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Abstract

DNA extraction from clinical samples is commonly achieved with a silica solid phase extrac-
tion column in the presence of a chaotrope. Versions of these protocols have been adapted
for point of care (POC) diagnostic devices in miniaturized platforms, but commercial kits
require a high amount of input DNA. Thus, when the input clinical sample contains less than
1 ug of total DNA, the target-specific DNA recovery from most of these protocols is low with-
out supplementing the sample with exogenous carrier DNA. In fact, many clinical samples
used in the development of POC diagnostics often exhibit target DNA concentrations as low
as 3 ng/mL. With the broader goal of improving the yield and efficiency of nucleic acid-based
POC devices for dilute samples, we investigated both DNA adsorption and recovery from sil-
ica particles by using 1 pg— 1 ug of DNA with a set of adsorption and elution buffers ranging
in pH and chaotropic presence. In terms of adsorption, we found that low pH and the pres-
ence of chaotropic guanidinium thiocyanate (GuSCN) enhanced DNA-silica adsorption.
When eluting with a standard low-salt, high-pH buffer, > 70% of DNA was unrecoverable,
except when DNA was initially adsorbed with 5 M GuSCN at pH 5.2. Unrecovered DNA was
either not initially adsorbed or irreversibly bound on the silica surface. Recovery was
improved when eluting with 95°C formamide and 1 M NaOH, which suggested that DNA-sil-
ica-chaotrope interactions are dominated by hydrophobic interactions and hydrogen bond-
ing. While heated formamide and NaOH are non-ideal elution buffers for practical POC
devices, the salient results are important for engineering a set of optimized reagents that
could maximize nucleic acid recovery from a microfluidic DNA-silica-chaotrope system.

Introduction

Nucleic acid (NA) molecular diagnostics are highly specific and sensitive assays that detect the
presence or absence of target-specific DNA or RNA sequences from crude biological samples
[1,2]. However, for fast and accurate results, these assays often require pure NA samples that
are free of contaminants. As a result, commercial point of care (POC) kits typically employ a
separate, upstream NA purification system in which DNA and RNA from crude samples are
extracted and purified using solid phase extraction columns made from silica [3-5]. Although
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the adsorption strength and capacity of these silica columns have been well characterized in
previous works, most studies were conducted within the confines of high NA loads, where the
total input DNA exceeded 1 pg. Studies using smaller amounts of DNA in solution were per-
formed using columns with < 200 um? cross-section [6-8], which increases the backpressure
and potential for clogging, making them impractical for viscous biological samples like blood
and sputum [9-12]. In the quest to improve the NA sensitivity and specificity of miniaturized
POC devices for small-volume biological specimens, one must engineer a set of reagents and
extraction protocols that would maximize both NA retention and elution from silica columns
[2]. In clinical applications, obtaining high NA yield from such columns becomes challenging,
since these samples often exhibit low NA copy numbers that are masked against a vast back-
ground of contaminants. For example, in urine (high salt), plasma (high protein), or cerebral
spinal fluid, the concentration of NA may be as low as 3 ng/mL of sample [13].

The general workflow of molecular diagnostics can be summarized as the following: A bio-
logical sample, such as blood, urine, or cerebral spinal fluid, is treated with lysis buffer to liber-
ate the NA from cells, bacteria, and/or virions. The DNA is then isolated from solution using a
solid phase extraction column, retrieved using an elution buffer, and quantified via molecular
tests for diagnosis. This method has two inherent loss mechanisms. First, DNA adsorption
onto the column may be inefficient, and second, the purified DNA may not be efficiently
eluted from the column. The mechanisms that govern the adsorption and elution of NA at low
concentrations (in the absence of carrier molecules such as carrier DNA) are not well under-
stood. Therefore, a better understanding of the surface chemistry of silica extraction columns
is needed to engineer an NA extraction system that maximizes the final DNA yield and
improves the diagnostic capability of POC NA extraction devices.

Background

DNA extraction kits from silica-based solid phase columns often utilizes a chaotropic buffer
that serves both as a protein denaturant and cofactor that promotes NA adsorption. A chao-
trope is an ion that disrupts hydrogen bonding and disorders water molecules in an aqueous
environment [14]. These ions are ranked within the Hofmeister series by their ability to
enhance solubility of proteins. Thus, both hydration interactions and specific ion effects play a
key role in dictating the order of the Hofmeister series [15,16]. In simple electrolyte solutions,
when controlling for charge, this order manifests itself by the localization of the charge on a
given ion [17]. Chaotropic ions exhibit increased charge delocalization that disrupts neighbor-
ing hydrogen bonding and directly leads to higher protein solubility in water. Consequently,
chaotropic ions in water are usually associated with increased NA denaturation through base-
pairing disruptions [18]. Previous work with DNA has shown that adding silica particles to a
chaotropic solution will induce a pH-dependent DNA adsorption onto the particle surface
[19].

The pH dependence of the DNA-silica-chaotrope adsorption results from the surface
charge of silica and DNA [20]. Depending on the column fabrication method, the silica surface
may contain a mixture of single silanols and/or geminal silanols with an isoelectric point
around pH 1.5-3.6 [21]. Studies have shown the two effective acid dissociation constants (pK,)
of silica silanols are pH 4.5 and 8.5 [22,23]. In the context of NA extraction from biological
samples at a physiological pH of 7.0-7.4, the vast majority of the exposed silica surfaces should
theoretically be covered with negative charges. Moreover, since DNA has an isoelectric point
near pH 5, it too is predominantly negatively-charged at physiological pH. Hence, it is very dif-
ficult to explain the apparent silica-DNA affinity within NA extraction columns using electro-
statics arguments alone [15,16,24]. In terms of microfluidic medical diagnostics research, one
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must attempt to understand the fundamental surface chemistry by quantifying the interplay
among DNA, silica, and chaotropic molecules as a function of pH to fully optimize the NA
extraction yield from complicated heterogeneous biological samples [17].

Previous work has examined the DNA-silica-chaotrope interactions at concentrations of
DNA in excess of 1 ug/mL [19,25,26]. In these experiments, the high input DNA concentra-
tions often saturated the silica surface [19,26]. Thus, it is very difficult to extrapolate from
these results to NA extraction protocols for common clinical samples that do not saturate the
silica surface: for example, urine, plasma, and cerebrospinal fluid have DNA concentrations of
40-200 ng/mL, 17 ng/mL, and 3 ng/mL DNA respectively [13,27,28]. Thus, it is important to
understand the DNA-silica-chaotrope interaction when the DNA in solution is the limiting
reagent. While using miniaturized silica columns with small pores could lead to more efficient
adsorption and elution for dilute NA samples, these columns can be susceptible to clogging or
surface passivation by other biomolecules such as proteins, lipids and carbohydrates [12,29].

Here, we aim to characterize the DNA-silica-chaotrope interactions, at clinically-relevant
DNA concentrations, as a function of pH. The pH values of 3, 5.2, and 8 were chosen on the
basis of the pK, values of the silica surface groups, the depurination of DNA (below pH 2), and
the dissolution of silica (above pH 8) [30]. DNA adsorption and elution from the silica surface
was quantified under conditions that mimic those commonly used in commercial kits and
integrated POC diagnostic devices that isolate NAs from human samples [31-33]. However,
we incubated the DNA and silica particles significantly longer than most test protocols call for
to make sure that equilibrium was reached. To further focus the scope of our investigation, we
only considered commercial silica particles made for biological assays, and A-phage DNA as
the input NA. Finally, we restricted the chaotropes used to the guanidinium (CH¢N; or Gu)
and thiocyanate (SCN) ions, commonly used in commercial NA extraction kits [4,34].

Materials and methods
Materials

All experiments were conducted using Davisil 643 amorphous silica particles (Sigma-Aldrich,
St. Louis, MO, USA) and genomic A-DNA (New England BioLabs, Beverley, MA, USA) with
molecular mass of 52.3 ag per copy according to the manufacturer. Stock buffer solutions for
pH 3 and 5.2 were made by titrating 1 M sodium formate and 1 M sodium acetate with their
conjugate acids, respectively. Stock 1 M tri(hydroxymethyl)aminomethane (Tris) buffer was
adjusted to pH 8 with HCL. All chemicals were purchased from Sigma-Aldrich. Solutions used
to adsorb DNA onto silica were made from desired stock buffer solutions to final concentra-
tions of 225 mM bulffering ion and 5 M GuSCN. Similar solutions were also made without
GuSCN and used as a no-chaotrope control. The six adsorption solutions that were tested are
described in Table 1. Adsorption solution A and D had 225 mM sodium formate (pH 3),

Table 1. Adsorption solutions tested in experiment. Adsorption of DNA on silica was tested in six different adsorption solutions. Solutions at pH 3, 5.2,
and 8 were buffered with 225 mM sodium formate, sodium acetate, and Tris-Cl respectively.

Adsorption solution
A

miO O w

n

https://doi.org/10.1371/journal.pone.0176848.t001

Chaotrope pH Buffering agent
0 M GuSCN 3 225 mM HCOONa
5.2 225 mM CH3COONa
8 225 mM Tris-Cl
5M GuSCN 3 225 mM HCOONa
5.2 225 mM CH3;COONa
8 225 mM Tris-Cl
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B and E had 225 mM sodium acetate (pH 5.2), and C and F had 225 mM Tris-Cl (pH 8), while
D, E, and F also contained 5 M GuSCN.

DNA-silica system

Using NA extraction and elution protocols from standard Qiagen extraction kits and previ-
ously published POC diagnostic devices as templates, the overall experimental procedures are
shown in Fig 1. In brief, silica particles were first added to 1.7 mL microcentrifuge tubes by dis-
pensing 10 pL of a colloidal solution made from 50 mg Davisil 643 silica particles suspended in
220 uL ethanol. The 10 uL aliquot was allowed to dry in an ambient environment for 1 hour.
This step resulted in tubes containing 2.2 + 0.2 mg (n = 18) of silica particles possessing a
theoretical total surface area of 0.66 + 0.06 m* and a dry-packed column volume (CV) of

3.6 £ 0.3 pL (n = 24). Verification of the latter parameter was performed by measuring the
effective height of the silica column when the same 10 pL aliquot was packed and dried in a
cylindrical glass capillary with an inner diameter of 580 um. Once the ethanol evaporated
completely, 390 pL of the adsorption solution and 10 pL of A-DNA solution were added to the
silica particles. The net mass of input DNA ranged from 1 pg to 1 pg, and corresponded to
DNA concentrations between 2.5 pg/mL to 2.5 pg/mL (4.8-10* copies/mL to 4.8-10'° copies/
mL). The contents of each tube were mixed by inversion, placed on a tube rotator, and incu-
bated at room temperature for 1 hour to allow DNA to adsorb onto the silica surface. The silica
particles were separated from the liquid phase using Millipore Ultrafree MC 0.22 um centrifu-
gal filters (Billerica, MA, USA) spun for 2 min at 12,100 x g. The aqueous filtrate was collected
to quantify the DNA amount not adsorbed during the adsorption step: we define this as ‘Lost
DNA’ since it was not captured by the column. The silica particles were then washed with

400 pL 70% ethanol and spun again to dry the particles further. Qiagen buffer EB (10 mM
Tris-Cl at pH 8.5, Qiagen, Valencia, CA, USA) was used as the elution buffer for all adsorption
conditions. Buffer EB (10 mM Tris-Cl, pH 8.5) is a standard buffer in solid phase extraction
kits due to its high pH and low salt properties [4]. For the elution step, 400 pL buffer EB was
added to the silica particles, incubated for 5 min at ambient conditions, and then spun down.
The resulting filtrate was collected to quantify the DNA eluted from the silica particles: we
define this as ‘Recovered DNA’ this would be the purified DNA used for downstream quantifi-
cation methods if this protocol was used in a diagnostic device. Since the elution volume is
more than 400 times the CV of the silica particles, we expect the DNA elution peak to be
located within the first eluate. As a negative control, adsorption solution containing A-DNA

== Silica+DNA = Eihanol Tt = 1;3)15;;:?\$=: =
Adsorption . e k=l (oo 20

solution =i eild = Q0

DNA ° g Filter \# »

% %
Silica

) Lost Ethanol Dry via . Recovered
Incubation Ty Incubation

DNA wash  centrifuge DNA

Fig 1. Schematic of general protocol. Silica, adsorption solution, and DNA were combined in a microcentrifuge tube. This solution was
incubated for 1 hour in an agitated state to promote mixing. The silica particles and any DNA adsorbed onto them were separated from
solution using a filter. The supernatant was analyzed to determine the ‘Lost DNA’ (DNA amount not adsorbed after incubation). The particles
were subsequently washed with 70% ethanol and dried. The elution buffer was then added and incubated for 5 min before it was also
collected to determine the ‘Recovered DNA’ (DNA amount eluted from the silica surface.

https://doi.org/10.1371/journal.pone.0176848.9001
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was also passed though the Millipore filters (without silica), collected, and quantified to assess
how much DNA might be lost by adsorption to the filter. The range of adsorption solutions
tested are listed in Table 1 and consisted of pH 3, 5.2, and 8, each with and without GuSCN.
No-DNA control reactions were also tested. GuSCN was chosen as the chaotrope due to its
common use in cell lysis protocols [3,35].

Elution curves

To understand the DNA-silica-chaotrope interaction, elution curves were generated for differ-
ent conditions. For selected DNA adsorption solutions, the post-adsorption silica particles
were subsequently washed, dried, and eluted with 4 serial volumes of a selected elution buffer.
Four elution buffers were chosen for their ability to disrupt specific intermolecular interac-
tions: 1) 0.5 M Tris-Cl (pH 8.5) to disrupt electrostatic interactions, 2) 95°C formamide to dis-
rupt hydrogen bonding, 3) 1 M NaOH to release DNA by dissolving the silica surface, and 4)
buffer EB to deprotonate the phosphate and silanol surface groups on DNA and silica respec-
tively due to its pH buffering capability. Nuclease-free water was also used to elute DNA from
silica as a control.

DNA purification

Since the polymerase chain reaction (PCR) was used to quantify the DNA amounts lost and
recovered, an additional ethanol precipitation step was applied to all filtrates to remove PCR-
inhibiting salts [36]. To elaborate, filtrates were placed in 1.7 mL microcentrifuge tubes con-
taining 5 pL of 20 mg/mL glycogen (Thermo Scientific, Waltham, MA, USA), 30 uL of 5 M
NaCl, and 65 pL of buffer EB to a total volume of 500 pL. The solutions were vortexed, allowed
to sit for 2 min at room temperature, and then 1.1 mL of ethanol was added and mixed to pre-
cipitate the DNA. After another 2 min of room-temperature incubation, solutions were spun
at 17,900 x g for 15 min at 22°C to generate glycogen-DNA pellets. Upon discarding the super-
natant, the pellets were washed twice with 500 mL 70% ethanol. After discarding the superna-
tants, the glycogen-DNA pellets were allowed to dry in ambient conditions for 15 min. Finally,
the pellets were resuspended in buffer EB. For DNA filtrate samples containing formamide,
the protocol was changed to account for the higher polarity of formamide compared to water.
The 1.1 mL of ethanol during precipitation was replaced with 833 uL of tert-butanol. As an
additional control, ethanol precipitation from solutions with known amounts of input DNA
was carried out as positive controls to ensure efficacy of precipitation process.

gPCR

DNA loss and recoveries from each experiment were ascertained via quantitative polymerase
chain reaction (QPCR). Samples were amplified using SureStart Taq polymerase (Agilent,
Santa Clara, CA, USA) using an Applied Biosystems 7500 thermocycler. Custom primers and
Tagman probe sequences were designed for specific sequences of A-DNA. The forward primer
was (5' - GTG GAA TGA ACA ATG GAA GTC AAC AA -3 '), the reverse primer was (5 ' — GGC
AGA GTC ATAAAG CAC CTCATT A -3 ") (Integrated DNA technologies), and the Tagman
probe was (5' - AGG TGC TAC GGC GGC AGA GT -3 ') tagged with 6-FAM at the 5-end and a
MGB-NFQ quencher at the 3’-end (Applied Biosystems, Waltham, MA, USA). The resulting
amplicon was 177 base pairs long. Each 25 uL reaction contained 5 pL of the purified DNA fil-
trates. Samples were placed in a 96-well plate (Applied Biosystems, Waltham, MA, USA), ini-
tially heated to 95°C to activate the polymerase and then cycled 40 times through 30 sec of
95°C for DNA denaturing, 5 sec of 65°C for primer annealing, and 30 sec of 72°C primer
extension. qPCR generates curves of the relative fluorescence (ARn) after each temperature
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Fig 2. Schematic of qPCR data analysis. Relative fluorescence (ARn) was recorded at each PCR cycle for samples and standards of
known DNA amounts. A ARn threshold value was chosen (green line) in the linear region to determine a Ct value. The Ct value is plotted vs.
the amount of input DNA and fit with a regression line. This line was used to back-calculate the initial amount of DNA in an unknown sample

by plotting sample on the line with its Ct value.

https://doi.org/10.1371/journal.pone.0176848.9g002

cycle. The amount of starting DNA is calculated based on the cycle at which the fluorescence
in a given well reached a threshold value as shown in Fig 2.

Results and discussion
Strongest DNA adsorption occurs at low pH with GuSCN

To analyze the adsorption efficiency of DNA on silica, we explored the amount of DNA lost
(never bound to the solid surface during the first incubation step). We began by examining the
DNA loss mechanisms. In Fig 3, we observed that regardless of the presence or absence of
GuSCN during the DNA adsorption process, the highest DNA loss occurred at pH 8. Since pH
8 is significantly above the first silanol pK, (4.5) and near the second pK, (8.5) [20], the data
supports the theory in which an overall negatively-charged silica surface is electrostatically
repelling the negative-charged DNA phosphate backbone. Moreover, the data also supports
previous studies, in which silica dissolution at pH 8-10 inhibits DNA adsorption [30]. In
essence, the pH 8 data reinforces the common observation that commercial NA extraction kits
perform poorly at high pH [19,34].

Next, we observed an overall enhanced DNA adsorption at pH 3 and 5.2. The addition of
GuSCN increased adsorption by an order of magnitude at these pH values. For input DNA
less than 25 ng/mL at pH 3, the amount of DNA loss during initial adsorption was less than
0.1%. At higher input DNA concentrations, the percent loss also increased, presumably due
to the onset of surface saturation by the excess DNA molecules. Similar results are seen at pH
5.2, albeit with the initial loss of 1.6-3.8%. This supports the theory that surface charges
inhibit DNA-silica adsorption. Since isoelectric points of DNA and silica are 5 and 1.5-3.6
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respectively, the decrease in the level of negative-negative charge repulsions would presum-
ably make DNA-silica interactions more favorable in an acidic environment. The data sup-
ports this expectation, since DNA loss was the lowest for pH 3, increased for pH 5.2, and
reached a peak at pH 8, controlling for the presence of GuSCN. The error bars for DNA
adsorbed at pH 5.2 without GuSCN are the largest in the plot. The standard deviations ran-
ged 0.7-10.4%, which are less than the pH 8 standard deviations that ranged 4.8-23.2% for
the same input concentrations. Adsorption at pH 3 was stronger and resulted in smaller stan-
dard deviations (0.01-1.7%), suggesting that adsorption at pH 5.2 is of strength between that
at pH 3 and pH 8.

Optimal DNA recovery when adsorbed with 5 M GuSCN at pH 5.2

Here, we analyzed the elution efficiency through the amount of DNA recovered (liberated
from the solid phase with the addition of elution buffers). In Fig 4, all samples were eluted with
buffer EB (10 mM Tris-Cl, pH 8.5), which is the gold standard for DNA-silica extraction col-
umns. Across all DNA concentrations, the DNA recovery ranged between 0.8-11.54% for
adsorption solutions A, B, and C (no chaotrope). These results suggest that eliminating
GuSCN during adsorption would render at least 71% of DNA to be deemed unrecoverable
during the entire extraction process. Such losses make these conditions unfavorable for clinical
applications.

On the other hand, the addition of GuSCN appeared to improve the levels of DNA adsorp-
tion and recovery. When the input DNA concentrations was less than < 2.5 ng/mL, DNA
recovery from adsorption solutions D, E, and F (with GuSCN) exhibited similar behavior of
adsorption solution groups A, B, and C (without GuSCN). In these cases, the recoveries ranged
from 1.2-28.3%. For input concentrations > 2.5 ng/mL, the DNA recovery did not improve
when DNA was adsorbed using solutions D and F. Finally, DNA recovery following adsorp-
tion with solution E (pH 5.2), increased to 40.3% and 53.5% for 250 ng/mL and 2.5 ug/mL
input DNA respectively. Since results from Fig 3 showed that the strongest adsorption
occurred at pH 3, we suspect the weaker adsorption at pH 5.2 (Fig 3) facilitated the corre-
sponding observed improvement in elution efficiency in Fig 4.

The DNA-silica-chaotrope interaction at low pH is dominated by
hydrophobic forces

In our series of experiments, the largest percentage of input DNA recovered was 69.3%, which
is far from ideal for clinical applications. In an effort to improve this yield, we studied the effec-
tiveness of different elution buffers. We generated elution curves using 1M NaOH, 95°C form-
amide (hot formamide), 0.5 M Tris-Cl, buffer EB, and water, following a 1 ug DNA adsorption
step using solution D. It was chosen since it generated the strongest DNA-silica-chaotrope
complex prior to the elution process, this allowed us to deconstructively interrogate specific
molecular interactions within the complex by using reagents that specifically disrupted hydro-
gen bonding, electrostatic, or van der Waals forces. In Melzak et. al, the prevailing theory of
chaotrope-mediated DNA adsorption on silica states: At low pH, where adsorption is stron-
gest, DNA is driven onto the surface through dehydration and the formation of hydrogen
bonds [19]. This theory was based on how globular proteins adsorbed to polystyrene [37]. For
this to be true, we hypothesized that 1 M NaOH (pH 13) would recover the most DNA through
high-pH silica dissolution. Likewise, elutions with 95°C formamide (hot formamide) would
liberate DNA on the basis of hydrogen bond disruptions. If the combination of hot formamide
and 1 M NaOH (pH 13) resulted in maximized DNA recovery, it would support the hypothesis
that hydrogen bonding and hydrophobic interactions dominate the DNA adsorption process.
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https://doi.org/10.1371/journal.pone.0176848.9003

Finally, water, buffer EB, and 0.5 M Tris-Cl would target possible ionic interactions within the
system.

The elution curve data is shown in Fig 5. As hypothesized, the 1 M NaOH and 95°C form-
amide elutions resulted in the largest DNA recoveries with 71.9% and 27.5% respectively in the
initial elution volume. Recoveries dropped to < 3% following the first elution fraction. For all
other elution buffers, the DNA recovery ranged between 0.04-2.63%. Next, when analysis of
variance (ANOVA) was used to compare the elution buffer efficacy for the first elution frac-
tions. At least one of the elution buffers exhibit a statistically-different DNA recovery percent-
age among the group of five buffers [F 4 1) = 2649, P < 10~"]. Furthermore, an a posteriori
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Fig 4. Recovered DNA with buffer EB elution from silica. The plots show DNA recovered from the silica surface
after DNA incubation with each adsorption solution. Solutions tested at pH 3, 5.2, and 8 are labeled as circles,
triangles, and squares respectively, and solutions D, E, and F also contained 5 M GuSCN. All samples were eluted
with buffer EB (10 mM Tris-Cl pH 8.5). (n = 3).

https://doi.org/10.1371/journal.pone.0176848.g004

Tukey test showed that DNA recovery using 1 M NaOH and 95°C formamide were signifi-
cantly different than recoveries using buffer EB, water, and 50 mM Tris-Cl (pH 8.5) at o =
0.01. In addition, there was a significant difference in DNA recovery using 1 M NaOH versus
95° formamide at o = 0.01.

Discussion

The DNA loss data suggests that DNA adsorption on silica is mainly dependent on pH. DNA
has an inherently greater affinity for the silica surface in acidic environments. However, the
addition of the chaotrope (GuSCN) increased the surface affinity for DNA at pH 3 and 5.2. We
expected this result because the isoelectric points of DNA and silica are 5 and 1.5-3.6 respec-
tively. At pH 3, we did not expect electrostatics to interfere with the chaotropic mechanism
that increased DNA adsorption, resulting in the highest surface affinity. Both the DNA and the
silica surface become more negative at pH 5.2, and the corresponding increase in electrostatic
repulsion resulted in more DNA loss. At pH 8, the loss was maximized. It has been theorized
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Fig 5. Elution of DNA from silica using varying elution buffers. Amount of recovered DNA using five
different elution buffers. Samples were eluted after 1 ug DNA was incubated with silica in adsorption solution
D (5 M GUSCN pH 3). (n=3).

https://doi.org/10.1371/journal.pone.0176848.9005

that chaotropes increase DNA-silica affinity by dehydrating the surface and promoting hydro-
gen bonding between the DNA and silica surface [19]. Our DNA loss results were consistent
with previous studies using higher concentrations of DNA [15,19].

Focusing on events downstream of the DNA adsorption process, our elution results suggest
that an increase in DNA adsorption capacity at low pH does not necessarily leads to a higher
DNA recovery rate. Instead, the best DNA recovery results were obtained by taking advantage
of a weaker DNA-silica-chaotrope adsorption complex facilitated at the intermediate pH of
5.2. Buffer EB, the gold-standard, was not able to disrupt the DNA-silica-chaotrope complex
created at pH 3 since DNA recovery did not exceed 10.1%. Conversely, when the DNA-silica-
chaotrope complex was formed at pH 8, weak DNA adsorption events resulted in massive
48.8% DNA loss prior to the EB elution steps. Thus, a DNA-silica-chaotrope adsorption event
at pH 5.2 represents an optimum situation where: (A) The initial DNA loss due to a weaker
solid-phase complex is offset by (B) An ease in complex dissociation with buffer EB at pH 8.5,
thus resulting in a multi-factor local maximum in total DNA recovery.

Diving deeper into Fig 5, a maximum DNA recovery with 1 M NaOH suggests that hydro-
phobic forces dominate DNA-silica-chaotrope association events in a pH 3 environment. In
arriving to this conclusion, we first employed buffer EB and 0.5 M Tris-Cl (pH 8.5) in an
attempt to induce DNA repulsion and remove DNA from the silica by deprotonating both the
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DNA phosphate groups and surface silanol groups. Unfortunately, > 98% of the captured
DNA remained on the surface, and only 2% of the bound DNA was recovered. Next, a 95°C
formamide solution was used disrupted the hydrogen bonding between the DNA and silica
surface, resulting in a higher recovery of 27.5%. Finally, eluting with 1 M NaOH resulted in a
71.9% recovery. Since NaOH completely destroys the DNA-silica-chaotrope complex via silica
surface dissolution, the high level of NaOH-dependent DNA liberation suggests that hydro-
phobic interactions plays a larger role than hydrogen bonding or ionic interactions in the pro-
cesses of adsorption complex formation at pH 3. We expected the lack of ionic interactions
was due to the fact that phosphate and silanol surface groups are protonated and charge-neu-
tralized at pH 3. Thus, if the destruction of all possible hydrogen bonds with hot formamide
only amounted to liberating a small portion of the entire pool of adsorbed DNA molecules,
then hydrophobic interactions are the likely dominant force that holds the DNA-silica-chao-
trope complex together.

The experiments were conducted such that DNA, rather than the available surface, was the
limiting factor for adsorption. Existing literature has shown that the adsorption capacity for
DNA per unit surface of silica is 240-800 pg/m? in the presence of a chaotrope, depending on
the pH of the adsorption solution [6,19,26]. Our results support the model in which the
adsorption capacity increases with decreasing pH. Due to experimental design constraints, the
maximum theoretical DNA adsorption we could achieve for 1 pg total DNA was 1.52 pg/m>.
In this regime when using GuSCN, no appreciable DNA was adsorbed at pH 8 and no appre-
ciable DNA will be eluted when adsorbed at pH 3. This is in contrast to other experimental
designs in literature that have demonstrated recovery of significant amounts of DNA after
adsorbing at pH 4 or 8, with the caveat that the amount of unrecoverable DNA within the sys-
tem was not addressed. To elaborate, these studies were conducted using large concentrations
of input DNA, such that the net unrecoverable amount of DNA was negligible compared to
the net recovered [6,25,26]. These differences become vital when one is trying to use silica col-
umns to bind and release minute amounts of total DNA from NA-dilute clinical samples. Of
course, most commercial kits address this problem by adding exogenous DNA to artificially
increase the overall DNA load. However, this approach is not ideal in POC applications, since
adding reagents increases cost, complexity, and volume to devices that need to be as inexpen-
sive, simple, and small as possible.

Our results suggest that the standard method for eluting DNA using buffer EB from silica
following chaotrope-mediated adsorption may not be ideal for low concentration of DNA.
Only two conditions allowed for the recovery of more than 30% of input DNA with buffer EB.
Based on these results, DNA recovery depends on 1) the concentration of DNA in the adsorp-
tion solution, 2) the adsorption solution pH, 3) the presence of a chaotrope, and 4) the elution
buffer. It also depends on the ratio of input DNA to the available surface area of silica when
comparing to previous results. This however was controlled for in these experiments. Thus,
designing a device to use this technology requires not only an understanding of the DNA-sil-
ica-chaotrope interaction, but the dynamic range of characteristics associated with clinical
samples and how sample preparation steps affect these characteristics. Our data suggests that
we can increase the range of initial sample conditions for which this technology can be
implemented.

Conclusions

We developed a protocol to assess the adsorption and elution of DNA from silica particles
while emulating POC DNA extraction conditions for samples containing < 1 ug DNA. Con-
trolling for presence of a chaotrope, DNA adsorption increased with increasing acidity of the
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aqueous adsorption solution. Adsorption was further enhanced by adding 5 M GuSCN to the
adsorption solution. Elutions exceeded 30% DNA recovery only when DNA was adsorbed at
pH 5.2 with 5 M GuSCN for inputs of > 100 ng net DNA. Adsorption at pH 3 resulted in
DNA-silica-chaotrope complex that was too strong for buffer EB to disrupt effectively, while
adsorption at pH 8 was not strong enough for DNA to adsorb sufficiently. Due to the poor
recover of DNA with buffer EB at pH 3, we attempted to disrupt DNA-silica-chaotrope com-
plex by varying the eluting solution. Hot formamide and 1 M NaOH resulted in increased
recovery of 27.5% and 71.9% respectively, leading to the conclusion that the interaction was
dominated by hydrophobic interactions and hydrogen bonding. However, neither of these
buffers is practical for POC use. The optimal adsorption condition for POC use studied here
was achieved using pH 3 with 5 M GuSCN resulting in up to 99.998% DNA adsorbed, while
the optimal DNA recovery with buffer EB was 53.5% DNA using pH 5.2 with 5 M GuSCN. As
our knowledge of these interactions improve, so will the range of clinical applications for this
technology.

Acknowledgments

This work was funded by the National Institutes of Health NIBIB grant 5U54EB015403 and
NIAID grant 1R56AI113927.

Author Contributions
Conceptualization: CK CMK AF.
Data curation: CK CMK.

Formal analysis: CK.

Funding acquisition: CMK.
Investigation: CK.

Methodology: CK AF CMK.
Project administration: CMK.
Resources: CMK.

Software: CK.

Supervision: AF CMK.
Validation: CK.

Visualization: CK AF.

Writing - original draft: CK.
Writing - review & editing: CK CMK AF.

References

1. GubalaV, Harris LF, Ricco AJ, Tan MX, Williams DE. Point of care diagnostics: status and future. Anal
Chem. 2012; 84: 487-515. hitps://doi.org/10.1021/ac2030199 PMID: 22221172

2. ParkS,Zhang,Lin S, Wang T-H, Yang S. Advances in microfluidic PCR for point-of-care infectious
disease diagnostics. Biotechnol Adv. 2011; 29: 830—839. https://doi.org/10.1016/j.biotechadv.2011.06.
017 PMID: 21741465

PLOS ONE | https://doi.org/10.1371/journal.pone.0176848 May 5, 2017 12/14


https://doi.org/10.1021/ac2030199
http://www.ncbi.nlm.nih.gov/pubmed/22221172
https://doi.org/10.1016/j.biotechadv.2011.06.017
https://doi.org/10.1016/j.biotechadv.2011.06.017
http://www.ncbi.nlm.nih.gov/pubmed/21741465
https://doi.org/10.1371/journal.pone.0176848

@° PLOS | ONE

DNA extraction and recovery using silica

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

Bhattacharyya A, Klapperich CM. Thermoplastic microfluidic device for on-chip purification of nucleic
acids for disposable diagnostics. Anal Chem. 2006; 78: 788—792. https://doi.org/10.1021/ac051449j
PMID: 16448052

Qiagen, Qiagen. QlAprep Miniprep Handbook. 2007 Jan pp. 1-54.

Tan SC, Yiap BC. DNA, RNA, and protein extraction: the past and the present. J Biomed Biotechnol.
2009; 2009: 574398-574398. https://doi.org/10.1155/2009/574398 PMID: 20011662

Tian H, Hihmer AFR, Landers JP. Evaluation of silica resins for direct and efficient extraction of DNA
from complex biological matrices in a miniaturized format. Anal Biochem. 2000; 283: 175-191. https://
doi.org/10.1006/abio.2000.4577 PMID: 10906238

Cady NC, Stelick S, Batt CA. Nucleic acid purification using microfabricated silicon structures. Biosens
Bioelectron. 2003; 19: 59-66. PMID: 14558999

Kashkary L, Kemp C, Shaw KJ, Greenway GM, Haswell SJ. Improved DNA extraction efficiency from
low level cell numbers using a silica monolith based micro fluidic device. Anal Chim Acta. 2012; 750:
127-131. https://doi.org/10.1016/j.aca.2012.05.019 PMID: 23062434

Cramers CA, Rijks JA, Schutjes CPM. Factors determining flow rate in chromatographic columns. Chro-
matographia. 1981; 14: 439-444.

Toner M, Irimia D. Blood-on-a-chip. Annu Rev Biomed Eng. 2005; 7: 77—1083. https://doi.org/10.1146/
annurev.bioeng.7.011205.135108 PMID: 16004567

Chen X, Cui D, Liu C, Li H, Chen J. Continuous flow microfluidic device for cell separation, cell lysis and
DNA purification. Anal Chim Acta. 2007; 584: 237—243. https://doi.org/10.1016/j.aca.2006.11.057
PMID: 17386610

Horsman KM, Bienvenue JM, Blasier KR, Landers JP. Forensic DNA analysis on microfluidic devices: a
review. J Forensic Sci. 2007; 52: 784—799. https://doi.org/10.1111/j.1556-4029.2007.00468.x PMID:
17553097

Pan W, Gu W, Nagpal S, Gephart MH, Quake SR. Brain Tumor Mutations Detected in Cerebral Spinal
Fluid. Clin Chem. 2015; 61: 514-522. https://doi.org/10.1373/clinchem.2014.235457 PMID: 25605683

Zhang Y, Cremer PS. Interactions between macromolecules and ions: The Hofmeister series. Curr
Opin Chem Biol. 2006; 10: 658—663. https://doi.org/10.1016/j.cbpa.2006.09.020 PMID: 17035073

Collins KD. Why continuum electrostatics theories cannot explain biological structure, polyelectrolytes
or ionic strength effects in ion—protein interactions. Biophys Chem. 2012; 167: 43-59. https://doi.org/10.
1016/j.bpc.2012.04.002 PMID: 22608112

Kunz W, Nostro Lo P, Ninham BW. The present state of affairs with Hofmeister effects. Curr Opin Col-
loid Interface Sci. 2004; 9: 1-18.

Salis A, Ninham BW. Models and mechanisms of Hofmeister effects in electrolyte solutions, and colloid
and protein systems revisited. Chem Soc Rev. 2014; 43: 7358-7377. https://doi.org/10.1039/
c4cs00144c PMID: 25099516

Pegram LM, Wendorff T, Erdmann R, Shkel |, Bellissimo D, Felitsky DJ, et al. Why Hofmeister effects of
many salts favor protein folding but not DNA helix formation. Proc Natl Acad Sci USA. 2010; 107: 7716—
7721. https://doi.org/10.1073/pnas.0913376107 PMID: 20385834

Melzak KA, Sherwood CS, Turner R, Haynes CA. Driving forces for DNA adsorption to silica in perchlo-
rate solutions. J Colloid Interface Sci. 1996; 181: 635-644.

Rimola A, Costa D, Sodupe M, Lambert J-F, Ugliengo P. Silica surface features and Their role in the
adsorption of biomolecules: computational modeling and experiments. Chem Rev. 2013; 113: 4216—
4313. https://doi.org/10.1021/cr3003054 PMID: 23289428

Vandeventer PE, Mejia J, Nadim A, Johal MS, Niemz A. DNA adsorption to and elution from silica sur-
faces: influence of amino acid buffers. J Phys Chem B. 2013; 117: 10742—-10749. https://doi.org/10.
1021/jp405753m PMID: 23931415

Ong S, Zhao X, Eisenthal KB. Polarization of water molecules at a charged interface: second harmonic
studies of the silica/water interface. Chem Phys Lett. 1992; 191: 327-335.

Ostroverkhov V, Waychunas GA, Shen YR. New information on water interfacial structure revealed by
phase-sensitive surface spectroscopy. Phys Rev Lett. 2005; 94: 046102—4. https://doi.org/10.1103/
PhysRevLett.94.046102 PMID: 15783575

Li X, Zhang J, Gu H. Study on the adsorption mechanism of DNA with mesoporous silica nanoparticles
in agueous solution. Langmuir. 2012; 28: 2827-2834. https://doi.org/10.1021/1a204443j PMID:
22182067

Vandeventer PE, Lin JS, Zwang TJ, Nadim A, Johal MS, Niemz A. Multiphasic DNA adsorption to silica
surfaces under varying buffer, pH, and ionic strength conditions. J Phys Chem B. 2012; 116: 5661—
5670. https://doi.org/10.1021/jp3017776 PMID: 22537288

PLOS ONE | https://doi.org/10.1371/journal.pone.0176848 May 5, 2017 13/14


https://doi.org/10.1021/ac051449j
http://www.ncbi.nlm.nih.gov/pubmed/16448052
https://doi.org/10.1155/2009/574398
http://www.ncbi.nlm.nih.gov/pubmed/20011662
https://doi.org/10.1006/abio.2000.4577
https://doi.org/10.1006/abio.2000.4577
http://www.ncbi.nlm.nih.gov/pubmed/10906238
http://www.ncbi.nlm.nih.gov/pubmed/14558999
https://doi.org/10.1016/j.aca.2012.05.019
http://www.ncbi.nlm.nih.gov/pubmed/23062434
https://doi.org/10.1146/annurev.bioeng.7.011205.135108
https://doi.org/10.1146/annurev.bioeng.7.011205.135108
http://www.ncbi.nlm.nih.gov/pubmed/16004567
https://doi.org/10.1016/j.aca.2006.11.057
http://www.ncbi.nlm.nih.gov/pubmed/17386610
https://doi.org/10.1111/j.1556-4029.2007.00468.x
http://www.ncbi.nlm.nih.gov/pubmed/17553097
https://doi.org/10.1373/clinchem.2014.235457
http://www.ncbi.nlm.nih.gov/pubmed/25605683
https://doi.org/10.1016/j.cbpa.2006.09.020
http://www.ncbi.nlm.nih.gov/pubmed/17035073
https://doi.org/10.1016/j.bpc.2012.04.002
https://doi.org/10.1016/j.bpc.2012.04.002
http://www.ncbi.nlm.nih.gov/pubmed/22608112
https://doi.org/10.1039/c4cs00144c
https://doi.org/10.1039/c4cs00144c
http://www.ncbi.nlm.nih.gov/pubmed/25099516
https://doi.org/10.1073/pnas.0913376107
http://www.ncbi.nlm.nih.gov/pubmed/20385834
https://doi.org/10.1021/cr3003054
http://www.ncbi.nlm.nih.gov/pubmed/23289428
https://doi.org/10.1021/jp405753m
https://doi.org/10.1021/jp405753m
http://www.ncbi.nlm.nih.gov/pubmed/23931415
https://doi.org/10.1103/PhysRevLett.94.046102
https://doi.org/10.1103/PhysRevLett.94.046102
http://www.ncbi.nlm.nih.gov/pubmed/15783575
https://doi.org/10.1021/la204443j
http://www.ncbi.nlm.nih.gov/pubmed/22182067
https://doi.org/10.1021/jp3017776
http://www.ncbi.nlm.nih.gov/pubmed/22537288
https://doi.org/10.1371/journal.pone.0176848

@° PLOS | ONE

DNA extraction and recovery using silica

26.

27.

28.

29.
30.
31.

32.

33.

34.
35.

36.
37.

Poeckh T, Lopez S, Fuller AO, Solomon MJ, Larson RG. Adsorption and elution characteristics of
nucleic acids on silica surfaces and their use in designing a miniaturized purification unit. Anal Biochem.
2008; 373: 253-262. https://doi.org/10.1016/j.ab.2007.10.026 PMID: 18022378

Su Y-H, Wang M, Brenner DE, Ng A, Melkonyan H, Umansky S, et al. Human urine contains small, 150
to 250 nucleotide-sized, soluble DNA derived from the circulation and may be useful in the detection of
colorectal cancer. J Mol Diagn. 2004; 6: 101—107. https://doi.org/10.1016/S1525-1578(10)60497-7
PMID: 15096565

Rhodes A, Wort SJ, Thomas H, Collinson P, Bennett ED. Plasma concentration as a predictor of mortal-
ity and sepsis in critically ill patients. Crit Care. 2006; 10: R60. https://doi.org/10.1186/cc4894 PMID:
16613611

Qiagen, Qiagen. DNeasy Blood & Tissue Handbook. 2006 Jun pp. 1-62.
Harris DC. Quantitative Chemical Analysis. 4 ed. WH Freeman and Company; 1996.

Byrnes S, Fan A, Trueb J, Jareczek F, Mazzochette M, Sharon A, et al. A portable, pressure driven,
room temperature nucleic acid extraction and storage system for point of care molecular diagnostics.
Anal Methods. 2013; 5: 3177-9. https://doi.org/10.1039/C3AY40162F PMID: 23914255

Chatterjee A, Mirer PL, Zaldivar Santamaria E, Klapperich C, Sharon A, Sauer-Budge AF. RNA isolation
from mammalian cells using porous polymer monoliths: an approach for high-throughput automation.
Anal Chem. 2010; 82: 4344—4356. https://doi.org/10.1021/ac100063f PMID: 20443545

Gillers S, Atkinson CD, Bartoo AC, Mahalanabis M, Boylan MO, Schwartz JH, et al. Microscale sample
preparation for PCR of C. difficile infected stool. J Microbiol Methods. 2009; 78: 203-207. https://doi.
org/10.1016/j.mimet.2009.05.020 PMID: 19505511

Qiagen, Qiagen. RNeasy Mini Handbook. 4 ed. 2012 Jun.

Boom R, Sol CJ, Salimans MM, Jansen CL, Wertheim-van Dillen PM, van der Noordaa J. Rapid and
simple method for purification of nucleic acids. J Clin Microbiol. 1990; 28: 495-503. PMID: 1691208

Sambrook J, Russell DW. Molecular Cloning—A Laboratory Manual. 2001. pp. 1-2231.

Haynes CA, Sliwinsky E, Norde W. Structural and electrostatic properties of globular proteins at a poly-
styrene-water interface. J Colloid Interface Sci. 1994; 164: 394—409.

PLOS ONE | https://doi.org/10.1371/journal.pone.0176848 May 5, 2017 14/14


https://doi.org/10.1016/j.ab.2007.10.026
http://www.ncbi.nlm.nih.gov/pubmed/18022378
https://doi.org/10.1016/S1525-1578(10)60497-7
http://www.ncbi.nlm.nih.gov/pubmed/15096565
https://doi.org/10.1186/cc4894
http://www.ncbi.nlm.nih.gov/pubmed/16613611
https://doi.org/10.1039/C3AY40162F
http://www.ncbi.nlm.nih.gov/pubmed/23914255
https://doi.org/10.1021/ac100063f
http://www.ncbi.nlm.nih.gov/pubmed/20443545
https://doi.org/10.1016/j.mimet.2009.05.020
https://doi.org/10.1016/j.mimet.2009.05.020
http://www.ncbi.nlm.nih.gov/pubmed/19505511
http://www.ncbi.nlm.nih.gov/pubmed/1691208
https://doi.org/10.1371/journal.pone.0176848

