fetus and great support for
the application of NIPD.
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Fig. 1 Schematic working flow of noninvasive clinical diagnosis using fNRBCs: (i) Collection of fNRBCs; (i) Enrichment of fNRBCs; (iii) Analysis of

Conventional separation/sorting methods

for FNRBCs

It is challenging to isolate fNRBCs from maternal periph-
eral blood due to the limited and variable cell numbers.
The current common isolation methods are based on
the size, deformability, and density of fNRBCs as well as
the surface antigens. These strategies include DGC [33],
FACS [34], MACS [35], affinity lectin separation method
[44], and single-cell microscopy separation method [45].
The advantages and disadvantages of these methods have
been illustrated in Table 2. Notably, several methods
are often used in conjunction with capturing cells with
higher purity and better cell viability.

Density gradient centrifugation (DGC)

The DGC method is used to obtain the needed cell lay-
ers by centrifugation according to the differences in
density, volume, and deformability of each cell type. The
density of fNRBCs is about 1.077 to 1.130 g/mL, mature
erythrocytes are approximately 1.090 to 1.110 g/mlL,
and leukocytes are from 1.084 to 1.088 g/mL. The diam-
eters of fNRBCs are about 9 to 13 um, leukocytes are

approximately 7 to 20 um, and mature erythrocytes are
from 6 to 8 um. Despite the diameters of fNRBCs over-
lapping with those of leukocytes [46], the unique range
of density can distinguish between cell types. DGC is
divided into single-DGC, double-DGC, and triple-DGC.
Samura et al. [47] used single-DGC to isolate fNRBCs
and compared different densities of Histopaque buffer
and found that 1.19 g/mL buffer was better than 1.090 g/
mL. However, they collected a few fNRBCs mixed with
many leukocytes and platelets, leading to a low enrich-
ment rate of target cells and low cell purity. To improve
cell purity, Jeon et al. [33] enriched fNRBCs from mater-
nal peripheral blood using 1.077 g/mL and 1.119 g/
mL Percoll for detection of fetal sex and aneuploidy. In
addition, Ganshirt-Ahler et al. [48] successfully achieved
enrichment of fNRBCs using a triple-DGC method for
the detection of T21 and T18. This method was shown to
have a higher cell enrichment rate than the single-DGC
method. The volume of cells changes when they are cap-
tured, which may influence downstream purity. This led
one researcher [49] to maintain the volume of the cell at
high osmotic pressure, later combining it with DGC to
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Table 2 Merits and Demerits of Different Methods for Isolating FNRBCs
Technology Key Features Merits Demerits References
Conventional Cell size; Simple; Low capture rate; [32]
Cell density; Low-cost to operate Low purity;
Surface antigen Low vitality;
DGC Cell density Simple; Low purity; [33]
Low-cost to operate Pretreatment method
FACS Surface antigen; Fast; Expensive; [34]
Fluorescent fuels; High purity; High requirements
Flow cytometry Sort multiple cells Simultaneously
MACS Surface antigen; Convenient; Low purity; [56]
Magnetic bead; Less costly; Not sorting multiple cells
Magnetic Fields Wide application
Affinity lectin separation Galactose residue; Low cost; Low purity [44]
SBA Simple;
High capture rate
Microscope operation Morphology of stained cells Convenient; Expensive; [60]
For single-cell sorting High demanding
Novel Micro-/nanomaterials; High sensitivity; Few clinical applications [64]
High throughput; High capture rate;
Miniaturization High purity;
High vitality
Microfiltration chips Cell size; Not require biomarkers; Cell clogging; [85]
Cell deformability Simple to operate; Low purity;
High throughput Low vitality
DLD microchips Cell size; Not require biomarkers; Large blood samples; [91]
Displacements and directions;  Simple to operate; Cell clogging;
High capture rate; Low purity
DEP microchips Dielectric properties; Simple to operate; Electrodes easily electrolyze;  [92]
Inhomogeneous electric field;  For single-cell sorting Generate some air bubbles;
Displacements and directions Long sorting time
Acoustic chips Cell size; Non-contact manipulability; Demanding equipment; [130]
Acoustic contrast factors High biocompatibility; Complex sorting
Gentleness
Droplet chips Incompatible multiphase fluids;  Miniaturization; High cost; [144]
Micro-valve control; Confinement; Few clinical application
Micro-sized droplets Parallelism
Immunoaffinity microchips ~ Surface antigen; High capture rate; Few clinical applications [150-152]

Static nano-substrates

Dynamic nano-substrates

Immunoaffinity

Surface antigen;
Immunoaffinity;
Nanomaterials;
Nanomembranes
Surface antigen;
Immunoaffinity;
Magnetic beads

High purity;

High vitality

Easy to operate;
High capture rate

Reduce WBCs adhesion;
Simple and low cost;
High throughput

Non-specific cells adhesion

Microbeads easily cluster

[30,39, 154,173]

[14,28,38,170]
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sort the target cells. They found an ideal osmotic pressure
by comparing the capture efficiency of target cells with
different osmolarities and successfully isolated fNRBCs.
This method improved the purity of cell separation. DGC
is simple, low-cost, and easy to operate. To a certain
extent, it can achieve the effect of cell enrichment. How-
ever, this method cannot separate several types of mono-
nuclear cells well, which makes the isolated fNRBCs less
pure and smaller in number and would harm the down-
stream analysis and detection. Thus, this method is gen-
erally only used for pretreatment experiments of target
cells.

fluorescence-activated cell sorting (FACS)

FACS is a cell sorting method based on the binding of the
surface-specific antigens of target cells with fluorescein-
labeled probes by flow cytometry. Extensive studies have
demonstrated that fNRBCs have distinct cell markers,
such as CD71, CD36, and GPA [26, 50—52]. According to
these biomarkers, scholars have used flow cytometry to
count, isolate, and enrich target cells, which has greatly
improved the efficiency of the enrichment process [34,
50, 51]. The number of target cells using this method is
mainly related to the chosen type of antibody. Bianchi
et al. [26] successfully isolated fNRBCs from the periph-
eral blood of 49 pregnant women by using flow cytom-
etry based on three antibodies including anti-CD71,
anti-CD36, and anti-GPA. The results showed that cells
isolated using GPA antibodies were 100% accurate for
sex prediction and their enrichment of cells was more
efficient than other antibodies. In addition, Ito et al. [34]
successfully isolated target cells by using a positive selec-
tion FACS system with two erythrocyte markers CD71
and Mouse anti-Human CD235a. The captured cells
were then lysed to obtain DNA and subjected to labeling
Y-chromosomes by polymerase chain reaction (PCR) and
whole genome amplification (WGA) techniques, allow-
ing researchers to find the origin of the cells. Yurtcu et al.
[53] obtained specimens from the cervix of 100 pregnant
women and isolated target cells by FACS and MACS in
parallel using antibodies corresponding to human leu-
cocyte antigen-G (G233) and placental alkaline phos-
phatase (PLAP). When using the FACS system, the data
showed that the percentage of positive cells for HLA-
G233 and PLAP was 4.55% and 84.59%, respectively,
and 14.75% in combination with both. Considering that
fNRBCs have high expression of hemoglobin F (HbF),
whereas adults have high expression of hemoglobin A
(HbA). Bohmer et al. [52] successfully isolated fNRBCs
based on this differential expression of fetal and adult
hemoglobin. They first cultured the cells from maternal
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peripheral blood and then isolated fNRBCs using two-
color fluorescent labels with this expression differential,
achieving 50% sorting purity. All these methods above
use positive selection to capture target cells, so there will
be a large number of non-specific cells, which hinders the
downstream analysis. Therefore, in future studies, a com-
bination of positive and negative approaches is required
to improve the purity of specific cells. Although the cell
capturing efficiency of this method is more efficient than
that of DGC, it is relatively demanding on complex oper-
ations and expensive instruments; besides, cell capturing
efficiency is antibody-dependent, so it is rarely used in
clinics.

Magnetic-activated cell sorting (MACS)

MACS is a method of magnetically sorting target cells
based on the combination of cell surface-specific antigens
and antibodies coated on magnetic beads. The MACS-
based method is convenient, inexpensive, and widely
used in rare cell isolation studies. Zheng et al [54]. col-
lected 52 fetal villi and maternal peripheral blood sam-
ples and used DGC and MACS to sort GPA-positive cells
out and cultured them, and then identified the captured
cells by FISH and PCR techniques. In addition, Ganshirt-
Ahlert et al. [48] used a triple-DGC (1.077, 1.110, 1.119 g/
mL) Histopaque system to centrifuge peripheral blood
samples from pregnant women, later sorting fNRBCs
by the MACS system. This method improved cell purity
and capture efficiency. Based on this method, Fukushima
et al. [55] optimized the method by combining a double-
DGC (1.077, 1.119 g/mL) Histopaque system, and MACS
to achieve the fNRBC separation. They collected the
centrifuged mononuclear cells using a syringe, modified
the cells with anti-CD45, incubated the cells with goat
anti-mouse IgG magnetic beads, sorted the cells using
the MACS system, and identified the origin of cells with
the help of the PCR technique. The results demonstrated
the feasibility of collecting fNRBCs from the peripheral
blood of pregnant women and using them for NIPD. To
compare the performance of MACS and FACS, Nemescu
et al. [56] used both methods to capture fNRBCs from
27 males and identified the cells with FISH techniques.
The results showed that the paramagnetic hemoglobin
technique isolated significantly more fNRBCs than the
anti-CD71 technique did. This suggested that the MACS
technique was more efficient in enriching cells than the
FACS technique. While MACS is easy to operate, fast in
sorting, and broad in applications, the purity of fNRBCs
is generally low due to its dependence on the antibod-
ies used. In addition, the added magnetic beads are not
easy to isolate, which affects the detection and analysis of
cells.
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Affinity method

It has been found that both fNRBCs and RBCs express
galactose residues. Specific enrichment of fNRBCs can
be achieved by adhering fNRBCs to galactose polymer
substrates through soybean agglutinin (SBA) containing
specific galactose agglutination. Kitagawa et al. [44] used
this method to successfully isolate fNRBCs in 96% of
the pregnant women’s peripheral blood with an average
of 7.8 cells per 7 mL of blood. Later, by using FISH, they
detected that 7 out of 8 male cells contained chromo-
somal sex-determining genes and confirmed that more
than 50% of the isolated fNRBCs were of fetal origin.
Compared with FACS or MACS, this method is low-cost,
captures more cells, and does not require the addition
of magnetic beads and antibodies, so it has the advan-
tage of easy implementation. To identify the differences
between this isolation technique and MACS, Babochkina
et al [57]. Sorted fNRBCs in parallel using both SBA and
MACS methods. The results showed that the number
of cells collected using the SBA method was eight times
higher than that of MACS. Compared with MACS, it had
better recovery rates and morphology of the enriched
cells. Although this method can recover many cells, the
collected cells are mixed with a large number of maternal
cells, thus reducing the purity of the cells. To solve this
problem, Kanda et al. [58] used a combination of an auto-
mated identification and recovery system for fNRBCs
and a leukocyte negative selection method to improve
the purity of cells. They first pretreated peripheral
blood samples from 39 pregnant women using the DGC
method and recovered leukocytes using anti-CD45. The
target cells were then attached to the slide by combin-
ing galactose-specific lectin and galactose-binding vinyl
polymers, and then the fNRBCs were recovered using an
automatic identification system after staining. They used
a laser capture microscopy cutting technique to isolate
single nucleated RBCs from 8 male fetuses, extracted
DNA, and identified the origin of the cells using PCR
and FISH methods. The results showed that fNRBCs
were successfully identified using automatic identifica-
tion technology, with an average of 18 to 6000 fNRBCs
in 10 mL of blood. They then isolated 71 target cells from
maternal blood samples of 8 male fetuses and detected 7
of the 8 samples containing the Y chromosome by FISH.
The method increased both the number of cells captured
and the purity of the target cells. These combined meth-
ods of leukocyte negative selection, automatic target cell
identification system, and lectin, which do not require
the addition of magnetic beads, are low cost, efficient,
and provide a novel approach for NIPD.
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Microscope operation method

The microscope operation method utilizes the specific
morphology of fNRBCs after staining and processing
under the microscope to recover fNRBCs using a micro-
manipulator. This technique can obtain individual cells
directly under the microscope, which avoids contamina-
tion of other monocytes. It can facilitate downstream cell
analysis, noninvasive prenatal testing, and the prognosis
of the postnatal disease. As early as 1995, Takabayashi
et al. [59] stained cells using the Pappenheim method.
The stained INRBCs were small in size, dark in color, with
no particles in the cytoplasm, and a nucleus biased to one
side [60]. The cells were collected based on morphologi-
cal analysis of stained cells using a microscope manipu-
lator. Next, Sekizawa et al. [61] first isolated monocytic
layers using a double-DGC, followed by Giemsa stain-
ing. According to the morphology of the cells, cells with
a low nucleoplasmic ratio and no particles in the cyto-
plasm were recovered using a micro-manipulator. Com-
pared with other Conventional methods, a larger number
of target cells were obtained, avoiding more waste, and
allowing more target cells to be obtained. In addition to
the use of chemical staining, other methods have isolated
different subtypes of fNRBCs using fluorescent labeling
of specific proteins expressed by fNRBCs. Nagy et al.
[62] used MACS and micro-manipulation techniques
to isolate fNRBCs expressing e-hemoglobin chains and
used them to identify the sex of the fetus. Later in 2016,
Giambona et al. [60] isolated fNRBCs from 42 samples
of body cavity fluid using 40 x optical phase-contrast
microscopy. Using a micropipette, they isolated a single
target cell based on the diameter of the cells (12-16 m)
and changes in cell morphology after staining. Although
individual cells can be isolated, the technique is limited
by the highly demanding operation. Based on these prob-
lems, an automated microscope image analysis capture
system has been proposed, which reduced the technical
requirements. For example, Oosterwijk et al. [63] used an
automated microscopic image analysis capture system to
isolate fNRBCs from the peripheral blood of 42 pregnant
women and compared the differences between manual
detection and automated microscopic detection. The sys-
tem included enrichment, chemical staining, and FISH
methods to identify chromosomal SRY genes. The results
showed that 52% of the slides were positive for HbF using
the automated microscopy technique, compared to 43%
when using the manual detection technique. It illustrated
the advantages of automated microscopy screening over
manual screening. In addition, the automated screening
system analyzed the DNA of 11 male cells using the FISH
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method and diagnosed 7 cases containing the SRY gene.
It showed the feasibility of this method. This technique
saves on labor costs and reduces the workload. Com-
pared with other staining-based microscopic manipula-
tion separation techniques, the automated microscopic
image analysis and capture system uses specific antibod-
ies to capture the target cells with much higher specific-
ity and capture rate. In addition, cells can be detected,
and the resulting image information can also be stored
for later verification, which is better than flow cytometry
sorting.

These conventional separation methods are simple,
easy to operate, low cost, and can enrich cells quickly to
a certain extent. To improve the capture efficiency and
purity of cells, the above methods can be used in com-
bination. However, these methods cannot effectively dis-
tinguish fNRBCs from other cells with differences in size,
density, and antigen expression. They can also lead to the
contamination of target cells due to factors such as mag-
netic beads not being easily separated, which makes the
purity and activity of the cells generally lower. In addi-
tion, considering the rarity of fNRBCs and the presence
of many background cells, the cells enriched using these
methods can cause significant interference for down-
stream FISH analysis. Therefore, it is urgent to identify a
method that can achieve high efficiency, high purity, and
high activity capturing.

Separation methods based on micro/
nanotechnologies

In recent years, with the rapid development of micro-/
nanotechnology, the cell separation methods based on
micro-/nanotechnologies have attracted great attention.
We mainly discussed the microfluidics and nanomaterial/
devices (Tables 2 and 3) for improving the current con-
ventional methods.

Microfluidic separation methods

Microfluidics, also called lab-on-a-chip, has recently
been used extensively in the biomedical field. The chips
can concentrate cell separation, biochemical reactions,
and assay analysis in micro-/nanoscale pores, which
facilitates cell separation as well as downstream analysis
[14, 64—77]. According to the research needs, the inter-
nal structure of chips can be designed to achieve precise
control of the fluid [65, 78, 79]. The chip can be fabri-
cated by techniques such as photolithography, 3D print-
ing, and molding methods [80]. With the development of
this technology, its internal structure tends to be increas-
ingly refined, and chips synthesized using polydimethyl-
siloxane (PDMS) are now more widely used [80—82]. An
increasing number of researchers are using microfluidics
to isolate fNRBCs. Depending on the characteristics of
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the target cells, the main methods include physical and
biochemical immunoaffinity methods.

Microfluidic physical methods

The physical methods have been developed for cell sepa-
ration based on the size, deformability, and density of
cells. Here, we discuss the fNRBC separation methods
(Fig. 2) including microfiltration method, deterministic
lateral displacement (DLD) chip, dielectrophoresis (DEP)
chip, acoustofluidics, droplet microfluidics, and others.

Microfiltration chips 'The microfiltration method [83] is
used toisolate target cells based on the difference in the size
and deformability of various cells. Mature erythrocytes
are smaller in size than leukocytes and fNRBCs, and there
exists a partial overlap between them. Compared with
leukocytes, fNRBCs have better deformability, so chips
with various pore sizes can be prepared to achieve tar-
get cell separation. Common microfilters include column,
cross-flow, weir, and membrane filters [84]. Mohamed
et al. [83] designed a chip containing a series of micro-
columnar structures of varying widths based on the differ-
ences between leukocytes and fNRBCs, which had narrow
microcolumns of 15, 10, 5, and 2.5 um in sequence along
the direction of the sample cell flow. The results showed
that leukocytes with a larger size and poorer deform-
ability failed to pass through the smallest size microcol-
umns and would linger nearby. In contrast, fNRBCs with
smaller sizes and better deformability could pass through
the 2.5 m microcolumns, thus enabling the separation of
fNRBCs. This method does not require modifying anti-
bodies on the chip to isolate cells from blood and is simple
to operate and prepare. Since this chip has multiple chan-
nels, experimental time is increased, more blood samples
are required, and the efficiency of capturing cells is lower.
In addition, there will be a blockage of the channels by
cells during the experiment, which results in the failure of
fNRBCs to flow further toward the small-sized channels
and a decrease in the number of captured target cells. Lee
et al. [85] compared column, cross-flow, weir, and mem-
brane microfilters and showed that the cross-flow chip
was more suitable for the separation of whole blood cells.
Thus, they designed a two-in, two-out cross-flow microfil-
tration chip (Fig. 2a). The cross-flow filtration device was
prepared with a row of microcolumn in the direction of
fluid movement, forming (Table 4) a relatively narrow slit.
The smaller-sized mature RBCs entered the slits, while
the larger-sized fNRBCs followed the direction of the flow
into the collection channel, thus collecting the target cells.
The results showed that 46.5% of the mature erythrocytes
were filtered and 74.0% of the target cells were enriched.
Even though the chip can filter out mature erythrocytes
and reduce cell clogging, the collected cells still contain
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Table 3 Novel methods for microchips and nano-substrates
Methods Sorting Release Efficiency Advantages Disadvantages Analysis  Diagnostic References
technology /Count method  outcomes
Physical chips A microfiltra- Filtration 1.2/mL Simple and low  Low purity — — [83]
tion chip cost
containing
micropores of Low vitality
different widths
A cross-flow Filtration Capture:~74.0% Simple and low Low purity — — [85]
filtration chip cost
Low vitality
A DLD chip Filtration; 37.44/mL High through-  Chip clogging PCR Gender [91]
with magnetic put;
columns Magnetic High purity Identification
Fields
A two-step Filtration 1-396/mL High purity Reduce cell yield PCR Gender [82]
cascade DLD
chip
with RBC-posi-  Magnetic Purity:~87.8% Identification
tive enrichment  Fields
A DEP chip Electric Fields — — Automation; Long sorting — — [92]
containing times;
electrodes, Single-cell Low efficiency;
Sensors, sorting
and micro- Electrode con-
chambers tamination
A BAW-based Sound waves Cap- High biocom-  High require- PCR — [130]
acoustic chip ture: ~40.64% patibility; ments;
Mildness Complex opera-
tion
A droplet Valves Vitality: ~99% High viability;  Not easily FISH — [144]
microfluidic release cells;
chip with
calcium algi- On-chip Target cell loss
nate hydrogel analysis;
particles Single-cell
analysis
Immunoaffinity A hydroxyapa-  In-situ 1420-3221/mL  Biocompatible; Not release cells; FISH T13/T21 [150]
chips tite/chitosan
chip
modified with High through-  Non-specific
anti-CD147 put cells adhesion
A triangular In-situ Capture:>90%  High capture Not release cells  FISH/gPCR  — [151]
micropillar chip rate
with CD71 5-35/2mL
antibody-
labeled
A fishbone MMP-9 Capture:>80%  Easily release Complex pro- FISH T21/T13 [152]
microfluidic cells; duction;
chip
with gelatin Release:~89% High through-  Target cell loss XXY/XXX
and anti-CD147 put;
Purity:~85% High capture
rate;
Vitality: >90% High purity

3-24/mL
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Table 3 (continued)
Methods Sorting Release Efficiency Advantages Disadvantages Analysis  Diagnostic References
technology /Count method  outcomes
A two-stage In-situ Release:>85% Single-cell Not release cells; FISH — [153]
integrated- analysis;
decision
grading plat- High through-
form put;
High recovery
rate
Static nano- A polypyrrole  Voltage Release:~94.6% Biocompatible; Affect cell FISH/WES ~ T21/T13 [30]
substrates nanoparticles vitality;
the film with 22-58/mL Easily release Non-specific /T18/XXY
biotin and anti- cells cells adhesion
CD147
/Microdeletion
Chitosan nano- DTT Capture:~90%  Damage-free Non-specific FISH — [154]
substrate with release; cells adhesion
NHS-(S-S)- Release: ~90% High recovery
Biotin and
anti-CD147 Vitality: >91.2%
7-26/mL
A"Cell In-situ 14-22/4 mL Automated High demand- FISH/STR ~ T21/T13/T18 [39]
Reveal™" system; ing;
platform
Easy to oper- Non-specific NGS/aCGH
ate; cells adhesion
On-chip
analysis
A coral-like in In-situ Capture: 88.1%  Automated High demanding FISH/STR ~ T21/T18 [173]
silico platform system;
Release: 90% High capture NGS/aCGH  /microdeletion
rate;
2-71/2mL Easy and low
cost;
On-chip
analysis
Dynamic Nano-  SiO, microbe-  Magnets 42-93/mL Easy and low Not easily FISH/PCR  ABO blood [28]
substrates ads modified cost; release cells; grouping
with
SA and anti- High through-  Low recovery
D147 put rate
Size-scaled MMP-9 Capture: 81% Enlarged the Microbeads eas- FISH/PCR  — [14]
silica spheres size; ily cluster
with
gelatin coating Release: 80% A harmless
and anti-CD147 release;
Purity: 83% High recovery
7-65/mL
SiO,@MnO, Oxalic acid Capture:~80%  Easyandlow  Microbeadseas- FISH/STR  — [38]
microbeads cost; ily cluster;

with
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Table 3 (continued)
Methods Sorting Release Efficiency Advantages Disadvantages Analysis  Diagnostic References
technology /Count method  outcomes
anti-CD147 6-32/mL Biocompatible  Not easily
release cells
Magnetic Magnets Capture: 90% Against WBC Not easily FISH T21/T18/XXX/ [170]
nanoparticle adhesion; release cells
coated
with a mixed Release: >80% High capture; XXY/XYY
membrane of
leukocytes and Vitality: >80% High purity
erythrocytes
Purity:87%
10-30/mL

a large number of leukocytes. To reduce the interfer-
ence of leukocytes, some researchers used the cross-flow
microfiltration method to separate leukocytes and thus
removed them from whole blood, which provides a new
idea for high purity enrichment of fNRBCs (Fig. 2b) [86,
87]. The microfiltration-based method does not require
special labeling, and the equipment is easy to operate. An
overlap in size exists between all the cells, leading to the
purity of the cells obtained by separation being low, which
therefore also leads to chip clogging. In addition, the cells
were subjected to fluid shear during experimentation,
which can lead to a decrease in cell activity.

Determined lateral displacement (DLD) chips The DLD
method [88] can separate target cells based on differences
in displacement and orientation of different cell types
within the chip due to the variability of their sizes. When
cells flow within DLD chips, they will encounter the array
and show an asymmetric bifurcation of flow around
it, and cells of similar size will have a similar path [89].
Smaller erythrocytes and platelets will always flow with
the stream eventually to the corresponding outlet, while
larger fNRBCs and leukocytes encountering the micropil-
lar will leave the stream in a small angular direction. In
2004, Huang et al. [90] prepared DLD microfluidic chips
based on this property. They designed nanoscale asym-
metric microarrays for the continuous separation of cells
and set up a high flow rate fluid to reduce cell diffusiv-
ity, thus obtaining a more defined cell path for collecting
cells. This method improved the yield of target cells, but
the purity of the obtained cells was low. In 2008, Huang
et al. [91] further optimized the method by preparing
asymmetrical magnetic microcolumns based on the vari-
ability of displacement and orientation of cells of varied
sizes in the fluid and achieved the separation of fNRBCs
with a magnetic field (Fig. 2c). They collected peripheral
blood samples from 58 pregnant women and separated

the cells using a two-step method. They first used micro-
arrays to obtain cells containing the nucleus, then passed
these cells through the microarrays containing magnetic
columns to separate fNRBCs with hemoglobin. The
hemoglobin of fNRBCs was converted to methemoglobin
in magnetic columns, then had paramagnetic properties,
while leukocytes were not magnetically labeled. There-
fore, INRBCs could be well separated. The results showed
that each milliliter of pregnant women’s peripheral blood
samples contained an average of 37.44 target cells. Com-
pared with the results of previous studies, the number of
cells enriched by this method was increased by 10 to 20
times, and the purity was also higher than that of the pas-
sive separation method alone. However, such chips can
cause chip clogging when handling clinical samples, and
the bubbles generated by the cell suspension during the
flow process may also affect the separation of target cells.
Overall, this method is promising for clinical applications
because of the higher number and purity of target cells
obtained compared to other methods.

Dielectrophoretic (DEP) Chips Dielectrophoretic is a
phenomenon in which various particles undergo differ-
ent orientations and displacements in an inhomogeneous
electric field. Different cells have different dielectric prop-
erties and undergo different displacements and orienta-
tions. Based on this dielectrophoretic variability of cells,
researchers proposed a DEP chip to separate target cells.
Xu et al. [88] designed a DEP chip containing crossed
microelectrodes and microchannels to capture fNRBCs.
The crossed electrode array could generate an inhomoge-
neous electric field, and various cells were distinguished
by different external forces in the electric field because of
the differences in dielectric properties. The results dem-
onstrated that the chip could be used for the capture of
fNRBCs. The method does not require biomarkers to
obtain cells with high activity. However, considering that
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the metal electrodes are directly exposed to air and can
be easily electrolyzed, and some air bubbles will be gener-
ated during the experiment, these factors would have an
impact on the sorting of target cells. If the blood is not
treated in advance, it may also contaminate the electrode.
In addition, there is a crossover in the dielectrophoresis
of various cells, so the purity of the separated cells is not
high, and secondary treatment is usually required. These
pose great difficulties in obtaining target cells with high
purity. To improve the purity of the target cells, reduce
contamination, and achieve single-cell sorting, Medoro
et al. [92] designed a DEP chip containing electrodes, sen-
sors, and microchambers. The device could be automated
with software tools for sensing and driving operations.
The presence of positive and negative sinusoidal voltages
allowed the fluid passing through the microarray to form
asmall, closed DEP cage above it (Fig. 2d). Single or multi-
ple cells were captured in the cages with the voltage being

changed to control the position of the single cells. Thus,
single cells were captured into separate DEP cages. This
method allows for the sorting of single cells and quanti-
fication of the collected cells, thus greatly improving cell
purity and capture efficiency. Borgatti et al. [93] further
optimized this method. They designed a two-dimensional
microarray chip that produced columnar and spherical
DEP cages to capture the K562 cell line, respectively. The
cells express CD71 and GPA and can be used as a simula-
tion experiment for capturing fNRBCs [94]. The results
showed that the platform could move individual cells into
a single DEP cage. In addition, it was also verified that a
single microsphere and a single target cell could achieve
efficient binding in the same DEP cage under software
control. The system can separate target cells in an all-
electronic system without the need to control the flow of
fluid, resulting in significant cost savings, and immense
potential for subsequent analysis of single cells as well as
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Table 4 Clinical application of FNRBCs
Technology Variation Type Merits Demerits Fetal Diseases References
FISH Chromosome multicopy Simple operation; Fetal origin identification is T13/T18/T21 [39]
number variation Fetal origin identification applicable to male fetuses;
Male fetuses
Results are influenced by cell
purity
STR Chromosome multicopy Fetal origin identification; Fetal origin identification is more  T18/T21 [187,189, 190]
number variation Not limited to male fetuses; complex
High sensitivity
PCR SNVs High sensitivity; High demanding; Sickle cell anemia; [40]
High specificity; Prone to false positives ABO blood group; [28]
Simple and fast T18/T21 [194]
ACGH CNVs of genes High resolution; Detection of some unknown T13/T18/T21; [39, 201]
(Chromosomal multi-copy ~ Without culture; significance of CNVs Rearrangement variants  [198]
Number, variation,
microdeletions,
microduplications,SVs)
Chromosomally
unbalanced variants
NGS CNVs of whole genes High-throughput; High cost; T18/T21/MMS; [42,212]
Chromosomally Comprehensive Analysis Detection of some unknown Congenital [41]
balanced variants significance of CNVs Deafness
WGS CNVs of whole genes High-throughput; High cost; Single gene [222]
(SNVs/In Dels/CNVs/SVs) More comprehensive Detection of some unknown disease
genetic information significance of CNVs;
Low coverage will miss variants
WES CNVs of whole exon genes  High-throughput; High cost; 13/18/21 [30]
(SNVs/In Dels/CNVs/SVs) Small sequencing range Detection of SNVs is not as 18921s

reliable as WGS

microdeletion

for drug delivery by target cells. Current DEP chips still
have difficulty for clinical applications due to some tech-
nique barriers such as contamination of electrodes, long
sorting times, low efficiency of sorting, and low cell purity.
Therefore, an automated DEP chip may be integrated with
the isolation, release, and lysis of single cells, as well as
downstream analysis for fNRBCs.

Acoustofluidic ~ methods Acoustofluidics  [95-109]
through the fusion of acoustic waves and microfluidics
has been used for cell separation based on the size, shape,
and acoustic contract of the cells, due to their advantages
including contactless manipulation, label-free operation,
and high biocompatibility [110-125]. Recently, the Huang
group made pioneer efforts on developing surface acous-
tic wave (SAW)-based microfluidics for the separation of
rare cells [126-129]. Moreover, Wang et al. developed a
bulk wave (BAW)-based microfluidic chip for the sepa-
ration of fNRBCs [130]. The chip included a BAW focus

module and a microfluidic fluorescence-activated cell
sorter (LFACS) sorting module. They first focused the
cells in three dimensions using acoustic focusing. After-
ward, when the cells reached the sorting zone, the target
cells would be deflected toward the target exit by using
pulsed acoustic waves, thus achieving sorting and enrich-
ment of the target cells. They stained the captured cells
with propidium iodide and found that the cell viability
decreased by only 0.5%, indicating the high cell viability
of the method. In clinical blood sample capture experi-
ments, they finally succeeded in obtaining fNRBCs from
the maternal peripheral blood and found that 40.64% of
fetal cells were captured by genetic analysis. This pro-
vides a new idea for the NIPD for fNRBCs. Compared
with other label-free microfluidic sorting methods, this
method has high biocompatibility, high controllability,
and low cell damage, while efforts are still required for
improving their specificity.
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Droplet microfluidics Droplet microfluidics [131-136]
can generate and manipulate discrete picolitre to nano-
liter droplets through immiscible multiphase flows inside
microfluidic channels, and have attracted extensive atten-
tion in the field of cell separation and analysis due to its
advantages of miniaturization, confinement, and parallel-
ism [100, 137-142]. One can design microchannels with
different functions according to the requirements while
manipulating droplets with the help of external forces to
achieve better separation of target cells from other cells
[143]. Sun et al. designed a droplet microfluidic chip with
calcium alginate hydrogel particles for capturing the tar-
get cells and undamaged release [144]. They parallelized
two focused microstructures to a chip, after forming dif-
ferent droplets that encapsulate cells, and the two fused
downstream to form cell-encapsulated calcium alginate
hydrogel particles. The chip included a pneumatic micro-
valve control structure that allowed for the capture and
release of the hydrogel by air pressure. In addition, they
used FDA/PI staining to detect the activity of cells immo-
bilized in the microchambers in real-time, which pro-
vided a good idea for proteomics and genomics analysis
downstream of single cells. Individual dispersed droplets
can be formed in the nanoscale channel, and each drop-
let is equivalent to a separate cell reaction laboratory,
thus reducing contamination of WBCs. In addition, the
chip contains a large number of microchambers, which
ensures the parallelism of reactions and allows different
operations to be performed in different microchambers,
thus enabling high throughput analysis [136]. Thus, based
on these advantages, droplet microfluidics has shown
great potential in cell and particle sorting [78, 145], cell
culture [65], downstream analysis of cells [79, 146], and
drug delivery [147].

Other microfluidic physical methods Engineering efforts
have been made to develop magnetic, dynamic flow, and
other integrated devices for cell separation, highlighting
their applications in the fNRBC separation. To reduce the
interference of WBCs. Byeon et al. [82] obtained fNRBCs
using a two-step method including the erythrocyte hyper-
aggregation with positive sorting and the lateral magne-
tophoretic micro-separator with negative sorting. They
collected the peripheral blood samples from 18 pregnant
women, first used the erythrocyte hyper-aggregation
method to obtain monocytes containing leukocytes, and
then bonded the monocyte layer suspension to leukocyte
antibodies. The magnetic wires inside the chip produced
a large magnetic magnitude under an applied magnetic
field, and the leukocytes bonded to the magnetic beads
could make a specific lateral movement along the magnetic
wires, which could exit through a specific exit. In con-
trast, fNRBCs produced a different trajectory and exited
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through another exit and were thus enriched. They then
used nucleic acid dyes to identify the fNRBCs and PCR to
detect the SRY gene to determine the sex of the fetus and
the origin of the cells. The results showed that there were
1 to 396 INRBCs per mL of blood samples and only 0 to
6 leukocytes were identified in these target cells, with an
average purity of 87.8%. This method greatly improved the
purity of the target cells. Recently, Thurgood, et al. [148]
developed microfluidic devices with dynamic vortices,
enabling a new hydrodynamic manipulation and sorting
mechanism. Along with inertial microfluidics [149], these
simple, low-cost, and user-friendly devices may be used
for the development of versatile and controllable micro-
fluidic systems for fNRBCs in clinical settings.

Microfluidic immunoaffinity methods

The microfluidic immunoaffinity methods have shown
excellent performance in capturing fNRBCs. The method
is mainly based on the bioconjugation of specific antigens
expressed by fNRBCs and the corresponding antibodies
modified within the chip to isolate the target cells (Fig. 3).
It greatly increases the capture efficiency and purity of
captured cells. In 2016, He et al. designed a hydroxyapa-
tite/chitosan nano-substrate modified with anti-CD147
to specifically capture fNRBCs [150]. They then used
three-color immunofluorescence staining to verify the
cells. The results revealed that the number of fNRBCs
increased and then decreased with the increase of gesta-
tional weeks. At 18 weeks of gestation, the number was
highest, averaging about 71 fNRBCs per mL of maternal
peripheral blood. This 3D structure is highly biocompat-
ible and provides a more specific surface area, increasing
the chance of cell-chip contact and thus capturing more
target cells. To further improve cell capture efficiency,
researchers increase the chip-cell collision by manipulat-
ing the fluid to generate different patterns of laminar and
vortex flow. Zhang et al. [151] designed a CD71 antibody-
labeled triangular micropillar chip for sorting fNRBCs
(Fig. 3a). The arrangement of the triangular micropillars
was designed according to the DLD principle thereby
generating a specific laminar flow. The laminar flow drove
the large-sized cells to collide with the microcolumns,
thus increasing the chance of cellular antigen—antibody
binding and reducing the adhesion of background cells.
The results showed that more than 90% of the target cells
could be captured at a flow rate of 0.3 mL/h for cell injec-
tion. A curved channel or sudden expansion and con-
traction of the channel creates an unbalanced centrifugal
force on the fluid, resulting in a vortex flow. Such vor-
texes are mainly used for sorting based on cell size differ-
ences. Wei et al. [152] designed a microfluidic chip with a
curved fishbone structure and used metalloproteinases to
dissolve the gelatin layer on the nanoparticles, achieving
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the isolation and gentle release of fNRBCs in early preg-
nancy. The curved fluidic channel could induce the gen-
eration of vortices to increase the interaction between
cells and anti-CD147 (Fig. 3b). At a flow rate of 0.3 mL/h,
85% of the cells could be captured with a release rate of
89% and a purity of 85%. In 2020, Wang et al. [14] devel-
oped a spiral inertial microfluidic chip modified with
anti-CD147 using the same release approach. Consider-
ing the effect of fluid shear on cells, they used 40 pm sil-
ica microspheres, which enlarged the size of fNRBCs and
other background cells. Afterward, they relied on contin-
uous hydrodynamic filtration generated within the chip
to obtain fNRBCs and released cells by degrading gelatin
with metalloproteases. They achieved high efficiency of
80%, high viability of 80%, and a purity of 83%. These vor-
tex-based sorting methods are simple, controllable, sam-
ple low volume, and perfect for achieving cell sorting at
low speeds using inertial effects. To improve the automa-
tion of the sorting system, Xu et al. [153] reported a two-
stage integrated-decision grading platform for automated
sorting fNRBCs, which contained optical detection and
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sorting collection systems. They first obtained mononu-
clear cells by DGC, then used the optical system to auto-
matically detect fNRBCs expressing CD71 fluorescence
positivity. Afterward, these cells were later collected by
a counting filter and analyzed using immunostaining and
FISH. The recovered concentration amounted to 2 x 10°
to 100 x 10° target cells per mL of cell suspension, with
a recovery rate of more than 85%. This method saves the
cost of samples and antibodies, improves the purity of
cells, and provides more possibilities for NIPD.

Separation methods based on nanomaterials

The nanomaterials/devices, materials/devices with at
least one dimension at the nanoscale, provide new oppor-
tunities for NIPD targeting on fNRBCs. The features of
the cell surface and biological macromolecules within the
cells are at the nanoscale, so nanomaterials and cells have
a certain match in terms of size. It can provide a better
biocompatible environment for cells or particles. In vitro,
nanodevices can be connected to chemical antibodies
to capture the particles we need, which can then pass
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these signals through sensors to a computer and perform
downstream analysis. In vivo, nanomaterials can perform
targeted transport of the coated drugs to the lesion, thus
reducing immune rejection, and increasing the treatment
efficacy of the drug. This technology has been widely
used for cell sorting [154, 155], liquid biopsy [156], fluo-
rescent labeling [157, 158], biosensors [159, 160], and tar-
get drug delivery [161, 162].

Nanostructured substrates for static cell separation

Nanomaterials/devices can provide more opportuni-
ties for substrates and cells to interact, which can well
improve the efficiency of cell capture. As a result, an
ever-growing number of researchers have fabricated
nanowires [163, 164] nanotubes [165], nanodots [166],
nanomembranes [145, 167, 168], and nanoparticles [38,
169, 170] for sorting rare cells. The sorting methods
based on nanowires, nanotubes, nanodots, and nanofilms
are static. In 2009, Wang [171] first proposed the use of
a three-dimensional silicon-nanopillar array to capture
rare cells. In 2016, Li et al. [164] successfully designed a
cell capture and release platform with peptide-aptamer-
modified nanowires to sort rare cells. In addition, Sun
et al. [172] explored a multi-null titanium-nanopillar
array for capturing rare circulating tumor cells. For
fNRBCs, however, the most common method is based
on nanomembranes. Feng et al. [30] deposited a thin film
of polypyrrole nanoparticles containing biotin on con-
ductive glass and then attached anti-CD147 to capture
fNRBCs (Fig. 3c). They then released the target cells using
a voltage system and detected fetal aneuploidy using
FISH and whole exome sequencing (WES) techniques.
Because these conductive polypyrrole nanoparticles con-
tained biotin, they could easily release the collected cells
under the effect of an electric field. In addition, these
polypyrrole nanoparticles formed 3D microstructures
that were compatible with the cell size, increasing the
chance of contact between the cells and the chip, and
thus improving the efficiency of cell capture. The results
also demonstrated the feasibility of this method in diag-
nosing fetal chromosomal disorders. Unfortunately, the
release method affected the cell viability. To solve this
problem, Sun et al. [154] designed the chitosan nano-
structured substrates based on electrospinning and com-
bined with NHS-(S-S)-Biotin modified with anti-CD147
to achieve sorting as well as the undamaged release of
fNRBCs (Fig. 3d). The NHS-(S-S)-Biotin molecule con-
tained a large number of amino and carboxyl groups that
could serve as a link between the substrate and fNRBCs.
The Chitosan nano-basal surface was sparse, and the
amino group on its surface could bind to the amino and
a carboxyl group on the NHS-(S-S)-Biotin molecule,
which facilitated the modification of anti-CD147 and
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provided more binding sites for antigen-antibody bind-
ing. They also used DTT to break the disulfide bonds to
achieve damage-free release of cells and improved the
chance of recovery of fNRBC:s. The isolated fNRBCs were
also analyzed and validated using a three-color immuno-
fluorescence staining. Promisingly, the platform allows
the isolation of fNRBCs as early as seven weeks of ges-
tation, and the efficiency to capture target cells is greatly
improved, providing a good idea for NIPD.

In addition, researchers have used a fully automated
system to capture target cells. For example, Huang et al.
[39] proposed a "Cell Reveal " platform based on silicon-
based nanostructures. This platform used specialized
analysis software to locate and collect the target cells. The
whole genome was then extracted for FISH and next-gen-
eration sequencing (NGS) analysis, which proved the ori-
gin of the cells. The feasibility of the platform to capture
fNRBCs for NIPD was illustrated. To further improve the
automation of the system and the efficiency of cell cap-
ture, an investigator optimized the platform by designing
a coral-like in-silico platform to fully automate the cap-
ture of fNRBCs. The substrate of this platform was modi-
fied with fluorescently labeled anti-CD71, anti-GPA,
and anti-CD45, and cells were automatically targeted for
identification and counting by the automated imaging
mode of the system. The counting criteria were CD71+/
GPA+/CD45-/Hoechst+for fNRBCs. They then tested
14 pregnant women’s peripheral blood using the platform
and found a capture rate of approximately 88.1%. And 2
to 71 fNRBCs were successfully captured from all 2 mL
maternal blood samples. The captured fNRBCs were then
analyzed by FISH, aCGH, as well as STR, and they were
confirmed to be of fetal origin. It was subsequently used
to detect fetal aneuploidy, demonstrating the immense
potential of the platform for application in NIPD [173].
The fully automated analysis system is simple and inex-
pensive to operate, and the coordinates of captured cells
can be precisely mapped by taking a small amount of
blood. It is certainly a step closer to a non-invasive prena-
tal in vitro diagnosis.

To further improve the capture efficiency of cells,
microstructures can be superimposed on nanostructures
to form the substrates of micro-/nanostructure, which
increases the level of the substrate and achieves dual
cell capture [174—176]. Therefore, Dou [176] prepared a
micro/nano substrate based on the surface structure of
rose petals for rare cell separation. They obtained rose
petal substrates by inverse molding and attached anti-
EpCAM by disulfide bonds to capture cells with high
affinity. The micro-papillae of rose petals had a microm-
eter size from 20 to 30 um, and the surface folds had a
nanometer size from 500 to 600 nm. These structures
increased the hierarchy of the substrate and facilitated
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the pseudopods of the cells in grasping the substrate
more tightly, which greatly increased the efficiency of
cell capture. The results showed a capture efficiency of
85%, followed by a non-invasive release of cells using
glutathione, with an activity of up to 98% after 24 h of
incubation. The natural biomaterial possesses a micro-/
nanostructure that is well-matched to the cells in terms
of size. The microstructure increases the contact area
between the substrate and the cells, and the nanostruc-
ture provides more sites for binding to the target cells
for increasing the efficiency of cell capture. Therefore,
this rose petal-based sorting platform provides a prom-
ising idea for the capture of fNRBCs. Most of the above
are methods of statically capturing cells, and although
they can capture a larger number of cells, there will be
a great number of non-specific cells adhering to the
nano-substrate. In addition, the number of fNRBCs in
the peripheral blood of pregnant women is very sparse,
while the number of adherent background cells is large.
Even though more cells are statically captured, the overall
purity of fNRBCs obtained by sorting is still low, so these
methods of statically capturing cells are highly limited in
NIPD [155]. Therefore, we need to look for methods to
capture cells with high purity, high activity, and high effi-
ciency, which will be significant for NIPD.

Nanomaterial-based dynamic sorting methods

To increase the concentration of target cells and reduce
the adhesion of non-specific cells, researchers have used
micro-/nanoscale microspheres to dynamically capture
target cells (Fig. 4). In 2020, Cheng et al. [28] used high-
density SiO, microbeads to capture fNRBCs for non-
invasive ABO blood grouping. The SiO, microbeads were
modified with streptavidin and antibodies (Fig. 4a). The
origin of the captured cells was detected using anti-HbF-
PE, anti-CD71-FITC, and DAPI by trichrome fluores-
cence analysis. Next, DNA was extracted from the cells
and the fetal ABO blood group was detected using PCR.
The results showed the feasibility of this method, provid-
ing more possibilities for the application of non-invasive
detection of fetal ABO blood groups in early pregnancy.
The platform allows pregnant women, especially those
with blood type O, to know the fetal blood type in early
pregnancy, providing reliable support for delivery and
postpartum. Unfortunately, this method can’t release
the cells well. To improve the efficiency of cell release, in
2020, Wang et al. [14] prepared large-sized silica spheres
based on gelatin nanoparticles encapsulated and modi-
fied with anti-CD147, followed by microarray filtration
to obtain fNRBCs (Fig. 4b). This was immediately fol-
lowed by the addition of metalloprotease to degrade the
gelatin layer, which improved the release efficiency of tar-
get cells as well as cell activity. In 2021, Zhang et al. [38]
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further optimized the scheme and designed a self-assem-
bled MnO, nanoparticle (SiO,@MnO,) based on silica
microbeads, which enabled the isolation and recovery of
fNRBCs in early pregnancy. They prepared SiO,@MnO,,
modified by anti-CD147, and used oxalic acid to dis-
solve the MnO, nanoparticle coating, thereby releasing
fNRBCs, and finally used FISH and STR techniques to
detect the captured fNRBCs (Fig. 4c). This platform pro-
vides a low-cost and easy-to-operate solution for NIPD.

Due to the high number of WBCs in peripheral blood,
they will adhere to the substrate even with dynamically
capture and may interference with the downstream anal-
ysis. To address this problem, an increasing number of
studies have verified that cancer cell membranes, eryth-
rocyte membranes, and leukocyte membranes have anti-
leukocyte adhesion effects that greatly increase the purity
of cells, and thus, the technique has been widely used for
sorting rare cells [162, 168, 170, 177, 178]. For example,
Wang et al. [170] achieved the isolation and enrichment
of fNRBCs in early pregnancy using a magnetic nanopar-
ticle encapsulated with a mixed membrane of leukocytes
and erythrocytes (Fig. 4d). They first encapsulated the
prepared cell hybrid membrane on magnetic nanopar-
ticles, followed by anti-CD147 modification, and then
verification of the origin of the cells by three-fluorescence
staining. The results showed that the isolated target cells
were obtained with an efficiency of 90% and a purity of
87%. They then collected peripheral blood samples from
pregnant women at 11 to 13 weeks for analysis using the
platform and found that 11 to 24 fNRBCs were collected
per mL of blood. After, the platform successfully detected
a series of aneuploidy, demonstrating its feasibility for
NIPD. The membrane is highly effective against non-spe-
cific cell adhesion and can selectively capture cells, and
it can also be encapsulated for drug-targeted treatment
of tumor diseases, which demonstrates great potential
for future tumor diagnosis as well as NIPD. Although
the above methods have confirmed the feasibility of
fNRBC:s for NIPD, the clinical specimens used in the cur-
rent experiments by researchers are very few, and a large
number of clinical validations are necessary for further
clinical applications. Therefore, such methods with bet-
ter specificity, sensitive, and reliability are of great need
for NIPD.

Clinical applications of fNRBCs

Given the rarity of fNRBCs and impurity of the separa-
tion, it is necessary to first identify the fNRBCs. The most
common method is three-color immunofluorescence
identification, which generally uses three different colors
of fluorescence to label the membrane and nuclear pro-
teins of fNRBCs, respectively. For example, Wang used
PE-labeled anti-e-globin, FITC-labeled anti-CD71, and
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DAPI to identify cells, and experiments showed that
cells expressing e-globin+/CD71+4+/DAPI+were identi-
fied as fNRBCs [170]. These fNRBCs need to be released
before the downstream identification of the fetal origin
and clinical analysis. Common release methods include
three major categories: (1) biochemical methods such
as DTT [154], MMP-9 [14], oxalic acid solution [38],
DNA hybridization [177]; (2) physical methods such as
electrical stimulation [30], magnetic field stimulation
[170], photo-stimulation [179]; (3) laser microdissection

techniques [180]. Since highly specific antibody proteins
for fNRBCs have not yet been found, three-immuno-
fluorescence identification makes it difficult to distin-
guish nucleated erythrocytes from the fetus and mother.
If these cells captured by default were all fetal, it would
pose a great interference for the analysis of fetal disease
downstream. Therefore, it needs to be further identified
as to their origin before downstream analysis [11]. Com-
mon identification methods include two methods: (1)
The probe of FISH for amplifying the SRY gene [35, 170];
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(2) STR locus analysis [38]. The identified fNRBCs need
to be lysed to obtain DNA, followed by further detection
of fetal diseases by FISH, STR, PCR, aCGH, NGS, WGS,
WES, and other methods to further detect fetal diseases
[7, 32]. Currently, FISH and STR analysis are most com-
monly used to detect copy number variants (CNVs) in
fetal chromosomes, such as Down Syndrome and other
aneuploidy disorders [39], while PCR techniques can also
detect single gene disorders caused by single nucleotide
variants (SN'Vs) such as sickle cell anemia on this basis
[40]. If the specific types (micro-rearrangements, muta-
tions, microdeletions, microduplications, substructures,
etc.) and locations of variants on chromosomes are fur-
ther explored, then these need to be combined with
aCGH, NGS, WGA, and WES techniques [34, 42, 43,
181]. These techniques can detect all genetic informa-
tion of the fetus contained in whole gene or whole exon
sequences, which can help genetic counseling of both
parents to provide more information about the fetus
and provide great support for the application for NIPD

(Fig. 5).

Fluorescence in situ hybridization (FISH)

FISH is the detection of fluorescent signals from fluo-
rescently labeled probes and samples in base comple-
mentary pairing at specific sites on the chromosome
by fluorescence microscopy, allowing the detection of
chromosomal abnormalities. This technique is now
commonly used to identify the origin of fNRBCs and
to detect aneuploidy disorders of chromosomes [32,
170, 182, 183]. For fetal origin identification, the SRY
gene of the cells is generally tested. It is a single-copy
gene located on the Y chromosome. Therefore, males
express the SRY gene and females do not. Therefore,
we can use the FISH method to detect the SRY gene
to identify the sex and origin of the cell. If the SRY
gene is positive, the cell originates from a male fetus
rather than the mother. Several researchers have suc-
cessfully identified the origin and sex of fNRBCs from
known male fetuses using this technique [14, 28, 38,
56, 153, 170]. As early as 1993, one author [35] used
both mouse monoclonal antibodies (UCHy) and FISH
techniques for immunophenotyping and amplifica-
tion of Y/X chromosome-specific loci GMGY10 and
DXZ1, respectively, to identify the origin of the cells.
The results showed that 87% of UCHy-positive male
fetal cells had only one Y signal and 68% of UCHy-pos-
itive female fetal cells had two X signals. The fetal sex
determined by this method was consistent with chro-
mosomal analysis. Although it reduces the contami-
nation of leukocytes, the number of fNRBCs is still
very small, which has some impact on the downstream
FISH analysis. With the development of technology,
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more and more works have increased the yield of
fNRBCs using microfluidic chips and nanomaterials,
and FISH has been widely used to identify fetal origin
[14, 38, 153, 170]. In 2021, Xu et al. [153] used S-eDAR
chips to capture fNRBCs, followed by FISH amplifica-
tion on-chip and off-chip. The microarray contained
a FISH probe, and the cells of male fetuses showed
one green and one red fluorescent dot, and female
fetuses showed two green, fluorescent dots so that the
sex of the fetus could be distinguished. However, the
FISH in-chip method could return false positives due
to air bubbles and contamination. The final method
described used a microscope to collect individual tar-
get cells outside the microarray and used a FISH probe
to identify the origin and sex of the cells. The results
showed that the SRY locus of the Y chromosome was
in red and the DXZ1 locus of the X chromosome was
in blue. The average success rate of FISH for 261 single
cells was 71.6%. In addition, Zhang [38] and Wang [14]
also successfully detected the SRY gene using FISH
probes (Fig. 5a). Although this method is simple and
can also distinguish the sex of the fetus, it is limited
to the identification of male fetuses only. Therefore, its
application is limited. To know whether the cells are
specifically of fetal or maternal origin, STR analysis is
required [184].

In the detection of aneuploidy diseases, the FISH
technique has also been widely used [32, 170, 182,
183]. As early as 1999, Zhen [183] performed multi-
ple rounds of FISH hybridization using the Poly-FISH
technique for specific loci of 13, 18, 21, and sex chro-
mosomes. The results showed that one X, one Y, two
18, and three 21 signals could be detected at the same
location in the same fetal cell of T21. This method
allowed multiple rounds of hybridization using mul-
tiple FISH probes for the same target cell at the same
time, thus analyzing multiple chromosomal abnormali-
ties. This greatly improved the hybridization efficiency
of FISH, which also had good reproducibility. Later in
2001, a scholar [182] used the FISH method to verify
aneuploidy disorders in the state of placental chimer-
ism. They collected six cases of X chromosome hap-
loid and seven cases of chromosome 18 triploid and
obtained fNRBCs by chorionic villus sampling, after
which the samples were amplified using specific probes
for chromosomes X, Y, and 18. The results showed that
five of the six haploid cases contained an X signal and
covered 89 to 100% of the cells, and 60 to 100% of the
cells in T18 contained three X signals. This study dem-
onstrated that the FISH method could also be used
for placental chimeric aneuploidy. Therefore, the use
of invasive tests in early pregnancy can then identify
the cell karyotype, so that secondary damage to the
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pregnant woman and fetus can be avoided. Further- them [185] Therefore, this method is more suitable for
more, in 2017, Huang et al. [39] used the FISH method simpler and faster gene amplification and detection of
to amplify specific loci of chromosomes 13, 18, and 21  gene CNVs in the laboratory.

and successfully detected T13, T18, and T21 from 24

pregnant women, respectively (Fig. 5b). The method is  Short tandem repeat (STR)

simple, and rapid, and allows multiple color markers. ~STR is a sequence of 1-6 nucleotides and is highly
This method does have some limitations: the hybridiza-  expressed in humans with a high degree of polymor-
tion efficiency is significantly reduced when the probes  phism. Therefore, analysis of specific STR loci on
are relatively short, and the specific location of chro- chromosomes can identify the origin of cells as well
mosomal variants requires NGS technology to detect as chromosomal aneuploidy diseases [39, 186, 187].
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According to Mendel’s law, half of STR loci come from
the mother and half from the father. Therefore, it is pos-
sible to identify the origin and sex of cells by comparing
the class, number, and location of genes at the STR loci
of the fetus and both parents [188]. For male fetuses,
the specific STR genes on the X chromosome are from
the mother. For female fetuses, one is from the mother,
and the other one is from the father. When the geno-
type of the female fetus does not match the mother, we
can determine that the genotype is from the fetus. How-
ever, when the female fetus genotype is consistent with
the mother, it may not be easy to determine and needs
to be combined with other loci. Some studies have used
STR sequences for NIPD and have successfully identified
both the origin of the cells and the sex of the fetus [39,
188]. Huang et al. [39] amplified the STR locus AMEL on
the X chromosome of the fNRBCs to identify the origin
of the cells and the fetal sex. In addition, Giambona et al.
[188] amplified seven STR loci of the X/Y chromosome
containing AMXY, HPRT, SRY, DXS8377, DXS1187,
DXS6803, DXS6809. The electrophoretic profiles of
STR showed that 96 of 159 cells contained a maternal
peak and a paternal peak. It also indicated that some of
these cells belonged to the fetus. Later, Zhang et al. [38]
explored the performance of the technique for the iden-
tification of female fetal cells by amplifying D8S1179,
D7S820, CSF1P0, D3S1358, D13S317, vWA, and AMEL
loci from a female fetus and both of her parents, and the
results verified that one of the fetal loci was from the
mother and one from the father, confirming the tech-
nique in identifying the origin of the cells (Fig. 5¢). Com-
pared with FISH, this method is less expensive, more
sensitive, faster, and not limited to male fetuses. How-
ever, it requires the identification of both parents’ geno-
types and is more complicated to perform. Both methods
(FISH and STR) can identify the origin of fetal cells as
well as the sex of the fetus, each with its advantages and
disadvantages. It is the identification method that makes
captured fetal cells available for analysis in NIPD.

In addition, some researchers have used this technique
to diagnose chromosomal aneuploidy disorders [187,
189, 190]. In 1994, Pertl et al. [189] collected DNA from
samples to detect T21 by amplification and fluorescent
labeling of the specific STR locus D21S11 on chromo-
some 21. The results demonstrated that eight amniotic
fluid samples showed three STR peaks, and another
eight samples had two other peaks with a 2:1 ratio. Sub-
sequent cytogenetic analysis of these samples detected
abnormalities confirming that they had Down syn-
drome, which provided evidence for the use of STR for
NIPD. Given the existence of fetuses and mothers with
identical allelic loci, there are limitations to a single STR
locus. To avoid this problem, in 2001, a scholar used flow
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cytometry to isolate fNRBCs, followed by the amplifica-
tion of three STR loci D21S11, D21S1411, and D21S1412
to detect aneuploidy disease [187]. They collected blood
samples from seven pregnant women with T21, three of
which had a fetal genotype of 47, XY,+21, and the other
four had a fetal genotype of 47, XX,+21. The results sug-
gested that five cases containing three fluorescent peaks
or two peaks with a 2:1 ratio were confirmed to have
fetuses with T21. This illustrates that STR locus analysis
can provide a new method for chromosome detection.
Next, Yoon [190] simultaneously amplified STR loci on
chromosomes 18 and 21 to detect Down and Edwards
syndrome. They detected them with abnormal STR peaks
by comparing the area ratios of STR peaks in 47 cases
of normal karyotype, 23 cases of Down syndrome, and
8 cases of Edwards syndrome. This method allows rapid
detection of trisomy within 8 h, so it provides a new pro-
tocol for rapid prenatal screening of Down and Edwards
syndrome. In addition, Huang et al. [39] detected multi-
ple specific STR loci for chromosomes 13, 18, and 21 and
successfully detected trisomies. Therefore, the amplifica-
tion of multiple STR loci can be used as a complementary
technique for the diagnosis of aneuploidy diseases. The
advantages of this technique in identifying the cellular
fetal origin, fetal sex, and aneuploidy disorders make it
widely applicable. It also provides a new potential mecha-
nism for further identification and analysis of target cells.

Polymerase chain reaction (PCR)

Genetic deletions, rearrangements, or mutations occur
in fetal cells and can result in several severe illnesses
such as Down Syndrome [191], sickle cell anemia [38,
40], p-thalassemia [40], fetal hemolysis [28], spinal mus-
cular atrophy [192], and Duchenne muscular dystrophy
[193], which can all be detected by PCR. Back in 1996,
Pertl [194] used quantitative fluorescent PCR (QF-PCR)
to amplify the specific sequences D21S11, D21S1414,
MBP, and AMXY on chromosomes 18 and 21 to detect
T18 and T21. They performed PCR amplification of these
specific sequences, followed by electrophoretic analy-
sis using polyacrylamide gels and DNA sequencers, and
used specific software to analyze the relative fluorescence
intensity of the products. The results showed that 10 of
the 20 trimers were three peaks when they were labeled
using D21S11 and D21S1414. The other 10 were 2:1 with
two peaks. Also, when D21S1414, MBP, and AMXY
markers were used simultaneously, the map was a bi-
equivalent trisomy pattern. It confirmed the feasibility
of QF-PCR to detect trisomies. This method allows rapid
detection of trisomies using a smaller number of sam-
ples and provides a new tool for NIPD. In the same year,
Cheung et al. [40] used MACS and micromanipulation
techniques to isolate single fNRBCs and then amplified
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the extracted DNA to successfully detect sickle cell ane-
mia and thalassemia disease. It showed the feasibility of
using PCR methods to diagnose monogenic diseases.
In addition, in 2020, Cheng et al. [28] used anti-CD147-
modified silica spheres to capture fNRBCs, followed
by DNA extraction and amplification of the ABO
blood group gene of the cells using the PCR technique
(Fig. 5d). They collected peripheral blood from 52 preg-
nant women, including 26 pregnant women with blood
group O and 27 male fetuses. The results showed that the
technique could successfully detect the blood type of 26
fetuses and that the genotype of the fetus was the same
as the blood type at birth. In addition, they also amplified
the SRY gene by PCR, and the results showed that the
SRY gene was detected in all 27 male fetuses. Thus, this
technique allows both parents to know the fetal blood
type in advance, facilitating early screening and preven-
tion of neonatal hemolysis. Since fNRBCs obtained from
blood samples often mix with many background cells,
downstream analysis is quite challenging. Therefore, this
technique generally requires high sample purity in addi-
tion to avoiding contamination during amplification.

Array comparative genomic hybridization (aCGH)

Common aneuploid diseases or monogenic diseases can
be detected by FISH, STR, and PCR techniques. How-
ever, these techniques have low resolution and require
high cell activity and purity. In contrast, the advantages
of aCGH, such as high resolution, the release of downed
cells without culture, and the ability to detect unbalanced
rearrangements of submicroscopic chromosomes, led
to its wide use in exploring fetal chromosomal variation
[195]. The aCGH technique, also called Gene Chip tech-
nology, uses different kinds of fluorescence to label DNA
samples of the experimental and the control group, and
hybridizes them with specific probes to determine the
CNVs of the samples of that experimental group by com-
paring the differences in fluorescence intensity between
them, and then processes and interprets these variant
signals with specialized detection software [196]. It can
detect any genetic variations and sequence copy num-
ber changes without the need to select a specific region
in advance and know the validation information of chro-
mosomal abnormalities in that study region. This enables
accurate localization and analysis of some specific muta-
tion sites [197] for identifying unknown gene fragments
in prenatal diagnosis [191]. Huang et al. [39] performed
the aCGH analysis of DNA amplification products from
five fNRBCs (one T13, T18, and T21 each in the experi-
mental group and two normal karyotypes in the control
group) and the plots showed fetuses from the experimen-
tal group with abnormal chromosomal peaks (Fig. 5e).
In addition, Le et al. [198] successfully detected 49
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chromosomal abnormalities, including polyploid karyo-
types and variants of normal karyotypes with submicron
structures by using microarrays with this technique. In
addition, 8 types of gene rearrangements were detected
and confirmed by QF-PCR, demonstrating the potential
of the technique in NIPD.

Compared with conventional karyotype analysis, this
technique does not require cell culture techniques but
instead detects chromosomal abnormalities by directly
testing DNA from fetal cells or amniotic fluid samples
[199]. Cheung et al. [199] analyzed 2585 samples using
the aCGH technique and karyotype analysis, respectively,
and the results showed that aCGH technology detected
12 cases of chromosomal chimerism, while the latter only
detected 2 cases, further demonstrating the advantages
of aCGH technology. The technique can detect chro-
mosomal aneuploidy, microduplications, and microde-
letions in unbalanced rearrangements [200]. For some
balanced rearrangements, it cannot distinguish well
between polyploid rearrangements of the same chromo-
somes. Because of the imbalance of sex chromosomes,
it is easy to detect trisomies in males. Ballif et al. [201]
used aCGH microarrays to detect aneuploidy in 11 chro-
mosomal abnormal cell lines. They extracted DNA from
the experimental and reference groups and labeled them
using Cy3 and Cy5, respectively, and hybridized on one
microarray, followed by reverse labeling and then hybrid-
ization on another, explaining the chromosomal varia-
tion by comparing the difference in the average ratio of
the fluorescence intensities of the two. The study found
that the difference between male trisomy (47, XXY) and
normal males was significant, while the ratio of fluores-
cence intensity difference between normal women (46,
XX) and trisomy (47, XXX) was minimal. Using a normal
male cell line as a reference for trisomies, it was found
that male trisomy (69, XXY) produced a different char-
acteristic plot from normal males, while female trisomy
(69, XXX) produced the same characteristic plot as nor-
mal females, demonstrating the excellent sensitivity of
the technique in detecting non-equilibrium polyploidy.
However, female trisomy cannot be well distinguished
from normal diploidy, and the FISH technique needs to
be further determined at this time, limiting its clinical
application [201, 202].

This technique has greatly improved the resolution and
detection rate of chromosomal abnormalities, provid-
ing parents with more reliable genetic information [198,
201]. When using this technique, one must avoid con-
tamination of sample DNA to prevent interference with
downstream analysis. Furthermore, the increased resolu-
tion of chromosomal abnormalities has led to increased
uncertainties about the clinical significance of CNVs
[203]. It not only increases the workload of DNA analysis
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but also causes anxiety to parents when some adverse
genetic abnormalities are found in infants and children
[204]. As a result, more knowledge about the relevant
CNVs is needed to better understand and further analyze
the clinically unclear CNVs, which provides lots of sup-
port for prenatal diagnosis [205].

Next-generation sequencing (NGS)
NGS is also called high-throughput sequencing. It
can sequence hundreds of thousands or even millions
of genes at one time. Compared with Conventional
sequencing methods, it can also offer a comprehensive
analysis of the genomic and transcriptomic information
of fetal cells at high throughput and low cost [206—208].
The technique is currently used for the analysis of ane-
uploidy and CNVs, screening for monogenic diseases,
and whole-genome sequencing [19, 43, 209-212]. It is
known that Conventional PCR and FISH methods can
only analyze simple single-gene abnormalities, while
aCGH technology cannot analyze some chromosomal
balanced abnormalities due to its resolution limita-
tion. With the rapid development of NGS technology,
the above limitations have been broken. It was earlier
used for pre-implantation genetic analysis to accurately
screen and evaluate abnormal embryos, thereby discard-
ing abnormal embryos and selecting normal embryo
implantation, which provided a reduction in infant birth
defects and improved quality of life [213]. Later research-
ers used NGS technology to detect trophoblast cells
[214], cfIDNA [215], and fNRBCs [209] for the analysis
of fetal aneuploidy and SN'Vs. Hua et al. [212] used NGS
techniques to detect the aneuploidy of fNRBCs by tak-
ing 4 cell samples of known aneuploidy and using Illu-
mina MiSeq for sequencing. The results showed that T21
and T18, using the 0.08 xsequencing depth, were able to
accurately detect each fNRBCs in these four cases.
Furthermore, NGS can also be used to detect and
evaluate the CNVs of chromosomes in fetuses including
trisomy and microdeletion/microduplication syndromes
(MMS) [42, 210]. Liang et al. [42] collected 1128 cases of
pregnancy abnormalities, including 965 cases of aneu-
ploidy and 163 cases of MMS. For common trisomies like
T21 and T18, the positive predictive values (PPVs) were
95% and 82%, respectively. Among the 120 MMS cases
explored, 32 were associated with common chromo-
somal disorders, including DiGeorge syndrome (DGS),
22q microduplication syndrome, Prader-Willi/Angleman
syndrome (PWS), and Cri du Chat (CDC) with PPVs of
93%, 68%, 75%, and 50%, respectively. For the remaining
88 cases, they could not identify chromosomal changes
from the current gene pool, and their PPVs were 32%
(CNVs > 10 Mb) and 19% (CNVs<10 Mb), respectively.
The results demonstrated that the non-invasive prenatal
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screening platform produced higher PPVs on aneuploidy
and DGS, with higher sensitivity and specificity. However,
the presence of placental mosaicism makes the PPVs of
some other CNVs lower. Therefore, the platform can be
used in combination with ultrasound as an initial screen-
ing tool. In addition, NGS technology has been used to
detect monogenic diseases such as congenital deafness
and ichthyosis [41], and thalassemia [211]. Chang et al.
[41] established a noninvasive diagnostic method for iso-
lating fetal cells and detecting single-gene diseases. They
first collected peripheral blood from pregnant women
with congenital deafness and ichthyosis. After identify-
ing and picking up individual fetal cells by an automated
high-throughput image analysis system, they identified
the cell source and analyzed it using NGS technology
and SNP haplotype methods. The results showed that the
sequencing results of fetal cells of these two diseases were
consistent with the amniotic fluid testing. The method
was shown to be advantageous in detecting single-gene
genetic abnormalities and assessing fetal health, although
more clinical data are needed to further evaluate the per-
formance of the method. Compared with aCGH tech-
nology, NGS technology has higher sensitivity and can
detect the balance rearrangement of chromosomes [216].
This strategy allows the accurate identification of chro-
mosomal rearrangements and reduces the workload and
cost to a great extent.

The method allows high-throughput comprehensive
analysis of the genome and transcriptome of a species.
It can be used for single or multiple mutation analysis
simultaneously. This indicates that it can sequence hun-
dreds of millions of small gene fragments at the same
time, which greatly improves the efficiency of disease
detection. However, the technique is costly and cannot
analyze single target cells well, and a further combina-
tion of WGS and WES is required for single-cell analysis
[7].In addition, some CNVs generated during the experi-
ment cannot yet be systematically interpreted using the
current clinical CNVs database, so the use of NGS tech-
nology can generate some variants of unknown clinical
significance, which poses a great challenge for the genetic
counseling of patients [210].

Whole-genome sequencing (WGS)

With the continuous development of high-throughput
sequencing technology, WGS has been widely used for
single-gene genetic diseases, cancer, and complex gene
detection due to its decreasing cost and continually
maturing analysis system; it has become an important
tool for clinical detection of genetic variants [217-219].
The technique can detect all gene sequences of the
fetal cells, thus finding SNVs, insertions or microde-
letions (InDels), CNVs, and structural variants (SVs)
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within coding and non-coding regions, which provides
comprehensive clinical information on mutations. It
can currently identify the origin of fNRBCs [34], and
detect aneuploidy of fNRBCs [39, 212, 220]. Compared
with conventional PCR, FISH, and karyotype analy-
sis, WGS can detect all genetic variants within a single
cell in high throughput. Therefore, the technique can
be used to detect variants that cannot be detected by
conventional sequencing methods, which reduces the
error rate caused by the deletion of genes due to con-
ventional PCR methods [221]. For example, Chen et al.
[222] used the WGS method to analyze the sequences
obtained by high-coverage amplification and to detect
variants in fetal cells to assess monogenic genetic dis-
orders, followed by deep sequencing of genomic DNA
(gDNA) from the same newborns to provide validation
of these variants (Fig. 5f). The results indicated cellular
coverage and allelic deletion rates of 86.8% and 24.90%,
respectively. In addition, after single-gene genetic disease
analysis, they identified a total of 5344 variants, which
were all confirmed by deep gDNA analysis in newborns.
It illustrates that WGS can provide more comprehen-
sive genetic information for NIPD. WGS scans the entire
gene sequence to find mutation sites associated with the
related disease, and studies have shown that more than
800 mutation sites can be found in a single sequenc-
ing [206]. However, some variants are from non-coding
regions and these genes are not well studied yet, so they
cannot be explained by current clinical knowledge. It
was shown that the general population also carried some
variants that were not expressed and not pathogenic in
the initial examination [223]. Therefore, we need to fur-
ther differentiate and determine whether these variants
are pathogenic as well as epiphenomenal, increasing the
workload and cost to some extent. In addition, consider-
ing that ultrasound can only generally detect changes in
fetal structure beyond 20 weeks of pregnancy, physicians
need to detect and reassess these variants as soon as
possible when the fetus shows abnormalities. In conclu-
sion, this technique may be used as an initial screening
method for NIPD. The detected genetic variants can be
referenced for prenatal diagnosis and can help physicians
further determine the pregnant woman’s risk level. The
risk of unnecessary invasion can be avoided for low-risk
pregnancies. For high-risk pregnancies, further methods
such as family genetic history and genetic testing for spe-
cific diseases can be combined to detect fetal abnormali-
ties. In addition, WGS also provides more comprehensive
fetal genetic information for both parents, which can be
used as a reference for phenotypic analysis of the fetus
after birth. However, studies have found that not all fetal
phenotypes are consistent with neonatal phenotypes.
This poses a great challenge for the application of WGS.
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Therefore, researchers are needed to further understand
as well as refine the performance of this method and to
choose a more appropriate method according to the
specific situation of the pregnant woman to avoid the
increase of potential risks [19].

Whole exome sequencing (WES)

WGS is costly, has complex equipment, and requires staff
with a sophisticated bioinformatics background, so its
clinical application is greatly limited [217]. Exonic regions
represent 1% of the whole genome but occupy more than
85% of the genes associated with diseases. This is coupled
with the low cost of the technique and the small sequenc-
ing range. Therefore, sequencing and evaluation of exonic
sequences of fNRBCs have become a popular sequenc-
ing modality today [30, 224, 225]. For example, Feng
et al. [30] obtained fNRBCs from high-risk fetuses by
polypyrrole nanoparticle microarrays and explored ane-
uploidy and microdeletion variants of fetal chromosomes
using WES. To facilitate observation, they used three
colors of fluorescent probes to detect aneuploidy disor-
ders in fetuses. As a result, 12 aneuploidies were detected
(including 5 cases of T21, 2 cases of T18, 3 cases of T13,
and 2 cases of Klinefelter’s syndrome), and the accuracy
of the technique was then confirmed using amniocente-
sis and G-band karyotyping. In addition, they identified
the 18q21 microdeletion of the DYM gene in the case of
fetal cells in which ultrasound showed abnormal organ
architecture. This illustrates the potential of the WES
technique in detecting variants such as chromosome
copy numbers and microdeletions. We know that not all
mutations are inherited, and even if a full genetic test is
performed on a fetus before birth, children with normal
test results may be found to have abnormalities because
of spontaneous mutations later in life, so at this time,
the choice of low-cost WES technology that can detect
more than 85% of diseases in a smaller area is certainly a
more comprehensive consideration. To better understand
the differences between WGS and WES technologies,
Belkadia et al. [226] collected six unrelated genomes and
explored the performance of the two technologies. The
data showed that for the detection of SNVs and InDels,
WES detected an average of 84,192 and 13,325, and WGS
detected an average of 84,968 and 12,702. They then ana-
lyzed various parameters of both variants and found that
WGS could detect 656 high-quality SN'Vs, while WES
could only detect 105, and the rest of the SN'Vs were thus
missed by WES. However, the false-positive variation
rates of InDels were similar for both. Overall, the detec-
tion of SNVs using WES is not very reliable compared
to detection using WGS. Although the cost of WGS is
currently high, it shows great advantages in single-gene
inheritance. In addition, considering that the specificity
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of current methods for capturing cells is not high, the
actual base sequences that need to be sequenced are
much more than expected. When WES is chosen, it also
increases substantial costs. Therefore, WGS technology is
still the preferred method for detecting genetic variants.
In the future, as the cost of WGS technology decreases
and bioinformatics analysis capability improves, its abil-
ity to detect genetic variants will also improve greatly.
However, low-coverage WGS technology will miss many
variants, so a high-coverage WGS sequencing platform is
our more desirable sequencing method at present [224].
In conclusion, conventional FISH and karyotype analy-
sis can only detect aneuploidy disorders caused by chro-
mosomal variants as well as structural and mechanical
aberrations. The aCGH technology can further detect
chromosomal abnormalities caused by microduplica-
tions, microdeletions, micro-rearrangements, and sub-
structures. However, SNVs, InDels, and other variants
need to be analyzed in combination with NGS, WGS,
and WES. For clinical use, the physician needs to choose
a specific analysis technique for a particular population.

Summary and outlook

The fNRBCs are promising biomarkers for NIPD, which
can provide entire genetic information of the fetus and
allow early screening and diagnosis of fetal diseases
by simple sampling of maternal blood. Since fNRBCs
are rare cells in maternal blood, effective isolation, and
detection fNRBCs are crucial for NIPD. Although dif-
ferent methods have been developed for improving the
separation efficiency and purity of fNRBCs, challenges
remain in getting fNRBCs with high-purity, -yield, and
-quality for downstream analysis. (1) Lack of highly spe-
cific antibodies: More specific antibodies are needed to
enrich fNRBCs, although Anti-CD71, anti-GPA, and
anti-CD147 are commonly used for improving the purity
of cells. Since anti-CD71 and anti-GPA are also expressed
in early maternal NRBCs, more specific antibodies are
of great need. Another possibility is the exploitation
of microfluidics and physical cell separation based on
the unique properties of fNRBCs by reducing the adhe-
sion of non-specific cells. (2) Difficulty to identify the
origin of the cells. Currently, FISH technique and STR
analysis are commonly used to identify fNRBCs. How-
ever, the FISH technique can only be used to identify
male fNRBCs and has limited application, while the STR
analysis is complicated to operate since it requires the
combination of multiple STR sites and a comparison of
fetal and bi-parental genes. Therefore, advanced meth-
ods are needed to identify the origin of cells. (3) Lack of
good methods for clinical fNRBC separation. The micro/
nanotechnologies advance rare cell isolation based on

Page 25 of 31

their advantages of high throughput, integration, and
miniaturization. Through the integration of nanostruc-
tures, affinity surfaces, and microfluidic operations, and
these novel approaches offer more possibilities for the
better and faster capture and high-throughput analysis of
fNRBCs. However, NIPD methods based on these tech-
nologies are still not translated or commercialized for
widely clinic usages yet. (4) Limited translational applica-
tions: The current NIPD technology is still in its infancy.
Although the technology has been approved to analyze
single-gene diseases, diagnose aneuploidy, and iden-
tify blood groups, the actual detection of fetal disease
is rare. There are still technique barriers that limit the
clinical application of NIPD targeting fNRBCs. To over-
come above changes, the further research efforts may be
made for several aspects: (1) it could be promising to find
biomarkers with higher specificity to obtain high purity
fNRBCs through the in-depth analysis of the molecules
that express fNRBCs and the microenvironment in which
they live; (2) attempts may be made to find a lower cost,
simpler operation, and more comprehensive analysis
method for fetal origin identification; (3) The NIPD tech-
nology calls for fNRBC isolation/separation methods that
are low cost, simple to operate, and can be industrialized
for massive production; (4) New technologies and auto-
mated engineering systems are required for the com-
prehensive detection and analysis of individual fNRBCs
and non-invasive prenatal clinical applications to achieve
early detection, early diagnosis, early treatment, and early
intervention of fetal diseases.
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