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ABSTRACT: The adsorption of DNA/Ca’**, DNA/Cu**, and
DNA/Co(NH,)¢*" complexes on amino and silica chip surfaces
were investigated using dual polarization interferometry. A more
compact DNA/cation complex layer formed on the amino chip
surface compared with that on the silica chip surface at the same
cation condition. The real-time mass, thickness, and density
changes were monitored during the adsorption process. The
overall results show that the approaching complexes can cause
the conformation rearrangement of the preadsorbed complexes o
and the preadsorbed complexes affect the deposition pattern of

the approaching complexes during the adsorption of DNA/Ca*" and DNA/Cu*" complexes on both chip surfaces. The relatively
strong electrostatic repulsion between the approaching and adsorbed complexes results in multiple mass loading rate changes and
loose attachment of the approaching complexes. The weak repulsion between the DNA/Co(NH,)s** complexes cannot induce
this kind of conformation rearrangement. Thus, no multiple mass loading rate changes were observed. Meanwhile, the
preadsorbed DNA/Co(NH;)¢** complex can also affect the deposition pattern of the approaching complex because of the
geometric resistance. Therefore, this study will help better understand the conformation change and deposition pattern of
complexes with different charge conditions during the adsorption process on the solid—liquid interface.
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1. INTRODUCTION

DNA adsorption on a solid surface is important in various

tion of these complexes during the adsorption process on the
solid—liquid interface, is not yet clearly understood. DNA can

fields, such as in DNA-based biosensing,l_4 DNA micro-
arrays,”® DNA hybridization studies,”® a small molecule—
DNA interaction study,'® mesoporous silica nanoparticle-based
gene delivery,"' ™' and DNA separation and purification
through solid-phase extraction.">'® Double-stranded DNA is
a highly negatively charged biomacromolecule.'” Thus, study-
ing DNA adsorption on a surface will help determine the
adsorption process of highly negatively charged polyelectrolytes
on the liquid—solid interface.

Double-stranded DNA can interact with cation, forming a
DNA/cation complex. Different cations cause different
interactions with the bases and phosphate groups of
DNA."®"** Raman spectroscopy’* has proven that DNA has
stronger interaction with Cu®* compared with Ca*". Co-
(NH;)¢*" can interact with DNA through major groove binding
and electrostatic interaction with the DNA phosphate groups,
making the DNA condense.****™*° In the past two decades,
several studies have investigated the interaction between DNA
and cations as well as the charge and conformation of DNA/
cation complexes in solution. However, the adsorption process,
especially the adsorption dynamics and conformation informa-
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interact with cations, forming DNA/cation complexes with
different charge and conformation conditions. Studying the
adsorption of these complexes on different surfaces can help us
better understand how the charge condition of complex,
complex—surface interaction, and surface charge condition
affect the adsorption behavior and conformation change of
DNA/cation complex adsorbed on the solid—liquid interface.
To date, atomic force microscopy (AFM),**™>* quartz crystal
microbalance with dissipation monitoring (QCM-D),*™’
surface plasmon resonance (SPR),**~* and ellipsometry*~*
have been widely used to study the polyelectrolyte adsorption
kinetics and conformation of adsorbed polyelectrolyte on the
surface. In most cases, the time scales of some of the kinetic
steps overlap, making them difficult to separate during
experiments.* This issue challenges one from accurately
describing and distinguishing the kinetic steps when using the
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above techniques to study the adsorption of macromolecules at
the solid—liquid interface.

Dual polarization interferometry (DPI) is a surface-sensitive
technique used in the solid—liquid interface for the
simultaneous real-time, time-efficient, label-free, and quantita-
tive measurement of changes in layer mass, thickness, and
density. DPI provides real-time information of the adsorbed
species and elucidates the layer by layer assembly mechanism of
oppositely charged polymers.*’ Tt has also been applied to
various study areas including protein structure changes,
polyelectrolyte assemblies, oligonucleotide hybridization, and
biomimic biomembranes.’*~>> These studies show the
potential of DPI for studying the adsorption behavior and
conformation information of the DNA/cation complex during
the adsorption on the solid—liquid interface.

In current study, three types of DNA/cation complexes with
different charges were prepared by dissolving DNA in 1 mM
CaCl,, CuSO,, and Co(NHj;),Cly aqueous solution. The zeta
potentials and electrophoretic mobilities were measured using a
Zetasizer Nano ZS instrument. The real-time mass, thickness,
and density changes during the adsorption on amino and silica
chip surfaces were recorded using DPI. On the basis of the real-
time parameters, the adsorption behaviors and conformation
changes during adsorption were investigated.

2. EXPERIMENTAL SECTION

2.1. Materials and Sample Preparation. The low molecular
weight DNA extracted from salmon sperm was purchased from Sigma
Chemical Co. Hexammine cobalt(III) chloride and (3-aminopropyl)-
trimethoxysilane were obtained from Sangon Biotech Co. Ltd.
(Shanghai) and Alfa Co. Calcium chloride, copper sulfate, and other
chemicals used were of analytical grade. The water used in the
experiments was of Milli-Q grade (Millipore) and degassed before the
DPI experiments. The 1 mM solution of CaCl,, CuSO,, and
Co(NHs;)4Cl; was prepared using Milli-Q water. The DNA aqueous
solutions were prepared at 200 ug mL™' using the salt solutions and
incubated overnight.

2.2. Collector Surfaces. Silica and amino chips were used during
the DPI experiments. The bare sensor chip, FB 80 Unmodified
(Farfield Sensors), was first cleaned with 2% (w/v) Hellmanex
solution (Hellma GmbH & Co.) for 30 min and then incubated in a
hot piranha solution (H,0,/H,SO,, 3:7,v/v) for 30 min. (CAUTION:
“Piranha” solution reacts violently with organic materials; it must be
handled with extreme care.) Afterward, the chip was fully rinsed with
ultrapure water and blown dry with N,. The chip surface is composed
of hydrophilic and negatively charged Si—OH. The amino chip was
obtained by silanizing the silica chip. The cleaned silica chip was
silanized with a 4% (V/V) solution of (3-aminopropyl)-trimethox-
ysilane in isopropanol at room temperature for 2 h. The sensor chip
was fully rinsed with isopropanol, blown dry with N,, and then baked
at 120 °C for 30 min. This aminated chip surface is slightly
hydrophobic with strong positive charge.

2.3. Electrophoretic Mobility Measurements. The zeta
potential and electrophoretic mobility of DNA/cation complexes
were measured using a Zetasizer Nano ZS instrument to conduct laser
Doppler velocimetry (LDV); the instrument has a measurement range
spanning from 3 nm to 10 xm. In this technique, a voltage is applied
across a pair of electrodes that are placed at both ends of a cell that
contains particle dispersion. Charged particles are attracted to the
oppositely charged electrode, and their velocity is measured and
expressed per unit field strength as the electrophoretic mobility, pe.

2.4. Dual Polarization Interferometry Experiments. The
DNA/cation complex adsorptions on amino and silica chip surfaces
were evaluated in real time using DPI (AnaLight Bio200, Farfield
Group Ltd., Crewe, UK). The details of the technique and theory were
described previously.>"** The instrument uses a helium—neon laser
emitting light at 632.8 nm, which measures the optical phase changes
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in an evanescent dual polarization interferometer. The polarization
state of the light is switched between transverse-electric (Tg) and
transverse-magnetic (T),) via a polarizer. The fluidic system coupled
with the instrument consists of a high-performance liquid chromatog-
raphy injector valve and an external pump (Harvard Apparatus,
PHD2000) that provides a controlled continuous fluid flow over two
channels on the chip surface. All DPI experiments were performed at
20 + 0.002 °C using pure water as running buffer. Before each
experiment, the sensor chip was calibrated using an 80% (w/w)
ethanol/water solution and ultrapure water, of which the refractive
indexes (Rls) are known to calibrate the waveguide thickness and RI.
The data were analyzed using an AnaLight Bio200 instrument for
subsequent calculations.

After calibration, the flow rate was changed to 25 yL min~". Before
the injection of DNA/cation complex, a cation solution was injected to
ensure the surface was saturated with cations. The DNA/cation
complex solutions were then injected independently into the chip
surface for 6 min and then rinsed with Milli-Q water. The phase
changes of Ty and Ty were recorded in real time. The absolute layer
thickness and RI were resolved directly from the Ty and Ty phase
values using analysis software. The adsorbed mass was quantified
according to the De Feijter’s equations as follows:>*

L~ Mpuffer

oL T e

(1)
)

where my is the layer mass per unit area (ng mm™2), 7 is the layer
thickness (nm), n;, and fg., are the Rls of the adsorbed layer and the
bulk solution, respectively, and dn/dc is the RI increment (cm® g™*) of
thfS:SDNA. A dn/dc value of 0.183 was used according to Tumolo et
al.

According to the above-mentioned calculated parameters, the
adsorption mechanism of DNA/cation complexes on amino and silica
chip surfaces can be inferred. The parameters were recorded real time
so that the adsorption dynamics can also be evaluated.

my =Pyt

3. RESULTS AND DISCUSSION

3.1. Formation and Properties of DNA/Cation Com-
plexes. Double-stranded DNA is a highly negatively charged
biopolymer with a persistence length of about 50 nm.'” In
addition to being a biologic carrier of genetic information, DNA
in the solution exhibits unusual polyelectrolyte behaviors. The
addition of multivalent salts into the DNA solution can form a
homogeneous solution or result in the phase separation.*®™®

In our study, we prepared DNA/cation complexes by
dissolving DNA at a concentration of 200 xg mL™" in three
different salt solutions and incubating overnight. All salt
concentrations were 1 mM. The measured zeta potentials of
DNA/Ca**, DNA/Cu**, and DNA/Co(NH;)s** complexes
were —33.3, —22.4, and —4.09 mV, respectively, and the
corresponding electrophoretic mobilities were —2.61 X 107,
—1.759 X 107%, and —0.3206 X 10~* m* (V-s)~!, indicating that
the negative charges of DNA/cation complexes decrease as
follows: DNA/Ca** > DNA/Cu®>* > DNA/Co(NH,)
According to Duguid et al,** Cu®" strongly interacts with
DNA phosphate groups and bases, whereas Ca®* weakly
interacts with both bases and phosphate groups. Cations
adsorbed on the DNA chain can neutralize the DNA negative
charges, reducing the intersegmental repulsion and making the
DNA chain coiled. In our study, DNA adsorbed more Cu®*
compared with Ca®', making the DNA/Cu®* complex less
negatively charged compared with the DNA/Ca®" complex at
the same cation concentration.

Co(NH,;)¢** interacts with DNA through major groove
binding and electrostatic interaction with the DNA phosphate
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groups, making DNA condense.”® The DNA/Co(NH;):**
complex is the least negatively charged complex among the
three studied complexes because trivalent Co(NH;)s** can
most effectively neutralize the negative charge compared to the
other two cations. Thus, the repulsion between the Co-
(NH;)¢*" complexes is not as dramatic as that of the DNA/
Cu®* and DNA/Ca*" complexes.

3.2. Adsorbed Layer Parameters. Three different DNA/
cation complex solutions were injected independently into the
amino and silica chip surfaces for 6 min. The valve was then
switched, and the surfaces were contacted with pure water.
During rinsing, several loosely attached complexes were washed
away until a stable state was reached. The adsorbed layer
parameters were then resolved directly from the stable Ty and
T phase values using analysis software. The key parameters for
the adsorbed layers are listed in Table 1, wherein the loading

Table 1. Key Parameters Obtained from DPI Analysis of the
Adsorbed Layers

DNA/cation surface thickness mass density
complex condition (nm) (ng mm™?) (g em™)

DNA/Ca** silica chip 0.709 0.2296 0.29
DNA/Cu** silica chip 2.1377 0.78 0.3656
DNA/Co(NH;)**  silica chip 2.6498 1.57 0.5925
DNA/Ca** amino chip 1.2718 1.3388 1.0526
DNA/Cu** amino chip 1.9924 1.7361 0.8714
DNA/Co(NH;)**  amino chip 4.1056 3.7329 0.909

mass and adsorbed layer thickness of the DNA/cation
complexes on both amino and silica chip surfaces increase as
follows: DNA/Co(NH,)** > DNA/Cu®* > DNA/Ca®". The
most compact layer (highest density) was obtained in the
DNA/Ca*" complex adsorption on the amino chip surface, and
the most thick layer was obtained in the DNA/Co(NH;)¢>"
complex adsorption on amino chip surface.

The silica chip surface is composed of Si—OH. Under the
tested solution conditions, both the silica surface® and DNA
are negatively charged, resulting in electrostatic repulsion.
Therefore, pure DNA cannot be adsorbed on the silica surface
without the help of cations. In the solutions containing Ca®*,
Cu**, and Co(NH,;),*, the silanols on silica surface adsorb or
react with these cations, forming the SiOM"* complex surface,
where M represents a metal. Moreover, these cations can also
interact with the DNA chain, introducing some positive charge
in the chain. These interactions reduce the overall negative
charge of the silica surface and DNA chain, promoting the
adsorption of polynucleotides. According to Stumm et al,*
Co(NH;)¢** and Cu?* have higher association constants to the
silica surface compared with Ca?*, which means that the silica
surface is more negatively charged in Ca®" solution compared
with that in Cu®** and Co(NH,)¢** solutions. In addition, the
negative charges of DNA/Cu®" and DNA/Co(NH,)4*"
complexes are much lower than that of the DNA/Ca®"
complex. The combination of these two factors leads to a
high mass loading of DNA/Cu®*" and DNA/Co(NH,)¢**
complexes on the silica chip surface.

For the adsorptions on the amino chip surface, the chip
surface is composed of positively charged Si—(CH,);—NH,
under the tested solution conditions.’”®" DNA/cation
complexes were adsorbed on the amino chip surface via
electrostatic interactions, hydrogen binding interactions, and
Van der Waal’s force. Under the same cation environment,
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more DNA/cation complexes were adsorbed on the amino chip
surface compared with that on the silica chip surface. If we plot
the thickness change against mass loading (see Figure S2 in the
Supporting Information), all the curves obtained in the
adsorptions on the amino chip surface are under that of the
silica chip surface, indicating that DNA/cation complexes were
adsorbed more compactly on the amino chip surface than that
on the silica chip surface.

The DNA/Ca*" complex is the most negatively charged and
extended, compared to the other two DNA/cation complexes.
This extended DNA/Ca’** was adsorbed on the amino chip
surface most flatly and compactly, forming a highly dense layer.
The repulsion between the DNA/Ca®* complexes is dramatic,
and the negative charge on the complex can effectively
counteract the positive charge on the amino chip surface.
Although the interaction between DNA/ Ca*" and the amino
chip is strong, the DNA/Ca*" complex was not continuously
adsorbed on the surface because of the dramatic repulsion
between DNA/Ca’** complexes, resulting in a relatively low
mass loading in the DNA/Ca*" complex adsorption on the
amino chip surface. The negative charge of the DNA/Cu®"
complex is lower than that of the DNA/Ca*" complex. This
complex formed a less flat layer (a higher thickness and lower
density compared with the adsorbed DNA/Ca** complex layer
on the amino chip surface) on the amino chip surface. The
repulsion between the DNA/Cu?®* complexes is not as dramatic
as that of the DNA/Ca®" complexes; thus, more DNA/Cu*"
complex can be adsorbed on the chip surface (a higher mass
loading).

The zeta potential of the DNA/Co(NH;)s** complex is
—4.09 mV which is much lower than that of DNA/Ca** and
DNA/Cu** complexes, indicating that there is almost no
repulsion between DNA/Co(NH,)s** complexes. DNA/Co-
(NH;)** complex was adsorbed on the amino chip surface via
hydrogen binding interaction, Van der Waal’s force, and weak
electrostatic interaction. These forces are strong enough to
make the DNA/Co(NH;)s** complex be adsorbed on the
surface. Meanwhile, there is almost no repulsion between the
DNA/Co(NH,)s** complexes, and the molecular weight of the
DNA/Co(NH,)s** complex is higher compared with the other
two complexes. All these factors result in the large adsorption
amount of DNA/Co(NHj;)s** on the amino chip surface.

3.3. Conformation Changes and Adsorption Dynam-
ics during the Adsorption of DNA/Cation Complexes on
Amino Chip Surface. The DNA/cation complexes were
adsorbed on the chip surface. Thus, the surface condition
changed from bare to full covering, and the condition of the
adsorbed complexes on the surface changed from sparse to
crowded. This crowded condition will change the layer
structure and adsorption behaviors of subsequent complexes
if repulsion exists between the DNA/cation complexes. The
evolution of the adsorbed layer mass, thickness, and density as a
function of time during the adsorption of DNA/cation
complexes on the amino chip surface and the adsorption
dynamics are investigated in this section.

Figure 1 shows the real-time thickness, mass, and density
changes during the adsorption of DNA/Ca** complex on the
amino chip surface. The thickness, mass, and density initially
increased rapidly because of the strong electrostatic interaction
between the DNA/Ca®" complex and the amino chip surface.
With continuous adsorption, the mass and thickness increased
less rapidly for about 100 s until a layer mass value of about 1.1
ng mm~> was reached. The layer mass and thickness then
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Figure 1. Real-time DPI measurements of thickness, mass, and density
during the adsorption of the DNA/Ca®* complex on the amino chip
surface.

increased more rapidly again, whereas the layer density
decreased dramatically, indicating a different adsorption process
happened.

Mass loading rate dmy/dt was plotted against mass loading
my to better understand the whole adsorption process (Figure
2). The mass loading rate increased three times. At the
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Figure 2. Changes in the mass loading rate as a function of the mass
loading of the DNA/ Ca* complex on the amino chip surface during
the initial stage of adsorption from Figure 1.

beginning of the adsorption, the mass loading rate increased to
a maximum. This first time increase is attributed to the
concentration increase of the DNA/Ca>* complex solution over
the chip surface. Before the injection of the DNA/Ca®*
complex solution, the microfluidic flow chamber was full of
pure water. When the DNA/Ca®** solution reached the
chamber, it took a few seconds to introduce the solution over
the entire chip surface. Thus, the concentration over the chip
surface changed from 0 to the maximum and then was kept
stable in the following adsorption process. This concentration
increase caused the first increase of mass loading rate. With
continuous adsorption, more complex occupied the surface, and
so, the mass loading rate decreased. Interestingly, a second
increase of mass loading rate was observed when the mass
loading reached about 0.4 ng mm™2 This phenomenom can be
understood from the adsorption process. At the beginning of
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the adsorption, the chip surface was bare. Thus, the complexes
deposited remotely onto the surface, with no repellent among
each other. The continuous adsorption changed the state of the
adsorbed complexes on the chip surface from sparse to
crowded. The adsorbed complexes were so close when the
mass loading reached about 0.4 ng mm™ that they began to
repel each other. Therefore, to reduce this kind of repulsion
and obtain more DNA/Ca** complex from the solution, the
preadsorbed DNA/Ca®** complexes rearranged themselves to
make the surface more available for subsequent adsorption,
resulting in increased mass loading rate. When the mass loading
reached about 1.1 ng mm ™, the mass loading rate increased for
the third time, indicating that a second adsorbed layer
conformation rearrangement occurred. In contrast, the
following adsorption was accompanied with the rapid decrease
of adsorbed layer average density, indicating that the
subsequent complex attached on the surface loosely.

Two different slopes were observed after we plotted the layer
thickness change against the mass loading (Figure 3). The

1.5
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0.9

0.6

Thickness change (nm)

0.3

0.0 1 1 1 1
0.6 09 ) 1.2
Mass loading (ng mm™)

1.5

Figure 3. Changes in the layer thickness as a function of the mass
loading of the DNA/Ca*" complex on the amino chip surface during
the initial stage of adsorption.

result indicates an initial flat conformation followed by a steep
increase in layer thickness. The DNA/Ca®* complex was first
adsorbed on the amino chip surface as a homogeneous compact
layer. A heterogeneous layer may have formed as more complex
diffused to the interface. At the break in the slope (1.1 ng
mm™?), although the adsorbed complexes rearranged them-
selves to take more complexes from the solution, the chip
surface was so crowded that the following DNA/Ca*" complex
could only attach partly onto the surface, resulting in the steep
increase in layer thickness and dramatic decrease in layer
density.

The adsorption of the DNA/Cu®** complex on the amino
chip surface is different from that of the DNA/Ca** complex
because of their different charge conditions and interaction
strengths with the amino chip surface. The real-time thickness,
mass, and density changes are shown in Figure 4a, wherein the
mass and thickness increased rapidly simultaneously at the
beginning of the adsorption. When the adsorption amount
reached 7.4 ng mm™> the mass and thickness dramatically
decreased rapidly. During the adsorption, the mass loading rate
(Figure Sa) also increased three times, similar to the adsorption
of the DNA/Ca** complexes on the amino chip surface. In
contrast, the DNA/Cu** complex can be adsorbed more easily

dx.doi.org/10.1021/am400813x | ACS Appl. Mater. Interfaces 2013, 5, 5025—5033
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Figure 4. Real-time DPI measurements of thickness, mass, and density during the adsorption of (a) DNA/Cu*" and (b) DNA/Co(NH;)¢*
complexes on the amino chip surface as well as (c¢) DNA/Ca** and (d) DNA/Co(NH;)s* complexes on the silica chip surface.

and continuously on the amino chip surface because of the
relatively weak repulsion between complexes. A huge amount
of the DNA/Cu”* complexes rapidly deposited onto the amino
chip surface, and the adsorbed complexes were in the
metastable state. The chip surface was crowded when the
mass loading reached 7.4 ng mm™% thus, most of the
preadsorbed complexes were excluded from the surface to
keep the remaining adsorbed complexes comfortable and stable,
decreasing the mass and thickness.

For the adsorption of the DNA/Co(NH;)¢*" complex on the
amino chip surface, multiple variations of layer thickness and
density changes were observed (Figure 4b). At the beginning of
the adsorption, the layer thickness, mass, and density increased
simultaneously. The layer density began to decrease when the
mass loading was 1.8 ng mm 2 Moreover, from the thickness
change—mass loading curve (Figure S2 in the Supporting
Information, pink curve), we can observe that the curve began
to deviate upward from the initial line at this point (1.8 ng
mm™2). This upward deviation and density decrease indicate
that the same mass loading results in a higher thickness increase
compared with the initial adsorption step. Similar to the
adsorption of the DNA/Ca** complex on the amino chip
surface, the surface became crowded with the continuous
adsorption; thus, the subsequent DNA/Co(NH;)s** complex
loosely attached on the surface, decreasing the layer density. In
contrast, we cannot observe the multiple mass loading rate
increases from the mass loading rate curve (Figure Sb). This
means that the crowded surface can just affect the deposition
pattern of the following complex, but the approaching complex
cannot make the preadsorbed complex rearrange the
conformation because of the relatively weak intermolecular
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electrostatic repulsion between DNA/Co(NH,)s** complexes.
In the subsequent adsorption step, the layer density increased
and the adsorbed mass marginally increased. Thus, during this
adsorption step, the loosely attached complexes relaxed to a
more compact structure to allow the negatively charged groups
to accommodate to the positively charged surface. The layer
density then decreased again, and the layer thickness increased
more rapidly. These changes in layer thickness and density with
adsorption time demonstrate that some complexes loosely
attached again on the almost fully covered surface. After rinsing,
the loosely attached complexes can be easily washed off, and so,
the layer thickness decreased and the layer density increased to
their initial values, indicating that the loosely attached
complexes were totally washed off.

3.4. Changes in Layer Morphology and Adsorption
Dynamics during the Adsorption of DNA/Cation
Complexes on the Silica Chip Surface. The adsorption of
polyelectrolytes from an aqueous solution on solid surfaces is
strongly dependent on the surface properties, especially the
surface charge conditions that affect the polyelectrolytes—
surface interactions.”” The silica chip surface has a quite
different surface charge condition compared with the amino
chip surface. Thus, the interaction between the DNA/cation
complex and the silica chip surface under the same cation
condition should be different with the DNA/cation complex—
amino chip surface interaction. In this section, the adsorption
behaviors of DNA/cation complexes on the silica chip surface
have been investigated to understand the effect of surface
charge condition on the layer morphology changes and
deposition dynamics during the adsorption processes.

dx.doi.org/10.1021/am400813x | ACS Appl. Mater. Interfaces 2013, 5, 5025—5033
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Figure 5. Changes in mass loading rate as a function of the mass loading of (a) DNA/Cu** and (b) DNA/Co(NH;)4>* complexes on the amino chip
surface as well as (c) DNA/Ca* and (d) DNA/Co(NH,)s** complexes on the silica chip surface during the initial adsorption stage.

It is hard for the DNA/Ca®" complex to be adsorbed on the
silica chip surface because of the negatively charged surface
condition. Only 0.23 ng mm™ complex was adsorbed on the
silica chip surface, which is much lower than the amount of
complex adsorbed on the amino chip surface. When the
adsorption amount reached 0.27 ng mm™2, the adsorbed layer
structure changed and the following complex loosely attached
on the surface similar to the adsorption of the DNA/Ca**
complex on the amino chip surface. In contrast, the
rearrangement of the adsorbed layer occurred only once,
which happened twice in the adsorption on the amino chip
surface. A relatively low surface coverage (0.27 ng mm™) can
affect the following complex deposition pattern because of the
strong electrostatic repulsion between the complex approaching
the surface and the already adsorbed complex, as well as the
weak interaction between the complex and silica surface.
However, in the adsorption on the amino chip surface, the
following complex deposition pattern can be affected by the
already adsorbed complex layer only when the surface coverage
reached 1.1 ng mm™2

The real-time mass, thickness, and density changes of the
adsorption of the DNA/Cu?* complex on the silica chip surface
are shown in Figure 6. A relatively flat and dense layer formed
rapidly on the surface at the beginning of the adsorption, and
the layer density increased to the maximum. After this step, the
thickness increased sharply and the density decreased
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Figure 6. Real-time DPI measurements of thickness, mass, and density
during the adsorption of the DNA/Cu*" complex on the silicon chip
surface.

dramatically, whereas the layer mass increased slightly. These
changes in layer thickness, mass, and density demonstrate a
deposition behavior change in the following adsorption process.
Moreover, the mass loading rate curve (Figure 7) shows that
the mass loading rate increased when the mass loading reached
about 0.38 ng mm™ (from this mass loading, the layer density
began to decrease), indicating that the preadsorbed complexes

dx.doi.org/10.1021/am400813x | ACS Appl. Mater. Interfaces 2013, 5, 5025—5033



ACS Applied Materials & Interfaces

Research Article

0.05

)

—0.04|

0.03 |-

0.02 |-

Mass loading rate(ng mm™ s

0.3 0.6 0.9 1.2

Mass loading(ng mm?)

Figure 7. Changes in the mass loading rate as a function of the mass
loading of the DNA/Cu*" complex on the silica chip surface during the
initial stage of adsorption from Figure 6.

rearranged themselves to enable the surface to take more
complex from the aqueous solution.

The layer thickness change was also plotted against mass
loading to determine how the preadsorbed complex affects the
following complex deposition behavior (Figure 8). An
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Figure 8. Changes in the layer thickness as a function of the mass
loading of the DNA/Cu*" complex on the silica chip surface during the
initial stage of adsorption from Figure 6.

exponential curve was then obtained, which is different with
the adsorption of the DNA/Cu* complex on the amino chip
surface. The exponent-like curve indicates that the preadsorbed
complex affects the deposition behavior of the approaching
complex continuously, and so, the approaching complex can
only attach more and more loosely on the surface during the
adsorption process. This behavior is attributed to the strong
electrostatic repulsion between the preadsorbed and approach-
ing complexes as well as the relatively weak interaction between
the complex and silica surface, resulting in the dramatic average
layer thickness increase and sharp layer density decrease. After
6 min of adsorption, the valve switched and the surface was
exposed to pure water. After rinsing, a sharp thickness decrease
was observed, accompanied with a slight density increase and
mass decrease. This is because that part of the loosely adsorbed
complex was washed away.
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In the adsorption of the DNA/Co(NH,)s** complex on the
amino or silica chip surface, the complex cannot cause the
conformation rearrangement of preadsorbed complex because
of the relatively weak repulsion between the complexes. Similar
to the adsorption of the DNA/Co(NH;)s** complex on the
amino chip surface, no multiple mass loading rate increase was
observed in the adsorption of the DNA/Co(NH;)s*" complex
on the silica chip surface. Thus, only when the repulsion
between DNA/cation complexes is strong enough that the
approaching complex can induce the conformation rearrange-
ment of the preadsorbed complex can the result be a multiple
mass loading rate increase.

4. CONCLUSIONS

Three DNA/cation complexes with different charge conditions
were prepared by simply dissolving DNA in 1 mM of CaCl,,
CuSO,, and Co(NH,)Cly solutions. The zeta potentials and
electrophoretic mobilities were measured using a Zetasizer
Nano ZS instrument. The results show that the net negative
charges of DNA/cation complexes decrease as follows: DNA/
Ca® > DNA/Cu** > DNA/Co(NH;)¢**. The adsorption
process of these three complexes on amino and silica chip
surfaces was evaluated in real time using DPI. A more compact
complex layer formed on the amino chip surface under the
same cation condition because of the relatively strong
electrostatic interaction between the complex and amino chip
surface. The most compact layer formed when the DNA/Ca**
complex was adsorbed on the amino chip surface because of the
strong electrostatic interaction with the amino chip surface. The
DNA/Co(NH,)¢** complex can be adsorbed on the amino
chip surface continuously, achieving the highest mass loading
amount.

The mass, thickness, and density changes during adsorption
were recorded in real time. The overall results show that all the
adsorption processes exhibited multiphasic adsorption behavior
because of the relatively strong electrostatic repulsion between
the complexes or the geometric resistance. For the adsorption
of DNA/Ca** and DNA/Cu** complexes on both amino and
silica chip surfaces, the approaching complexes can induce the
preadsorbed complexes to rearrange themselves to take more
approaching complexes from solutions, resulting in the mass
loading rate increase. Moreover, the crowded surface with
preadsorbed complexes can affect the deposition pattern of the
following complexes, which forced the approaching complexes
to loosely attach on the surface.

During the adsorption of the DNA/Co(NH;)** complex on
the amino and silica chip surfaces, no multiple mass loading
increases were observed because of the weak electrostatic
repulsion. Meanwhile, the preadsorbed complex can also induce
the loose attachment of the following complex on the surface
during the adsorption of the DNA/Co(NH,)¢** complex on
the amino chip surface because of the geometric resistance. It is
indicated that, only when the repulsion between complexes is
strong enough, the approaching complex can result in the
conformation rearrangement of the preadsorbed complex, while
the preadsorbed complex can also induce the loose attachment
of the approaching complex on the surface although the
repulsion between complexes is weak when the surface is
crowded. This study fully illustrates how the DNA/cation
complex charge and how surface condition affect the DNA/
cation complex adsorption behavior on the solid—liquid
interface.
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