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The emergence of rapid, user-friendly, point-of-care (POC) diagnostic systems is paving the
way for better disease diagnosis and control. Lately, there has been a strong emphasis on
developing molecular-based diagnostics due to their potential for greatly increased sensitivity
and specificity. One of the most critical steps in developing practical diagnostic systems is the
ability to perform sample preparation, especially the purification of nucleic acids (NA), at the
POC. As such, we have developed a simple-to-use, inexpensive, and disposable sample
preparation system for in-membrane purification and concentration of NAs. This system
couples lateral flow in a porous membrane with chitosan, a linear polysaccharide that captures
NAs via anion exchange chromatography. The system can also substantially concentrate the
NAs. The combination of these capabilities can be used on a wide range of sample types,
which are prepared for use in downstream processes, such as qPCR, without further
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purification.

Introduction

According to the WHO, the types of diagnostics used around
the world have been shifting from traditional laboratory-based
tests, such as ELISA and qPCR, to rapid test formats; the aim is
to deliver diagnosis at the point-of-care (POC). From 1999 to
2009, the proportion of HIV rapid tests procured globally
increased from ~35% to over 80%'. This trend reached a peak
in 2007 with over 95% of procurements being of the rapid test
variety'. Although this trend is encouraging, there is still a gap
in the availability of accurate diagnostics for the POC.
According to the 2010 Global Burden of Disease study, four
of the top ten causes of death world-wide are attributed to
communicable diseases, which disproportionally affect low
resource settings (LRS)*™. Of these top ten, number four is
lower respiratory infections and seven is diarrhea®*. Each of
these conditions can be caused by multiple pathogens; without
a proper diagnosis, accurate treatment cannot be provided. In
developed settings, these diagnoses are often performed
through nucleic acid (NA) detection. The use of NA for disease
diagnosis offers multiple advantages including increased
sensitivity, the ability to multiplex, and epidemiological
tracking of disease transmission and drift via NA sequencing.
These approaches, however, are not available at the POC
because they often rely on sample pre-treatment techniques that
require expensive equipment and highly trained personnel.

This journal is © The Royal Society of Chemistry 2015

Common methods of DNA purification used in both
laboratory settings and tests designed for the POC often rely on
one of three general mechanisms: solid-phase extraction,
electrostatic interactions, or sequence-specific capture. One of
the most widely used techniques is solid-phase extraction (SPE)
with silica particles.  Pioneering work by Boom et al
demonstrated a “rapid and simple” method for nucleic acid
purification using chaotropic agents, ethanol, and an acidic
silica slurry. Their method cited a total assay time of less than
one hour for greater than 50% recovery of DNA’. The current
gold standard Qiagen kit utilizes a similar technique with silica
particles embedded in a centrifugal filter for NA isolation from
complex samples. Other common laboratory techniques rely on
NA precipitation in the presence of solutions with high alcohol
content®. Although these traditional methods are well
characterized and reliable, they often require expensive
laboratory equipment and highly trained laboratory technicians,
limiting their availability in the developed and developing
world to centralized facilities and hospitals.

Over the last 20 years, the field of microfluidics has aimed
to address and overcome the gap between laboratory
capabilities and POC systems through the development of
single-use, plastic microfluidic chips’. There have been
numerous publications about the wide range of applications for
these chips including cell lysis and NA purification®?, sample

concentrationlo, immunoassays“’m, and NA amplification”’ls.
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Gubala er al. extensively reviewed many of these pioneering
applications'®.

In the microchip format, NA purification for the POC often
For

example, multiple groups have published on the use of SPE
17-20

adapts techniques from traditional laboratory methods.
membranes in microfluidic devices . The Klapperich group
embedded silica particles in a porous polymer monolith (PPM)
within microfluidic channels to combine DNA purification
from complex samples with on-chip PCR?*'"?*. The Bau group
designed a sample-to-answer polycarbonate cassette with on-
NA
membrane®*. There has also been initial work published on the

chip reagent storage for isolation wusing a silica

use of sequence-specific capture for isolating NA targets in
microfluidic chips®°.
Another widely used technique for DNA purification in

microfluidic devices exploits the negative charge of DNA

molecules; DNA can associate with coated magnetic beads®”?8,

. .3
2931 or resins®?, and can be separated through

33-35

cationic polymers
electrophoretic methods The Landers group utilized
chitosan, a cationic polymer, to selectively isolate NAs in a

36— . . .
639 Chitosan is a linear

microchip from complex solutions
polymer comprised of linked sugar rings with a primary amine
functional group on each monomer. Below its pK, (6.3-6.5*")
the amine is protonated, and the polymer becomes polycationic.
At higher pH values, the amine is deprotonated and returns to
an uncharged state. This charge reversal enables a controllable
electrostatic attraction between NAs and chitosan at low pH
values that can be reversed through a buffer exchange. Early
work with the chitosan-NA

compaction and delivery for gene therapy applications

interaction focused on NA
4143
Although many of the above microchip-based systems show
promise for translation to realistic POC systems, there is a
drawback to their implementation due to the use of potentially
expensive equipment for operation (e.g.: syringe pumps).
Devices that require this type of equipment have limited
usability in POC settings such as a patient’s home or rural
health clinics in the developing world. Due to these constraints,
many groups have begun to focus on an alternative platform for
diagnostics: porous membranes.

The use of porous membranes, or paper-based substrates, as
a platform for bioassays dates back to the 1930s with the
4446 In the mid to late-
1970s the home-based pregnancy test brought paper-based
the POCY"™.  More
group began patterning

development of paper chromatography

diagnostics to
Whitesides’
simultaneously detect glucose and proteins in urine samples™’.

recently, George

cellulose paper to

The field has also evolved beyond one-dimensional lateral flow
systems to include two-dimensional paper networks (2DPN)>!,
which offer advantages such as the ability to perform complex,

multi-step processes’”, the sequential timed delivery of

51,53
>

reagents and compatibility with various detection

techniques™.

Porous-membrane-based assays do not require
mechanical pumps because capillarity wicks fluids into and
through the paper’’. These devices are also inexpensive, easy
to manufacture, and disposable, making them ideal candidates

for POC tests. Two recent reviews detail the use of porous
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membrane-based microfluidics for diagnostic devices® and the
translation of multi-step processes from laboratory gold-
standard techniques to paper-based systems>’.

There is still a significant gap in translating NA tests to
paper platforms, especially those that may require NA
purification and concentration. Mariella et al. noted that few
paper-based devices have developed reliable solutions for the
use of NA in paper-based formats®’. Recent publications have
detailed systems that isolate NAs using commercially available

5
55& {

extraction membranes such, as FTA or Fusion or

chromatography paper®.  Although these membranes do
selectively isolate NAs, they have only been demonstrated in
conjunction with plastic microchips or require minimal
equipment with multiple user steps.

Furthermore, sample concentration can be an additional
critical step in the NA purification process, especially for
environmental testing where only a few targets may be present
in large volumes (mL to L) of sample. As such, an ideal porous
membrane-based NA purification system should also
substantially concentrate the target.

In this work, a novel DNA purification and concentration
system that uses the linear polysaccharide chitosan was
POC

It is well known that surfaces can be modified

developed in porous membrane substrates for
applications.
with polymers to engineer or control surface properties such as
6162, we've

charge used these principles to investigate
chitosan’s interaction with two different porous membranes.
Second, the capacity of different membranes for the polymer
and polymer retention during lateral flow were measured.
These steps provide a quantitative method for determining the
capacity for DNA binding of chitosan-coated membranes.
Finally, on the basis of this method, a system was developed
and tested using porous membranes to simultaneous purify and
concentrate  DNA from complex samples containing high
protein content, excess non-target DNA, and blood. Further,
the purification system uses a novel, one-step, sequential
reagent delivery mechanism developed in the Yager and Lutz
labs®%* that directly translates to a simple, one-step user
experience; this further supports the feasibility of this system

for use in POC applications.

Materials and Methods

Reagent preparation

All reagents were prepared with sterile molecular biology grade
water (Thermo Fisher Scientific, Waltham, MA). Low
molecular weight chitosan oligosaccharide lactate (average
MW 5000), mucin from porcine stomach Type III, sodium
chloride, Tris-HCl, and MES were purchased from Sigma
Aldrich (St. Louis, MO). Pulse-field-certified agarose, sample
loading dye, SYBR Gold gel stain, and DNA ladders were
purchased from BioRad (Hercules, CA). A 10x stock of TBE
buffer was purchased from Thermo Fisher Scientific (Waltham,
MA). Human genomic DNA (gDNA) was purchased from
Promega (Madison, WI). The 50 mM MES DNA capture and

This journal is © The Royal Society of Chemistry 2015
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wash buffers were prepared in sterile water and the pH was
adjusted to 5. The 50 mM Tris DNA elution buffer was
prepared in sterile water with red food coloring (Safeway,
Pleasanton, CA) to track fluid flow; the pH was adjusted to 9.
The simulated nasal matrix (SNM) was prepared as previously
described®.

Hemostat Laboratories (Dixon, CA).

Defibrinated sheep’s blood was purchased from

Device patterning and construction

All porous membranes and test card materials were cut using a
CO, Scottsdale, AZ).
Untreated, backed, 5-10 um pore diameter nitrocellulose (NC)
(FFS80OHP, GE Healthcare Life
Niskayuna, NY) and untreated, unbacked, 10-100 um pore
diameter glass fiber (GF) membranes (Standard 17, GE
Healthcare Life Sciences, Niskayuna, NY) were patterned with

laser (Universal Laser Systems,

membranes Sciences,

chitosan. Test cards were made with 0.254 mm-thick Mylar
backing with adhesive (10 mil AC Melinex, Fralock, Valencia,
CA) and cellulose wicking pads (CFSP223000 Millipore,
Millipore, Billerica, MA) for waste fluid uptake.

fiber
patterned with a low molecular weight chitosan solution

The nitrocellulose and glass membranes were
prepared in 50 mM MES at pH 5 using a piezoelectric
noncontact printer (SciFLEXARRAYER S3, Scienion AG,
Berlin, Germany). After printing, the membranes were stored
in a desiccator. Membranes patterned with fluorescently tagged
chitosan were also wrapped in foil to protect them from light

and photobleaching.

SEM of porous membranes

All images were collected using an FEI Sirion electron
microscope and samples were Au/Pd sputter coated (SPI
Module Control, Structure Probe, Inc., West Chester, PA, USA)
with an estimated 12 nm Au/Pd. A 5 kV beam was used for
imaging (Fig. S1). Using these images, membrane surface area
was estimated by representing the features as spheres and
cylinders to simplify calculations. The calculated surface areas
per volume of nitrocellulose and glass fiber were 2.0 pm*pum’
and 0.19 um*um?®, respectively. These calculated values are
consistent within an order of magnitude with other published

values®®®’.

Fluorescent labeling of chitosan

Chitosan was fluorescently labeled using the commercially
available 488 or 594 Amine-Reactive Dye Kit from Thermo
Scientific (Logan, UT). Chitosan was dissolved in 50 mM
MES at pH 5 to make a 1% w/v solution.
incubation at room temperature with the amine-reactive dye,

After a one-hour

the chitosan was purified by precipitation using 5 M NaOH
The
precipitated chitosan was re-dissolved in 50 mM MES and the

followed by centrifugation at 9400g for 3 minutes.

pH was adjusted to 5 to prepare it for reagent patterning. The
solution was stored in the dark at 4 °C for up to one month.

This journal is © The Royal Society of Chemistry 2015

Purifying and fluorescent labeling of DNA

All DNA was purified from freshly cultured methicillin-
(MSSA, strain RN4220)
bacterial cells. The DNA was purified using the commercially
available Qiagen Gentra Puregene Kit (Qiagen, Valencia, CA)
with a slightly modified protocol. During the lysis step, 50 uL

sensitive Staphylococcus aureus

of lysostaphin (100 pg/mL) was added with the recommended
1.5 uL of Lytic Enzyme Solution provided by the kit. Purified
DNA was resuspended in 20 pL of sterile water and incubated
for 20 minutes at 65 °C to complete resuspension. The final
DNA concentration was calculated by qPCR (described below).

After purification, DNA was fluorescently labeled using the
Alexa Fluor 488 or 594 ARES DNA Labeling Kit (Life
Technologies, Carlsbad, CA) with a slightly modified protocol.
During the initial nick translation step, the concentration of
each of the dNTPs was 0.5 mM. After labeling, the final
concentration of the fluorescent DNA was determined using
qPCR for the Idh-1 gene.

Pulse field gel electrophoresis for DNA fragment size

Pulse field gel electrophoresis (PFGE, Fig. S2) was used to
determine the fragment size of DNA both before and after
purification with chitosan in-membrane. A 1.0% agarose gel
was prepared in 0.5x TBE buffer and set overnight at 4 °C.
Gels were run using the BioRad CHEF Mapper XA System
(BioRad, Hercules, CA) in a cold room (4 °C) in 0.5x TBE
running buffer. Agarose plugs containing the high molecular
weight S. cerevisiae DNA ladder were loaded into the gel
before submerging in running buffer. Liquid samples were
The “Auto-
Algorithm” function was used with an input size range of 100
kbp to 2200 kbp. Gels were stained with 2x SYBR Gold in

running buffer (limit of detection ~10® copies) for 20 minutes

added to the gel with sample loading buffer.

with shaking followed by 10 minutes of de-staining in DI
water. Gels were imaged with the BioRad Gel Doc EZ System
(BioRad, Hercules, CA).

qPCR for MSSA 1dh-1 gene

DNA recovery was quantified with a qPCR kit for the Idh-1
gene provided by the ELITechGroup (ELITechGroup
Molecular Diagnostics, Bothell, WA). The 20 pL reactions
were run on a Rotorgene real-time PCR instrument (Qiagen,
Valencia, CA) using the following protocol: 50°C hold for 2
minutes, 93°C hold for 2 minutes, 45 cycles of 93°C for 10
seconds, 56°C for 30 seconds, and 72°C for 15 seconds, ending
with final elongation step at 72°C for 5 minutes. Fluorescence
data were collected during the 56°C annealing step in the
orange channel. The qPCR results were analyzed using the
automated threshold cycle (CT) value calculation in the
Rotorgene software (Qiagen, Valencia, CA). This assay is
sensitive down to ~10' copies of the target sequence. The red
dye or up to 0.5% blood in the elution buffer do not

significantly interfere with the qPCR signal (Fig. S3).
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Chitosan interactions with porous membranes

Porous membrane capacity for chitosan
To determine the capacity of each membrane for chitosan,
small punches (radius = 2.4 mm) were taken from sheets of
nitrocellulose and glass fiber. These punches were filled to
capacity for nitrocellulose and glass fiber, 1.81 or 7.56 uL,
respectively, with varying concentrations of fluorescent
different

concentrations in the membranes. Here, chitosan concentration

chitosan in solution to produce chitosan

is defined as pg of chitosan per um? of membrane surface area
The
membranes were placed in clear Petri dishes and incubated in a

(ug/um?), assuming even coating on all surfaces.

dark chamber at 95% relative humidity for 24 hours to allow
equilibration of chitosan adsorption to the membrane.

After incubation, the membranes were imaged wet to
determine a baseline fluorescence signal for the input amount
of chitosan. Next, the membranes were washed with 1x volume
capacity of 50 mM MES at pH 5 and fluid was wicked away
via a cellulose waste pad to remove unadsorbed chitosan. The
membranes were re-wet with 50 mM MES at pH 5 and imaged
a second time to track the loss in fluorescent signal. The loss of
chitosan was measured as the difference between the baseline
fluorescence and the post-wash fluorescence of the coated
membranes. All fluorescence images were captured using an
Axiovert fluorescence microscope (Zeiss, Thornwood, NY)
fitted with a Retiga 1300i digital CCD camera (Quantitative
Imaging Corporation, Surrey, BC, Canada). Images were taken
with MicroManager software®® using a 50 ms exposure and
2.5x objective.

Chitosan adsorption was calculated as the percent change in
the integrated fluorescence intensity over the entire patterned
region from pre- to post-wash conditions (1). These intensity
values were measured using ImageJ®.

fluorescenceposi—wash

% adsorbed = x 100%

(1

fluorescenceyre—_yash

For both membranes, the chitosan concentrations tested
ranged from 0 to 3.6x10® pg/um?. The upper limit of chitosan
concentration for each membrane was bounded by the solubility
of chitosan in buffer (50 mM MES, pH 5), the volume capacity,
and the pore surface area of the membrane. Membrane capacity
was determined by plotting the percent of chitosan adsorbed to
each surface against the input chitosan concentration (in
ug/um?®) (Fig. S4C). These capacities were further verified by
theoretical calculations based on the length of the chitosan
polymer and the membrane surface areas; see the
Supplementary Information (Fig. S4A and Fig. S4B) for the full
calculations.

Chitosan retention in porous membranes during flow

To determine the retention of chitosan in each porous
membrane during flow, a 2.5 mm long by 10 mm wide region
of each membrane was patterned with fluorescent chitosan.
Three concentrations were tested to determine if retention

4 |Lab on a Chip, 2015, XX, XX
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The three tested
concentrations for both membranes were based on the results of

during flow was concentration dependent.

The concentrations in the
patterned regions were 4.5x107'°, 8.9x10'°, and 1.3x107°
pg/um? for nitrocellulose and 8.9x107'°, 1.8x10, and 2.7x10°
pg/um? for glass fiber.

the previous adsorption studies.

The patterned membranes were attached to 10 mil thick
Mylar backing with adhesive (10 mil AC Melinex, Fralock,
Valencia, CA) for ease of handling. An untreated cellulose pad
(CFSP223000 Millipore, Billerica, MA), cut using the CO,
laser cutter, was used as a waste collection reservoir. Before
the initiation of flow, the chitosan regions on each membrane
were wetted with 50 mM MES at pH 5 and excess unadsorbed
chitosan were removed via wicking with a cellulose waste pad
through the thickness of the membrane. This step was
important to decouple the loss of chitosan due to incomplete
adsorption to the membrane from the loss of chitosan during
lateral flow.

To test chitosan retention during flow, two solutions were
sequentially wicked through the membrane. These solutions
were the DNA capture and elution buffers, which were selected
to mimic an actual DNA purification experiment. The volume
of the solutions was set to 2x the fluid capacity of the
membrane (120 pL total for nitrocellulose and 500 uL total for
glass fiber).

Dimensions of the patterned region and the fluorescence
intensity of the chitosan were measured in Image] from
uncompressed, time-lapse videos acquired using HandyAVI
(AZcendant, Tempe, AZ, USA) in a humidified, light-tight box
illuminated with two blue LEDs. Videos were captured using a
web camera (Logitech, Fremont, CA) fitted with a 550 nm
high-pass filter (FEL0550, Thor labs, Newton, NJ). The
fluorescence intensity of the chitosan during flow was
normalized to the initial wetted intensity to determine the

percent of polymer retained in the membrane during flow.

DNA purification and concentration in porous membranes
using chitosan

Chitosan is a linear polysaccharide with a primary amine
functional group on every monomer. In solutions buffered
below the polymer’s pK,, 6.3-6.540,
protonated, resulting in a multivalent cationic polymer. In its
DNA and RNA

When exposed to a solution above

the primary amine is

protonated form, chitosan binds via
electrostatic interactions.
the pK,, the primary amines are deprotonated and this
electrostatic attraction is lost, resulting in release of nucleic

acids (Fig. 1).

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 DNA purification in porous membranes using chitosan.
A) Schematic and images from a purification experiment in
nitrocellulose. The DNA (green) is initially seen as a smear.
As it reaches the chitosan region, DNA stops flowing and
becomes concentrated. Once DNA is eluted,
concentrated. B) Schematic of a membrane surface patterned
with chitosan (red). In solutions with a pH below 6.3, the
primary amines on each monomer become protonated and can
bind DNA. When the pH is increased above the amine pK,, the
charge on the polymer returns to neutral and DNA is released.
Note that the quantum efficiency of the label changes with pH
and immobilization.

it remains

To evaluate the ability of chitosan to purify and concentrate
DNA in paper, 60 x 10 mm membranes were patterned with
chitosan in 50 mM MES at pH 5. The patterned region was set
to an area 2.5 mm long by 10 mm wide to remain consistent
with the chitosan retention experiments. Based on the capacity
and retention experiments, the chitosan concentrations in
nitrocellulose and glass fiber were set to 1.3x10° and 1.8x10
pg/um? (+ 5%), respectively.

Chitosan capacity for DNA and DNA concentration factor
Chitosan’s capacity for DNA in both nitrocellulose and glass
fiber was determined by increasing the concentration of DNA
in the input sample until a decrease in the relative amount of
DNA recovered was observed by qPCR. The range of input
DNA concentrations tested in both membranes was between
1x10° copies (0.3 ng) to 4x10® copies (1200 ng) of fragmented
MSSA DNA purified from cells. On average, the target DNA
was less than 250-300 kbp long; larger DNA fragments are
unable to flow through the pores of the membranes (Fig. S2).
For these experiments, DNA was spiked into 100 pL of
DNA capture buffer. This solution was wicked into the
membrane, followed sequentially by 100 pL of wash and

This journal is © The Royal Society of Chemistry 2015

elution buffers for NC, and 250 pL of wash and elution buffers
for GF to accommodate for the higher fluid capacity. These
experiments were run in a humidified chamber to reduce effects
from evaporation.

DNA was recovered post-elution by placing the membrane
in a centrifugal filter tube (0.45 um Nylon centrifugal filters,
VWR, Radnor, PA) and centrifuging for 3 minutes at 10,000g
(Fig. S6). These elution volumes were measured and the target
DNA concentration was determined by qPCR.

Concentration effects were measured by adding 1x10° to
1x10° copies (0.3 to 3 ng) of DNA into 100, 200, 500, 1000, or
2000 pL of capture buffer. These solutions were wicked
through a membrane patterned with chitosan followed
sequentially by either 100 uL for NC or 250 uL for GF of DNA
wash and elution buffers. Post-elution, the DNA purification
efficiency (% recovery) was quantified by qPCR. The
concentration factor was calculated as the initial input volume
divided by the measured elution volumes times the % recovery
(2).

Input volume

Concentration Factor = x 100% 2)

Recovery of DNA from complex samples

To determine the ability of a porous membrane pre-loaded with
chitosan to purify DNA, approximately 1x10° to 1x10° copies
of MSSA DNA was diluted into 100 pL of DNA capture
buffer. The sample was wicked into the patterned membrane
followed by wash and elution buffers, as described above. In
addition to purification of DNA in water, the experiment was
repeated with 1 ug BSA, 0.1% w/v mucins, 1% w/v mucins, up
to 1000x non-target human gDNA, and 1% or 10% SNM to
mimic more complex solutions. The percent recovery for each
sample was determined by qPCR. These experiments were run
in a humidified chamber to reduce effects of evaporation.

DNA purification from blood samples

Nucleic acid purification using chitosan patterned in porous
membranes was also used to purify and concentrate DNA from
blood samples. Often, blood preparation procedures require
multiple user steps and removal of blood components that can
inhibit downstream amplification reactions, notably heme’®.
From 15 to 50 pL of defibrinated sheep’s blood was spiked into
sample volumes ranging from 100 uL to 2000 pL. These
samples were wicked into porous membranes patterned with
chitosan followed by sequential delivery of wash and elution
buffers, as described above. The purified DNA was analyzed
by qPCR.

chamber to reduce effects of evaporation.

These experiments were run in a humidified

Statistics

All statistics were run using the open-source statistical package
R (64 bit, version 3.0.2)"".

Lab on a Chip, 2015, XX, XX | 5
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Results and Discussion

Chitosan interaction with porous membranes

Porous membrane capacity for chitosan

In this work, we aimed to demonstrate a simple, porous
membrane-based device that purifies and concentrates DNA
from complex samples. We started with determining the
amount of chitosan available to bind DNA when patterned onto
different porous membranes. The amount of available chitosan
should depend on its adsorption to the porous membrane.

For all concentrations tested in nitrocellulose, the amount of
input chitosan that adsorbed to the membrane was above 90%,
indicating that the membrane was not fully saturated with
polymer. This same trend was not observed for glass fiber; at
concentrations at or below 3.6x10° pg/um? the percent of
input chitosan adsorbed remained high. At concentrations
above 3.6x10° pg/um? the percent adsorbed dropped,
indicating that the membrane capacity had been reached (Fig.
S4C). These results are consistent with our understanding of
the physical properties of these porous membranes; the high
surface area of the nitrocellulose, with its small pores and
features, provides a higher capacity (experimentally determined
capacity: 3.3x10® pg/um?) for polymer adsorption than the
coarser glass fiber (experimentally determined capacity:
~5.4x10”° ug/um?. This difference between nitrocellulose and
glass fiber may be due to the way chitosan adsorbs to different
surfaces. This data suggests that only a few monomers of the
chitosan chain adsorb to nitrocellulose allowing more space for

Lab on a Chip

additional molecules to adsorb. In glass fiber, on the other
hand, a larger fraction of the total polymer might bind to the
surface restricting the space available for other molecules to
bind (Fig. S4A).

These empirical capacities were further supported by theoretical
calculations that predict the chitosan capacity of nitrocellulose
should be between 9.7x10™'® and 3.3x10® pg/um®. An adsorption
capacity was not observed for the concentrations tested, up to
~3.3x10® ug/um?, which is at the maximum of the theoretical range.
Based on the theoretical calculations and empirically determined
capacities, the chitosan coverage of the nitrocellulose surface was
(Fig.
S4B). For glass fiber, the theoretical capacity for chitosan should be
between 9.5x107'° and 3.2x10® pg/um?
measured capacity for glass fiber falls within the lower range of the

~100% of the theoretical geometric monolayer coverage
The experimentally

theoretical values and approximates to ~15% of the theoretical
geometric monolayer coverage (Fig. S4B). Using these conditions,
there is a monolayer of chitosan coverage on the nitrocellulose
surface and less than a monolayer on glass fiber surface. The upper
limit of chitosan concentration tested for each membrane was
bounded by the solubility of chitosan in buffer (50 mM MES, pH 5)
and the volume capacity of the membrane.

Chitosan retention in porous membranes during flow

The total amount of chitosan available for DNA binding (Table
1) is determined by the amount patterned onto the membrane
minus losses from incomplete adsorption, described above, and
capillary flow, described below.

Table 1. Final chitosan concentration in each membrane after accounting for losses from incomplete adsorption and flow. *The “mean
final concentration” is based on the average percent adsorbed and retained. **The “Range final concentration” is based on the standard

deviations for the percent retained during flow.

Input Concentration (ug/um?) | % adsorbed | % retained

| Mean final concentration* (ug/um?) |

Range final concentration** (ug/um®)

Nitrocellulose
45x10™"° 89 % 83 % 3.3x10™"° 3.3x10"° - 3.4x10™"°
8.9x10° 85 % 74 % 5.6x10"° 5.4x107"° - 5.7x10°
1.3x107 91 % 71 % 8.6x10"° 8.3x10"° - 9.0x10"°
Glass Fiber
8.9x10™ 79 % 89 % 6.3x10™° 54x10™°-7.1x10™
1.8x10° 58 % 71 % 7.3x10™° 6.8x10"° - 7.8x10™"°
2.7x10° 40 % 82 % 8.7x107° 8.1x10° - 9.4x10™"°

After characterizing the membrane capacity for chitosan,
the effects of capillary flow on chitosan retention were
measured. The three tested concentrations for nitrocellulose
were 4.5x107'°, 8.9x107'°, and 1.3x10” pg/um?® and for glass
fiber were 8.9x107'°, 1.8x10°, and 2.7x10° pg/um® The
concentrations vary in nitrocellulose and glass fiber due to the
different surface areas of each membrane. These values were
based on high, medium, and low concentrations from the
adsorption studies detailed above. Retention of chitosan in
nitrocellulose is slightly concentration-dependent, with larger
concentrations of patterned chitosan losing a higher percentage
during flow (Fig. 2A). For glass fiber, this trend is not
observed. The loss of chitosan due to flow does not appear to
be concentration-dependent (Fig. 2B).
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DNA purification and concentration in porous membranes
using chitosan

Chitosan capacity for DNA and DNA concentration factor
Chitosan capacity for DNA in nitrocellulose and glass fiber was
evaluated after optimizing adsorption and retention. The
capacity for DNA in nitrocellulose was 1.9x10° copies of
DNA/ug of chitosan (c/ug) (95% CI: 2.9x10° to 3.5x10° c/pg).
The capacity for DNA in glass fiber was 9.9x10° c/ug (95% CI:
5.9x10° to 1.4x107 c/ng) (Fig. 3). These results are calculated
using the mean final chitosan concentration from Table 1,
which accounts for losses due to incomplete adsorption and
retention. These data show that chitosan has a higher capacity
for DNA in glass fiber than in nitrocellulose.

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Chitosan retention during flow after accounting for losses due to incomplete chitosan adsorption.
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A) In

nitrocellulose, retention during flow appears to be slightly concentration dependent. B) In glass fiber all three tested

concentrations resulted in similar losses due to flow. The average retention (N=6) with +/- one standard deviation is

plotted for each time point.

The smaller pores (10 pum) and higher surface area per
volume (2.0 pmzlum3) of nitrocellulose adsorbs more chitosan
than glass fiber; but these results indicate that only a proportion
of the chitosan is available for DNA binding in nitrocellulose.
The chitosan used in this study was small, ~5000 MW. This
size may allow polymer to integrate into the smallest pore
features of nitrocellulose, some of which may be inaccessible to
large DNA fragments (100s kbp), causing a high membrane
capacity for the chitosan and a lower than expected binding
capacity for DNA. Further, chitosan may hinder convective
transport in the smaller pore features (or block flow
completely) in nitrocellulose, reducing or preventing flow of
DNA-containing sample through these membrane regions. On
average, the pore features in glass fiber are larger (10-100 pm)
and the material has a lower surface area per unit volume (0.19
pmzlum3) than nitrocellulose (2.0 pmzlum3). This reduced
surface area lowers the overall chitosan capacity of the
membrane, but may allow more of the chitosan to be available
for DNA binding.

Using these results, the calculated ratio of positive
(chitosan) to negative (DNA) charges when the system has
reached its maximum capacity for DNA indicates that there is
less than a monolayer of nucleic acid bound to the chitosan in
both nitrocellulose and glass fiber (Fig. S5). These calculations
assume that a full monolayer of DNA would equate to an equal
ratio of charges at the DNA-chitosan binding capacity; see the
Supplementary Information for the full calculations. Further,
these estimates and calculations assume all of the chitosan
patterned in the membrane, after accounting for losses
presented in Table 1, is available for DNA binding. More
reasonably, only some percentage would be available because
some of the polymer is interacting with the membrane surface,

This journal is © The Royal Society of Chemistry 2015

potentially rendering it unavailable for DNA binding.
Additionally, both of these membranes have a range of pore
size features and some fraction of the polymer may be trapped
in the smallest of these features preventing it from interacting
with DNA.
calculations that there is less than a monolayer of nucleic acid

bound to the chitosan in each membrane.

Both of these scenarios further support the
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Fig. 3 Capacity of chitosan for DNA in nitrocellulose (blue)
and glass fiber (red) over a range of input concentrations (N=6
for each point) after normalization for membrane surface area.
The capacity of chitosan for DNA is 1.9x10° ¢/ug (95% CI:
2.9x10° to 3.5x10° c/ug) in nitrocellulose and 9.9x10° c/ug
(95% CI: 5.9x10° to 1.4x107 c/pg) in glass fiber.
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To enable broader use of these methods, the DNA capacities
of each membrane have been converted to other common units
(Table 2). Using the membrane capacity for chitosan and the
chitosan capacity for DNA, this method can be adapted to
capture and concentrate DNA from a variety of samples based
on the expected amount of total nucleic acids.

Table 2. Chitosan capacity in nitrocellulose and glass fiber.
*Assuming average DNA fragment size of 2.0x10° bp.
#*E, coli 0157:H7, genome length 5.4x10° bp.

#4V[SSA RN4220, genome length 2.8x10° bp.

Capacity per pg chitosan Nitrocellulose Glass Fiber
copies DNA* 1.9x10° 9.9x10°
#bp* 3.8x10" 2.0x10"
ng DNA* 0.4 22
# E. coli bacteria** 7.0x10* 3.7x10°
# MSSA bacteria*** 1.4x10° 7.1x10°

The maximum DNA concentration factors achieved with
chitosan in nitrocellulose and glass fiber were 13.3x and 12.3x,
respectively (Fig. 4B). These results are based on the input
sample volume and the purification efficiency of DNA since
each membrane type yielded a specific elution volume.

In nitrocellulose, which has a relatively homogenous pore size
distribution, the interface between two sequentially delivered fluids
is sharply defined. In this system, the wash and elution buffers have
low and high pH values, respectively; the well-defined interface
between the buffers under flow in nitrocellulose produces a sharp pH
change (Fig. S6A).
patterned region, the rapid change from low to high pH deprotonates

When the interface reaches the chitosan

the chitosan quickly, and releases purified DNA in a concentrated
plug (Fig. S6B).
broad pore size distribution, the interface is poorly defined, which

In glass fiber, however, which has a relatively

increases mixing between the two sequentially delivered buffers and
causes a more gradual pH gradient to develop. When this gradient
reaches the chitosan region, the gradual change from low to high pH
deprotonates the chitosan slowly, resulting in a slower release (and
therefore less concentrated plug) of purified DNA (Fig. S6C). In
nitrocellulose, DNA samples always eluted in 8 uL while for glass
fiber, the elution volume was 100-150 pL.

In this system, which involves complex surfaces in porous
membranes as well as in-flow binding, both concentration factor and
percent the starting DNA
concentration in the sample within the ranges tested. Using the data

recovery were independent of
presented in Figure 3, the corresponding elution volumes, and the
resulting recovery percentages (data not reported here), we measured
consistent concentration factors and percent recovery for input DNA
concentrations ranging from 1x10° copies of target per pL (c/uL)
through 1x10° c/uL where total input volume was set to 100 uL.
These concentrations were below the saturation limit of the modified
membranes’ binding capacity for DNA (measured in Fig. 3 and
presented in Table 2). We have begun testing more dilute samples in
larger input volumes and have preliminary data indicating this trend
holds. That data will be the included in a future publication.
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The theoretical concentration factor assumes 100% recovery

of DNA. In nitrocellulose, DNA recovery decreased as the
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input sample volume increased (Fig. 4C), likely due to the time
it took to flow large volumes through the membrane. Wicking
a 2000 pL sample, followed by 100 pL of wash and elution
buffers, through nitrocellulose took over seven hours. This
reduced recovery greatly reduced the actual concentration
factors achieved in nitrocellulose. The same experiment in
glass fiber only took 25 minutes and DNA recovery was
independent of input sample volume in (Fig. 4C). The long
flow times required in nitrocellulose may exceed the
chitosan/DNA off-rate which would cause bound DNA to
prematurely release from chitosan and be lost to waste. The
chitosan-DNA binding constant has been well studied and
ranges from 10° to 10" Mm! 72’73, but, to our knowledge, the
chitosan-DNA binding rates have not been published. There
have been reported off-rates in the range of 3-5x107% s™ ™7 for
similar polycation-DNA interactions.

There are potential applications where concentration factor
would matter less than purification but not necessarily recovery. For
very dilute samples, such as urine, concentration factor would play a
critical role to ensure enough pathogen nucleic acid is recovered for
downstream analysis. Additionally, different infections present at a

ARTICLE

highly variable pathogen loads. For example, clinical studies have
quantified active chlamydia infections in urine at 10'-10> elementary
bodies/mL76, ebloa in serum at 10°-10° RNA copies/mL77, and
influenza in nasopharyngeal wash at 10°-10’ TCID50/mL®. Each of
these infections would benefit from a combination of both target
purification and concentration. Specifically for infections that occur
at low copy number or in dilute samples such as urine, concentration
is especially important. Some of these samples would require the
processing of larger volumes (mL instead of pL) to ensure a
sufficient number of pathogens for infection identification. The
current approach, especially using nitrocellulose, is somewhat slow
to process larger volumes and may result in decreased recovery (Fig.
4C). The next iteration of this work will involve developing fluidic
systems that can rapidly process large volumes in order to purify and
concentrate targets from complex, dilute samples.

DNA purification from complex samples

We demonstrated the system’s ability to purify DNA from
complex sample types. Overall, this method was able to
recover ~80% of the input DNA from most of the sample types
tested (Fig. 5).
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B Glass Fiber (N=6)

80

% DNA Recovery

Buffer +BSA +0.01% wiv

mucins

+0.1% wiv
mucins

(0.01% wiv mucins, (0.1% wiv mucins,

11

500:1 1000:1
non-target:target non-target:target

+1% SNM +10% SNM 200:1

non-target:target

10x human DNA) 100x human DNA)
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Fig. 5 DNA purification in porous membranes by chitosan capture. Recovery of DNA in either nitrocellulose (blue) or glass fiber
(red).
capture line was 1.3x10™ pg/um? for nitrocellulose and 1.8x10”° pg/um?® for glass fiber. Input DNA was between 1x10° and
1x10° copies of fragmented MSSA DNA. For SNM: 1% SNM contained 10:1 non-target to target DNA, 0.01% w/v mucins, 1.1
mM NaCl; 10% SNM contained 100:1 non-target to target DNA, 0.1% w/v mucins, 11 mM NaCl.

The average of N=6 is reported with error bars representing +/- one standard deviation. Chitosan concentration at the

In both nitrocellulose and glass fiber, the recovery of target the limits dictated by the capacity data above (~10:1 for
nitrocellulose and ~20:1 for glass fiber). This discrepancy is

likely a result of larger DNA fragments (greater than ~250 kbp)

DNA was reduced when samples contained a non-target:target
ratio of greater than 100:1. These data are slightly higher than

This journal is © The Royal Society of Chemistry 2015 Lab on a Chip, 2015, XX, XX | 9
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from the non-target DNA being too large to flow through the
small pore features of the membranes. This size-exclusion
effect is expected to be more severe in nitrocellulose than in
glass fiber due to the differences in pore size distribution
between the two membranes. This would suggest that some
non-target DNA is essentially filtered upstream of the chitosan
capture region rendering it unavailable to compete for binding.
The data in Figure 5 support this assumption because at large
non-target:target ratios of 200:1, there is a greater reduction in
recovery for glass fiber than in nitrocellulose. At higher ratios,
500:1, the reduction in target DNA recovery is similar in both

membranes. Recovery of target DNA in glass fiber with an
extreme non-target:target ratio of 1000:1 was higher than
expected.

The addition of mucins, to mimic nasal swab samples,
reduced recovery of target DNA in glass fiber but not in
nitrocellulose. Mucins are large protein aggregates (mass>10°
Da) that are glycosylated with oligosaccharides that commonly
form negatively charged side groups’®. These negatively
charged molecules can interact with positively charged
chitosan, blocking the binding of DNA. These large aggregates
may not pass through the small pores of nitrocellulose because
DNA recovery is not affected by their presence in the sample.
In glass fiber, however, the larger pores may allow these
negatively charged aggregates to flow downstream and prevent
DNA binding to chitosan, leading to reduced recovery as the
concentration of mucins increases. When both mucins and non-
target DNA is present in samples (from simulated nasal matrix,
SNM), DNA recovery remains high in nitrocellulose and

Lab on a Chip

decreases in glass fiber. Once again, the magnitude of this
decrease is correlated to increasing concentrations of mucins.
For applications containing mucins or high concentrations of
non-target DNA, the chitosan-patterned region can be extended
to increase the system’s overall capacity.

DNA purification from blood samples

Blood preparation procedures often require many user steps to
remove blood components that can inhibit downstream
amplification reactions, notably heme’®. The chitosan-based
DNA purification system is able to rapidly purify target DNA

from blood samples with only one user-step (Fig. S7). The
eluted samples were quantified by qPCR without further
purification.

In both membranes, samples with lower blood

concentrations resulted in higher recovery of DNA (Fig. 6A).
In nitrocellulose, recovery of target DNA from blood-
containing samples was significantly inhibited and the flow rate
of the sample through the membrane decreased as blood
concentration increased. The reduced flow rate appeared to be
a result of membrane clogging. For the sample containing 50%
blood in nitrocellulose, only a small volume wicked into the
membrane before flow stopped completely.

In glass fiber membranes, target DNA was purified from
samples containing up to 50% whole blood but, as blood
concentration increased, DNA recovery decreased. To verify
this result, 50 pL of whole blood plus target DNA was diluted
into increasing volumes of buffer. As blood concentration
decreased, DNA recovery increased (Fig. 6B).
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Fig. 6. DNA purification in porous membranes from samples containing blood. The average of N=6 is reported with error bars

representing +/- one standard deviation. Chitosan concentration at the capture line was 1.3x10”° pg/um? for nitrocellulose and
1.8x10” ug/um? for glass fiber. Input DNA was between 1x10° and 1x10° copies of MSSA DNA. A) Increasing the percent of
blood in a 100 pL sample reduced recovery in both nitrocellulose and glass fiber. The 50% blood sample in NC clogged the
membrane preventing flow and therefore DNA purification. B) Diluting 50 uL of blood into increasingly large sample volumes

improved recovery in glass fiber. For volumes larger than 200 pL, the recovery was similar to the “DNA in buffer” control.
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For samples that were less than 25% blood, DNA purification
efficiency is similar to the “DNA in buffer” control. This restored
recovery is likely due to increased washing of the chitosan region to
remove blood components that interfere with chitosan/DNA binding
and not with the qPCR analysis. Based on the dilution factor of
DNA eluted from chitosan in glass fiber (Fig. S5C) and the sample
volume used for gPCR (1 pL of the elution), the maximum amount
of blood in a qPCR reaction would be less than 0.5%. For whole
blood concentrations at or below 0.5%, qPCR is not inhibited (Fig
S3B).

Conclusions

Here we have demonstrated the first example of a system for
the simultaneous purification and concentration of DNA from
complex samples using chitosan and constructed entirely from
porous membranes.  First, the interaction of two porous
membrane substrates with chitosan was characterized and a
method to determine the adsorption capacity of these
membranes for polymers was described. Next, to exhibit the
broad applicability of this system, it was used to purify DNA
from complex samples including those with high protein
content, non-target DNA, and known amplification inhibitors
such as blood. These samples are just a few examples of
potential inputs that can be handled by this system. The choice
of membrane provides the ability to control the sample
processing time, volume, and concentration factor. Thus, large
volume samples such as urine or contaminated environmental
water could be rapidly processed with this system at the POC.
This method can directly integrate with other paper-based
point-of-care technologies such as in-membrane amplification®
and detection. Further, this system is already well-suited for
untrained end users via the use of automatic sequential reagent
delivery®*®*. Future work will therefore demonstrate sample-
to-result integrated systems that can rapidly and automatically
process high input sample volumes in porous membranes.
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