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A quartz crystal microbalance with dissipation (QCM-D) has been used to determine the adsorption rate of ampicillin-
resistant linear and supercoiled plasmid DNA onto a silica surface coated with natural organic matter (NOM). The
structure of the resulting adsorbed DNA layer was determined by analyzing the viscoelastic properties of the adsorbed
DNA layers as they formed and were then exposed to solutions of different ionic composition. The QCM-D data were
complemented by dynamic light scattering measurements of diffusion coefficients of the DNA molecules as a function
of solution ionic composition. The obtained results suggest that electrostatic interactions control the adsorption and
structural changes of the adsorbed plasmid DNA on the NOM-coated silica surface. The adsorption of DNA molecules
to the NOM layer took place at moderately high monovalent (sodium) electrolyte concentrations. A sharp decrease
in solution ionic strength did not result in the release of the adsorbed DNA, indicating that DNA adsorption on the
NOM-coated silica surface is irreversible under the studied solution conditions. However, the decrease in electrolyte
concentration influenced the structure of the adsorbed layer, causing the adsorbed DNA to adopt a less compact
conformation. The linear and supercoiled DNA had similar adsorption rates, but the linear DNA formed a thicker and
less compact adsorbed layer than the supercoiled DNA.

1. Introduction of DNA to soil minerals protects DNA from enzymatic
DNA immobilization on solid surfaces is a necessary step for degradation, thus allowing for the subsequent transformation of
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evidence of conformational changes of DNA molecules adsorbedsingle colony from a freshly streaked plate was selected for inoculating

to mica, no quantitative information was available. Hook ét al.
and Larsson et distudied the interactions of single-strand DNA
onto polymeric layers and subsequent DNA hybridization using
QCM-D. These investigators applied the Voigt-based model to
the QCM-D data to obtain information on the viscoelastic
properties of each layer and the efficiency of DNA hybridization.

5 mL of starter culture into LB broth containing 0.1 mg/mL ampicillin.
After 8 h of incubation, the starter culture was dilutedoiri L of
ampicillin containing the LB broth for 12 h of incubation. The cell
density in the final broth was approximately®l@er milliliter, as
measured by optical density (SmartSpect 3000, Bio-Rad Laboratories,
CA). Plasmid DNA extraction and purification was performed with
the Qiagen EndoFree Plasmid Giga kits according to the protocol

Studies that help one understand the fate and transport ofrecommended by the company (Qiagen Inc. CA). After final DNA

DNA in natural environments have used clay, etdymic acid

precipitation with 70% ethanol, the DNA precipitates were dissolved

complexes, and sand as model solid surfaces. For example, Polynto 20 mL of DI water, which was purchased from American
et al2° used a combination of batch experiments and LTSEM to Bioanalytical (Natick, MA) and tested for RNase and endotoxins by
show that supercoiled plasmid DNA molecules form bridges the company. To facilitate DNA precipitate dissolution, the Dl water

between two clay platelets, while linear DNA molecules adsorb
to edges of the clay platelet. Only two studies, both by Crecchio
et al.333*have addressed the adsorption of DNA to humic acid
and humic acid complexes. The focus of these two studies,
however, was on the protection of DNA adsorbed to humic acid

was adjusted to pH 8 uginl M NaOH.

To obtain the linear plasmid DNA, we performed enzymatic
digestion for the extracted supercoiled plasmid DNA using the
enzyme Nsi | (New England Biolabs, Inc., Beverly, MA). For
enzymatic digestion, we divided 20 mL of supercoiled plasmid DNA
solution into 20 1-mL aliquots stored in 2-mL microcentrifuge tubes.

against degradation by DNase and the ability of the adsorbed afier the addition of 15.L of Nsi | to each aliquot, the mixture was

DNA to transform competent bacteria. Systematic studies that
elucidate the mechanisms of DNA interaction with natural organic
matter (NOM) are not available. Because NOM covers most

mixed, centrifuged for 1 min, and incubated at°&7for 14 h. After
this incubation period, 1@L of Nsi | was added to each aliquot
followed by an incubation periodfd h at 37°C. Two microliters

surfaces in the subsurface environment, understanding the DNAof the DNA mixture was then taken for agarose analysis to ensure

adsorption mechanisms to NOM-coated surfaces will help predict
the persistence and mobility of extracellular DNA in the
subsurface environment.

In this paper, we present a systematic investigation on the
adsorption kinetics and reversibility of linear and supercoiled
plasmid DNA onto a silica surface coated with NOM. A QCM-D
was used to determine the DNA adsorption rate at differentionic

complete digestion. Subsequently, 20 aliquots of digested DNA
mixtures were combined. To purify the digested DNA, 160 mL of
solution containing 750 mM NaCl and 50 mM MOPS at pH 7 was
added to the combined 20 mL of DNA solution. Two QIAGENp
10000s were used to purify 180 mL of this DNA solution, according
to the manufacturer's recommendation. As with the supercoiled
plasmid DNA, the final linear DNA precipitates with 70% ethanol
were dissolved in 20 mL of DI water with a pH adjusted to 8. For

strengths, as well as the detachment and structural (conforma-oth linear and supercoiled plasmid DNA, the DNA solution was
tional) changes that occurred as the DNA adsorbed layers weredivided into 200uL aliquots and kept at-20 °C until use.

exposed to solutions with lower ionic strengths. The QCM-D
results were complemented by diffusion coefficient data obtained
from dynamic light scattering (DLS) measurements. The QCM-D

and DLS data were used to elucidate the adsorption mechanism&

of plasmid DNA onto adsorbed NOM layers and the resulting
conformations of the adsorbed DNA layers.

2. Materials and Methods

2.1. Chemicals and Reagent#\nalytical grade NaCl, poly-L-
lysine (PLL) hydrobromide (molecular weight of approximately 93
kDa), and HEPES buffer were purchased from Sigma. All electrolyte
and HEPES buffer solutions were filtered through a q«22sterile
cellulose acetate filter (Corning Inc., Corning, NY) and kept at 4
°C until use. Before use, the solutions were sonicated for 30 min
to remove air bubbles and kept at 27 until being introduced into
the QCM-D sensor chamber.

Suwannee River NOM was obtained from the International Humic
Substances Society (IHSS, St. Paul, MN). The NOM solution was
made by dissolving 54 mg of the Suwannee River NOM in 0.1 L
of deionized (DI) water, after which it was stirred overnight and
filtered through a 0.22m sterile cellulose acetate filter. Twenty
milliliters of the NOM filtrate was mixed with 18 mL of 100 mM
NaCl solution and 162 mL of DI water to make the final NOM
solution in 10 mM NacCl. This NOM solution was filtered again and
kept at 4°C until use. The total organic carbon (TOC) of the filtered
NOM solution was 21.83 0.13 mg/L (duplicate measurements of
21.92 and 21.74 mg/L). All solutions were made using DI water
with a resistivity of at least 18 K2.

2.2. Linear and Supercoiled Plasmid DNA Preparation.E.
coli XL1 blue strains with the ampicillin-resistant plasmid vector
pGEM-Teasy (3015 bp) were used as a source of plasmid DNA. A

(32) Pietrement, O.; Pastre, D.; Fusil, S.; Jeusset, J.; David, M. O.; Landousy,
F.; Hamon, L.; Zozime, A.; Le Cam, E.angmuir2003 19, 2536-2539.

(33) Crecchio, C.; Stotzky, GSoil Biol. Biochem1998 30, 1061-1067.

(34) Crecchio, C.; Ruggiero, P.; Curci, M.; Colombo, C.; Palumbo, G.; Stotzky,
G. Soil Sci. Soc. Am. 2005 69, 834-841.

UV-absorbance spectra were obtained for both supercoiled and
linear plasmid DNA using the NanoDrop ND-1000 spectropho-
tometer (NanoDrop Technologies, Wilmington, DE). To determine
NA concentration, we obtained a calibration curve using standard
solutions of salmon sperm DNA at 10 mg/mL (Invitrogen). TE buffer
containing 10 mM Tris HCl and 1 mM EDTA at pH 8 was used for
the standard DNA solutions. The supercoiled and linear plasmid
DNA solutions were diluted 100 times and 10 times, respectively,
into the TE buffer to determine the DNA concentrations.

A supercoiled plasmid ladder (Invitrogen) and a 1-kb linear plasmid
ladder (New England Biolabs, Inc.) were used to check the integrity
of the extracted plasmid DNA. Twenty microliters of each ladder
and plasmid DNA solution at 1060dilution were loaded into a 1%
agarose gel. Aftel h of electrophoresis at 100 V, the agarose gel
was stained with 20 mg/L ethidium bromide for 30 min before
imaging with a gel documentation system (Bio-Rad Laboratories,
CA).

2.3. Determination of Plasmid Diffusion Coefficients by DLS.

A multidetector light-scattering unit (ALV-5000, Langen, Germany)
with a Nd:vanadate (Nd:YVg) laser light source was used to
determine plasmid diffusion coefficients. The DLS instrument and
the measurement protocol have been described in detail in our recent
work 35 Briefly, all DLS measurements were obtained with the
detector positioned at a scattering angle 6f 8@r each measurement,
the mixture was slowly transferred into the glass sample vials, which
were closed with Teflon-lined caps. The concentration of the plasmid
DNA for the DLS measurements was 114 mg/L. For each sample,
40 autocorrelation functions were obtained during the 600-s
measurement. The scattered light intensity was approximately 30
kHz for all measurements.

2.4. QCM-D.Plasmid DNA adsorption kinetics and reversibility,
as well as the viscoelastic properties of the adsorbed layers, were
measured by the QCM-D D-300 system (Q-Sense AB, Gothenburg,
Sweden). The crystals, with a fundamental resonant frequency of
fo &~ 5 MHz, were coated with Sigby vapor deposition and were

(35) Nguyen, T. H.; Elimelech, MBiomacromolecule2007, 8, 24—32.
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supplied by Q-Sense (batch 051031). Before each measurement, the

crystals were soaked overnightin a 2% Hellmanex Il solution (Hellma
GmbH & Co KG, Mulheim, Germany), rinsed thoroughly with DI
water, dried with ultrahigh-purity Ngas, and treated for 30 min in

a UV/O; chamber. The QCM-D experiments were performed in a
flow-through mode, using a syringe pump (Kd Scientific, Inc.,
Holliston, MA) operating in withdrawal mode. Specifically, the pump

was connected to the sensor crystal outlet and the studied solutions,

contained within a syringe connected to the sensor crystal inlet,

were fed through the crystal sensor chamber at a flow rate of 0.1

mL/min.
2.5. Protocol for Plasmid Adsorption Kinetics Studies.For

each experiment in this study, the silica sensors were equilibrated

for at least 30 min with a HEPES buffer made from 10 riNM2-
hydroxyethyl)piperazind¥'-2-ethanesulfonic acid and 100 mM NaCl

atan unadjusted pH of 5.8. After the equilibration period, the baselines

of the frequency signals were stabilized at an approximately 2 Hz

change in frequency over 1 h. The silica sensor was coated with

NOM by the adsorption of a layer of PLL polycations onto the silica

surface and subsequent adsorption of a layer of Suwannee River

NOM. The layer of PLL was formed by flowing 2 mL of a PLL
hydrobromide solution of 0.1 g/L in a HEPES buffer through the
sensor chamber. At this pH condition, the PLL layer is positively
charged because of the amine groups. The PLL layer was rinse
with the HEPES buffer for 20 min and with 10 mM NacCl for another
20 min. After this 40-min washing, the PLL layer was covered by
a layer of NOM formed by flowing 2 mL of Suwannee River NOM
solution at 21 mg/L TOC through the sensor chamber. This NOM
layer was then washed with 10 mM NaCl solution and a DNA-free
electrolyte solution of the same ionic composition to be used in

subsequent DNA adsorption experiments. Each rinse lasted for 20

min. After the formation of the NOM layer on the silica sensor and

subsequent washing, plasmid DNA experiments were conducted by

flowing the following solutions through the sensor chamber: 4 mL
of plasmid DNA solution at 120 mg/L concentration in a particular
electrolyte solution (step 1), 2 mL of DNA-free electrolyte solution
(step 2), 2 mL of 10 mM NacCl solution (step 3), 2 mL of 1 mM NacCl
solution (step 4), and 2 mL of DI water (step 5). Step 1 was used
for studying the adsorption kinetics of plasmid DNA onto the NOM
layer. Step 2 was a rinsing step. StepsS3were for the study of
adsorption reversibility and the structural changes of plasmid DNA
layers as a function of solution composition. All experiments were
conducted in duplicate.

Experiments with DNA-free electrolyte solutions were also
performed to check the sensitivity of the quartz crystal vibration to
changes in ionic strengths. Specifically, after the formation of PLL
and subsequent NOM layers, each of the following solutions were
sequentially pumped through the crystal chamber for 20 min: 100
mM or 300 mM NacCl, 10 mM NacCl, 1 mM NacCl, and DI water.
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Figure 1. Agarose gel electrophoresis image of plasmid pGEM-

OITeasy. The first lane is the linear ladder. The second lane is the

linear DNA after enzyme digestion of the plasmid and subsequent
purification. The third lane is the plasmid before enzyme digestion;

here, the major dark band, at 3 kb, shows the supercoiled form of
the plasmid, while the minor thin band, around 7.5 kb, shows the
relaxed form of the plasmid. The fourth lane is the supercoiled

ladder.

in the works of Voinova et & Briefly, in this model, the shear
viscosity ¢7), shear modulugd), and Voigt thicknesstyig;) of the
adsorbed layer were obtained by modeling the experimental data of
Af and AD for at least two overtones using the program Q-Tools
provided by Q-Sense AB. This program applies a curve-fitting
algorithm that searches for the unknown parameigrs, @voig) by
minimizing they? parameter. Besides the experimental datAfof
andAD for at least two overtones, this model requires the solution
density (1000 kg/i§) and viscosity (10° Pa s), and the density of
the adsorbed layer (1030 kgdnfollowing the recommendations

of Gurdak et af” Modeling was performed using the same initial
parameters for four combinations of experimental data collected at
different overtones (i.en = 3,5;n=3,7;n=5,7; andn = 3,5,7).

The fitting results were qualitatively similar for all cases, indicating
that the viscoelastic properties were frequency independent. Fitted
parameters were forced between maximal and minimal guesses for
viscosity (10°°, 102 Pa s), shear modulus 3.3 x 1C° Pa), and
Voigtthickness of the adsorbed layer (0.1, 25 nm). A similar modeling
approach for the adsorbed DNA layer was applied successfully by

The changes in frequency and dissipation observed in theseStengeletat?In our study, the changes in frequency and dissipation

experiments will be referred to as the “buffer effect” for DNA-free
experiments.

2.6. QCM-D Data Analysis. For adsorption experiments, the

were also monitored continuously from the formation of the PLL
layer throughout the rinsing by DI water. Modeling was performed,
however, only for the data obtained after the formation of the NOM

adsorption rate was estimated as the initial slope of the change inlayer (i.e., steps 15 for plasmid DNA adsorption). In addition, at

frequency fi3) versus time curve. A favorable (nonrepulsive)
adsorption condition was created by adsorbing a layer of PLL onto
the silica sensor. After rinsing the PLL layer with HEPES buffer and
10 mM NacCl, as described above, 2 mL of plasmid DNA solution
ata 120 mg/L concentration in 10 mM NaCl solution was introduced

into the sensor chamber. The adsorption rates for favorable conditions

were 14.5, 15.6, and 17.9 Hz/min (average 16.0.7 Hz/min) for
supercoiled plasmid DNA, and 17.4 and 16.6 Hz/min (average 17.0
=+ 0.6 Hz/min) for linear DNA. The attachment efficienay)( also
known as the inverse stability ratio {4, for each experiment was
then calculated as the ratio of the actual rate divided by the

corresponding average of the adsorption rate at favorable conditions

(i.e., 16.0 Hz/min for supercoiled plasmid DNA and 17.0 Hz/min
for linear DNA).

The viscosity and thickness of the adsorbed layers were estimatedg

the beginning of step 1, frequency, dissipation, and time were set
to zero so that the changes in frequency and dissipation monitored
during steps %5 reflect the adsorption of plasmid DNA onto the
NOM layer.

3. Results and Discussion

3.1. Plasmid DNA Characterization.The linear form of the
digested plasmid DNA shows a single broadband at 3 kb (lane
2, Figure 1). For the undigested plasmid DNA, two bands were
observed in the agarose gel (lane 3, Figure 1): a broadband at

(36) Voinova, M. V.; Rodahl, M.; Jonson, M.; Kasemo, Bhys. Scr1999
59, 391-396.
(37) Gurdak, E.; Dupont-Gillain, C. C.; Booth, J.; Roberts, C. J.; Rouxhet, P.
Langmuir 2005 21, 10684-10692.

using a viscoelastic model based on the Voigt model, as presented (38) Stengel, G.; Hook, F.; Knoll, WAnal. Chem2005 77, 3709-3714.
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Figure 2. Diffusion coefficients of plasmid DNA in monovalent

salt solutions at ambient pH (pH 5.8). The presented data are averages
and standard deviations for 40 measurements of a single sample.
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Plasmid DNA concentrations during the measurements were 114Figure 3. Adsorption kinetics of plasmid DNA onto silica surfaces

mg/L, and the temperature was 23. The error bars represent one
standard deviation.

coated with NOM at ambient pH (pH 5.8) at different solution ionic
strengths. Adsorption rates were taken as the initial slopes of the
curves of normalized frequency shift at the third overtais() vs

3 kb and amuch smaller band ataround 7.5 kb. Thus, we concludetime. Attachment efficiency is obtained by normalizing the actual
that the vast majority of the extracted and undigested plasmid plasmid adsorption rate by the favorable adsorption rate on a PLL-

is in the supercoiled form, and that only the linear form of DNA
exists in the digested plasmid. The A260/A280 ratios for the
plasmid DNA solutions were 1.8, indicating that the plasmid
DNA solutions were not contaminated by proteff4?

3.2. Influence of lonic Strength on Plasmid Diffusion
Coefficients.Figure 2 shows diffusion coefficients for supercoiled
and linear plasmid DNA in solutions with differentionic strengths.
Over the range of studied ionic strengths from 30 to 300 mM
NaCl, linear plasmid DNA molecules have lower diffusion
coefficients than supercoiled plasmid DNA. Because linear
plasmid DNA molecules have a more flexible conformation than
supercoiled DNA, it is expected that linear plasmid DNA would
be largerin size and, therefore, have lower diffusion coefficients
than supercoiled plasmid DNA. Seils and Pettneported similar
observations. For a 2.3 kbp plasmid DNA in a solution of 00
200 mM NacCl, they reported diffusion coefficients for the relaxed
circular and linear plasmid DNA of 4.79 10 8and 4.42«< 108
cn¥/s, respectively.

For both supercoiled and linear plasmid DNA, the diffusion
coefficients increase with ionic strength. Specificalfyail mM
NaCl solution, diffusion coefficients are smallest at 1420.09
x 1078 cé/s (supercoiled DNA) and 1.18 0.09x 1078 cné/s
(linear DNA). In a 10 mM NacCl solution, these values increase
t02.904-0.17x 108 cn/s (supercoiled DNA) and 3.0% 0.39
x 10-8cn?/s (linear DNA). The diffusion coefficients are highest

coated silica surface layer-(6.0 & 1.7 Hz/min for supercoiled
DNA and—17.0+ 0.6 Hz/min for linear DNA). Shown are average
values of at least two replicate measurements. Error bars indicate
standard deviations. The plasmid concentrations during the experi-
ments were 120 mg/L, and the temperature was@5

from 5.25+ 0.37 x 10~8 cn?/s in 0.1 mM NaCl solution to 6.93

+ 0.21 x 1078 cm?/s in 8 mM NaCl solutiorf? For a 2.3 kbp
plasmid, the diffusion coefficient increased from 4:6D.30 x
108 cné/s in 3 mM NaCl solution to 4.92- 0.39x 108 cn¥/s

in 27 mM NacCl solutiorf? Therefore, our results are consistent
with the findings of Liu et al?discussed above. In addition, our
results are consistent with published data by Seils and Pétora.
For example, for a 2.3 kbp linear plasmid DNA in 100 mM
NacCl, they reported a diffusion coefficient of 4.4210-8 cn¥/s.

For the larger 3 kbp linear plasmid DNA used in our study, the
diffusion coefficient is 4.95< 1078 cn¥/s.

3.3. Kinetics of Plasmid DNA Adsorption. As described
earlier, a layer of NOM was deposited on top of a layer of
positively charged PLL. When a 120 mg/L solution of supercoiled
plasmid DNA in 10 mM ionic strength was flowed through the
QCM-D chamber after the sequential deposition of PLL and
NOM layers, the variations in frequency and dissipation were
0.2 Hz and 0.1x 1075, respectively, over 40 min. Because these
variations are similar to the baseline fluctuations, we conclude

and statistically the same in 200 mM and 300 mM NaCl solutions that no supercoiled plasmid DNA deposited onto the NOM layer
(Figure 2). The observed positive correlation between the diffusion under these conditions. This observation also proves that the
coefficients of plasmid DNA and solution ionic strength can be positively charged PLL layer was completely covered by the
explained by electrostatic interactions among subunits of the NOM layer. If the PLL layer was not covered completely by the
plasmid DNA molecules. In monovalent salt solutions,Na NOM layer, deposition of negatively charged DNA molecules
screens negative charges along the phosphate backbone of thento the regions of the uncovered positively charged PLL layer
plasmid DNA molecules. As the Naconcentration increases,  would occur, and significant variation in frequency and dissipation
charge screening is more pronounced, leading to reducedwould be measurable.
electrostatic repulsion among subunits of plasmid DNA mol-  Figure 3 presents the attachment efficiencies for supercoiled
ecules. As aresult, subunits of the plasmid DNA can come closer and linear plasmid DNA at different ionic strengths. The results
to each other, thus resulting in smaller, more compact plasmid demonstrate that, as the ionic strengths increase, the attachment
DNA molecules with higher diffusion coefficients. ~ efficiencies also increase. At 10 and 30 mM ionic strength, the
Liu et al*? observed a positive correlation between diffusion  attachment efficiencies for linear plasmid DNA are 0.01 and
coefficients and ionic strengths for three linear plasmids. For g 015, respectively. For supercoiled plasmid DNA, no deposition
example, fora 1.5 kbp plasmid, the diffusion coefficientincreased |, 45 opserved at 10 mM ionic strength (i.e., below the detection

limit of the QCM-D), and the attachment efficiency at 30 mM

(39) Wilfinger, W. W.; Mackey, K.; Chomcynski, BioTechnique&997, 22,
474-481.

(40) Manchester, K. LBioTechnique4995 19, 208-210.

(41) Seils, J. C.; Pecora, Racromoleculesl992 25, 354-362.

(42) Liu, H.; Gapinski, J.; Skibinska, L.; Patkowski, A.; PecoraJRChem.
Phys.200Q 113 6001-6010.

ionic strength was about 10 times lower than that for linear
plasmid DNA. At 100 and 300 mM ionic strength, the attachment
efficiencies increased to 0.16 and 0.30 for supercoiled plasmid
DNA, and 0.09 and 0.28 for linear plasmid DNA. While the
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Figure 4. (a) Frequency shift divided by the third harmonic numh&f#) and associated dissipation shiftsl¥s) as a function of time

for supercoiled plasmid adsorption at ambient pH (pH 5.9). The plasmid concentration was 120 mg/L, and the plasmid adsorption took place
in 100 mM NaCl (step 1). The adsorbed supercoiled plasmid layer was rinsed with 100 mM NacCl (step 2), 10 mM NacCl (step 3), 1 mM
NaCl (step 4), and DI water (step 5). (b) Changes in thickness of the adsorbed supercoiled DNA layer. (c) Frequency shift divided by the
third harmonic numberAf ) and associated dissipation shifts¥s) as a function of time for linear plasmid adsorption at ambient pH (pH

5.9). The plasmid concentration was 120 mg/L, and the plasmid adsorption took place in 100 mM NacCl (step 1). The adsorbed plasmid layer
was rinsed with 100 mM NaCl (step 2), 10 mM NacCl (step 3), 1 mM NaCl (step 4), and DI water (step 5). (d) Changes in thickness of the
adsorbed linear DNA layer. For supercoiled DNA adsorption in 100 mM NaCl (Figure 4b), the thickness data for the first 2 min are omitted
(see discussion in text). Note that only data for one run are presented for clarity.

attachment efficiencies for supercoiled plasmid DNA are 10times  3.4. Reversibility of Adsorbed DNA.Figures 4a,c and 5a,c
lower than those for linear plasmid DNA at low ionic strengths, show variations in frequency and dissipation during plasmid
the attachment efficiencies for both forms of plasmid DNA are DNA adsorption in either 100 or 300 mM NaCl and subsequent
similar at higher ionic strengths. exposure of the adsorbed layer to solutions with lower ionic
The trend in attachment efficiencies as a function of ionic strengths (i.e., 10 mM NaCl, 1 mM NaCl, and DI water). For
strength can be explained by electrostatic double-layer repulsionall cases, when the electrolyte solutions were switched from
between the DNA and the NOM layer. Atambient pH conditions  either 100 or 300 mM NaCl to 10 mM NaCl (step 3), the frequency
(pH 5.8), DNA and NOM molecules are negatively charged. As Af increases by up to 3.6 0.3 Hz (Figure 5a, layer of
the ionic strength increases, charge shielding by f¢a both supercoiled plasmid formed in 300 mM NacCl). This increase in
NOM and DNA molecules increases. Consequently, the interac- frequencyAfs does not indicate DNA detachment from the
tions between DNA and NOM molecules become less repulsive. NOM layer, but rather reflects the so-called “buffer effect” that
At the highest ionic strength studied (i.e., 300 mM), adsorption occurred in DNA-free solution experiments, in which we observed

rates for both forms of plasmid DNA are comparable, and are thatAfs) increases by 4.7 Hz when the electrolyte solution was
about 30% of those under favorable (nonrepulsive) conditions. changed from 300 to 10 mM NaCl.

The observation that, at low ionic strength, the linear DNA  \yen the electrolyte solution flowing through the adsorbed
has a higher attachment efficiency than supercoiled DNA may pya layer was switched from 10 to 1 mM NaCl (step 4), a
be attributable to their conformations. At low ionic strengths, yacrease in frequency by 14 0.2 or 1.8+ 0.8 Hz and anl

with significant electrostatic repulsion among subunits of the ;- rease in dissipation by (25 0.5) x 1076 or (2.3+ 0.3) x

DNA molecules, linear DNA molecules are expected to have an 146 Figures 4a and 5a) were observed for the supercoiled DNA
extended conformation. Itis possible that the ends of the extende ayer formed in 100 or 300 mM NaCl, respectively. Similarly,

linear DNA molecules can approach the NOM layer more ;0. the inear DNA layer formed in 300 mM NaCl was exposed
effectively than the supercoiled form of DNA. Romanowski et to 1 mM NaCl, frequency decreased by H50.7 Hz and
al.*® reported similar observations that linear DNA molecules dissipation incréased by (350.1) x 107 (step 4 .Figure 5¢)

ﬁfﬂshofbe.d mtore ttoh salr;dt;hfn supefrc<|)|led.Egﬁlg\nﬁlecules. At For the DNA-free solution experiments, switching solutions from
Igh 1onic strengtns, both Torms of plasmi ave More 14 {5 1 mM resulted in an increase of 0.7 Hz in frequency and

compact conformations, as discussed above, which results N, decrease of 0.% 105 for dissipation. Note that the change

similar adsorption rates. In addition, at high ionic strengths, the in frequency and dissipation observed during step 4 in Figures
energy barrier to.deposition Is significan';ly reduced or may even 4a and 5a,c was in the opposite direction and significantly higher
ﬂéﬁﬁ:ﬁg raall'tox%gpk;?gﬂ,rgrgfg plasmid DNA to adsorb to the than the variations observed in DNA-free solution_experiments.
) We therefore conclude that the buffer effects during step 4 are

(43) Romanowski, G.; Lorenz, M. G.; Wackernagel, Wppl. Environ. not likely to significantly influence the observed results with
Microbiol. 1991, 57, 1057-1061. regards to the adsorbed DNA layer on the NOM-coated surface.
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Figure 5. (a) Frequency shift divided by the third harmonic numb&f§) and associated dissipation shiftsl§s) as a function of time

for supercoiled plasmid adsorption at ambient pH (pH 5.9). The plasmid concentration was 120 mg/L, and the plasmid adsorption took place
in 300 mM NaCl (step 1). The adsorbed supercoiled plasmid layer was rinsed with 100 mM NacCl (step 2), 10 mM NacCl (step 3), 1 mM
NaCl (step 4), and DI water (step 5). (b) Changes in thickness of the adsorbed supercoiled DNA layer. (c) Frequency shift divided by the
third harmonic numberAfs)) and associated dissipation shiftsi¥s) as a function of time for linear plasmid adsorption at ambient pH (pH

5.9). The plasmid concentration was 120 mg/L, and the plasmid adsorption took place in 300 mM NaCl (step 1). The adsorbed plasmid layer
was rinsed with 300 mM NaCl (step 2), 10 mM NacCl (step 3), 1 mM NaCl (step 4), and DI water (step 5). (d) Changes in thickness of the
adsorbed linear DNA layer. Note that only data for one run are presented for clarity.

The combined decrease in frequency and increase in dissipation
clearly indicates that no adsorbed plasmid DNA was detached
from the NOM layer when the DNA layer was exposed to 1 mM
NacCl.

Table 1. Best Fittings for Shear Viscosity, Shear Modulus, and
Effective Thickness as Obtained Using the Voigt-Based Model

. : shear effective Similar observations can be reported for step 5, when the
viscosity ~ modulus  thickness . .
ionic composition (103Pas) (1CFPa) (nm) supercoiled adsorbed DNA layers formed in 100 or 300 mM
- - NaCl (Figures 4a and 5a) or the linear DNA layer formed in 300
supercoiled plasmid DNA M NaCl (Fi 5 d to DI water. S ificall
adsorption in 100 MM NaCl  1.44:1.42 1.66;1.65 4.4;45 MM NaCl (Figure 5c) were exposed to DI water. Specifically,
rinsing with 100 mM NaCl ~ 1.48;1.46 1.76;1.79 4.5:4.6 forthese cases, frequency decreased initially and then increased
rinsing with 10 mM NacCl 1.40;1.41 1.62;1.74 46;4.9 slightly (0.8+ 1.1) Hz, but dissipation increased by up to (5.3
rinsing with 1 mM NaCl 124,124 1.19;1.26 6.1,6.4 + 0.4) x 1078, Again, these changes are not due to the buffer
rinsing with DI water 114;1.12 093,089 8190  effects in DNA-free solution experiments, because switching
adsorptionin 300 MM NaCl  1.72;1.65 2.28;1.97 5.7,7.4  the electrolyte solution from 1 mM NaCl to DI water resulted
rinsing W!tR 300 mM Na?' 177;168 237,202 58,74 jnonlya0.1Hzincrease in frequency and immeasurable change
rinsing with 10 mM NaC 1.79;1.69 283,228 49,65  , yigsipation. Thus, the adsorbed plasmid DNA layers were
rinsing with 1 mM NacCl 1.53;149 2.11;1.70 5.6;8.0 | henth h .
rinsing with DI water 1.24'132 115120 9.0 10.9 stab eevenw enthey were exposed to DI water under the studied
. . conditions.
linear plasmid DNA . .
adsorption in 100 MM NaCl  1.17:1.17 1.01;0.89  6.1;6.2 Interesting phenomena were observed for the adsorbed linear
rinsing with 100 MM NaCl  1.20;1.19 1.13;0.94 6.6;6.4  DNA layer formed in 100 mM NaCl (Figure 4c). Subsequent
rinsing with 10 mM NaCl 1.15;1.15 1.20;0.94 6.1;6.3 exposure of the adsorbed DNA layer to 1 mM NaCl and DI water
rinsing with 1 mM NaCl 1.08;1.08 092,0.72  7.2,7.4  resultedinasignificantincrease in both frequency and dissipation.
rinsing with DI water 103,102 071,055 9.7710.6  gpecifically, frequency increased by 2£00.6 and 1.7: 0.6 Hz
adspfptiqnhigggO TAI\fI\INSICI l1;14238;11-4309 1153:10;115333 1111-23;8876 during steps 4 and 5, respectively. The accompanied dissipation
rinsing witl m a 4o, 1. o4, 1. 2, i 6 6 i
rinsing with 10 mM NaCl ~ 1.42;1.36 1.03;1.48 12.1;7.2 ;rlgresazegnkzjy 5(,1'?;51'2;? il(y :qufgéé:sﬁ ?réoegg””gn 4 an
rinsing with 1 mM NaCl 131124 085112 149:92 P 0 5, reSpectively. An Increase in frequency
rinsing with DI water 1.22:1.13 0.72:0.84 20.4:13.3 accompanied decrease in dissipation indicate mass detachment.

Increases in both frequency and dissipation suggest substantial

® The Voigt-based model was used for a single layer with a fixed gogoning of the adsorbed layer. This phenomenon was observed
density of 1030 kg/rhin all cases. Shown values are the average of all d th icall dicted . 4Th id d
values collected as follows: plasmid adsorption, rinse in either 100 or &Nd theoretically predicte previous®* The evidence an
300 mM NaCl (step 2), rinse in 10 mM NaCl (step 3), rinse in 1 mM  discussion on DNA layer softening will be addressed in the next
NaCl (step 4), and rinse in Dl water (step 5). The two values for duplicate section. In addition, thicker layers of adsorbed DNA during
experiments are shown in each column. The first and second numbers
in each column are the values obtained from the first and second
experiment, respectively.

(44) Lucklum, R.; Behling, C.; Hauptmann, Rnal. Chem1999 71, 2488-
2496.
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exposure to 1 mM NaCl and DI water (steps 4 and 5 in Figure the layers were exposed to DI water (Table 1, first run). The
4d) also suggest the lack of DNA detachment from the NOM viscosity of the plasmid DNA layer formed in 100 mM NacCl
layer, because DNA detachment should result in a thinner DNA decreased from (1.4% 0.02) x 103 to (1.244 0.0) x 1073
adsorbed layer. Therefore, we again observed adsorption ir-Pa s (for supercoiled) and from (1.480.0) x 10~3to (1.084+
reversibility for the adsorbed DNA layer onto the NOM layer. 0.0) x 1073 Pa s (for linear) when the layers were exposed to
3.5. Structure of Adsorbed Plasmid DNA Table 1 presents 1 mM NaCl, and subsequently to (1.130.0) x 102 Pa s (for
the thickness, viscosity, and shear modulus of the adsorbedsupercoiled) and (1.0& 0.0) x 1072 Pa s (for linear) when the
plasmid DNA layers that formed in solutions of either 100 or layers were exposed to DI water (Table 1, first run). This
300 mM NaCl, and were subsequently exposed to 10 mM NaCl, observation can be explained by increased “softness” of the
1 mM NacCl, and DI water. Note that, for the adsorption step, adsorbed layer due to lower electrostatic repulsion between
the parameters for each run are presented as averages of datsubunits of DNA molecules in high ionic strength solutions.
obtained when the layer is stable (i.e., from 17 min to Notethatwhenthe adsorbed linear DNA layers that were formed
approximately 45 min). In some cases, the Voigt-based modelin 100 mM NaCl were exposed to 1 mM NaCl and then to DI
did not work for the first few minutes of plasmid adsorption, as water, their viscosity reduced to (1.4#30.0) x 102 Pa s and
the modeling results showed unexplainable spikes. For example,(1.0340.0) x 1073 Pa s, respectively. The fact that the viscosity
in the case of linear plasmid DNA adsorption in 200 mM NaCl, of the adsorbed linear DNA layers was close to that of water at
viscosity increased rapidly from 0.93 102 Pa s at 0.2 min to 25°C (i.e., 1.0x 1078 Pa s) indicates that the adsorbed linear
1.3 x 102 Pa s at 2.6 min, decreased to 603 Pas at 3.1 DNA layers become substantially soft. In fact, these layers were
min, increased to 1.06 1072 Pa s at 4.8 min, then increased so soft that the frequency of vibration increased as if there was
slowly to 1.2x 1073 Pa s at 46 min. Therefore, we only report measurable mass loss (Figure 4c).
here the viscoelastic parameters obtained with the stable frequency As discussed in section 3.2, with less electrostatic repulsion
and dissipation shift (from 17 min to approximately 45 min). among subunits of DNA molecules in lower ionic strength
The adsorbed supercoiled DNA layers have lower thickness, solutions, plasmid DNA molecules have less compact conforma-
higher viscosity, and larger shear modulus than the adsorbedtion, larger size, and higher diffusion coefficients (Figure 2).
linear DNA layers (Table 1), despite their similar adsorption rate This trend is in agreement with the observed combination of
(Figure 3). Because the adsorption rates were estimated basedecreased viscosity and increased thickness of the adsorbed
on the initial slope of the frequency curve, the conformation and plasmid DNA layers when the layers formed in either 100 mM
fluidity of the DNA layer were not taken into account. In contrast, or 300 mM NaCl are exposed to lower ionic strength solutions
the thickness, viscosity, and shear modulus of the DNA layers (i.e., 10 mM, 1 mM NaCl, and DI water). In summary, electrostatic
were determined using a viscoelastic model that used frequencyinteractions control the adsorption and structural changes of the
and dissipation data collected for at least two overtones. Becauseadsorbed plasmid DNA onto a silica surface covered with NOM.
supercoiled plasmid DNA molecules are less flexible than those

oflinear plasmid DNA, itis expected that the adsorbed supercoiled 4. Concluding Remarks
DNA layers are more compact and therefore thinner, with higher  Plasmid DNA adsorption to a silica surface covered with NOM
viscosity than the adsorbed linear DNA layers. was found to be significant under solution ionic strengths that

The thinner layers formed in 200 MM NaCl have lower viscosity are relevantto aquatic environments. Specifically, the attachment
than the thicker layers formed in 300 mM NaCl ((143.02) efficiency (@) ranged from 0.01 at 1 mM ionic strength for linear
x 1073 Pa s versus (1.6% 0.04) x 1073 Pa s for supercoiled,  DNA to 0.3 at 300 mM ionic strength for both supercoiled and
and (1.17+ 0.0) x 103 Pa s versus (1.4% 0.06) x 1073 Pa linear DNA. When the adsorbed DNA layers were exposed to
s for linear, Table 1, average standard deviation of two runs).  solutions with lower ionic strengths (i.e., 1 mM NaCl and DI
The combination of thinner and less viscous DNA layers suggestswater), no DNA release was observed. These results suggest
that the DNA layers formed in 100 mM NacCl are significantly that, in subsurface environments, extracellular DNA can adhere
softer and less compact than those formed in 300 mM NacCl. This to solid surfaces covered with NOM, and a sudden change in
fact is consistent with the expected influence of ionic strength solution ionic strength, such as after rain events, does not lead
on the DNA conformation as discussed above. As ionic strength to the release of adsorbed DNA from the surface. In addition,
increases, charge screening by the salt counterions is reducedpwering ionic strength leads to a less compact adsorbed DNA
and electrostatic repulsion between subunits of the DNA layer. The results of this study on the adsorption kinetics and
decreases, leading to a more compact DNA conformation. irreversibility suggest that intracellular DNA can exist in soil as

In all cases, as the ionic strength was decreased, the thicknesa source of genetic material for natural transformation in bacteria.
of the adsorbed plasmid DNA layers increased, while their ) ) )
viscosity and shear modulus decreased. For example, for plasmid Acknowledgment. Funding was provided by the Yale Institute
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