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Homopolynucleotidesspoly(adenylic acid), poly(A), and poly(uridylic acid), poly(U)swere assembled, layer-
by-layer, into thin films with poly(ethylenimine), PEI. Various combinations and sequences of polynucleotide
and PEI were used to highlight contributions of electrostatic versus hydrogen bonding as driving forces for multilayer
build-up. Assembly of alternating poly(A) and poly(U) failed to yield growing films, due to excessively strong
interactions between these complimentary strands. The surface morphology of multilayers depended on the
deposition order and whether films had been annealed by salt. Films assembled from preformed A/U duplexes
(having high persistence lengths) were very smooth. Individual adsorption steps, followed by optical waveguide
light-mode spectroscopy, showed that only complementary polynucleotides adsorb by H-bonding to the surface
of a growing multilayer. In contrast to behavior usually observed for polyelectrolyte multilayer build-up, the
films decreased in thickness with increasing salt concentration.

Introduction

Interest in polynucleotides for technological and medical
applications is currently very strong. DNA has been used for
synthesis of patterned surfaces by immobilization of nucleotide
strands onto cationic lipid bilayers.1 Both metallic and insulating
substrates have been prepared,2 and recently, fabrication of
nucleotide microarrays was achieved.3 DNA-containing as-
semblies are being employed as biosensors4-6 and in electron-
ics.7 In addition to the latter applications, polynucleotides are
being explored for drug delivery8 as well as gene delivery and
therapy.9-11

To date, most assemblies have been formed by deposition of
a polynucleotide monolayer onto a modified surface.12,13Three-
dimensional architectures have been produced by incorporation
of polynucleotides into polyelectrolyte structures,9,14,15mainly
in multilayers built via the layer-by-layer (LbL) assembly
protocol.16-18 Applications of the LbL protocol have been
growing since its debut due to the simplicity of the method:
substrates are alternately introduced into positively and nega-
tively charged polyelectrolyte solutions, yielding a thin coating
on the surface of the substrate.

The build-up mechanism consists mainly of ion-pairing, or
“electrostatic,” interactions between the oppositely charged
polyelectrolytes, summarized in the following equation, which
represents the adsorption of a polyanion onto a positively
charged polycation surface:

Such electrostatic interactions have been thoroughly studied.19-23

Other interactions, such as hydrophobic interactions, van der
Waals, and hydrogen bonding, have also been investigated.24-26

Hydrogen bonding within polyelectrolytes27-33 has been used
to assemble multilayers from poly(N-isopropylacrylamide) and

poly(styrene sulfonate-co-maleic acid)30 and from poly(N-
vinylpyrrolidone) and poly(methacrylic acid).29

Attempts have also been made to build multilayers from
similarly charged polyelectrolytes. Lowack and Helm35 and
Fischer and Laschewsky34 showed the limited growth of
multilayers from positively charged polyelectrolytes. Recently,
Johnston et al.36 assembled negatively charged DNA oligo-
nucleotides into multilayers through specific hydrogen bonding.
We were interested in forming multilayers using polyelectrolytes
capable of hydrogen and/or electrostatic interactions. The effect
of ionic concentration (salt) was considered an important
variable, as salt is an important factor controlling the growth
of the thin films, inducing interpenetration and diffusion of
polyelectrolytes within multilayers.19,37-41 Like-charged hydro-
gen bonding systems such as polynucleotides interact more
strongly in the presence of salt, whereas oppositely charged
polyelectrolytes are more weakly bound as salt concentration
increases.

Experimental Section

Poly(ethylenimine), PEI (50 wt % solution in water, molecular mass
∼750 kDa); poly(adenylic acid) potassium salt, poly(A) ( molecular
mass∼200-700 kDa by low angle laser light scattering, LALLS); poly-
(cytidylic acid) potassium salt, poly(C) ( molecular mass∼118 kDa
by LALLS); and poly(uridylic acid) potassium salt, poly(U) ( molecular
mass>800 kDa by electrophoresis) were used as received from Aldrich.
Sodium phosphate monobasic, NaH2PO4; sodium phosphate, Na2HPO4;
sodium chloride, NaCl; and sodium hydroxide, NaOH (1 N solution)
were obtained from Fisher Scientific. All chemicals were used without
further purification.

Multilayers were prepared, either manually or with the aid of a robot,
on Si〈100〉 (Topsil Inc.) and quartz substrates (G.M. Associates, Inc.),
cleaned in “piranha” solution [7:3 H2SO4 (concentrated) and 30% H2O2

(caution: piranha should not be stored in closed containers)]. Films
for the LbL build-up study were prepared manually. The wafer was
alternately dipped in 5 mM PEI (polyelectrolyte concentration based
on the repeat unit) and in 0.5 mM polynucleotide solutions for 10 min

Pol+Cl-(surface)+ Pol-Na+
(aq) f

Pol+Pol-(surface)+ Na+
(aq) + Cl-(aq) (1)
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each. After each layer, the wafer was rinsed three times, followed by
a fourth rinse in water, and finally dried with N2. Thickness was
measured with a Gaertner Scientific L116B autogain ellipsometer, using
a 632.8 nm laser at 70°. All solutions, including rinses, were prepared
in 0.15 M NaCl in 25 mM phosphate buffer at pH 7.2.

Multilayers for surface morphology and salt effect studies were built
by a robot (nanoStrata Inc.). Si or quartz was fixed on the end of a
stainless steel spindle with Teflon tape and rotated at 300 rpm by a dc
motor. The robot was programmed to alternately expose the substrate
to the polymer solutions for 5 min each, followed by three rinses in
the NaCl/buffer solution for 30 s. Each multilayer contained a total of
20 or 21 layers of polyelectrolyte. The film was then rinsed in water
and dried under N2.

UV-Visible and circular dichroism spectra were respectively
collected with a Varian spectrophotometer (Cary, 3-E) and circular
dichroism spectrometer (Jasco J-810). Surface images and roughness
measurements were acquired with an atomic force microscope, AFM
(Dimension 3001, Nanoscope IV, Digital Instruments, Inc.) in intermit-
tent contact mode, and the thickness of thin films for the salt study
was determined by a profiler (KLA-Tencor, P-15). For the latter
experiment, the NaCl concentration in the polyelectrolyte solutions and
rinses, used for build-up, was varied from 0 to 0.8 M.

The growth of multilayers was also followed, in situ, by optical
waveguide lightmode spectroscopy, OWLS. Data were acquired with
a Bios-1 goniometer (Artificial Sensing Instruments, Zu¨rich). An optical
waveguide grating coupler sensor chip was used as substrate, which is
coated with silicon titanium oxide, SixTi(1-x)O2 (x ) 0.25( 0.05), with
a refractive index of 1.77( 0.03. It had a 20 nm diffraction grating
depth and a periodicity of 2400 mm-1. All solutions used were prepared
with filtered phosphate-buffered saline solution at pH 7.2 and 0.15 M
NaCl (filters from Whatman, Anotop 25, 0.45µm). A clean sensor
chip was inserted in the sample holder and buffer solution was pumped
through for 10 min (pumping speed 8.3µL s-1). The buffer solution
was left to stand on the grating system to create a homogeneous
environment by filling in the grating lines. Polyelectrolyte multilayers
(PEMUs) were built by flowing polyelectrolyte solutions, alternately,
for 4 min, followed by rinsing with buffer, also for 4 min. A constant
temperature was maintained throughout each experiment.

Results and Discussion

In addition to their pervasive hydrogen bonding interactions,
the negatively charged phosphate backbone of the polynucleotide
chains enables them to behave as polyelectrolytes. Hence it is
possible to assemble them within multilayered polyelectrolyte
matrices. We studied the build-up of PEI/RNA multilayers via
the layer-by-layer build-up protocol. Poly(A) and poly(U) were
the strands of choice as they are complimentary polynucleotides.
We have built multilayers via multiple combinations and
deposition sequences of PEI and homopolynucleotides, which
are represented as systems I-V. The naming and the interactions
within the different systems are summarized in Table 1. In
Figure 1 we show the layer-by-layer build-up of four different
multilayer systems. In system I, poly(A) and poly(U) were
alternately deposited on a silicon wafer primed with a single
layer of PEI, represented by the nomenclature PEI[poly(A)/poly-

(U)]x. System II shows the build-up of alternating bilayers of
PEI/poly(A) and PEI/poly(U), represented by [PEI/poly(A)/PEI/
poly(U)]x. In system III, the assembly of [PEI/poly(A)/poly-
(U)]x was performed where a layer of poly(A) was built on PEI,
followed by the addition of poly(U) on poly(A). In system IV,
double-stranded poly(AU) was deposited on PEI, yielding a
multilayer that can be noted as [PEI/poly(AU)]x. Finally, system
V corresponds to PEI and poly(U) deposited to give the [PEI/
poly(U)]x multilayer.

Layer-by-Layer Build-up. In system I, which eventually
relies on H-bonding only, an increase in thickness was observed,
but the build-up levels off after the fourth layer and remains
constant at a thickness of 173( 5 Å. The first step, that is, the
addition of poly(A) on the PEI layer, is a result of electrostatic
interactions. When the PEI/poly(A)-modified substrate is dipped
in poly(U), we observe a further addition of polyelectrolyte on
the surface. Previous studies have shown that with interrupted
depositions of polyelectrolytes and drying steps within the
different layers of the multilayer, deposition of similarly charged
polyelectrolyte is possible as a result of interpenetration of the
polyelectrolytes.34,35,42 We believe the further addition of
negatively charged polymers onto the bilayer is due to hydrogen
bonding between the complementary bases of poly(A) and poly-
(U).

Recent work by Johnston et al.36 demonstrated build-up of
negatively charged oligonucleotides via hydrogen bonding. By
employing a two-block nucleotide system they were able to
mimic the charge overcompensation phenomenon of multilayers.
The growth observed was similar to that of the poly(styrene
sulfonate), PSS, and poly(allylamine hydrochloride), PAH,
polyelectrolyte pair. In addition, they carried out a similar
deposition sequence, as in system I, by alternately depositing
A30 and T30 oligomers.

In our study, the limited growth of system I is probably due
to a lack of overcompensation of each new layer relative to the
previous one, coupled with slow interdiffusion kinetics. In
general, weakly interacting systems form thicker multilayers.
For example, some hydrophilic polyelectrolytes are able to
overcompensate the entire growing multilayer, leading to
exponential growth. PAH/PSS is a strongly interacting system
that forms thin multilayers.37 Complementary polynucleotides
are designed to interact strongly over long correlation lengths,
leading to efficient base pairing with no bases left over (i.e., no
overcompensation). Multiple interactions between polynucle-

Table 1. Summary of the Multilayer Repeat Units Used, Termed
Systems I-V

system polyelectrolyte “repeat unit” interactions

I poly(A)/poly(U) H-bonding
II PEI/poly(A)/PEI/poly(U) electrostatic, (H-bonding)
III PEI/poly(A)/poly(U) electrostatic, H-bonding
IV PEI/poly(AU) electrostatic, H-bonding
V PEI/poly(U) electrostatic

Figure 1. Layer-by-layer build-up of PEI and RNA polyelectrolytes
from solutions at 0.15 M NaCl in 25 mM phosphate buffer, pH 7. (O)
System I, PEI/[poly(A)/poly(U)]4.5; (4) system II, [PEI/poly(A)/PEI/poly-
(U)]5; (]) system III, [PEI/poly(A)/poly(U)]7; (*) system IV, [PEI/poly-
(AU)]10. (Inset) UV-Visible spectrum of system III deposited on quartz
substrate. The peak at 260 nm is characteristic of purine and
pyrimidine bases in DNA and RNA.
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otides are also expected to prevent interdiffusion, effectively
“locking” layers in place.

In an effort to promote regular build-up from RNA, we
included a mixture of electrostatic and H-bonding mechanisms.
The first permutation is system II. Curvature to the fourth layer
is followed by a linear growth of the structure where charge
overcompensation has reached a constant value. Initially, we
believed minimal specific hydrogen bonding would exist in the
assembly as the homopolynucleotides would be separated by a
layer of PEI. To provide an intermediate opportunity for
H-bonding, we assembled films following the sequence of
system III. As in the previous case, slow growth exists up to
the fourth layer, after which linear growth of the multilayer is
observed. Poly(A) is readily added to the PEI layer via attractive
electrostatic interactions. Hydrogen bonding between U and A
bases allows the addition of the third layer, which is followed
by the electrostatic addition of PEI, etc.

For comparison, a film from PEI and double-stranded poly-
(AU) polymer, formed separately in buffered saline, was built
(system IV). The build-up observed was similar to that of
systems II and III. The result implies that whether single- or
double-stranded polynucleotides are used to build the multilayer,
the charge density brought onto the surface of the PEI layer is
of similar order; that is, similar overcompensation effects are
observed in the two build-up strategies. The fact that similar
build-up is observed for systems II, III, and IV suggests that
there is enough interpenetration to enable participation of both
electrostatic and H-bonding interactions, even for system II,
where the H-bonding is nominally separated by a layer of PEI.

Surface Morphology. While the layer-by-layer study of
systems II-IV did not reveal a difference in the build-up, AFM
experiments showed surface morphological differences between
the multilayers (Figure 2). Panel A depicts the topology of film
corresponding to system II. The build-up is thought to be mainly
based on electrostatic interactions of the PEI chains with the
phosphate backbone of the polynucleotides. Similar to previous
AFM studies of polyelectolyte films,37,43-46 analysis of a 1×
1 µm2 surface area of the [PEI/poly(A)/PEI/poly(U)]4 multilayer
revealed vermiculite-type morphology with an rms roughness
of 12 nm (summarized in Table 2).

Turning to system III (Figure 2B), we see a clear difference
compared to system II. The surface of the film appears to be
rougher than that of the film in panel A, as bigger blobs are on
the surface. Accordingly, 1× 1 µm2 areas show an rms
roughness of 30 nm. The increase in roughness can be associated
with the addition of a third layer of negatively charged poly-
(U) on the surface, which is thought to be bound to poly(A) by
hydrogen bonding. As the polynucleotides are tightly held
together through H-bonding, their diffusion becomes limited;
therefore, given the time scale of the deposition of poly(U),
there can be no or minimal interpenetration of poly(U) to the
surface of PEI to create intrinsic electrostatic interactions with
the polycation, hence the roughness of the multilayer. For
comparison purposes, a [PEI/poly(AU)]10 film was prepared on
a silicon substrate. Double-stranded polynucleotides are rela-
tively ordered polymer helices with much greater persistence
length and therefore rodlike structures. The persistence length,
lp, of single-stranded polynucleotide is 78 Å,47 whereaslp of
double-stranded polynucleotide is 638 Å.48 A RNA pair with
such a high aspect ratio is expected to adsorb flat to the surface,
yielding very smooth surface features. The resulting poly(AU)
multilayer exhibited an rms value of 5 nm (Figure 2C).

Surface and roughness studies performed by Dubas and
Schlenoff37 showed that annealing in NaCl decreases the

roughness of a polyelectrolyte multilayer. For example, a PSS/
PDADMA [poly(diallyldimethylammonium chloride)] becomes
much smoother after a few hours’ immersion in 0.5 M NaCl.
Annealing introduces counterions (“extrinsic compensation”)
into multilayers, decreasing interactions between polyelectrolytes
and allowing them to move faster.38 In order to investigate the
effect of annealing on the polyelectrolyte systems, we immersed
the multilayers in 0.5 M NaCl in 25 mM phosphate buffer, pH
7, for 12 h (Table 2). The roughness of the roughest system
decreased by 76%.

The annealing process in the multilayers is slow; neutron
reflectivity studies show the diffusion constants,D, for poly-
electrolytes in PSS/PDADMA systems fall between 2× 10-17

and 6 × 10-17 cm2 s-1 and they are salt-concentration-
dependent.38 In the PEI/polynucleotide systems, the polyelec-
trolytes are held together, in addition to electrostatic interactions,
by H-bonding; therefore, one expects to obtain lower values
for D, and hence the smoothing observed in particular for [PEI/
poly(A)/poly(U)]7 is due to the long period of annealing in the
presence of NaCl inducing both interdiffusion and/or interpen-
etration of polymers and further H-bonding between base pairs
of poly(A) and poly(U). In the case of [PEI/poly(AU)]10, the
rms roughness remains constant after annealing of the multilayer.

Conformational Changes. PEI is expected to distort the
helical conformation of polynucleotides when interacting with
them.49 In order to investigate conformational changes, we

Figure 2. AFM images showing surface morphology of (A) system
II, (B) system III, and (C) system IV. Films were built from polyelec-
trolyte buffered solutions at pH 7.2 and NaCl content 0.15 M.
Thickness and rms roughness measurements of films are summarized
in Table 2.
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collected circular dichroism (CD) spectra of both polyelectrolyte
solutions and multilayers. The individual CD spectra of poly-
(A) and poly(U) in solution correspond to previously reported
spectra of single-stranded helical poly(A) and poly(U) as well
as the spectrum of the double-stranded poly(AU).50 In Figure
3, we present the specific ellipticity for poly(U) and poly(AU)
in solution and multilayers. Panel A depicts the spectra of poly-
(U) in solution and in a multilayer. A slight shift of wavelengths
is present, which indicates changes in the stacking of the single-
stranded helices with some retention of ordered conformation.
In the case of poly(AU) (panel B), a complete change of
spectrum is observed when it is deposited on PEI. Previously,
PEI was shown to induce denaturation of double-stranded DNA
at thymine (T) sites, which are chemically similar to uracil (U)
sites (T has an additional methyl group attached to carbon C5
of the pyrimidine group).49 We speculate that the PEI-poly-
(AU) interactions are inducing rupture of the double-stranded
poly(AU) as a result of the PEI-nucleic base interactions,
therefore inducing new conformational states.

Evidence for Specific Hydrogen Bonding.To further prove
the presence of specific hydrogen bonding, we studied, in situ,
the build-up of system III and the effect of hydrogen bonding
by OWLS. In Figure 4, we show the growth of [PEI/poly(A)/
poly(U)]2. The data show the addition of a poly(A) layer onto
the PEI followed by a slight increase in thickness when poly-

(U) is pumped through the cell, consistent with a thin adsorbed
layer of poly(U) with no overcompensation.

An interesting observation is the small amount of poly(U)
added on poly(A); one expects to see a 1:1 poly(A):poly(U)
ratio as one uridylic base can be bound to one adenylic base.
Also, as we see in the inset of Figure 4, the deposition of poly-
(A) onto PEI is more or less an instantaneous addition compared
to that of poly(U) on poly(A). Clearly, different factors are
controlling the addition of poly(U) to the multilayer surface.
Electrostatic repulsions between the negatively charged back-
bones of poly(A) and poly(U) might be a first factor, inhibiting
poly(U) interdiffusion in poly(A) unlike poly(A) interdiffusion
in PEI, and a second factor might be the thermodynamics and
kinetics of base pairing.

In order to see whether the addition of poly(U) is electrostatic
or due to specific H-bonding, we performed a second set of
experiments by OWLS. In Figure 5, a first layer of PEI was
followed by two additions of poly(A). No growth was observed
when the second aliquot of poly(A) was pumped through the
flow cell, indicating that the first flow of poly(A) was enough
to neutralize the surface charges of PEI. When poly(U) was
introduced, an increase in film thickness was observed. The
increase can be associated only with nonelectrostatic interac-
tions; hence, H-bonding is the driving force for the growth of
this particular step.

To further prove the presence of specific hydrogen bonding
between poly(A) and poly(U), poly(U) was substituted with
poly(cytidylic acid), poly(C), and in situ experiments with poly-
(A) were conducted. Poly(C) is not complementary to poly(A);
therefore, one does not expect to see a growth of the film when
poly(C) is passed through the flow cell. Indeed, no growth was
observed on a layer of poly(A) when poly(C) was pumped
through, but when poly(U) was introduced, an increase was
recorded (not shown).

Table 2. Thickness and RMS Roughness Measurements Recorded before and after Annealing

[PEI/poly(A)/PEI/poly(U)]5 [PEI/poly(AU)]10 [PEI/poly(A)/poly(U)]7

thickness before annealing (nm) 203 193 260
thickness after annealing (nm) 172 127 115
roughness before annealing (nm) 12 5 30
roughness after annealing (nm) 8 4 7

Figure 3. Specific ellipticity spectra of polynucleotides. (A) Spectra
of poly(U) in solution and in a PEI multilayer matrix; (B) spectra of
poly(AU) in solution and embedded in PEI multilayer. The spectra of
solutions were from a mixture of 25 mM phosphate buffer solution at
pH 7 containing 0.15 M NaCl.

Figure 4. In situ build-up of [PEI/poly(A)/poly(U)]. Two complete
layers are shown. The first step (I) corresponds to the deposition of
PEI onto the negatively charged wafer surface; the second step (A),
to the addition of poly(A); and the third step (U),to the addition of
poly(U), from polyelectrolyte solutions at 0.15 M NaCl and 25 mM
phosphate buffer at pH 7. Each deposition was followed by a 4-min
rinse with 25 mM phosphate buffer at pH 7. Similar growth is observed
when deposition order of poly(A) and poly(U) is reversed. (Inset)
Relative additions of ([) poly(A) and (2) poly(U).
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The thermodynamics and kinetics of base pairing might limit
the amount of poly(U) deposited on the surface of the film.
Thorough studies have been conducted to understand the effect
of nucleotide base concentration, temperature, and ionic strength
on the structure of single strands (coil-helix transitions) and
double-helix formation of oligonucleotides in solution.51 It is
well-known that at low ionic strength polynucleotides prefer to
be single strands. As the salt concentration is increased, the
thermodynamics of the system, explained as increased shielding
of electrostatic repulsion, favors double-helix formation. In this
study, we built multilayer films at different ionic strengths to
investigate the effect of salt concentration on the build-up of
the films (Figure 6).

The effect of salt concentration on polyelectrolyte multilayer
growth is well investigated,16,18 and further studies are being
conducted to thoroughly understand kinetics of processes
occurring within multilayers such as ion doping, water intake,
and swelling phenomena. It is believed that the surface excess
charge, responsible for the multilayer growth, increases as salt
is added to the solution. Parallel to its presence on the surface,
the excess charge is also extended into the bulk of the multilayer
as the salt counterions enable interpenetration of polyelectro-
lytes.17,22

In our study, charge overcompensation is clearly present as
[PEI/poly(U)]x and [PEI/poly(A)/PEI/poly(U)]x multilayers are
assembled. But as we build-up PEMUs via [PEI/poly(A)/poly-
(U)] deposition sequence at different salt concentrations, we
observe a decrease in the total film thickness. In previous studies,
Kharlampieva and Sukhishvili27,28 described the competition

between nonspecific H-bonding and electrostatic interactions,
where switching between H-bonding and electrostatics was
achieved by altering the pH of the assembly environment. In
these studies, no decrease in film thickness was reported. In
another study, Izumrudov et al.41 showed the variation of
adsorbed amount of polyelectrolytes with increasing salt
concentration. A maximum was observed for polymers of
different molecular weights, followed by a decrease until
complete dissolution of the complexes at 0.5 M NaCl.

The thickness of the PEI/poly(A)/poly(U) multilayers de-
creases and plateaus at high salt concentration. An explanation
for the observed decrease is the presence of two competing
factors, induced by the increase in salt concentration. Increase
of salt concentration during build-up of PEMUs yields thicker
films due to interpenetration; but as the amount of salt is
increased in systems of polynucleotides, hydrogen bonding is
favored. H-bonding interactions are stronger, so the ability to
diffuse through the polymer network is decreased. Hence the
degree of interpenetration is lower and thinner films are formed.
At sufficiently high salt concentration, thickness ultimately
reaches a plateau where the net effect of the two competing
factors remains constant.

Conclusion

In this paper, we were able to build and investigate multilayers
assembled from homopolynucleotides to study the specific
hydrogen bonding between complementary nucleotides, adenylic
and uridylic bases, embedded in a PEI matrix. In addition to
morphological and conformational studies, we analyzed the
interactions within the multilayers by circular dichroism and
optical waveguide lightmode spectroscopy. Specific H-bonding
within the multilayers was further analyzed, and the effect of
ionic strength on the build-up of the PEI/poly(A)/poly(U) was
studied. The experiments show a decrease of film thickness,
contrary to the phenomenon observed for electrostatic-only
systems such as PSS/PDADMA multilayers. With increasing
salt concentration, H-bonding between the nucleotide bases is
favored and polyelectrolyte interpenetration decreases, resulting
in a decrease of film thickness which ultimately reaches a
plateau at relatively high salt (NaCl) concentrations.
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