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Abstract

Objective—Nucleated red blood cells (NRBCs) have been identified in maternal circulation and 

potentially provide a resource for the monitoring and diagnosis of maternal, fetal, and neonatal 

health and disease. Past strategies used to isolate and enrich for NRBCs are limited to complex 

approaches that result in low recovery and less than optimal cell purity. Here we report the 

development of a high-throughput and highly efficient microfluidic device for isolating rare 

NRBCs from maternal blood.

Material and Methods—NRBCs were isolated from the peripheral blood of 58 pregnant 

women using a microfluidic process that consists of a microfluidic chip for size-based cell 

separation and a magnetic device for hemoglobin-based cell isolation.

Results—The microfluidic–magnetic combination removes nontarget red blood cells and white 

blood cells at a very high efficiency (∼99.99%). The device successfully identified NRBCs from 

the peripheral blood of 58/58 pretermination samples with a mean of 37.44 NRBC/mL (range 

0.37–274.36 NRBC/mL). These results were compared with those from previous studies.

Conclusion—The microfluidic device results in an approximate 10- to 20-fold enrichment of 

NRBCs over methods described previously. The reliability of isolation and the purity of the 

NRBC product have the potential to enable the subsequent application of molecular diagnostic 

assays.
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Introduction

It is well established that fetal cells are present in the peripheral blood of pregnant women, 

and for more than three decades, researchers have focused on their use for the development 

of noninvasive prenatal diagnosis (Purwosunu et al., 2006a). Since the early 1990s, 

significant attention has been focused on fetal nucleated red blood cells (fNRBCs) as a 

source for diagnostic purposes since they reflect the current pregnancy, do not persist for 

long periods of time in maternal circulation, have limited replicating capacity, have 

biochemical characteristics amenable to cell enrichment, and are detectable early in 

pregnancy (Bianchi et al., 1990). However, the selection of fNRBCs as a candidate fetal cell 

type has been deterred, in part, because of estimates that ∼50% of nucleated red blood cells 

(NRBCs) are maternal in origin (Troeger et al., 1999a). Therefore, optimization of NRBC 

enrichment techniques is critical for fetal cell isolation and analysis. It has also been 

suggested that the total number of NRBCs present in maternal circulation, whether of fetal 

or maternal origin, alone or in combination with biochemical and ultrasonographic markers, 

may be an indicator of fetal anomalies and/or pregnancy complications (Prieto et al., 2002; 

Falcidia et al., 2004; Mavrou et al., 2007). In both applications, the challenge is to remove 

the overwhelmingly large background of maternal non-NRBCs and white blood cells 

(WBCs) without loss or damage of the target cells of interest (NRBCs).

The most frequently used methods to enrich or sort NRBCs from the whole blood of 

pregnant women have included density gradient separation (Kuo and Guo, 1999; Sekizawa 

et al., 1999; Samura et al., 2000; Smits et al., 2000), fluorescence-activated cell sorting 

(FACS)-based positive selection (Iverson et al., 1981; Bianchi et al., 1990; Price et al., 

1991; Lewis et al., 1996; Wang et al., 2000), magnetic-activated cell sorting (MACS)-based 

depletion or enrichment (Ganshirt-Ahlert et al., 1992, 1993; Busch et al., 1994; Campagnoli 

et al., 1997; Valerio et al., 1997; Troeger et al., 1999b; Mavrou et al., 2007), 

micromanipulation (Takabayashi et al., 1995; Sekizawa et al., 2007), selective lysis (de 

Graaf et al., 1999), and galactose-lectin-based methods (Babochkina et al., 2005; 

Purwosunu et al., 2006b; Sekizawa et al., 2007). Both FACS and MACS rely on sequential 

steps of preliminary separation of background cells, generally by density gradient 

centrifugation or cell lysis, followed by antigen–antibody recognition using NRBCspecific 

monoclonal antibodies. However, those techniques are limited by the specificity of the 

available cell surface markers as they are also expressed on significant (>0.5%) 

subpopulations of maternal blood cells. In addition, while they remove nontarget 

background cells, they result in low cell recovery efficiency (FACS) or less than optimal cell 

purity (MACS) (Bianchi et al., 2002). More recent studies have used galactose-specific 

lectin for the isolation of NRBCs. The method is based primarily on the observation that 

erythroid precursors express large numbers of galactose molecules on their cell surface. 

While that method has resulted in a greater NRBC recovery when compared to other 

technologies, it is time-consuming, labor-intensive, and results in the coisolation of a large 

number of non-nucleated erythrocytes, thus decreasing purity.

Herein, we describe the development and application of a highly sensitive microfluidic 

device that efficiently and reproducibly results in the high recovery and purity of NRBCs 
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from maternal blood. The technology capitalizes on the intrinsic characteristics of NRBCs 

using a two-step enrichment process (Figure 1a). The cell separation microchip (CSM) was 

designed to separate blood cells based on cell size and their ability to deform. The 

hemoglobin enrichment (HE) module was developed to separate cell fractions based on the 

premise that NRBCs are the only cells in whole blood that contain both a nucleus and 

hemoglobin. Accordingly, the CSM separates blood into a nucleated fraction (nucleus+) and 

a non-nucleated fraction (nucleus−), and serves as a debulking process to remove the vast 

number of red blood cells (RBCs) from whole blood samples (Figure 1a and b). After the 

collection of nucleus+ cells, the CSM product is separated by the second stage HE module 

into a hemoglobin-containing fraction (nucleus+/Hb+) and a non–hemoglobin-containing 

fraction (nucleus+/Hb−) (Figure 1a and b). The HE step takes advantage of paramagnetic 

properties of NRBCs whereby hemoglobin is converted to methemoglobin following 

treatment with 50 mM sodium nitrite (NaNO2), thus rendering all Hb+ cells paramagnetic. 

WBCs and NRBCs are then passed through a magnetic column (Miltenyi BioTech, 

Germany) under a magnetic field of 1.4 T, where Hb+ cells (NRBCs) are retained. The 

separation does not rely on any antibody, and is not subject to the purity and yield 

limitations of affinity enrichment. However, it is necessary to eliminate a vast majority of 

non-NRBCs prior to HE separation to prevent the magnetic matrices used to generate the 

required field gradient to be saturated and lose their ability to retain NRBCs. The power of 

the two-step system is that both dimensions of separation can be optimized independently to 

result in an ideal separation mechanism.

To effectively remove RBCs, the microfluidic chip was designed on the basis of 

‘deterministic lateral displacement’ (DLD), first published by Huang (Huang et al., 2004), 

and exploits the hydrodynamic size differences between nucleated and non-nucleated cells. 

Maternal RBCs and platelets are ∼2 μm (thickness), whereas NRBCs and WBCs are larger 

than 5 to 10 μm. Whole blood is passed through an array of microposts under laminar flow 

at a small angle relative to the array (Figure 1c). Cells that are small with respect to the flow 

stream (RBCs and platelets) drift along the flow and stay in the stream. In contrast, cells that 

are large compared to the flow stream (NRBCs and WBCs) are displaced out of the stream 

when they encounter a micropost. Hence, the array acts like a size filter, in which the pore 

size of the array is not the spacing between posts, but is dictated by the width of the flow 

stream, which is much smaller than the micropost spacing. The array enables large gaps to 

separate small cells at a reasonable flow rate, overcomes shear stress on cells, and avoids 

chip clogging. Optimal capacity and minimal shear stress were achieved by designing high-

throughput arrays and multiplexing. Microposts were engineered to manipulate the flow and 

to minimize shear stress in the device. The wide gap size and optimized micropost design 

allowed the device to be fabricated deeper (∼150 μm), further increasing throughput. Each 

microfluidic chip device comprises a single blood inlet and 24 buffer inlets that feed blood 

and buffer into 24 identical pairs of arrays, where nucleated and non-nucleated cells are 

separated. The cells are collected in phosphate buffer solution, and harvested via a single 

outlet (Figure 1c). Collectively, 48 arrays are multiplexed on a single 64 × 32 × 1 mm chip, 

allowing blood to sort at ∼107 cell/s, two orders of magnitude faster than the current state-

of-the-art flow cytometers.
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Methods

Blood samples

After informed consent was obtained under protocols approved by the Western Columbia 

University, Tufts-New England Medical Center, or Women & Infants Hospital IRB, ∼20 to 

30 mL of venous peripheral blood was collected in K2EDTA vacutainers from 58 pregnant 

women. Median maternal age was 35.5 years (range 18–44 years), and gestational age 

ranged from 9 to 22 weeks (median 18 weeks). Blood processing began within 6 h of draw, 

and all samples were drawn prior to an invasive procedure. In 21/58 cases, the karyotype 

was determined, and in cases where the karyotype was not known, fetal gender identification 

was performed on plasma and/or fetal tissue by polymerase chain reaction (PCR) analysis 

using a probe for the Y chromosome only. In addition, 30 mL peripheral blood was obtained 

from each of five nonpregnant donors for the optimization of ideal chip throughput.

Blood preparation

Once received in the laboratory, blood samples were inverted three times to mix, and filtered 

into a 50-mL tube using a 30 μm Pre-Sep filter (Miltenyi) to remove any visible clots. An 

equal volume of incomplete calcium- and magnesium-free Dulbecco's phosphate buffer 

solution (iDPBS) was added to the blood, and mixed. A complete blood count was 

performed on each sample.

Microfluidic chip

Microfluidic chips were fabricated in silicon using standard microfabrication processes. 

Fluidic structures were defined on silicon wafers using photolithography, and etched to 

∼150-μm deep using deep reactive ion etch (DRIE). Five nanometers of thermal oxide was 

grown on the etched wafer to make the channels hydrophilic, and the wafer was 

subsequently anodic-bonded to a glass wafer to form enclosed fluidic channels. Holes for 

fluid access were fabricated before bonding using KOH wet etch. The wafer was then diced 

into separate devices. Microfluidic chips were designed and fabricated with 18-, 20-, and 24-

μm gaps.

Cell separation microchip (CSM)

A microfluidic chip assembly was mounted on the CSM machine with all tubing attached. A 

solution of running buffer, consisting of 1% bovine serum albumin (BSA) and 2-mM EDTA 

in iDPBS, was degassed using a vacuum degassing system (Fisher) stirring at 800 rpm for 2 

min, and then mounted on the CSM. A 250-mL Nalgene bottle was placed on the CSM to 

collect CSM waste, and a 50-mL tube was placed under the chip assembly to collect the cell 

product. The CSM was then switched to the ‘on’ position and the pressure was set to 1.0 psi 

for 1 min, and then at 3.0 psi for 4 min to purge air bubbles from the system. The pressure 

was returned to 1.0 psi to completely process the sample. The 50-mL tube containing the 

blood sample and iDPBS was poured into a syringe attached to the CSM. A system rocker 

was used to ensure continuous mixing of the blood/buffer solution, and to prevent sample 

settling. The run was considered complete when all of the blood had passed through the 

chip.
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Hemoglobin enrichment (HE) module

After samples were passed through the CSM, they were centrifuged at 300 g for 10 min, 

aspirated to 5 mL, and incubated with 50 mM NaNO2 for 10 min at room temperature to 

render hemoglobin paramagnetic. A Miltenyi LS magnetic column was attached to the 

tubing and then to the HE module magnet. Hanks' balanced salt solution (HBSS) was placed 

in a 50-mL tube that was mounted on the module along with the running buffer. Once all the 

tubing was attached, the HE system was primed with running buffer at 0.35 psi. The 

pressure was then brought to 1.4 psi and the sample was passed through the column 

magnetized at 1.4 T, and rinsed in 3 mL of iDPBS and 1% BSA. After rinsing, the sample 

was eluted at a higher flow rate with HBSS. To reduce nonspecific binding of WBC to the 

column, the rinse and elution process was repeated three times.

Slide preparation

Collected cells from the HE module were diluted in HBSS. Slides were prepared using 

ThermoShandon Megafunnel slides. Cells were placed in Shandon EZ Megafunnel 

Disposable Sample Chambers and spun onto slides using a Shandon Cytospin 4 Cyto 

Centrifuge at 1900 rpm for 5 min at medium acceleration. The cell concentration was 1 × 

106 total cells/slide. After centrifugation, slides were incubated in 1% BSA for 10 min at 

room temperature. Slides were then air dried for 1 h in a vertical position, followed by a 

final methanol fixation.

Wright/Giemsa stain

Slides were prefixed in methanol for 10 min at room temperature, allowed to air dry, and 

then exposed to Wright/Giemsa stain using standard methods in an automated Sakura 

Hematology Slide Stainer.

Bioview duet bright field scanning

Stained slides were placed on a BioView Duet automated scanner and were completely 

scanned using an algorithm established to identify cells that contain a nucleus.

NRBC enumeration

Once slide scans were complete, a gallery of target cells was manually prescreened on a 

BioView Solo Review Station. Target NRBCs that showed a low nucleus to cytoplasm ratio, 

a small dense nucleus, and orthochromatic nongranular cytoplasm were confirmed manually 

on the BioView Duet microscope. Cells were classified as typical NRBCs, atypical NRBCs 

with nonstandard morphology, and not NRBCs. At least two scorers were assigned to each 

case, and NRBC counts were compared for potential variance. The final number of 

NRBC/mL of sample was calculated by dividing the total number of NRBCs identified 

across all slides by the amount of whole blood processed.

Benzidine stain

Wright/Giemsa-stained slides were destained in methanol prior to exposure to 0.25% 

benzidine/methanol for 3 min. Slides were then developed in 1.25 mL 30% hydrogen 

peroxide in 50 mL 50% ethanol for 1.5 min, followed by two rinses in dH2O. Subsequently, 
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slides were placed in 50 mL Wright/1.5 mL Giemsa stain for 10 min, followed by three 

rinses in dH2O. All steps were carried out at room temperature. Stained slides were 

reexamined on a BioView Duet automated microscope. Each NRBC target identified from 

the initial Wright/Giemsa scan was relocated and examined as positive or negative for 

benzidine stain. All cells were photographed. Benzidine was purchased from Sigma-Aldrich 

(#3503-1G).

Results

To optimize separation between nucleus+ and nucleus− fractions, three microchip designs 

were initially fabricated with 18-, 20-, or 24-μm gaps. Peripheral blood from five 

nonpregnant donors was split equally into three aliquots of ∼10 mL each, and run through 

each of the three chip designs in parallel at ∼1.0 psi. The nucleus+ and nucleus− fractions 

were characterized using a hematology analyzer (Coulter AcT diff, Beckman Coulter). All 

three designs resulted in excellent separation, eliminating RBCs to within 0.056, 0.010, and 

0.004%, using 18-, 20-, and 24-μm chips, respectively. The median, and 20th and 80th 

percentiles for each device are shown in Figure 2a. WBC cell retention was 99.9, 99.9, and 

99.7%, using 18-, 20-, and 24-μm devices, respectively (Figure 2a). The final microfluidic 

chip was designed with wide gaps of ∼20 μm to maximize NRBC recovery while 

maintaining a reasonable flow speed, and to reduce shear stress of the cells. Retention of 

Hb+ cells was optimized by performing a flow titration using donor blood samples. The 

results showed that at a flow rate of 27 mL/h (flow rate−1 135 s/mL), greater than 95% of 

the Hb+ cells were retained. As the flow rate was reduced to 13 mL/h (270 s/mL), essentially 

no Hb+ cells were detected in the Hb− fraction (Figure 2b). The purity of the Hb+ fraction 

was optimized by applying one, two, and three cycles of magnetic cell separation. The 

median, 20th, and 80th percentiles are shown in Figure 2c. Overall, the results show 

∼99.99% depletion of the maternal Hb− cells after three cycles of separation. Under optimal 

conditions, enrichment performance of the microfluidic device and CSM/HE modules 

resulted in the recovery of ∼1 to 275 NRBCs postprocess. Thus, ∼99.99% of RBCs are 

removed with ∼5 000 000 remaining in the final product; WBCs are removed with an 

efficiency of ∼99.90 to 99.99%, and ∼8000–8 000 000 WBCs remained in the final cell 

product from 1 mL whole blood (Table 1). Postprocess examination of the enriched cell 

fraction by Wright/Giemsa-staining showed isolation of several cell types including WBC, 

RBC, and NRBC (Figure 3). Only cells that showed a low nucleus to cytoplasm ratio, a 

small dense nucleus, and orthochromatic nongranular cytoplasm were considered NRBCs. 

To confirm the identification of NRBCs postenumeration, slides from a portion of patients 

were sequentially stained with benzidine. Benzidine is a highly selective and efficient 

method used to demonstrate the presence of hemoglobin in erythroid cells, and differentially 

stains the cytoplasm of hemoglobin-containing cells golden brown while non–hemoglobin-

containing cells appear blue. In all samples tested, cells identified as NRBCs using Wright/

Giemsa stain were positive by benzidine staining (Figure 4).

Having optimized the microfluidic device with control samples, we tested its capacity to 

isolate NRBCs from peripheral blood from pregnant women. Examination of the enriched 

cell product after Wright/Giemsa staining showed that NRBCs were isolated from 58/58 

blood samples tested (Table 2). Of the 58 samples, 37 were from singleton pregnancies with 
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limited outcome information. No invasive procedure was performed, and it was not known 

whether the fetus was chromosomally abnormal, or if there were other pregnancy 

complications that may have affected the NRBC count including preeclampsia, intrauterine 

growth restriction (IUGR), gestational diabetes, or anemia. The remaining 21 pre-procedural 

samples were from women who were subsequently identified as carrying a chromosomally 

abnormal fetus. Among the 37 pregnancies with unknown follow-up, a mean of 37.68 

NRBC/mL, median of 21.08, and a range of 0.37 to 168.2 was identified. These results were 

compared with those of previously reported studies using alternative enrichment processes 

(Table 2) (Slunga-Tallberg et al., 1995; Takabayashi et al., 1995; Babochkina et al., 2005; 

Purwosunu et al., 2006b; Kwon et al., 2007; Mavrou et al., 2007; Sekizawa et al., 2007). 

Mean NRBC/mL in those studies ranged from 0.40 to 5.40 vs 37.68 in the current study. Of 

the 21 cases known to carry an aneuploid fetus, the mean number of NRBC/mL was 37.20, 

median was 18.13, and the range was 0.99 to 274.36. Among 13 cases of trisomy 21, the 

mean number was 52.81 NRBC/mL (range 5.65–274.36) and a median of 31.82. One case 

with trisomy 13 showed 4.94 NRBC/mL, whereas five cases of trisomy 18 showed a mean 

number of 14.97 NRBC/mL, a range of 0.98 to 31.16, and a median of 12.29. Two cases of 

69,XXY/XXX showed a mean number of 7.41 NRBC/mL, median of 7.41, and a range of 

6.67 to 8.14 (Table 3). Of the abnormal cases, fetuses with trisomy 21 showed the highest 

mean number of NRBCs. This finding is consistent with previous studies (Bianchi et al., 

1997; Krabchi et al., 2006; Mavrou et al., 2007) that suggest more NRBCs are detected in 

maternal blood when the fetus is aneuploid, particularly trisomy 21. The maternal blood of 

pregnancies with trisomy 18 fetuses also had a higher number of NRBC/mL compared to 

trisomy 13 and triploid fetuses. However, the sample numbers were low and require further 

investigation.

Discussion

We have shown the development and application of a robust microfluidic device that can 

effectively, efficiently, and reproducibly isolate NRBCs from the whole blood of pregnant 

women. From a technical perspective, our approach of combining a microfluidic device and 

hemoglobin enrichment is unique in that it takes advantage of the intrinsic characteristics of 

NRBCs, including cell size, presence of a nucleus, and hemoglobin content. The process is 

easy to perform compared to the most frequently used approaches to enrich or sort for 

NRBCs. The CSM/HE system has the ability to process 5 to 20 mL of maternal whole blood 

in 2 to 6 h, automated scanning is ∼25 min/slide, and manual enumeration is ∼30 min/slide. 

Only one other report of ‘biochip’ technology has been described for the identification of 

fetal cells from maternal blood (Mohamed et al., 2007). In that study, the device was created 

to separate fetal cells from maternal cells in cord blood using density gradient separation 

prior to microchip sorting based only on differences in cell size and deformation 

characteristics. The results showed a very low processing throughput (0.35 mL/h), and chip 

clogging. The current design of our microfluidic device is unique in that it sorts NRBCs 

directly from whole blood without other pre-enrichment processes or prelabeling, and is not 

subject to the purity and yield limitations of affinity enrichment methods. The microfluidic 

device effectively eliminates ∼99.99% of RBCs in the first CSM step. The stationary 
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capture of NRBCs on a magnetic column during the second HE step allows depletion of 

nonspecifically bound WBCs at ∼99.90 to 99.99% efficiency.

Applying this approach to the isolation of NRBCs from 58 pregnant women, we detected a 

mean number of 37.68 NRBC/mL and 37.20 NRBC/mL in singleton and abnormal 

pregnancies, respectively. The range was 0.37 to 274.36 NRBC/mL for all cases examined. 

This is in contrast with means ranging from 0.58–5.4 NRBC/mL identified by MACS 

density gradient, and in two of three studies using the galactose-lectin method. In one study, 

as many as 2.00 to 59.00 NRBCs were identified using soybean agglutinin galactose-lectin 

(Babochkina et al., 2005). However, the current method revealed an approximate 10- to 20-

fold increase in NRBC counts over any other previously reported method.

In summary, the current microfluidic technology is the most successful approach for the 

isolation and enrichment of NRBCs reported to date. It has been suggested that an increase 

in the total number of circulating NRBCs may be an indicator of fetal aneuploidies or 

pregnancy complications (Prieto et al., 2002; Falcidia et al., 2004; Mavrou et al., 2007), and 

may be used to assess pregnancies at risk. A larger clinical study with appropriate clinical 

outcome information is in progress, and may provide further information regarding 

correlations for the monitoring and diagnosis of maternal, fetal, and neonatal health. In 

addition, the ability to effectively, reliably, and efficiently isolate a large number of NRBCs 

with high purity has the potential to enable molecular analyses for prenatal screening or for 

noninvasive prenatal diagnosis. Finally, a redesign of the current two-stage system into a 

single device with automated cell counting has significantly reduced sample processing 

time, and may enable point-of-care testing.
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Figure 1. 
Isolation of NRBCs from whole blood using a microfluidic device. (a) Schematic of flow 

logic of the microfluidic system. (b) The CSM (left) separates cells based on size through 

the microfluidic chip into nucleus+ and nucleus− fractions. The blood sample is continually 

mixed on a rocker, and pumped through the chip using a pneumatic-pressure regulated 

pump. The HE module (right) collects hemoglobin-containing cells (NRBCs) on a magnetic 

column that are eluted off the column when the run is complete. (c) (1) A photograph of the 

microfluidic device etched in silicon, (2) an example of whole blood running through the 

device, and (3) a schematic of one of 24 sets of buffer inlets and paired array sets on the 

microfluidic device showing the flow stream of NRBCs and WBCs, deflected by microposts 

(circles), into the buffer stream. RBCs are small and run into the waste outlets at the bottom 

of each chip. Colored lines with arrows represent the flow direction of RBCs (red lines), 

NRBCs (blue lines), and WBCs (green lines)

Huang et al. Page 11

Prenat Diagn. Author manuscript; available in PMC 2015 June 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Engineering optimization of system performance. (a) Cell separation performance of the 

microfluidic chip shows WBC and RBC retention for three devices of differing gap size. (b) 

Flow rate dependence of RBC retention during magnetic hemoglobin separation. (c) 

Retention of WBCs in the NRBC product after 1, 2, and 3 cycles of magnetic hemoglobin 

separation
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Figure 3. Cell types identified after microfluidic cell separation using Wright/Giemsa stain
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Figure 4. 
Confirmation of NRBCs by differential staining with Wright/Giemsa followed by benzidine 

stain. All cells labeled ‘1’ are Wright/Giemsa, and photos labeled ‘2’ are Wright/Giemsa/

Benzidine. Cells with a golden brown cytoplasm are hemoglobin-containing cells (NRBC 

and RBC), and nonhemoglobin-containing cells (WBC and platelets) have a blue cytoplasm. 

Cells ‘A’ and ‘B’ are representative NRBCs, cell ‘C’ is a polymorphonuclear neutrophil, and 

cell ‘D’ is an apoptotic WBC
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Table 1
Enrichment performance of microfluidic device

NRBC RBC WBC Platelet

Whole blood 100% 100% 100% 100%

After enrichment Unknown 0.01% 0.01–0.10% 0%

Number of cells/mL remaining 1–275 5 000 000 8 000–80 000 0

NRBC, nucleated red blood cell; RBC, red blood cell; WBC, white blood cell.
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