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ABSTRACT: The present work describes the fabrication, characterization, and optimization of NH,-
derivatized polymer coatings prepared by pulsed-plasma polymerization for applications as adhesion layers
in DNA immobilization. Fourier transform infrared spectroscopy and surface plasmon resonance
spectroscopy were used to study (i) polymer matrix properties and (ii) oligonucleotide/DNA binding. The
successful DNA attachment on amine functionalized surfaces was found to depend on the macromolecular
architecture of the plasma films and on the amine group densities. Pulsed and continuous wave plasma
polymers deposited at similar equivalent power showed comparable immobilization properties, while low
duty cycle plasma-polymerized films showed a higher sensitivity toward DNA binding than high duty
cycle plasma-deposited films. The stabilities of the various films in buffer solution and their reactivities
as they were affected by variations in pH have been investigated.

1. Introduction

The controlled attachment of biological molecules on
plasma-polymerized thin organic films has received
increased attention over the past years. While plasma
polymerization processes enable the deposition of a
tremendous variety of functional thin films!=10 on
virtually any substrate, the application of these deposits
often suffers from insufficient adhesion to the substrate
and from often unpredictable swelling behavior when
subjected to aqueous solution. Detailed in situ studies
of the adsorption of biological molecules on plasma
polymer surfaces are further hindered by the lack of
analytical tools suitable for measurement of ultrathin
films in solution with nanometer resolution. In the past,
we have described the use of impedance spectroscopy’!
and optical methods such as surface plasmon resonance
spectroscopy (SPR)!2 and waveguide mode spectroscopy
(WaMS)®® to study the properties of plasma polymer
films in solution. A number of methods are available to
overcome the problem of adhesion to the substrate: (a)
pretreatment of the substrate in an activating plasma
(Ar or Oy), suitable for polymeric substrates, or (b) the
use of an additional layer which binds covalently to the
substrate surface on one side and to the plasma polymer
on the other side. Examples of this using self-assembled
short chain thiols on gold substrates have previously
been described.!

It has previously been shown that pulsed-plasma
polymerization gives a remarkable control over the
chemical structure of the deposited films, in particular
for deposits at low duty cycle (DC = ton/tont tof). 13718
This is because of the combined effects of the DC and
the applied power, which allows equivalent powers (Peq
= Ppeak x DC) of <5 W to be used. By careful control of
the process parameters, it is principally possible for the
plasma t,, phase to be used as an activation process and
the subsequent to phase to be used for thin film
deposition by a radical polymerization process.
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Electrochemical and optical measurements of the
films in solution have previously shown that plasma
polymer films deposited at low DC swell considerably
and exhibit hydrogellike character when submersed in
aqueous solution.1>1® This property decreases with
increasing DC and was not observed for high power
plasma deposits. The unique properties of functional
plasma polymer films makes them particularly attrac-
tive for use as supports for biological material and
efforts are underway to investigate the applicability of
these materials for biomedical devices and sensors.
Work by a number of researchers has shown plasma
polymer films to be highly suitable as antifouling
surfaces and considerable control over cell adhesion has
been demonstrated.’®~27 The present paper investigates
the adsorption of single-stranded DNA on pulsed-
plasma-polymerized allylamine films under different
aqueous environments and with respect to different
deposition conditions. In situ SPR measurements were
used to study the behavior of pulsed-plasma-polymer-
ized allylamine films in solution and to correlate DNA
adsorption to the chemical nature of the plasma films.
The results are correlated to chemical structure analysis
using Fourier transform infrared spectroscopy.

2. Experimental Section

All chemicals were purchased from Sigma-Aldrich, Deisen-
hofen, Germany. The DNA probe samples used were purchased
from MWG BIOTEC AG, Ebersberg, Germany

Substrates. The substrates used throughout the work were
LaSFN9 optical glass slides coated with approximately 50 nm
of gold. To ensure optimal adhesion of the plasma polymer to
the gold surface a monolayer of octadecanethiol was allowed
to self-assemble on the gold surface.'* These substrates were
used in subsequent plasma polymerization reactions im-
mediately after preparation.

Plasma Polymerization. The plasma polymers were pre-
pared in a cylindrical (300 mm long, o0.d. 100 mm) 13.56 MHz
rf plasma reactor either under continuous wave (cw) or pulsed-
plasma conditions. The samples were placed halfway between
the electrodes, which consisted of two concentric rings wrapped
around the outside of the chamber and separated by 12 cm.13
The input power (Ppeak) Used in the continuous wave plasma
deposition experiments were 5 and 100 W. During the pulsed-
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Figure 1. Schematic of the SPR setup.

plasma-polymerization (ppp) experiments, duty cycles (DC =
ton/tont torr) Of 10/50 and 10/200 were used. The equivalent
power (Peq = Ppeak x DC) during the pulsed experiments were
thus 20 and 2.5 W respectively. The plasma process pressure
used was 0.13 mbar and 0.06 mbar for some 10/50 ppp—
allylamine films. Deposition times ranged between 30 s and
15 min.

Film Characterization. The film chemical structure was
analyzed by Fourier transform infrared spectroscopy (FTIR)
using a Nicolet 850 spectrometer. Relative areas of the
absorption bands around 3300 cm™! (for —NH, groups) and at
2900 cm™?! (CHy groups) were used to estimate and maximize
the approximate amine functional group densities. Film thick-
nesses were measured by surface plasmon resonance spec-
troscopy (SPR). The adsorption of DNA probes was monitored
using SPR equipped with a wet cell made of Teflon sealed with
a viton O-ring. Measurements were made using a continuous
flow of buffer or buffer/DNA mixtures over the polymer surface.

Surface plasmon resonance spectroscopy and its applicabil-
ity in surface and interface analysis has been described
elsewhere.’? It is based on the electromagentic mode that
propagates along a metal surface and that is associated with
an evanescent wave with a decay length normal to the surface
of 150—200 nm. The excitation of the surface plasmon is very
sensitive toward changes in the refractive index of the medium
sensed by the evanescent wave in close proximity to the gold
surface. Monochromatic, linearly (p-) polarized light is directed
through a quartz prism such that under total internal reflec-
tion the surface plasmon is excited at the gold/dielectric
interface at a certain angle of incidence resulting in a sharp
minimum in the intensity of the reflected light, Figure 1. If
the refractive index of the medium just outside the gold surface
changes, e.g., due to swelling or DNA adsorption, a propor-
tional change in the angle (Aa) can be observed. Attachment
of a suitable Teflon wet cell, sealed with a Viton O-ring and
equipped with a buffer flow system, allows the SPR technique
to give for real-time measurements of the DNA adsorption to
the surface. All samples were mounted into the spectrometer
and the film equilibration in PBS solution under a dynamic
flow was monitored. Once the film had stabilized, the previ-
ously prepared DNA solution was passed through the cell.
Time-dependent measurements of DNA uptake were made by
measuring the changes in the reflected light at a fixed angle
of incidence (o). The measured % reflected light is proportional
to the optical thickness (nd) of the surface layer and can be
utilized to make assumptions about the equivalent thickness
of the adlayer binding at the interface.'> Once no more changes
were observed in the reflected light, DNA binding was as-
sumed to be complete, and the wet cell was rinsed with four
cell volumes of PBS buffer solution to remove excess DNA
molecules.

DNA Samples. The DNA probe samples were stored at —4
°C until use. The oligomers used were 30mer and 25mers,
though some selected experiments were carried out using a
60mer.

The DNA solutions were made up using phosphate buffer
solutions consisting of (A) 0.2 mol/L NaH,PO, (27 g in 1 L of
H,0) and (B) 0.2 mol/L Na;HPO, (53.65 g Na;HPO,4+7H,0, or
71.7 g NagHPO4-12H,0 in 1 L of H,O. These were mixed
according to the following recipes depending on the pH
required: (i) dilute A to give 0.1 mol/L buffer at pH 4.5; (ii)
93.5 mL of A and 6.5 mL of B plus 100 mL of H,O giving 200
mL of 0.1 mol/L buffer of pH 5.7; (iii) 39.0 mL of A and 61.0
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Table 1. Plasma Polymerization Conditions, FTIR, and
Contact Angle Data for Different cw and Pulsed Plasma
Polymerized Allylamine Films

% rel area from
3100 to 3500 cm™1

duty cycle  Ppeak/W  Peg/ W (NHz2band) £ 1%  6a/° (£3°)
cw 100 100 14 79
10/50 100 20 16 60
cw 5 5 25 29
10/50 5 1 24 30
10/200 50 25 26 33

mL of B plus 100 mL of H,O giving 200 mL of 0.1 mol/L buffer
of pH 7; (iv) dilute B to give 0.1 mol/L buffer at pH 9.

Polylysine Film Preparation. Poly-L-lysine (MW 3400)
was self-assembled onto the gold-coated glass substrates from
a solution of 5 mg/L in PBS. The samples were rinsed in excess
milli-Q water, and then mount into the SPR setup for further
measurements. This typically lead to a PL- film thickness of
approximately 2 nm.

3. Results and Discussion

Plasma Polymer Film Structure and Properties.
The FTIR spectra of plasma-polymerized allylamine
using different plasma conditions, as shown in Figure
2, allow some assumptions to be made about the
chemical nature of these films. The improved retention
of the monomer structure with decreasing DC can be
seen by the increasing intensity of the band around 3300
cm~1 (—=NH; groups) accompanied by decreasing inten-
sity of the bands around 2900 cm~1! (hydrocarbon) and
2100 cm~1 (C=N/C=0 bonds associated with monomer
degradation), Figure 2a. The low relative intensity of
the CHy band (~2900 cm™1) suggests the low DC films
to have a low cross-link density. With increasing duty
cycle the bands at 2900 and 2100 cm~! increased in
relative intensity, while that of the —NH; (3300 cm™1)
component decreased, indicating considerable degrada-
tion of the monomer and the formation of films with
increasing cross-link density.

The FTIR spectra of plasma polymer films deposited
under continuous wave conditions, Figure 2b shows that
at the comparatively high input power of 100 W the film
chemical structure appears to be similar to that of the
high DC (10/50, Peq 20 W) plasma polymer film. Simi-
larly, under low power cw conditions (5 W) the FTIR
spectra show a film chemical structure that is compa-
rable to that of the low DC (Peq 2.5 W).

A semiquantitative calculation of the relative peak
areas within the normalized FTIR spectra, Table 1,
showed the amino band (3300 cm™1) observed for the
low DC films (low Peg) to contribute approximately 25%
of the total overall spectrum, while it represented only
approximately 15% of the overall spectrum for the high
duty cycle (high Peg) films. These observations were
consistent with the contact angles observed: high DC
films containing a low —NH; functional group density
showed an advancing angle (6) of >60°, while the low
DC films with a substantially higher NH,-functional
group density were more hydrophilic with 6, approxi-
mately 30°.

No significant differences could be observed between
the cw 5 W and the low P¢q plasma polymer films by
FTIR or contact angle measurements.

Plasma polymers have previously been reported to
contain low molecular weight material which is not
covalently bonded to the network or to the substrate and
which can be removed by dissolution or solvent extrac-
tion'328 eading to an observed decrease in film thick-
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Figure 2. Normalized FTIR spectra of plasma-polymerized allylamine under (a) pulsed and (b) cw plasma conditions.
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Figure 3. SPR data on the swelling behavior in PBS solution of (a) a high DC/high P¢q plasma polymer film and (b) different low

DCl/low Peq plasma polymer films.
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Figure 4. SPR kinetic measurements of DNA binding on a
low DC (10/200), a 5 W cw and a high DC (10/50) plasma-
polymerized allylamine compared to that on a polylysine film
(d ~ 2 nm): Cpna 100nM, PBS buffer at pH 7.4.
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ness. While this appears to be generally true for plasma
films deposited at low Peq, surface plasmon resonance
measurements in this work showed no significant
changes in the optical thickness of high Peq plasma films
when submersed in aqueous buffer solution over a time
period of up to 14 h, Figure 3a. The stability observed
may arise from high molecular weight polymer chains
and/or high cross-link density and thus a low freedom
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Figure 6. Dependence of the DNA equivalent thickness on

the plasma polymer thickness for DNA adsorption on high and
low duty cycle plasma films: Cpna 100 NnM; pH 7.4.

of movement within the network. Any unbonded mate-
rial which may be present probably remains trapped
within this relatively rigid network. This appears to be
in agreement with the FTIR spectra above, which
showed substantial monomer degradation and a high
cross-link density.

The low DC and cw 5 W plasma polymer films in the
present work, showed a 30—40% decrease in the optical
thickness with exposure to aqueous buffer, Figure 3b.
This appears to agree with a polymer network of low
cross-link density (see the FTIR data above), consisting
of relatively shorter chain molecules and a compara-
tively high freedom of movement within the network.
The differences in the change in reflectivity (or And)
observed between the three low Peq films may suggest
subtle differences in the chemical nature of the films,
however, the significance of these differences is at
present difficult to assess without absolute measure-
ments of refractive index and film thickness. The
“swelling” characteristics of the plasma polymer films
were taken into account in all DNA experiments and
all low DC films were equilibrated for at least 6 h before
further use.

DNA Immobilization. After equilibration of the
polymer films, the kinetics of DNA probe attachment
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Figure 7. Schematic representation of plasma polymer swelling and DNA binding to low and high DC plasma polymer films.
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Figure 8. Effect of pH on the DNA adsorption on (a) 5 W cw films and (b) on high DC/high Peq plasma polymer films.

were studied using a probe concentration of 100 nM.
To calculate DNA thicknesses an average refractive
index of n = 1.485!2 was assumed for the pp-allylamine
films and n = 1.375 for the DNA adlayer.?® DNA
adsorption was found to be substantially more efficient
for low DC films than for high DC (high Peg) films as
seen in the Kinetic scan in Figure 4. The data were
compared to the immobilization of DNA on poly-L-lysine
keeping all other conditions constant. As is evident from
the data in Figure 4, the high DC plasma polymer
appears to exhibit similar binding properties as the
polylysine film, both showing a optical thickness in-

crease of approximately 3 nm. The equivalent thickness
of the DNA layer measured for the low DC film,
however, showed a 6-fold increase and for an 18 nm
thick plasma polymer film a typical DNA thickness of
17 nm was observed. A comparable 5 W cw plasma
polymer film showed very similar DNA adsorption with
a total of approximately 20 nm DNA adsorbed.
Decreasing the probe concentration was found to lead
to a decrease in the optical thickness of the bound
oligonucleotides, as shown for the 5 W cw film in Figure
5. However, even for probe concentrations of 0.01 nM
the probe thicknesses measured were still larger than
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any values measured for the high DC films or for
polylysine. It is interesting to note that increasing the
DNA strand length from a 25mer to a 60mer decreased
the DNA thickness measured by approximately a factor
2. This may suggest a relationship between DNA strand
length and its accessibility into the polymer network.
Variations in the probe concentration (1000—50 nM) had
no significant effect on oligonucleotide adsorption on the
high DC plasma films and the effective oligonucleotide
thickness always remained approximately 3—4 nm.

The DNA adsorption was found to be dependent not
only on the DC and the probe concentration but also on
the polymer film thickness as shown in Figure 6. For
polymers of effective thickness d < 10 nm (after swell-
ing) the DNA thickness measured on the low and high
DC plasma polymers were similar and within a few
nanometers. However, with increasing polymer thick-
ness, the low DC films indicated a much higher affinity
for DNA probe attachment. A similar trend could be
observed for the 5 W cw films studied, which even
showed some enhanced binding over the low DC films.
The adsorption of DNA could be studied by the SPR
technique only up to a polymer thickness of approxi-
mately 50 nm due to the limited sampling depth of the
evanescent wave. For polymer thicknesses >50 nm, the
DNA adsorption was monitored using optical waveguide
mode spectroscopy.3%31 The total amount of DNA able
to adsorb on a low DC plasma film (10/200) at a probe
concentration of 100 nM reached a maximum for
polymer films thicknesses of approximately 50 nm,
showing an effective thickness increase due to oligu-
nucleotide binding of approximately 45 nm.

The degree of immobilization is believed to be related
to the cross-link density and the swelling characteristics
of the plasma polymer films. Since the low Peq polymers
are less cross-linked and the chains have a greater
freedom of mobility, the network can expand in solution
making the functional groups within the bulk of the
swollen polymer network more accessible to the DNA
molecules. The oligonucleotides are thought to penetrate
into the film as shown schematically in Figure 7. The
data in Figure 6 suggest that for a specific probe
concentration there appears to be an optimum plasma
polymer thickness. Further increases in the plasma
polymer film thickness will lead to no further improve-
ment in oligonucleotide binding, but may provide an
additional, relatively mobile and fluid “spacer layer” (see
Figure 7). This “spacer layer” is not accessible to the
oligonucleotides, but may act as a buffer reservoir for
the system and may reduce surface effects or quenching
of fluorescent labels when in close proximity to the gold
substrate.

In contrast, the high DC films which are typically
highly cross-linked show very little dependence on the
polymer thickness. This can again be understood when
considering the swelling behavior of these films (Figure
3), which suggested a rigid structure and a low freedom
of movement of the chains within the polymer matrix.
The DNA molecules are thus unable to bind to func-
tional groups within the polymer network and are
predominantly binding to sites on the uppermost surface
of the film. Once a monolayer of DNA has adsorbed at
the interface, the highly negatively charged surface
adlayer prevents the binding of further DNA molecules.

When plasma-polymerized allylamine is subjected to
buffers at different pH protonation of the amine group
at low pH will lead to a highly positively charged film.
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This increased positive charge was found to lead to
enhanced binding of the negatively charged DNA to the
polymer film, Figure 8. Keeping all other conditions
constant and only changing the buffer pH, the thickness
of DNA probe measured on low DC plasma polymers
increased significantly. In contrast, the pH effect was
significantly less pronounced on the highly cross-linked,
high DC films even though the general trend was the
same. This appears to be in agreement with the esti-
mated relative functional group densities 32 and the
accessibility of the groups within the two types of films
as discussed above.

4. Conclusions

Plasma-polymerized, amine-functionalized films ap-
pear to exhibit properties which render them suitable
for DNA adsorption. DNA probe immobilization was
found to be optimal for low duty cycle pulsed or low
power continuous wave plasma-deposited films with a
relatively high density of —NH, groups, low contact
angles, and a low cross-link density. In solution, the
polyelectrolytic and hydrogel characteristics of these
films seem to enhance DNA probe adsorption. The data
appear to suggest that the oligonucleotides are able to
penetrate into the polymer network and are able to
interact with reactive sites to an effective film thickness
of up to approximately 40—50 nm. This does not seem
to be possible with the highly cross-linked, high Peq
films. Low pH values seem to favor DNA probe attach-
ment.
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