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ABSTRACT: DNA films are of interest for use in a number of areas,
including sensing, diagnostics, and as drug/gene delivery carriers. The
specific base pairing of DNA materials can be used to manipulate their
architecture and degradability. The programmable nature of these materials
leads to complex and unexpected structures that can be formed from
solution assembly. Herein, we investigate the structure of DNA multilayer
films using Förster resonance energy transfer (FRET). The DNA films are
assembled on silica particles by depositing alternating layers of
homopolymeric diblocks (polyA15G15 and polyT15C15) with fluorophore
(polyA15G15-TAMRA) and quencher (polyT15C15-BHQ2) layers incorpo-
rated at predesigned locations throughout the films. Our results show that
DNA films are dynamic structures that undergo rearrangement. This occurs
when the multilayer films are perturbed during new layer formation
through hybridization but can also take place spontaneously when left over
time. These films are anticipated to be useful in drug delivery applications and sensing applications.

■ INTRODUCTION

Deoxyribonucleic acid (DNA) is a unique building block, as it
exhibits highly precise and specific base pairing interactions
between its complementary base pairs. Thus, it can be used to
engineer thin films with tunable architectures for potential
application in areas such as diagnostics, sensing, and therapeutic
delivery. As the architecture of the films plays an important role
in the function and response of the material, it is important to
understand the structure of the assembled films. DNA films
with varying properties can be prepared using the layer-by-layer
(LbL) approach,1 which is widely known as a versatile method
for assembling thin films of diverse composition on various
supports of different shapes and sizes.2−7 Through careful
selection of the appropriate interactions (e.g., electrostatics,1

hydrogen bonding,8,9 and covalent linkages10,11), a plethora of
building blocks such as polymers,3 particles,12 liposomes,13

micelles,14 and/or quantum dots15 can be used to assemble LbL
films. In the case of DNA, multilayer films are assembled by
depositing alternating layers of diblock DNA held together
through the hybridization forces between the complementary
blocks in each layer.16,17 In earlier studies, we demonstrated
that DNA film properties are highly dependent on the
sequences used for assembly as well as the assembly conditions.
For example, through a combination of molecular modeling
and experimental measurements, we found that DNA building
blocks that are too short (less than 10 bases) or too long (more
than 60 bases) do not promote efficient film growth. For short
sequences (10 bases long) this is due to the formation of
hairpins and for long sequences (60 bases long) it is due to
interstrand bridges with adjacent DNA strands, thus preventing

efficient hybridization and film growth.18,19 The presence of salt
is also important in forming and stabilizing DNA multilayer
films, and at high salt concentrations (2 M NaCl) the formation
of T·A*T triplexes results in a denser film structure.20 DNA
multilayer films can also be stabilized by cross-linking the film
by hybridization with a specific cross-linking oligonucleotide,
thus ensuring the film is still solely composed of DNA.21 DNA
films, including those that are stabilized, can be enzymatically
degraded using restriction enzymes by engineering restriction
cut sites within the DNA sequences used to assemble the film.22

In our previous studies, we reported that slippage plays an
important role in the assembly of DNA diblock multilayer films,
suggesting a dynamic film structure.16,17 Rearrangement within
LbL films has been extensively studied, and it is well established
that polyelectrolyte multilayers consist of interpenetrated rather
than stratified layers due to rearrangement within the
films.3,23−26 The chain segments from a polymer have been
reported to cross all layers within superlinearly growing films25

and ∼12 Å between neighboring polymer layers in polystyr-
ensulfonate (PSS)/poly(allylamine hydrochloride) (PAH)
multilayer films.26 The interdiffusion and exchange of the
polyelectrolytes within the multilayer films have been attributed
to various factors such as the permeability of the film,27 the
presence of salt within the film,28,29 and the molecular weight of
the polyelectrolytes.30 While rearrangement can lead to
nonstratified layers, this can result in useful structures. For
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example, competitive diffusion during the assembly of electro-
statically assembled multilayer films was used to spontaneously
order virus particles.31 Hence, by understanding the factors that
influence the rearrangement and movement of DNA strands
within the film, we expect to be able to engineer DNA films
with adaptable properties. This will be useful for applications

such as in sensing or drug delivery. For example, a dynamic
sensing film would not only facilitate the entry and exit of
probes without causing damage to the film, it would also enable
easy separation of the probes so the film can be reused multiple
times. In drug delivery, rearrangement within the film could be
useful in triggering therapeutic delivery. Thus, in this article, we

Scheme 1. (a) Assembly of DNA Multilayer Films on Amine-Functionalized Silica Particles with DNA Diblocks and (b) an
Illustration of the Buildup of Layersa

aA layer of polyT30 is first deposited as a priming layer followed by alternating layers of polyA15G15 and polyT15C15.

Scheme 2. DNA Multilayer Films with (a) a Terminating AG-F Layer after the Deposition of a Layers, Where a = 0, 2, 4, 6, or 8;
(b) Varying Number of Spacer Layers between the TC-Q and AG-F Layer, Where a = 0, 2, 4, 6, or 8; (c) b Number of Layers
above the Quenched AG-F Layer, Where b = 0, 1, 2, 3, 4, 5, 6, or 7; and (d) a Number of Spacer Layers between the TC-Q and
AG-F Layers, Where a = 0, 2, 4, 6, 8 with b Number of Layers above the TC-Q and AG-F Layers, Where b = 0, 2, 4, 6, or 8a

aThe polyT30, TC-Q, and AG-F layers are represented by black, green, and pink lines, respectively. Nonfluorescent layers are represented by gray
lines. The number of nonfluorescent spacer layers below the AG-F layer and above the AG-F layer is defined as a and b, respectively. The TC-Q layer
is deposited on a polyT30/polyA15G15 bilayer in (b), (c), and (d).
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examine the rearrangement of DNA films using Förster
resonance energy transfer (FRET).
FRET is defined as the nonradiative transfer of energy from

an excited molecular fluorophore (donor) to another molecular
fluorophore (acceptor) with fluorescence emission of the
acceptor fluorophore.32 One primary condition for successful
FRET is overlap between the donor emission and acceptor
excitation spectrum, which generally occurs when the donor
and acceptor are physically less than 10 nm apart.32,33 The
efficiency of the process is distance-dependent and generally
decreases at increased distances. The sensitivity of FRET over
this range makes it useful as a spectroscopic ruler for the
measurement of intramolecular and intermolecular distances.34

FRET has been used to study the properties of LbL
assemblies.35−39 Using rhodamine B-labeled melamine form-
aldehyde particles (acceptor) coated with a PSS and PAH
multilayer film, FRET between 6-carboxyfluorescein (donor) in
aqueous solution and the LbL film-coated particles was
demonstrated. It was shown that FRET could be used to
study the properties of the film through the site accessibility of
6-carboxyfluorescein on the surface or within the film and to
gain an understanding on the permeability properties of the
film.36 In another study by Richter and Kirstein using
alternating layers of PSS and PAH assembled between a single
donor layer of conjugated poly(p-phenylenevinylene) (PPV)
and a single acceptor layer of PAH labeled with either
rhodamine B or fluorescein, it was shown that the FRET
efficiency was dependent on the distance between the acceptor
and donor according to the equation 1/(1 + (d0/d)

4), where d
is the distance between the acceptor and donor and d0 is the
critical energy transfer distance.37 A similar observation was
made by Schneider and Decher, where fluorescently labeled
polymer layers separated from the gold nanoparticle core
(quencher) by nonfluorescent polymer layers showed that
fluorescence quenching through FRET was strongly distance-
dependent.38 In these studies, changes in the fluorescence
intensities with new layer deposition or as a function of time
were not investigated. Such information could yield useful
knowledge over the extent of film rearrangement.
In this paper, we exploit FRET to gain a better understanding

of the structure of DNA multilayer films on a molecular level.
As illustrated in Scheme 1, the DNA multilayer films were
assembled on amine-functionalized silica particles by depositing
alternating layers of polyA15G15 and polyT15C15 onto a polyT30
priming layer. The use of the polyT30 priming layer ensures that
when the next polyA15G15 layer is introduced, the polyA15 block
can hybridize to the T bases, leaving the polyG15 block available
for subsequent hybridization.17 We have chosen tetramethyl-6-
carboxyrhodamine-labeled (TAMRA) as the acceptor and Black
Hole Quencher 2 (BHQ2) as the donor dye (Supporting
Information S1). The advantage of using a BHQ rather than a
fluorescent dye as an acceptor is because of its low fluorescence,
which gives a high signal-to-noise ratio. To observe the
efficiency of FRET within the films, polyA15G15-TAMRA (AG-
F) donor and polyT15C15-BHQ2 (TC-Q) quencher layers were
incorporated at various positions throughout the films (Scheme
2b−d). The fluorescence measurements were taken by
measuring the average fluorescence intensity of 20 000
individual silica particles using flow cytometry.40 This high
throughput approach is well established for the analysis of
FRET in cells41 but is the first example (to our knowledge) in
which flow cytometry has been used to analyze FRET in
multilayer films.

■ EXPERIMENTAL SECTION
Materials. Sodium chloride (NaCl), sodium citrate, and sodium

hydroxide were obtained from Sigma-Aldrich and used as received.
High-purity water of resistivity greater than 18 MΩ cm was obtained
from an inline Millipore RiOs/Origin system (Milli-Q water). A stock
solution of saline sodium citrate (SSC buffer) was made up by
dissolving 4.8 g of citric acid and 14.6 g of sodium chloride in 500 mL
of water to give a final concentration of 500 mM NaCl and 50 mM
sodium citrate (Na+ concentration of 650 mM). The pH of the buffer
solution was measured with a Mettler-Toledo MP220 pH meter and
adjusted to pH 6.5 using 1 M sodium hydroxide. The oligonucleotides
(polyT30, polyA15G15, polyT15C15, and 5′-end-labeled TAMRA
polyA15G15, abbreviated as AG-F) used were custom synthesized by
Geneworks (Adelaide, Australia). PolyT15C15, internally labeled with
Black Hole Quencher 2 (TC-Q), was synthesized by TriLink
BioTechnologies (San Diego, CA). The lypophilized oligonucleotides
were rehydrated in Milli-Q water to give a stock concentration of 150
μM. The concentrations of the oligonucleotide solutions were verified
by measuring the absorbance at 260 nm (A260) using an Agilent UV−
vis 8453 spectrophotometer and calculated using the formula:
oligonucleotide concentration = A260/ε260, where ε260 is the extinction
coefficient of the single-stranded oligonucleotide. All stock oligonu-
cleotide solutions were diluted in SSC buffer to a final concentration of
5 μM. Silica particles (2.59 ± 0.12 μm) were obtained from
Microparticles GmbH (Umwelttechnologie-Zentrum, Germany) and
amine-functionalized, as described previously.18 Standard 5 MHz gold-
coated AT-cut quartz crystals (Q-Sense AB, Vas̈tra Frölunda, Sweden)
were cleaned with Piranha solution (70/30 v/v % sulfuric acid/
hydrogen peroxide), washed thoroughly in water, and dried under a
nitrogen stream. Caution! Piranha solution is highly corrosive. Extreme
care should be taken when handling Piranha solution, and only small
quantities should be prepared. All gold crystals were treated for 10 min
in a UV-ozone TipCleaner (Bioforce NanoSciences, Inc.) to remove
any remaining contaminants prior to the experiments.

Methods. Quartz Crystal Microgravimetry. QCM measurements
were carried out on a Q-Sense E4 instrument (Q-Sense AB, Vas̈tra
Frölunda, Sweden) at a constant temperature of 23.8 °C. All overtones
measured (1st, 3rd, 7th, 11th, and 13th) showed the same trend;
however, only the 5th overtone frequency and dissipation values are
reported. The large dissipation changes observed throughout the film
assembly indicate a highly swollen film,17 which invalidate the
assumptions in the Sauerbrey equation,42 and hence the film buildup
is qualitatively reported as a frequency change rather than absolute
mass. Briefly, the unlabeled DNA film was assembled by first adsorbing
a priming layer of polyT30 (225 μL of a 5 μM solution for 10 min)
onto the gold-coated quartz crystal electrodes, followed by alternating
layers of polyA15G15 (225 μL of a 5 μM solution for 20 min) and
polyT15C15 (225 μL of a 5 μM solution for 20 min) to a total of 11
layers (including the polyT30 layer). The labeled film was assembled by
depositing alternating layers of AG-F and TC-Q using the same
protocol. Each film was rinsed in 1 mL of SSC buffer after each
adsorption step to remove any loosely bound oligonucleotides. All
solutions were flowed over the crystal sensor surface at a constant flow
rate of 300 μL min−1. The raw data were analyzed using the QTools
3.0.0.175 software.

Layer-by-Layer (LbL) Assembly of DNA Films on Silica Particles.
The amine-functionalized silica particles (220 μL of a 5 wt %
dispersion) were first primed with a polyT30 layer (396 μL of a 5 μM
solution). To assemble the layers, alternating layers of polyA15G15 (20
min) and polyT15C15 (20 min) were deposited. The amount of DNA
used for subsequent layers was reduced proportionally to the number
of particles taken out after each layer. After deposition of each layer,
the particles were washed three times in SSC buffer to remove any
excess DNA.

Flow Cytometry. The average fluorescence intensity of the particles
was measured using a Partec FloMax space flow cytometer using an
excitation wavelength of 488 nm (laser power 50 mW) and analyzed in
the FL2 (564−606 nm) channel with a PMT voltage of 800 V.
Analysis of flow cytometry data was performed using the Partec

Langmuir Article

dx.doi.org/10.1021/la302587t | Langmuir 2012, 28, 12527−1253512529



FloMax software. The average fluorescence intensity of the particles
over time was measured using a BD LSRFortessa flow cytometer using
an excitation wavelength of 561 nm (laser power 50 mW). The 3 μm
particles were analyzed with a 582/15 nm band-pass filter (574−590
nm) with a PMT voltage of 450 V. The signals obtained on different
days were normalized by measuring the fluorescence intensity of eight
peak Spherotech rainbow calibration particles. Analysis of flow
cytometry data was performed using FlowJo software.

■ RESULTS AND DISCUSSION
The growth of a 30-mer diblock film assembled under 0.5 M
salt concentration on particulate supports was followed by
measuring the fluorescence intensity of the film labeled with an
end-terminating TAMRA-labeled polyA15G15 layer (Scheme
2a), while using nonfluorescent layers to assemble the rest of
the film. To study the efficiency of FRET, the DNA film was
assembled by depositing an increasing number of non-
fluorescent spacer layers between the fluorophore and quencher
layers with no additional layers on top (Scheme 2b) or with
additional layers on top of the quenched fluorophore (Scheme
2d). In particular, to understand whether rearrangement of the
film could be induced by the formation of a new layer,
nonfluorescent layers were deposited above the quenched
fluorophore layer (Scheme 2c,d). The stability of the film over
extended time periods was also monitored by following changes
in the fluorescence intensity of the film over time. The
efficiency of FRET in the films is reported by its quenching
ratio (Q), which is defined as the fluorescence intensity of the
quenched film divided by the fluorescence intensity of the
unquenched film. The thickness between the layers, R, can be
calculated using the Förster equation:

= − =
+ ( )

E Q1
1

1 R
R

6

0 (1)

where E refers to the efficiency of energy transfer and R0 is the
Förster radius where the efficiency of energy transfer is 50%,
theoretically calculated to be 4.4 nm (Supporting Information
S2). Although studies have suggested using a spatial
exponential of 4 instead of 6 for the calculation of E on planar
supports, this equation holds only when the acceptor molecules
are confined to ideal two-dimensional layers, which are
separated from the donor layer by 3.5 nm and exist as a
continuum.37,39 However, in our study, we show that there is
interpenetration and rearrangement of the layers within the
DNA multilayer films, and thus these assumptions do not hold.
Hence, we assume that the use of a spatial exponential of 6 as
shown in eq 1 to be more appropriate in the calculation of E.
Influence of Labeled DNA on Film Growth. The growth

of a diblock film (30-mer), monitored by QCM, has been
reported in an earlier study.17 The deposition of a polyA15G15
layer is generally characterized by a decrease in frequency
(corresponding to an increase in film mass) and an increase in
dissipation, while the polyT15C15 layer results in a frequency
decrease and minimal change in dissipation.17 In this study, as
we used labeled polyA15G15 and polyT15C15, it was essential to
determine whether the labeling of DNA building blocks with
the fluorophore (TAMRA) or quencher (BHQ2) would have
any influence on the growth of the film. As shown in Figure 1, a
5-bilayer DNA film assembled by depositing alternating layers
of AG-F and TC-Q showed regular film growth. The film was
found to have a higher dissipation and frequency change than
the unlabeled film, suggesting a more swollen nature. This

could be due to the presence of the hydrophobic fluorophore
and quencher, which could reduce the efficiency of hybrid-
ization between the layers and result in a less stiff film (less
double strands), as evidenced by the higher dissipation.
However, in our experiments, as only two layers are labeled
in each experiment, the influence of the fluorophore and
quencher on film growth is expected to be minimal.

Growth of DNA Films on Silica Particles. The growth of
DNA films on 3 μm diameter silica particles was monitored by
measuring the fluorescence intensity of the film after the
deposition of a single AG-F layer at layers 1, 3, 5, 7, 9, and 11
(Figure 2). These layers correspond to every polyA15G15 layer
within the 5-bilayer DNA film. As seen in Figure 2, the highest
fluorescence intensity was observed for layer 1. This is possibly
due to the electrostatic interactions between the initial AG-F
layer with the positively charged amine-functionalized silica
particle. An increase in fluorescence intensity for the
subsequent layers (i.e., 3, 5, 7, 9, and 11) was observed and
is mainly due to base-pairing interaction between the layers.
These results are consistent with our previous findings on
planar supports using dual polarization interferometry (DPI)
where a higher mass of polyA15G15 was deposited during the
first bilayer (ca. 1.6 ng mm−2), followed by a lower but
increasing mass of polyA15G15 for the subsequent second (0.4
ng mm−2) to fifth bilayers (0.6 ng mm−2) (Figure 2).43

Through experimental and theoretical modeling we previously
demonstrated that various multistranded structures such as
branched DNA structures and T·A*T triplexes can form within
the multilayer films.20,43 It is important to note that the mass
measured by DPI does not take into account the mass of water
within the film and thus reflects only the mass of the DNA
deposited. This confirms that deposition of DNA multilayer
films on both planar and colloidal supports follow the same
trend.

FRET in DNA Multilayer Films. The use of FRET to
measure the distance between the fluorophore and quencher
within a film can yield information about the molecular film
structure, particularly over the sensitivity range between 2 and
10 nm. We assume that the distance between the fluorophore

Figure 1. Comparison between the growth of a 5-bilayer labeled
(polyT30/(AG-F/TC-Q)5) and unlabeled (polyT30/(polyA15G15/
polyT15C15)5) film, as monitored using QCM. The polyT30, TC-Q,
and AG-F layers are represented by black, green, and pink lines,
respectively.
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and quencher is constant in the film and an average separation
distance is obtained.
In the first set of experiments, the TC-Q quencher layer was

fixed as the third layer and AG-F layers were introduced after
the deposition of 0, 2, 4, 6, and 8 nonfluorescent layers. These
data showed a steady increase in the quenched ratio as the
number of nonfluorescent layers between the fluorophore and
quencher was increased, as represented by the blue squares in
Figure 3. This suggests, as expected, that the quencher is

increasingly separated from the fluorophore as more non-
fluorescent layers are introduced between them, thus restoring
the fluorescence. When the quencher and fluorophore layers
were placed directly above each other (Figure 3, layer number
0), a quenched ratio approaching 0 was observed. The
fluorophore and quencher layers are separated by ca. 2 nm
when they are directly above each other (see Supporting
Information S3 and S4), and it is likely that at distances below 2
nm a ground-state complex forms, resulting in static quenching.
However, as nonfluorescent layers were introduced between
the quencher and fluorophore to increase their separation
distance, the quenched ratio was seen to increase. The
quenched ratio increased linearly from 0.15 when there were
two layers between the fluorophore and quencher to 0.6 when
there were eight layers separating them. This corresponds to a
growing distance between the fluorophore and quencher layers
with a separation distance of ca. 1 nm at zero layers to 5.3 nm at
eight layers, as calculated using the Förster equation (1).
A theoretical quenched ratio of the DNA film with increasing

nonfluorescent layers between the fluorophore and quencher
was also calculated, assuming perfect stacking of the layers with
no interpenetration (see calculations in Supporting Information
S4). As seen in Figure 3, two nonfluorescent layers are
theoretically sufficient to fully separate the fluorophore and
quencher (quenched ratio ca. 1). Our experimental data at this
point suggest that the fluorophore is still effectively quenched
(quenched ratio ca. 0.15), suggesting rearrangement of the film
brings the fluorophore and quencher closer together, resulting
in effective quenching. Nonetheless, the experimental quenched
ratio is observed to increase as more layers are introduced
between the fluorophore and quencher, indicating that despite
the rearrangement, the fluorophore and quencher can still be
separated through the deposition of a sufficient number of
nonfluorescent layers.
The extent of rearrangement during film assembly was also

studied by monitoring changes in the quenched ratio as
nonfluorescent layers were deposited above a quenched film

Figure 2. Growth of the DNA multilayer film by measuring the average fluorescence intensity of the film when capped with an AG-F layer (blue
circles) and mass of polyA15G15 deposited (red circles) at different layer numbers. The schematic refers to fluorescently labeled films on the colloidal
supports. The same film assembled on a planar silicon support was unlabeled.

Figure 3. Quenched ratio of DNA multilayer films assembled by
depositing alternating 0, 2, 4, 6, and 8 nonfluorescent spacer
polyA15G15 and polyT15C15 layers between TC-Q and AG-F layers
on polyT30/polyA15G15 layers.
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with zero layers between the fluorophore and quencher layers.
In the absence of any rearrangement, the film should remain
quenched, and a constant quenched ratio of zero would be
observed throughout the buildup (represented by the red dots
in Figure 4). However, if the film undergoes 100% rearrange-

ment such that there is uniform distribution of the layers
(represented by the green triangles in Figure 4), the
fluorophore and quencher would be separated after deposition
of only three layers above the quenched fluorophore layer (see
calculations in Supporting Information S5). Our experimental
results (represented by black squares in Figure 4) show a linear
increase in fluorescence intensity with layer deposition. The
quenched ratio was close to zero when there were no layers
above the quenched fluorophore layer, indicating total
quenching. The quenched ratio increased to 0.3 after the
deposition of seven nonfluorescent layers, which suggests that
the rearrangement is not extensive. These results show that the
hybridization process involved during formation of a new layer
induces rearrangement of the film, which brings about
separation of the quencher and fluorophore within the layers.
The rearrangement of the film is unlikely to result in a loss of
material, as our results (Figure 1 and previous work17,18,20,43)
on the diblock film have shown that there is no film loss during
the buildup process. The film likely rearranges during layer
formation to achieve a new equilibrium state of stability, which
is facilitated through slippage between the homopolymeric
bases and interpenetration of the layers. Rearrangement has
been reported to occur within electrostatically associated
multilayer films3,24,25,44 and is dependent on various factors,
namely, the growth mechanism of the film (linear or
exponential) and maintenance of the film electroneutrality

(intrinsic or extrinsic charge compensation).45 It has also been
found recently that rearrangement can also occur in hydrogen-
bonded films, where the absence of strong electrostatic
interaction facilitates the stronger interpenetration of the
polyelectrolytes within the hydrogen-bonded film network.46

In an earlier study by Lavalle et al., it was suggested that the
diffusion of polyelectrolytes within multilayer structures was
dependent on the film permeability, in which films that were
assembled using weakly charged polyelectrolytes and not tightly
cross-linked were found to have an enhanced degree of
interpenetrating layers.27 DNA multilayer films are highly
permeable structures, which are formed through slippage of the
strands.20 This, when combined with the lack of strong
electrostatic interactions, could contribute to the rearrangement
observed within the films during hybridization. More
importantly, it implies that the rearrangement leads to a new
stable film structure.
To investigate whether the structure of the film remained

intact after assembly, additional nonfluorescent layers were also
introduced above the fluorophore layer to a total of 5 bilayers in
films where the fluorophore and quencher were separated by 0,
2, 4, and 6 layers. In the absence of any rearrangement, the
fluorophore and quencher would remain intact within the
layers; thus, the distance and hence quenched ratio between the
two should remain constant. However, the results, represented
by red dots in Figure 5, show an increase in the quenched ratio

when additional layers were introduced. The addition of eight
layers above the quenched film separated by zero layers (x = 0)
led to an increase in the quenched ratio of 0.3, whereas the
addition of two layers to the quenched film separated by six
layers led to an increase in quenched ratio of 0.2 (x = 6). These
results suggest that DNA films are dynamic structures and can
undergo rearrangement. The structure of the film is thus not as
ordered as illustrated in Scheme 1, but rather consists of

Figure 4. Quenched ratio of DNA film with increasing number of
layers above the quenched fluorophore layers (represented by the
black squares). The theoretical quenched ratio of the DNA film
assuming 100% rearrangement and 0% rearrangement are represented
by the green triangles and red circles, respectively. Layer 0 refers to a
polyT30/polyA15G15/TC-Q/AG-F film, and the subsequent odd and
even numbers refer to a terminating polyT15C15 or polyA15G15 layer,
respectively.

Figure 5. Quenched ratio of a 5-bilayer film with increasing number of
layers between the TC-Q and AG-F layers (represented as red dots;
scheme on top of plot). The blue squares represent the quenched ratio
of the film with the same number of layers between the TC-Q and
AG-F layers but without additional layers above the AG-F layer.
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interpenetrated layers due to the interpenetration and
rearrangement of the layers during buildup.
Time Evolution of FRET in DNA Multilayer Films. A

study was also carried out to examine the length of time
required for rearrangement within the DNA films. In an earlier
study on electrostatically held multilayer films, Picart et al.25

reported that poly(L-lysine) (PLL) chains can diffuse within the
PLL/hyaluronan (HA) multilayer film structure. It was later
found that up to three populations of diffusing PLL
polyelectrolyte chains could be identified: a fast diffusing,
slow diffusing, and an immobile population.24 In our experi-
ments, two 5-bilayer DNA films with different fluorophore and
quencher positions were studied: (1) where the fluorophore
and quencher layers were separated by no layers, but with the
addition of eight nonfluorescent layers above (Figure 6, Scheme

2d, where a = 0, b = 8), and (2) where there were eight
nonfluorescent layers between the fluorophore and quencher
layers with no additional terminating layers (Figure 6, Scheme
2d, where a = 8, b = 0). Our results showed that, in the first
case, there was no significant change in the quenched ratio over
time (Figure 6). These results suggest that while significant
rearrangement of the layers occurred during hybridization of
the layers deposited above the fluorophore (as shown in Figure
4), the resulting film has adopted a kinetically stable
conformation. However, when the fluorophore and quencher
were separated by eight nonfluorescent layers (with no capping
layers), the quenched ratio of the film was observed to decrease
over time. As seen in Figure 6, a decrease in the quenched ratio
of ca. 25% over 120 h was observed. This suggests that the film
slowly rearranges as the DNA strands rehybridize and diffuse
through the highly permeable multilayer film. It is likely that
the original conformation of this film results in a kinetically
trapped structure that can rearrange over time, thus bringing
the fluorophore and quencher closer together through dynamic
rearrangement.

■ CONCLUSIONS
We have shown using FRET that DNA films dynamically
rearrange to achieve a stable state, which can be induced when a
new layer is hybridized during assembly and also spontaneously
over time. The incorporation of two to eight layers between the
fluorophore and quencher led to a 4-fold increase in the
quenched ratio, demonstrating that the incorporation of
nonfluorescent layers between the fluorophore and quencher
can be used to increase the distance between the fluorophore
and quencher. However, because of rearrangement of the film
during the hybridization process, this increase was less than
theoretical predictions. We also showed that the deposition of
nonfluorescent layers above the quenched fluorophore layer led
to an increase in the quenched ratio, indicating that
hybridization promotes rearrangement. The quenched ratio
increased from 0 to 0.3 after the deposition of zero and seven
layers, respectively. When the fluorophore and quencher are
separated by eight nonfluorescent layers, the outermost
fluorophore layer is able to diffuse through the film and
stabilization is achieved over time. However, when eight
nonfluorescent layers were deposited above the fluorophore
layer, the quenched ratio remained constant over time. Our
results suggest that DNA films are stable structures that can
rearrange to form new film architectures when perturbed
(during new layer formation) or spontaneously over time. We
anticipate this study will be useful in engineering films for
delivery and sensing applications, particularly where reusability
of the film is of importance.
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