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Advantages and disadvantages of the usage of different nanostructured gold surfaces, namely,
rough gold and colloidal gold in SEIRA (surface enhanced infrared absorption) experiments are dis-
cussed. We have studied SEIRA spectra of biological polymers — DNA and bovine serum albumin.
A small enhancement of the IR signal has been registered for multilayers of biopolymers (up to 7 in
DNA on rough gold and up to 3 for albumin on colloidal gold) in comparison with small molecules
(e.g. up 13 for Gly on rough gold). Alongside of this, we have registered a monolayer of albumin on
rough gold. In this case the enhancement was more than 100. The most counspicuons disadvantage
registered by us was connected with the influence of the colloidal gold on the DNA conformation.
Colloidal gold could change the conformation state of A-DNA inducing the B-A conformation with
elements of Z-form. We have found that rough gold does not practically influence the conformation
state of DNA in comparison with those on CaFs substrate.

Key words: DNA, BSA (bovine serum albumin), SEIRA (Surface Enhanced Infrared Absorp-

tion), glycine.

PACS number(s): 78.20.—e, 33.20.Ea.

I. INTRODUCTION

During the last decade spectroscopy of enhanced in-
frared (IR) signals from molecules located or attached to
metal surface or metal particles has been effectively used
for biological, electrochemical, surface, sensor and other
applications [1-7]. The enhancement of the optical pro-
cess by a factor of 102...10"" near rough metal surface
(Au, Ag, Fe, etc.) has been already known for twenty
years for both optical transitions in adsorbed molecules
and the processes, which do not depend on the pres-
ence of molecules on metal surface [4]. These processes
are surface-enhanced Raman scattering (SERS), surface
enhanced infrared absorption (SEIRA), metal-enhanced
fluorescence, second harmonics generation, etc. The ef-
fect consists in the essential increase of the intensity of
transition (e. g. the effective cross-section increases by a
factor of 10...10% for IR absorption) or efficiency of the
process near metal surface. For the first time an enhance-
ment of the infrared signal from molecules chemisorbed
on Au and Ag surface by a factor up to 102 has been reg-
istered by Harstein and colleagues in 1980 [2]. In 1991
the effect was named SEIRA by Osawa and Ikeda [6]
by analogy with SERS. The explanation of the effect
is not simple and includes several mechanisms, name-
ly: (i) increase of the electromagnetic field near a rough
metal surface or island metal films, or the so-called elec-
trodynamic mechanism; (ii) increase of dipole transition
moment of adsorbed molecules, or chemical mechanism
[1,3-5]. A great contribution into the theoretical explana-
tion of surface enhanced effects was made by Kosobukin
[4,8].

However, along with doubtless SEIRA advantages
(high sensitivity of the method, detection of monolay-

er film or lesser amount of substance up to 10 pg [1,9],
a possibility of determining orientation of the molecu-
lar groups, enhancement of intensity of some bands by
10-103 times, much improved observation of the bands
due to surface selection rules) the method has some dis-
advantages. One of them is metal surface influence on
SEIRA spectra in comparison with conventional FTIR
spectra. Indeed, a high enhancement is achieved when
absorbed molecules are situated more closely to the met-
al surface [1,6]. Usually these distances are about tens
of angstroms or less. Naturally, small molecules could
come closely to the metal surface in comparison with big
molecules. In both cases nanostructured gold surface in-
fluences the molecule orientation and conformation. Here
we present a study of gold surface influence upon vibra-
tion modes of DNA and albumin deposited on rough gold
and colloidal gold surfaces.

II. EXPERIMENTAL
A. Materials and methods

In SEIRA experiments gold layers were obtained by
vacuum deposition of 99.999 pure Au from molybdenum
heater at the rate of 10-15 A /s at room temperature sub-
strate upon glass supports (TF-1 glass, 20 X 20 mm) via
an intermediate adhesive Cr layer [10]. Before Au depo-
sition, glass surface was cleaned by NH,OH:H5045:HO
and HCl:H2O2:H5O solution subsequently, both 1:2:2 by
volume concentration during 5 minutes at boiling tem-
perature. Gold surface was rinsed in bidistilled water and
dried in a flow of pure nitrogen after gold preparation
and before biological molecule deposition. The thickness

127



G. DOVBESHKO, O. FESENKO, A. NAZAROVA

of gold layer was within 150-250 A in different experi-
ments. The Cr interlayer does not exceed 10-50 A. Size
of roughness for gold film was about 50 A [7,11]. Sodi-
um salt of calf-thymus DNA were obtained from Serva,
bovine serum albumin (BSA) was obtained from Fluka
and Sigma.

The samples for FTIR and SEIRA experiments were
prepared by deposition of substances from 1 mg/ml DNA
aqueous solution, 1...5 mg/ml albumin in PBS solu-
tion on gold or CaFy substrates. For preparation of BSA
monolayer we applied the conventional method used for
preparing samples in the SPR technique [10], namely we
adsorbed BSA from BSA solution on gold/SiOs plate,
rinsed it with distilled water until we reached the mono-
layer. Due to the fact that BSA contains free sulfhydryl
groups which could form intermolecular bonds with gold,
strong interaction between gold and BSA keep the mono-
layer of BSA on the surface of gold. We had no possibil-
ity to create a monolayer of DNA on gold surface with-
out chemical modification of gold surface or/and with-
out attaching to DNA additional molecules or molecu-
lar groups. In this case we will enhance this additional
molecular layer more strongly than DNA and spectra will
be overlapped. So, this method is proper for other than
SEIRA studies. In SEIRA it is better to use such a metal
surface that has a possibility to form a strong interaction
between metal surface and molecules under study as in
the case of BSA on gold.

Colloidal gold nanoparticles of the size of 15-400 A
were produced by reduction of Au from HAuCly with
sodium citrate and the concentration of 12 mg/ml. Then
they were mixed with sodium salt of calf-thymus DNA
(highly polymerised) aqueous 5-10~2 M solution, kept in
refrigerator for 24 hours, precipitated on gold substrate
as well as on CaFs and dried lyophilically. We prepared
the samples mixing 10 ul of colloidal gold per 10 ul of
DNA solution. As a reference the same DNA aqueous
solution without colloidal gold was used. BSA aqueous
solution of 1 ...5 mg/ml concentration was mixed with
colloidal gold, stirred and then precipitated on CaFs.

B. FTIR and SEIRA spectroscopy

IR spectra were collected in the 500-5300 cm ™! region
with IFS-66 Bruker instrument in conventional transmit-
tance mode for DNA and BSA on CaF, substrate and

Fig. 1. Mechanism of enhancement on metal surface

(SEIRA).
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in reflectance-absorbance (RA) mode on gold substrate.
The reflectance attachment used in the experiment has
the light incidence angle close to 16.5° [7]. Spectra eval-
uation was performed with Opus 2.2 software. The po-
sition of the bands was estimated by the method of sec-
ond derivative and /or standard method. Accuracy of fre-
quency values in the spectra was equalled to 0.5 cm™!
and of absorption values to 0.0005 a.u. We used the nor-
malised spectra to OH stretching vibration in the 3300—
3400 cm~! range for comparison of shape of the bands
for DNA and normalized to Amid 1 for albumin.

The experimental factors of enhancement (g?) were
determined as a ratio of peak intensity of the bands for
substances on gold surface in reflectance mode to those
on CaFy substrate in conventional geometry.

Principal component analysis was applied to SEIRA
spectra of DNA. One principal component was chosen
as the ratio of intensity of maximum of the phosphate
asymmetrical band (in the 1240-1230 cm~! region) to
the intensity of maximum in the 3400-2300 cm ™! region,
which is assigned to OH stretching vibration. According
to M. Shie [12] this component multiplied by 5.25 char-
acterizes the number of water molecules per nucleotide.
The second principal component was the ratio of the in-
tensities at 1712 ecm™' and 1700 cm™' that is a char-
acteristic of the conformation state of DNA relating to
A, B or Z-form. In principal component coordinate sys-
tem every SEIRA spectra could be represented by one
point. The location of these points depends on the value
of the principal components. This data give a possibility
to determine the conformational type of nucleic acids as
it was applied by us for conformation analysis of DNA
from viruses [13] and cancer cells [14] earlier.

III. RESULTS AND DISCUSSION

The energy scheme of the mechanism of the enhance-
ment effect is presented in Fig. 1, 2. IR photon excites
both adsorbed molecules and plasmons in metal (Fig. 1)
at the wing of plasmon resonance band (insertion on
Fig. 2).

Then the energy from plasmon vibrations is trans-
ferred to the adsorbed molecules to increase molecular
absorbance.
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Fig. 2. Energy scheme of enhancement mechanism.
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A. SEIRA spectroscopy of DNA on gold

The DNA double strand could adopt different con-
formation states which has different symmetry, pinch of
strand, number of nucleotides per helix, etc. and depends
on the environment, humidity, pH, ionic force, etc. [15].
These are well-known A, B (right) and Z (left) form of
DNA (Fig. 3). In vibration spectra these forms have dis-

(a) BDNA

(b) ADNA

tinctive features: the “so-called” marker bands and that is
why FTIR spectra could be used for characterizing these
conformations [16-17]. However, gold could influence the
conformation state of DNA, as well as change their mark-
er band positions. We have modeled the A and B form
of DNA on rough gold by changing humidity from 100%
(B-form) to 65% (A-form), however, we did not model
the Z-form of DNA on rough gold (see Table 1).

(c) ZDNA

Fig. 3. DNA forms: (a) — B form, (b) — A form, Z form.

Earlier we have repeatedly studied the DNA [14,18,19]
on rough gold substrate and concluded that gold sub-
strate did not practically influence the vibration modes
and macromolecular conformations of DNA [7,18]. We
have found only some minor distinctive features of DNA
on gold substrate. The factor of enhancement was regis-
tered to 3—7 for different molecular groups; the mass of
substance was equal to 1...10 pg. In this case the shift
of many vibrations was around 2-3 cm~! for DNA on
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gold in comparison with DNA on CaFy, shift of com-
plex stretching of the OH-NH-CH band was 5-10 cm ™!
(Fig. 4), conformation of the molecules of DNA on CaF,
was the same as those for DNA on rough gold and close
to A-form. The latter could be explained by the fact that
the majority of the spectral markers for Na—DNA on the
gold substrate are close to the markers of A-form [13] for
DNA of 75% humidity.
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Fig. 4. SEIRA spectra of DNA (normalised to OH stretching vibration) on gold substrate in comparison with DNA on CaF,
substrate in the 3800-2400 cm™* range (left) and 1800-800 cm ™" range (right).
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The same is valid for B-form of DNA of 95% humidity
[14] and principal component analysis gives a possibility
to visualise it [18] (Fig. 5).

A-DNA =
DNAon Gold
-
o~ 2
O DNA on Colloidal Gold
a s S AU3
d
« Au2
o
B S
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T

Fig. 5. Principal component analysis of free film of DNA
in A and B forms; A and B DNA on gold and DNA with
colloidal gold of 10 ul, 20 ml and 30 ml per 10 ml DNA of
5-1073 M, assigned to Aul, Au2, Au3, accordingly.

Analysing the sugar region of DNA spectra, namely
the region lower than 1000 cm~! (Table 1), we must as-
sume that any substrate can strongly influence the sugar
conformation of DNA, even in the case when other struc-
tural components are not perturbed. In our case, we ob-
served that the gold substrate induces the conformation-
al changes of the sugars’ residuals if they come close to
gold surface. It is well known that sugars in A-DNA have
characteristic features at 805 cm™! and 860 cm ™! as well
as for B-DNA — at 832 cm™!. The band observed at 834
and 832 cm™! for A and B-form DNA [19], respectively,
appears presumably due to reformation of intermolecu-
lar H-bonding (NH, OH and CH groups) near the gold
substrate [20] as a result of DNA bending at gold peaks.
As usual, we observed a band near 830 cm ™! for free film
of A-DNA prepared on CaFs substrate and then taken
from substrate. Therefore, this feature is not due to gold
substrate but for reformation of bonds near the interface.
A similar process was reported earlier by Gaigeot et al.
[22] in connection with non-coincidence of the data ob-
tained with inelastic scattering of nucleic acid blocks, in
solid state and calculations with density functional the-
ory for the spectral region under 900 cm™!. It has been
shown that intermolecular H-bonds were formed in the
film involving N;-H and N3-H groups of the bases giving
a strong band at the 830 cm™1.

A-form B-form Z-form A-form on gold B-form on gold Assignment
1700-1709 1714-1718 1692-1700 1700 1715 C=0 bases
1234-1240 1220-1225 1215 1230-1240 1222-122 POs-asym.
1089-1090 1085 1060-1065 1084-1091 1088 PO2-sym.

860-864 — 864-867 859-860 — sugar C3'-endo

— 841-835 834-838 832-834 834 sugar C2'-endo

805-808 — — 803-805 — sugar C3'-endo

Table 1. Marker models of DNA in A and B forms taken from Schrader [16] and Taillandier [17,21] and DNA on rough gold

substrate

B. Effect of colloidal gold on DNA

An essential change in vibration mode position,
halfwidth and intensity in SEIRA spectra of DNA-
colloidal gold in comparison with FTIR spectra of DNA
on CaFs have been observed (Fig. 6).

The greatest changes for DNA-colloidal gold system
were observed for the OH-NH-CH band, namely, an in-
crease of the halfwidth of OH and NH stretching bands
ca. 250 cm~! and their high frequency shift of about
100 cm~!. A decrease in the intensity of the phos-
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phate bands at 1104 cm™! (symmetric stretching) 2.4-
fold and at 1240 cm™! (asymmetric stretching) 2-fold;
a decrease in the intensity of the base bands at 1800-
1550 cm ™! (1.3-folds), an increase of halfwidth of phos-
phate bands about 35-40 cm™! for asymmetric phos-
phate; a high frequency shift of asymmetric phosphate
from 1240 to 1244 cm ™!, appearance of shoulder at 1222
1215 cm~!(characteristics of Z form); a high frequency
shift of symmetric phosphate from 1093 to 1104 cm™!;
a decrease of shoulder band of symmetric phosphate at
1050-1070 cm~!(characteristics of Z form) have been
registered as well. The DNA with colloidal gold does
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have features of both A, B and Z-form. Indeed, canoni-
cal forms of DNA are present here too, especially B and
Z-forms (930 cm™!) and there is a reduction of A-form
(860 cm~1) [23]. The intensity of the band at 960 cm~!
and at the frequencies that are decreased about 1.5 to
2-fold (characteristics of Z form). Principal component
analysis was applied for the conversion of the different
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spectra in separate points. Such a presentation (Fig. 5)
shows that the points corresponding to canonical DNA
(A and B form) and DNA-colloidal gold have different
region of localization in the principal component plane.
In this plane the DNA-colloidal gold is close to A-B-form
with same elements of Z-form, however, our experimental
condition induces A-form.
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Fig. 6. SEIRA spectra of DNA (normalised to OH stretching vibration) on colloidal gold in comparison with DNA on
CaFjsubstrate in the 3800-2400 cm™* (left) and 1800-800 cm™" (right).

C. BSA on gold and colloidal gold
1. Multilayer BSA coverage on gold.

Characteristic features of any proteins in vibrational
spectra are Amid (A, B, I, I, 11T, IV, V, VI, VII) bands
with the vibration NHCO unit (Fig.7). The amid I vibra-
tion, absorbing near 1650 cm™!, arises mainly from the
C=0 stretching vibration with minor cotributions from
the out-of-phase CN stretching vibration, CCN deforma-
tion and the NH in-plane bend. The latter is responsible
for the sensitivity of the amide I band to N-deuteration
of the backbone. The amid I vibration is hardly affect-
ed by the nature of the side-chain. It depends, however,
on the secondary structure of the backbone and is there-
fore the amide vibration that is most commonly used for
secondary-structure analysis.

The amid IT mode is the out-of-phase combination of
the NH in-plane bend and the CN stretching vibration
with smaller contributions from the CO in-plane bend
and the CC and NC stretching vibration with smaller
contributions from the CO in-plane bend and the CC
and NC stretching vibrations. As for the amide I vibra-
tion, the amide II vibration is hardly affected by side-
chain vibrations but the correlation between secondary
structure and frequency is less straightforward than for
the amide I vibration.

The amide III is the in-phase combination of the NH
bending and CN stretching vibrations with small con-
tributions from the CO in-plane bending and the CC
stretching vibration. In polypeptides, the composition of
this mode is more complex, since it depends on side-chain
structure and since NH bending contributes to several
modes in the 1400 to 1200 cm™'region. Contributions
of backbone and side-chain vibrations vary considerably
which makes the amide III vibration less suited for sec-
ondary structure analysis.

Fig. 7. Structure of NHCO group of any protein.

We have studied the enhancement of BSA on gold and
on colloidal gold surface and found that the main marker
band of protein-Amid 1 does not show a big enhance-
ment — 2.2 for colloidal gold (Fig. 8) and 1.3 for rough
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gold (Table 2). This is in a good agreement with the
data obtained by Kuhle et al [24]. They registered an
enhancement factor for Amid 1 equaled to 1.4. Unfortu-
nately, this band is important for conformation analysis
of proteins. However, some other bands could show more
enhancements — up to 5. Another disadvantage of the
SEIRA study of BSA on gold is connected with the ab-
sorbance dependence on solution concentration [25]. We
have not observed absorbance dependence for DNA in
the 1072-10~* M region concentration and for BSA so-
lution of up to 1-5 mg/ml where Bugger—Beer low is
valid for Amid A, Amid 1, Amid 2. Our study showed
that colloidal gold is a better enhancer than rough gold
for BSA multilayer films. In some cases the SEIRA spec-
tra of the BSA-colloidal gold system have registered an
evident shift of Amid I band from 1651 to 1588 cm™!
caused by the overlap of spectra of protein and colloidal
gold [25]. It should be taken into account in studies of
BSA with colloidal gold.

22 1 1 1
----- thick film of BSA on Au

204 monolayer BSA on Au

“““ mid film of BSA on Au

c
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=
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Fig. 8. SEIRA spectra of BSA monolayer, thin and thick
layer in the region Amid I band (1750-1600 cm ™).

DNA on Au [18] Guanine on Au [11] BSA on Au and Gly on Au [26]
(colloidal gold) (Fig. 9)
Band g®> | Band Band g° Band Band g° Band Band g° Band
position assign- | position assign- | position assign- position assign-
cm™! ment em ™! ment em ™! ment cm™! ment
1653 2.9 | C=0, 1633 5.0 | def NH, 1660 1,3 | Amid I 1585 79 | COO~
C=N, strCN (1654) 2,2 as str
N=H
1230 2.4 PO; 1417 6.2 | def CNH, 1547 1.5 | Amid IT 1499 12.6 NH;‘
str CN (1545) 21 sym def
1084 2.1 PO; 1372 6.0 | str CN, 1302 2.0 | Amid III 1333 11.7 CH,
str CC, def,
def CNH NH bend
963 2.4 C-C, 1313 7.3 | def NCH 1245 1.9 | Amid III 1409 5.7 COO~
Cc-0 sym str
831 2.0 Cs 1119 3.1 | def CNH, — — — 1134 3.2 CHs
endo str CN bend,
NHZ rock

Table 2. Experimental factor of enhancement for DNA, BSA on gold in comparison with guanine and glycine.

2. Monolayer of BSA on gold.

SEIRA has allowed us to register a monolayer of BSA
on rough gold (Fig. 9) that confirms a possibility to reach
a big enhancement (more than 100) in the case of mono-
layer or less. It is impossible to obtain and register a
monolayer film on CaFy substrate in any FTIR mode.

The spectra of monolayer were compared with the
spectra of mid and thick BSA film on gold substrate.
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Some specific differences in the spectra of monolayer and
thicker films were observed.

The first by the halfwidth of Amid 1 monolayer is
wider about 15-22 cm~'in comparison with other lay-
ers and second, by the shape of the band was changed in
comparison with those for a thick film. Namely, the fol-
lowing positions of absorption bands were registred in the
spectra of monolayer (in brackets the frequency for mid
film is shown): a-helix — 1652 (1650); (S-sheet — 1624
(1628), no band (1636, this band position corresponds
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also to the deformation vibration of water), 1642 (1643),
1670 (1669); unordered coil — no band (1658), turns 1700
(1694), 1683 (1682) cm~!. This means a strong interac-
tion between protein and gold as well as the rearrange-
ment of contributions of the absorption bands attributed
to the various types of protein conformation, i. e. a-helix,
(B-sheet, unordered coil, turns. This situation has compli-
cated the fitting procedure and conformation analysis of
BSA.

0.00 4—L L 1
——BSA on col Au
----- BSA on CaF,
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3292

0.06

Absorbance, arb. un

0.034

3208

0.02+

0.014

0,00 £ -
L L T 1 7/7 " T T T T
3600 3400 3200 3000 2800 2600 1800 1700 1600 1500 1400

Wavenumber, cm’”

Fig. 9. SEIRA spectra of BSA on colloidal gold in compar-
ison with BSA on CaFs.

IV. CONCLUSIONS

1. It is really small (less than 10) an enhancement for
complex molecules as BSA and DNA in the case of a mul-
tilayer coverage and more then 100 for the monolayer of
BSA (for DNA we could not reach it due to the fact that
DNA covalently bound with gold only with additional
molecules). For small molecules, even for multilayer cov-
erage, enhancement reach to 10-20 and as a rule is more
than those for complex molecules.

2. Colloidal gold could change the conformation of
DNA in contrast with rough gold in the case of DNA
multilayer coverage. However, for the enhancement of
multilayer coverage of BSA, the colloidal gold is a better
enhancer.

3. A high enhancement has a correlation with more
numerous spectra distortion.
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BIIJIB HAHOCTPYKTYPOBAHUX 30JIOTUX IIOBEPXOHbBb HA SEIRA CIIEKTPU
AJIBBYMIHY TA HYKJIETHOBUX KUCJIOT

I". Tos6emko', O. Pecenxo’, A. Hazaposa’
! Inemumym gisuxu Hayionaavnot axademii nayx Yepainu, npocn. Haywxu, 46, Kuis, 03028, Ykpaina
2 . . . . . "
Haytonanrvruid ynisepcumem im. Tapaca I'puzoposuva Llesuenka, npocn. I'aywrosa, 2, Kuis, Yxpaina

Y crarTi 06roBOpEHO IEpeBaru Ta HeJOJIIKM BUKOPUCTAHHS PISHMX HAHOCTPYKTYPOBAHUX 30JI0TUX IOBEPXOHD,
a came, mopcTKoro i kosoinHoro 3osora B SEIRA (Surface Enhanced Infrared Absorption) ekcrnepumenrax 3
migcuieHHst iH@padepBOHOro morInHaHHs Giosoriuaux mosimepis — JIHK Ta anb6yMmiHy MeTasieBOIO MOBEPXHETO.
Hesnaune migcunenns [Y curnany 3apeecTpoBano st 6araTomapoBol miiBky 6i0morimMepiB Ha 30J/10Tii TOBEPXHI,
a came, g JIHK ma mropctkoMy 3051011 — 6113bK0 7, U1t anp0yMiHy Ha KosoimHoMy 3o0s10Ti — 3. st MmoHOMeDIB,
ab0 MIPOCTUX MOJIEKYJT, KOeIIIE€HT MiIcuIeHHsT 6yB O1IBIITNM, 30KpeMa sl [IIUHY Ha IIOPCTKOMY 30JI0Ti CTAHOBUB
6m3pko 13. 3uaune migcuiaenns ~100 Bgasocss 3apeecTpyBaTH [IJIsT MOHOIIAPY aJbOyMiHy Ha IIOPCTKOMY 30JIOTi.
Hait6inbmuit nemomnik Bukopucranus edexkry SEIRA nos’sizanunii i3 BIWIMBOM KOJIOIIHOTO 30J10Ta Ha KOH(DOPMAIIIO
mostexys JTHK. Kosoinae 301070 MOXKe HaB si3yBaTu KOH(OpPMAIIiio, v AKiii HasgBHI MapkepHi cmyru A-B rta Z-
dopmu, Ha BiIMIHY BiJl IIOPCTKOTO 30J10Ta, 0 MPAKTUYHO HE BILIUBaE Ha KoHdopMartiiuamii cran JIHK.



