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Solid phase extraction of DNA from biological samples in a post-based, high
surface area poly(methyl methacrylate) (PMMA) microdevice
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This work describes the performance of poly(methyl methacrylate) (PMMA) microfluidic DNA

purification devices with embedded microfabricated posts, functionalized with chitosan. PMMA is

attractive as a substrate for creating high surface area (SA) posts for DNA capture because X-ray

lithography can be exploited for extremely reproducible fabrication of high SA structures. However,

this advantage is offset by the delicate nature of the posts when attempting bonding to create a closed

system, and by the challenge of functionalizing the PMMA surface with a group that invokes DNA

binding. Methods are described for covalent functionalization of the post surfaces with chitosan that

binds DNA in a pH-dependent manner, as well as for bonding methods that avoid damaging the

underlying post structure. A number of geometric posts designs are explored, with the goal of

identifying post structures that provide the requisite surface area without a concurrent rise in fluidic

resistance that promotes device failure. Initial proof-of-principle is shown by recovery of prepurified

human genomic DNA (hgDNA), with real-world utility illustrated by purifying hgDNA from whole

blood and demonstrating it to be PCR-amplifiable.
Introduction

Polynucleic acid purification is the precursor to DNA analysis of

any type. DNA must be separated from cellular components

which can inhibit downstream analysis, including PCR amplifi-

cation. While there are a number of different approaches to

nucleic acid purification (e.g., phenol–chloroform extraction,

density gradient centrifugation),1 solid phase extraction (SPE)

using a silica solid phase has become the most common and

easily adaptable to microdevices.2–11 Since microchip purification

occurs in a closed environment, many of the sample transfer steps

of traditional SPE are eliminated, decreasing the risk of

contamination and sample degradation. In addition, reduced

sample and reagent volumes associated with microchip SPE

translate to reduced cost and analysis time.
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A wide variety of silica phases have been developed for

microfluidic DNA purification ranging from packed silica beads8

to fabricated silica posts.7 Most microfluidic DNA extraction

methods, including those mentioned, are performed in glass

microchips. In the case of fabricated silica posts, it is often

difficult to consistently bond glass covers to the top of glass posts

(with small areas for bonding) without damaging the posts, due

to the requisite bonding pressures. These difficulties imply that

glass devices are labor-intensive and thus, costly, discouraging

their use as disposable devices for point-of-care applications.

Moreover, silica-based extraction requires the use of reagents

(e.g. guanidine or isopropyl alcohol) that can inhibit downstream

processes such as PCR.

The inherent challenges associated with glass microfabrication

have spurred efforts to develop devices with alternative mate-

rials, notably polymers (polyolefin, polycarbonate, epoxy, and

PMMA12–16) that are amenable to low cost fabrication

approaches. The integration of silica-based SPE into polymeric

devices offers fabrication advantages and yields attractive

extraction performance, but existing approaches still require

chaotropes and/or organic reagents that interfere with down-

stream processes. Alternatives to silica-based extractions, such as

carboxy-coated surfaces that use poly (ethylene glycol) (PEG) or

tetra (ethylene glycol) (TEG) for DNA binding15 still utilize other

organic reagents (i.e. ethanol) that lead to similar concerns

regarding inhibition of downstream processing. Moreover, the

use of alcohols with polymers creates additional challenges
Lab Chip
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relating to the deleterious effects of alcohols on polymer surfaces

and interface integrity.

While each of the polymer-based microdevices presented here

represents valuable steps towards a single-use plastic microdevice

for SPE, none have met the optimal criteria: a device that (i)

demonstrates efficient extraction of DNA from complex bio-

logical samples, (ii) avoids the use of PCR-inhibitory reagents

used in silica-based purifications, (iii) exhibits a highly repro-

ducible solid phase, (iv) yields surfaces that are easily modified

and robust, and (v) is amenable to scalable cost-effective fabri-

cation (i.e., enabling disposable devices).

In this work, a polymeric device for DNA purification is pre-

sented which meets these requirements by utilizing an extraction

method, previously described by Cao et al.,17 based on pH-

induced DNA binding to a chitosan-based phase.17 Chitosan, the

partially deacetylated form of chitin, was shown to bind DNA in

a pH-dependent manner: charge–charge interactions bind the

DNA to the protonated chitosan at pH 5; neutralization of the

charge at pH 9 results in DNA release. Purification of nucleic

acids using the chitosan-based phase has previously been adap-

ted to the microchip for SPE of DNA from blood and RNA from

buccal swabs and resulted in PCR and reverse transcriptase PCR

(RT-PCR) amplifiable product.17,18 This phase has been shown

to be reproducible and is completely aqueous (eliminates

PCR-inhibitory reagents necessary for traditional silica-based

purifications), making the method more compatible with PCR

integration.8,9

The work presented here describes the combination of the chi-

tosan-based purification chemistry with a PMMA microfluidic,

fabricated using the LIGA process that exploits X-ray lithography

to create the high surface area, complex 3-D structures (pillars).

The high aspect ratio of the pillars necessitated development of

a procedure for bonding PMMA to PMMA which (i) would not

destroy the complex 3-D structures within the channels but (ii)

would create a bond which can withstand the pressure of syringe-

driven flow. The most advantageous device design was determined

from six possibilities. Recovery of DNA using the aqueous, chi-

tosan-based extraction method from both prepurified DNA and

whole blood, a common clinical sample, is also demonstrated,

proving the utility of the device for clinical applications. This work

demonstrates the foundation/first steps for developing a fully

integrated genetic analysis plastic microdevice.
Materials and methods

Reagents

2-(4-Morpholino)-ethanesulfonic acid (MES, enzyme grade),

hydrochloric acid, sodium hydroxide, Taq DNA polymerase,

10� PCR buffer, dNTPs, and MgCl2 were purchased from

Fisher (Fair Lawn, NJ). 2-Amino-2-(hydroxymethyl)-1,3-pro-

panediol (Trizma Base, 99.9%), low molecular weight chitosan

(chitosan oligosaccharide lactate), ethylenediaminetetraacetic

acid (EDTA) disodium salt dihydrate, 1,2-dichloroethane

anhydrous (99.8%), and bovine serum albumin were purchased

from Sigma (St Louis, MO). Potassium chloride was purchased

from Mallinckroft (Paris, KY). Triton X-100 for molecular

biology was purchased from Fluka (St Louis, MO). Proteinase K

was purchased from Qiagen� (Valencia, CA). Quant-iT�
Lab Chip
PicoGreen� dsDNA reagent, an intercalating fluorescent dye,

was purchased from Invitrogen� (Carlsbad, CA). Ethanol was

purchased from AAPER Alcohol and Chemical Company

(Shelbyville, KY). DNA primers for amplification of a fragment

of the gelsolin gene were purchased from MWG-Biotech, Inc.

(High Point, NC). Purified human genomic DNA was obtained

through in-house purification from whole blood. All solutions

were prepared in Nanopure water (Barnstead/Thermolyne,

Dubuque, IA).

Microdevice fabrication

Microdevices were fabricated by HT Microanalytical, Inc., using

the LIGA process that exploits X-ray lithography. Typically,

fabrication using X-ray lithography uses a base substrate, such as

glass, that a conductive material is deposited on. An X-ray

photoresist material, such as PMMA, is then bonded to the

conductive material. The desired pattern is translated to the

photoresist through the use of a mask during X-ray exposure.

The exposed photoresist is then developed/removed leaving the

desired features of the device design.19 In this work glass was used

as the base substrate onto which a layer of titanium was

deposited. PMMA was then bonded to the titanium and the

device exposed to X-rays, while a mask, previously generated,

was used to define the features of the design. Following

developing, a 1 cm long channel with a width of 800 mm and

a depth of 50 mm (Fig. 1) resulted (Fig. 2A and B). PMMA cover

pieces were fabricated with two 1 mm reservoirs drilled for the

inlet and outlet.

SPE apparatus

Hamilton (250 mL) gas-tight syringes (Hamilton, Reno, NV)

were connected to the microdevice through 0.25 mm i.d. PEEK�
tubing and mini-tight fittings (Upchurch, Oak Harbor, WA).

The PEEK� tubing was connected to the microdevice by press-

fit into the inlet reservoir. Pressure driven solution flow was

achieved with a SP100i syringe pump (WPI, Sarasota, FL). All

experiments were performed at a flow rate of 1.6 mL min�1.

Device bonding

Bonding of the PMMA cover to the channel containing the

PMMA posts was achieved using a method modified from that of

Lin et al., which uses a low azeotropic solvent for bonding.20 The

cover and channel were held together and 1–2 mL of 20% 1,2-

dichloroethane (DCE), by weight, 80% ethanol solution (EtOH/

DCE solution) was pipetted along one contact edge and allowed

to wick in. Pressure was applied for 5 min. The same volume of

the EtOH/DCE solution was applied to the other contact edge of

the substrates followed by 5 min of pressure. Glass slides along

with C-clamps were tightened down to both sides of the

substrates and allowed to sit for $2 h. The bonded device was

removed from the clamps and water was flowed through the

device for 15 min.

Chitosan functionalization

Functionalization of the PMMA with chitosan was based upon

work by Witek et al.15 and achieved by first flushing water
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 Schematic of device design without a bonded PMMA cover piece (top). Dimensions: 1 cm long channel, 800 mm wide and 50 mm deep. Red box

indicates location of SEM images A–F. (A) Device design A with dimensions: 14 mm square posts with �3 mm extensions with 4 mm distance between

posts. (B) Device design B with dimensions: 22 mm square posts with 4 mm distance between posts. (C) Device design C with dimensions: 8 mm square

posts with 4 mm distance between posts. (D) Device design D with dimensions: post structure similar to design A but with 17 mm between each post. (E)

Device design E with dimensions: 6mm � 30 mm posts with 8 mm extensions. (F) Device design F with dimensions: 6mm � 30 mm posts with 5 mm

extensions.
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through the device for 15 min. Approximately 50 mL of 10 mM

chitosan/10 mM N-(3-dimethylaminopropyl)-N0-ethyl-

carbodiimide hydrochloride (EDC)/100 mM K2HPO4, pH 7

coating solution prepared fresh for each coating, was flowed into

the device manually with a syringe. The solution was allowed to

incubate in the chip for 5 min. An additional 50 mL of coating

solution was manually flowed onto the chip. The chip was

submerged in 10 mL of the coating solution and vortexed at
Fig. 2 (A) Bonded PMMA microdevice. (B) Schematic of bon

This journal is ª The Royal Society of Chemistry 2011
1200 rpm for $11 h. The device was removed from the coating

solution and water was flowed (by syringe and syringe pump)

through the device for 30 min.
Sample preparation

Human genomic DNA (hgDNA) was purified in-house from

whole blood obtained from the University of Virginia Medical
ded PMMA microdevice with each layer of device labeled.

Lab Chip
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School. To prepare lysed whole blood samples, a volume of

blood containing 500 ng of DNA (calculated from the known

white blood cell (WBC) count of the whole blood and the

assumption of 6.25 pg DNA/WBC21) was added to 20 mL of 20

mg mL�1 proteinase K (Qiagen) and 50 mM MES pH 4.24 to

bring the volume up to 500 mL. The solution was vortexed for

1 min and incubated in a water bath at 56 �C for 10 min.
Chitosan stripping

Following each extraction on a chitosan-coated PMMA device

the chitosan phase was stripped by flowing 1 M NaOH through

the device for 1 h. The device was then flushed with water for 1 h.
SPE procedure for DNA purification using an unfunctionalized

PMMA device

A device that had never been coated with chitosan was used and

first conditioned with 10 mM MES, pH 5 for 10 min. A load

solution containing 40 ng hgDNA in 25 mL 10 mM MES, pH 5,

was then flowed into the device and five 5 mL fractions were

collected from the outlet. The channel was then washed with

10 mL of 10 mM MES, pH 5, while five 2 mL fractions were

collected. The DNA was then eluted from the phase by flowing

10 mM Tris/50 mM KCl, pH 9, and ten 2 mL fractions were

collected. An additional 100 mL of 10 mM Tris/50 mM KCl, pH

9, was flushed through the device as a rinse. All flow rates were

1.6 mL min�1. All fractions collected were stored for later fluo-

rescence analysis.
SPE procedure for DNA purification using a chitosan coated and

stripped PMMA device

Devices were conditioned with 10 mM MES, pH 5, for 10 min. A

25 mL load solution containing 10 ng hgDNA in 10 mM MES,

pH 5, was loaded onto the device and five 5 mL fractions were

collected. The phase was washed with 10 mL of 10 mM MES, pH

5, and five 2 mL fractions were collected. DNA was eluted by

flowing elution buffer, 10 mM Tris/50 mM KCl, pH 9, through

the device and collecting ten 2 mL fractions. All fractions were

stored for fluorescence analysis.
SPE procedure for DNA purification from whole blood

A lysed whole blood sample was prepared as described above in

Sample preparation. A chitosan-coated device was conditioned

with 50 mM MES/1% Triton X-100, pH 4.24, for 10 min. Sample

(25 mL) was then loaded onto the device and five 5 mL fractions

were collected. The phase was washed with 10 mL of 10 mM

MES, pH 5, and five 2 mL fractions were collected. The DNA was

eluted from the phase with 10 mM Tris/50 mM KCl, pH 9, and

ten 2 mL fractions were collected. All fractions were stored for

later fluorescence or PCR analysis.
Fig. 3 Images from devices bonded using epoxy (A) which resulted in

insufficient bonding or solvent bonding (B–D) which resulted in damage

to the post structures.
Fluorescence analysis

All fractions collected were prepared for analysis using a Pico-

Green� intercalating dye, fluorescence assay.22 The samples were

analyzed using a NanoDrop 3300 Fluorospectrometer (Nano-

Drop, Wilmington, DE).
Lab Chip
PCR analysis

Extracted DNA elution fractions were added to PCR master mix

containing 3 mM MgCl2, 0.2 mM dNTPs, 0.8 mM forward and

reverse primers (50-AGTTCCTCAAGGCAGGGAAG-30 and 50-

CTCAGCTGCACTGTCTTCAG-30, MWG BioTech, High

Point, NC) for a portion of the gelsolin gene, 1�PCR buffer, 10 mg

mL�1 BSA, 0.5 units mL�1 Taq DNA polymerase, and autoclaved

water up to 25 mL. Samples were amplified using standard PCR

protocols developed in the lab and a GeneAmp PCR System 2700

(Applied Biosystems, Foster City, CA) for thermal cycling. The

protocol used an initial denaturation step of 95 �C for 2 min,

followed by 35 cycles of 95 �C, 30 s/64 �C, 30 s/72 �C, 30 s, and

a final extension of 72 �C for 2 min. DNA 1000 Series II kit and

a Bioanalyzer 2100 (Agilent Technologies, Palo Alto, CA) were

used for separation and analysis of the PCR products.

Results and discussion

Development of device bonding

In order to produce devices that can withstand the pressure of the

syringe-driven flow at a flow rate of 1.6 mL min�1, a bonding

method is required to form a tight PMMA–PMMA bond (cover

to top of posts) without damaging the intricate post structures

that form the backbone of the solid phase. It is important to first

note the basis for the selection of 1.6 mL min�1 as the flow rate

required. Previous work had determined the optimal linear flow

rate for DNA purification on a chitosan solid phase to be

0.67 mm s�1 (data not shown). Based upon this, the optimal

volumetric flow rate to operate DNA purification in these devices

was calculated to be 1.6 mL min�1. Initial bonding attempts

employed epoxy (a thin layer applied to the PMMA cover

followed by bonding to the channel) to bind the top PMMA

cover to the channel that contained the PMMA fabricated post

structures. This method resulted in only partial bonding at the

top of the posts, as was evident when black dye was flowed

through the device (Fig. 3A). Black printer dye, used for easy

visualization of bonded regions, can be seen in Fig. 3A where the

tops of the posts are not bonded to the top PMMA cover piece

(i.e., the dye flows over the posts). Although the posts remained
This journal is ª The Royal Society of Chemistry 2011
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Table 1 Head pressure of each device design and whether each was
capable of withstanding the pressure generated during syringe-driven
flow (denoted by yes and no)a

Device design Head pressure/kPa Withstood pressure during flow

A 41.6 No
B 62.4 No
C 27.2 No
D 0.8 Yes
E 32 No
F 360 No

a No—device bond failed and solution leaked from the device.
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intact with this method, the bonding was not capable of with-

standing the pressure generated by the syringe-driven flow, as

evidenced by leaking at the contact edges of the bonded surfaces.

Bonding using a sacrificial layer (agarose and photoresist) as

described previously,23 solvent vapor (hexanes and chloroform)

with applied pressure,24 or solvent coating (isopropanol, acetone,

and chloroform) with applied pressure were all tested. Both

sacrificial layer and solvent vapor with pressure resulted in non-

bonded (in all areas of the chip) devices (data not shown), while

solvent coating with applied pressure resulted in damage to the 3-

D microstructures (Fig. 3B–D). Damage to the posts is clear in

Fig. 3B–D where posts have either been detached from the

bottom of the channel or dissolved, leaving gaps within the

channel that significantly reduce the separation efficiency of

the device by dramatically lowering the surface area utilized

during extraction. This clearly demonstrates that previous

methods that successfully bond plastic devices are unsuitable for

devices with post structures.

A device bonding method was then devised by modifying that

described by Lin et al.20 where bonding was completed at room

temperature using a low azeotropic solvent. In that work, the

authors characterized the bonding method and showed it

successful for bonding channels as wide as 3 mm without causing

the channel to collapse. Additionally, the bonding method was

shown to have a 17-fold greater bonding strength than conven-

tional thermal bonding techniques which was tested by applying

force directly to the bonded surfaces until bond failure occurred.

For bonding of the devices in this work, the volume of bonding

solution was adjusted to �20 mL of the DCE/EtOH mixture,

from the 2–3 drops (equivalent to �50–75 mL) suggested by

Lin et al. due to the delicate nature of the complex 3-D structures

present in the channel. This volume resulted in some destruction

of the post structures (Fig. 4A). In an attempt to account for this

and to prevent excess solvent from contacting the posts in the

devices used in this work, the volume of solvent was decreased to

1–2 mL and pressure was applied with C-clamps (to the point

where the chip remained stationary without sliding in the clamp)

as before. This method resulted in a portion of the device being

unbonded (Fig. 4B). By applying five minutes of directed pres-

sure (handheld) before switching to C-clamps, fully bonded

devices were achieved (Fig. 4C and D).
Fig. 4 Images showing development of bonding method where 20 mL of DC

where 1–2 mL was used but with too little pressure (B) and then the optimize

This journal is ª The Royal Society of Chemistry 2011
Following bonding, a 50 mm deep, 1 cm long, and 800 mm wide

channel with microscale posts resulted (Fig. 2A and B). The

strength of the bonding was then tested by flowing water through

the device at 1.6 mL min�1. For design D, the device remained

bonded with no observable loss of solution from the device

(Table 2). In contrast, the other designs debonded and solution

began to leak between the cover and PMMA channel layers upon

flowing water through the device. This demonstrated that, using

the developed bonding procedure, the devices can withstand

a head pressure (Table 1) of 0.8 kPa (head pressure generated

with design D) whereas at 27.2 kPa (head pressure generated with

design C) the bond no longer holds. This led to the selection of

design D for all subsequent studies—this architecture is

described in depth in the next section. The adjustments made to

the bonding procedure provided a method for bonding PMMA

to PMMA for devices that contain 3-D microstructures that are

susceptible to damage when exposed to excessive solvent, heat

and/or pressure.
Selection of device design

The effectiveness with which DNA can be extracted using the

PMMA microdevices depends not only on the surface chemistry

but also on the design of the device. The device must have ample

surface area for functionalization with chitosan to ensure suffi-

cient sites for DNA binding and a design that provides minimal

back pressure during syringe-driven flow. Six post designs were

fabricated in order to determine the optimal design with regard
E/EtOH solvent was used (A) damaging some of the post structures or

d bonding where the device is intact (C and D) along with posts (inset).

Lab Chip
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Table 2 Surface and aperture dimensions of each PMMA device design in addition to 30 and 15 mm silica for comparison

Sphere diameter/mm Chamber SA/V ratio/cm2 cm�3

Total chamber SA including
chamber walls/cm2

Largest diameter inscribed circular
aperture/mm

30 1480 0.67 4.64
15 2960 1.26 2.32
Micropost designs
Micropost design A 3007 1.29 4
Micropost design B 3363 1.44 4
Micropost design C 2218 0.98 4
Micropost design D 1281 0.63 17.1
Micropost design E 3737 1.58 4
Micropost design F 4028 1.69 2
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to both surface area and flow. The surface area and largest

aperture were determined for each design as well as for 30 and 15

mm beads packed in a channel (1 cm � 200 mm � 200 mm), to

allow for comparison to previously described methods for DNA

extraction (Table 2).2,5,8,9,25,26 The device design chosen was based

upon a number of factors including flow resistance through the

device and surface area for binding. The chosen design (as

previously mentioned) has a similar surface area (0.63 cm2) to

that of 30 mm beads (0.67 cm2), which would allow for sufficient

quantities of DNA to bind to the phase, resulting in adequate

DNA for ensuing analyses. Another factor that led to the

selection of design D was the aperture diameter of 17.1 mm,

significantly larger than the other designs at�2–4 mm. The larger

aperture of design D leads to less flow resistance through the

channel when using pressure-driven flow. Head pressure calcu-

lations were completed for each design, as previously mentioned,

and show that less flow resistance occurs with design D during

syringe-driven flow at 1.6 mL min�1 (Table 1). It was determined

that design D resulted in the lowest head pressure, 0.8 kPa at

a flow rate of 1.6 mL min�1, compared to 27.2 to 360 kPa for the

other designs considered (Table 1). Flow of water through each

device design was attempted at 1.6 mL min�1 and the effect on the

device was observed. It was found that designs A, B, C, E and F

resulted in solution leaking from the side of the device, an indi-

cation that the PMMA bond failed under the pressure conditions

associated with that flow rate. Thus only design D, with the lowest

calculated head pressure and largest aperture, was found to be

amenable to separations using syringe-driven flow at the rate

required for efficient separation (Table 1), 1.6 mL min�1. Although

a slower flow rate could potentially be used, which would result in

less bond failure of the other designs, an increase in the time

required for purification would follow. Therefore, to minimize the

time required for the extraction, design D was chosen as the most

advantageous design for the remaining studies (Fig. 5).
Extraction of hgDNA on chitosan-coated PMMA device

Prior to functionalizing the PMMA surface to yield a surface

chemistry that would allow for DNA binding (chitosan), the

interaction of DNA with the PMMA microstructures of the

channel was examined during the three steps that comprise an

extraction—the load, wash, and elution (Fig. 6A). Typically,

during the load step, the DNA in the biological sample binds to

the solid phase while unbound cellular and extracellular material

is removed during the wash step. The purified DNA is then eluted

from the solid phase during the elution step. A solution
Lab Chip
containing 40 ng human genomic DNA (the mass of DNA

yielded from�5700 cells) (hgDNA) in 25 mL 10 mM MES, pH 5,

was loaded onto the device (after the device had been thoroughly

rinsed for �1 h with deionized water at 1.6 mL min�1) and the

extraction performed as described in SPE procedure for DNA

purification using an unfunctionalized PMMA device in Materials

and methods. DNA, detected by fluorescence using a commercial

intercalating reagent (PicoGreen�), flowed unretained through

the device containing an underivatized surface during the load

step (Fig. 6B), demonstrating that little to no DNA was binding

to the PMMA micropost structures. Residual DNA from the

load was recovered during the wash step with 10 mM MES, pH 5.

No DNA was recovered (as can be detected with PicoGreen�
analysis) during the elution step where 10 mM Tris/50 mM KCl,

pH 9, was infused through the device. This clearly demonstrates

that the PMMA microdevice requires functionalization with

a DNA binding phase, such as chitosan.

After determining that functionalization was necessary in

order to reversibly bind and purify DNA using the PMMA

device, a method developed for coating PMMA was tested. A

device that had been coated with chitosan, as described in

Chitosan functionalization in Materials and methods and based

upon previous work by Witek et al.,15 was used to purify hgDNA

(10 ng). After loading the sample, the device was washed with

10 mM MES, pH 5, and the DNA eluted with 10 mM Tris/

50 mM KCl, pH 9. Fractions collected were analyzed using

a fluorescence assay as described in Materials and methods. The

resulting extraction profile shows that DNA was efficiently

bound to the chitosan phase during the load and recovered

during the elution, resulting in an extraction efficiency of 47.8

(�9.3) % (n ¼ 5) (Fig. 6C). These data demonstrate that

a PMMA device can be coated with chitosan and provide

a reproducible, efficient extraction of hgDNA. These results were

obtained with multiple devices, demonstrating chip-to-chip

reproducibility of the method. These extractions represent the

first use of a PMMA microdevice with chitosan functionalization

for the extraction of DNA. Functionalization of glass micro-

devices using chitosan for the extraction of DNA has previously

been shown by Cao et al.,17 but plastic (PMMA) microdevices

provide the inherent advantage of being cost effective when in

large scale production, thus moving toward a completely

disposable integrated device for clinical or on-site analysis.

Chitosan stripping and extraction of stripped PMMA device

Because these devices are not yet mass produced in quantities to

allow for single-use disposability, the chitosan coating needed to
This journal is ª The Royal Society of Chemistry 2011
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Fig. 5 SEM images of device design D.
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be stripped from the PMMA posts following the extraction of

DNA to ensure that no DNA was carried over between multiple

extractions on the same device. The multiple use of each device

will be eliminated and changed to single-use when the devices
Fig. 6 (A) Schematic of the DNA purification procedure where the lysed biolo

any unbound material, and finally, elution buffer flowed through the device to

hgDNA (40 ng) on a PMMA device not coated with chitosan (n ¼ 3). (C) Th

device coated with chitosan which resulted in an extraction efficiency of 47.8

hgDNA (10 ng) on a chitosan-coated device that had been stripped with 1 M

This journal is ª The Royal Society of Chemistry 2011
become commercialized, but for research purposes the devices

need to be used for multiple extractions. The removal of the

chitosan phase post-extraction (chitosan stripping) was per-

formed by flowing 1 M NaOH through the device for 1 h,
gical sample is loaded, the phase rinsed with buffer (wash step) to remove

elute the purified DNA. (B) The extraction profile from the purification of

e extraction profile from the purification of hgDNA (10 ng) on a PMMA

(�9.3)% EE (n ¼ 5). (D) The extraction profile from the purification of

NaOH post-extraction to remove the chitosan phase (n ¼ 4).

Lab Chip
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followed by flowing water for 1 h. Sodium hydroxide was chosen

for stripping due to the fact that it can hydrolyze the amide bonds

that are formed between the PMMA and chitosan during the

coating procedure.27 A concentration of 1 M was chosen to

balance sufficient hydrolysis of the amide bond with preserving

the fragile post structures, which are susceptible to highly

concentrated solutions.

The efficiency of the base hydrolysis of the amide bond was

determined to ensure that all chitosan had been removed, thus

reestablishing the binding sites for recoating with chitosan for the

next extraction. The efficiency of hydrolysis was determined by

loading 10 ng of hgDNA onto the stripped PMMA device in

10 mM MES, pH 5, washing with 10 mM MES, pH 5, and

eluting the DNA in 10 mM Tris/50 mM KCl, pH 9. Fig. 6D

shows the extraction profile that resulted, demonstrating that all

DNA passed through the device, unbound, during the load. This

profile is like that of the underivatized device (Fig. 6B) and shows

the absence of DNA binding. As further confirmation that little

to no DNA bound during the load, little DNA is recovered

during the elution step. These results demonstrate that 1 M

NaOH is an effective method for removal of chitosan from the

PMMA surface, returning the device to its original state where

no DNA binding is seen.

While the ultimate goal of this work is to produce disposable

SPE microdevices, only a limited number of devices were avail-

able during development, requiring devices to be used more than

once. Therefore, experiments were performed to determine

whether a device that had been stripped of the chitosan coating

could then be recoated with chitosan and successfully purify

DNA. Extractions of hgDNA were performed on devices that

had undergone chitosan stripping and then recoated. This

resulted in a reproducible elution profile with an extraction

efficiency of 47.8 (�9.3)% (Fig. 6C), demonstrating that the

chitosan stripping and coating procedure provides a reproduc-

ible solid phase generation method that results in the reproduc-

ible extraction of DNA. It also shows that the number of times

a device is recoated has little effect on the performance as the

extraction profile shown in Fig. 6B represents extractions on

a device which had undergone multiple cycles of stripping and

recoating.
Fig. 7 (A) The extraction profile from the purification of hgDNA from

whole blood using a chitosan-coated PMMA device (n ¼ 5). (B) Elec-

tropherogram from PCR amplification of a representative elution frac-

tion of DNA purified from whole blood using a chitosan-coated PMMA

device (n¼ 3). Successful purification is indicative by 139 bp amplicon for

a portion of the gelsolin gene.
Extraction of hgDNA from whole blood

Although successful and reproducible extraction of prepurified

hgDNA on the PMMA devices has been shown, the application

of the device to commonly encountered clinical samples, such as

whole blood, provides a more stringent measure of the method.

A lysed whole blood sample was loaded (25 mL of a 1 ng mL�1

solution; �4000 WBCs) onto a chitosan-coated device. The

device was washed with 10 mM MES, pH 5, and DNA eluted in

10 mM Tris/50 mM KCl, pH 9. Fractions collected were

analyzed using a fluorescence assay and an extraction profile was

generated (Fig. 7A, n ¼ 5 with EE of 9.9 (�5.0)%). The extrac-

tion profile shows reproducibility from sample-to-sample and

chip-to-chip despite the fact that multiple devices and blood

donors were used. Although a decreased EE is seen, mainly due

to overloading the DNA capacity (data not shown) of the phase

which can later be increased with further coating optimization,

sufficient quantities of DNA were recovered in a concentrated
Lab Chip
fraction during the elution for subsequent PCR analysis. The

concentration of DNA recovered makes this DNA extraction

method amenable to integration with on-chip downstream PCR.

An additional advantage of the chitosan-coated PMMA device is

the low protein binding nature of chitosan,17 which allows for the

method to be applicable to complex biological samples, such as

the whole blood demonstrated here, that contain variable and

often large quantities of protein.

Amplification of extracted hgDNA from whole blood

Although sufficient quantities of hgDNA were eluted from the

chitosan-coated PMMA device for PCR analysis, the suitability

of this DNA for PCR amplification was unknown. To ensure

that the extracted DNA was indeed PCR-amplifiable, an

extraction of hgDNA was performed by loading 25 mL of lysed

whole blood (sample prepared as described in Sample preparation

in Materials and methods) onto the device. The phase was washed

with 10 mM MES, pH 5, and DNA eluted with 10 mM Tris/50

mM KCl, pH 9. The elution fractions collected were then

amplified for a portion of the gelsolin gene, whose gene product

is known to play an important role in regulating the length of

filaments involved in cell structure, apoptosis, and cancer,28,29 as

described in PCR analysis in Materials and methods. PCR

products were separated and analyzed on an Agilent 2100 Bio-

analyzer. An electropherogram of a representative elution frac-

tion is shown in Fig. 7B, where a 139 bp amplicon, indicative of
This journal is ª The Royal Society of Chemistry 2011
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the gelsolin gene fragment, is present. This confirms that not only

can sufficient quantities of hgDNA for subsequent analysis be

extracted using the device, but also the extracted DNA is of high

quality allowing for successful PCR analysis to be completed.

This method provides a clear advantage as the extraction is

completely aqueous, eliminating the use PCR-inhibitory reagents

(guanidine and isopropanol) which are required in silica-based

extraction methods. Additionally, the chitosan phase used has

been shown to be low protein binding which essentially increases

the number of binding sites available for DNA on the phase and

increases the quantity of DNA recovered. This advantage is not

seen with silica-based purification where both the DNA and

protein present in the sample bind the phase during the load,

inherently decreasing the sites available for DNA.25

Conclusions and future work

The development of a plastic microdevice capable of extraction

of hgDNA from whole blood was demonstrated, making the

device viable for numerous clinical applications, as whole blood

is a common clinical sample. By utilizing chitosan-based purifi-

cation technology for reversible DNA binding, PCR inhibiting

reagents, including guanidine hydrochloride and isopropyl

alcohol, were eliminated. The DNA was also eluted in PCR

buffer, making the extracted DNA PCR-ready and amendable to

integration with PCR in efforts to develop a micro total analysis

system (mTAS).30 The results shown in this work provide the next

step towards a point-of-care, single-use device for use in clinical

settings, such as physician offices. The desirable advantages of

reduced analysis time and reagent consumption are achieved

with this microdevice and technique. Decreased wait time for

analysis could be vital for patients for whom delayed treatment

can be disastrous. The results in this work also demonstrated

sample-to-sample and chip-to-chip reproducibility owing to the

fabrication process and functionalization method. This is

a significant advantage over solid phase filled microdevices where

variable packing can affect results.

Future work will include optimization of the device coating

with chitosan to determine whether greater quantities of DNA

can be extracted from biological samples. Further optimization

of the fabrication process will also be completed to allow for

construction of a mold, for inexpensive fabrication of the delicate

microstrucutres. Additionally, developments towards a mTAS30

will be investigated by integration with PCR on the plastic

microfluidic device.
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