Downloaded viaHARRISBURG UNIV SCIENCE & TECHLGY on January 6, 2022 at 18:16:07 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

J. Phys. Chem. B001,105,4409-4414 4409

Studies on the Formation of DNA—Cationic Lipid Composite Films and DNA Hybridization
in the Composites

Murali Sastry,* T Vidya Ramakrishnan,” Mrunalini Pattarkine, * and Krishna N. Ganesh**
Materials and Organic Chemistry (SynthesispiBions, National Chemical Laboratory, Pune - 411008, India
Receied: September 26, 2000; In Final Form: February 6, 2001

The formation of composite films of double-stranded DNA and cationic lipid molecules (octadecylamine,
ODA) and the hybridization of complementary single-stranded DNA molecules in such composite films are
demonstrated. The immaobilization of DNA is accomplished by simple immersion of a thermally evaporated
ODA film in the DNA solution at close to physiological pH. The entrapment of the DNA molecules in the
cationic lipid film is dominated by attractive electrostatic interaction between the negatively charged phosphate
backbone of the DNA molecules and the protonated amine molecules in the thermally evaporated film and
has been quantified using quartz crystal microgravimetry (QCM). Fluorescence studies of QDA
composite films obtained by sequential immersion of the ODA matrix in the complementary single-stranded
DNA solutions using ethidium bromide intercalator clearly showed that the hybridization of the DNA single
strands had occurred within the composite film. Furthermore, fluorescence studies of the preformed double-
stranded DNA-ODA biocomposite film indicated DNA entrapment without distortion to the native double-
helical structure. The DNAODA biocomposite films have been further characterized with Fourier transform
infrared (FTIR) and X-ray photoelectron spectroscopy (XPS) measurements. The fatthAlipid composite

films would serve as model systems for understanding Bi#embrane interactions as well as in the study

of DNA—drug/protein interactions. This approach also shows promise for the synthesis of patterned DNA
films and consequent application in disease detection and genome sequencing.

Introduction SCHEME 1 : Diagram Showing the Various Stages of the
DNA—ODA Composite Film Formation?
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The immobilization of DNA in different matrixes and on
planar supports is an exciting area of current research. Entrap-

ment of DNA in cationic liposomes has important application ODA deposition )

in the development of nonviral DNA vectors in gene ther&py. é = '°"|'zed|°DA
Many different routes are being attempted for the immobilization A B melecule

of DNA on planar surfaces, some of the more thoroughly studied Immerse in

methods being assembly at the -aivater interface with | DNAsolution 1/4/5 +°DA++DNA *
Langmuir monolayer$,self-assembly of thiolated DNA and \ *
PNA (peptide nucleic acids) on gold surfademd attachment Substrate

to terminally functionalized self-assembled monolayers (SAMSs)
via electrostatizand intercalation interactioisThe immobiliza-
tion of single-stranded DNA on planar surfaces to yield DNA
chips, in particular, is the focus of intense research due to
potential applications in disease diagnosis and genome sequenc- .} "
ing.5
Developing on our earlier work on the electrostatic entrap-
ment of charged nanoparticfesnd protein molecul@sn fatty
lipid matrices, we demonstrate herein the immobilization of  aStep A: deposition of ODA on solid substrates by thermal
synthetic (both single-stranded and preformed helical structures)evaporation. Step B: complexation of single-stranded DNA 1/double-
and calf-thymus DNA in thermally evaporated films of cationic stranded calf-thymus DNA 4/double-stranded DNA 5 with ODA
fatty amine molecules by a simple beaker-based immersion molecules in thelfllrr) durlng.lmr:ner.smn in the different DNA solytlons.
technique. The procedure is illustrated in Scheme 1 and will be Step C:_sequentlal immersion in single-stranded DNA 2 solution aft_er
- entrapping the complementary strands 1. In step C, a negative
discussed subsequently. The entrapment of DNA molecules fromeyperiment may also be carried out by immersion of 1heODA

solution in the lipid matrix is driven by electrostatic interaction composite film in the noncomplementary oligonucleotide solution, 3.
between the negatively charged DNA and cationic octadecyl- The magnified section shows the possible microscopic structure of the
DNA—ODA complexes.
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gation is the demonstration that sequential immersion of the After the optimum immersion times were determined from
fatty amine film in solutions of complementary single-stranded the QCM measurements mentioned above, 250 A thick ODA
oligonucleotide sequences leads to the hybridization of the DNA films on Si (111) wafers were immersed in0M solutions
single strands within the composite film to yield double-helical of 4 and5, thoroughly washed, and dried for FTIR measure-
structures. We would like to point out that the single-stranded ments. The FTIR measurements were carried out in the diffuse
DNA solutions are prepared in deionized water and, therefore, reflectance mode on a Shimadzu PC-8201 PC instrument at a
under conditions where hybridization does not occur spontane-resolution of 4 cm®. A sufficient number of scans (at least
ously in the bulk of the solution. The cationic lipid molecules 256) was taken to obtain a good signal-to-noise ratio. Contact
thus appear to play a double role, that of electrostatic extraction/angle measurements of 250 A thick ODA films on Si substrates
immobilization as well as that of counterions screening the before and after immersion iB as well as after sequential
repulsive electrostatic interactions between the single-strandedimmersion in oligonucleotide solutiors and 2 were carried
DNA molecules, thereby facilitating the hybridization. The out by the sessile water drop methodu«{1water droplet) using
formation of the lipi-DNA composite films and the hybridiza- a Rame-Hart 100 goniometer. The 250 A thick OB3
tion of complementary oligonucleotides within the composite composite film on Si (111) substrate was further studied by XPS.
material have been followed by quartz crystal microgravimetry XPS measurements of the C 1s, N 1s, and P 2p core levels was
(QCM), fluorescence spectroscopy and Fourier transform in- carried out on a VG Microtech ESCA 3000 instrument at a base
frared spectroscopy (FTIR) measurements, while a chemical pressure better than £ 107° Torr with unmonochromatized
characterization of the films has been carried out by X-ray Mg Ka radiation (1253.6 eV energy). The measurements were
photoemission spectroscopy (XPS). Presented below are detailsnade in the constant analyzer energy (CAE) mode at a pass
of the investigation. energy of 50 eV. This leads to an overall resolution~df eV
. . in the measurements. The chemically distinct components in
Experimental Details the core level spectra were resolved by a nonlinear least-squares
Oligonucleotides of the sequences GGAAAAAACTTCGTGC fitting algorithm after background removal by the Shirley
(1), GCACGAAGTTTTTTCC @), and AGAAGAAGAAAA- method!! The alignment of the different core levels was done
GAA (3) were synthesized bg-cyanoethyl phosphoramidite  taking the binding energy of adventitious carbon to be 285 eV.
chemistry on a Pharmacia GA plus DNA synthesizer and  The formation of double-helical structures by hybridization
purified by FPLC and rechecked by RP HPLC. The oligonucleo- of the complementary oligonucleotide sequericaad?2 within
tides1 and2 are complementary, while and3 are noncomple-  the DNA—ODA composite film may be conveniently studied
mentary. 250 and 425 A thick ODA films (Aldrich) were by introduction of the well-known fluorescent intercalator,
thermally evaporated onto gold-coated 6 MHz AT-cut quartz ethidium bromide. Enhanced fluorescence from the ethidium
crystals, quartz substrates, and Si (111) wafers for QCM, contactbromide molecules occurs on intercalation in the double-helical
angle measurements, fluorescence spectroscopy, Fourier tranDNA structure$? and may be used to follow the hybridization
form infrared (FTIR), and X-ray photoelectron spectroscopy process. ODA films 250 A thick on quartz substrates were
(XPS) measurements (Schematic 1, step A). The films were immersed fo 4 h in aqueous solutions of the following: (1)
deposited in an Edwards E306A vacuum coating unit operating 1.26:M ethidium bromide intercalator, (2) (10~ M concen-
at a pressure of better thand10’ Torr. The thickness of the  tration) with 1.26uM of intercalator (Schematic 1, step B), (3)
deposited films was monitored in-situ using an Edwards QCM. 1 followed by immersion in the complementary DN&(10-6
The thickness of the films was cross-checked using ellipsometry. M concentration) with intercalator (Schematic 1, step C), and
The incorporation of the DNA molecules into the fatty amine (4) 5 (106 M concentration) with the intercalator (Schematic
films and the hybridization of the single-stranded DNA mol- 1, step B) and 5) irl, followed by immersion in noncomple-
eculesl and 2 were studied as per the protocol illustrated in  mentary DNA3 with the intercalator. The fluorescence meas-
Schematic 1. Step B of the procedure consists of immersion of yrements of the ODADNA composite films were carried out
250 A thick ODA films on QCM crystals/quartz substrates/Si on a Perkin-Elmer model LS 50-B spectrofluorimeter af@5
(111) wafers in 10° M aqueous, deionized DNA solutions (pH  with slit widths of 5 nm for excitation at 460 nm and 10 nm
6.8) of 1 and calf-thymus DNA [CT-DNA (1000 bp}Y]. The for the emission monochromators. The excitation wavelength
entrapment of the DNA molecules into the fatty lipid matrix was chosen to match the resonance from the ethidium bromide
was followed by measuring the frequency changes in time of intercalator. The films grown on quartz substrates were cut to
the ODA-coated QCM crystal. This was achieved by ex-situ fit precisely in the quartz cuvette normally used for liquid
measurement of the QCM resonant frequency after thoroughsamples. It is to be noted that in the above fluorescence
washing and drying of the crystals using an Edwards FTM5 measurements, films 1, 2, and 5 are controls.
frequency counter. This frequency counter had a resolution and ) )
stability of 1 Hz. The frequency changafj was converted to ~ Results and Discussion
mass loadingAm) using the relationshighm = 12.1 Af (ng/ Figure 1 depicts the QCM mass uptake kinetics during
cn?). Preformed DNA duplexes5) obtained by mixing immersion of 250 A thick ODA films in aqueous solutions of
equimolar quantities ol and 2 under standard hybridization  the DNA moleculed, 5, and4 (curves 1, 3, and 4 respectively).
conditiond® were also incorporated in the ODA films by similar  The figure also shows the sequential mass uptake recorded from
immersion in the double-stranded DNA solution {(20M the ODA film first complexed with single-stranded DNA
concentration) and the QCM mass uptake kinetics studied. To (curve 1, Figure 1; step B, Schematic 1) during immersion in
study the role of the film thickness on the DNA entrapment the complementary single-stranded DI24curve 2, diamonds;
process, we also studied the mass uptake in a 425 A thick ODA step C, Schematic 1) as well as the mass uptake recorded during
film on a QCM crystal during immersion in the preformed DNA  entrapment of DNAG in a 425 A thick ODA film (curve 5). It
duplex solution5 (1078 M concentration). As will be seen is observed that the mass uptake is highest for the single-
subsequently, this important experiment enables one to ascertairstranded DNAL. Furthermore, the mass uptake of the comple-
whether the DNA molecules are entrapped within the lipid mentary DNA stran® into the ODA-1 composite film is ca.
matrix or simply immobilized on the fatty amine film surface. 20% of the mass uptake recorded during diffusion of DNA
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TABLE 1: DNA-to-ODA Charge Ratios in the Different DNA —ODA Composite Films Estimated from an Analysis of the QCM
Mass Uptake Data Shown in Figure 1

single-stranded

ODA matrix DNA equilibrium DNA/duplex DNA/ODA
diffusion experiment mass (ng/crf) mass loading (ng/cfh DNA mol wt? charge ratio
single-stranded DNA 2420 21920 5280 7.2
double-stranded DNA 2420 6290 10560 21
double-stranded DNA 4115 8760 10560 1.75
double-stranded calf-thymus DNA 2420 5190 660000 1.8

a2 The DNA molecular weights are calculated using the formula 83@umber of bases in sequengel or 2 (depending on whether the DNA
is single-stranded or duplex) These data corresponds to the 250 A thick ODA filfthese data correspond to the 425 A thick ODA film.

25000+ - C are two possible modes by which the DNA molecules may be
20000 1 oo*2 immobilized in the ODA films, viz., purely surface binding
P versus formation of a DNAODA complex film as shown in
15000+ ‘ the magnified section of Schematic 1. To resolve this issue, we
performed contact angle measurements on a 250 A thick ODA
a4 s, film on a quartz substrate before and after immersion of the
5000 3v4 ‘ film in 1076 M concentrated double-stranded DNeAsolution
for 4 h and obtained the values of98nd 89, respectively.
‘ , ‘ ‘ , Similar contact angle measurements of a 250 A thick ODA film
0 1000 2000 3000 4000 before and after sequential immersion im4® DNA solutions
Time (s) 1 and 2 for 4 h yielded values of 92and 90, respectively.
Figure 1. QCM mass uptake as a function of time of immersion of a These values represent averages over 10 measurements carried
250 A thick ODA film in 1uM solutions of1 (curve 1, diamonds), the  out over the whole film surface and indicate a hydrophobic
single-stranded DNA—ODA film shown as curve 1 during immersion g rface in both the bare and DNA-loaded films. Thus, the DNA
in 2 (curve 2, diamonds) (curve 3, squares), antl(curve 4, down o100y les complex with the ODA molecules by electrostatic
triangles). The figure also shows the QCM mass uptake recorded during. . ; ! ;
immersion of a 425 A thick ODA film in .M solution of5 (curve 5, !nteracuons_ to yield a _c_omposn_e material such as that shown
up triangles). in Schematic 1 (magnified section). The contact angle results
of the latter experiment, wherein the complementary oligo-
in the first immersion cycle. This indicates blockage of the nucleotides were entrapped sequentially in the ODA film, clearly
diffusion pathways into the ODA1 composite film available ~ show that hybridization of the DNA molecules (as will be
to DNA 2 and, therefore, incomplete hybridization of the DNA ~ established below) occurs within the DNADDA composite
molecules into double-helical structures (see fluorescence film and not on the film surface. A simple calculation serves to
measurements below). The number of DNA molecules entrappedadd further weight to this conclusion. The equilibrium mass
within the lipid matrix and thereby the charge ratio of the DNA loading for the DNA5—ODA composite film (250 A thickness)
molecules to the ionized ODA molecules in the lipid matrix S 6290 ng/crf (Table 1). Assuming purely surface binding of
may be easily estimated by simple back-of-the-envelope cal- the DNA molecules, this works out to ca. 3610 molecules/
culations!® The equilibrium DNA mass loadings and the DNA/  ¢m?. The overall projected area of this density of DNA
ODA charge ratios are listed in Table 1, along with the relevant molecules is thus 55 A (length of 16-mer DNA molecule)
parameters used in the calculations for the QCM data shown in20 A (diameter of double helixk 3.6 x 10'4 ~ 40 cn?. In
Figure 1. It is interesting to note from Table 1 that in all cases, Other words, the mass loading of DNA measured would lead to
there is overcompensation of the positive charge on the ODA nearly 40 monolayers of DNA molecules in a close-packed state
molecules in the composite film by the negative charge of the on the surface of the ODA film. This should lead to a significant
DNA molecules. While the degree of overcompensation is reduction in the contact angle, which is not the case.
largest in the case of the single-stranded DN2DA composite Figure 2 shows the fluorescence emission spectra recorded
films, the DNA/ODA charge ratio settles at close to 2 for both from 250 A thick ODA films on quartz after immersion for 4
the synthetic (DNA5) and natural DNA duplex structures (calf-  h in aqueous solutions of ethidium bromide intercalator (curve
thymus DNA4). Such a charge overcompensation is known to 1), single-stranded DNA with 1.26 M of intercalator (curve
occur during complexation of large inorganic ions such as 2), single-stranded DNAL followed by immersion in the
Keggin anions at the aitwater interfac& as well as in noncomplementary single-stranded DNRAwith intercalator
electrostatically formed multilayers of cationic and anionic (curve 3), double-stranded DNAwith the intercalator (curve
polyelectrolyte films, in multilayer films of polyelectrolytes and  4), and single-stranded DNA followed by immersion in
DNA,* and in multilayers of positively and negatively charged complementary single-stranded DNAwith the intercalator
nanoparticled® This important result indicates that the DNA  (curve 5). Figure 2 also shows the emission spectrum from the
molecules can be complexed with lipid molecules at concentra- sequentially formed DNAODA composite film (as in curve
tions higher than that previously reportédnd may serve as  5) after heating at 40C for 20 min (curve 6). It is seen that
model systems for understanding densely packed DNA in there is no emission from the intercalator in the bare ODA film
supramolecular organizates such as chroniétit. this stage, (curve 1) as well as from composite films of single-stranded
we are unable to comment on why the degree of overcompensaDNA 1 (curve 2) and single-stranded DNIAcomplexed with
tion is much larger in the case of the single-stranded DNA noncomplementary DNA single stran8gcurve 3), even after
moleculesl and2 vis-avis the double-stranded DNA molecules  heating. A strong emission signal is clearly seen for the double-
4 and5. stranded DNA5—ODA composite film (curve 4). This result
There is clearly substantial entrapment of the DNA molecules clearly indicates that the DNA molecules in the DN®DA
in the ODA film in all the DNA molecules studied herein. There composite material are entrapped without distortion to the

10000

Mass uptake (nglcmz)
o

0




4412 J. Phys. Chem. B, Vol. 105, No. 19, 2001

Fuorescence intensity (a.u)

2 4
ﬂ
3
04 1
&0 o o0 - 70
Wevelength (nm)

Figure 2. Fluorescence emission spectra for 250 A thick ODA films
on quartz after immersion in the following solutions fbh inaqueous
solutions of ethidium bromide (curve 1), a mixture of the single-stranded
DNA 1 and intercalator (curve 2), single-stranded Dilfollowed by
noncomplementary single-stranded DISAand intercalator (curve 3),
hybridized DNAS5 and intercalator (curve 4), single-stranded DA
followed by complementary single-stranded DNAand intercalator
(curve 5), and the film shown as curve 5 after heating atCGl€or 20

min (curve 6).

double-helical structure, thereby permitting the binding of
ethidium bromidé?2 The fluorescence emission spectrum which
was weak for the film formed by sequential immersion in
solutions of complementary oligonucleotideand?2 (curve 5)
increased significantly after heating (curve 6). This is due to
the formation of duplex structures after heating, aided by the
thermal diffusion of DNAsL and?2. Thus, hybridization of the
DNA strands is possible within the DNAODA composite film.
The observed increase in the fluorescence intensity after heatin
is not due to the entrapment of the fluoroprobe alone in the
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Figure 3. FTIR spectra of 250 A thick ODA films on Si (111)
substrates before (curve a) and after immersian4fd in double-
stranded DNAbG (curve b) and calf-thymus DNA (curve c) solutions.
Three features 43 at 1230, 1065, and 964 crhare labeled in the
figure (see text for details).

900 1350

1-3 in Figure 3) are clearly observed from the DNADA
composite films (spectra b and c, Figure 3), which are missing
in the as-deposited ODA film (curve a, Figure 3). The 1230
and 964 cm! bands are due to the backboneR@tisymmetric
stretching and deoxyribose<C stretching vibrations, respec-
tively, and agree well with literature values of hybridized DNA
molecules® The feature at 1065 cm is assigned to the
deoxyribose band as well, the presence of which is indicative
of Z-DNA double-helical conformatio? Such a conformation

is known to occur for double-helical DNA molecules in an
environment of high ionic strength, as would be the case during
complexation with ODA molecules. This result also supports
the large red shift observed in the fluorescence emission signal
observed from the double-helical DNAODA composite films
which is a consequence of a highly polar environment (Figure

g2, spectra 4 and 6).

hydrophobic matrix, since such an effect was not seen in samples  The XPS C 1s, P 2p, and N 1s core levels were recorded
without DNA (Figure 2, curve 1) or composed of noncomple- from @ 250 A thick double-stranded DN&-ODA composite

mentary DNA strands (Figure 2, curve 3). This strongly supports
the conclusion that hybridization of DNA and its comple-
mentary DNA 2 in the ODA biocomposite film is indeed

film grown on Si (111) substrate, and the spectra obtained are
shown in panels AC, respectively, of Figure 4. The C 1s
spectrum could be decomposed into two components at 285

responsible for the enhanced fluorescence signal. We would like@nd 287.5 eV binding energy (curves 1 and 2 respectively,

to point out at this stage that the hybridization of DNAand

Figure 4A). The low binding energy (BE) component is assigned

2 occurs only within the composite film since the entrapment o electron emission from the hydrocarbon chains of ODA, the
is accomplished under DNA solution conditions (deionized Sugars and bases in the DNA, while the higher BE component
water) where hybridization does not occur spontaneously in is from the carbons coordinated to the phosphates in the
solution2® Thus, the ODA molecules in the composite film act Packbone. The P 2p core level, which clearly arises due to
like counterions to screen the repulsive electrostatic interactionselectron emission from the phosphate backbone of the entrapped
between the negatively charged DNA single-strands enabling DNA molecules, could be decomposed into a single spitbit
hybridization to occur. Interestingly, it is observed that while Pair, as shown in Figure 4B. The P2pBE was evaluated to

the emission maximum occurs at ca. 640 nm for the double- be 132.8 eV (Figure 4B) and agrees fairly well with reported

stranded DNA film (curve 4), it was shifted to ca. 660 nm and Vvalues of DNA immobilized on self-assembled monolayer
accompanied by broadening for the in-situ hybridized DNA surfaceg! and it indicates no degradation of the DNA molecules

ODA film (CUI’VG 6) This may be due to differences in the due to electrostatic Complexation with the ODA molecules. The

polarity of the environment experienced by the fluorescent probe N 1s core level showed a single component centered at 399.7
due to different binding modes with the DNA duplexes in the €V (Figure 4C) and is due to the electron emission from the
two situations. While the features of curve 4 are typical of nitrogens in the ODA and base molecules of DNA.
intercalation, the broad, red-shifted fluorescence (curve 6) is Additional evidence of the retention of the double-helical
indicative of binding at a second site, such as that on the DNA structure of the DNA molecules within the DNAOA composite
duplex surface by mere electrostatic interaction. This interpreta- material was provided by UV melting measurements carried
tion, which is also consistent with the literature observation on out on a 250 A thick double-stranded DN&x-ODA film on
DNA —ethidium bromide complexésjs a definite consequence quartz?2 The UV melting curve of this film is shown as Figure
of DNA duplex formation within the composite film. 1 of the Supporting Information. A melting transition temper-
FTIR spectra recorded from 250 A thick ODA films on Si  ature {Ty) of 58 °C was measured for this film clearly showing
(111) substrates before and after immersion in®1 solutions the double-helical structure of the DNA molecules in the film.
of double-stranded DNA and calf-thymus DNA4 are shown Furthermore, thely value is considerably higher than the
as curves a, b, and c respectively in Figure 3. Three strongsolution melting temperature value of 4C reported for the
resonances at 1230 cfy 1065 cnt?, and 964 cm! (features 16-mer duplexes used in this stublyThis large shift in theTy
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120000 - B — e . more, sequential immersion of the lipid film in complementary
A single-stranded DNA solutions leads to hybridization of the
DNA molecules within the DNA-cationic lipid composite film
and the possible structure illustrated in Schematic 1. Such
DNA—lipid composites are expected to be ideal model systems
for studying the permeability of DNA and PNA in cell
membranes, important for DNA antisense therapedtiésn-
other exciting possibility is the potential formation of patterned,
multi-DNA arrays in DNA chip application3.
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