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Abstract Modern highly multiplexed short tandem repeat
(STR) assays used by the forensic human-identity commu-
nity require tight control of the initial amount of sample
DNA amplified in the polymerase chain reaction (PCR)
process. This, in turn, requires the ability to reproducibly
measure the concentration of human DNA, [DNA], in a
sample extract. Quantitative PCR (qPCR) techniques can
determine the number of intact stretches of DNA of
specified nucleotide sequence in an extremely small
sample; however, these assays must be calibrated with
DNA extracts of well-characterized and stable composition.
By 2004, studies coordinated by or reported to the National
Institute of Standards and Technology (NIST) indicated that
a well-characterized, stable human DNA quantitation
certified reference material (CRM) could help the forensic
community reduce within- and among-laboratory quantita-
tion variability. To ensure that the stability of such a
quantitation standard can be monitored and that, if and
when required, equivalent replacement materials can be
prepared, a measurement of some stable quantity directly
related to [DNA] is required. Using a long-established
conventional relationship linking optical density (properly
designated as decadic attenuance) at 260 nm with [DNA] in

aqueous solution, NIST Standard Reference Material
(SRM) 2372 Human DNA Quantitation Standard was
issued in October 2007. This SRM consists of three quite
different DNA extracts: a single-source male, a multiple-
source female, and a mixture of male and female sources.
All three SRM components have very similar optical
densities, and thus very similar conventional [DNA]. The
materials perform very similarly in several widely used
gender-neutral assays, demonstrating that the combination
of appropriate preparation methods and metrologically
sound spectrophotometric measurements enables the prep-
aration and certification of quantitation [DNA] standards
that are both maintainable and of practical utility.
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Introduction

Modern highly multiplexed short tandem repeat (STR)
assays used by the forensic human-identity community
require rather tight control of the initial amount of sample
DNA amplified in the polymerase chain reaction (PCR)
process [1]. Attempts to amplify too little or too much DNA
may waste time, expensive reagents, and potentially critical
samples. Efficient control of the amount of DNA used in
the analysis requires the ability to reproducibly measure the
mass concentration of human DNA, [DNA], in an extract.

The National Institute of Standards and Technology
(NIST) has been an active member of the forensic human
identity community since 1991 [2]. As part of its
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involvement, NIST has conducted a series of interlabor-
atory studies intended in part to monitor the state of practice
in human DNA quantitation methods [3–5]. Among-
participant quantitation reproducibility was not found to
be a major issue in three studies conducted from 1997 to
2002: the STR assay systems then in common use were
relatively simple (four to ten simultaneously amplified
genetic loci), the available quantitation methods were
relatively insensitive, and the samples distributed had
relatively high [DNA]. In contrast, the 2004 NIST
Quantitation Study (QS04) results indicated a multiplica-
tive one-standard deviation (SD) among-participant repro-
ducibility for sub-ng/µL [DNA] of just less than a factor
of two—about equivalent to ±1 PCR amplification cycle.
Most significantly, much of this variation arose from
apparent biases among the then-recently introduced
quantitative PCR (qPCR) methods. These systematic
differences are of the same magnitude as the recom-
mended allowable range for the initial amount of DNA
used in higher-plexity (ten to 16 loci) STR assays [6].

While NIST staff have given considerable thought and
discussion over the years to design, packaging, and
certification challenges involved in creating a reference
material in support of DNA quantitation (and the NIST
interlaboratory studies were used to explore these chal-
lenges), the systematic differences observed in QS04 were
our first evidence that a NIST-provided quantitation
standard could have practical impact. Further, at about the
time the QS04 results were being compiled, other members
of the community informed us that they had observed
factor-of-two differences among different lots of commer-
cially prepared quantitation standards from the same
producer and among materials from different producers.
The weight of the evidence thus indicated that a well-
characterized, stable human DNA quantitation certified
reference material (CRM) could benefit the forensic
community.

The greatest challenge requiring resolution prior to our
initiating active development of a DNA quantitation
standard was “What is a nanogram of DNA?” Numerous
indirect techniques have been developed, assaying phos-
phorous, sugar, or individual nucleotides and thus “count-
ing” the total number of nucleotide base-pairs present in a
given mass of DNA [7]. In contrast, qPCR techniques assay
not the number of base-pairs but the number of intact and
accessible stretches of DNA having a specified nucleotide
sequence. Depending on the nature of these sequences and
the sample material, these measurements can be related to
the number of specific chromosomes and this in turn related
to the number of complete genomic complements. While
related, the quantity intended to be measured in the
different assays could well differ among different genomic
sources.

However, the number of base-pairs, chromosomes, or
genomic complements does not need to be known for a
DNA quantitation standard to be useful. A sufficiently large
pool of reasonably intact DNA from a well-considered
source that is sufficiently stable, homogenous, and repre-
sentative of real-world samples could be successfully used
as a primary reference [8,9]. However, such unique
reference materials are of little use should they become
degraded, contaminated, or consumed. To ensure that the
stability of the material can be monitored over time and that
equivalent materials can be prepared as needed, there must
be some measureable property of the material that is
directly related to [DNA] but that does not itself require
calibration to a DNA reference material.

Although originally developed for characterizing protein
solutions lightly contaminated with nucleic acids, UV/visible
absorbance spectrometry has long been used to characterize
nucleic acid solutions lightly contaminated with proteins [10].
It is now conventional to assert that an aqueous solution of
double-stranded DNA with an optical density (OD) of 1.0 at
260 nm in a 1 cm pathlength cuvette has a [DNA] of 50 μg/
mL (50 ng/μL) [11]. “Optical density” is the logarithm of the
reciprocal of transmittance—the ratio between light intensi-
ties with and without the presence of the sample in a beam of
light—at a specified wavelength and pathlength [12]. While
of intellectual interest, establishing the metrological validity
of this assertion is not necessarily relevant to the develop-
ment of a standard intended for reducing quantitation
variance. Fairly routine spectrophotometric measurements
provide a conventional measure of [DNA] that is widely
accepted in the analytical bioscience communities, that is fit
for the purpose of monitoring material stability, and that
provides an unambiguous metric for preparing replacement
materials.

The following sections of this manuscript present and
discuss the design, packaging, production, and certification
issues related to the recently issued NIST Standard
Reference Material (SRM) 2372 Human DNA Quantitation
Standard [13]. SRMs are CRMs, issued under the NIST
trademark, that are well-characterized using state-of-the-art
measurement methods and/or technologies for the determi-
nation of chemical composition and/or physical properties
[14].

Design considerations

Previous studies established that extraction of DNA from
solid supports and even solubilization of lyophilized DNA
contributes to quantitation variability [3]. Seeking to
minimize such ancillary sources of variability, the SRM
2372 components were prepared as DNA solutions directly
suitable for spectrophotometric and qPCR assay. NIST
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research (data not shown) has documented that the
spectrophotometric characteristics of bulk solutions of
DNA stored in Teflon at 2 °C to 8 °C are stable over
several years. Gel electrophoretic studies confirmed that
these spectrophotometrically stable DNA solutions showed
little or no DNA degradation.

DNA can be degraded and/or contaminated during
mechanical as well as chemical manipulations. Whenever
possible, processes were used that minimized the potential for
degradation and contamination. For example, air-drying DNA
solutions under laminar flow may reduce fragmentation and
does avoid potential contamination from UV-active com-
pounds that may be present in vacuum/refrigerant systems.

Early NIST interlaboratory studies identified DNA loss
to sample vial walls as a probable source of variation, with
the relative loss increasing as [DNA] declined [5].
However, aqueous solutions with very high [DNA] are
viscous and hard to handle. The SRM 2372 component
materials were therefore designed to have the highest
[DNA] compatible with routine pipetting practice. Given
that accurate UV/vis absorption measurements become
problematic for OD readings much larger than 1, the
assertion that an aqueous solution of double-stranded
DNA of 1.0 OD at 260 nm in a cuvette of pathlength
1 cm (OD260) has a conventional [DNA] of 50 ng/µL, and
that qPCR calibration curves typically are prepared with an
upper limit of 10 to 50 ng/µL, 50 ng/µL was chosen as the
target [DNA]. Total sample volumes of about 110 µL were
used to minimize sample concentration from evaporation,
facilitate sample handling, and enable use of commercially
available 80 µL spectrophotometer cuvettes.

The nature and quantity of salts and solvents present in a
sample can influence qPCR processes. While RNA con-
tributes to OD260 measurements, it does not contribute to
qPCR signal. To enable users to evaluate the sensitivity of
their measurement processes to small differences in
methods used to prepare DNA standards, somewhat
different methods and materials were used for each of the
SRM 2372 components. Since forensic DNA human
identity analyses routinely deal with male-only, female-
only, and mixed-source samples, the component materials
were designed to represent these sample types.

Materials and methods

Component materials

SRM 2372 has three components, arbitrarily labeled A, B,
and C. All three components are human genomic DNA,
each of quite different nature.

Component A was prepared at NIST from human Buffy
coat white blood cells from a single-source anonymous

male. Genomic DNA was isolated from the Buffy coats
using a modified “salting out” procedure [15]. The extract
was treated with bovine pancreatic ribonuclease A (RNase
A) to remove any RNA components that would contribute
to the OD [11]. The RNAse-treated DNA was then re-
extracted to assure purity. The extracted DNA was air-dried
in a laminar flow hood and then stored in a Teflon container
at 2 °C to 8 °C.

Component B was prepared (twice—the initial version is
designated as component Binitial) at NIST from Buffy coat
white blood cells from multiple anonymous female donors.
To more closely mimic DNA from routine extraction
protocols, these materials were not treated with RNAse
but were otherwise prepared as above. The Buffy coat cells
were obtained from a commercial source.

Component C was purchased as a lyophilized, purified
unsheared genomic human DNA (Sigma-Aldrich Co., St.
Louis, Mo); this material has both male and female donors
and contains more salt (NaCl) and metal chelator (EDTA)
than do components A and B.

The dried component materials were each solubilized in
UV-irradiated Teflon containers with 210 to 250 mL of
autoclaved 10 mmol/L 2-amino-2-(hydroxymethyl)-1,3-
propanediol hydrochloride (Tris–HCl) and 0.1 mmol/L
ethylenediaminetetraacetic acid disodium salt (disodium
EDTA) in deionized water adjusted to pH 8.0 (TE−4

buffer). The containers were placed on an orbital shaker
and gently rotated for several hours at room temperature
prior to refrigerated storage at 2 °C to 8 °C. After storage
for several weeks to allow more complete solubilization, a
preliminary assessment of OD260 nm for each of the mate-
rials was made at room temperature using a commercial
spectrophotometer. Each material was, if needed, diluted with
autoclaved TE−4 buffer until an OD260 of approximately 1.0
was obtained. The diluted materials were returned to storage
at 2 °C to 8 °C. As shown in Fig. 1, gel electrophoresis
confirmed that all solutions were of relatively unfragmented
(greater than 4,000 base-pairs) double-stranded DNA.

For each solution, the Teflon container containing bulk
material was removed from the refrigerated storage and
placed on a slow rotary shaker for 30 min. A magnetic stir-
bar was then placed in the Teflon container, the container
placed on a magnetic stir plate in a laminar flow hood, and
the solution gently stirred. Empty, sterile, labeled 2.0 mL
screw cap vials were opened and placed in a laminar flow
hood in 96-well boxes. Eight vials were filled simulta-
neously with approximately 110 µL per vial of component
solution using a variable-width pipette. Vials were closed
and transferred to 100-unit storage boxes. A total of 1,700
vials were prepared for each component. Filled boxes were
refrigerated at 2 °C to 8 °C. All materials were allowed to
settle in their vials for three weeks before beginning the
characterization studies.

Production and certification of NIST standard reference material 2372 1185



Due to limited solution volume (210 mL), stirring of
component Binitial became increasingly inefficient as the
solution volume declined. As described below, this version
eventually proved insufficiently homogenous for use in
SRM 2372. A replacement version was produced exactly as
above, only using a greater amount of extracted DNA
solubilized in a larger solution volume.

Interlaboratory assessment

Thirty-two forensic DNA testing facility participants from
the U.S., Canada, and Australia contributed to an inter-
laboratory assessment of the relative [DNA] of candidate
SRM 2372 components A, Binitial, and C. Each participant
received one unit of each component. Table 1 lists the
assays, the number of unique sites reporting each, and the
total number of sets of data from all participants.

The study materials were shipped overnight by commer-
cial carrier on cold packs to the participants just before the
NIST in-house characterization analyses were begun.
Participants were asked to use the same dilution scheme
on all three components: the neat solution, a 1+4
volumetric dilution (where the “1+4” indicates one volume
of the first component and four volumes of the second), and
six 1+1 volumetric serial dilutions from the initial dilution.
This scheme provides eight conventional [DNA] concen-

trations: 50, 10, 5, 2.5, 1.25, 0.62, 0.31, and 0.16 ng/µL.
Prepared by an experienced analyst using properly func-
tioning equipment, the volume delivery uncertainty for the
first dilution is expected to be just larger than the pipette
imprecision and increases steadily to about twice the
imprecision at the final dilution. The imprecisions of the
10- and 20-μL pipettes used in the NIST studies were
determined to be better than 0.30%, providing relative
preparation uncertainties of ≤0.35% for the 10-ng/µL
solution and ≤0.62% for the 0.16-ng/µL solution.

Participants were to (1) use the component C dilutions as
the calibration standard for their quantitation assay(s); (2)
assume that the “true” [DNA] of component C was exactly
50 ng/μL; (3) calculate the apparent [DNA] for all of the
dilutions made for components A and B; and (4) to also
report all associated cycle threshold (Ct) values if qPCR
method(s) were used. The Ct is the interpolated fractional
PCR cycle at which reporter fluorescence is estimated to
first detectably increase above the baseline signal.

UV/vis measurements

Value assignment UV/vis OD measurements were made at
the five wavelengths (230, 260, 270, 280, and 330 nm) that are
traditionally used in the assessment of DNA quality as well as
quantity [11]. Traceable transmittance measurements, four
runs on one day, were made using the second-generation
NIST High-Accuracy (Reference) Spectrophotometer
(HAS-II) [26]. Measurements utilized six SRM 932
Quartz Cuvette for Spectrophotometry (discontinued)
cuvettes containing ≈ 2.5 mL of either a component of
SRM 2372 or TE-4 as the blank. The cuvettes were acid-
washed, water-rinsed, and dried prior to the measure-
ment. SRM 2031 Metal-on-Quartz Filters was used as a
control for these transmittance measurements. In addition
to the five certification wavelengths, measurements were
taken at 250 nm and 340 nm to facilitate use of this con-
trol. The 280 nm wavelength was common to both SRM
2031 and SRM 2372 certification. All measurements
were made at 22 °C±0.5 °C with a spectral bandwidth
of 0.8 nm.

Homogeneity Optical homogeneity for all components was
evaluated using a commercial spectrophotometer. Seven-
teen randomly selected vials, 1% of each production run,
were assayed for each component using 80-μL cuvettes
with a 1-cm pathlength. Within a component, the run order
of the selected vials was randomized. Wavelength scans
included 220 nm through 345 nm. The temperature of the
cuvettes was 22 °C±1 °C. SRM 2031 and SRM 2034
holmium oxide solution wavelength standard from 240 nm
to 650 nm (discontinued) were used to validate the
transmittance and wavelength axis calibration of the
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Fig. 1 Exemplar gel image. This image shows the distribution of
DNA fragment masses for the three components (A, B, and C) relative
to a standard sizing ladder (Ladder), with molecular mass expressed as
the number of nucleotide base-pairs (bp). There is no evidence for
low-mass fragments (i.e., less than a few 1,000 bp) in any of the
materials
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instrument before and after evaluating each SRM 2372
candidate material.

Temperature dependence The change in OD with temper-
ature for all components was evaluated with a commercial
spectrophotometer using 0.9-mL cuvettes and residual bulk
solution. Spectra were acquired from 220 to 345 nm at
sample temperatures from 15 °C to 30 °C in increments of
5 °C. At least two independent replicate spectra were
obtained at each temperature; one while warming the
cuvette and the second while cooling.

qPCR measurements

Homogeneity The homogeneity of all components was
confirmed using a qPCR assay, Quantifiler Human DNA
Quantification Kit (Applied Biosystems, Foster City, CA)
[16] in conjunction with an ABI 7900 real time PCR
instrument (Applied Biosystems). A second 1% of the
production materials were randomly selected. The selected
materials were diluted 1+9 volumetrically prior to analysis
to obtain a [DNA] that was in the middle of the calibration
curve developed for the assay. The diluted components
were randomly distributed across two duplicate 96-well
plates and analyzed separately. Each plate also contained
duplicate aliquots of the undiluted material and three serial
volumetric dilutions with TE−4 buffer: 1+4, 1+1, and 1+1.
The relative preparation uncertainties for these dilutions are
all ≤0.5%.

Commutability The [DNA] of four commercially available
DNA quantitation standards (coded Std1, Std2, Std3, and
Std4) were evaluated relative to each of the candidate SRM
2372 components with three exemplar qPCR assays:

Quantifiler Human Assay [16], CFS [18], and Sybr_ALU
[17]. The nominal [DNA] was 200 ng/µL for Std1, Std2,
and Std3 and 262 ng/µL for Std4. The commercial
standards were initially volumetrically diluted 1+9 with
TE−4 buffer followed by serial volumetric dilutions of 1+4,
1+1, and 1+1. The SRM components were used undiluted,
diluted 1+4 with buffer, and six 1+1 volumetric serial
dilutions from the initial dilution. All seven dilution series
(Std1, Std2, Std3, Std4, A, B, and C) were run in duplicate
together on one 96-well plate per assay. The relative
preparation uncertainties for these dilutions are all ≤0.7%

Results and discussion

Interlaboratory assessment

The interlaboratory study was designed to assess (1) the
acceptability of the above design decisions to practicing
forensic analysts and (2) the relative [DNA] of the three
components determined with the then-current DNA quan-
titation techniques. While some analysts found that the vial
label obscured the liquid meniscus, all found the design
acceptable.

Figure 2 is a Youden-style plot displaying results for
gender-independent qPCR assays of components A and
Binitial as calibrated against component C. Regardless of the
absolute [DNA], if all three components have the same
[DNA] then all of the paired results for all data sets would
ideally be superimposed at unity along both axes. The 1.04
median of both the A/C and Binitial/C ratios are gratifyingly
similar and adequately close to unity, although this suggests
that by these qPCR assays the [DNA] of component C is
about 4% less than that of components A and Binitial.

Code #Labs # Data sets Assay Ref

A Binital C

Quantifiler 20 75 75 78 qPCR, gender-neutral [16]

Sybr_ALU 5 11 11 13 qPCR, gender-neutral [17]

CFS 3 16 16 16 qPCR, gender-neutral [18]

monoTH01 1 4 4 4 qPCR, gender-neutral [19]

Probe_ALU 1 4 4 4 qPCR, gender-neutral [20]

3TH01 1 3 3 3 qPCR, gender-neutral [19]

3CSF 1 3 3 3 qPCR, gender-neutral [21]

Plexor_auto 1 2 2 2 qPCR, gender-neutral [22]

Gender 1 4 0 4 qPCR, male specific [20]

Plexor_Y 1 2 1 2 qPCR, male specific [22]

ALUQuant 3 11 11 0 Direct, gender-neutral [23]

Quantiblot 2 7 7 0 Direct, gender-neutral [24]

Picogreen 1 4 4 4 Direct, gender-neutral [25]

Table 1 Interlaboratory
assessment summary
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The multiplicative within-participant SDs, estimated
from the median absolute deviation from the median
(MADe) [27], are likewise quite similar: 1.14 for A/C and
1.11 for Binitial/C. The among-participant multiplicative
imprecision for Binitial/C of 1.13 is quite similar; however,
that for A/C at 1.23 is about twice that of the within-
participant value. The strong correlation (greater than 0.92)
between the A/C and Binitial/C ratios suggests that compo-
nent C presents relatively small but quite systematic
measurement challenges for some qPCR methods. Com-
bined with the larger among-participant imprecision of the
A/C ratio, these differences are greater for the single-
source, male, RNased DNA of component A than for the
multi-source female DNA of component Binitial. These
among-method biases are not unexpected since different
qPCR methods exploit qualitatively different molecular
targets.

Material homogeneity

UV/vis measurements The among-vial SDs for the OD260

measurements were: A 0.4%, Binitial 10%, and C 0.3%.

The unacceptable Binitial heterogeneity was most pro-
nounced in the final 400 units, but incompletely solubi-
lized material was discovered in several units produced
earlier in the production run. This discovery was,
unfortunately, made after the interlaboratory samples had
been distributed.

The interlaboratory assessment did not detect the UV/vis
heterogeneity. Follow-up studies at NIST suggest that this
was not just the “luck of the draw” but reflects a profound
difference between the two assay systems: the OD260

measurements effectively use the entire sample volume
whereas each qPCR assay of amplifiable sequences uses
only a few percent of the sample. Any incompletely
solubilized material in the sample will likely be present in
the spectrophotometer beam and thus increase the apparent
[DNA] above that of the bulk solutions. Given normal
micropipetting practice, it is most probable that only clear
bulk solution would be transferred into the qPCR vial—at
least for the first several assays.

A second component B was prepared with an among-
vial SD for the OD260 of 0.8%. With the exception of the
interlaboratory assessment described above, all further
studies were done (or redone) using this second component
B material.

qPCR measurements Table 2 lists the mean Ct, method
repeatability, and material homogeneity precision estimates
for the three components (17 units of each component run
in duplicate). The precision estimates are expressed both in
terms of the measured Ct and in conventional [DNA]. The
repeatability imprecision of the method, srepeat, is estimated
as the pooled SD of replicate Ct measurements for each
component. The among-box heterogeneity, shetero, is esti-
mated from the SD of the means of the replicate pairs and
the srepeat estimate [28]. Since each PCR amplification cycle
approximately doubles the target [DNA], the SDs of the Ct
results are converted to approximate multiplicative SDs of
[DNA] by exponentiation: s([DNA])=2s(Ct). Since these
multiplicative imprecision values are relatively close to
unity, they can in turn be approximated as relative SDs,
expressed in percent: %RSD=100×(s[DNA]−1).

The estimated repeatability and heterogeneity %RSDs
are both roughly 5% for all three components, accounting
for about half of the variability observed in the interlabor-
atory assessment. The three mean Cts overlap within the
method repeatability, implying that the [DNA] of the
components are the same within about 5%. The mean Ct
is smallest for component C, indicating that [DNA] as
determined with this one qPCR assay in the hands of one
analyst is greatest for this component. Although this differs
from the inference drawn from the results of the interlabor-
atory study, the differences are within the variability of the
assays.
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Fig. 2 Interlaboratory qPCR assessment of relative [DNA]. Each
symbol represents the average qPCR [DNA] results reported for a
given method by one participating laboratory. The x-axis presents
component A relative to the full calibration curve for component C
(A/C); the y-axis presents component Binitial relative to component C
(Binitial/C). The cross at each {A/C, B/C} pair represents approximate
95% confidence intervals for the two ratios for the method as
implemented at that laboratory. The vertical and horizontal lines
represent unit A/C and B/C ratios, the ideal if all components were of
identical [DNA]. The diagonal line represents the expected behavior
when measurement deviations from the consensus value are consis-
tently biased. The central rectangle encloses an approximate 95%
confidence region about the ratio medians
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UV/vis certification measurements

While it is routine practice to term the observed OD of
solutions as “absorbance”, the correct designation for
colloidal solutions that significantly scatter as well as
absorb light is “attenuance” [12]. Scattering results in the
removal of light from the spectrophotometer beam and thus
decreases the measured transmittance. However, the degree
to which scattered light is removed from the beam is
somewhat dependent on the optics of the instrument, as
forward scattering predominates and some forward-
scattered light may remain in the detected beam. This is
especially true of the focused-beam design common in
analytical spectrophotometers and in the HAS-II National
Reference Spectrophotometer used for the certification
measurements. The certified values for SRM 2372 are
therefore stated as decadic attenuance (D10), where “deca-
dic” distinguishes the base-10 logarithmic transformation
from the “Naperian” or “natural” base-e transformation
often used by the physics community. The certified D10

values are corrected for reflections from the cuvette faces
and for absorption and scattering in the TE−4 pH 8.0 buffer
by subtracting blank D10 measurements of the buffer in the
cuvettes used for the DNA measurements.

The certified D10 values for the three components are
listed in the SRM 2372 Certificate [13]. Figure 3 displays
these certified values; the determination uncertainty on each
value is smaller than the symbols used to represent the
values. An exemplar D10 spectrum of component A is
displayed for visual reference.

The change in attenuance with temperature was found to
be uniformly less than 0.0001 D10 per°C for all materials in
the range of 15 °C to 30 °C.

qPCR calibration and commutability

The presence of systematic biases among different qPCR
methods was verified at NIST for three of the assays
used in the interlaboratory assessment. Figures 4–6
display the relationships between the conventional [DNA]
and Ct for Quantifiler, Sybr_ALU, and CFS. For the
Quantifier data shown in Fig. 4, the data agree well with
the usual Ct=β0+β1×log2([DNA])+ε calibration model

over the entire 320-fold range; the least squares regression
lines for these data are very similar for the three SRM
components. For the Sybr_ALU assay in Fig. 5, the data
appear to deviate from the log-linear model over part of the
range but the regression lines for the imperfect model are
quite similar. For the CFS assay of Fig. 6, the data are each
quite consistent with the model but material C is system-
atically biased by about one- half of an amplification cycle
relative to A and B.

The close agreement between the qPCR results for
components A and B indicates that the RNAse treatment
of component A did not significantly influence the OD260

and conventional [DNA] relationship. While it is likely that
the treatment and repeated extraction was not required, it
appears to have done little harm.

Within model error, the β1 slopes for all of the
calibration curves are all −1.0. This is the theoretical slope
for PCR reactions where the amount of target DNA is
exactly doubled during each cycle.

[DNA]

Ct Additive SD Multiplicative SD %RSD

Component Ct srepeat shetero srepeat shetero srepeat shetero

A 26.946 0.058 0.073 1.041 1.052 4.1 5.2

B 27.018 0.061 0.077 1.043 1.055 4.3 5.5

C 26.899 0.075 0.064 1.053 1.045 5.3 4.5

Table 2 qPCR homogeneity
summary
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Fig. 3 Certified decadic attenuance and exemplar UV/Vis spectrum.
Each symbol represents a certified decadic attenuance at a specific
wavelength for one of the components of SRM 2372; open circle
component A, open square component B, and open triangle
component C. The approximate 95% uncertainties on the certified
values are not visible at this scale. All certified values were obtained
using the NIST HAS-II reference spectrophotometer. The continuous
curve is an exemplar spectrum of component A obtained using a
commercial scanning spectrophotometer. The vertical lines are for
visual reference only, connecting the wavelength axis to the exemplar
spectrum at the certification wavelengths
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The inset in each figure displays the [DNA] of four
commercial DNA quantification materials predicted from
the calibration curves for the three SRM 2372 components.
As expected, the predicted values for the four samples are
nearly the same across calibration curves for the Quantifiler
and Sybr_ALU assays. The predicted conventional [DNA]
for Std4 agrees well with the value assigned by its
producer; the predicted [DNA] for Std1, Std2, and Std3
are considerably less than the value assigned by their
producer. This same pattern holds with the CFS assay for
the component A and B predictions, however the compo-
nent C predictions are relative overestimates. This is similar
to the interlaboratory assessment results for these qPCR
assays displayed in Fig. 2. It is plausible that the CFS assay
may be particularly sensitive to small variations in salt and/
or EDTA content of the qPCR reaction mixture. Dialyzation

of commercially obtained DNA could reduce the levels of
these materials: we anticipate evaluating the costs and
benefits of this pretreatment before designing any new or
replacement DNA quantitation standards.
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Fig. 4 Quantifiler qPCR calibration curves and commutability
assessment. The main panel displays the mean Ct of duplicate
assays of dilutions for each of the three SRM 2372 components
as functions of their conventional [DNA], estimated as 50 times
the certified D10 at 260 nm. Error bars represent approximate 95%
confidence intervals on mean Ct values. The lines are least squares
regressions of the data to the usual linear model: Ct=β0+β1×
log2([DNA])+ε using all eight elements of the dilution series. The
equation parameters are: Component A (open circle) β0=29.398±
0.031, β1=-0.952±0.011, ε=0.081; Component B (open square)
β0=29.618±0.033, β1=-0.988±0.012, ε=0.086; Component C
(open triangle) β0=29.528±0.033, β1=−0.986±0.012, ε=0.087.
The inset displays the predicted [DNA] of four commercially
available DNA quantification materials, labeled “Std1” to “Std4”,
relative to each of the three SRM 2372 components. The predicted
values are calculated using the inverted prediction equation for each
component: [DNA]=2(Ct−β0)/β1. The thin horizontal lines within the
inset represent the claimed [DNA] of the materials: Std1 to Std3=
200 ng/µL DNA and Std4=262 ng/µL DNA. Error bars represent
approximate 95% confidence intervals on the mean predicted [DNA]
of replicate evaluations of tenfold, 50-fold, 100-fold, and 200-fold
volumetric dilutions of each of the commercial materials
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Fig. 5 Sybr_ALU qPCR calibration curves and commutability
assessment. The main and inset panels display results for the
Sybr_ALU assay in the same format as Fig. 3. The parameters of
the three calibration equations, derived from the seven dilutions of the
components, are: Component A β0=15.733±0.143, β1=−1.086±
0.070, ε=0.37; Component B β0=15.776±0.089, β1=−1.048±0.044,
ε=0.23; Component C β0=15.814±0.101, β1=−1.038±0.049, ε=0.26
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Fig. 6 CFS qPCR calibration curves and commutability assessment.
The main and inset panels display results for the CFS assay in the
same format as Fig. 3. The parameters of the three calibration
equations are: Component A β0=29.913±0.090, β1=1.030±0.032, ε=
0.23; Component B β0=29.974±0.091, β1=−0.995±0.032, ε=0.24;
Component C β0=30.461±0.102, β1=−0.974±0.037, ε=0.27
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Further characterization

The documented multi-year stability of DNA solutions
when storaged in bulk in teflon at 4 °C does not necessarily
speak to the stability of the SRM 2372 units. NIST has and
will continue to monitor the materials for changes in OD,
gel electropherographic pattern, and qPCR results relative
to those of a suite of bulk-stored materials. As is policy for
all NIST SRMs, should adverse changes be observed,
customers will be notified and the certified values will
either be revised or the SRM withdrawn.

Although not required for its intended purposes, evalu-
ation of the number of nucleotides and the effective number
of copies of a human genome present in each of the SRM
2372 components could be useful for very low copy-
number applications, as well as being intellectually satisfy-
ing. There has been considerable effort recently given to the
development of methods capable of making metrologically
traceable measurements of the number of nucleotides, either
directly [29] or indirectly using high-accuracy phosphorous
quantitation [30–32]. We anticipate extending certification
of SRM 2372 to include new measurands as DNA
quantitation technologies mature.

Conclusions and recommendations

Although prepared from quite different sources of human
genomic DNA, the three SRM 2372 components have very
similar UV/vis spectrophotometric properties. Using the
conventional relationship between optical density (properly
designated as decadic attenuance) at 260 nm and the
quantity of DNA in aqueous solution, the conventional
[DNA] of the three components are thus also nearly
identical. Although systematic differences among the
components are observed with particular qPCR assays, the
materials perform very similarly in two widely used gender-
neutral systems. While the “true value” of the conventional
[DNA] for the materials cannot yet be evaluated, the
combination of appropriate extraction protocols and metro-
logically sound optical measurements enable development
of suitable replacement materials when and as needed.

Spectrophotometric value assignment of secondary
reference standards

When SRM 2372 is used to validate the D10 assignment of
secondary DNA quantitation standards prepared in TE−4 pH
8.0 buffer, a research-quality dual-beam spectrophotometer
should be used that can achieve a spectral bandwidth of
2.0 nm or less (ideally 0.8 nm) and can control the sample
temperature at 22 °C±2 °C. The wavelength calibration of
the instrument should be verified using a suitable holmium

oxide solution standard [33]. The instrument must reliably
measure attenuance (indicated as absorbance) in solutions
of volume 0.1 mL or less. This capability can be verified
using a suitable potassium dichromate absorption standard
such as NIST SRM 935a Potassium Dichromate UV
Absorbance Standard [34].

Measurement validation is accomplished by evaluating
one of more of the SRM components at the five certified
wavelengths in the same measurement session as the
candidate secondary standard(s). The same TE−4 pH 8.0
buffer used to prepare the candidate secondary standards
should be used as the reference blank for both the SRM
2372 and candidate standard materials. Since differences
between the measured and certified D10 at 260 nm could
arise from intrinsic differences in spectrophotometer geom-
etries, any observed difference in the SRM materials should
be treated as an additional component of uncertainty in the
assessment of the D10 for the candidate material.

qPCR value assignment of working standards

When used with qPCR assays to value-assign DNA
solution working standards, users should calibrate their
assays to SRM 2372 using one or more dilution series, each
series prepared from one SRM 2372 component. For non-
gender-specific qPCR assays, all three components should
be used as calibrants to elucidate potential interactions
between the materials and the specific assay. Component C
should not be used to calibrate gender-specific assays since
it is derived from a mixture of unknown proportions of
male and female donors. Users should keep in mind that
potential for pipetting error exists and should therefore
exercise suitable care in preparing the calibration solutions.
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