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Abstract. DNA conformational changes caused by gold and colloidal gold surface have been
studied by surface enhanced infrared spectroscopy (SEIRA), spectroscopy of plasmon reso-
nance (SPR), atomic force microscopy (AFM) and principal component analysis. Experimen-
tal data have shown that DNA conformation is slightly influenced by gold surface, while it is
strongly altered by colloidal gold. Spectroscopic features of DNA-colloidal gold system have
shown that the intensity of the asymmetric PO2

� band at 1240 cm�1 decreases by two times,
and that of symmetric band at 1090 cm�1 decreases by 2.4 times whereas the halfwidth of
phosphate bands increases by 35�40 cm�1; a frequency shift of asymmetric band position
from 1240 to 1246 cm�1 and a symmetric band from 1090 to 1106 cm�1 has been observed. It was
shown that intensity variation and shift of DNA base vibrations together with the broaden-
ing of OH, NH, and CH stretching vibrations occur due to DNA conformational changes and
the redistribution of the H-bonding network. A supposition about DNA condensation by
colloidal gold was made. SEIRA and AFM data have showed major DNA structural changes
occurred on gold colloidal particles. It was found that all the spectral features are more
prominent for DNA�colloidal gold system deposited on gold substrate than on CaF2 substrate.

Keywords: DNA conformation, Surface Enhanced Infrared Absorption (SEIRA) spectroscopy,
gold, colloidal gold, AFM (atomic force microscopy), SPR (spectroscopy of plasmon reso-
nance).
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1. Introduction

In modern technology, gold and colloidal gold are used
for immobilization of biological molecules, such as DNA
and/or protein on their surfaces [1�3]. Gold surface is
widely used for effective enhancement of optical signal
in luminescence [4], Raman scattering [5, 6] and infra-
red (IR) absorption [7, 8] of different molecules. Here
special attention is paid to nucleic acids and proteins,
due to the fact that any substrate could influence the con-
formations of these complex molecules after their pre-
cipitation from the solution [9].

FTIR (Fourie Transform Infra-Red) spectroscopy
methods are essential for structural studies of the biologi-
cal molecules and their conformations, because of their
increased sensitivity (i.e. signal/noise ratio). However,
in biochemical applications where very small amounts of
materials are available, modern FTIR alone often can

not provide sufficient sensitivity. Isolation and purifica-
tion of nucleic acids require time and materials, so any
technique capable of enhancing the FTIR signal is very
important for analytical methods. Earlier, we registered
an enhancement (3 to 5 times) of the FTIR signal in re-
flectance modes for DNA on gold rough substrate [10,
11]. More drastic enhancement of IR signal (18.5 times)
of membrane with metal particles in attenuated total re-
flection mode was reported [12]. The method of enhanced
infrared absorption by metal surface is named in litera-
ture as SEIRA (surface enhanced infrared absorption)
similar to well-known SERS (Surface Enhanced Raman
Scattering). The mechanism of this effect has been theo-
retically studied by Kosobukin in 1983 [8] and consists
of two different processes: a) the local enhancement of
external electric field near rough metal surface, due to
excitation of local or surface plasmon and b) the specific
increase of the molecules polarizability at their adsorp-
tion on metal surface.
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On the other hand, SPR (surface of plasmon reso-
nance) technique is a sensitive tool for characterisation
of dielectric properties of thin layers. So, it could be used
to study the structure of colloidal gold-DNA system.

In this paper, we present data on the conformational
state of DNA on gold and colloidal gold surfaces studied
by SEIRA, SPR, atomic force microscopy (AFM) and
statistic methods.

2. Experimental

2.1. SEIRA spectroscopy and spectral
evaluation

SEIRA spectra were collected with IFS-48 Bruker instru-
ment in IR reflectance mode for the DNA on gold
substrate. The reflectance attachment used in the experi-
ment has the light incidence angle close to 16.5° [11]. We
used Au of 200�500 Å thickness on glass plate as a metal
substrate. Spectra of DNA with colloidal gold on CaF2
substrate were collected in the transmittance mode. Evalu-
ation of the spectra was done with Opus 2.2 soft-wear.
The position of the bands was estimated using the method
of the second derivative and/or standard method. The
band intensity was normalized with respect to the maxi-
mal intensity of OH, NH, or CH stretching vibration in
the region of 3340�3400 cm�1.

These vibrations were assigned to the certain func-
tional groups in DNA [13�18]. To estimate the halfwidth,
the intensity and the real frequencies of overlapping
bands, the complex spectral bands, in the regions of 3800�
2300 cm�1 (region of the OH, NH, and CH stretching
vibrations), 1800-1300 cm�1 (region of C=O, C=C, C=N
stretching, C�H and N�H deformation modes) and 1300�
1000 cm�1 (region of PO2

� vibrations) were decomposed
with the option �Curve fit� of Opus 2.2. Shapes of differ-
ent spectral bands under decomposition were approxi-
mated with a sum of Lorenzian or Gaussian functions.
The spectra were normalized to:
i) peak intensity of OH vibrations (the most strong line

in the spectra) for  estimating the band parameters, in
the 4000�700 cm�1 region;

ii) peak intensity of base vibration at 1650 cm�1 for estima-
ting the band intensity, in the 1800�700 cm�1 region.
Accuracy of frequency and absorption determination

in the SEIRA spectra were to ±0.5 cm�1 and ±0.0005 a.u.,
respectively.

Thr principal component analysis was applied for
SEIRA spectral evaluation. One principal component was
the relative intensity of the phosphate asymmetric band
(at 1240 cm�1) to maximum intensity at 3400�2300 cm�1

(OH stretching vibrations). This component multiplied
by 5.25 characterises the number of water molecules per
nucleotide [19]. The second principal component was the
ratio of intensities at 1712 cm�1 and at 1700 cm�1, marker
bands for DNA conformations in A, B or Z-form. Ear-
lier, we estimated the contribution of the above mentioned

components and found that they show a preferential con-
tribution [20].

2.2. Preparation of DNA with colloidal gold

Colloidal gold nanoparticles of 10�15 nm size (produced
by reduction of Au from HAuCl4 with citrate of 12.1 g/l
concentration ) were mixed with aqueous solution of so-
dium salt calf-thymus DNA (highly polymerised from
Servo) (5×10�3M) and kept 24 hours in a refrigerator.
Then, it was precipitated on gold substrate as well as on
CaF2 and dried at room temperature with a vacuum fen.
We prepared the DNA samples with different amounts of
colloidal gold (1, 2 and 3 drops of colloidal gold per
10 µl DNA solution). A drop is about 10 µl. The same
DNA aqueous solution without colloidal gold was used
for reference DNA.

2.3. AFM imaging

The microphotographs of the Au surface, used as substrate
for SEIRA, the colloidal particles on gold substrate and
the DNA with colloidal particles on gold substrate were
obtained by atomic force microscopy (AFM). We used
the tapping mode under AFM imaging, with a commer-
cial Nanoscope IIIa (Digital Instrument, Santa Barbara,
CA). Tapping force mode scans were performed using
commercially available AFM tips (silicon nitride). The
scanning frequency was approximately 1Hz in all the
experiments.

2.4. SPR experimental set

Gold thin layer for DNA adsorption and SPR measure-
ment were obtained by vacuum deposition of 99.999 pure
Au upon glass supports (TF-1 glass, 20×20 mm), via an
intermediate adhesive Cr layer. Before Au deposition,
the glass surface was cleaned by NH4OH:H2O2:H2O and
HCl:H2O2:H2O solution subsequently, both 1:2:2 by vol-
ume concentration during 5 minutes at boiling tempera-
ture. Then, it was rinsed in double distilled water and
dried in a flow of pure nitrogen. Gold was evaporated
from a molybdenum heater and deposited at a rate of
1.0�1.5 nm⋅s�1 on the room temperature substrate. The
thickness of gold surface was within 200�500 Å in differ-
ent experiments, and for SPR we used gold with 500 Å
thickness. The Cr interlayer did not exceed 30�50 Å.
The gold surface just after deposition looks like hydro-
phobic surface with wetting angle close to 80° and ran-
dom roughness of about 50 Å (Fig. 1).

The commercially available SPR Kretschmann-type
spectrometer (Biosuplar-2, Analytical µ-System, Ger-
many) with a light-emitting diode as the light source,
λ = 6700 Å, was used for these SPR measurements. A high
reflection index of the prism (n = 1.61) and a broad dy-
namic range (up to 19° in air) of the SPR instrument gives
a possibility for analysis of modified surface without
changes of the initial angle.
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2.5. Peculiarities of DNA structure in A and B-
form precipitated on gold substrate in SEIRA
experiments

The DNA right-handed helix blocks adopts the C3' -endo/
anti sugar-base conformation in the A form and C2' -endo/
anti in the B form [21]. The marker bands are 890 cm�1,
878 cm�1, 860 cm�1 and 805 cm-1 for the C3' -endo/anti
(A-form helix) conformation, as well as 890 cm�1 and
835 cm�1 for the C2' -endo/anti (B-form helix) conforma-
tion [13, 14] (Table 1). In the left-handed helix DNA (Z-
form) the positions of the IR bands are 925�929 cm�1,
868 cm�1, 835�840 cm�1 and 802�805 cm�1 in the C3' -
endo/syn and C2' -endo/anti sugar-base geometry [13,
16]. A strong guanine/thymine IR band appears at 1712�
1717 cm�1 (B-form), 1700 cm�1 (A-form) and 1690 cm�1

(Z-form) [14,15]. Similarly, the asymmetric PO2 band
appears at 1222 cm�1 (B-form), 1240 (A-form) and 1216�
1218 cm�1 (Z-form) [14, 15].

It is well known that humidity plays a major role in
DNA conformations and the backbone PO2 asymmetric
vibration at 1222 cm�1 is sensitive to DNA conforma-
tional transition [14, 22�24]. We repeatedly tested the
humidity of the sample (20 times per hour), and recorded
IR spectra for the following days. In all our experiments,
the humidity was 60%, and we recorded reproducible spec-
tra. However, for Na-DNA (calf thymus) on the gold
substrate we observed the marker bands in the sugar re-
gion at the following frequencies: strong 928 cm�1 (Z-
form), strong 890 cm�1 (both A and B-forms), 859 cm�1

(A-form) and strong 832 cm�1 (B-form or Z-form) (Ta-
ble 1). If we estimate the contribution of A and B forms
according to Taillandier et al., 1985, we find some pres-
ence of the B-form. This seems impossible in our experi-
mental conditions of 60% humidity, where a disordered
(coil) structure could be expected with a much greater
contribution from the A-helix form. The majority of the
spectral markers for Na-DNA on the gold substrate are

close to the markers of A-form [16]. The data presented
are 1092 (1095), 1240 (1240), 1277 (1275), 1370 (1375),
1419 (1418), 1701 (1705) cm-1 (Table 1). For B-form DNA
on gold (prepared by us with 90-100% humidity), the po-
sitions are close to common markers of B-form (Schrader,
1995) namely, 1088 (1085), 1222 (1220-1225), 1281
(1281), 1374 (1374-1375), 1425 (1425-1430), 1715
(1714-1718) cm�1 (Table 1).

We must assume that any substrate can strongly in-
fluence the sugar conformation of DNA, even in the case
when other structural components are not perturbed.
Therefore, the influence of substrate on DNA spectra
should be estimated separately, in every case. In our case,
we observed that the gold substrate induces conforma-
tional changes of the sugars, if they come closely to gold
surface. The band observed at 832 cm�1 is presumably
due to reformation of intermolecular H-bonding (NH,
OH and CH groups) near to the gold substrate [22], as
the result of DNA bending at gold peaks. It is also possib-
le that water molecules take active part in this process.

A similar process was reported earlier [25] in connec-
tion with non-coincidence of the data obtained with in-
elastic scattering of nucleic acid blocks in solid state and
calculations with the density functional theory for the
spectral region under 900 cm�1. It has been shown that
intermolecular H-bonds were formed in the film involv-
ing N1�H and N3�H groups of the bases, giving a strong
band at 830 cm�1. In our case, the bands at 834 cm�1 and
832 cm�1 in B and A forms of DNA on gold were regis-
tered, respectively.

It is very difficult to resolve peaks at 1054 and
1070 cm�1 (deoxyribose C�O vibrations), as well as 1153
and 1019 cm�1 vibrations (C2' -O) for DNA on a transpar-
ent substrate. In DNA on gold substrate, we could se-
parate some of these vibrations due to the changes in nuc-
leic acid structure under internal or external stimuli [26].

We should mention that the band intensity depend-
ence on concentration and thickness of the films was not
observed for nucleic acids within 10�2 to 10�4M concen-
tration range.

2.6. DNA-colloidal gold system on gold and
CaF2 substrate

Surface of the gold film on SiO2 and colloidal gold on
Au/SiO2 has some differences (Fig. 2): the size of parti-
cles of colloidal gold (15�4000 Å) is larger than for the
roughness of Au-surface and they have non-homogenous
distribution.

In DNA-colloidal gold system on gold substrate the
main spectral features are as follows (Figs 3, 4):
i) 2,4 time decrease in the intensity of the phosphate

bands at 1104 cm�1 (symmetric stretch) and  two-fold
decrease at 1240 cm�1 (asymmetric stretch) ;

ii) 1.3 time decrease in the intensity of the base bands at
1800�1550 cm�1 (1.3-folds). However, the relative in-
tensity of the base band to the phosphate one is in-
creased by 1.6 time for asymmetric PO2 and  1.8 time
for symmetric PO2 vibrations.

Fig. 1. Image of gold surface used in SEIRA and SPR experiments.
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iii) widening the halfwidth of phosphate bands  up to 35�
40 cm�1 for asymmetric phosphate;

iv) high frequency shift of asymmetric phosphate from
1240 to 1244 cm�1, appearance of shoulder at 1222�
1215 cm�1;

v) high frequency shift of symmetric phosphate from 1093
to1104 cm�1;

vi) decrease of shoulder band of symmetric phosphate at
1050-1070 cm�1;

vii)widening the halfwidth of OH and NH stretching
bands up to 250 cm�1 and their high frequency shift of
about 100 cm�1.
DNA with colloidal gold has features that are none

A, B or Z-form. However, canonical forms of DNA are

Table 1. Frequencies of vibration bands for DNA in different conformational states.

DNA Conformation Assignment

À-form Â-form Z-form

1700�1709 1714�1718 1690�1700 C=O thymine, guanine
[14�16, 38] [14�16, 38] [15]

1620[29] 1620 [29] 1630 [14] C=N adenine, guanine

1575 [29] 1575 [29] C=N guanine

1527�1529 [15] 1527�1529 [15] 1529�1533 [15] Cytosine
1492 [15] 1485�1490 [15] Guanine, cytosine

1434 [16] À�Ò pairs

1418�1421 1425�1430 1408�1412 Def. C�H deoxyribose,
[14, 16, 38] [14, 16, 38] [16, 38] Def. N�H, str. C�N

1374 1374�1375 1354�1357 Str. C�N adenine, guanine
[38] [14, 16] [14, 16, 38]

1331�1335 [38] 1342�1344 [38] Str. C�N thymine, adenine

1318�1320 Guanine, cytosine
[14, 16, 38]

1274�1277[38] 1281 [38] N�H thymine,

1264�1265 Cytosine, guanine
[14, 16, 38]

1234�1240 1220�1225 1215�1218 Str. PO2
� antisym.

[14, 16, 38] [14, 16, 38] [14, 16, 38]

1189�1185 Ñ�Ñ deoxyribose
[16, 38, 39]

1124 [14] Ñ�Î�Ñ ring deoxyribose

1090 [14] 1085 [14] Str. PO2
� sym.

1052�1053 [40] 1055 [24] 1060�1065[16, 38] Str. Ñ�Î deoxyribose

1013�1018 [14, 16] Ñ�Î�Ñ ring deoxyribose

968�972 [38] 967�969 [38, 40] Ñ�Î�Ñ ring deoxyribose

936�938 [38] Deoxyribose

925�929 Ñ�Î�Ñ ring deoxyribose
[14, 16, 38,]

895�899 [38] 892�896 [38]

879�885 [38]

860�864 [14, 38] 864�868 [38] Ñ3' �endo deoxyribose

841�835[14, 38] 834�840 [38] Ñ2' �endo deoxyribose

805�808 [14, 38] Ñ3' �endo deoxyribose

795 [14] Adenine

778�784 [14] Guanine (-syn-form)

778 [14] Guanine, cytosine

764 [14] Thymine

Str., stretching; def., deformation; sym., symmetric; asym., asymmetric.
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also present here, especially B and Z-forms (930 cm�1) and
reduction of A-form (860 cm�1). The intensity of the band
at 960 cm�1 decreased about 1.5 to 2-fold.

We should add that all the spectral features for DNA-
colloidal gold are most prominent on the gold substrate
(Fig. 3, curve a, b; Fig. 4, curve 3), in comparison with
those on CaF2 (Fig. 3, curve c, d). We suppose that the
spectral features of DNA show the process of condensa-
tion due to the fact that relative phosphate and base in-
tensity of DNA-colloidal gold looks like those in con-
densed DNA. Really, Max Diem et al. [27, 28] have ob-
served the spectroscopic feature of the process of DNA
condensation in nuclei of living single cell, namely, a
decrease of phosphate bands in the case of the inactive
cell phase. The spectroscopic features of DNA conden-
sation were observed by Blagoi and Kornilova [29], in a
study of DNA interaction with polycations. The charac-
teristic features were an increase of the base band inten-
sity near 1650 cm�1 and a decrease of the intensity of the
phosphate band in DNA-Mn2+ complexes [29].

Fig. 2. 2-D (a) and 3-D (b) AFM images of colloidal gold on

Au/SiO2 substrate.
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We have also observed the spectral features of DNA
aggregation. Aggregation occurred without adding of
metal ions, but condensation did not occur. As usual, in
the case of aggregation no decrease of the phosphate band
intensity is observed. Our principal component analysis
in the modified form (described in section 2.1) was ap-
plied for the conversion of the different spectra in sepa-
rate points. Such presentation (Fig. 5) shows that the
points corresponded to canonical DNA (A and B form) or
condensed DNA (Au10, Au20, Au30) have different re-
gion of localization in the principal component plane. In
this plane, the DNA-colloidal gold is close to B-form,
however, our experimental condition induces A-form.

By using microscopy, it is possible to prove a process
of condensation (the formation of finite size and orderly
morphology structures). In the AFM image (Fig. 6), the
elongated ordering structure of DNA fibers of white col-
our (Fig. 6b) could be seen. We suppose that DNA have
been condensed, aligned and organised in numerous rods.

The length of these ordered structures is about tenth parts
of microns. So, some features of the condensation process
seem to become visible in our AMF picture for DNA with
colloidal gold (Fig. 6a,b).

The process of DNA-colloidal gold interaction has
been studied with SPR, by comparing the adsorption of
the colloidal gold and its mixture with DNA on gold sur-
face. In Fig. 7, the kinetics of adsorption of the colloidal
gold aqueous solution with different concentrations is
shown (Fig. 7 a, b, curve 1). The kinetics of adsorption
for the mixture of DNA-colloidal gold are also presented
Fig. 7 a, b, curve 2. The high concentration of colloidal
gold revealed the essential difference in SPR response, in
contrast to a small colloidal gold concentration. The SPR
spectra show drastic changes in their positions and
halfwidth in the case of colloidal gold particles adsorbed
on gold surface in comparison with bare gold (Fig. 8a).

It should be noted that for small concentrations of
colloidal gold the difference in SPR response is less evi-
dent (Fig. 7b). The drastic decrease of the SPR response
for DNA-colloidal gold system (high concentration)
shows only slight change in SPR position (Fig. 8b).

The observed differences in the SPR response reveal
that DNA colloidal gold causes a drastic decrease of the
effective refraction index of the adsorbed layer. We con-
cluded that the SPR response is a result of DNA confor-
mational changes in this case. This could be explained
by the formation of clusters DNA-colloidal gold as a re-
sult of the possible condensation processes. A similar
decrease in the SPR response was observed for Ag clus-
ters, in the polymer matrix [27]. In this case, slowing the
kinetic absorption process of colloidal gold particles is
induced by the decrease of electrostatic interaction be-
tween DNA-colloidal gold nanoparticles and gold sur-
face. Therefore, a supposition about DNA condensation
induced by colloidal gold is done.

DNA condensation effect is a unique phenomenon that
causes DNA molecule to condense into tightly packed
structures (e.g. torus, rodes, etc.), and its volume decreases
by about 104 times. It is known that ions and polyvalent

Fig. 4. SEIRA spectra of the DNA � colloidal gold system: 1 �

reference DNA on Au substrate, 2 � colloidal gold on Au

substrate, 3 � DNA-colloidal gold system on gold substrate.

Fig. 5. Principal component analysis of DNA of A, B DNA ca-

nonical forms assigned by A, B accordingly and DNA con-

densed by different amounts of colloidal gold (10, 20 and 30 µl

per 10 µl DNA of 5·10�3 M, assigned to Au10, Au20, Au30 ac-

c o r d i n g l y ) .

Fig. 6. AFM images of DNA with colloidal gold: a � 2-D image

of DNA condensed by colloidal gold, b � 2-D image of the same

sample with an other contrast.
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cations could lead to the process of condensation.
Counterion condensation occurs when the distance bet-
ween charges (b) in DNA is small enough for the dimen-
sionless ratio λB/b = ξ to exceed unity (λB � Bjerrum
length). It is known that Cr3+ causes DNA condensation
and could lead to partial DNA transition into Z-form
[30, 31]. We suppose that the effect that we observed seems
to look like the process of condensation that occurs in
biological systems and which is registered in vitro in DNA
under the influence of inorganic and organic polycations.
However, it is more interesting  that, if in our case we
observe the features of the condensation process, this pro-
cess takes place in the system with neutral particles or
charged double layer with predominant of COO-groups,
namely negative ions (see Fig. 4, curve 3 with spectra of
colloidal gold).

According to the spectroscopic data and the principal
component analysis, the structure of DNA-colloidal gold
is not A or B form. However, this DNA-colloidal gold-
induced form is close to B-form and has features of A and
Z-form. This data is in accordance with the earlier ob-
tained data for DNA conformation in buffer solution in-
duced by polyions [28, 37]. Experiments on DNA con-
densation by multivalent cations show the modified B-
form in most cases. Divalent transition metal causes de-
viation from the canonical B-form in the backbone and
base vibrations [29�33, 36]. Essential change in DNA
conformation has been registered by trivalent cations
such as Eu, La, Tb, as well as cobalt hexamine and
cobalt pentamine [34, 35]. A partial conversion of the
B-DNA form into Z-DNA form has been observed in
some abovementioned cases [35, 37]. In our experiment,
the DNA conformation induced by colloidal gold has
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showed the features of A and B-form with some amount
of Z-conformation and its spectroscopic features are close
to condensed DNA.

3. Conclusions

Gold substrate does not practically influence the macro-
molecular conformations of DNA in contrast to colloi-
dal gold. Colloidal gold interacts with DNA and this proc-
ess seems to be similar to DNA condensation that induces
DNA conformation with major BZ contribution.
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