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BACKGROUND: Noninvasive prenatal testing (NIPT) based
on cell-free DNA (cfDNA) is widely used. However, bio-
mimetic quality control materials that have properties
identical to clinical samples and that are applicable to a
wide range of methodologies are still not available to
support assay development, internal quality control, and
proficiency testing.

METHODS: We developed a set of dual enzyme-digested
NIPT quality control materials (DENQCMs) that com-
prise simulated human plasma and mixtures of mother
cell line-derived cfDNA based on DNA fragmentation
factor digestion (D-cfDNA) and the matched child cell
line-derived cfDNA based on micrococcal nuclease di-
gestion (M-cfDNA). Serially diluted samples positive for
trisomies 21, 18, and 13 were included in the materials.
To evaluate the biomimetics, DENQCMs were analyzed
using random massively parallel sequencing (MPS), tar-
geted MPS, and imaging single DNA molecule methods,
and the estimated fetal fractions (FFs) were compared
with expected FFs. Genome-wide analysis of cfDNA
fragmentation patterns was performed to confirm their
biological characteristics.

RESULTS: The genetic status of each DENQCM was cor-
rectly detected by 4 routine NIPT assays for the samples
with FFs �5%. The chromosome Y-based and single-
nucleotide polymorphism-based estimations of FFs were
linearly related to those expected FFs. The MPS results
exhibited a concordance of quality metrics between
DENQCMs and maternal plasma, such as GC contents
of cfDNA and unique read ratios.

CONCLUSIONS: The DENQCMs are universally applica-
ble for different platforms. We propose DENQCMs as
an approach to produce matched maternal and fetal
cfDNA that will be suitable for the preparation of quality
control materials for NIPT.
© 2019 American Association for Clinical Chemistry

In 1997, the fetal DNA sequences in maternal plasma
were identified by Lo et al. (1 ), which led to multiple
applications of cell-free DNA (cfDNA)4 in prenatal medi-
cine, such as sex determination (2 ), identification of
monogenic disorders (3 ), and noninvasive prenatal test-
ing (NIPT) for trisomy 21 (T21), trisomy 18 (T18), and
trisomy 13 (T13), that were rapidly adopted in clinical
practice (4, 5 ).

As the first major success story in the clinical utiliza-
tion of cfDNA, NIPT has demonstrated excellent perfor-
mance in terms of sensitivity and specificity (6 ) and car-
ries no risk of miscarriage or harm to the unborn child
compared with invasive procedures such as amniocente-
sis and chorionic villus sampling (7 ). Current NIPT
methodologies can be divided mainly into 2 categories
(8 ): random massively parallel sequencing (MPS) and
targeted MPS approaches. Random MPS methods detect
trisomy through quantitative counting by random whole
genome sequencing (9 ), whereas targeted MPS methods
analyze enriched regions on specific chromosome selec-
tively (10, 11 ). Additionally, methods independent of se-
quencing have been developed, such as the Vanadis NIPT
assay (12). Some factors might lead to discordant NIPT
results between laboratories, such as the quality of extracted
plasma cfDNA and library preparations, the correction
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methods for GC bias and mappability of redundant regions
in bioinformatics approaches, and fetal DNA fraction quan-
tification (13–15). Therefore, well-characterized quality
control materials containing detectable chromosomal aneu-
ploidies (T21/T18/T13) at given fetal fractions (FFs) are
valuable in test validation, internal quality control, and pro-
ficiency testing in clinical settings or laboratories performing
various NIPT methods (16).

Currently, several quality control materials are avail-
able for cfDNA analysis, such as spike-in samples as re-
ported in our previous studies (17 ), shearing-based sam-
ples (18 ), and clinical samples used by the College of
American Pathologists in their performance testing pro-
grams. Understandably, it is not feasible to directly use
maternal plasma as quality control material because of
the limited amount of clinical samples. Furthermore, the
synthetic samples are not matched for mother–child re-
lationships and therefore do not allow single-nucleotide
polymorphism (SNP)-based methods, which determine
the chromosomal copy number by looking for specific
patterns in allelic measurements (11 ). The requirement
of large amounts of mixed plasma from nonpregnant
women also hinders the generation of control materials.
The sheared DNA fragments widely used in synthetic
materials have dissimilar biological properties from those
of circulating cfDNA, with a differing characteristic size
profile of circulating fragmented nucleosomes (19 ). Ran-
dom DNA fragmentation induced by physically shearing
results in broad size distributions, and the start sites are
not constrained by nucleosome position (20 ). Therefore,
a new way to produce biomimetic quality control mate-
rials that are human plasma independent and similar to
clinical samples with mother–child relationships is re-
quired for cfDNA-based tests like NIPT.

In the current study, we developed a set of dual
enzyme-digested NIPT quality control materials
(DENQCMs) that comprised simulated human plasma
and a DNA mixture based on the matched mother–child
cell line-derived nuclei digestion with DNA fragmenta-
tion factor (DFF) and micrococcal nuclease (MNase).
We validated the DENQCMs using random MPS, tar-
geted MPS, and imaging single DNA molecule meth-
ods and compared the FF estimates with expected FFs.
We also performed genome-wide analysis of cfDNA
fragmentation patterns from DENQCMs and clinical
plasma to confirm that their biological characteristics
were identical.

Materials and Methods

CELL CULTURE

GM23086 and GM23087 are paired cell lines from a
euploid male child and his mother. AG09394 and
AG09387 are paired cell lines created from a T21 male
child and his mother. GM02732 and GM02948 are cell

lines from a T18 male child and a T13 male person,
representing abnormal “child cell lines,” which are paired
with a female cell line of GM12878, representing
“mother cell lines.” GM12878, GM23086, GM23087,
AG09387, and AG09394 were lymphoblastoid cell lines,
and GM02732 and GM02948 were fibroblast cell lines.
All cell lines were purchased from the Coriell Institute for
Medical Research. More detailed information is given in
Table 1 of the Data Supplement that accompanies the
online version of this article at http://www.clinchem.org/
content/vol65/issue6.

GENERATION OF cfDNA BASED ON ENZYMATIC DIGESTION

OF NUCLEAR DNA

cfDNA derived from the characterized cell lines was pre-
pared by using MNase (New England Biolabs) and DFF.
The recombinant DFF was prepared as previously re-
ported (21 ), and full protocols are described in the online
Data Supplement. The nuclei were isolated first. Cul-
tured cells were pelleted and rinsed twice with PBS at
4 °C and then resuspended in 5 mL of ice-cold NP-40
and incubated on ice for 5 min. The samples were cen-
trifuged at 200g for 5 min at 4 °C, and the supernatant
was discarded. MNase digestion was processed as de-
scribed in our previous research (22 ). For DFF digestion,
nuclei were incubated at 37 °C for 2 h with the mix of
DFF and human caspase-3 protein (Sino Biological) as
reported previously (23 ). The resulting digested prod-
ucts were referred to as M-cfDNA and D-cfDNA, respec-
tively. All the cfDNA products were quantified using a
Qubit 3.0 fluorometer (Invitrogen) and verified with an
Agilent High Sensitivity DNA Kit (Agilent Technolo-
gies). A graphic of cfDNA generation is shown in Fig. 1A.

DESIGN AND PREPARATION OF NIPT PANEL

DENQCMs were composed of matched D-cfDNA from
“mother cell lines” and fetal M-cfDNA from “child cell
lines.” The paired mother–child cell lines used to generate
each sample in NIPT panel are shown in Table 1. The
simulated human plasma was prepared by adding 5% hu-
man serum albumin (Sigma-Aldrich) into simulated body
fluid (Macgene). The fetal M-cfDNA was serially diluted
into matched D-cfDNA to produce cfDNA mixture for-
mulated at 25 ng/mL consisting of 2.5% to 20.0% FF in a
separate vial containing 1000 �L of simulated human
plasma (Fig. 1B). All the sample sets were stored at �70 °C
before distribution to the laboratories on dry ice.

NIPT

The assays for analysis of NIPT panels are summarized in
Table 2.

In the BGI-Shenzhen laboratory, the NIPT method
was random MPS. cfDNA from 200-�L samples was
extracted using the Cell-Free DNA Extraction Kit (BGI-
Wuhan), and then libraries were prepared with the DNA
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samples using a Detection Kit for Noninvasive Fetal Tri-
somy (T21, T18, and T13; BGI-Wuhan) approved by
the China Food and Drug Administration according
to the manufacturer’s instructions. The libraries were
quantified using a Fluostar Omega microplate reader
(BMG Labtech). The pooled library was sequenced on
BGISEQ-500 platform (BGI). The Z-score was calcu-

lated as
URDsample � mean URDreference

SD URDreference
, based on the mean

values and SDs of the reference chromosome GC-
corrected unique read density of the tested chromosome.

At the Annoroad laboratory, the panel was analyzed by
the method of random MPS. cfDNA from 200-�L samples
was extracted using the Cell-Free DNA Extraction Kit

Fig. 1. A schematic illustration of the generation of cfDNA in vitro and preparation of DENQCMs.
The work flow of the generation and validation of cfDNA in vitro. Left panel, the characterized cell lines were cultured and the nuclei were
isolated individually. Nuclei were then digested by MNase and DFF, resulting in DNA fragments with different lengths. Right panel, the
genomic DNA was extracted from cultured cells. After physical shearing, the average size of DNA fragments was about 100 to 200 bp. Lower
panel, comparison of the fragment size distribution through the Agilent 2100 analyzer. The size distribution of D-cfDNA was most similar to
maternal DNA, whereas M-cfDNA could simulate fetal DNA (A). The work flow of preparation of DENQCMs. Mother cell lines were digested by
DFF, and the D-cfDNA was considered as maternal DNA; child cell lines were digested by MNase, and M-cfDNA acted as fetal DNA. Then
M-cfDNA was serially diluted into matched D-cfDNA to produce cfDNA mixture at 2.5% to 20.0% for each kind of aneuploidy (B).
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(Annoroad) and constructed into libraries with the Detec-
tion Kit for Noninvasive Fetal Trisomy (T21, T18, and
T13; Annoroad) approved by the China Food and Drug
Administration. The libraries were then purified with the
Purification Kit (Annoroad) and quantified using a Syn-
ergy™ HTX Multi-Mode Microplate Reader (BioTek).
Ninety-six libraries with different tags were pooled and fi-
nally sequenced with the NextSeq 550AR (Annoroad). The

Z-score was calculated as
URDsample � mean URDreference

SD URDreference
,

based on the mean values and SDs of the reference chromo-
some GC-corrected unique read density of the tested region
of the controls.

In the NaHai laboratory, the method used was targeted
MPS for analysis of enriched regions on chromosomes 21,
18, and 13. cfDNA from 1000-�L samples was extracted
using the Cell-Free DNA Extraction Kit (NaHai), and the
sequencing library was prepared by amplification for chro-
mosomes 21, 18, and 13, as well as chromosomes 1 and Y.
The libraries were quantified by Qubit™ dsDNA HS Assay
Kit (Invitrogen) and pooled before sequencing on the Ion
Proton Sequencer (Thermo Fisher Scientific). The Z-score

was calculated as
Ratiosample � mean Ratioreference

SD Ratioreference
, based on the

mean values and SDs of the reference percentage of coverage
to a chromosome of interest to the coverage of the 5 targeted
chromosomes.

At the PerkinElmer laboratory, NIPT was per-
formed by the Vanadis NIPT assay as previously de-
scribed (12 ), which is based on 4 consecutive enzy-
matic steps, including cfDNA enzymatic digestion;
cfDNA capture and connection, digestion, and re-
moval of residual molecules; rolling ring amplifica-
tion; and fluorescence labeling. The fluorescence
labeling is applied to identify chromosome, and poly-
nomial regression is applied to correct the raw ratio
between chromosomes.

CALCULATION OF FF IN DENQCMs

The FFs in DENQCMs were also determined by the 4
laboratories. The approaches for fetal DNA fraction
estimation are shown in Table 2. The Y chromosome-
based and X chromosome-based methods are applica-
ble only to pregnancies carrying male fetuses. The X
chromosome-based method calculated FF according
to the equation of chrXobs � (1 � FF) � disomicchx �
FF � monosomicchx, where chrXobs indicates the av-
erage bin depth on X chromosome relative to the av-
erage depth on disomic autosomes. Disomicchx is set
equal to 1 and monosomicchx is set equal to 0.5 be-
cause a male fetus is monosomic for X chromosome.
SeqFF and an SNP-based method were used to esti-
mate the FF as reported (24, 25 ).

Table 1. The intended results and validation results of NIPT panel.

Sample
number

Intended results Annoroad BGI-Shenzhen NaHai Vanadis

Trisomya FF, % Trisomy Z value Trisomy Z value Trisomy Z value Trisomy Z value

DP1 T21 20.00 T21 26.77 T21 22.88 T21 16.93 T21 15.71

DP2 T21 10.00 T21 15.09 T21 12.57 T21 10.56 T21 7.48

DP3 T21 5.00 T21 5.52 T21 5.27 T21 5.54 T21 4.01

DP4 T21 2.50 Euploid −0.73 Euploid 0.05 T21 4.50 Euploid 1.79

DP5 T18 20.00 T18 29.33 T18 35.24 T18 23.03 T18 14.41

DP6 T18 10.00 T18 14.90 T18 15.88 T18 11.59 T18 7.72

DP7 T18 5.00 T18 7.46 T18 7.25 T18 4.24 T18 5.24

DP8 T18 2.50 T18b 3.83 T18b 2.89 Euploid 0.49 T18b 2.89

DP9 T13 20.00 T13 23.72 T13 31.75 T13 20.72 T13 17.03

DP10 T13 10.00 T13 13.25 T13 14.49 T13 11.49 T13 8.7

DP11 T13 5.00 T13 5.38 T13 8.11 T13 6.46 T13 6.58

DP12 T13 2.50 T13b 3.71 T13b 2.73 T13 4.44 T13 3.96

DN1c Euploid 10.00 Euploid <Thresholds Euploid <Thresholds Euploid <Thresholds Euploid <Thresholds

DN2c Euploid 10.00 Euploid <Thresholds Euploid <Thresholds Euploid <Thresholds Euploid <Thresholds

a The T21 samples were generated by AG09387 and AG09394 cell lines; the T18 samples were generated by GM12878 and GM02732 cell lines; the T13 samples were generated by
GM12878 and GM02948 cell lines; aneuploid samples were generated by GM23087 and GM23086 cell lines.

b Gray zone.
c Z values of DN1 and DN2 are lower than thresholds of T21, T18, and T13. DP samples represent DENQCMs with intended trisomy positives at gradient FFs; DN samples represent
DENQCMs with intended trisomy negatives.
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COMPARISON OF THE PERFORMANCE OF DENQCMs AND

SHEARED SAMPLES WITH PLASMA

Shearing-based DNA fragments (S-cfDNA) were pre-
pared (18 ), and the average size distribution of the result-
ing S-cfDNA was 100 to 200 bp. Additionally, 10-mL
peripheral venous blood samples were collected in
cfDNA BCT tubes (Streck) from pregnant female donors
with ethics committee approval of the Beijing Hospital.
Plasma was separated by centrifugation at 1600g for 10
min and transferred to a polypropylene tube. The plasma
then was centrifuged at 16000g for 10 min at 4 °C and
the prepared plasma was stored at �70 °C before use.
The DENQCMs, sheared samples, and plasma were
compared at the Annoroad laboratory.

DEEP SEQUENCING OF cfDNA AND DATA ANALYSIS

Genome-wide analysis of cfDNA fragmentation patterns
and nucleosome positioning were processed as described in
a previous study (26). The cfDNA was purified from a
DENQCMs sample and a clinical plasma sample with the
Cell-Free DNA Extraction Kit (Annoroad). The libraries
were prepared with the Detection Kit for Noninvasive Fetal
Trisomy (T21, T18, and T13; Annoroad) and sequenced
using a 150-bp paired-end (PE) run on the Illumina
NovaSeq platform with 1 billion reads generated for each
sample. Raw data output from the run was analyzed by
bcl2fastq software (Illumina; https://github.com/brwnj/
bcl2fastq), and after demultiplexing of the samples, individ-
ual PE reads were aligned to the human reference genome
(GRCh37, 1000 Genomes phase 2 technical reference;
ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/technical/
reference/phase2_reference_assembly_sequence/) using
BWA (version 0.7.10). The aligned PE data were stored in
BAM format using the SAMtools. Additionally, PE se-
quencing data of IH01 (GEO accession GSM1833276), a
healthy individual, was queried from the published work
(26). Then we analyzed the sequencing data and compared
various characteristics of cfDNA fragmentation patterns,
such as dinucleotide composition, nucleosome protection
length, and nucleosome occupancy based on a windowed
protection score (WPS), with the data set from a healthy
individual IH01 (GEO accession GSM1833276). Detailed
descriptions can be found in the online Data Supplement.

Results

COMPARISON OF SIZE DISTRIBUTION AND GC CONTENTS

OF cfDNA

The capillary electrophoresis results of the enzyme-
digested cfDNA, sheared cfDNA, and plasma cfDNA
were compared (Fig. 1A). D-cfDNA had a 162-bp-sized
peak close to that of maternal plasma cfDNA, and
M-cfDNA exhibited smaller peak sizes around 146 bp,
consistent with the size distribution of fetal DNA in ma-
ternal plasma (27 ). S-cfDNA presented a much broader
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size distribution within a range of 100 to 200 bp (�95%
in the 35–500 bp). The GC contents of these DNA frag-
ments were also reported by NIPT assay based on the
BGISEQ-500 platform. The average GC content of
D-cfDNA showed comparable GC contents (39.5%)
with biological cfDNA, whereas M-cfDNA (44.5%) was
higher than maternal plasma cfDNA (40.5%) (see Table
2 in the online Data Supplement).

VALIDATION OF NIPT PANEL

The T21, T18, and T13 samples containing FFs of 20%,
10%, and 5% were correctly identified by the 4 labora-
tories (see Table 1 here and Figs. 1–4 in the online Data
Supplement). The T21 samples containing 2.5% FF
were reported correctly by targeted MPS at the NaHai
laboratory but missed by the other 3 laboratories because
of the low FF. The T18 samples containing 2.5% FF
were reported as in the gray zone by the 2 random MPS
assays and the Vanadis NIPT assay. The T13 samples
containing 2.5% FF were identified as T13 positive by
targeted MPS and the Vanadis assay. No false-positive
results were reported by either of the laboratories.

We further evaluated the performance of
DENQCMs in terms of linear detection for FF calcu-

lated by the Y chromosome sequence-based approach.
The relationship of expected and Y chromosome-based
FF from the 4 assays yielded a Pearson correlation coef-
ficient �0.990 (Fig. 2, A–C). We further validated the
accuracy of the X chromosome-based method for the
simulated samples by comparing them with the Y
chromosome-based method. The correlations between
the FFs from 2 methods were higher than 0.999 for sam-
ples with T21, T18, and T13 (Fig. 2D). For the serially
diluted samples with T21 generated by matched mother–
child cell lines, the Y chromosome-based FFs were lin-
early related to those estimated by the SNP-based
method (slope � 1.06; R2 � 0.995) (Fig. 2E). Between
the SeqFF and Y chromosome-based fetal DNA fraction,
the correlation was only 0.756, 0.841, and 0.917 for
samples with T21, T18, and T13, respectively (Fig. 2F).

COMPARISON OF THE PERFORMANCE OF DENQCMs AND

SHEARED SAMPLES WITH PLASMA

By comparing the results of DENQCMs and sheared
samples with clinical samples, we found more differences
between DNA from the 2 types of samples in simulation
of real plasma cfDNA. Unlike the biological cfDNA-like
size pattern, random fragmentation resulted in a broad

Fig. 2. Calculation of FF in DENQCMs.
(A), Comparison of chromosome (Chr) Y-based estimation and the expected FFs for T21 samples. (B), Comparison of chromosome Y-based
estimation and the expected FFs for T18 samples. (C), Comparison of chromosome Y-based estimation and the expected FFs for T13 samples.
(D), Chromosome Y-based estimation of FFs compared against chromosome X-based estimates. (E), Chromosome Y-based estimation of FFs
compared against SNP-based estimates. (F), Chromosome Y-based estimation of FFs compared against SeqFF estimates.
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range of size distribution of shearing-based cfDNA, and
different results were generated from shearing-based
samples. The test reports for both DENQCMs and
clinical samples were consistent with the expected re-
sults based on the NextSeq 550AR platform, whereas
abnormalities of T18 and T13 were missed in
shearing-based samples.

The statistics of sequencing data provided us with
more details. The raw sequencing data revealed that the
read counts of cfDNA derived from DENQCMs and
shearing-based samples were comparable with those of
clinical samples on each platform (Fig. 3). For NIPT
assays, the reference interval for GC content is usually
established as a quality metric based on the mean GC
content in the general population because the GC bias
can be introduced at any level of the NIPT work flow,
including DNA extraction, next-generation sequencing
library preparation, and sequencing (19 ). Therefore, to
evaluate the suitability of DENQCMs, we also focused
on the GC content of cfDNA in mimic samples, which
was confirmed to be close to cfDNA in clinical samples
(40.3% vs 40.4%; Fig. 3D). Additionally, we explored
the sequencing patterns at the single chromosome level
(see Table 3 in the online Data Supplement). The distri-
bution of unique reads ratio (UR) and GC contents of
each chromosome from the samples were analyzed along

with their respective reference data set. We found that all
of the reported trisomic chromosomes in the samples
presented a high UR because of the extra reads of the
trisomic chromosome, as expected. Noticeably, the URs
of certain chromosomes from sheared samples were
higher or lower compared with reference data sets,
whereas the URs of all chromosomes from DENQCMs
fell within the range of normal controls (see Fig. 1 in the
online Data Supplement). These results demonstrate that
DENQCM cfDNA are similar to cfDNA in maternal
plasma in size distribution, GC contents, and sequencing
data statistics, which further confirms that DENQCMs
have an advantage over shearing-based samples in
biomimetics.

COMPARISON OF BIOLOGICAL CHARACTERISTICS OF cfDNA

FROM DENQCMs AND A CLINICAL SAMPLE

We conducted conventional next-generation sequencing
of cfDNA fragments derived from DENQCMs and a
clinical plasma sample, and compared the pattern with
the data taken from a healthy individual. The dinucle-
otide composition of these fragments was similar, which
was the key feature of earlier studies of MNase-derived,
nucleosome-associated fragments (28 ) (Fig. 4A). In ad-
dition, the genome-wide WPS and nucleosome protec-
tion peaks of DENQCMs, clinical sample, and IH01

Fig. 3. The statistics of sequencing data derived from DENQCMs, shearing-based samples, and clinical samples.
(A), The total reads number. (B), The unique reads number. (C), The unique reads ratio. (D), The GC contents. SP1 and SP2 represent
shearing-based samples with T21 at 8% FF. SP3 and SP4 represent shearing-based samples with T18 at 8% FF. SP5 and SP6 represent
shearing-based samples with T13 at 8% FF. SN1 and SN2 represent shearing-based samples with trisomy negative at 8% FF. CP1, CP2, and CP3
represent clinical samples with T21, T18, and T13, respectively. CN1, CN2, and CN3 represent normal clinical samples.
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data set were identified. The nucleosome protection
length was concordant between DENQCMs and the
clinical sample, and the nucleosome protection peaks
from DENQCMs aligned well with the locations of
peaks from the clinical sample and the IH01 data set (Fig.
4, B and C). Additionally, nucleosomes are known to be
well-positioned in relation to landmarks of gene regula-
tion, such as transcription start sites (TSSs) (29 ). The
positioning pattern in our data in relation to the TSS also
showed the same nucleosome protection-free region of
TSS between samples, which strongly suggested the con-
cordance of the cfDNA fragmentation pattern between
DENQCMs and maternal plasma (Fig. 4D). Therefore,
by determining nucleosome positions from cfDNA frag-
mentation patterns, the similarity of DENQCM cfDNA

to plasma cfDNA in features of nucleosome occupancy
was shown.

Discussion

In this study, we prepared a set of highly biomimetic
NIPT quality control materials, DENQCMs, com-
posed of synthetic mother– child cfDNA and simu-
lated human plasma. As shown in this study, these dual
enzyme-digested products can imitate cfDNA in ma-
ternal plasma, and DENQCMs have several obvious
advantages.

First, suitable cfDNA products are generated by the
dual enzyme digestion, which generates nucleosomal
DNA based on mechanisms that closely resemble those

Fig. 4. Genome-wide cfDNA fragmentation patterns and nucleosome positioning model of DENQCMs and a clinical sample.
(A), Dinucleotide composition of 167-bp fragments and flanking genomic sequence in each sample. (B), The length of nucleosome protection
peaks in each sample. (C), The distances of nucleosome protection peaks between samples. The distances are measured as the minimum
length between a specific peak in one sample and the peaks in another sample. (D), Aggregate, adjusted WPS around TSS of highly expressed
genes in DENQCMs, clinical sample, and IH01.
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for natural cfDNA. A recent study revealed that fetal
DNA was frequently cut within the nucleosome core
whereas maternal DNA was mostly cut within the linker
region (30 ). MNase can digest the linker DNA and has
exonuclease activity. Initially MNase produces mono-
nucleosomes and then proceeds to trim the DNA of
nucleosome monomers to the core particles with 146 bp,
which is similar to fetal cfDNA in maternal plasma. Dur-
ing apoptosis, DNA is degraded in steps; chromosomal
DNA is first cleaved into large fragments (50–300 kbp)
and subsequently into nucleosomal units (180–200 bp)
(31 ). Both of these cleavage events are catalyzed by the
major apoptotic nuclease DFF activated by caspase-3
(21, 32 ), which prefers to cleave in the internucleosomal
linker region. Because of its lack of exonuclease activity,
DFF will not overdigest the chromatin after generation of
mononucleosomes as MNase can. Thus, DFF generates a
slightly longer size distribution (mean, approximately
162 bp) similar to maternal cfDNA, which exhibits a
relatively prominent 166-bp peak (27, 33 ). The mecha-
nism of DFF cleavage explains the similarity of maternal
plasma cfDNA and DENQCM cfDNA in the various
properties, including dinucleotide frequencies, nucleo-
some protection length, and nucleosome occupancy
around the TSS. Another advantage of DFF is that it
lacks DNA sequence specificity for cut sites, in contrast
with MNase, which displays significant preference to cut
DNA at AT-rich sites (34, 35 ). Therefore, the average
GC content was confirmed to be within the reference
interval of established GC content quality metrics and
similar to plasma cfDNA.

Second, the synthetic cfDNA mixed with simulated
human plasma was found suitable for random MPS, tar-
geted MPS, and imaging single DNA molecule methods
in our study. The cfDNA in healthy individuals is most
consistent with epigenetic features of lymphoblast and
myeloid cells (26 ), and most of the cell lines used in our
study were lymphoblast. However, fibroblast cell lines
were used for child cell lines with T18 and T13 because
no other cell lines are available from international cell
banks. The deviation can be discriminated by deep se-
quencing (26 ) but could be negligible for NIPT, as con-
firmed by the applicability for the 4 routine NIPT assays
for the samples with FF of 20%, 10%, and 5%. The
identical UR distribution of DENQCM cfDNA to its
respective reference data set also showed that the distri-
bution of DENQCM cfDNA was close to plasma
cfDNA, at both the full chromosome set level and single
chromosome level.

Finally, the materials could be formulated with flex-
ible FF by adjusting the proportion of the cell lines. The
chromosome Y-based estimations of FFs of serially di-
luted artificial samples were linearly related to those ex-
pected FFs. The accuracy of FF estimation based on X
chromosome was observed by comparison of the mea-

surements with Y chromosome-based fetal DNA frac-
tion, which were shown to be comparable. For T21-
positive samples, we found a high correlation between
SNP-based and Y chromosome-based FF estimates, dem-
onstrating the advantage of producing materials using
mother–child paired cell lines.

Despite the applicability of DENQCMs as quality
control materials independent of real plasma, there are 2
limitations to our approach. First, our samples are not
exactly identical to clinical samples for pregnancies. Dif-
ferent mechanisms for cfDNA origins have been dis-
cussed, such as apoptosis, necrosis, phagocytosis, and ac-
tive secretion. During these origins, various nucleases
contribute to the characteristics of circulating nucleic ac-
ids (36 ), such as DNase1-like 3, which was recently con-
firmed to be 1 of the components to generate circulating
DNA fragments (37 ). These multiple mechanisms might
explain the discordance between the expected FFs and
those estimated by SeqFF, which is a multivariate ma-
chine learning method based on different maternal and
fetal cfDNA representation (24, 38 ). Therefore, it likely
will be extremely hard to simulate all the characteristics of
real cfDNA at the whole genome before the biological
processes generating cfDNA are well understood. Addi-
tionally, some FF estimation approaches, for example,
the commonly used size-based methods (39 ), were not
involved in the evaluation of our samples. In the future,
proficiency testing will be established to include more
methodologies by developing lyophilized samples to
meet the requirements of shipment at room temperature.
Second, only T21-positive and trisomy-negative cfDNA
were generated by mother–child cell line pairs in this
study. Currently, there is an insufficient supply of char-
acterized paired samples for T18 and T13 in the cell line
repository, but this problem can be solved by immortal-
izing specific paired cell lines. Furthermore, the engi-
neered cell lines will extend our approach to produce
biomimetic control materials for single-gene disorders.
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