Isolation and analysis of cell-free fetal DNA
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ABSTRACT. Non-invasive prenatal diagnosis is used to detect the genetic
material of the fetus by isolating the cell-free fetal DNA (cffDNA) from
maternal peripheral blood. In order to establish an isolation method for
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cffDNA from maternal peripheral blood in Chinese women, the cffDNA was
acquired with a two-step centrifugation using a QlAamp DNA Blood mini kit.
The SRY gene of plasma DNA was amplified by polymerase chain reaction
(PCR). Real-time quantitative PCR was used to measure the concentration
of cffDNA in maternal peripheral blood in different pregnant women. The
results of the SRY gene amplification of plasma DNA from pregnant women
was the same as that of the amniocyte DNA. The average concentration
of cffDNA in maternal peripheral blood of pregnant women in different
gestational stages was 0.98 ng/mL (0.26-1.49 ng/mL), 1.43 ng/mL (0.462.34 ng/mL), and 1.95 ng/mL (0.65-6.81 ng/mL) from early, middle, and
late gestational stages, respectively. The mean of cffDNA from total DNA
in plasma in different stages of gestation was 22.28% (9.86-27.81%). The
lowest concentration of DNA amplified by nested-PCR in our research was
10-4-10-3 ng/µL. The isolation method for cffDNA from maternal peripheral
blood was successfully established and further research into its applications
will be conducted.
Key words: Cell-free fetal DNA; Isolation method; Plasma; SRY gene;
Non-invasive prenatal diagnosis

INTRODUCTION
Prenatal diagnosis is used to determine whether the fetus will suffer from genetic diseases
after birth. Currently, invasive methods of sampling fetal material include amniocentesis (Fu et
al., 2001; Cignini et al., 2012; Simões et al., 2013), chorionic villus sampling (Vora et al., 2010;
Colah et al., 2011), and umbilical cord blood sampling (Fu et al., 2000; Deka et al., 2012). Noninvasive prenatal diagnosis (NIPD) is capable of detecting the genetic material of the fetus through
the isolation of cell-free fetal DNA (cffDNA) from maternal peripheral blood, plasma, or serum.
Compared to traditional methods of prenatal diagnosis, using cffDNA in prenatal testing to replace
or complement existing invasive methods can greatly reduce the pain and remove or reduce the
risk of miscarriage. Therefore, NIPD has great potential as a diagnostic tool.
Herzenberg et al. (1979) first isolated fetal nucleated red blood cells (NRBC) by using flow
cytometry (FCM). However, no efficient prenatal diagnostic method was available because of the
limited number and stability of NRBC in the blood. NIPD did not become promising until Lo, et al.
confirmed that cffDNA exists in maternal peripheral blood (Lo et al., 1997). The concentration of
cffDNA is very low in maternal peripheral blood (3-6%) (Wright et al., 2009), so its use has been
limited. Researchers are trying to establish effective methods to measure the concentrations of
cffDNA at different stages of gestation and optimize NIPD.
The usage of cffDNA in NIPD includes detection of single gene inheritance diseases
and aneuploidy by decoding the entire fetal genome from maternal plasma DNA analysis (Boon
and Fass, 2013; Chiu and Lo, 2013). It is mainly used in clinics for prenatal sex identification of
X-linked disorders including hemophilia, Huntington’s disease (HD), Duchenne muscular dystrophy
(DMD), and congenital adrenal cortical hyperplasia (CAH) (Wright et al., 2009; van den Oever et
al., 2015; Xu et al., 2015). It is also used for prenatal screening of fetal chromosomal aneuploidy
and detection of the Rh factor (Boon and Fass, 2013; Chiu and Lo, 2013; Yang et al., 2015). NIPD
provides an opportunity for the use of in utero gene therapy (IUGT) in early pregnancy.
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Maternal plasma cell-free DNA is a mixture of maternal and fetal DNA of which fetal DNA
represents only a minor population. The SRY gene is a sex-linked gene on the Y chromosome,
which only exists in males. Using cffDNA in maternal plasma for fetal gender determination is
mainly limited to those Y chromosome sequences absent in the maternal genome, such as the
SRY. Thus, the only way to identify these sequences is through male-bearing pregnancies (Wright
et al., 2009). Prenatal genetic diagnosis is often used where there is a family history of a sex-linked
disease. Most sex-linked diseases are recessive X-linked diseases caused by a particular gene
mutation on the X chromosome. The disease is normally manifested only in males, who carry a
single X chromosome. In females, the normal allele on the second X chromosome compensates
for the diseased allele. The most common X-linked recessive diseases include hemophilia and
Duchenne muscular dystrophy, although numerous other diseases can result in severe conditions.
Whilst each disease is individually relatively rare, it has been estimated that in combination they
occur in around 5 in 10,000 live births (Baird et al., 1988).
Progress remains to be made on the methodology for cffDNA isolation from maternal
peripheral blood. Effective isolation protocols need to be established to expand the clinical applications
of cffDNA in NIPD. Different groups have shown large variations in the concentration of cffDNA
isolated, between 3-20% (Ordoñez et al., 2013; Srinivasan et al., 2013; Benn and Cuckle, 2014).
The purpose of our research is to establish a method for the isolation of cffDNA from
maternal peripheral blood and to obtain the concentration of cffDNA at different gestational stages
in pregnant Chinese women. Additionally, we use nested-PCR to amplify the cffDNA in maternal
peripheral blood plasma and achieve high sensitivity.

MATERIAL AND METHODS
Sample information
The maternal peripheral blood of pregnant women from different gestational stages was
collected from women receiving antenatal care at the Department of Obstetrics and Gynecology of
the Affiliated Hospital of Sichuan Medical University, and Maternal and Child Health Care Hospital in
Zigong, Sichuan, China. This investigation was conducted in accordance with the ethical standards
and according to national and international guidelines. The Sichuan Medical University review
board has approved the protocol. The pregnant women provided informed consents.

Blood collection and plasma separation
The blood samples, 2-3 mL, were collected in EDTA-K2 anticoagulant tubes. Plasma was
separated from the blood sample by centrifugation for 10 min at 1600 g. The supernatant was then
centrifuged for 10 min at 16,000 g, and the final supernatant was preserved at -80°C or utilized
immediately for cffDNA isolation.

cffDNA isolation from plasma
The cffDNA isolation from plasma was performed according to the protocol from the
QIAamp DNA Blood mini kit with a minor modification (Qiagen, Dusseldorf, NRW Germany). First,
20 μL Protease K (20 mg/mL) was added at the bottom of Eppendorf tubes and 200 μL previously
prepared plasma was added. This was mixed and centrifuged briefly after adding 200 μL Buffer AL.
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The solution was incubated in a water-bath at 56°C for 10 min, centrifuged briefly, 200 μL absolute
ethyl alcohol was added, mixed, centrifuged briefly, and then transferred to the center of the spin
columns (the spin columns were put in 2-mL collection tubes). The spin columns were centrifuged
for 1 min at 6000 g, put into new 2-mL collection tubes, 500 μL Buffer AW2 was added at the center
of the spin columns, they were centrifuged for 3 min at 20,000 g, and the filtrate was discarded.
Next, the spin columns were centrifuged for 1 min at 20,000 g, and DNA was eluted with 60 μL
Buffer AE. The solution was placed at room temperature for 5 min, centrifuged for 1 min at 6000 g,
aliquoted, and stored at -80°C.

DNA extraction from amniotic fluid
Amniotic fluid DNA extraction was performed as previously described (Fu et al., 2001).
Briefly, amniotic fluid was centrifuged for 10 min at 1600 g, the filtrate was discarded, and 200-500
μL Nucleic Lysis Buffer (0.2 mM Tris, pH 8.2, 40 mM NaCl, 0.2 mM EDTA, pH 8.0) was added. This
was mixed, 50 μL 20% SDS and 10 μL Protease K (20 mg/mL) were added, and incubated in a
water-bath at 56°C for 2 h. An equivalent volume of phenol was added, mixed, and centrifuged for
10 min at 1600 g. The supernatant was retained, an equivalent volume of phenol and chloroform
was added, mixed well, and centrifuged for 10 min at 1600 g. The supernatant was retained and
2.5 volume cold absolute ethyl alcohol was added to precipitate the DNA.

DNA extraction from white blood cells
After spinning 3-5 mL blood, we added 10 mL 1X Lysis Buffer, placed it in an ice-bath for
30 min, and centrifuged it for 10 min at 1600 g. The filtrate was discarded, 1 mL Nucleic Lysis Buffer
was added and mixed. Next, 100 μL 20% SDS and 10 μL Protease K (20 mg/mL) were added
and incubated in a water-bath at 56°C for 4 h. Then, an equivalent volume of phenol was added,
mixed, and centrifuged for 10 min at 1600 g. The supernatant was retained, an equivalent volume
of phenol and chloroform was added, mixed, and centrifuged for 10 min at 1600 g. Again, the
supernatant was retained and 2.5 volume absolute ethyl alcohol was added to precipitate the DNA.

Nested PCR
The amplification primers for the SRY gene (Y chromosomal material) were as follows,
SRY-138F: 5'-TACAGGCCATGCACAGAGAG-3' and SRY-138R: 5'-TGTTGTCCAGTTGCACTTC
G-3', SRY-116F: 5'-GCACAGAGAGAAATACCCGAAT-3' and SRY-116R: 5'-GCACTTCGCTGCA
GAGTACC-3'. The amplification reaction of the first step of the nested PCR was set up in a 10-μL
reaction volume. Each reaction contained 2 μL cffDNA solution (control groups: 0.2 ng DNA), 300
nmol primer SRY-138F and SRY-138R, 0.05 μL HotMaster Taq DNA Polymerase (5 PRIME Inc.,
Gaithersburg, MD, USA), 1 μL 10X HotMaster Taq Buffer, 0.25 μL dNTP Mix (10 mM each), and
ddH2O. The PCR program used for the first step was as follows: initial denaturation step at 95°C
for 90 s, followed by 20 cycles each consisting of a denaturation step at 94°C for 30 s, annealing
at 62°C for 30 s, and an extension step at 65°C for 25 s. This was followed by an extension step at
65°C for 2 min. The amplification reaction for the second step of nested PCR was set up in a 10μL reaction volume. Each reaction contained 1 μL first step of the PCR amplification product, 600
nmol primer SRY-138F and SRY-138R, 0.05 μL HotMaster Taq DNA Polymerase (5 PRIME Inc.,
Gaithersburg, MD, USA), 1 μL 10X HotMaster Taq Buffer, and 0.25 μL dNTP Mix (10 mM each) and
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ddH2O was added to a total volume of 10 μL. The PCR program for the second step was as follows:
initial denaturation step at 95°C for 90 s, followed by 30 cycles each consisting of denaturation
step at 94°C for 30 s, annealing at 62°C for 30 s, extension step at 65°C for 25 s, and followed by
extension step at 65°C for 2 min.

Amplification of DNA of amniotic fluid
The amplification reaction was set up in a reaction volume of 10 μL (Fu et al., 2001, 2002).
Each reaction contained 50 ng DNA, 300 nmol primer XES7 and XES2, 5 μL 2X PCR MasterMix
(Tiangen, China) and ddH2O. The following PCR program was used: initial denaturation step at
95°C for 90 s, followed by 34 cycles, each consisting of a denaturation step at 94°C for 30 s,
annealing at 65°C for 30 s, an extension step at 72°C for 40 s, followed by a further extension step
at 72°C for 2 min.

Electrophoresis and silver staining
The PCR product was resolved on a 2% agarose gel or 8% PAGE. The PAGE coloration
was developed by silver staining.

Real-time quantitative PCR
The amplification primers were SRY-71F (5'-CCAGCTAGGCCACTTACCG-3'), SRY-71R
(5'-AGCTTTGTCCAGTGGCTGTAG-3'), Q-b-actin55GF (5'-AAGTCCCTTGCCATCCTAAA-3'),
and Q-b-actin55GR (5'-ATGCTATCACCTCCCCTGTG-3'). Standard curve was set; the male
DNA sample was diluted to 100, 10, 1, and 0.1 ng/μL. The Applied Biosystems® MicroAmp®
Optical 96-Well Reaction Plate was used and each reaction contained 1 μL cffDNA solution, 0.5
μL each primer, 5 μL 2X qPCR Taq Mix (Roche, Switzerland), 0.02 μL qPCR probe (Roche),
and ddH2O. The following PCR program was used: initial denaturation step at 95°C for 10 min,
followed by 45 cycles, each consisting of denaturation step at 94°C for 15 s and annealing at
60°C for 1 min.

Statistical analysis and calculation
Data were analyzed using Microsoft Excel 2007® and all data represented by Ct values
were converted to ng/mL. P < 0.05 was considered to be significant.
The concentration of cffDNA was calculated by use of the following equation:
(Equation 1)
where C = concentration of cffDNA in maternal peripheral blood (ng/mL); Q = quantity (ng)
determined by quantitative detection in PCR amplifying SRY gene; V1 = total volume of DNA
obtained after extraction, typically 60 μL per Qiagen extraction; V2 = volume of DNA solution used
for PCR, typically 2 μL; and V3 = volume of plasma extracted, typically 400 μL.
The percentage of cffDNA in total DNA of maternal peripheral blood was calculated by
using the following equation:
Genetics and Molecular Research 14 (4): 18078-18089 (2015)
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(Equation 2)
where P = percentage of cffDNA in total DNA of maternal peripheral blood; Q1 = quantity (ng)
determined by quantitative detection in PCR amplifying SRY gene; Q2 = quantity (ng) determined
by quantitative detection in PCR amplifying b-actin gene.

RESULTS
Isolation of cffDNA from maternal peripheral blood
The cffDNA isolation from maternal peripheral blood plasma at the late gestation stage
was performed according to the protocol with a minor modification. To demonstrate that the cffDNA
isolation was successful, PCR amplification was used to detect the SRY gene. The results showed
that the plasma DNA from pregnant woman No. 2 was positive for cffDNA, whereas the plasma
DNA from pregnant woman No. 1 was negative (Figure 1A). The results of SRY gene amplification
in female plasma were verified by extraction of DNA from amniocytes (Figure 1B), indicating that
we had successfully isolated the cffDNA from maternal peripheral blood plasma.

Figure 1. Isolation and verification of the cffDNA. A. Examination of the SRY gene in the cffDNA. Lanes 1-5 consist
of a male DNA sample, a female DNA sample, a blank control without any DNA, a plasma DNA sample from pregnant
woman No. 1, and a plasma DNA sample from pregnant woman No. 2, respectively. Lanes 1 and 5 show the positive
amplification. Lane M indicates the DNA molecular weight marker, DL500, with fragment sizes 600, 500, 400, 300,
200, and 100 bp. B. Verification of the SRY gene from the DNA of amniocytes in women. Lanes 1-5 consist of a female
DNA, a blank control without any DNA, a plasma DNA sample from pregnant woman No. 1, a plasma DNA sample from
pregnant woman No. 2, and a male DNA sample. Lanes 4 and 5 show the positive amplification. Lane M indicates the
DNA molecular weight marker, DL2000, with fragment sizes 2000, 1000, 750, 500, 250, and 100 bp.

Validation and quantitation by real-time quantitative PCR
To verify the result of the cffDNA isolation and measure the DNA concentration of cffDNA,
real-time quantitative PCR was performed to determine the quantity of cffDNA in maternal peripheral
blood plasma, the result is shown in Figure 2. The logarithm values of cffDNA quantity in maternal
peripheral blood had a linear relationship with the standard curve of male DNA sample (Figure 2A),
the concentration of cffDNA calculated was 4.076 ng/mL (617.58 GE/ml) (R ≈ 0.99) (Figure 2B), the
percentage of cffDNA in total DNA of maternal peripheral blood plasma was about 3.7% (Figure 2C).
Genetics and Molecular Research 14 (4): 18078-18089 (2015)
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Figure 2. Quantification of SRY gene cffDNA from pregnant woman No. 2. A. Curves of real-time PCR detecting the
quantity of cffDNA sample. Red curves are a male DNA sample and yellow curves are a cffDNA sample. B. Standard
curves of real-time PCR detecting the quantity of cffDNA sample. Red points are male DNA samples and blue points
are different concentrations of cffDNA sample. C. Percentage of cffDNA in total DNA in the plasma of pregnant woman.
The quantity of cffDNA (SRY) and total DNA (β-actin) in the plasma of pregnant woman was measured.

Concentration of cffDNA in different gestational stages in Chinese women
To measure the concentration of cffDNA in the maternal peripheral blood plasma of
pregnant women at different gestational stages in the Sichuan province in southwest China, realtime quantitative PCR was performed. The representative quantity of cffDNA is shown in Figure 3,
and data in different gestational stages are listed in Table 1 and Figure 4. As shown in Table 1, 32
samples with male cffDNA were collected and the duration of gestation was between 9 to 36 weeks
(2 to 9 months).

Figure 3. Representative curves for quantification of cffDNA in plasma of pregnant women in different gestational
stages. A. Representative curves of real-time PCR detecting the quantity of cffDNA. The purple curves are the
standard curve of male DNA sample with concentrations 100, 10, 1 and 0.1 ng, and the blue and green curves are
cffDNA samples (R ≈ 0.99). B. Representative standard curves of real-time PCR detecting the quantity of cffDNA. The
red points are the standard curves of male DNA sample with concentrations 100, 10, 1, and 0.1 ng, and the blue and
green points are the cffDNA sample (R ≈ 0.99).
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Table 1. Concentration of cffDNA in maternal peripheral blood at different gestational stages.
Gestation stages (weeks)
Early pregnancy (9-14)
Mid-term pregnancy (>14, and ≤28)
Late pregnancy (>28)

Mean (ng/mL)

Range (ng/mL)

Case number

0.98
1.43
1.95

0.26-1.49
0.46-2.34
0.65-6.81

7
11
14

Figure 4. Detection of the cffDNA concentration in different gestational stages. (1: early pregnancy: 9 ≤ 14 weeks; 2:
mid-term pregnancy: >14 weeks, and ≤28 weeks; 3: late pregnancy: >28 weeks).

In Figure 4, the quantity of cffDNA in maternal peripheral blood plasma was increased
during pregnancy, from 0.98 to 1.43-1.95 ng/mL. The concentrations of cffDNA and total DNA in
different gestational stages are shown in Figure 5A, and the percentage of cffDNA in total DNA at
different gestational stages are shown in Figure 5B. There were seven samples in early pregnancy,
the mean concentration of cffDNA was 0.98 ng/mL (0.26-1.49 ng/mL). There were 11 samples
in mid pregnancy, the mean concentration of cffDNA was 1.43 ng/mL (0.46-2.34 ng/mL), and 14
samples in late pregnancy, the mean concentration of cffDNA was 1.95 ng/mL (0.65-6.81 ng/
mL). Conversely, with 1 GE = 6.6 pg, the mean concentration of cffDNA for early pregnancy was
148.48 GE/mL (39.39-225.76 GE/mL), the mean concentration of cffDNA for mid pregnancy was
216.67 GE/mL (69.70-354.55 GE/mL), and the mean concentration of cffDNA for late pregnancy
was 295.45/mL (98.48-1031.82 GE/mL). The mean percentage of cffDNA in total DNA of maternal
peripheral blood was calculated to be 22.28% (9.86-27.81%).

Sensitivity of amplifying the cffDNA by nested PCR
The sensitivity of amplifying the cffDNA by nested-PCR is shown in Figure 6. In Figure 6A,
the significant PCR amplification bands visualized by ethidium bromide staining of the agarose gel
are shown at concentrations of 1, 0.1, 0.05, 0.025, 0.0125, and 0.01 ng/μL. We observed the signal
transition from strong to weak with a corresponding change in concentration from high to low. The
female DNA sample and the negative control did not register any signals. In Figure 6B, the significant
PCR amplification bands visualized by silver staining of the PAGE are shown at the concentrations
of 1, 0.1, 0.01, and 0.001 ng/μL. We also observed the signal transition from strong to weak with a
Genetics and Molecular Research 14 (4): 18078-18089 (2015)
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corresponding change in concentration from high to low. The concentrations at 10-4 ng/μL, 10-5 ng/μL,
and the negative control did not register any signals, indicating that the lowest concentration of DNA
amplified by nested PCR in our study is 0.01 ng/μL.

Figure 5. Results for detecting the quantity of cffDNA in plasma of pregnant women in different gestational stages. A.
Concentration of cffDNA and total DNA in different gestational stages (weeks). B. Percentages of cffDNA and total DNA
in plasma at different gestational stages (weeks). Note that the different samples at the same weeks are averaged for
total quantity of cffDNA.

Figure 6. Sensitivity of detection by nested PCR amplification. A. Sensitivity of nested PCR amplification, agarose
gel electrophoresis and ethidium bromide staining. Lanes 1-6 indicate concentrations of male DNA (ng/μL) at 1, 0.1,
0.05, 0.025, 0.0125, 0.001, respectively, and lanes 7 and 8 are a female DNA sample and blank control without DNA,
respectively. B. Sensitivity of nested PCR amplification, PAGE, and silver staining. Lanes 1-7 indicate concentrations
of male DNA (ng/µL) 1, 0.1, 0.01, 0.001, 0.0001, 0.00001, and 0, respectively.
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DISCUSSION
In 1997, scientists discovered cell-free fetal DNA (cffDNA) in maternal peripheral blood
during pregnancy. This opened the possibility of early non-invasive prenatal diagnosis for a variety
of genetic conditions. The origin of cffDNA is undetermined so far. There are three possibilities to
explain existence of cffDNA in maternal peripheral blood. The first possible source is the placenta;
cffDNA may arise from apoptosis of chorial trophcytes. The second possible source is the fetal
hematopoietic cell; apoptosis of fetal hematopoietic cells releases cffDNA. The third possible
source is that cffDNA comes directly into maternal peripheral blood. The cffDNA in maternal
peripheral blood comes mainly from apoptosis and the length of the DNA fragment is only about
162 bp, rarely reaching 340 bp (Fan et al., 2010). The cffDNA in maternal peripheral blood consists
of small fragments that are unstable, and its concentration reduces at a constant speed after
collecting blood because of the activity of DNases. It is difficult to extract cffDNA from maternal
peripheral blood after 6 hours (Jensen et al., 2013; Wong et al., 2013). Thus, we isolated the
cffDNA immediately after collecting the blood samples to avoid DNA degradation.
In addition to the importance of duration of time between blood collection and cffDNA isolation,
the key to cffDNA isolation is centrifugal force. The use high centrifugal force may destroy blood cells
and release maternal DNA, subjecting it to the effects of DNases (Fernando et al., 2010). Thus, a
two-step centrifugation process was used. The first step in our cffDNA isolation protocol is the lower
centrifugal force (usually 1600 g), and the second step is the higher centrifugal force (usually 16,000 g).
cffDNA may be detected from maternal peripheral blood as early as 5-6 weeks of pregnancy
(Repiská et al., 2013) and it increases throughout the pregnancy (Lisa et al., 2003). This was
confirmed in our study with weeks 9 to 36 of gestation. However, because of the limited sample
size from the early stage of pregnancy, we cannot obtain precise data for the early gestational
stage. We may continue the study by collecting more samples from weeks 5 to 8.
Some disorders, such as eclampsia, may affect the quantity of cffDNA in maternal
peripheral blood. The quantity of cffDNA from the pregnant women suffering from eclampsia is
five times larger than that of the normal pregnant women (Sedlackova et al., 2014). The amount
of cffDNA is increased in the pregnant women with fetal aneuploidy (Sedlackova et al., 2014). The
method of cffDNA isolation we used may also affect the quantity of cffDNA. Because of the risk of
miscarriage with traditional prenatal diagnostic methods, which can be invasive, enormous interest
has arisen in the field of NIPD. Currently, NIPD is mainly used to detect aneuploidy, RhD group,
X-linked genetic diseases, and some single gene inheritance diseases. Although fetal sex can
often be determined using an ultrasound scan of the fetus in the second or third trimester, cffDNA
isolation in the first trimester will open up new fields for NIPD. Using cffDNA in maternal plasma
obtained from pregnant women during weeks 6-10 of their pregnancy will offer required sensitivity,
specificity, and accuracy for a non-invasive prenatal testing. Thus, we have successfully isolated
cffDNA from maternal peripheral blood and laid the foundation for further practice of NIPD.
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