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A quartz crystal microbalance with dissipation (QCM-D) is used to determine the adsorption rate of a supercoiled
plasmid DNA onto a quartz surface and the structure of the resulting adsorbed DNA layer. To better understand
the DNA adsorption mechanisms and the adsorbed layer physicochemical properties, the QCM-D data are
complemented by dynamic light scattering measurements of diffusion coefficients of the DNA molecules as a
function of solution ionic composition. The data from simultaneous monitoring of variations in frequency and
dissipation energy with the QCM-D suggest that the adsorbed DNA layer is more rigid in the presence of divalent
(calcium) cations compared to monovalent (sodium) cations. Adsorption rates are significantly higher in the presence
of calcium, attaining a transport-limited rate at about 1 mM*C&esults further suggest that in low ionic strength
solutions containing 1 mM Ca and in moderately high ionic strength solutions containing 300 mM NacCl, plasmid
DNA adsorption to negatively charged mineral surfaces is irreversible.

Introduction RNA molecules. Adsorption of DNA molecules to mica surfaces
has been studied extensively by atomic force microscopy
Adsorption of biological macromolecules to solid surfaces (AFM).1920 Enhancement in DNA immobilization to mica
has important applications in DNA microarraysgene therapy? surfaces in divalent cation solutions has been observed. This
DNA-based sensofs,” high-quality DNA purification by behavior has been explained by different mechanisms, including
chromatographic techniqu8&NA hybridization studie§;*°and charge neutralization of the DNA phosphate backb&hasd

the development of platforms for studying protelDNA the ability of cations to fit into microcavities on the mica
interactionst! For a number of microorganisms, the initial stage surface®
of biofilm formation is facilitated by the attachment of extra- Debate on the adsorption mechanisms of DNA to negatively

cellular DNA on the substrate surfateA thorough understand-  charged surfaces is based primarily on experimental data
ing of DNA adsorption to surfaces is therefore necessary to obtained from batch systems at equilibrium. The kinetics of
control the formation of bacterial biofilms. In addition, adsorp- DNA adsorption to negatively charged surfaces and the detach-
tion of extracellular DNA to mineral surfaces in subsurface ment of adsorbed DNA from surfaces as a function of solution
environments has been shown to provide physical protection chemistry have not been addressed in previous studies. Real
for the DNA from enzymatic degradatiéh’*More importantly, time investigations on the conformational changes of adsorbed
the adsorbed DNA retains its ability to transform competent DNA layers have been attempted using ABM2AFM images,
microorganisms via horizontal gene transfer, thus giving rise however, are prone to artifacts and can only reveal the DNA
to microbial diversity:315.16 conformation from above. No quantitative information on the
Several studies have addressed the adsorption mechanismstructural properties of the DNA adsorbed layer can be obtained
of DNA molecules to negatively charged mineral surfaces. from AFM imaging.
Romanowski et a? used flow-through columns to show This study aims at filling this gap by measuring adsorption
significant adsorption of 2.4 kb plasmid DNA to natural sands kinetics, adsorption reversibility, and the changes in viscoelastic
in the presence of at least 100 mM NaCl or of more than 1 mM properties of the adsorbed DNA layer onto silica surfaces at
MgCl,. It was suggested that charge neutralization of the DNA different solution ionic compositions. We employed an ultra-
phosphate backbones and the silica surfaces by cations controlsensitive device, a quartz crystal microbalance with dissipation
DNA adsorption. Cation bridging between the DNA molecules (QCM-D), to simultaneously monitor the variations of adsorbed
and mineral surfaces has also been suggested to explainayer thickness and viscoelastic properties as a function of
adsorption to quartz satftbr to clay minerals’ Recently Libera  aqueous solution chemistry. Adsorption mechanisms and con-
et al’® used X-ray standing waves to study adsorption of formational changes of the adsorbed layer were revealed by
synthetic RNA molecules (mercurated polyuridilic acid) to a analyzing the QCM-D data in conjunction with diffusion

silica surface in the presence of ZnIn contrast to previous  coefficients measured by dynamic light scattering (DLS) at
studies}31417 Libera et al® proposed that the formation of  various ionic compositions.

SiOzZn* groups at the silica surface promotes adsorption of the
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plasmid DNA extraction and purification, we gves L of this E. coli
strain in LB broth containing 0.1 mg/mL ampicillin for approximately
12 h. The cell density was approximately®A0L as measured by a
UV spectrophotometer (SmartSpect 3000, Bio-Rad Labratories, CA).
The plasmid DNA extraction was performed using Qiagen EndoFree
Plasmid Giga kits according to the protocol recommended by the
company (Qiagen Inc. CA). The extracted plasmid DNA was dissolved
in 20 mL of deionized (DI) water. To facilitate dissolution of the
extracted DNA, the DI water was adjusted to pH 8.0 by adding 1 M
NaOH. The deionized water was purchased from American Bioana-
lytical (Natick, MA) and was tested for RNase and endotoxins by the
company. The plasmid DNA solution was then divided into 0.2 mL
aliquots and kept in microcentrifuge tubes-a20 °C until use. The
concentration of plasmid DNA stock solution was 1700 mg/L as
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mounted in a D300 system (Q-sense AB, Gothenburg, Sweden). The
crystals, with a fundamental resonant frequefficyz 5 MHz, were
coated with amorphous silica by vapor deposition and were supplied
by Q-sense (batch 051031). Before each measurement, the crystals were
soaked in a 2% Hellmanex Il solution (Hellma GmbH & Co KG,
Mullheim, Germany) overnight, rinsed thoroughly with deionized water,
dried with ultrahigh-purity M gas, and treated for 25 min in a UVJO
chamber.

For these experiments, the variations of frequerdy &nd dissipa-
tion factor (AD) were measured for three overtones< 3, 5, and 7).
The interpretation of the viscoelastic properties of the adsorbed layers
was based on the Voigt model, as presented in Voinova EtTdie
solution density and viscosity used in this model were 1000 kgimd
1073 Pa s, respectively. The density of the adsorbed layer was fixed at

measured by a UV spectrophotometer. For this measurement, a1030 kg/nd, following the recommendations of Gurdak et?alThe
calibration curve was generated using diluted standard solutions of peg; fitting values for shear viscosity)( shear modulug4), and Voigt

salmon sperm DNA at 10 mg/mL (Invitrogen). Acd portion of the

thickness dvoigr) Of the adsorbed layer were obtained by modeling the

plasmid DNA solution diluted 100 times was used for agarose gel gyperimental data aAf and AD for at least two overtones using the
electrophoresis. A 1% agarose gel was prepared and stained withyrogram Q-Tools provided by Q-Sense AB. This program applies a

ethidium bromide aftel h of electrophoresis at 100 V. A supercoiled

curve-fitting algorithm that searches for the unknown parameigrs (

plasmid ladder (Invitrogen) was also used to check the integrity of the 14, Ovoig)) by minimizing they? parameter. Modeling was performed

extracted plasmid.

Solution Chemistries. Solutions for QCM-D experiments were
prepared with DI water and filtered through a 024 filter (Whatman,
Middlesex, UK). Two sets of solutions were prepared: solutions at
pH 5.9+ 0.1 (referred to as pH 6) and solutions at pH #90.1
(referred to as pH 8) buffered by 1 mM NaH@CFor solutions
containing CaCl (from 0.1 to 1.0 mM), NaCl was added to maintain
a total ionic strength of 10 mM. Solutions were prepared before the
QCM-D experiments and were kept at@ until use. Analytical grade
chemical compounds, including NaCl, Ca@igCl,, NaHCG;, poly-
L-lysine hydrobromide, and the HEPES buffer were purchased from
Sigma.

Determination of Plasmid Diffusion Coefficients by Dynamic
Light Scattering (DLS). The plasmid DNA diffusion coefficients were
measured in various solution chemistries using a multidetector light-
scattering unit (ALV-5000, Langen, Germany). The light source was a
solid-state, diode-pumped, frequency-doubled, Nd:vanadate (Nd;)Y VO

using the same initial parameters for four combinations of experimental
data collected at different overtones (ies 3, 5; 3, 7; 5, 7; and 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°, 1072 Pa s), shear modulus 3.3 x 1(f Pa), and Voigt
thickness of the adsorbed layer (0.1, 20 nm). A similar modeling
approach for an adsorbed DNA layer was applied successfully by
Stengel et af®

Protocol for Plasmid Adsorption Kinetics Studies. All QCM-D
experiments were performed under flow-through conditions using a
syringe pump (Kd Scientific Inc. Holliston, MA) operating in suction
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 0.1
mL/min. Electrolyte solutions for the QCM-D experiments were
degassed by sonicating for at least 20 min and subsequently kept at 27

laser (Verdi 2, Coherent, Santa Clara, CA) operating at a wavelength °c yntjl being introduced into the QCM-D system. The aliquots of

of 532 nm. Eight optical fiber photodetectors were mounted on a

plasmid DNA solutions, kept at20 °C, were taken out of the freezer

compact goniometer system. The sample vials were placed in ajmmediately before use and allowed to warm up to room temperature.

thermostated index-matching quartz vat filled with toluene and double-
filtered with a 0.1um filter (Puradisk 25 TF, Whatman, Middlesex,
UK).

Disposable glass sample vials and their Teflon-lined caps were

Before the adsorption experiments, 0.2 mL of plasmid DNA stock
solution was added to 1.8 mL of an appropriate electrolyte solution to
obtain a 2 mLelectrolyte solution containing 170 mg/L plasmid DNA.

For all experiments, the QCM-D system was equilibrated with the

purchased from Supecol (Bellefonte, PA). Before use, the glass vials corresponding electrolyte solution for a minimum of 30 min to establish

and their caps were soaked in 2% Extran MAO1 solutions (Merck,
KgaA, Darmstadt, Germany) overnight, thoroughly rinsed with deion-
ized water, and oven-dried at 60C under dust-free conditions.
Immediately before the measurements, aliquots of plasmid DNA
solutions were warmed up to room temperature {€3. For each
measurement, 1.9 mL of the electrolyte solution and 0.2 mL of the
plasmid DNA stock solution were gently mixed in a 15-mL plastic
centrifuge tube. Next, 2.0 mL of the electrolyte and plasmid DNA
mixture was slowly transferred into the glass sample vials, which were
then closed with Teflon-lined caps for DLS measurements. The
concentration of the plasmid DNA for the DLS measurements was 160
mg/L.

All light scattering measurements were conducted by positioning
the detector at a scattering angle of 9m the incident laser beam.

a stable baseline before the addition of the plasmid DNA electrolyte
solution. For adsorption kinetics experiments, data were collected for
approximately 20 min after the introduction of plasmid DNA solution
to the QCM-D system. The adsorption rate was taken as the initial
slope of the normalized frequency shift at the third overtakigy vs

time curve.

For experiments that examined the reversibility and structural
changes of the plasmid DNA adsorbed layer, 2-mL solutions were added
sequentially to the QCM-D system in the following order: (1) plasmid
DNA in divalent cation salt solution, (2) the same electrolyte solution
without plasmid DNA, (3) monovalent salt solution of 10 mM ionic
strength, and (4) monovalent salt solution of 1 mM ionic strength. The
studied divalent salt solutions were 0.5, 0.7, and 1.0 mM gatQbH
6 and pH 8 and 1.0 mM Mgghkt pH 6. For monovalent salt solutions

The detector signal was fed into the correlator, which accumulated eachof 10 mM ionic strength, 10 mM NaCl or 9 mM NaCl plus 1 mM

autocorrelation function for 15 s. A second-order cumulant fit was used

to analyze the autocorrelation functions and to determine the intensity-

weighted diffusion coefficients. For each sample, 40 autocorrelation
functions were obtained during the 600-s measurement.

Quartz Crystal Microbalance with Dissipation (QCM-D). The
QCM-D measurements were performed with AT-cut quartz crystals

NaHCQG; solutions were used at pH 6 or pH 8, respectively. For the 1
mM monovalent salt solutions of 1 mM ionic strength, 1 mM NaCl or

1 mM NaHCQ solutions were used at pH 6 or pH 8, respectively. For
experiments that investigated the conformational change of the plasmid
DNA adsorbed layer in the presence of 300 mM NaCl, 2-mL solutions
were added sequentially to the QCM-D system in the following oreﬁsv
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Figure 1. Agarose gel electrophoresis image of plasmid pGEM- 0

Teasy. The major dark band, at 3 kb, shows the supercoiled form of
the plasmid. The minor thin band, around 7.5 kb, shows the relaxed
form of the plasmid.

1 mM Na*
10 mM Na*

(1) 0.4 mL of plasmid DNA stock solution in 1.6 mL of 300 mM NacCl

solution, (2) 300 mM NaCl solution, (3) 30 mM NaCl solution, (4) 1

mM N‘rf‘CI solutlon,'and (5) deionized yvater. Each step lasted for divalent salt solutions at pH 6 and 8. CaCl, solutions have a total

approximately 20 min. Each set of experiments was performed at leastjgpc strength of 10 mM, made by the specified calcium concentration

twice to ensure experimental reproducibility. plus NaCl. The presented data are averages and standard deviations
Because silica has a point of zero charge near pH 3.0, the SiO for 40 measurements of a single sample. Plasmid DNA concentrations

coating substrate is negatively charged at the studied pH (6.0 and 8.0).during the measurements were 160 mg/L. Measurements were

To obtain a positively charged surface for favorable adsorption, a layer carried out at a temperature of 23 °C.

of poly-L-lysine (PLL) was formed on the silica surface at pH 7.4.

PLL was dissolved to a 0.1 g/L final concentration in a HEPES buffer . . . L.

(pH 7.4) made from 10 mMN-(2-hydroxyethyl)piperaziné¢-2- qoefﬂuents Wlth an increase in ionic strength were shqwn for

ethanesulfonic acid. After the QCM-D was equilibrated with the HEPES lin€ar plasmid DNA fragments of 2311 and 1500 bp in salt

buffer, 2 mL of the PLL solution was added to the system and pumped Solutions with ionic strengths up to 10 mf.The diffusion

through the crystal sensor chamber at 0.1 mL/min. The layer was COefficients measured for our 3015 bp supercoiled plasmid are

washed with the HEPES buffer for 20 min and with 10 mM NaCl for  in the range of diffusion coefficients reported for similar plasmid

another 20 min. After the two rinses, plasmid DNA solution in 10 mM  at low salt concentration. For example, the diffusion coefficients

NaCl was added to the system. The adsorption rate of plasmid DNA measured in our study are 4.5310°8 and 4.57x 1078 cmé/s

on the PLL layer was calculated as the initial slope of the frequency in 10 mM Na* at pH 6 and 8, respectively. Reported diffusion

shift at the normalized third overtonafs) vs time when plasmid DNA coefficients are 4.6% 1078 cm¥/s for a 2311 bp relaxed circular

adheres to the PLL layer. On the basis of three replicates, the plasmidplasmid in 10 mM CsCP and 4.37x 10-8 cmé/s for a 2311 bp

DNA adsorption rate on the PLL layer was 15.291.25 Hz/min. linear plasmid in 7 mM NaCi8

Attachment efficiency,a, was then calculated as the measured For C&*t-containing solutions at 10 mM total ionic strength,

adsorption rate at a given experimental condition normalized by the the plasmid DNA diffusion coefficient increases with increasing

0.5 mM Ca*
0.7 mM Ca*
1.0 mM Ca*

Figure 2. Diffusion coefficients of plasmid DNA in monovalent and

adsorption rate on the PLL layer. CaC} concentration. This observation suggests that the increase
in Ca* concentration in solution leads to smaller plasmid DNA
Results and Discussion molecules. Even though the diffusion coefficient for plasmid

DNA in 0.5 mM C&" solution is approximately the same as
Plasmid DNA Preparation and Characterization. The Agsd that in 10 mM N4, the diffusion coefficients with 0.7 and 1.0
Aggoratio for the plasmid DNA solution was 2.0, indicating that mM Ca&" are statistically higher than those in solutions without
the plasmid DNA solution was not contaminated by proté#s. C&" (one sided t test with 95% confidence). The presence of
Two bands were observed in the agarose gel (Figure 1): aatleast 0.7 mM C# clearly results in plasmid DNA molecules
broadband at 3 kb and a much smaller band at around 7.5 kb.with more compact conformation and higher diffusion coef-
Thus, we conclude that the vast majority of the extracted plasmid ficients.
is in the supercoiled form. The plasmid DNA molecules are highly negatively charged
Influence of lonic Composition on Plasmid Diffusion at pH 6 and 8 due to their phosphate backbone. In high ionic
Coefficients. Figure 2 presents the average and standard strength solutions of NaCl, the intramolecular electrostatic
deviation of plasmid DNA diffusion coefficients measured by repulsion among negatively charged subsections of the plasmid
DLS in NaCl and CaGl solutions. For each sample, 40 DNA is screened by the ions in solution. At low ionic strength,
autocorrelation functions were obtained, with each measurementcharge screening is much less effective, resulting in significant
taking place for 600 s. During this 600-s measurement, we did intramolecular electrostatic repulsion and, consequently, less
not observe any systematic change in diffusion coefficients as compact plasmid DNA molecules with lower diffusion coef-
a function of time. Thd=2 values for a linear correlation between ficients. Similar arguments on the dependence of DNA con-
diffusion coefficients and time were less than 0.1. This observa- formation on salt concentration were proposed elsewAiefe’!
tion indicates that plasmid DNA molecules were stable and did Previous studies have shown that?’Céorms complexes with
not aggregate under the studied conditions. the phosphate oxygen atoms of double-strand oligonucleo-
As shown in Figure 2, at both pH 6 and 8, diffusion tides3233 The specific interaction of Ga with the phosphate
coefficients for the plasmid DNA are statistically higher in 10 backbone significantly reduces the intramolecular electrostatic
mM than in 1 mM ionic strength solutions (one sided t test repulsion of the DNA molecules. In this case, the DNA
with 95% confidence). Observations of increased DNA diffusion molecules have a more compact conformation or smaller 866{/
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— 10k " — Thus, the presence of divalent cations leads to a substantial
3 (a) NaCl 410" £ enhancement in plasmid adsorption compared to monovalent
3 % salts.

] 107F 410° T At the studied pH conditions, both the silica surface and
g Qo plasmid DNA molecules are negatively charged. When the
W 107 ya! IPT &“ plasmid DNA molecules approach the silica surface, they
*qc')' @<g s encounter electrostatic repulsion, which is highly dependent on
€ 10%~~-~—-—---------- 2 E the solution chemistry. In the presence of monovalent cations
5 —O—pH6 1107 5 (i.e., Na"), the negative charges on the phosphate backbone of
s, . —IA—PH 8 . 2 the plasmid DNA molecules are screened. This leads to an
< 10 10 100 1000 < overall decrease in the electrostatic energy barrier between the

Concentration (mM) silica surface and the DNA molecules and to an increase in
. . adsorption rate, in qualitative agreement with the classic
10°k (b) Cacl, /@@ ] Derjaguin-Landau-Verwey—Overbeek (DLVO) theory. Stuart

et al®* also showed that the attachment of polyelectrolytes to
charged surfaces can be explained qualitatively by the DLVO
theory. In another study, Romanowskishowed a 4-fold
increased amount of plasmid DNA adsorption to quartz sand
when the N& concentration increased from 50 to 200 mM.

Divalent cations such as €acan chemically bind to the

—
o_\

3 3
Adsorption Rate (Hz/min)

U ——

3t - - - — -
10 ——pH6 ]

Attachment Efficiency (o)
=

10? phosphate backbone, effectively neutralizing its negative charges.
—>—pH 8 Consequently, the ele_c_trostatic repl_JIsion betwgen the DNA
10" 0'1 1 molecules and the silica surface is substantially reduced,

Concentration (mM) resulting in a marked increase in adsorption raté:Gans can

_ e : _ N also significantly reduce the charge of the silica surface by
Figure 3. Adsorption kinetics of plasmid DNA onto silica surfaces at binding to silanol groups, which results in reduced electrostatic
pH 6 and 8: (a) as a function of NaCl concentration and (b) as a repulsion between the DNA and the silica Surf&ees 36

function of CaCl, concentration (with the total ionic strength kept at - . .
10 mM by proper addition of NaCl). Adsorption rates were taken as Furthermore, in the presence of divalent cations, the DNA

the initial slopes of the frequency shift curve at the normalized third molecules have a more compact conformation and thus a higher
overtone (Afz) vs time. Attachment efficiency is obtained by normal- diffusion coefficient due to the reduction in intramolecular
izing the actual plasmid adsorption rate by the adsorption rate on a electrostatic repulsion among subunits of the DNA molecules.
PLL-coated silica surface layer (15.79 + 1.25 Hz/min). Shown are The combination of DNA and silica charge neutralization by
average values of at least two replicate measurements. Error bars calcium ions, and, to a lesser extent, the concomitant increase
|nd|ca_te standard deviations. Plasmid DNA concentrations duorlng the in the DNA diffusion coefficient, lead to an increase in the
experiments were 170 mg/L and the temperature was 25 °C. The ;i . -
horizontal dashed line at 0.02 Hz/min indicates the detection limit of adsorption rate of the plasmid DNA molecules on the silica
the QCM-D measurement. surface. Similar enhancement in DNA adsorption to silica and

mica surfaces by increasing ionic strength and divalent cations
has been observed by several researciéf=1.37
and therefore, their diffusion coefficients are higher than the  Structure of Adsorbed Plasmid DNA in Monovalent Salt.
case with an indifferent monovalent salt. One of the advantages of the QCM-D is its ability to monitor

Kinetics of Plasmid DNA Adsorption. The plasmid adsorp- ~ the variations of the viscoelastic properties of the adsorbed layer,
tion rates and corresponding attachment efficiencies at pH 6Which are related to the conformation and structure of the
and 8 are presented in Figure 3. As described earlier, an@dsorbed layer. A shortcoming of the QCM-D measurements,
attachment efficiency of 1.0 corresponds to favorable (non- NOWever, is that a clean crystal sensor may produce signals due
repulsive) adsorption conditions, when negatively charged to changes in electrolyte solutlon§ floyvmg through the QCM-D
plasmid DNA molecules adhere to a positively charged surface system. For examp'?' as show_n in F_|gure 4a, a drop ffom 300
at a transport-limited rate. The plasmid adsorption kinetics 10 30 mM NaCl solution resqlts I an increase of gpproxmatc_aly
behaviors are similar at the two pH conditions examined. In 3 Hz for the frequency shift divided by the third harmonic

. . . number Qfz). This change in ionic strength also results in a
the absence of divalent cations (Figure 3a), the attaChmentdecrease éf) the dissipation factd®)(by approximately 2x
efficiencies are low over the entire range of ionic strength

10°6. Also, the frequency shift increases slightly and the

studied. For 10 and 30 mM ionic strengths, the attachment yisqination factor decreases slightly, when we change the
efficiencies (0.003) are near the detection limit of the QCM-D ¢4 ,tion from 30 to 1 mM NaCl and from 1 mM NaCl to DI

measurement (shown by the horizontal dashed line). At 300 MM yyater. This effect is commonly referred to as the “buffer effect”,
ionic strength, the attachment efficiency increases by about 1pecause changes in viscosity and density of the solution lead
order of magnitude to approximately 0.03 and 0.01 at pH 6 to changes in frequency and dissipation measured by the QCM-
and 8, respectively. For 10 mM ionic strength, the presence of p38.39

at least 0.5 mM calcium leads to a significant increase in the  Figyre 4b depicts the variation in frequency and dissipation
plasmid DNA adsorption rate and attachment efficiency (Figure as a result of plasmid adsorption to silica when we used a
3b). For 1.0 mM CaGl the attachment efficiencies are close  solution containing 170 mg/L plasmid DNA in 300 mM NaCl.

to unity, averaging 0.7% 0.04 N = 4) and 0.87- 0.10 N = After the adsorption step (step 1) and a rinsing step with the
2) at pH 6 and 8, respectively. In the 0.5 mM Ca€blution, same electrolyte solution of 300 mM (step 2), we rinsed the
the attachment efficiencies for plasmid DNA adsorption are adsorbed layer with 30 mM NaCl (step 3). This change in ionic
approximately 10 times higher than those in 300 mM NaCl. strength resulted in an increase in frequency of approxim%%)o
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Figure 4. (a) Frequency shift divided by the third harmonic number
(Af) and associated dissipation shifts (AD)) as a function of time
for different solutions at pH 6. Solution conditions were as follows:
300 mM NacCl (0—13 min, step 1), 30 mM NaCl solution (13—33 min,
step 2), 1 mM NaCl (33—53 min, step 3), and DI water (step 4). (b)
Frequency shift divided by the third harmonic number and associated
dissipation shifts as a function of time for plasmid adsorption at pH
6. Plasmid concentration was 170 mg/L and the plasmid adsorption
took place in 300 mM NaCl (step 1). The adsorbed plasmid layer
was washed with 300 mM NaCl (30—50 min, step 2) and 30 mM NaCl
solution (50—70 min, step 3).

6 Hz, which is about 2 times higher than the increase in
frequency associated with the change in DNA-free solution
shown in Figure 4a. This increase in frequency may be
associated with either mass detachment, layer softéftHar
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Figure 5. Frequency shift divided by the third harmonic number (Afgz)
and associated dissipation shifts (AD) as a function of time for
plasmid DNA adsorption at pH 6. Plasmid concentration in the
adsorption experiments was fixed at 340 mg/L and the temperature
was 25 °C. Plasmid adsorption occurred in 300 mM NaCl (step 1).
The adsorbed plasmid layer was washed with 300 mM NaCl (30—50
min, step 2), 30 mM NacCl solution (50—70 min, step 3), 1 mM NacCl
solution (70—90 min, step 4), and DI water (90—115 min, step 5).

30 to 1 mM NaCl and finally to DI water, suggests that the
adsorbed plasmid layer changes its conformation to a less
compact and more fluid structure. This conformational change
of plasmid DNA is in agreement with our observations regarding
diffusion coefficients described earlier in the paper (Figure 2).
Because of the relatively significant buffer effect, this set of
data was not used for viscoelastic modeling in order to ensure
a more quantitative assessment of the conformational changes
of the adsorbed plasmid DNA layer when ionic strength is
reduced. Such quantitative analysis will be presented for the
QCM-D runs with divalent cations as described below.
Structure of Adsorbed Plasmid DNA in Divalent Calcium
Salt Solutions.We conducted QCM-D experiments with DNA-
free solutions to examine whether the buffer effect is important
for adsorption runs with divalent cations. The changes in
frequency and dissipation were negligible when the electrolyte
solutions were changed from 1.0 mM Ca®@ 10 mM NacCl
and then to 1 mM NaCl at pH 6. For example, when we
switched from 1.0 mM CaGlto 10 mM NaCl and from 10
mM NaCl to 1 mM NacCl at pH 6, we observed a change of 0.7
and 0.004 Hz in frequency over 20 min, respectively. The

the change in ionic strength of the electrolyte solution. For these associated changes in dissipation were 0080 ¢ and 0.06

conditions, the observed trends in frequency and dissipation x 10°%. Both changes in frequency and dissipation are not
variation associated with ionic strength changes of the DNA- higher than the inherent drift of the QCM-D baseline. Therefore,
free electrolyte solution prevent us from accurately studying these observations allowed us to quantitatively study the
plasmid adsorption reversibility. reversibility of plasmid DNA adsorption, as well as the change
When we doubled the plasmid concentration in the 300 mM in the structure of the adsorbed plasmid DNA layer on the silica
NaCl solution to 340 mg/L, a change in the ionic strength of surface in the presence of divalent cations.
the rinsing solution from 300 to 30 mM NaCl resulted in almost ~ Figures 6a and 7a demonstrate that after adsorption of plasmid
no change in the frequency and dissipation shift (Figure 5, stepsDNA in the presence of 0.5 or 1 mM €3 sequential rinsing
2 and 3). However, a change of the solution from 30 to 1 mM of the adsorbed plasmid DNA layer with NaCl solution at 10
NaCl and from 1 mM NacCl to DI water resulted in a small mM total ionic strength and then 1 mM total ionic strength does
decrease in frequency shift and a significant increase in not result in an increase in frequency shift. Thus, rinsing with
dissipation (Figure 5, steps-%). At this high concentration of  calcium-free solutions and solutions with lower ionic strengths
plasmid DNA, the adsorbed plasmid layer is probably thick does not result in detachment of the adsorbed plasmid DNA
enough so that the variations in viscoelastic properties of this from the silica surface. In other words, adsorption of plasmid
layer are more significant than the change due to the “buffer DNA onto silica surfaces in the presence of divalent cations is
effect”. In this case, decreases in ionic strengths of the rinsing irreversible, suggesting that the €&on bridging between the
solution from 300 to 30 mM and then to 1 mM NaCl and finally DNA molecules and the silica surface is not removed during
to a negligible ionic strength (i.e., DI water) do not lead to the rinsing with Na" solutions.
detachment of adsorbed plasmid DNA. Interestingly, a signifi-  Cation bridging has been previously suggested in the adsorp-
cant increase in dissipation, when the solution was changed fromtion of DNA onto sand31“Lorenz and Wackernag}élshowedCDV
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Figure 6. Frequency shift divided by the third harmonic number (Afz))
and associated dissipation shifts (AD)) as a function of time for
plasmid adsorption at pH 6. Plasmid DNA adsorption occurred in 10
mM total ionic strength (11—30 min, step 1) with 0.5 mM CaCl, (black
line) or 1.0 mM CacCl; (red line). The adsorbed plasmid layer was
washed with the corresponding CacCl; solution (30—50 min, step 2),
10 mM Na* solution (50—70 min, step 3), and finally with 1 mM Na*
solution (step 4). Shown are representative data for at least two
replicate measurements. Plasmid concentration was 170 mg/L and
the temperature was 25 °C.
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Figure 7. Frequency shift divided by the third harmonic number (Af)
and associated dissipation shifts (AD) as a function of time for
plasmid adsorption at pH 8. Plasmid adsorption occurred in 10 mM
total ionic strength (11—30 min, step 1) with 0.5 mM CaCl, (black
line) or 1.0 mM CacCl; (red line). The adsorbed plasmid layer was
washed with the corresponding CacCl; solution (30—50 min, step 2),
10 mM Na' solution (50—70 min, step 3), and finally with 1 mM Na*
solution (step 4). Shown are representative data for at least two
replicate measurements. Plasmid concentration was 170 mg/L and

the temperature was 25 °C.

that a substantial amount of DNA adsorbed in the presence of
200 mM MgCh was retained in sand columns after elution with

1 M NaCl solutions. As suggested in Libera et&nd Cheng

et al.3® divalent metal cations react with the silanol groups of
the silica surface via the reaction

the resonance of the quartz crystal approaches the resonance of
the adsorbed layer, giving rise to the establishment of a standing
acoustic wave within the layer. In this case, much less energy
is required to oscillate the layer, and therefore, the frequency
increases as the layer softéfig! The viscoelastic properties
of the adsorbed DNA layer will be discussed in detail below.

Figures 6b and 7b demonstrate that rinsing the adsorbed layer
with Na™ solution at 10 and 1 mM total ionic strength results
in an increase in dissipation, most notably at pH 8. To better
studies of polynucleotide adsorption in € asolutioné35 the illustrate the structural changes associated with variations in
reaction of C&" with the silanol group neutralizes negatively solution chemistry, we plot the change in dissipatiD(z)
charged sites on the silica surface and therefore promotesvs the change in the third harmonic frequenty4) as observed
adsorption of DNA molecules. The combination of specific during the initial stage of adsorption in the presence of"Ca
binding of C&" to the DNA phosphate backbone and reaction and during the initial stage of the subsequent rinsing. In this
of C&" with the silanol surface group enhances DNA adsorption plot, the slopes of the lines correspond to the values of the ratios
to the silica surface. When the adsorbed DNA layer was exposedADz)y/Afs), A small slope indicates that the adsorbed mass
to 10 mM Na (step 3), Na can replace the Cacations bound induces less energy dissipation, which implies that the adsorbed
solely to the DNA phosphate backbone, but not thé&"@ations layer is more stiff and compact. For each experiment, linear
bridging between silanol groups of the silica surface and the dependences were observed during the plasmid DNA adsorption
DNA phosphate backbone. Competition between monovalent onto the silica surface and during subsequent rinsing with 10
and divalent cations for binding sites on the DNA phosphate and 1 mM N& solutions. Figure 8 presenfeD ) vs Af(s) plots
backbone was proposed by Pastre éand Cheng et a® for adsorption experiments in the presence of 1.0 mNGa

A decrease in frequency during the rinse with 10 mM*Na pH 6 and 8 and for subsequent rinsing with the indicated
at pH 8 (Figure 7a, step 3) is likely attributable to the uptake electrolyte solutions. Data for experiments with 0.5 and 0.7 mM
of water molecules by the DNA layer. The subsequent increase C&+ were not plotted but are summarized in Table 1.
in frequency during the 1 mM Narinse (step 4) may be due For both pH 6 and 8 condition®\D(3) vs Af(z) slopes are
to substantial “layer softening” as predicted previously, both smallest in the presence of €aincrease during rinsing with
theoretically® and experimentall§f! For soft adsorbed layers, 10 mM Na*, and are highest during rinsing with 1 mM N%IDV

—SiOH + M*" + H,0 = —SiOM" + H,0"

A stability constant logk = —7.3 for C&" and silanol
complexes has been reported by Stumm &¢ &limilar to the
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Figure 8. Dissipation shift (ADz)) vs frequency shift (Afz) for plasmid
adsorption at (a) pH 6 and (b) pH 8. Data for adsorption in 1 mM
CaCl, were collected from 11 to 17 min, data for rinsing in 10 mM
Na' were collected from 50 to 60 min, data for rinsing in 1 mM Na*
were collected from 70 to 73 min, data for rinsing in 10 mM Na* were
collected from 50 to 70 min, and data for rinsing in 1 mM Na™ were
collected from 70 to 73 min. For clarity, collected data from every 10
s were plotted. Shown are representative data for at least two replicate
measurements. Plasmid concentration was 170 mg/L and the tem-
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Figure 9. Plots of estimated shear viscosity and effective thickness
of the adsorbed plasmid layers for different ionic compositions at pH
6. Plasmid adsorption occurred at 10 mM total ionic strength (17—30
min, step 1) with 0.5 mM CaCl, (black line) or 1.0 mM CacCl, (red
line). The adsorbed plasmid layer was washed with the corresponding
CaCl; solution (30—50 min, step 2), 10 mM Na™ solution (50—70 min,
step 3), and finally with 1 mM Na* solution (step 4). Shown are
representative data for at least two replicate measurements. Plasmid
concentration was 170 mg/L and the temperature was 25 °C.

perature was 25 °C. viscosity, shear modulus, and effective thickness of the adsorbed

(Figure 8 and Table 1). This trend suggests that the adsorbedayer. This model was successfully used for DNA adsorption
plasmid DNA layer has a stiffer conformation in the presence as previously reportet:25The results are presented in Figures
of Ca* than in the presence of NaWhen these adsorbed layers 9 and 10 and summarized in Table 2. Note that in some cases
are exposed to 10 mM and then 1 mM Naolutions, their the Voigt-based model did not work for the first 6 min of
structure becomes less compact or more fluid. As discussed inplasmid adsorption (£117 min), as the modeling results showed
the context of diffusion coefficients measured by DLS, the unexplainable spikes. For example, in the case of adsorption in
plasmid DNA molecules have higher diffusion coefficients, and 0.5 mM C&* at pH 6, viscosity increased rapidly from 0.97
consequently, more compact conformation in the presence of103Pa s at 8.7 minto 1& 1072 Pa s at 9.4 min and decreased
C&" than in the presence of 1 mM Naless compact to2.09x 103 Pas at 10.9 min and then stayed stable at around
conformation of plasmid DNA in 1 mM Nasolution leads to 2.03 x 1078 Pa s. Therefore, we only report here the viscoelastic
a less stiff adsorbed DNA layer, which dissipates more energy parameters obtained with the stable frequency and dissipation
as the quartz crystal vibrates. Therefore, the DLS results agreeshift, i.e., during 1730 min. For the first 6 min of plasmid
quite well with the QCM-D results regarding the conformation DNA adsorption, we analyzed the data in termsAf)y/AD s,
of the plasmid DNA molecules. as presented earlier in Figure 8.

To further investigate viscoelastic properties of the adsorbed As shown in Figures 9 and 10, shear viscosity increases when
DNA layer, we applied the Voigt model to calculate shear the adsorbed plasmid layer is washed with2Caolution,

Table 1. A Summary of the Slopes of Frequency Shift vs Dissipation Shift Curves for the QCM-D Experiments?

ionic conditions AD3)/Af) ionic conditions AD3)/Af)

pH 6 pH 8

adsorption in 0.5 mM Ca?* -0.27, —0.27 adsorption in 0.5 mM Ca?* —0.12, —0.24
rinsing in 10 mM Na* —0.55, -0.51 rinsing in 10 mM Na* —0.44, —0.35
rinsing in 1 mM Na* -1.21,-1.71 rinsing in 1 mM Na* —-0.92, —0.93
adsorption in 0.7 mM Ca2* -0.21, —0.27 adsorption in 0.7 mM Ca2* —0.22, —0.24
rinsing in 10 mM Na* —0.56, —0.47 rinsing in 10 mM Na* —0.44, —0.39
rinsing in 1 mM Na* —2.47, -1.37 rinsing in 1 mM Na™ —0.59, —0.62
adsorption in 1.0 mM Ca?" —0.33, —0.21 adsorption in 1.0 mM Ca?" —0.25, —0.24
rinsing in 10 mM Na* -0.78, —0.31 rinsing in 10 mM Na* —0.41, —0.44
rinsing in 1 mM Na* —2.83, —1.88 rinsing in 1 mM Na* -0.99, —1.13

2 The two values in each column represent duplicate experiments. The first and second numbers in each column are the values obtained from the first
and second experiment, respectively.
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Table 2. Variations of Shear Viscosity, Elastic Shear Modulus, and Effective Thickness of the Adsorbed DNA Layer as a Function of
Solution lonic Composition as Calculated by the Voigt Model?

pH 6 pH 8
shear effective shear effective
viscosity modulus thickness viscosity modulus thickness

ionic conditions (103 Pas) (105 Pa) (nm) ionic conditions (103 Pas) (105 Pa) (nm)

adsorption in 0.5 mM Ca2t  2.03, 2.00 2.01,2.21 4.81,4.65 adsorptionin 0.5 mM Ca?* 2.19,2.16 1.84,251 2.64,4.12
rinsing in 0.5 mM Ca?* 2.12,2.06 2.12,2.29 4.67,4.54 rinsing in 0.5 mM CacCl, 2.67,2.29 251,280 2.51,4.02
rinsing in 10 mM Na* 2.06,1.97 2.01,2.12 4.83,4.75 rinsing in 10 mM Na* 2.15,2.12 1.94,255 3.33,4.51
rinsing in 1 mM Na* 1.87,1.71 1.70,1.66 5.31,5.50 rinsing in 1 mM Na* 1.23,1.61 0.74,155 8.29,6.53
adsorption in 1.0 mM Ca?"  1.76, 2.30 1.50,1.89 6.83,4.46 adsorptionin 1.0 mM Ca?*  2.00, 1.97 2.33,2.26 5.80,5.59
Rinsing in 1.0 mM Ca?" 1.79, 2.43 1.53,2.09 6.73,4.35 rinsing in 1.0 mM Ca?" 2.06, 2.00 2.50,2.30 5.73,5.55
rinsing in 10 mM Na* 1.73,2.15 1.46,151 7.03,5.14 rinsing in 10 mM Na™ 1.79,1.79 2.06,1.99 7.45,6.83
rinsing in 1 mM Na* 1.57,1.91 1.24,1.35 8.00,5.68 rinsing in 1 mM Na* 1.36, 1.31 1.20,1.10 125,129

2The best fittings of these viscoelastic parameters are obtained using the Voigt-based model considering a single layer with a fixed density of 1030
kg/m3 in all cases. Shown values are the average of all values collected as follows: plasmid adsorption (17—30 min), rinse in Ca?* (30—50 min), rinse
in 10 mM Nat (50—70 min), and rinse in 1 mM Na* (70—85 min). The two values in each column represent duplicate experiments. The first and second
numbers in each column are the values obtained from the first and second experiment, respectively.

25 —r——r—T7 mental studies on solvated Kfgand C&" ions binding to DNA

1 PHB molecules via hydrogen bond have been reported in the
1 0.5mM literature32:33.42.43Similar to solvated divalent cations in water,

1 CaCl, | DNA molecules are hydrated and surrounded by hydration
shells. Interactions between the divalent cations and the DNA
molecules are accompanied by the overlapping of their hydration
shells. As a result, water molecules are released updn Ca
o binding to the DNA molecules. In addition, Subirana and Soler-
a LopeZ? reviewed studies suggesting that Mgand C&* can

37, 2 be replaced by other ions or water molecules.

60 80 100 Compared to pH 6, the changes in frequency, dissipation,
viscosity, shear modulus, and effective thickness of the adsorbed
layer at pH 8 are more pronounced (Table 2). For example,
switching from 1 mM C&" to 10 mM Na' results in a decrease

in viscosity by 0.1x 103 and 0.4x 1072 Pa s for pH 6 and

8, respectively. This difference in viscosity shift is related to
the fact thaf(s) decreases by 0.5 and 8.0 Hz, dbg) increases

by 0.4 x 1076 and 4.0x 1076, respectively (Figures-68). A
higher decrease in frequency and a higher increase in dissipation
at pH 8 indicate a softer DNA layer. Specifically, during rinsing
of the plasmid DNA adsorbed layer with 1 mM Nashear
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Figure 10. Plots of estimated shear viscosity and effective thickness
of the adsorbed plasmid layers for different ionic compositions at pH

8. Plasmid adsorption occurred at 10 mM total ionic strength (17—30 surrounding the DNA molecules at pH 8. Consequently, upon
min, step 1) with 0.5 mM CaCl, (black line) or 1.0 mM CaCl, (red changing C&" concentrations, more water molecules are
line). The adsorbed plasmid layer was washed with the corresponding incorporated in the DNA adsorbed layer at pH 8 than at pH 6,
CaCl; solution (30—50 min, step 2), 10 mM Na* solution (50—70 min, resulting in a decrease in frequency (step 3, Figure 7a), and a

step 3), and finally with 1 mM Na* solution (step 4). Shown are
representative data for at least two replicate measurements. Plasmid
concentration was 170 mg/L and the temperature was 25 °C.

higher change in viscosity, shear modulus, and effective
thickness of the adsorbed layer.

gradually decreases during the wash with 10 mM Nalution,

and becomes lowest when washed with 1 mM™Nalution. Conclusion

The calculated shear modulus also showed a similar trend as

the calculated viscosity (Table 2). This trend in the calculated The QCM-D results suggest that electrostatic interactions
shear viscosity and shear modulus suggests that, in%a Ca control plasmid DNA adsorption onto silica surfaces. Two kinds
solution, the adsorbed plasmid layer is stiff and becomes softerof electrostatic interactions need to be considered: (1) interac-
and more ‘“liquid-like” in a Na& solution. In addition, the tions between the plasmid DNA molecules and silica surface
calculated effective thickness is smallest in the presence®f Ca and (2) interactions among subunits of the plasmid DNA
increases in the presence of 10 mM*\Nand becomes highest molecules that control plasmid DNA conformation. In low ionic
in the presence of 1 mM Na This increase in the adsorbed strength solutions containing 1.0 mM €a plasmid DNA
layer thickness indicates that rinsing the adsorbed layer with a adsorption to silica is fast and irreversible. For monovalent salt
Na' solution leads to a softer layer with a less compact DNA at the highest ionic strength examined (300 mM NacCl), the
conformation and more incorporated water molecules. Experi- adsorption rate is merely 1% of that under nonrepul%\ﬁv
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(favorable) conditions (attachment efficiencies of 0.03 and 0.01
at pH 6 and 8, respectively). Charge neutralization upoff Ca
binding to the DNA phosphate groups increases the adsorption
rate dramatically, resulting in attachment efficiencies near unity
(0.75 and 0.87 with 1 mM C4d at pH 6 and 8, respectively).
The absence of detachment of plasmid DNA molecules from
the silica surface when the adsorbed layer is rinsed with 10 or
1 mM Na* solutions may indicate bridging by specific binding
of Ca" to both the phosphate backbones and the silica surface.
The combined results from QCM-D and DLS experiments
suggest that DNA molecules and the DNA adsorbed layer have
a compact and stiff conformation in the presence of 1 mMI'Ca
However, in solutions containing 10 or 1 mM Nahe adsorbed
layer is more fluid and has a much less stiff conformation. When
the adsorbed DNA layer formed in the presence of'Ca
exposed to N& solutions at equal and lower ionic strengths,
the DNA layer relaxes to a less compact and rigid conformation.
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