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Purpose: Methods to isolate cell-free fetal DNA from maternal plasma are critical in developing noninvasive fetal

DNA testing strategies. Given that plasma consists of heterogeneous DNA-size fragments in a complex mix of

proteins, recovery and analysis of this DNA are understandably inefficient. To facilitate recovery, we performed

qualitative and quantitative analysis of DNA isolated from maternal plasma. Methods: DNA isolated from maternal

blood (n � 15) was compared using five different DNA isolation protocols: two conventional, two column-based,

and one magnetic-bead based. Purity and concentration of DNA recovered were determined with a NanoDrop

spectrophotometer. Real-time polymerase chain reaction quantification of the �-globin and DYS1 loci was per-

formed to determine total and fetal-specific genome equivalents, respectively. Results: DNA quality and quantity

were different among the five methods tested. Although purity and concentration of total DNA were greatest with

the conventional boiling-lysis approach, correct detection of a male fetus was achieved in only 62.5% of cases. DNA

isolation using the magnetic beads yielded the highest quantity of total DNA (2018.83 � 4.09 GEq/mL), with 100%

fetal DNA detection. Conclusions: Optimal plasma DNA recovery protocols must take into account DNA purity and

concentration. We confirm that the magnetic-beads method provides a fast, simple, sensitive, and specific

approach to purify plasma DNA. The resulting high-quality DNA facilitates efficient examination of fetal DNA

sequences. Genet Med 2006:8(10):615–619.

Detection and quantification of circulating fetal and total
nucleic acids in maternal plasma has recently emerged as an
alternative method for prenatal genetic diagnosis. Cell-free fe-
tal DNA exists in plasma and serum of pregnant women as
early as the sixth week of gestation, with concentrations in-
creasing during pregnancy and peaking before parturition.1

Many laboratories, including ours, have shown the utility of
fetal circulatingDNA as a unique source of geneticmaterial for
noninvasive prenatal evaluation of fetal gender, genetic dis-
eases, and aneuploidy.2–6 In addition, quantitative measure-
ments of plasma DNA have correlated maternal risk for vari-
ous pregnancy-related complications.7 Limitations in using
cell-free fetal DNA in plasma for noninvasive prenatal analysis
include concomitant recovery of abundant amounts of mater-
nal DNA and failure to recover highly purified total DNA, both
of which interfere with quantification strategies and assay sen-
sitivity.

Over the last few years, various protocols for plasma recov-
ery and subsequent DNA isolation have been proposed. To
separate plasma fromwhole blood, parameters includingmul-
tiple centrifugations at different speed, filtration to remove
contaminating intact or apoptotic cells, and removal of protein
impurities have been explored. Only recently have reports at-
tempted to compare DNA plasma isolation protocols.8–10

These reports are brief, often comparing only two approaches
(e.g., manual vs. automated commercial methods) on the basis
of outcome measures of recovered sequence specific copy
numbers. However, variability of recoveredDNAquantity and
fetal sequence detection remains problematic, suggesting that
additional measurements of DNA purity and concentration
are necessary to evaluate plasma DNA isolation protocols and
their utility for prenatal genetic testing. We have thus per-
formed comparative analysis of two conventional and three
commercial methods, by assessing measures of purity due to
protein contamination, concentration of totalDNA, andnum-
bers of fetal specific sequences.

MATERIALS AND METHODS
Sample collection and processing

Under institutional review board approval fromBaylor Col-
lege ofMedicine, 15 pregnant women (10–29 weeks gestation)
gave informed consent to participate in the study. From each
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patient, 20mLof peripheral bloodwas collected inVacutainers
containing 1.5 mL of ACD Solution A (trisodium citrate,
22.0g/L; citric acid, 8.0 g/L; and dextrose 24.5 g/L) and pro-
cessed within 24 to 48 hours. Plasma was first separated from
whole blood by centrifugation at 800g for 10 minutes. Recov-
ered plasma was then centrifuged for an additional 10 minutes
at 13,500g to remove residual intact cells. Finally, supernatant
(containing free-DNA) was removed and stored at �80°C up
to 1 month in 800-�L aliquots before DNA extraction.

DNA extraction

To extract DNA, 800�L of plasma from eachmaternal sam-
ple was used for each method. Table 1 shows a comparison of
methods 1 to 5. Three commercial methods were compared.
Extractions using commercial methods were performed ac-
cording to the manufacturer’s instructions with minor modi-
fications to accommodate the 800-�L volume of sample. The
first method was based on the ability of DNA to absorb to the
silica surface of magnetic particles in the presence of a chao-
tropic salt after proteinase K digestion using theDNA isolation
kit from blood/bone marrow/tissue (method 1; Roche Diag-
nostics GmbH, Mannheim, Germany), to be referred to as the
magnetic-beads kit. The other twomethods involved DNA ex-
traction using a spin-bindingmini-column in a chaotropic salt
solution after proteinase K lysis using the Qiamp DNA blood
mini kit (method 2;Qiagen Sciences, Germantown,MD), to be
referred as the Qiamp-column kit, and the Genelute mamma-
lian genomic DNA miniprep kit (method 3; Sigma-Aldrich,
San Luis, MO), to be referred as the Genelute-column kit.
Extractions using two general conventional methods (4 and

5) were performed. The fourth method to be referred as salt-
ing-out involved dehydration and precipitation of proteins
with a saturated NaCl solution and proteinase K digestion fol-
lowed by phenol:chloroform:isoamyl alcohol extraction and
ethanol precipitation of plasma DNA. This method followed
the specifications ofMiller et al.,11 withminormodifications to
accommodate the 800-�L sample size. The fifth method to be
referred as boiling lysis involved lysis of proteins by boiling in a
chaotropic salt-phenol reagent followed by DNA extraction
with chloroform:isoamyl alcohol and isopropanol precipita-
tion. This method followed the specifications of Sandhu et

al.,12 with minor modifications to accommodate the 800-�L
sample size. To determine whether DNA concentration and
purity are compromised by protein contamination, a sixth
method, a variant of the boiling lysis method, involved the
addition of an albumin/immunoglobulin (Ig)G column for
deproteinization previous to DNA extraction using the Pro-
teo-extract albumin/IgG removal kit maxi from Calbiochem
(La Jolla, CA). In all methods, elution of DNA was performed
using 100�L of elution buffer. All DNA samples were stored at
4°C before analysis.

Measure of DNA concentration and purity

To measure concentration and purity of recovered plasma, a
NanoDrop ND-1000 spectrophotometer was used (NanoDrop
Technologies, Wilmington, DE). This spectrophotometer re-
quired only 1 �L of undiluted sample for assessment of con-
centration from2 ng/�L to 3700 ng/�L of dsDNA. Tomeasure
DNA, the instrument automatically detects the high concen-
tration and uses the 0.2-mm pathlength to calculate the absor-
bance. Elution buffers used in each protocol were used as con-
trols for optical density (OD)measures. Purity of the extracted
DNA was based on the 260/280 O.D. ratio as calculated and
displayed by the NanoDrop spectrophotometer.

Polymerase chain reaction analysis

For both the �-globin (102 base pair) andDYS1 (Y chromo-
some-specific sequence Y49a, 85 base pair) loci, quantitative
real-time polymerase chain reaction (PCR) was performed us-
ing the Applied Biosystems 7700 sequence detection system
(Foster City, CA). Quantitation of total and fetal DNA as ge-
nome equivalents per milliliter of plasma was based on copies
of �-globin and DYS1 sequences detected per microliter of
plasma. Each 50-�L reaction contained 25 �L of PE-ABI Uni-
versal Mastermix (Applied Biosystems) and 5 �L of extracted
DNA. Primers and probes were used at final concentrations of
300 and 200 nm, respectively. Each reaction plate was run si-
multaneously with a duplicate calibration curve of titrated
DNA (standard curve). Each sample was run in triplicate for
both loci, and themean of the values was determined using the
7700 software and the standard curve of known DNA concen-
trations. Cycling conditions for all reactions consisted sequen-

Table 1
Characteristics of different DNA isolation methods

Magnetic-beadsa Qiamp-columna Genelute-columna Salting-outb Boiling lysisb Albumin/IgG � boiling lysisc

Matrixd Magnetic-beads Column Column NA NA NA

Proteinase K Yes Yes Yes Yes No No

Chaotropic salts Yes Yes Yes No Yes Yes

Harmful reagents No No No Yes Yes Yes

Time 30 min 30 min 30 min 60 h 24 h 26 h

NA, not applicable; Ig, immunoglobulin.
aCommercial methods.
bConventional methods.
cCombination of commercial (deproteinization) and conventional methods.
dMatrix: component to which DNA binds.
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tially of 2 minutes incubation at 50°C to activate UNGErase,
initial denaturation step of 95°C for 10 minutes, and finally 40
cycles of 95°C for 15 seconds and 60°C for 60 seconds. All
samples were analyzed blindly with respect to fetal gender. The
standard factor of 6.6 pg was used to convert the data to ge-
nome equivalents.
Primer and probe sequences were as follows:
DYS1 forward primer: 5=-TCC TGC TTA TCC AAA TTC-

ACC AT-3=
DYS1 reverse primer: 5=-ACT TCC CTC TGA CAT TAC-

CTG ATA ATT G-3=
DYS1 TaqMan probe: 5=-AAG TCG CCA CTG GAT ATC-

AGT TCC CTT GT-3=
�-globin forward primer: 5=-GTG CAC CTG ACT CCT-

GAG GAG A-3=
�-globin reverse primer: 5=-CCT TGA TAC CAA CCT-

GCC CAG-3=
�-globin TaqMan probe: 5=-AAG GTG AAC GTG GAT-

GAA GTT GGT GG-3=

RESULTS

The mean and ranges of DNA concentration recovered in
the five DNA extraction protocols using the spectrophotome-
ter are shown in Table 2. Among the three commercial meth-
ods, the magnetic-beads kit yielded the highest concentration
(P � .001). DNA concentration using the magnetic-beads kit
was 8.4- and 1.9-fold higher compared with the Qiamp-col-
umn and Genelute-column kits, respectively. Between the two
conventional methods, the boiling lysis method yielded a 2.3-
fold increase in concentration compared with the salting-out
method (P � .147). However, intermethod comparisons re-
veal recovery using the boiling lysismethod to be only 1.3 times
higher than the magnetic-beads kit (P � .436).

An albumin-IgG deproteinization column was used before
the boiling lysis extraction (the method with the highest DNA
concentration and purity by spectrophotometric determina-
tion) to determine whether DNA concentration and purity
were compromised by protein contamination. This procedure
increased DNA yield by 8.2-fold, demonstrating that these two
proteinsmay hinder high-yieldDNA extraction.However, this
procedure also reduced copy numbers for both �-globin and
DYS1 sequences (Table 3), suggesting that DNA of interest
(i.e., fetal) is bound to a protein complex that is subject to
removal.
The purity of DNA extracted was determined on the basis of

the 260/280 OD ratio using a spectrophotometer. Pure DNA
sample is expected to show a 260/280 ratio of 1.7/2.0. Table 2
summarizes the 260/280 ratio for the different methodologies.
None yielded optimal ratios. The best ratio was achieved using
the boiling lysismethod (ratio 260/280� 1.28� 0.03; Table 2);
however, fetal DNA detection was correct in only five of eight
cases (62.5%) (Table 3). When combined with the albumin-
IgG deproteinization column, the boiling lysis method yielded
a significant increase in purity with a 260/280 ratio � 1.55 �
0.04 (P � .001) and correct fetal male detection in each of the
four cases tested. In contrast, DNA purity was lower using the
commercial magnetic-beads kit (260/280 ratio � 1.00 � 0.02;
Table 2), yet all eight fetal male cases were correctly identified.
Total cell-free DNA (maternal plus fetal) was also deter-

mined by real-time PCR for the ubiquitous �-globin gene. The
mean and ranges of�-globin quantity with each of the isolation
protocols are shown in Table 3. �-globin concentrations using
the magnetic-beads kit were 1.7-fold (P � .408) and 8.9-fold
(P � .01) higher compared with the Qiamp-column and
Genelute-column kits, respectively. When quantities of �-
globin between the two conventional methods were compared,
no significant differences were observed (P � .995). Contrary

Table 2
Comparison of the quality and quantity of DNA recovered from maternal plasma using different DNA isolation procedures as determined by spectrophotometer

measurements

Magnetic-beadsa

n � 15
Qiamp-columna

n � 15
Genelute-columna

n � 15
Salting-outb

n � 15
Boiling lysisb

n � 15
Albumin/IgG � boiling lysisc

n � 11

Range DNA
concentration

13.10–52.9 0.70–10.60 6.70–85.60 2.66–91.5 9.65–297.4 23.4–404.9

DNA concentration
(ng/�L)

35.39 � 0.22 4.21 � 0.11d 18.61 � 0.29d 21.49 � 0.32 48.89 � 0.56 402.75 � 2.65e

Range of 260/280
ratio

0.90–1.11 0.18–2.85 0.64–1.65 0.54–1.48 0.83–1.64 1.24–2.00

260/280 ratio 1.00 � 0.02 1.16 � 0.06 0.81 � 0.04f 0.99 � 0.03e 1.28 � 0.03 1.55 � 0.04e

DNA concentration
(ng/�L)

35.39 � 0.22 4.21 � 0.11d 18.61 � 0.29d 21.49 � 0.32 48.89 � 0.56 402.75 � 2.65e

Ig, immunoglobulin.
aCommercial methods.
bConventional methods.
cCombination of commercial (deproteinization) and conventional methods.
Values are expressed as average � standard error of the mean.
dP � .001; eP � .01; fP � .1.
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to spectrophotometer results, the intramethods comparison
indicates that the highest quantities of DNA by �-globin deter-
mination was achieved using themagnetic-beads kit (1.3 times
higher than the boiling lysis; P � .619), although this was not
significant. The use of an albumin-IgG deproteinization col-
umn before performing boiling lysis extraction produced a de-
crease in �-globin copies by 2.7-fold (P � .100).

Finally, detection and quantity of cell-free fetal DNA were de-
termined by measuring the number of DYS1 sequences (male
DNA) for each isolation protocol (Table 3). Among the three
commercial methods, the magnetic-beads kit yielded 2.5- and
8.6-fold higher levels of DYS1 than the Qiamp-column and
Genelute-column kits, respectively. These concentrations are
similar in variation to that based on �-globin determination. No
false-negative DYS1 sequences were detected. When DYS1 con-
centrations among the conventional methods were compared,
boiling lysis resulted in higher concentrations than the combina-
tionof either albumin-IgGdeproteinizationwithboiling lysis (1.9
times)or salting-out (1.2 times).However, sensitivitywas sevenof
eight (87.5%) and five of eight (62.5%) formale fetal DNAdetec-
tion after the salting-out andboilingmethods, respectively (Table
3). After comparison ofDYS1 levels among allmethods, the boil-
ing lysis method was only 1.3 times higher than the magnetic-
beads kit, but not significantly different (P� .678).

DISCUSSION

Two limiting factors must be taken into account when se-
lecting protocols for isolation of plasma DNA for fetal DNA
sequences: (1) the low quantity of fetal DNA available for iso-
lation and (2) the existence of DNA in the form of complexes
tightly bound with serum proteins. To help select a method
that addresses these potentially contradictory factors, we de-
termined the quality and quantity of DNA recovered using five
different protocols for plasma DNA isolation. Concentration

and purity as assessed by spectrophotometer, as well as the
differences between copy number of both total (�-globin) and
fetal (DYS1) sequences, varied widely. We conclude, however,
that detection of total and fetal sequences is best using magnetic-
beads, although the greatest yield in purity was achieved by the
conventional boiling lysis method.
In comparison with the conventional method (Table 1), com-

mercial kits provide a simple, fast, and safe way to separate aque-
ous and organic phases to purify DNA. None of the commercial
kits gave false-positive results, suggesting high specificity of these
methods for fetal cell-free DNA isolation. Although the three kits
use the same principle, the magnetic-beads kit proved to be the
most efficient in overall yield andpurity ofDNAwith the smallest
range of variation. In addition, the magnetic-beads kit detected
all eight male cases without false-positive results. A possible
explanation for the salutary results is that the magnetic-beads
kit maximizes surface contact between the matrix and DNA,
permitting better absorption of theDNA to the silica surface of
the magnetic-beads. This result correlates with other studies
using magnetic beads that indicate the ability of the beads to
enhance DNA isolation is by amount and quality when com-
pared with other commonly used techniques.13 In this study,
the best results were obtained with the magnetic-beads kit; how-
ever, the Qiamp-column kit may also be reliable with an 87.5%
detection of male fetuses. Both methods yielded satisfactory val-
ues of �-globin and DYS1 sequences with acceptable purity.
The two conventionalmethods used in this studywere based

on either salting-out of proteins11 or lysis of proteins by
boiling.12 The boiling lysis method produced an overall higher
DNA yield and quality (Table 2) than the salting-out method.
The former showed only a small difference compared with the
optimal commercial protocol ofmagnetic beads. However, the
total DNA measured by real-time PCR using the �-globin loci
in conventional methods was lower compared with the mag-
netic-beads kit (Table 3). It is possible thatDNA concentration

Table 3
Comparison of the quantity of DNA recovered from maternal plasma using different DNA isolation procedures as determined by real-time polymerase

chain reaction

Magnetic-beadsa

n � 15
Qiamp-columna

n � 15
Genelute-columna

n � 15
Salting-outb

n � 15
Boiling lysisb

n � 15
Albumin/IgG � boiling lysisc

n � 11

Range �-globind 249.0–3054.8 350.0–4346.3 18.0–2505 706.0–6195.3 6.5–7151.8 216–1419

�-globin (GEq/mL) 2018.83 � 4.09 1172.58 � 2.12 224.78 � 1.68g 1475.62 � 2.55 1479.07 � 2.80 553.50 � 1.99h

Range DYS1e 52.0–220.0 12.0–92.5 15.0–43.75 23.8–192.5 14.8–324.5 11.8–127.8

DYS1 (GEq/mL) 58.77 � 0.57 23.55 � 0.38g 6.82 � 0.24f 60.00 � 0.55 74.02 � 0.73 37.59 � 0.62

Correct DYS1
detection (%)

8 (100%) 7 (87.5%) 4 (50%) 7 (87.5%) 5 (62.5%) 4 (100%)

False DYS1
detection (%)

0 0 0 3 (42.9%) 1 (14.3%) 3 (42.9%)

aCommercial methods.
bConventional methods.
cCombination of commercial (deproteinization) and conventional methods.
d�-globin quantification is measure of total (maternal and fetal) DNA.
eDYS1 quantification is a measure of only fetal DNA (Y-chromosome sequences).
Values are expressed as average � standard error of the mean.
fP � .001; gP � .01; hP � .1.

Jorgez et al.

618 Genetics IN Medicine



values estimated by spectrophotometer for the conventional
methods were overestimated because of contaminants like
proteins and/or salts (used to precipitate the DNA in these
methods). Contaminants could also be responsible for lower
sensitivity because of “carryover” of phenol or salts that could
inhibit or reduce the efficiency of downstream applications
such as PCR, and generate false-positives and/or negatives.
Moreover, the conventionalmethods are time-consuming and
have undesirable exposure to harmful chemicals (phenol and
chloroform).
Plasma DNA extraction procedures rely on efficient separa-

tion of cell-free DNA from serum proteins. Proteinase K is
commonly used as part of the deproteinization step incorpo-
rated in both commercial and conventional methods. As an
alternative, a deproteinization method using commercial col-
umns could be used for removal of more than 80% of plasma
albumin and IgG, a crucial step for obtaining a high-quality
DNA sample. Purity of the extracted DNA is traditionally con-
firmed by the spectrophotometer and calculated as the 260/280
OD ratio. A pure sample of DNA will have a relatively high
260/280 ratio (i.e., 1.7–2.0). We observed 260/280 OD ratios
less than optimal in all of the samples; thus, DNA purity and
concentrations asmeasured in this study are presumably influ-
enced by the extent to which proteins are fully removed. We
observed that as levels of protein removal from plasma in-
creased, DNA purity and concentration improved but con-
versely reduced detection of total and fetal sequences. We pro-
posed that the decrease in fetal sequence detection is the result
of loss of smaller-sizeDNA fragments. Aswe showed by the use
of an albumin-IgG deproteinization column before boiling ly-
sis extraction, an increased yield and quality of DNA by as
much as 8.2-fold (Table 2) can be achieved. These results
clearly demonstrate that removal of the most abundant pro-
teins from plasma yields better-quality DNA. However, total
and fetal DNA quantity measured by real-time PCR is con-
comitantly decreased by 2.6- and 1.6-fold, respectively (Table
3). Small fragments of cell-free (fetal and maternal) DNA are
presumably lost with column-based deproteinization. Never-
theless, there is an increase in the percentage of recovered fetal
sequences over total DNA (36%), indicating enrichment for
fetal sequences. If DNA isolation following column-based
deproteinization can be improved, this approach could be po-
tentially useful for further enrichment of fetal DNA.
This studyshowedadirect correlationbetween thepurityof the

samples and the amount ofmaternal and fetal sequences detected
inbothcommercial andconventionalDNAisolationmethods.By
using the column-based approach,we found that the two samples
with the best 260/280 ratio also yielded the highest �-globin and
DYS1 levels. With the use of the magnetic-beads method, the
range of a 260/280 ratio was narrow (0.90–1.11). However, the
two samples with the lowest �-globin concentration had a 260/
280 ratio below 0.95. The same trend was also observed with the
conventionalmethods.Of the15samples extractedusing theboil-
ing-lysismethod, 5hada260/280 ratio lower than1.10, 4ofwhich
had the lowest�-globinconcentration(154.06�4.36)among the

group. Also, DYS1 sequences were not detected in three of the
male cases.With the salting-outmethod, the samplewith the low-
est 260/280 ratio also had the lowest �-globin concentration. All
these data support a correlation between the purity and the detec-
tion efficiency of DNA sequences.
The purity of the sample is not just an indicator of total

quantity of DNA recovered, but specifically of fetal DNA. Of
the six methods, the average of 260/280 ratio of the four sam-
ples with the highest DYS1 levels was 1.26 � 0.03. This value
was higher than the average of all but the albumin method. In
addition, among all methods of the 10 samples for which we
were not able to detect DYS1 sequences, the average of 260/280
ratio was 0.70 � 0.05, a value that was significantly different
from samples with the highest 262/280 ratio levels (P� .0002).
These data establish that the purity of the sample could be used
as an indicator of the quality and quantity of DNA recovered
from plasma.
In conclusion, five different methods for isolation of DNA

from plasma were evaluated. A commercially available mag-
netic-beads kit provides optimal results for DNA purification
with high sensitivity and specificity. The resulting high-quality
DNA should facilitate precise quantification and sequence
analysis, and enable more efficient examination into the mo-
lecular nature of the circulating DNA in maternal plasma.
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