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Circulating fetal nucleated cells (CFNCs) in maternal blood offer an ideal source of fetal genomic
DNA for noninvasive prenatal diagnostics (NIPD). We developed a class of nanoVelcro microchips
to effectively enrich a subcategory of CFNCs, /.e, circulating trophoblasts (cTBs) from maternal
blood, which can then be isolated with single-cell resolution by a laser capture microdissection
(LCM) technique for downstream genetic testing. We first established a nanoimprinting fabrication
process to prepare the LCM-compatible nanoVelcro substrates. Using an optimized cTB-capture
condition and an immunocytochemistry protocol, we were able to identify and isolate single cTBs
(Hoechst+/CK7+/HLA-G+/CD45-, 20 um > sizes > 12 pm) on the imprinted nanoVelcro
microchips. Three cTBs were polled to ensure reproducible whole genome amplification on the
cTB-analysis. Using maternal blood samples collected from expectant mothers carrying a single
fetus, the cTB-derived aCGH data were able to detect fetal genders and chromosomal aberrations,
which had been confirmed by standard clinical practice. Our results support the use of nanoVelcro
microchips for cTB-based noninvasive prenatal genetic testing, which holds potential for further
development toward future NIPD solution.
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The current gold standard for diagnosing fetal genetic abnormalities involves invasive
proceduresl2 such as amniocentesis (AC, >16 weeks of gestational age, GA) and chorionic
villus sampling (CVS, 10-12 weeks of GA), by which fetal cells are harvested for
karyotyping and genetic testing. These procedures provide accurate information for clinical
decision making. However, concerns have been raised regarding their invasiveness and
increased risk of miscarriage (0.6-2%).3 Therefore, significant research endeavors have been
devoted to developing noninvasive prenatal diagnostics* (NIPD) to address this unmet need.
Among the noninvasive approaches for prenatal genetic testing, cell-free fetal DNA>7
(cffDNA)-based tests have demonstrated their sensitivity in detecting fetal aneuploidy (e.g.,
trisomies 21, 18, and 13) in large-scale clinical trials. However, cffDNA is highly
fragmented and compounded by a huge background of maternal DNA, limiting its
diagnostic utility for other genetic abnormalities, such as microdeletions and duplications.
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In contrast to cffDNA, circulating fetal nucleated cells (CFNCs)*9 in maternal blood are
well-preserved and possess pure genomic DNA, making it an ideal candidate for NIPD.
Feto-maternal cellular trafficking is the bidirectional passage of cells that results in the
presence of CFNCs in maternal circulation. However, the detection, isolation, and
characterization of CFNCs in maternal blood samples have been technically challenging due
to their fragile nature and extremely low abundancel! (<6 cells mL~1 of maternal blood in
normal pregnancy, compared to maternal hematologic cells of 10° cells mL1). Throughout
the past three decades,* several different working mechanisms of CFNC enrichment, such as
gradient centrifuge,1213 magnetic-activated cell sorting (MACS),141° fluorescence-activated
cell sorting (FACS),16:17 microchip technologies, 1819 filtration,2? and high-throughput
microscopy, 1121 have been developed. In order to access the full potential of CFNCs for
NIPD, the following challenges have to be addressed: (i) creating a robust rare-cell assay
capable of isolating pure and intact CFNCs with well-preserved genomic DNA and (ii)
coupling with downstream genetic testing beyond the detection of aneuploidy.

Among CFNCs* that have been identified in maternal circulation, a circulating trophoblast?!
(cTB) is one of the ideal targets considering its (i) short lifespan (a few days), which
excludes the possibility of isolating cTBs from prior pregnancies, (ii) representation of fetal
karyotype and genotype (except for the rare circumstances where discrepancy can result
from confined placenta mosaicism), and (iii) expression of a collection of biomarkers?? that
can be used for both enrichment and identification. Recent studies led by Baylor researchers
demonstrated that cTBs could be recovered by either a single-cell picking technique?! or an
optimized MACS approach®® from maternal blood (as early as 10 weeks of GA) and
subjected to molecular characterizations by array comparative genomic hybridization
(aCGH) and next-generation sequencing.

In contrast to the existing rare-cell sorting approaches, we pioneered the concept of the
“nanoVelcro” rare-cell assay,2324 in which a capture antibody-coated nanosubstrate
substantially enhances the performance of rare-cell enrichment from blood. By integrating
the nanoVelcro substrate with an overlaid microfluidic chaotic mixer, a nanoVelcro
microchip was then created. In our pilot studies for circulating tumor cells (CTCs),
nanoVelcro microchips demonstrated high sensitivity and specificity for enumerating CTCs
in different solid tumors, including prostate cancer,2>-27 lung cancer,28-30 pancreatic
cancer,3! kidney cancer,32 and melanoma.33 Beyond enumeration, we were able to isolate
pure CTCs individually by coupling a commercial laser capture microdissection (LCM)
technique with nanoVelcro microchips coated by electrospun poly(lactic-co-glycolic acid)
(PLGA) nanofibers. The CTCs isolated via nanoVelcro-LCM technology contain well-
preserved genomic DNA compatible for downstream molecular characterizations,
specifically, targeted mutational analysis,31:33 whole exome sequencing,3* and whole
genome sequencing.3 In the interest of broadening the general applicability of nanoVelcro
microchips, we continue to improve upon its performance and to explore its utility for the
detection and characterization of cTBs, demonstrating the feasibility of a CFNC-based
noninvasive prenatal testing (NIPT).

Herein we introduce a class of nanoVelcro microchips to effectively enrich cTBs from
maternal blood, which can then be isolated from the nanoVelcro substrates by the LCM
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technique for downstream genetic testing. We first developed a nanoimprinting fabrication
process38 (Figure 1) to prepare the LCM-compatible nanoVelcro substrates to avoid any of
the technical challenges (/.e., long production time and limited reproducibility33:34)
encountered previously from using the electrospinning nanofabrication process. A chip
holder was adopted to assemble a microfluidic chaotic mixer3’ onto the imprinted
nanoVelcro substrate, yielding nanoVelcro microchips (Figure 2a). In order to enrich cTBs,
biotinylated anti-EpCAM (a trophoblast surface marker) was grafted onto the imprinted
nanoVelcro substrates via biotin—streptavidin-mediated conjugation. To optimize the cTB-
capture performance (Figure 2b—d) of the imprinted nanoVelcro microchips, the devices
were tested with artificial blood samples, prepared by spiking D1O-stained trophoblast cell
lines (/.e., JEG-3/JAR/BeWo cells) from choriocarcinoma into freshly isolated human white
blood cells (WBCs). Simultaneously, an immunocytochemistry (ICC) protocol was
established to identify cTBs (Hoechst+/CK7+/HLA-G+/CD45-, 20 um > sizes > 12 ym)
from nonspecifically captured WBCs (Hoechst+/CK7-/HLA-G-/CD45+, 15 ym > sizes > 8
4m) and cellular debris on the imprinted nanoVelcro substrates (Figure 3b). To demonstrate
the clinical utility of the imprinted nanoVelcro microchips for CFNC-based NIPT, we
conducted cTB capture and characterization using maternal blood samples collected from
two groups: (i) 6 expectant mothers (GA = 8-14 weeks) with clinically confirmed normal
male fetuses (Table 1) and (ii) 9 expectant mothers (GA = 15-23 weeks, including two
unknown) with clinically confirmed genetic aberrations in their fetuses (Table 2). A general
workflow (Figure 3a) was developed for our cTB-based NIPT. On average, we detected 3 to
15 cTBs per 2 mL of blood in these maternal blood samples. For the cTBs subjected to
aCGH analysis, we demonstrated an accurate and high-quality detection of fetal genders and
fetal chromosomal aberrations in a total of 15 cases. Meanwhile, the feto-parental
relationship of the isolated cTBs and their matching maternal/paternal cells and/or umbilical
cord tissues were validated by short tandem repeats (STR) fingerprints. Overall, we
introduced an imprinted nanoVelcro microchip and a protocol for cTB-based NIPT that can
be further developed toward a NIPD.

RESULTS AND DISCUSSION

The procedure developed for the fabrication of imprinted PLGA nanoVelcro microchips is
summarized in Figure 1. Prior to the fabrication of imprinted PLGA nanoVelcro microchips,
a set of parental PMMA (poly(methyl methacrylate)) nanopillar features (200 nm in
diameter, 1.5 ¢m in length, 0.8 um in spacing) was introduced on a silicon wafer v/a e-beam
lithography (Supporting Information, Section 1). Subsequently, a polydimethylsiloxane
(PDMS) replicate was prepared by curing the prepolymers on the PMMA-nanopillar
features. Figure 1a—f depicts a workflow developed for the fabrication of imprinted PLGA
nano\elcro substrates. First, a 5% PLGA polymer (MW = 43-100 K) solution in acetonitrile
was spin-coated onto an O, plasma-treated laser microdissection (LMD) slide (with a 1.2-
um-thick suspended poly(phenylene) sulfide (PPS) membrane). Second, through the use of
an organic solvent (chlorobenzene)-assisted nanoimprinting process,38 the embedded
nanofeatures were effectively transferred from PDMS replicates onto the PLGA film. Here,
a metal sandwich holder was used to apply pressure (150 + 20 g cm™2) onto the assembled
layers, while the imprinting process was carried out at 130 °C, a temperature above the glass
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transition temperature of PLGA. Once the assembled layer cooled to 20 °C, the PDMS
replicates were peeled off to give a PLGA nanoVelcro substrate on an LMD slide. The
resulting imprinted nanoVelcro substrate (Figure 1g) exhibits rainbow diffraction patterns
that signify the presence of regular nanopillar features on the surface. This observation is
supported by the surface topographies of PLGA-nanopillar features examined by a scanning
electron microscope (SEM, Figure 1h). In addition to the advantage of an optical
transparency that makes the integration with the LCM technique possible, further benefits
introduced by the imprinted PLGA nanosubstrates include (i) a dramatically improved
production efficiency and reproducibility as compared to the earlier electrospinning
processes33:34 and (ii) effective reduction of nonspecific absorption of cell-free DNA in
blood once the substrate surface was treated with pH-8.4 phosphate-buffered saline (PBS). A
custom-designed chip holder was produced to assemble an overlaid PDMS chaotic mixer2®
(with a 22 cm microchannel) onto the imprinted nanoVelcro substrate (Figure 2a) to give the
imprinted PLGA nanoVelcro microchip. Prior to conducting affinity capture of cTBs, NHS
chemistry33:34 was employed to covalently attach streptavidin onto PLGA nanosubstrates,
followed by conjugation of biotinylated anti-EpCAM. Similarly, we utilized syringe pumps
and syringes to inject cell suspensions and agents through the imprinted nanoVelcro
microchips at an optimized flow rate.

In search of an optimal cTB-capture condition for nanoVelcro microchips, we prepared an
artificial cTB sample (containing prestained 200 JEG-3 cells and 5 million WBCs in 0.5 mL
of RPMI medium) as a model system. We first examined the capture performance at
different flow rates (/.e., 0.2 to 5.0 mL h™1) in the presence of trophoblast capture agent,
anti-EpCAM. The results (Figure 2b) illustrate optimal cell capture performance at 1.0 mL
h=1. Meanwhile, we analyzed the spatial distribution (Figure 2c) of the immobilized cTBs
along the 22 cm serpentine microchannel (inset in Figure 2c). About 85% of the cTBs were
captured in the first four microchannels (8 cm), suggesting that the 22 cm channel length
was sufficient to achieve an appropriate capture performance. Using the optimal capture
conditions (anti-EpCAM capture agent, flow rate = 1.0 mL h1), we validated that the
capture efficiency (Figure 2d) remained consistent over a range of spiked cTB numbers (/.¢.,
5 to 500 cTB mL™1) across three different types of TB cell lines (/.e., JEG-3, JAR, and
BeWo).

We then adopted the optimal cTB capture conditions to examine the feasibility of the cTB-
based NIPT approach. The general workflow (Figure 3a) can be divided into two major
sections: (i) three-step cTB enrichment/isolation and (ii) downstream genetic
characterization by aCGH and STR. The three-step cTB enrichment/isolation (Figure 3a)
commenced with a gradient centrifuge method that removed red blood cells (RBCs) from
the maternal blood. The resulting peripheral blood mononuclear cell (PBMC) suspension
(containing cTBs) was then introduced onto the imprinted nanoVelcro microchips (with anti-
EpCAM capture agent) for affinity capture. After capturing cTBs onto nanoVelcro
substrates, a four-color ICC protocol was implemented for parallel staining of Hoechst+,
CK7, HLA-G, and CD45. In conjunction with the use of fluorescence microscopy,
quantitative image cytometry3° data covering Hoechst+ nuclear staining, CK7/HLA-G/
CD45 expressions, and cell sizes may be used to identify cTBs (Hoechst+/CK7+/HLA-G+/
CD45-, 20 pm > sizes > 12 pm) from nonspecifically captured WBCs (Hoechst+/CK7-/
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HLA-G-/CD45+, 15 um > sizes > 8 um) and cellular debris on the imprinted nanoVelcro
substrates (Figure 3b). Subsequently, the LCM technique (ArcturusXT, Thermo-Fisher) was
employed to isolate the identified cTBs onto LCM caps. To ensure sufficient cTB DNA for
downstream molecular analysis, three cTBs were captured onto an LCM cap. The detailed
workflow and timeline for single-cTB isolation are summarized in Figure S2 of the
Supporting Information.

We recruited two cohorts of expectant mothers for feasibility studies using the cTB-based
NIPT approach. The first cohort (Table 1) included 6 pregnancies (GA = 8-14 weeks) from
in vitro fertilization clinics. Through their preimplantation genetic diagnostic (PGD)* tests
and ultrasound examinations, each expectant mother was confirmed to carry a single male
fetus with no detectable genetic abnormalities. The second cohort (Table 2) included 9
pregnancies (GA = 15-23 weeks) with fetal genetic aberrations, confirmed by either CVS or
AC as part of the standard care. For each cTB-based NIPT study, 2 mL of maternal blood
was used. Duplicated tests were conducted for all of the patients. Following the three-step
workflow (Figure 3a), cTBs in these maternal blood samples were captured onto the
imprinted nanoVelcro substrates and identified according to ICC/size criteria (Hoechst+/
CK7+/HLA-G+/CD45-, 20 um > sizes > 12 um). Figure 3b illustrates fluorescence
micrographs recorded for a cTB immobilized on the imprinted nanoVelcro substrate. For the
healthy cohort (Table 1), we detected 3 to 6 cTBs on the imprinted nanoVelcro substrates
from 2 mL of these maternal blood samples. Interestingly, a significantly higher number of
cTBs (5 to 15 cTBs per 2 mL of maternal blood) were observed for the diseased cohort
(Table 2). As the third step of cTB isolation, LCM was employed to precisely harvest
(Figure 3c) individual cTBs. To ensure the robustness of downstream genetic
characterization, 3 cTBs were pooled on each LCM cap and transferred to a 0.5 mL PCR
tube, in which whole-genome amplification (WGA) using an REPLI-g single-cell WGA kit
(Qiagen) was conducted. After DNA quantification by a Qubit 3.0 fluorometer (Thermo-
Fisher, >150 ng of amplified DNA), the cTB-derived WGA DNA was subjected to aCGH
(Agilent, SurePrint G3 Human Catalog 8x60K) and STR assay (GenePrint 10 system).

For the healthy cohort (Table 1), the male fetal gender, determined by PGD and ultrasound,
was used to validate cTB-derived aCGH data. To further confirm the feto-parental
relationship, maternal and/or paternal STR fingerprints were generated using maternal
and/or paternal blood samples and compared with cTB-derived fetal STR fingerprints.
Figure 4a shows a representative aCGH datum obtained from a male fetus carried by an
expectant mother (#1, Table 1). As shown in Figure 4b, the STR analysis results indicated
that at least half of the cTB-derived STR signatures could be tracked back to either maternal
or paternal WBC-derived STR fingerprints, confirming fetal-parental relationships. After
demonstrating the cTB-based NIPT for a normal pregnancy, we further explored the use of
our NIPT approach to detect fetal chromosomal aberrations using blood samples collected
from the diseased cohort (Table 2). In this cohort, expectant mothers #7-10 carried fetuses
with trisomy 21, and expectant mothers #11 and #12 carried fetuses with trisomy 18 and
trisomy 13, respectively. Expectant mother #13 carried a fetus with tetrasomy X (7.e., four
copies of X chromosomes). Expectant mother #14 carried a fetus with dual chromosomal
aberrations combining trisomy 18 and disomy Y. Finally, rare dual chromosomal aberrations
(9p deletion and 14q duplication) were detected in the fetus carried by expectant mother
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#15. We noted that all of the aCGH data (Figures 5a and 6) from the 9 study subjects
correctly detected fetal genders and clinically confirmed chromosomal aberrations. As a
result of termination of pregnancy, umbilical tissues were collected to verify the origin of the
matching cTBs. Figure 5b shows STR signatures obtained from the cTBs, maternal blood,
and the matching umbilical tissue, revealing (i) accurate fetomaternal relationship between
the cTBs and maternal cells and (ii) superb consistency between the cTBs and matching
umbilical tissue. In addition to the detection of trisomies 13, 18, and 21, we also performed
fluorescence in situ hybridization (FISH) in the matching umbilical cord tissues for the
chromosomal aberrations involving chromosomes X and Y for expectant mothers #13 and
#14. The inset in Figure 6b shows a fluorescence micrograph signifying the four copies of
chromosome X (red dots) and single chromosome Y (green dots) for expectant mother #13.
The inset in Figure 6¢ shows the duplicated Y chromosome (green dots) and triplicated
chromosome 18 (blue dots) for expectant mother #14. Finally, Figure 6d shows the cTB-
derived aCGH data observed for expectant mother #15, where 17.2 Mb deletion in the 9p
area [del(9)(p24.3p22.2)] and 11.7 Mb duplication in the 14q area [dup(14)(g32.13932.33)]
were detected, under the resolution of 1.8 Mb.

CONCLUSIONS

We successfully developed a nanoimprinting fabrication process to prepare the LCM-
compatible nanoVelcro substrates to overcome the technical challenges encountered
previously from using the electrospinning nanofabrication process. We then explored the use
of these imprinted nanoVelcro microchips to develop an NIPT approach through a
streamlined workflow to isolate and characterize cTBs in maternal blood. Initial
optimization studies using artificial maternal blood samples containing cTB cells concluded
that in the presence of anti-EpCAM nanoVelcro microchips exhibited consistent cTB-
capture performance (>70%). Furthermore, an ICC protocol was established to identify
cTBs from nonspecifically captured WBCs and cellular debris on the imprinted nanoVelcro
substrates. In conjunction with the use of the LCM technique, individual cTBs can be
specifically isolated with single-cell precision. Subsequently, we determined that pooling 3
cTBs on an LCM cap promises reproducible WGA on the cTB DNA, thus paving the way
for obtaining cTB-derived aCGH data and STR fingerprints of sufficient quality. Using
maternal blood samples collected from expectant mothers who carried a single fetus, our
NIPT approach generated cTB-derived aCGH and STR fingerprints under the optimal
conditions. The cTB-derived aCGH data correctly showed fetal genders and chromosomal
aberrations, which had been confirmed by standard clinical practice (e.g., AC, CVS, and/or
ultrasound). In parallel, the STR fingerprints from cTB and maternal/paternal blood
confirmed feto-parental relationships. These pilot studies support the feasibility* of
conducting cTB-based NIPT. With appropriate validation in large-scale clinical studies, this
cTB-based NIPT holds the potential to evolve into a noninvasive prenatal diagnostics
solution.
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MATERIALS AND METHODS

Reagents

Poly(lactic-co-glycolic acid) used in the present study was purchased from DURECT
Corporation (Cupertino, CA, USA,; lactide:glycolide = 50:50, inherent viscosity range 0.55—
0.75 dL g~1). Hexafluoroisopropanol (=99%) employed for dissolving PLGA was supplied
by Sigma-Aldrich and used as received. To covalently conjugate streptavidin onto the
imprinted PLGA nanosubstrates through NHS chemistry, activation agents, /.., 1-ethyl-3-
[3-(dimethylamino)propyl] carbodiimide (EDC) and A-hydroxylsulfo-succinimide (sulfo-
NHS), were used and obtained from Sigma-Aldrich. Laser capture microdissection slides
with predeposited 1.2-gm-thick PPS membrane supplied by Leica were employed as the
substrates for fabrication of the PLGA nanoVelcro substrates by using a nanoimprinting
approach. All other reagents and solvents were purchased from Sigma-Aldrich and used as
received unless otherwise noted.

Trophoblast Cell Lines

Three trophablast cell lines (7.e., JEG-3, JAR, and BeWo) from choriocarcinoma were
purchased from American Type Culture Collection. Under the recommended conditions, the
three cell lines were cultured for the preparation of artificial samples in the following
validation and optimization studies. Before spiking into the healthy donor’s blood as
artificial samples, the cells were collected, counted, and prestained with DIO for further use.

Blood Sample Collection

Human blood samples, including healthy donors’ blood and maternal blood samples from
expectant mothers, were collected for the presented studies. Blood samples were drawn prior
to any procedure following a patient-informed consent process covered by UCLA
Institutional Review Board approval (IRB #13-001264). The maternal blood sample
collection in PacGenomics laboratory (Agoura Hills, CA, USA) was covered under Western
IRB (IRB #1140744). Approximately 10-20 mL was collected from volunteers into
anticoagulant ACD Vacutainer tubes (Becton-Dickinson). The artificial blood samples for
optimization and validation studies were prepared by spiking 5-500 trophoblast cells into
the WBC suspensions derived from healthy donors’ blood.

cTB Enrichment and Staining

Maternal peripheral venous blood samples were obtained and collected in heparin
Vacutainer tubes (10 mL) from the expectant mothers. Before gradient centrifugation, the
blood samples were first diluted 1:1 with PBS. The gradient separation solution was
prepared by adding 2 mL of separation solution (Histopaque-1119) in 15 mL centrifuge
tubes. Then, 6 mL of diluted blood sample was carefully placed on top of the above-
described gradient separation solutions. After being tightly capped, the tube was then
centrifuged at 800g for 25 min at room temperature. The PBMC layer containing cTBs
should be located above the Histopaque-1119 separation solution layer. After aspirating and
discarding the top layer (plasma), the PBMC layer containing cTB (approximate 2 mL)
could be easily collected and transferred to another 15 mL centrifuge tube. Then, 9 mL of
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PBS was added and mixed with the collected cell suspension. The resulting cell suspension
was then centrifuged at 300g for 10 min at room temperature. After careful removal of the
supernatant, the cell pellet containing cTBs was finally isolated and collected from whole
blood for the following cTB capture using the imprinted PLGA nanoVelcro microchips.

The centrifugally enriched maternal blood samples with a cell pellet containing cTBs were
first resuspended into 200 gL with RPMI with 5% fetal bovine serum and then injected into
the imprinted PLGA nanoVelcro microchip at a flow rate of 1.0 mL h™1, After the
suspension sample solution containing cTBs was fully flowed through the imprinted PLGA
nanoVelcro microchip, the on-chip enriched cTBs were first fixed with ethanol (95%) at a
flow rate of 1.0 mL h™1 for 10 min. The imprinted PLGA nanoVelcro microchip was briefly
washed with washing buffer for 10 min at a flow rate of 1.0 mL h=L. Then, the captured
cTBs were identified by a four-color ICC protocol for parallel staining of Hoechst, anti-CK7
(PE), anti-HLA-G (FITC), and anti-CD45 (TRITC) to distinguish cTBs from nonspecifically
captured WBCs on the nanoVelcro substrates. (Detailed information is provided in the
Supporting Information, Section 3.)

Fabrication of Imprinted PLGA nanoVelcro Substrates

The LMD slide (LCM slides: PPS-membrane slides 1.2 ym from Leica) was first oxygen
plasma treated for 1 min. A PLGA solution (5 wt % in acetonitrile) was then spin-coated
(1500 rpm for 30 s) onto the oxygen plasma treated LCM slide. After being baked on a hot
plate at a temperature of 120 °C for 10-20 s, the LMD slide coated with PLGA film was
ready for nanoimprinting.

The PDMS replicate was first spin-coated with chlorobenzene (1500 rpm for 30 s) and then
stuck onto the PLGA-coated LMD slide. Afterward, a metal sandwich holder was used to
apply pressure (150 + 20 g cm™2) onto the assembled layers, while the imprinting process
was carried out at 130 °C, a temperature above the glass transition temperature of PLGA.
Once the assembled layer cooled to 20 °C, the PDMS replicates were peeled off to give a
PLGA nanoVelcro substrate on an LMD slide. Then, the imprinted PLGA nanoVelco
substrate was ready for the subsequent chemical conjugation33-34 (NHS chemistry) to
covalently attach streptavidin on the surface.

Fabrication of PDMS Chaotic Mixers

The chaotic mixer component was fabricated using a soft lithography method. The patterned
silicon master mold is produced by a standard two-step photolithographic process. In the
first step, a thin layer (110 gm) of negative photoresist (SU8-2100, MicroChem Corp.,
Newton, MA, USA) was spin-coated onto a 3 in. silicon wafer (Silicon Quest, San Jose, CA,
USA). After UV exposure and development, a serpentine fluidic channel with rectangular
shape in the cross section was obtained (length 22 cm and width 1.0 mm). In the second
step, another layer (50 pm) of negative photoresist (SU8-2025, MicroChem Corp.) was spin-
coated on the same wafer. Prior to the UV exposure the second mask was aligned (Karl Suss
America Inc., Waterbury, VT, USA) to the previous pattern with the new pattern to be
fabricated. The new pattern created the ceiling “ridges” that induce chaotic mixing within
the fluid channel. A well-mixed PDMS prepolymer (GE Silicones, Waterford, NY, USA,;
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RTV 615 A and B in 10:1 ratio) was poured onto the surface of the mold to replicate the
pattern, producing a PDMS chaotic mixer (approximately 6 mm thick) after curing in an
oven at 80 °C for 48 h. Before assembly with the imprinted PLGA nanoVelcro substrate, two
through-holes were punched at both ends of the fluidic channel on the PDMS chaotic mixer
to connect the tubing.

Assembly and Surface Modification of Imprinted PLGA NanoVelcro Microchips

The imprinted PLGA nanoVelcro substrate was allowed to instantly assemble with an
overlaid PDMS chaotic mixer through a slide-in and click-on approach by using a custom-
designed metal sandwich holder as shown in Figure 2a. To obtain the stable streptavidin-
coated imprinted PLGA nanoVelcro substrate used in our studies, the EDC/NHS chemistry
was applied as reported?3 to create a covalent bond between the carboxylic acid end groups
and free amines on the streptavidin molecules. The imprinted PLGA nanoVelcro substrate
was first reacted in 0.5 mL of 1x PBS with EDC (8.0 mg mL™1) and sulfo-NHS (2.0 mg
mL~1) to convert the terminal carboxyl group to an amine-reactive sulfo-NHS ester. A
concentration of 250 g mL™1 of streptavidin was then reacted with the NHS-functionalized
carboxyl group in 1.0 mL of 1x PBS at room temperature. After careful washing with PBS
three times to remove excess reactants, the streptavidin-modified imprinted PLGA
nanoVelcro substrate was treated with 50 zg mL™1 biotinylated anti-EpCAM for 60 min at
room temperature. After the brief wash with PBS three times, the fully biological
functionalized imprinted PLGA nanoVelcro microchip was ready for the capture of cTBs in
the blood samples.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Workflow developed for the fabrication of imprinted PLGA nanoVelcro substrate. (a) A laser

microdissection (LMD) slide was first cleaned by O, plasma; (b) a 1.0-gm-thick PLGA film
was spin-coated onto the plasma-treated LMD slide; (c) chlorobenzene (CB) was sprayed
onto PDMS replicates; (d) immediately after, the CB-coated replicates were pressed onto the
spin-coated PLGA film; (e) the assembled layers were then heated to 130 °C. PLGA
nanopillars were pulled into the nanofeatures on the bottom of the PDMS replicates, as a
result of the absorbance of CB into PDMS matrix; (f) after the assembled layers were cooled
to 20 °C, the PDMS replicates were peeled off from the substrate to give (g) an imprinted
PLGA nanoVelcro substrate on an LMD slide; (h) SEM image shows the topography of the
imprinted PLGA-nanopillar features.
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Figure2.
(a) A nanoVelcro microchip is assembled using a chip holder to hold together a chaotic

mixer on top of an imprinted PLGA nanoVelcro substrate. The PLGA nanoVelcro substrate
will be functionalized with capture agent (/.e., anti-EpCAM) for affinity capture of cTBs. (b)
In the presence of anti-EpCAM, artificial cTB samples (200 JEG-3 cells in 5 million WBCs)
were used to test the device performances at flow rates of 0.2, 0.5, 1.0, 2.0, and 5.0 mL h™1,
(c) Spatial distribution of nanosubstrate-immobilized cTBs along the serpentine
microchannel. 85% of cTBs were captured in the first 4 microchannels (8 cm). (d) Under the
optimal flow rate of 1.0 mL h™1, the cTB-capture efficiencies were determine at different
¢TB numbers ranging from 5 to 500 cells mL~1. Here three trophoblast cell lines (JEG-3,
JAR, and BeWo) were used.
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Figure 3.
(a) A general workflow of cTB-based NIPT approach can be divided into two major

sections, including (i) three-step cTB enrichment/isolation and (ii) downstream genetic
characterization by aCGH and STR. Three-step cTB enrichment and isolation start from (i)
RBC depletion by gradient centrifuge, (ii) affinity capture of cTBs onto nanoVelcro
microchips in the presence of anti-EpCAM capture agent, and end with (iii) cTB isolation by
LCM. For downstream genetic characterization, three individually isolated cTBs were
pooled together in a 0.5 mL PCR tube for WGA. The resulting amplified DNA was then
subjected to aCGH and STR assay. (b) Representative micrographs of cTBs obtained from
maternal blood samples. (c) Micrograph images recording stepwise operation of LCM-based
single cTB isolation on an imprinted PLGA nanoVelcro substrate, including (i/ii)
microscopy imaging/identification of cTB and (iii—-v) LCM of a single cTB.
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Figure 4.

aCGH and STR data from cTBs. (a) cTB-derived aCGH data showed no genomic

abnormalities in the fetus. The data were derived from three cTBs from a male fetus carried

by an expectant mother with a healthy fetus (#1 in Table 1). (b) STR genomic fingerprinting
confirmed the fetal-parental relationship between cTBs and their matching maternal and

paternal WBCs.
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Figure5.

aCGH and STR data from cTBs. (a) cTB-derived aCGH data showed trisomy 21 in the fetus.
The data were derived from three cTBs from a male fetus carried by an expectant mother
(#10 in Table 2) with a diseased fetus with confirmed fetal trisomy 21. (b) STR analysis
confirmed fetal—parental relationship between cTBs and maternal cells and showed
consistency between cTBs and the matching umbilical tissue.
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Genetic characterization of cTBs in maternal blood samples collected from expectant

Page 19

mothers (#11-15, Table 2) with confirmed chromosomal aberrations in the fetuses. (a) cTB-
derived aCGH data obtained from expectant mothers #11 and 12 showed trisomy 18 and
trisomy 13, respectively. (b) The finding of fetal tetrasomy X in expectant mothers #13 by
aCGH was confirmed by FISH on matching umbilical cord tissue. (c) The finding of fetal
dual chromosomal aberrations (trisomy 18 and disomy Y) in aCGH was confirmed by FISH
on matching umbilical cord tissue. (d) Detecting fetal chromosomal aberrations from the
expectant mother #15: A red arrow indicates copy number loss from 9p24.3 to 9p22.2 (17.2
Mb), and a blue arrow indicates copy number gain from 14932.13 to 14g32.33 (11.7 Mb),

under the resolution of 1.8 Mb.
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