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Effective microchip extraction of deoxyribonucleic acid
(DNA) from crude biological matrixes has been demon-
strated using silica beads or hybrid phases composed of
beads and sol-gel. However, the use of monolithic sol-
gels alone for extraction of human genomic DNA has been
more difficult to define. Here we describe, for the first
time, the successful use of monolithic tetramethyl ortho-
silicate-based sol-gels for effective micro-solid-phase
extraction (µSPE) of DNA in a glass microchip format. A
functional monolithic silica phase with micrometer-scale
pores in the silica matrix resulted from addition of poly-
(ethylene glycol), a poragen, to the precursor mixture.
This allowed a monolithic sol-gel bed to be established
in a microchip channel that provided large surface area
for DNA extraction with little flow-induced back pressure.
DNA extraction efficiencies for simple systems (λ-phage
DNA) were ∼85%, while efficiencies for the reproducible
extraction of human genomic DNA from complex biologi-
cal matrixes (human blood) were ∼70%. Blockage of the
sol-gel pores by components in the lysed blood was
observed in repeat extraction on a single device as a
decrease in the extraction efficiency. The developed µSPE
protocol was further evaluated to show applicability to
clinical samples and bacterial cultures, through extraction
of PCR-amplifiable DNA.

Purification of deoxyribonucleic acid (DNA) from cellular
constituents is a prerequisite for most nucleic acid-based drug
discovery and clinical diagnostic applications. It is essential that
inhibitors or interfering substances, either from within the cells
themselves or from the extracellular environment, must be
removed if subsequent processing (such as PCR) or analysis is
to be successful. Traditionally, organic-based extraction and

ethanol precipitation have been used to isolate and concentrate
the DNA prior to digestion, amplification, sequencing, hybridiza-
tion, or protein interaction studies. More recently, ion exchange-
and silica adsorption-based methods have been developed and
commercialized for small- and large-scale purifications.1,2 These
solid-phase extraction (SPE) methods rely on strong interaction
between the DNA and the solid support, usually involving either
electrostatic or hydrogen bonding, thus allowing inhibiting species
to be washed away before the purified DNA is eluted from the
surface. These methods also afford the opportunity for miniatur-
ization that would be more difficult with liquid extraction methods.1

Christel et al.3 reported on DNA extraction using pillar
structures microfabricated into the silicon surface of a microde-
vice, which provided a 6-fold enhancement in the surface area
available for capture of the DNA. While this method had an
extraction efficiency of ∼50% for a simple sample (λ-phage plasmid
DNA), complex samples were not reported to have been evaluated
in this system. Additionally, the device fabrication required
reactive ion etching to create the pillars, a method not well suited
to large-scale fabrication. To create inexpensive microdevices for
DNA extraction from biological material, Wolfe et al.2 filled
channels in glass microdevices with silica beads leveraging the
work reported by Tian et al.1 using bead-filled capillaries. Repro-
ducibility of the extractions was a problem with these devices as
a result of instability of the bead bed during flow, which resulted
in increased back pressures that cracked the glass microdevices.

This work was extended to incorporate a silica “glue” to anchor
the beads in place during the extraction process, preventing the
back pressure increase.2 These silica bead/sol-gel hybrid matrix
devices were stable over time, with reproducible extraction
efficiencies, although a separate frit fabrication step was required,
after the microdevice was fabricated. This work was advanced by
Breadmore et al.,4 who showed microchip extraction of amplifiable
DNA from a variety of complex biological samples. The demon-
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stration of DNA extraction from the premier clinical sample, whole
blood, was important since removal of known protein inhibitors
in blood during the purification is essential to efficient PCR. While
PCR amplification of DNA extracted from blood was demonstrated,
extraction efficiency was not reported, and no extraction profile
was presented to demonstrate concentration of the DNA in the
elution step.

The silica sol-gel utilized as nanoglue to immobilize the silica
beads by Breadmore et al.4 was prepared from a tetraethoxy-
orthosilicate (TEOS) monomer. Further work with TEOS showed
that it could also be utilized as a coating for DNA capture,
following establishment of an organic sol-gel monolith in a
capillary.5 This monomer alone will form a silica sol-gel matrix,
but utilization of a pure TEOS-based sol-gel phase for DNA
extraction showed that it could not extract PCR-amplifiable DNA,2

and flow was restricted until the gel dried and cracked; at this
point, flow through the cracks bypassed most of the available
surface area and yielded poor extraction efficiencies. Utilizing a
sol-gel matrix as a macroporous structure for DNA extraction,
however, still presents an attractive option, particularly because
the liquid nature of the sol-gel precursor allows facile creation
of the solid phase in a microdevice channel without the need for
frits or bead packing.

Wagh et al.6 compared aerogels from three different precur-
sors, TEOS, tetramethylortho silicate (TMOS), and poly(ethoxy-
disiloxane), and showed that TMOS yielded narrow and uniform
pores with higher total surface area. In addition, Tanaka et al.7

have reported TMOS-based double-pore sol-gels, with macropores
on the order of 1 µm, prepared through a combination of phase
separation and subsequent postgelation treatments. The macro-
porous structure of the TMOS matrix, formed in the presence of
poly(ethylene oxide), and the mesopore structure intrinsic to the
sol-gel, could be tailored by solvent exchange and aging. As
reported by Ishizuka et al.,8 these double-pore sol-gels provide
high-performance chromatographic or solid-phase extraction
media based on the high surface area silica skeletons formed by
the mesopores and low-pressure drops provided by the large
through-pores. As opposed to the small pore structure of the
TEOS-based sol-gel, the macroporous structure generated in
TMOS-based gels should be more suitable for DNA extractions.

One of the major problems with establishing a monolithic sol-
gel matrix in a capillary or microdevice is the tendency for network
synæresissa shrinkage phenomenon observed as the sol-gel is
aged or as the condensation reactions occursswhich results in
voids between the silica network structure and the wall of the
microchannel or capillary.6-9 Shrinking of the bed from the wall
provides a flow path around the sol-gel matrix, not only decreas-
ing the surface area presented for DNA adsorption but also
decreasing the strength of the sol-gel, allowing the extraction
bed to be extruded. The amount of shrinkage can be partly

controlled through selection of the gelation conditions,10 and a
review by Tanaka et al.7 indicates that shrinkage can be prevented
by attachment of the silica monolith to the walls in a small-
diameter capillary. Additional aspects of silica monolith formation,
with respect to volume changes during gelation can be found in
Constantin and Freitag.11

The work reported here demonstrates the reproducible syn-
thesis of TMOS-based sol-gel matrixes with micrometer-scale
pores for DNA extraction without the need for a frit or weir. These
matrixes were tested using standard solutions as well as crude
biological samples to determine extraction efficiencies and suit-
ability of the extracted DNA for PCR amplification. This method
was also applied to the extraction of DNA from clinical samples
and from bacterial colonies with comparisons to extractions
performed using commercial solid-phase extraction devices.

EXPERIMENTAL SECTION
Solutions and Reagents. TMOS (98%), glacial acetic acid

(99.99%), poly(ethylene glycol) (PEG; average MW 10 000),
guanidine hydrochloride (Gu-HCl), HCl, NaOH, ethylenediamine-
tetraacetic acid, disodium or tetrasodium salt (EDTA), tris-
(hydroxymethyl)aminomethane (Tris), Triton X-100, 2-propanol,
and HinDIII digested λ-phage DNA were purchased from Sigma-
Aldrich (St. Louis, MO). Picogreen dsDNA intercalating dye was
purchased from Molecular Probes (Eugene, OR). Primers for
amplification of the 500-bp λ-phage DNA fragment, the 380-bp
â-globin gene, and the 211-bp TLF gene from anthrax were
purchased from MWG Biotech. Inc. (High Point, NC). The 100
mM dNTPs (deoxyribonucleotide triphosphate) stock solutions
were purchased from Roche Diagnostics (Indianapolis, IN). Ampli
Taq DNA polymerase and other PCR reagents were purchased
from Perkin-Elmer (Santa Clara, CA). Borofloat glass cover plates
were purchased from S. I. Howard Glass (Worchester, MA), and
borofloat glass coated with chrome and photoresist, for production
of microdevices, was purchased from Nanofilm (Westlake Village,
CA).

Human genomic DNA blood samples were provided by the
Department of Pathology at the University of Virginia, School of
Medicine. Cerebral spinal fluid and PCR reagents for amplifying
a 335-bp fragment of herpes simplex viral (HSV) DNA and a 280-
bp fragment of the varizola zoster viral (VZV) DNA were provided
by the Mayo Clinic (Rochester, MN). Bacillus anthracis, the Sterne
vaccine strain (nonencapsulated) (Colorado Sterum Co., Bolder,
CO), was grown in culture to a final concentration of 6.60 × 106

colony forming units (cfu)/mL.
Water (18 MΩ cm) used for preparing the solutions was

deionized in the laboratory using a Nanopure water system
(Barnstead/Thermolyne, Dubuque, IA). TE elution buffer (10 mM
Tris, 1 mM EDTA, titrated to pH 8 with HCl), 6 M Gu-HCl in TE
buffer (pH 7.6) as the loading solution, and 80% 2-propanol as wash
buffer were used for the microchip SPE procedure. All the
solutions were filtered through a 0.22-µm sterile filter (Fisher,
Pittsburgh, PA) prior to use.

For extraction of HinDIII digested λ-phage DNA and genomic
DNA, load solutions were prepared by diluting the stock solution
in 6 M Gu-HCl to a concentration of 2 ng/µL. Extraction of DNA
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from human blood was performed using a load solution prepared
by vortexing 10 µL of blood with 54 µL of 10% Triton X-100 for 5
min and then diluting to 1000 µL using 6 M Gu-HCl. The load
sample used for extraction of HSV DNA from cerebral spinal fluid
(CSF) contained 40 µL of CSF fluid directly diluted into 960 µL of
6 M Gu-HCl (with 1% Triton). The load sample for extraction of
VZV DNA from CSF utilized 200 µL of CSF concentrated through
a spin filter to 25 µL, of which 20 µL was mixed with 60 µL of 8
M Gu-HCl (with 1% Triton).

For microchip extractions of B. anthracis cultures, 7.6 µL was
added to 54 µL of 10% Triton X-100 and 438.4 µL of 8 M Gu-HCL
(pH 6.58). A total of 20 µL of the lysate, representing ∼2000 cfu,
was loaded onto the microchip SPE device for DNA extraction.
For the Qiagen extractions, using the QIAamp DNA Mini Kit, an
equivalent number of colony forming units was prepared in 200
µL of lysis buffer.

Preparation of Sol-Gel Packed Microdevices. Bottom
plates for the SPE microchips were fabricated using standard
photolithographic techniques and consisted of an etched channel
2 cm long, 60 µm deep, and 400 µm wide at the center. A Borofloat
glass cover plate was prepared by drilling access holes using a
1.1-mm-diameter diamond-tipped drill bit (Crystalite Corp., Lewis
Center, OH) and then thermally bonded to the bottom plate.

Following fabrication, the microchannel was treated with 1 M
NaOH for 12 h, followed by 10 min of water and 10 min of ethanol,
and air-dried. The sol-gel precursor was prepared as follows:
TMOS (2 mL) was added to a solution of PEG (0.44 g, MW )
10 000) in 0.01 M acetic acid (10 mL) and the resultant mixture
stirred at 0 °C for 45 min. The hydrolyzed sol solution was
introduced into the microchannel, and the filled chip was sealed
with a PDMS layer and placed in an oven at 40 °C for 10 h to
form and age the sol-gel matrix.

DNA Extraction and Quantification. The extraction proce-
dure consisted of loading, washing, and elution steps as previously
reported,1 using a syringe pump and in-house-fabricated chip
holder. The sol-gel matrix was conditioned with EtOH at 200
µL/h for 10-20 min until a steady flow through the sol-gel was
evident. Prior to each extraction, the sol-gel matrixes were
washed with TE elution buffer for 5 min and conditioned with
the load buffer (6 M Gu-HCl) for a further 5 min. In the loading
step, 20-40 µL of load solution containing the DNA to be extracted
was flowed through the sol-gel-filled microdevice at 200 µL/h.
Proteins were removed by flowing wash buffer (80% 2-propanol
in water) through the device at 250 µL/h for 5-15 min. The DNA
was then eluted using 10 mM TE buffer for 20 min at 250 µL/h
to ensure all the DNA was recovered from the extraction bed. At
the end of each day, the sol-gel microchip device was rinsed
with TE buffer and EtOH for 10 min each then stored in fresh
EtOH.

To establish extraction profiles and extraction efficiencies,
eluent aliquots were quantified with PicoGreen intercalating dye
in a fluorometer to determine the amount of DNA present.
Aliquots were also amplified using PCR to show the amplification-
ready nature of the purified DNA. Conditions and primers utilized
for all of the amplifications performed can be found in the
Supporting Information.

For B. anthracis, the DNA extracted in the microdevice was
eluted in 200 µL to correspond to the elution from the commercial

kit. Three aliquots (10 µL) of DNA extracted using both methods
were evaluated for amplification of a 211-bp fragment of the tlf
gene. Amplification of HSV DNA used 5-µL aliquots from each
15-µL elution fraction. For identification of VZV DNA from CSF,
5 µL of each 10-µL extraction fraction was amplified. To ensure
no contamination, all PCR reactions with extracted DNA were
accompanied with a negative control (PCR mix reagents with no
DNA added). The amplified samples were analyzed on a Bio-
Analyzer 2100 (Agilent Technologies) using DNA 500 kits ac-
cording to the manufacturer’s instructions.

Protein Quantitation in Human Blood Microchip Extrac-
tion. For the protein assay in the blood extraction, fractions from
each step in the extraction were collected and assayed using the
CBQCA protein quantitation kit (Molecular Probes, Eugene,
OR),12 following the instructions provided by the manufacturer.
For calibration curves, Gu-HCl, Triton X-100, and 2-propanol, TE,
or both were added into the standard series to match the sample
matrixes in the loading, washing, and elution step.

RESULTS AND DISCUSSION
Monolithic Sol-Gel Microchip Extraction Bed. Chaotropic

salt-induced adsorption of DNA to an underivatized silica surface
is one of the most common methods used for purifying both
chromosomal and plasmid DNA, particularly at a minipreparation
scale.13 Previous work by our group utilized silica particles in a
microchannel, either retained by a weir2 or immobilized by sol-
gel,4 or a TEOS-coated monolith5 for silica-based DNA extraction.
To circumvent difficulties associated with silica beads and mul-
tistep processing, this work involved fabrication of an extraction
bed as a single monolithic porous silica solid with micrometer-
sized through-pores, to provide a high surface area for superior
extraction efficiency with concomitant low back pressure. These
silica monoliths were constructed with conventional sol-gel
methodologies using a TMOS monomer in the presence of PEG
as a porogen. The SEM image in Figure 1 shows the continuous
morphology of the silica gel skeleton along with the micrometer
macropores that provide low resistance to solution flow as
compared to the interstitial voids in a packed particle bed.

As discussed in the introduction, synæresis of the monolithic
sol-gel matrix in the microdevice is a problem that must be
addressed. To prevent synæresis of the skeletal structure, the

(12) http://www.probes.com/handbook/sections/0902.html.
(13) Buffone, G. J.; Demmler, G. J.; Schimbor, C. M.; Greer, J. Clin. Chem. 1991,

37, 1945-1949.

Figure 1. SEM picture of the sol-gel bed, which serves as the
solid phase.
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microchip was flushed with 1 M sodium hydroxide overnight to
hydrolyze the microchannel surface prior to creation of the sol-
gelsthis allowed the surface to participate in the condensation
reaction with the precursor sol, attaching the silica monolith to
the channel wall. By developing a continuous network structure
with bonding between the sol-gel matrix and the microchip
channel surface, no loss of the solid phase was observed with
continuous flow at 250 µL/h for more than 20 h; this stability
correlates well with the long microextraction bed lifetime dis-
cussed below.

Microchip Solid-Phase Extraction of λ-Phage DNA and
Its Amplification by PCR. The utility of this sol-gel-based
microchip extraction device was first tested with λ-phage DNA,
which provides a readily accessible DNA standard for testing
extraction efficiency and also sets the stage for using this device
for capture of bacterial DNA in forensic applications (biological
warfare agents). Initial extractions showed inefficient binding with
a flow rate of 250 µL/h during the load step as previously used
with the silica bead/sol-gel hybrid matrixes.4 The flow rate was
decreased to 200 µL/h for the remaining experiments, to provide
increased interaction time for binding of nucleic acids to the silica
surface. The initial extractions also suffered from low extraction
efficiencies, with less than 30% of the DNA recovered in the elution
step. This low recovery was determined to be a result of
insufficient conditioning of the solid-phase matrix following
gelation. Better extraction efficiencies were consistently achieved
after the second extraction on a microdevice. The initial extrac-
tions appeared to not only condition the sol-gel bed but also block
binding sites in dead-end flow paths where DNA could be trapped
irreversibly. This effect could be mediated somewhat for most
extractions by flushing the matrix for longer periods of time (>2
h) with ethanol prior to use. Even with the poor efficiencies, the
extracted DNA was PCR-amplifiable, a characteristic not observed
with DNA extracted on TEOS-based sol-gel matrixes.2

Proper conditioning steps and a decreased flow rate during
the load step resulted in increased and reproducible extraction
efficiencies with the sol-gel-filled microdevices. Ten successive
extractions of λ-phage DNA were performed on three different
microdevices containing sol-gel extraction beds. The overall
average efficiency of the microchip extractions was roughly 85%
(n ) 30), with a run-to-run (intrachip) standard deviation of 7.1%
(n ) 10); chip-to-chip (interchip) reproducibility was roughly the
same with a standard deviation of 7.3% (n ) 3). In general, the
lifetime of any particular sol-gel-packed microchip could be
extended to more than 30 extractions at this same efficiency level
with careful conditioning and storage protocols.

Extraction of Human Genomic DNA on a Sol-Gel Micro-
chip. While λ-phage DNA provided a model system for initial
optimization, extraction of human genomic DNA was critical for
the use of sol-gel-based microchips in clinical applications.
Extraction of purified human genomic DNA was tested in these
microdevices by utilizing the same conditions used for the λ-phage
DNA extractions. Figure 2 shows the efficiency and reproducibility
of human genomic DNA extraction on three sol-gel-filled
microchip extraction devices. The average extraction efficiency
was 68.5%, with intra- and interchip extraction reproducibility of
3.0 (n ) 11) and 13.3% (n ) 3), respectively. An exemplary
extraction profile from the data in Figure 2 is presented in Figure

3, where 60 ng of purified human genomic DNA was loaded onto
the extraction bed and 2-µL fractions of the load wash and elution
solutions were collected and analyzed for DNA. Fractions from
the load and wash steps showed very little DNA (<1 ng total),
indicating good adsorption of the DNA to the silica surface.
Greater than 68% of the loaded DNA was recovered and collected,
most eluting in a 12-µL elution volume. Amplification of a 380-bp
fragment of the â-globin gene was achieved as shown in the inset
of Figure 3. With prepurified DNA, the PCR amplification should
not be compromised by inhibitors, but it could be compromised
by contamination of the eluted DNA with 2-propanol (from the
wash step)sthis does not appear to be an issue. The sol-gel
matrix thus provided more efficient and stable DNA extractions
than the particle-packed extraction bed,4,14 which reported only
50% extraction efficiency with purified human genomic DNA.

Extraction of Genomic DNA from Human Blood. Blood
samples have the greatest overall value and use in clinical
diagnostics, for detection of infectious agents, of certain cancers,
and in genetic screening. Extraction of genomic DNA from blood
poses a much larger demand on the sol-gel matrix than the
retention of prepurified DNA (Figure 3). Blood is a complex
mixture of RNA, proteins, lipids, metabolites, and inorganic ions,
all of which potentially compete with DNA for binding sites on
the sol-gel surface. Moreover, some of these species are known
to inhibit PCR amplification of DNA and, thus, have to be removed
in the purification step.15

(14) Ferrance, J. P.; Wu, Q.; Giordano, B.; Casandra, H.; Yien, K.; Karen, S.;
Steve, T.; Landers, J. P. Anal. Chim. Acta 2003, 500, 223-236.

Figure 2. Human genomic DNA extraction efficiencies for consecu-
tive extractions from three sol-gel SPE microdevices.

Figure 3. Human genomic DNA extraction profile from a sol-gel-
filled microdevice. The DNA concentration at zero volume is the DNA
concentration (ng/µL) in the original load solution. The inset shows a
microchip electrophoretic separation of a 380-bp fragment PCR
amplified from the extracted DNA; arrow indicates 380-bp product,
internal standards in the separation are marked with asterisks.
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For DNA extraction from blood, Triton X-100 was used to
lyse the white blood cells to release the DNA, but co-lysis of
red blood cells releases large amounts of protein into the load
solution. The normal plasma protein level in healthy individuals
is ∼70 µg/µL, with the lysed red blood cells contributing an
additional 140-180 µg of hemoglobin/µL. Following addition of
guanidine to generate an initial 100 µL of load solution containing
1 µL of blood, 20 µL was loaded onto the device representing
extraction of DNA from 0.2 µL of whole blood (14 ng of DNA).
Figure 4A shows both the DNA and protein chromatography
during the chip-based extraction of DNA. While the mass of
protein exceeds the mass of DNA in the load solution by 4 orders
of magnitude (few nanograms of DNA in tens of micrograms of
protein), analysis of each fraction shows that the vast majority of
protein is eluted from the chip in the load and wash fractions.
The overlaid protein and DNA profiles show that elution fractions
containing the DNA are devoid of measurable protein, which
correlates well with the 2-propanol wash results reported by
Breadmore et al.4

This effective removal of protein allowed for PCR amplifica-
tion of DNA purified from human blood as seen in the electro-
pherogram in Figure 4C from a microchip electrophoresis
DNA separation; PCR amplification of the whole blood sample
without DNA purification showed no amplification (Figure 4B).
Figure 4C shows the microchip separation indicating the pres-
ence of the 380-bp fragment of the â-globin gene amplified from
DNA in one elution fraction, but all of the indicated elution
fractions provided similar amplification. Figure 4A also shows that
the DNA from the whole blood elutes in a slightly larger fraction

than that observed with purified genomic DNA (Figure 3)
and takes longer to elute from the extraction bed (70 vs 20 µL).
The reason for this is not readily apparent, but further investi-
gation of this phenomenon is underway, as integration of the
microchip SPE process with downstream processes (e.g., PCR)
requires accurate elution of DNA into subsequent domains on
the chip.

The complexity of the blood sample, with all of the cellular
components mobilized through the bed during extraction, severely
limits the useful lifetime of these devices. As shown in Figure 5,
seven sequential whole blood extractions were performed on a
sol-gel-filled microchip. As noted earlier, the efficiency of the
initial extraction was low if the matrix was not flushed with
sufficient ethanol prior to use. Optimal performance of >65%
extraction efficiency was reproducibly seen with the second
extraction, with diminishing yields in subsequent extractionss(15) Wilson, I. G. Appl. Environ. Microbiol. 1997, 63, 3741-3751.

Figure 5. Consecutive whole blood extractions on a single mi-
crodevice. The extraction efficiency of the microdevice increased after
the first extraction and decreased significantly after the fourth
extraction.

Figure 4. (A) Elution profiles for extraction of human genomic DNA from whole blood. Protein profile shows removal of proteins in the wash
step, with DNA removed during the elution step. Inset shows expanded view of the protein extraction profile in the wash step. (B) Electrophoretic
separations of the PCR amplification of whole blood. (C) Electrophoretic separation of PCR amplified product from an extracted DNA fraction.
Similar electropherograms were obtained from DNA collected in all of the fractions indicated (†) and the positive control. Arrows indicate position
of 380-bp product; internal standards are marked with asterisks.
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the extraction efficiency of the third and forth extractions, while
reduced, would still yield sufficient PCR-amplifiable DNA from
blood samples. Severe attenuation in extraction efficiencies and
increased back pressures were observed beyond the fourth
extraction, most likely due to clogging of the sol-gel pores with
cell debris.

It is important to note that evaluation of multiple extractions
on a single microdevice is useful for optimization of the solid
phase, but is really academic. For clinical and forensic applications,
the risk of carryover or contamination leading to false positives
and incorrect genotyping precludes use of any device for analysis
of more than one sample, thus creating an efficient, inexpensive,
and disposable platform for DNA extraction is the goal. As a result,
the need for durability and reproducibility through multiple
extractions is necessary only to evaluate the particular solid
phase being explored and is not critical to successful applica-
tion of the device out of the research setting, but achieving
maximal efficiency in the first extraction must be further inves-
tigated.

DNA Extraction from Bacteria in Culture. The microchip
extraction protocol utilizing the sol-gel solid phase was compared
with a commercially available DNA extraction method. Using
cultures of B. anthracis as the sample, experiments were per-
formed through simultaneous extraction of equivalent numbers
of colonies. Extraction of ∼2000 cfu using both a Qiagen and the
microdevice SPE procedures yielded adequate amounts of ex-
tracted DNA for amplification. The PCR, performed in triplicate
on aliquots from both extractions, showed evidence of the 211-
bp fragment of the tlf gene specific to the B. anthracis genome in
all amplifications. In terms of the time required for the purifica-
tions, both the microchip extraction method and the Qiagen
protocol could be performed in less than 30 min.

One important advantage of the microdevice relative to the
commercial method is the much smaller volume in which the DNA
can be eluted. The Qiagen procedure utilizes 200 µL of sample
and 200 µL of elution buffer for optimal recovery of DNA,
providing no enhancement in DNA concentration. While the
elution volume can be reduced with the commercial system, DNA
recovery is compromised if the elution volume is reduced
extensively. In the microdevice experiments, a 200-µL elution
volume was used only for comparison with the Qiagen procedure.
As seen in the elution profiles in Figures 3 and 4A, the bulk of
the DNA elutes from the microdevice in about 12-18 µL,
providing the same mass of DNA in a smaller volume (i.e., a
higher concentration DNA). In addition, with the microdevice
there is the opportunity to load sample for longer periods of time
if more DNA is required or if the original sample contains a low
number of starting copies, with the µSPE acting as both a DNA
purification and a preconcentration step.

Viral DNA Extraction from Human Spinal Fluid. Utilization
of the microchip sol-gel extraction for clinical analysis was
examined further by application to CSF from patients with
confirmed viral infections. Viral DNA is extracted from CSF of
infected patients to identify infections and perform viral load
testing; we have previously demonstrated microchip separations
for such clinical targets.16 In the traditional protocol, DNA is

extracted from a 200-µL aliquot of CSF, and then PCR amplification
is performed on a fraction corresponding to ∼40 µL of the original
CSF. The microchip sol-gel extraction matrix was utilized to
determine whether the microchip SPE method was possible and
could reduce the volume of sample required from patients.
Utilizing a CSF sample from a patient infected with varizola zoster
virus, the same starting CSF volume (200 µL) was used, with a
load sample representing 40 µL of the initial CSF being extracted.
Figure 6A shows the electrophoretic analysis of the PCR product
amplified from one of the elution fractions from the microchip
extracted CSF sample. The large peak relative to the internal
standard peaks indicates that more than sufficient DNA was
extracted from this sample, and amplifications out to the 12th
elution fraction showed the presence of the amplified VZV
fragment. Thus, the 40 µL of CSF used in the traditional procedure
for a single amplification allowed multiple indicative PCR ampli-
fications with this extraction method.

This suggests that significantly less sample could have
been loaded onto the microdevice for detection of the viral
DNA, though it will depend on the viral titer. A second CSF
sample, containing the herpes simplex virus, was evaluated
with the load solution prepared from only 40 µL of the spinal
fluid sample diluted to 1 mL in guanidine load buffer. A total
of 20 µL of this solution, representing only 0.8 µL of the initial
CSF, was loaded on the sol-gel extraction bed and the DNA
eluted in 15-µL fractions. Aliquots (5 µL) from each fraction were
PCR amplified using primers for a 335-bp fragment specific for
HSV. Microchip electrophoretic separation of the amplified
product from one fraction is presented in Figure 6B. Here, the
amplified product peak is significantly smaller than the internal

(16) Hofgaertner, W.; Hühmer, A. F. R.; Landers J. P.; Kant, J. Clin. Chem. 1999.
45, 2120-2128.

Figure 6. Electropherograms showing PCR amplification of DNA
extracted from cerebral spinal fluid. (A) Amplification of a varizola
zoster viral fragment; (B) amplification of a herpes simplex viral
fragment. Arrows indicate product peaks; internal standards are
marked with asterisks.
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standard peaks, not unexpected because of the significantly
decreased amount of CSF loaded onto the device. A similar peak
was also detected in a second elution fraction, indicating that
microchip extraction of even this small of a CSF sample can
generate sufficient DNA for amplification and identification of a
viral infection

CONCLUDING REMARKS
Monolithic matrixes are becoming more widely utilized as

columns because of the high surface area achieved with lower
back pressures. Silica sol-gel technology can be utilized to form
a monolith for extraction of DNA on a microchip platform. The
excellent extraction efficiencies and small elution volumes make
this a good solid phase for integration with other sample
preparation processes on microfluidic devices.
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