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Rapid and High-Throughput Forensic Short Tandem
Repeat Typing Using a 96-Lane Microfabricated
Capillary Array Electrophoresis Microdevice�

ABSTRACT: A 96-channel microfabricated capillary array electrophoresis (mCAE) device was evaluated for forensic short tandem repeat (STR)
typing using PowerPlex 16s and AmpF‘STRs Profiler Pluss multiplex PCR systems. The high-throughput mCAE system produced high-speed
o30-min parallel sample separations with single-base resolution. Forty-eight previously analyzed single-source samples were accurately typed, as
confirmed on an ABI Prism 310 and/or the Hitachi FMBIO II. Minor alleles in 3:1 mixture samples containing female and male DNA were reliably
typed as well. The instrument produced full profiles from sample DNA down to 0.17 ng, a threshold similar to that found for the ABI 310.
Seventeen nonprobative samples from various evidentiary biological stains were also correctly typed. The successful application of the mCAE
device to actual forensic STR typing samples is a significant step toward the development of a completely integrated STR analysis microdevice.
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Short tandem repeat (STR) typing is a powerful tool for forensic
identification due to the unique profile it generates for an indi-
vidual as a result of the highly polymorphic nature of these mark-
ers (1–4). Polymerase chain reaction (PCR)-based STR analysis
followed by electrophoretic separation of the amplified products
allows simultaneous amplification and analysis of multiple loci
and is the gold standard for human identification. The significant
role of DNA profiling in criminal investigations has resulted in an
increased backlog of casework DNA samples in forensic labora-
tories both nationally and internationally. Unfortunately, the cur-
rent STR analysis process is time-consuming and laborious and
the technologies do not provide the capability for fast, large-scale,
low-volume integrated sample processing at low cost. To address
these obstacles, there is an immediate need for next-generation
genetic analysis devices that can perform high-speed, high-
throughput, and sensitive STR analyses.

Microfabricated capillary electrophoresis (CE) devices provide
many advantages that can benefit forensic STR analyses. In these
devices, photolithographic masking and wet chemical etching are
used to fabricate CE channels in glass wafer sandwiches (5). The
precise, nanoliter sample-plug size defined by the dimensions of a
microfabricated CE channel together with the high electrophoretic
field provide rapid, high-quality separations. Fast separations of

STR amplicons for human identification have been demonstrated
on microchip CE devices with up to 16 lanes (6). High-speed
DNA sequencing and fragment sizing have been demonstrated on
microfabricated capillary array electrophoresis (mCAE) devices
containing from 96 to 384 lanes (7–10). In addition, nanoliter re-
actors can be readily integrated with these devices for PCR (11–
13), sample extraction, and cleanup. (14,15). While these micro-
technologies have been primarily developed for genome sequencing
and diagnostics, they should be well suited for forensic STR
typing as well.

In this study, we explore the use of a 96-channel mCAE device
coupled to a four-color confocal fluorescence scanning system for
high-performance STR typing using commercially available mul-
tiplex systems. The STR amplicons are separated by the mCAE
system in less than 30 min with single-base resolution on 96 CE
channels simultaneously. The allele calls obtained on the mCAE
system for single-source samples are examined for concordance
with the expected results and with those performed in the ABI
Prism 310. The mCAE system is also tested to determine the min-
imum amount of genomic DNA required for full typing and to
explore its ability to identify minor alleles in mixtures. Finally, 17
nonprobative samples from various sources, including blood, se-
men, and saliva stains, were examined for verification on real-
world samples. This successful study demonstrates the power of
mCAE technology for high-performance forensic STR human
identification.

Materials and Methods

DNA Sample Preparation

All DNA extracts were prepared for amplification at the Palm
Beach County Sheriff’s Office (PBSO) Serology/DNA Section.
The stock DNA extracts used for the single-source population,
sensitivity, and mixture ratio studies were generously provided by
the National Institute of Standards and Technology (NIST). PBSO
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used the BioMek2000 robotic workstation (Beckman-Coulter,
Fullerton, CA) to perform reconstitution of all the NIST lyophili-
zed DNA samples. The BioMek2000 was also used to perform
dilution series for the sensitivity studies. Sensitivity study:
GT37778 stock DNA, a Hispanic database sample obtained from
NIST Population Study database, was serially diluted (22, 11, 5.5,
2.75, 1.38, 0.69, 0.34, 0.17, 0.08, 0.043, 0.021, 0.011, and
0.0054 ng/mL) in a specially formulated TE (10 mM Tris-HCl,
0.1 mM EDTA, pH 8.0) buffer.

Mixture and single-source study—Lyophilized female:male
mixture samples at ratios of 10:0, 9:1, 3:1, 3:2, 2:3, 1:3, 1:9,
and 0:10 were reconstituted to a total concentration of 2 ng/mL
with sterile water. Previously characterized population DNA ex-
tracts were re-quantified from lyophilized samples to an average
of 1 ng/mL (0.75–1.5 ng/mL) for single source studies.

Nonprobative samples—PBSO DNA extracts from adjudicated
forensic casework previously analyzed using the Hitachi FMBIO
II allele detection instrument (MiraiBio, Alameda, CA) were
analyzed on the mCAE system using the same DNA template
concentration as in the original casework analysis. Sample sources
from five cases included one semen (both sperm and nonsperm

fractions), nine saliva, four blood, and two mixed blood stains
previously extracted with either organic extraction or DNA IQTM

(Promega Corporation, Madison, WI). All samples were quanti-
fied using Quantiblot (Applied Biosystems, Foster City, CA) with
Hitachi CCDBIO (Hitachi, Alameda, CA) signal detection, as re-
ported previously (16).

PCR Amplification

All PCR samples were prepared and amplified at PBSO. DNA
samples were amplified using the GenePrint PowerPlexs 16 Sys-
tem (Promega Corporation) and the Profiler Pluss STR (Applied
Biosystems) following the manufacturer’s recommendations (16–
18). DNA from 0.5 to 1 ng was used in the amplification reactions
except for the sensitivity and mixture samples, which used 1 mL of
samples at the previously noted concentrations. Aliquots of the
amplified products were shipped overnight to University of Cal-
ifornia, Berkeley laboratory and the Virginia Department of Fo-
rensic Science (VDFS) for electrophoresis on the mCAE device
and the ABI 310, respectively.

mCAE Fabrication and Design

The microdevices were fabricated on 150-mm diameter Boro-
float glass wafers (Schott, Yonkers, NY) using published proce-
dures (19). The design of the device is presented in Fig. 1 (8).
Briefly, the 96 adjacent lanes are paired into a doublet structure
and arranged radially around the central anode. Each doublet con-
tains two sample wells, which share common cathode and waste
wells. After photolithography, all features were isotropically
etched to a depth of 25 mm with hydrofluoric acid. The postetch
width is 85mm for the arm from the sample to the separation

FIG. 1—Design of the 96-channel microfabricated capillary array electro-
phoresis chip. The 96 adjacent lanes are grouped into 48 doublet structures on
a 150-mm diameter glass wafer. (B) Each doublet structure includes an in-
jector with two sample wells that share common cathode and waste wells. The
sample plug is formed at the intersection of the sample arm and waste arm and
migrates down the gel-filled serpentine channel through the hyper-turns to-
ward the central anode.

FIG. 2—The Berkeley rotary confocal fluorescence scanning system. A 488-
nm argon ion laser beam is passed through a dichroic beam splitter and di-
rected up the hollow shaft of a stepper motor. The beam is deflected 1 cm off
the axis of rotation by a rhomb prism and focused by a 60� objective on the
microfabricated capillary array electrophoresis (mCAE) channels. The col-
lected fluorescence travels back along the same path into a four-color confocal
detector. A polydimethlysiloxane (PDMS) elastomer ring on top of the mCAE
plate is used to create a continuous buffer reservoir for the cathode and waste
wells. An electrode array is used to supply voltage to various reservoirs.

YEUNG ET AL. . MICROCHIP FORENSIC SHORT TANDEM REPEAT TYPING 741



channel, 300mm from the waste to the separation channel, and
200mm for the separation channel connecting the cathode and the
central anode. The fluidic wells were diamond-drilled into the
etched wafers using a CNC mill. The wafer was then cleaned and
thermally bonded to a blank wafer to create a closed channel
sandwich structure. The microchannels were coated according to a
modified Hjerten procedure (20).

mCAE Analysis

Each PowerPlexs 16 amplified PCR sample (1 mL) was mixed
with 1mL of Internal Lane Standard (ILS) 600 in 6mL of 50%
formamide (Sigma, St. Louis, MO) (1:1 deionized formamide so-
lution in distilled deionized water). The PowerPlexs 16 allelic
ladder (1.5 mL) was mixed with 1 mL of the ILS 600 in 4.5mL of
50% formamide. For the Profiler Pluss amplified samples, 1mL of
sample was mixed with 0.8mL of GeneScan-500 ROX and 6.2 mL
of 50% formamide while 4.5mL of the allelic ladder was mixed
with 1.2 mL of GeneScan 500 Rox and 3.3 mL of 50% formamide.
The mixed samples were denatured at 951C for 3 min and quickly

chilled on ice before loading. Each sample was loaded into two or
three lanes for each run, and at least two–three allelic ladder sam-
ples were run in parallel lanes.

mCAE Operation

The 96 lanes of the mCAE device were first filled with Long
Read linear polyacrylamide (Amersham Biosciences, Piscataway,
NJ) simultaneously from the central anode well until the gel fills
the sample, cathode, and waste wells using a high-pressure filling
station (21). The excessive gel was evacuated from the sample
wells and replaced with sample solutions. An electrode-array ring
was placed in the sample wells to supply voltage. A poly-
dimethlysiloxane (PDMS) elastomer ring was secured on top of
the cathode and waste wells to create continuous buffer reservoirs.
These reservoirs and the central anode well were filled with 5�
TTE (250 mM Tris/250 mM TAPS/5 mM EDTA, pH 8.3). The
assembly was placed on the Berkeley rotary confocal fluorescence
scanner for detection. The preparation time was approximately
20 min.

FIG. 3—Processed traces of (A) the PowerPlexs 16 allelic ladder mix and (B) the ABI AmpF‘STRs Profiler Pluss allelic ladder mix obtained on the
microfabricated capillary array electrophoresis (mCAE) system.
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The Berkeley four-color rotary confocal scanner has previously
been described in detail (22). A schematic of the system is pre-
sented in Fig. 2. Briefly, an Ar1 laser beam is first passed through
a dichroic beam splitter and directed up the hollow shaft of a
stepper motor. The beam is displaced 1 cm off the axis of rotation
by a rhomb prism and focused on the microchannels by a 60�
objective. The collected fluorescence travels back along the same
path, passes through the dichroic beam splitter, and enters a four-
color confocal detector consisting of a series of beamsplitters, fil-
ters, and four photo-multiplier tube (PMT) detectors.

To perform a separation, the stage was heated up to 671C and
equilibrated for 2 min. Electrophoresis was initiated with electro-
kinetic injection of the samples toward the waste wells at 170 V
while grounding the sample wells and floating the cathode and the
central anode wells. The PowerPlexs 16 samples were injected
for 65 sec and the Profiler Pluss samples for 45 sec. Separation
was achieved by grounding the cathode, applying 2500 V to the
anode, 180 V to the sample, and 200 V to the waste. The resulting
electric field is 150 V/cm in the main separation channel. The
1 nL-injected sample plug travels down the 15.9 cm serpentine
channel, which contains four hyperturns to minimize band broad-
ening (23). After each run, the sieving matrix was cleared from the
microchannels and washed with deionized water using the high-
pressure loading apparatus.

Data Acquisition and Analysis

The four-color fluorescence data were first converted to binary
format and appended with proper header information by a custom
LabView program (National Instruments, Austin, TX). The pre-
processed data files were then input for allele calling using the
MegaBACE Fragment Profiler 1.2 (Amersham Biosciences)
where they underwent baseline fitting and color cross-talk correc-
tion. Independent data analysis was performed at the VDFS and
PBSO in order to validate the mCAE generated Fragment Profiler
data and allele calls.

ABI 310 Analysis at VDFS

All amplified samples were covered in foil and stored at
� 201C until use. Samples amplified using the PowerPlexs 16
System and the AmpF‘STRs Profiler Pluss were prepared for
CE following the manufacturer’s recommendations (16,17) with
minor modifications. For PowerPlex 16s samples, 1.0 mL of the
amplified reaction was mixed with 1.0 mL ILS 600 and 12 mL of
HiDi Formamide. For the Profiler Pluss samples, 1.5mL of am-
plified reaction was mixed with 1.0mL GeneScan-500 ROX and
24mL of HiDi Formamide. The samples were heated at 951C for
2–3 min and snap-cooled on ice for 2–3 min before injection. All

FIG. 4—Processed PowerPlexs 16 profile of a National Institute of Standards and Technology (NIST) population sample OT06795 obtained on the micro-
fabricated capillary array electrophoresis (mCAE) system using 1 ng of DNA template.

YEUNG ET AL. . MICROCHIP FORENSIC SHORT TANDEM REPEAT TYPING 743



the injection parameters followed exactly the respective manu-
facturer’s recommendation, except the Profiler Pluss samples,
which underwent a 5-sec injection. The electrophoresis was com-
plete in 34 min for the PowerPlexs 16 samples and in 30 min for
the Profiler Pluss samples.

Data collection was performed using the GeneScans Data Col-
lection v. 2.1 and Analysis v. 3.1 software programs with the rec-
ommended parameters and the Light Smooth Options. Allele
typing was performed with the Genotypers software program
utilizing the PowerTyperTM 16 Macro for the PowerPlexs 16
samples and the AmpF‘STRs Profiler Pluss Macro for the Pro-
filer Pluss samples.

Results and Discussion

We explore here the capability of a 96-lane mCAE microdevice
for forensic identification. To perform forensic genotyping, the
mCAE device must accurately and reproducibly distinguish alleles
that differ by a single base. The device also must discern the

alleles of minor contributor(s) in a mixed DNA sample, detect
amplicons from low-level DNA samples, and reliably execute
STR typing with actual casework samples. We have assessed the
ability of the mCAE to meet each of these criteria using the
PowerPlexs 16 and Profiler Pluss multiplex systems on a variety
of typical samples encountered in working forensic laboratories.

Resolution, Speed, and Concordance

Figure 3 illustrates electrophoretic separations of the Power-
Plexs 16 and Profiler Pluss allelic ladders, which were achieved
in 28 and 20 min, respectively, on the 96-channel mCAE device.
The TH01 9.3 allele is a common microvariant that is 1 bp smaller
than the TH01 10 allele. The resolution obtained based on these
two alleles is 0.76 (Rb 5 1.3), which favorably compares with
resolutions reported using commercial STR typing kits with the
ABI 310 (24). The 2-bp D18S51 allelic ladder microvariants, as
well as those in other loci, were also successfully resolved. These
results indicate the high resolution with which STR alleles can be

FIG. 5—(A) PowerPlexs 16 profile of a National Institute of Standards and Technology (NIST) 3:1 female-to-male mixture sample obtained with a total DNA
concentration 2 ng/mL. (B) PowerPlexs 16 profile of the same mixture sample obtained on the ABI PRISM 310 Genetic Analyzer.
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resolved and sized using the mCAE system. This 96-sample sep-
aration system is at least 10 min faster than the single-capillary
ABI 310 and 30 min faster than the 16-capillary 3100 instruments.
Single-source population samples (28 Hispanic, 3 Asian, and 17
African American) amplified with the PowerPlexs 16 system
were analyzed on the mCAE system and showed consistent allele
calls for all microsatellites and microvariants compared with the
expected results on Short Tandem Repeat DNA Internet Database
(STRbase) (25) and the ABI 310 (26). Figure 4 shows processed
DNA data as an example of a typical single-source sample DNA
profile that will commonly be seen in database work. This analysis
demonstrates the capability of the mCAE system to perform high-
volume, parallel STR sample analyses on a rapid time scale.

Mixture Study

It is not unusual to detect a mixture of DNA profiles in an ev-
identiary biological stain during forensic casework typing. The per-
formance and reliability of the mCAE system in resolving mixtures
were evaluated and compared with the ABI 310 with PowerPlexs

16 samples consisting of female and male DNA at ratios of 10:0,

9:1, 3:1, 3:2, 2:3, 1:3, 1:9, and 0:10. The 3:1 and 1:3 samples are the
lowest ratios in which all minor components were successfully de-
tected and typed. An example of a 3:1 mixture profile is shown in
Fig. 5A. The mCAE analysis presents very similar allele signal ra-
tios as compared with the profile obtained on the ABI 310 (Fig. 5B).
This study demonstrates that the mCAE system has a similar ca-
pacity to detect the minor alleles as the currently available com-
mercial CE instruments for forensic typing.

Sensitivity Study

The sensitivity of the mCAE system was assessed using Pow-
erPlexs 16 and Profiler Pluss samples amplified with serially
diluted DNA templates (22, 11, 5.5, 2.75, 1.38, 0.69, 0.34, 0.17,
0.08, 0.043, 0.021, 0.011, and 0.0054 ng). Figure 6 presents traces
showing the successful detection of all the STR alleles from the
0.17 ng amplified DNA samples using the mCAE system. The sig-
nal-to-noise (S/N) ratios are above the limit of detection (defined
as S/N � 3) for all loci and all allele calls are correct. The S/N
ratios of the PowerPlexs 16 and Profiler Pluss loci for the 0.17 ng
sample are shown in Figs. 7A and 8A, calculated as the averaged

FIG. 6—Profile from a 0.17 ng sample amplified using (A) A PowerPlexs 16 and (B) Profiler Pluss on the microfabricated capillary array electrophoresis
(mCAE) system.
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S/N of the two alleles for the heterozygous loci with S/N � 3 for
both alleles. The mCAE system allele call results agreed with the
STRbase results and those obtained on the ABI 310. In addition,
full profiles for both multiplex systems were generated by the
mCAE system. Figures 7B and 8B show that the mCAE was able to
yield 100% profiles for the PowerPlexs 16 and the Profiler Pluss

samples down to 0.17 ng of DNA, respectively. At 0.17 ng of
DNA, 96% of the PowerPlexs 16 profiles and 67% of Profiler
Pluss profiles were fully typed by the ABI 310. These observa-
tions were made applying a 150-rfu threshold to the allele calling
process on the ABI 310; at lower thresholds, additional alleles
would be labeled. There is no threshold yet defined for the pro-
totype mCAE instrument in forensic science; thus the S/N ratio is
the only standard that can be applied. Although the signal thresh-
old standards applied to the mCAE and ABI 310 were different,
the mCAE exhibited a sensitivity similar to the ABI 310.

Nonprobative Study

The mCAE system must also be able to perform analyses on
real-world forensic casework samples. We have explored these
capabilities of the mCAE device by typing 17 nonprobative DNA
samples from case evidence previously processed and analyzed by
PBSO using both the PowerPlex 16s and Profiler Pluss systems.
The DNA samples were extracted from a variety of common
sources encountered in forensic analysis, including semen, saliva,
single, and mixed blood stains from sexual assault, paternity, bur-
glary, armed robbery as well as homicide cases. The DNA profile
results generated on the mCAE system and ABI 310 were com-
pared with the originally reported DNA profiles generated using
the Hitachi FMBIO II allele detection system.

The DNA data obtained using the mCAE system for the less
complicated paternity and single-source bloodstain case samples
were compared with those generated on the ABI 310 and those
originally reported. Of the three cases examined, all produced full
profiles that matched with the previously reported case results
(26). More complicated DNA samples from sexual assault and
bloodstain mixtures were also analyzed on the mCAE system. For
the sperm-fraction obtained from the vaginal-swab semen in a
sexual assault, the original report analysis indicated that the DNA
profile did not match the suspect’s DNA profile. Both the mCAE
and ABI 310 analyses resulted in the same conclusion. However,
the mCAE system was able to discern additional alleles in the
nonsperm fraction of the semen stain, consistent with the semen
contributor that were not callable previously using the FMBIO II.
No alleles were detected that were foreign to either the victim or
the suspect by the mCAE system or ABI 310 analysis. The higher
molecular weight fragments such as Penta E and Penta D, how-
ever, were much weaker than the original results due most likely
to the degradation following the initial analyses in 2002.

In a second case, DNA results from a bloodstain mixture col-
lected from a knife blade and another from a sandal in a homicide
indicated the presence of at least two individuals. The detection of
DNA mixtures in such forensic samples is usually one of the most
challenging types of STR data to interpret (27). The original report
stated that a DNA profile was obtained for all 16 genetic markers,
with both the victim and the suspect included as possible con-
tributors to these mixtures. The mCAE system analyses generated
data that were identical to the original report as well as to the ABI
310 analyses even at loci with imbalanced peak heights, indicating
major and minor contributors. The mCAE system likewise showed

FIG. 7—(A) Signal-to-noise (S/N) ratios for the PowerPlexs 16 loci
obtained for the 0.17 ng sample. (B) Percent of full PowerPlexs 16 profile ob-
tained on both the microfabricated capillary array electrophoresis (mCAE)
system and the ABI 310 as a function of input genomic DNA.

FIG. 8—(A) Signal-to-noise (S/N) ratios for the Profiler Pluss loci
obtained for the 0.17-ng sample. (B) Percent of full Profiler Pluss profile ob-
tained on both the microfabricated capillary array electrophoresis (mCAE)
system and the ABI 310 as a function of input genomic DNA.
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these peak height variations. The full concordance of the mCAE
data with the previously analyzed casework data, and the ability to
detect minor alleles in complex casework samples showcase the
ability of the mCAE system to perform analyses on a variety of
probative samples.

In summary, the combination of the mCAE genetic analysis
system and the high discriminating power of STR typing presents
a powerful new tool for human identification. With the increasing
number of samples submitted for DNA testing in addition to the
escalating casework backlogs, the ability of the mCAE device to
process rapidly a collection of samples in parallel is particularly
important to forensic throughput. Furthermore, the mCAE device
is amenable to integration with other small-volume sample prep-
aration steps. As the final volume of the amplicons analyzed is
only on the scale of 1 nL, representing only 1/250,000 of the am-
plified PCR products used, the incorporation of a small-volume
PCR reactor and sample cleanup functionalities should lead to
high-throughput integrated STR analysis systems that are more
cost-effective, efficient, and reliable with reduced labor and man-
ual processing and reagent use (28). While the focus of this work
has been on the development of a high-throughput automated an-
alyzer for forensic lab use, the full utilization of microfabrication
technology should also lead to fully integrated portable STR anal-
ysis devices (29,30) for on-site crime scene, mass disaster, and
real-time forensic identification.
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