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The use of photonic crystals, which were fabricated on the basis
of synthetic opals, as substrates for the luminescence microscopy
of biological objects has been shown. The spatial distributions of
the photoluminescence by DNA clusters excited by 365-nm ultra-
violet irradiation on opal surfaces and rough gold substrates have
been studied. With the use of blood cells as an example, a possi-
bility for the visualization of biological objects in the case where
the nanostructure elements of synthetic opals are applied as labels
and image amplifiers has been demonstrated.

1. Introduction

It is known that, in order that some biological problems
be solved, the contrast images of cells and their com-
ponents have to be obtained. The difficulty consists in
that the cells, which are transparent objects, are badly
visible with an optical microscope. Various approaches
are used to tackle this problem, and the usage of various
dyes, quantum dots, and metallic nanoparticles as lumi-
nescent labels [1] can be classed as such. Being bound
to various molecular structures, those labels luminesce
under the action of laser radiation and visualize the site,
where the cell is connected with the label. In particular,
4’ 6-diamidino-2-phenylindole (DAPI) either “dyes” cell
nuclei or stimulates complexes with DNA to luminesce
in the blue spectral range; the green fluorescent protein
(GFP) is used as a protein label, including the cytoskele-
ton; and so on [2]. Autoluminescence of cell components
is very weak and practically is not observable even if a
confocal microscope is applied.
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An alternative approach includes the creation of spe-
cial optical setups for visualizing the transparent objects,
with the confocal and phase-contrast microscopies be-
ing an example [3]. The combination of those two ap-
proaches allows good results to be obtained as well.

To visualize cells and their components, we proposed
to use special substrates, which play the role of optical el-
ements and, simultaneously, luminescent labels. Confo-
cal microscopy is known to enable the detection of lumi-
nescent microobjects with the help of an optical micro-
scope, the aperture of which is located before a detector
and ensures the registration of photoluminescence (PL)
only from the objects located immediately in the focal
plane. In such a manner, the three-dimensional images
of analyzed objects can be created. The method of confo-
cal microscopy provides a high contrast, a large depth of
field, and a capability to scan specimens layer-by-layer.
This circumstance allows three-dimensional images of in-
dividual cells, tissue sections, and small organisms to be
created, which has predetermined a wide dissemination
of the method in medical and biologic applications.

Earlier [4], synthetic opals were suggested to be used
as matrices filled with the analyzed substance to enhance
the PL intensity of DNA. To excite PL in DNA (its
quantum yield at room temperature is less than 10~%),
various dyes are used, such as ethidium bromide, acri-
dine orange, and others [5, 6], whereas the application of
styryl-cyanine dyes to the DNA allows one to obtain the
two-photon luminescence in the visible spectral range
[7]. Earlier [4], we suggested synthetic opal to be used
to enhance the luminescence of DNA near 350 nm. We
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also demonstrated there a possibility to obtain the lu-
minescence from DNA molecules located on the surface
of synthetic opal (without a temperature decrease and
a dye application) and to visualize DNA clusters by ex-
citing them at a wavelength of 365 nm. In this work,
we reported our experimental data concerning the usage
of photonic crystals (PCs) created on the basis of syn-
thetic opals and rough gold substrates for the imaging of
biological objects such as DNA clusters and blood cells.

2. Materials and Methods

The application of a confocal setup gives rise to the im-
age contrast enhancement, because a small-size apper-
ture is applied so that the “extraneous” light emitted
by the neighbor points of the analyzed object does not
arrive at a detector. The “cost” of a contrast enhance-
ment is the necessity to use rather complicated schemes
for the scanning of a specimen or light beam, which in-
creases the time required to obtain complete information
about the examined object.

According to the Rayleigh criterion for the reso-
lution limit (an intensity reduction by 26% from its
maximum value) in the case of a confocal microscope,
Feont = 0.44-2— = 088X F, where N = \/n. At
the same time, for a conventional optical microscope,
Tresel = 0.61ﬁ = 1.22%F. Hence, the resolution of
a confocal microscope is only 1.4 times better than that
of an optical one [8]. Therefore, the main advantage of
a confocal microscope is not an increase of the resolu-
tion, but a substantial increase of the contrast when the
image is formed.

Our experiments were carried out on a confocal
laser scanning microscope Carl Zeiss LSM-510 META
equipped with an objective Plan-Neofluar 40x/0.6 Korr.
To obtain object images with this microscope, we used
lasers with wavelengths of 405, 458, 488, and 633 nm.
Object images were registered with the help of a digital
camera AxioCam. PL excitation was carried out with
the use of an ultra-violet lamp HBO 100 and applying
blue (FSet01 wf), green (Fset10 wf), and red (Fset20 wf)
filters. Images in the visible range and in the “trans-
mission” geometry were obtained using a halogen lamp.
The scanning rate depends on the resolution, so it was
equal to 1/5 sec per layer for a microscope LCM-510 at
a resolution of 512 x 512. The maximum resolution was
2048 x 2048 [9].

To estimate the PL spectral density, we scanned a
specimen over its surface in the “Lambda scan” mode,
which allowed the PL spectrum to be registered with the
use of a line of tiny photodetectors with a spectral reso-
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lution of 10.7 nm. For the quantitative analysis, we used
the ROI (Region of Interest) feature, which enabled us
to obtain the plot of the PL intensity vs the wavelength,
with the dependence being averaged over the selected
region.

3. Fabrication of Specimens

Specimens of synthetic opal were fabricated within the
method of natural globule sedimentation, by evapo-
rating the reaction mixture at a given rate. For the
synthesis of silicon dioxide globules, the modified Sto-
ber method [10] was applied. The molar ratio be-
tween the components in the reaction mixture was
NH4OHIH2OZCQH5OHISi(OCQH5)4 = 0.76:18:11:0.14.
After the sedimentation, the obtained crystals were an-
nealed at a temperature of 800 °C to remove chemically
bound water and the remnants of organic compounds.

In our researches, we also used rough gold substrates.
A thin film of gold was obtained by the thermal deposi-
tion of gold (99.999%) in vacuum onto a glass substrate
(TF-1, 20 x 20 mm) covered with a Cr layer. Provided
that the Cr layer was 10-20 Ain thickness, the thickness
of gold film was 300-350 A and its roughness was about
50 A [11].

A suspension of blood cells in a 0.9%-solution of
sodium chloride was prepared. Venous blood was taken
from an elbow vein, and heparin was added (0.1 ml per
10 ml of blood). Blood cells were centrifuged at a rate of
1500 rpm for 10 min. Then blood plasma was removed,
and the cell precipitate was diluted with the equal vol-
ume of an isotonic sodium chloride solution. The test
tube with a specimen was stirred up and centrifuged
once more. Then, the precipitate was removed from the
test tube, by preserving 0.5 ml over the volume occupied
by the cells. At last, the cells were deposited onto a glass
substrate or the surface of synthetic opals for their study
with the confocal microscope.

4. Results and Their Discussion

Since the surface of a PC created on the opal basis has
a domain structure and is iridescent, the first stage of
our research consisted in optical studies of the initial
opal surface by using the confocal microscopy. In Fig. 1,
the regions with ordered structure (domains) from 40 to
250 pm in size observed on the opal surface are exhibited.
The luminescence of the PC surface was detected, when
it was excited by UV light with a wavelength of 365 nm
from a mercury lamp. The registered glow produced
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Fig. 1. View of the synthetic opal surface under its excitation with
an ultra-violet lamp. The fluorescence is registered with the use
of a blue optical filter of the type FSet01

by inhomogeneities on the opal surface allowed us to
distinguish separate domains well.

The researches showed [4, 12, 13| that the initial PC
demonstrates PL with two intensive maxima at about
400 and 500 nm, and several weak bands in the interval
of 600-800 nm. In work [14], PL produced by a syn-
thetic opal was associated with the presence of defects
and impurities. The band with a maximum at a wave-
length of 523 nm is related to the surface states of =Si-H
(a transition energy of 2.37 €V), whereas the band with
maxima at 652 and 692 nm to the bulk and surface states
of =Si—O (transition energies of 1.9 and 1.79 eV, respec-
tively). The nature of the band at about 400 nm was
discussed in [12]. This band is associated with the pres-
ence of various impurities such as zinc, calcium, sodium,
iron, and zirconium oxides, which get into specimens in
the course of crystal fabrication. The fraction of these
impurities is less than 107°. The PL intensity for the
initial synthetic opal changed from point to point under
the scanning over its surface (see Fig. 2). For the speci-
mens with a well-ordered structure, the variation of PL
intensity over the surface was observed with an identi-
cal coefficient for various frequencies. For the specimens
with a less ordered structure, the luminescence intensity
changed differently at different frequencies. Such a de-
pendence of the synthetic opal luminescence intensity on
the surface site can be connected with the inhomogeneity
of a specimen, the presence of a domain structure, the
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variation in the spectral position of the energy gap, and
the non-uniform distribution of impurities. Since the size
of domains in PCs is comparable with the wavelength of
light in the visible range, one may expect a local increase
of the electromagnetic field for the impurity-induced PL,
so that a signal even from a very small number of im-
purities could be registered [15, 16]. The energy gap of
PC reveals itself in a luminescence band; namely, a dip
has to be observed in the luminescence contour in the
spectral region, where the PC energy gap is located [12].
For the studied crystals with a globule size of 240 nm,
the Bragg reflection should take place at about 530 nm.
In accordance with that, a “dip” was registered in the
corresponding region of the opal PL spectra (see Fig. 2).

The main electron transition Sp—S; in a DNA molecule
corresponds to the electromagnetic radiation wavelength
close to 260 nm. Having absorbed an ultra-violet quan-
tum, the DNA molecule transits from the ground state
So in that corresponding to the first (resonance) singlet
electronic term. This transition is allowed by the se-
lection rules for single-photon processes. Slightly lower
on the energy scale, there is located a triplet term, for
which the single-photon processes into the ground state
are spin-forbidden. Accordingly, a condition for the PL
spectra in DNA to be excited is an excess of the energy of
an exciting radiation quantum over the resonance elec-
tron transition energy; i.e. the exciting radiation wave-
length has to be shorter than or at least comparable with
260 nm. After the excitation (owing to the single-photon
absorption) of a DNA molecule and its transition onto a
singlet term, conversion processes become possible, when
the molecule transits onto a triplet term characterized
by a very small oscillator strength [17]. In addition, the
conversion can take place from term Sy into a number
of other terms with small oscillator strengths connected
with the electronic structure of nucleic bases composing
DNA. As a result, the main fraction of the electromag-
netic energy absorbed by a DNA molecule transforms
into the energy of thermal motion. In this connection,
the quantum yield of PL for DNA molecules is extremely
low (less than 10~%), which makes the observation of PL
by a native DNA extremely difficult even if the sources
of exciting photons of short-wave electromagnetic radia-
tion with a wavelength shorter than 260 nm are used. In
this connection, the known results concerning the reg-
istration of PL spectra for the native (label-free) DNA
excited with short-wave radiation [5, 6] were obtained
only at low temperatures.

In order to enhance the intensity of PL by DNA
molecules located on the surface of a condensed medium,
we proposed to use two new types of substrates: a rough

ISSN 2071-0194. Ukr. J. Phys. 2012. Vol. 57, No. 7



NOVEL PHOTOLUMINESCENCE-ENHANCING SUBSTRATES

Intensity
25 1

200

150

100

450 500 550 0 £l ]
Curve 1 — Curve 2 -~ - Wavelength, nm

Fig. 2.

(right panel) Photoluminescence image of a luminescing region on the surface of synthetic opal in a vicinity of the defect

obtained in the Lambda Scan mode. Photoluminescence was excited with a laser at a wavelength of 405 nm and registered in the range
of 422-754 nm with the use of Beamsplitter 405/488. The left panel exhibits the corresponding PL spectra obtained from two regions

on the opal surface marked on the right panel

film of gold and a micro-structured surface of synthetic
opal.

In Fig. 3, the image of DNA strands located on a rough
gold surface is depicted. The image was obtained by reg-
istering PL excited by ultra-violet radiation (365 nm).
The figure demonstrates that the objects are observed
in the form of strands 5-7 pym in length and about 1 pym
in thickness. A real thickness of DNA strands is known
to equal tens of nanometers. This conclusion was con-
firmed earlier by the results of researches of the DNA
microstructure with the use of atomic-force [18] and elec-
tron microscopies. An increase of the transverse dimen-
sions of the discussed object (to 1 um) at its observation
by the PL method with the help of a confocal micro-
scope can be explained by a probable condensation of
DNA molecules with the assembling of microclusters on
the gold surface. As Fig. 3 demonstrates, the images of
DNA strands are bright and clear enough. The higher in-
tensity of a PL signal from DNA molecules on the gold
surface can be associated with a manifestation of the
known effect consisting in a huge (by several orders of
magnitude) amplification of the effective electromagnetic
PL field near gold nanoparticles. This effect is explained
by the influence of localized surface plasmons. On the
other hand, the chemical processes of electron transport
from the metal to DNA molecules, which can give rise to
the formation of new electron states in the visible spec-
tral range, are not excluded as an alternative mechanism
of PL intensity enhancement. In effect, the latter mech-
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Fig. 3. Photoluminescence image of DNA molecules deposited onto
a rough gold substrate. The image was obtained with the help of a
confocal microscope and by exciting PL with the use of ultra-violet
radiation with a wavelength of 365 nm

anism corresponds to the formation of new fluorescent
labels in a vicinity of gold nanoparticles. As a result
of the spontaneous label formation in the “gold-DNA”
complex, PL in DNA can be excited by radiation in the
middle ultra-violet range (365 nm).

In Fig. 4, the image of DNA microclusters deposited
onto the PC surface is shown. The image was obtained in
the PL light generated at the excitation at a wavelength
of 365 nm. The figure demonstrates that the images
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Fig. 4. Photoluminescence image of DNA molecules deposited onto
the surface of a photonic crystal. The image was obtained with
the help of a confocal microscope. PL was excited by ultra-violet
radiation with a wavelength of 365 nm

of DNA molecules are more smeared than those in the
case where the rough gold substrate was used. Never-
theless, a rather intensive PL signal is also observed in
this case, which allows us to obtain information on the
spatial distribution of DNA over the substrate surface.
It is known that, if the size of silica globules in a PC is
250 nm, the size of interglobular pores is about 50 nm,
and the diameter of channels that reach the PC surface
is close to 10 nm. Therefore, the smear of the images
of DNA strands on the PC surface can be explained by
a “sinking” of DNA molecules into the PC bulk through
the interglobular channels.

The observed effect that the image intensity (in the PL
light) of DNA clusters located on the PC surface grows
can be explained, similarly to the case with rough gold
substrates, by a local increase of the effective field [19].
However, now the effect takes place not as a result of
the plasmon effect but owing to the interference-induced
amplification of the effective field in the PC due to a
growth of the density of photon states in a vicinity of
defects and the edges of the forbidden photon band [15].
The interference character of the field amplification can
serve as an additional reason for the smearing of the
images of biological objects on the PC surface.

It should also be noted that nanostructured gold, as
well as nanostructured PCs, has a variety of electron
transitions in the visible and near ultra-violet ranges of
the spectrum [20, 21]. They correspond to energies of
2.4 eV (0.52 pm), 2.5 ¢V (0.5 pm), 1.9 eV (0.65 pm),
2.2 eV (0.56 pum), 3.2 €V (0.3 pm), 2.55 €V (0.49 pym),
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Fig. 5. Photoluminescence image of blood plasma deposited onto
the surface of a photonic crystal. The image was obtained with
the help of a confocal microscope, by exciting PL with the use of
ultra-violet radiation with a wavelength of 365 nm and applying
a blue optical filter FSet01. “Red” and “blue” luminescent points
correspond to different biological objects

and 3.0 €V (0.41 pum). The presence of these levels cre-
ates conditions for the formation of corresponding labels
in the complexes “DNA—substrate defect” and for the
emergence of a PL signal when the latter are excited by
radiation with a wavelength of 365 nm.

In addition, if the PC substrate is microstructured,
the emergence of new chemical bonds between DNA
molecules and defects on the PC surface is possible anal-
ogously to the case of inhomogeneities on the gold sub-
strate. New chemical bonds “PC-DNA” play a role of
formed labels, which give rise to PL when being excited
by radiation in the middle UV-range (365 nm).

Figure 5 exhibits the images of blood plasma cells,
and Fig. 6 presents the corresponding PL images of ery-
throcytes deposited onto the surface of synthetic opal.
As is seen from those figures, when the microscope is
adjusted to watch the surface layer of cells, the glow is
observed to be emitted directly from the cells rather than
the substrate surface. The images of biological objects
presented in Figs. 5 and 6 enable the dimensions of cells
and their shapes to be estimated. While analyzing the
PL spectra from definite object regions, it is possible to
obtain quantitative information concerning the parame-
ters of secondary radiation from cell components. One
can distinctly observe a concave at the center of an ery-
throcyte cell. It should be noted that, when depositing
blood cells onto the cover glass, none of their PL images
were obtained. At the same time, when a PC was used
as a substrate, the observable (in the PL light) images
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differ from one another not only by their shapes, but
also by their spectra.

5. Conclusions

Hence, the following results were obtained in this work.

1. When DNA molecules are deposited onto a rough
gold substrate and the exciting ultraviolet radiation with
a wavelength of 365 nm is used, it is possible to form
a distinct image of photoluminescent DNA clusters ob-
served with a confocal microscope as strands several mi-
crometers in length. The observed width of strands
substantially exceeds the real transverse size of DNA
molecules. This result is explained by the resolution
limit of a confocal microscope (the luminescence mode).

2. When DNA molecules are deposited onto a nanos-
tructured surface of a photonic crystal, the PL image
of DNA clusters can also be formed with the help of
a confocal microscope, by applying exciting ultraviolet
radiation with a wavelength of 365 nm. However, the
images of DNA molecules are smeared and less intense
in this case. The smearing of the photoluminescence im-
age of DNA can be explained by the “sinking” of DNA
molecules into the PC bulk through the channels, whose
diameter is close to 10 nm.

3. The specific feature of the method proposed is the
fact that the application of a photonic crystal makes it
possible to register the photoluminescence images of bio-
logical objects with large dimensions (more than 1 ym),
which do not “sink” through the PC pores. It is also true
for clusters composed of a large number of molecules to
be studied, which fill the whole PC volume [4]. There-
fore, we can conclude that the application of PCs as
substrates is expedient for the formation of the photolu-
minescence images of biological objects characterized by
a rather big size (cells, viruses, etc.). In this case, the
usage of substrates made of PC turns out considerably
more efficient than the usage of a cover glass.

For the further usage of the method, in which PCs
created on the basis of synthetic opals are applied as
substrates, it seems expedient to fabricate opals with
smaller dimensions of globules, which would provide the
corresponding reduction of channel dimensions to about
1 nm. Moreover, it is reasonable to excite PL in native
DNAs with the help of short-wave radiation. In partic-
ular, semiconductor light-emitting diodes with a wave-
length of 280 nm or the fourth harmonic of a YAG:Nd3*
laser with a generation wavelength of 266 nm can be
used for this purpose.
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Fig. 6. Photoluminescence image of erythrocytes deposited onto
the surface of a photonic crystal. The image was obtained with
the help of a confocal microscope, by exciting PL with the use of
ultra-violet radiation with a wavelength of 365 nm and applying a
blue optical filter FSet01
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Translated from Russian by O.I. Voitenko

HOBI IILJIKJIAJKY, 1110 TTOCUIIOIOTH CUTHAJIN
®OTOJIIOMIHECHEHIII, 711 ®OPMYBAHHS
B0BPAYKEHD BIOJIONTYHUX OB’€KTIB

I'.I. Jlos6ewro, €. M. Decernro ', B.B. Botixo, B.D. I'opues,
C.0. Kapaxin, H. 4. I'pudina, B.C. I'opeaux, B.H. Moiceenxo

Pesmowme

B poGori mokazaHO MOXKJIMBICTH BUKOPUCTAHHS (DOTOHHUX KPHU-
CTaJliB, CTBOPEHUX HA OCHOBI IITYyYHUX OHAJIB, sIK IiJIKJI&JI0K JJIs
JIFOMiHECIEHTHOI MiKpOCKoIil 6iosioriunnx o6’ekriB. BuBueno npo-
cropoBuii posnozin doromominectennil kiacrepis JJHK na mo-
BEpXHi OomaJjiiB 1 Ha IMIOPCTKYBATHUX 30JIOTUX MiJKJIaJKax MPU il
yabTpadiosIeTOBOro BUIIPOMIHIOBAHHS 3 JIOBXKUHOIO XBUJI 365 HM.
Ha npukiajii 3pa3kiB KJITHH KPOBi IIPOJAEMOHCTPOBAHO MOXKJIH-
BicTBh Bisyastizaliil 6iosoriaHuX 06 €KTiB IPU BUKOPUCTAHHI €JIeMeH-
TiB HAHOCTPYKTYPH IITYYHUX ONAJIIB y PoJii MIiTOK i mijcuiroBa4dis
300parKeHHSsI.
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