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Raman spectroscopy of complex defined media: Biopharmaceutical applications
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Hamster ovary cells were grown in a batch culture flask for 10 days in an incubator maintained with
5% CO; and 37 °C temperature. The 2 ml supernatant was collected each day, in duplicate, and was
stored in a freezer at -20 °C. Concentrations of glucose and lactate were estimated, in the supernatant,
on an HPLC machine, and the same sample was used to immediately obtain the results of Raman
measurements. We demonstrate the detection of glucose and lactate concentrations with high accu-
racy in the supernatants of hamster ovary (HO) cell culture, grown in shake flasks in batch fermen-
tation mode, using Raman spectroscopy and explicit model-based classical least squares (CLS) algo-
rithm. A deterministic Raman spectral library of pure components was created by acquiring Raman
spectra from credible nutrient media constituents and HO cell culture metabolites. Only analyzers
present with concentrations above the instrument's detection limit were included in this library. Re-
siduals obtained after CLS analyses were used to identify missing components and to generate a re-
vised library. An algorithmic sieve was thus, construed to obtain an appropriate Raman spectral
library from a complex chemical mixture that is well-defined but an industrial secret. High perfor-
mance liquid chromatography (HPLC) was used to provide reference glucose and lactate concentra-
tions. We demonstrate the detection of glucose and lactate concentrations in the supernatants of HO
cell culture using Raman spectroscopy and explicit model-based CLS analysis.
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INTRODUCTION are very efficient in posttranslational glycosylation

of proteins, making them closely resemble human

Real time monitoring and control of biopro-
cesses are essential in improving their efficiency
and reducing the cost of the final product. With the
advancement of biotechnology, bypasses are no
longer restricted to the production of alcohols, or-
ganic and amino acids, and small biomolecules
such as insulin, enzymes, and some antibiotics.
Now, they are also a method of choice for using
modified cell culture expression systems and the
production of large biomolecules such as monoclo-
nal antibodies that include some vaccines for hu-
man use (Zhu, 2012).

Among the mammalian cell culture expres-
sion systems, the relatively high robustness of
hamster ovary (HO) cells in different bioreactor
systems is well established. Furthermore, HO cells
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glycosylation patterns in order to avoid or to reduce
the immune responses after drug administration.
Some examples of such proteins are follicle stimu-
lating (Yamamoto et al., 2011; Whelan et al.,
2012).

To enhance the technologies available for
monitoring and control of environmental parame-
ters in bioreactors, several optical and spectro-
scopic modalities have been investigated as they
are non-invasive and provide information in real
time. Raman spectroscopy is one of the most prom-
ising techniques in this regard. It is based on the
inelastic scattering of light and provides a bio-
chemical fingerprint for the sample under investi-
gation.
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High chemical specificity of Raman spectros-
copy is the result of its measurement of vibrational
energies in chemical bonds. Near infrared (NIR) la-
ser excitation helps to minimize luminescence back-
ground generated either from the substrate or from
the biological sample being probed. It also has a
higher penetration depth of biological materials and
less tissue damage at a higher excitation power com-
pared with visible excitation. Miniaturization and
integration of Raman technology are highly desira-
ble, and in recent years, there has been an increase
in efforts in this direction (Abu-Absi et al., 2011; Li
et al. 2010).

Raman spectroscopy coupled with Chemo-
metrics has recently been used for real time moni-
toring and simultaneous prediction of multiple cul-
ture parameters including glutamine, glutamate,
glucose, lactate, ammonium, viable cell density,
and total cell density in HO cell culture bioreactors.
It has also been used for the rapid identification,
characterization, and quality assessment of com-
plex cell culture media components used for indus-
trial mammalian cell culture. But, all of the studies
have used implicit models, where reference meas-
urements on a training sample set are performed to
acquire information about the system to be investi-
gated. A model is thus constructed, based on the
training set, which implicitly accounts for any
physical effects that influence the measured Raman
spectra, allowing concentration estimation of un-
processed samples. However, the training samples
are system specific and only model the particular
system under investigation.

They are not generally applicable to other sys-
tems. Implicit models do have utility and validity
in bioprocess supervision applications, where the
same bioreaction is to be repeatedly monitored for
production purposes, but they have limited utility
in bioprocess development applications where var-
iations in operating conditions, growth rates, and
medium composition are a necessary requirement.

Explicit methods, based on physical modeling
the system to be analyzed, are preferred for biopro-
cess development applications. 161 Explicit mod-
els have previously been used to estimate the etha-
nol concentration in Baker's yeast fermentation and
classical least-squares (CLS) fitting was used to es-
timate glucose and spiked quantities of glutamine,
lactate, and ammonia, in filtered samples of a bio-
reactor (Lee et al., 2004; Shope et al., 1987).
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The industrial mammalian cell culture re-
quires complex nutrient media components. Chem-
ically defined media components are preferred to
avoid unknown parameters and subsequently facil-
itate the regulatory approval of the product. The
exact composition of the nutrient media in most
cases is kept an industrial secret. Hence, it is not
straightforward to use explicit methods such as
CLS analysis for the prediction of metabolite con-
centrations.

In this article, we have shown that explicit
model-based CLS algorithm can be used to detect
mammalian (HO) cell culture metabolites (glucose
and lactate) with high accuracy using NIR Raman
spectroscopy. An algorithmic sieve was construed
and an appropriate Raman spectral library obtained
from a complex chemical mixture that is well-de-
fined but kept confidential by respective pharma-
ceutical industries. High performance liquid chro-
matography (HPLQ was used to obtain reference
concentrations of glucose and lactate.

MATERIALS AND METHODS

Mammalian cells. Hamster ovary cells were
grown in a batch culture flask for 10 days in an in-
cubator maintained with 5% CO, and 37 °C tem-
perature. Similarly, HO cells were batch cultured
for 13 days. The 2 ml supernatant was collected
each day, in duplicate, and was stored in a freezer
at -20°C. Concentrations of glucose and lactate
were estimated, in the supernatant, on an HPLC
machine, and the same sample was used to obtain
Raman measurements immediately.

Confocal near infrared Raman spectroscopy
system. Short description of spectroscopy: Raman
scattering studies were carried out on a three-dimen-
sional confocal Raman microspectrometer Nano-
finder 30 (Tokyo Instr.), Excitation wavelength
A=532 nm. The radius of the cross section of the in-
cident laser beam was approximately 4 um. The in-
vestigations were carried out in the geometry of
backscattering. The radiation receiver was a cooled
CCD camera (-70°C) operating in the photon count-
ing mode. All measurements are taken at an exposure
time of 1 second and an excitation
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Table 1. Comparison of explicit and impilicit calibration models

Whelan et al. Partial least (im-

This work Partial least squares (PLS) [leave-one-out cross validation (LOOCYV)]

plicit)
R? Standard R? Standard R? Standard
error error error
Glucose 0.91 2.09 0.99 24 0.98 3.5
Lactate 0,99 11.49 0.99 3.1 0.99 5.2

Table 2. List of constituents present in hamster ovary cell culture nutrient media (adapted from Scroder et al. (2004))

Inorganic salts Molar concentration (mM) Carbohydrates Molar concentration (mM)
CaCL; 1.9 d-Clucose 34
CuSO45H,0 4.81x10° I-Amino acids 0.377
FeSO47H,0 1.20x1073 I-Alanine 0.879
KNO; 9.02x10* I-Arginine ‘HCI1 0.267
KCl 6.51 I-Asparagine-H,O 0.31
MgSOy4 0.576 I-Cysteine-HCI-H,O 0.349
NaCl 52 I- Cysteine - 2HCI 0.652
NaHCO; 48.8 I-Glutamic acid 7.2
Na,HPO4 0.4 I-Glutamine 0.52
NaH,PO4H,0 1.25 Glycine 0.28
NaSeOs3'5H,0 9.98x10° I-Histidine -HCI-H,O 0.973
ZnSO47H,0 1.20x1073 I-Isoleucine 1
I-Leucine; I-Lysine -HCI 1.04

Vitamins and miscellaneous compounds

dl-Pantothenic acid, calcium salt 1.09x1072
Choline chloride 7.44x107?
Ethanolamine 0.02
Folic acid 1.21x10?
Hypoxanthinea 0.1
I-Inositol 8.79x1072
Linoleic acid 1.20x10*
Lipoic acid 4.07x10*
Methotrexate (MTX)b
Nicotinamide 1x10%t0 0.1
Phenol red 3.94x1072
Pluronic F-68¢ 5.21x1072
Pyridoxal-HCI 2.36x1072
Pyridoxine-HCI 1.21x10*
Riboflavin 1.32x1073
Sodium pyruyate 2.51
Thiamine-HCI 1.46x10?
Thymidinea 0.016
Vitamin B12 4.13x10*

[-Methionine
I-Phenylalanine
I-Proline
I-Serine
[-Theronine
I-Tryptophan
[-Tyrosine comma>disc
[-Valine

Peptones and proteins
Fetuid
Insulin
Holo-Transferrin
Casein peptone
Soybean flour peptone
Soybean flour brothe

CLS analysis. Because the exact composition
of HO cell culture nutrient medium is kept confi-
dential by respective pharmaceutical industries, we
decided to select nutrient media constituents and
HO cell culture metabolites from a reliable litera-
ture. For example. Table 1 by Schroder et al., pro-
vides information in this regard and is used to de-
velop the Raman spectral library (Schroder et al.,

2004). This table is shown in Fig. 1. We initially
selected only those constituents from Fig. 1, which
were known to generate Raman spectra (for exam-
ple, the inorganic salts do not show Raman spectra
as they dissociate into ions in an aqueous solution)
and were present in concentration above the Ra-
man instrument detection limit of ~1 mM. Because
several of the amino adds mentioned in Table 1
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have concentration reaching 1 mM, we selected the
ones with high Raman cross section. Zhu et al. pro-
vide in detail the Raman spectra of amino acids in
solution (Zhu et al., 2011).

A deterministic Raman spectral library of pure
components was thus obtained from credible nutri-
ent media constituents and HO cell culture metabo-
lites and was used as a calibration routine for the
CLS analysis. Phosphate buffered saline (PBS) was
used to prepare all pure component solutions. Ra-
man spectra were acquired from each day's superna-
tant. Polynomial fitting was not used to estimate and
remove fluorescence background from Raman spec-
tra before using the CLS analysis and performing
concentration prediction for glucose and lactate.
Cosmic rays were removed from the Raman spectra,
and fifth order smoothing using Savitzky-Golay al-
gorithm was performed using MATLAB to suppress
noise. The Raman spectra were normalized with re-
spect to the CLS coefficient of water. It was also
taken care that the concentration prediction of all ba-
sis spectra constituents generates non-negative
numbers. A final Raman spectral library was thus
conceived. Using CLS calibration routine devel-
oped with this Raman spectral library, concentra-
tions of glucose and lactate were predicted. HPLC
was used to obtain reference concentrations of glu-
cose and lactate.

Underlined constituents were part of the Ro-
man spectral library used for classical least squares
(CLS) calibration routine development (Schroder
et al., 2004).

Calculated as the root mean-squared error of
predication, using Raman-predicted concentration
values and HPLC-generated reference concentra-
tion values.

RESULTS AND DISCUSSION

The Raman spectral library, which was ob-
tained after implementing the algorithmic sieve, is
shown in Fig. 2. In the process of obtaining this li-
brary, some constituents that were mentioned as ~1
mM concentration in Fig. 1 such as L-leucine and
L-valine were removed. Their presence made the
concentration predictions worse and also the CLS
fit to the supernatant Raman spectrum- produced
residuals with structure. Removing any of the Ra-
man spectra present in spectral library of Fig. 2
made the concentration predictions worse as did
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the addition of spectra from additional constitu-
ents. Thus, a final Raman spectral library for CLS
analysis was conceived.

Raman spectra of L-arginine HCI, glucose, L-
threonine, L-valine, sodium pyruvate, sodium bi-
carbonate, glycine, and sodium lactate were ac-
quired at 20 mM concentration each in PBS. Ra-
man spectra of PBS and water were also acquired
and included in the Raman spectral library.

Nornalized Raman Intensity
S
%i

e —— PBS
——‘—-_____-._‘ Water
1 B i N I ‘ 1
400 600 800 1000 1200 1400 1600
‘Wavenumber/em'!

Fig. 1. Raman spectral library consisting of pure com-
ponents; some selected from hamster ovary cell culture
constituents mentioned in Fig. 1. PBS, phosphate buff-
ered saline.

In Fig. 1, the Raman spectrum of water has
been subtracted from each of the solute Raman
spectrum for better visualization. The main Raman
peaks and bands observed in the spectra of pure
components mentioned in Fig. 2 are listed in Table
2. A broad Raman peak at 1641 cm™ was observed
in the Raman spectrum of water, and a weak Ra-
man peak at 992 cm™! was observed in the Raman
spectrum of PBS.

The detection limit of sodium lactate and D-
glucose aqueous solutions is shown in Fig. 3, using
the NIR Raman spectroscopy system. Flere, we de-
fine the detection limit as noise equivalent concen-
tration, i.e. the concentration at which SNR= 1. It
was found that the detection limit of sodium lactate
is better than 3 mM (obtained after extrapolation of
curve), while that of D-glucose is better than 2
mM. The data in this figure were an average of
three measurements, and the error bars were small-
erthan the shown size of data points.
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Table 3. Main Raman peaks (Raman shift cm™') observed in the Raman spectra of pure components mentioned in

Fig.1. Water exhibited a broad Raman peak at 1641 cm™! white phosphate buffered saline (PBS) at 992 cm’!

L-arginine HC]1 | Clucose L-threonine L-valine | Na pyruvate Na bicarbonate Clycine | Na lactate

- 435 - - - - - -

- 516 - - - - - -
530 - - - - - - -

- - - 750 - - - -

- - 771 - - - - -

- - - - 840 - - -

- - - - - - - 855

- - 861 - - - - -

- - - - - - 897 -

919 (broad) - - - - - - -

- - - 946 - - - -

- 990 990 991 991 - - 992

- - - - - 1027 - -

- - - - - - - 1045

- - 1055 - - - - -

- 1076 - - - - - -

- - 1085 1084 - - - 1085
1091 - - - - - - -

- - 1112 - - - - -

- 1121 - - - - - -
1172 - - - - - - -
1324 - - 1324 - - - -

- - 1335 - - - 1333 -
1356 - - 1358 - 1361 - -

- 1374 - - - - - -

- - - - 1401 - - -
1415 - 1409 1412 - - 1413 -
1453 1460 1456 1455 - - - 1456

® . : @
Sodium lactate Sodium lactate
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Fig. 2. Detection limit of sodium lactate and D-glucose solutions measured using near infrared (NIR) Raman
spectroscopy system. Error bars were smaller than the shown size of data points. For D-glucose, the mean of
area under Raman peak at 1121 cm™ was used for signal calculation, while for sodium lactate, the mean of

area under Raman peak at 855 cm™! was used.
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Fig. 3. Raman spectra obtained from hamster ovary cell culture supernatants using (a) Invitrogen cell line
and (b) Sanofi cell line during 10 and 13 days of shake flask culture, respectively, in batch mode.
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Fig. 4. Growth curves for Invitrogen and Sanofi hamster ovary cell cultures.
Sanofi cell line is optimized for antibody production and hence has a longer sta-

tionary phase. VCD, viable cell density.

Each measurement consisted of ten spectral
acquisitions. For D-glucose, the mean of area un-
der Raman peak at 1121 cm™ was used for signal
calculation, while for sodium lactate, the mean of
area under Raman peak at 855 cm™ was used. Me-
dian standard deviation across the whole Raman
spectrum of ten Raman spectra was used for noise
estimation.

Figure 4(a) shows the Raman spectra obtained
from Invitrogen HO cell culture supernatants on
each of the 10 days, while Fig. 4(b) shows the same
for Sanofi HO cell culture supernatants for 13 days.
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PBS Raman spectrum has been subtracted from
each day's supernatant Raman spectrum for better
visualization. The difference in Raman spectra on
each day can clearly be observed. Main Raman
peaks at 853 cm™, 900 cm™ (broad), 1021 cm™,
1064 cm™, 1128 cm™, 1276 cm™, 1352 cm™, 1412
cm’!, and 1458 cm™! were observed.

The growth curves for Invitrogen and Sanofi
HO cell cultures respectively are shown in Fig. 5.
The Sanofi HO cell culture has a longer stationary
phase because it has been optimized for antibody
production.
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Fig. 5. Prediction of glucose and lactate concentrations in invitrogen hamster
ovary cell culture supernatants using Raman spectroscopy and explicit model-
based classical least squares (CLS) analysis. The error bars were equivalent to 2
mM concentration for Raman measurements and 0.5 mM concentration for high
performance liquid chromatography (HPLC) measurements (Abu-Absi et al.,

2011).
40 " :
—e—Raman
30F ——HPLC |]
20-
104 4
= lactate = p
E % R:=069 i
g g 4 6 8 10 12
[
£
g
c
8
2 4 3 8 10 12
Time/days

Fig. 6. Prediction of glucose and lactate concentrations in Sanofi hamster ovary
cell culture supernatants using Raman spectroscopy and explicit model-based
classical least squares (CLS) analysis. HPLC, high performance liquid chroma-

tography (Abu-Absi et al., 2011).

Figure 6 shows the glucose and lactate con-
centration prediction in Invitrogen HO cell culture
supernatants using Raman spectroscopy and ex-
plicit model-based CLS algorithm. Comparison
with reference concentration values obtained using
HPLC is also shown. The experiment was per-

formed three times, and average values of measure-
ment are plotted. The error bars were equivalent to
2 mM concentration for Raman measurements and
0.5 mM concentration for HPLC measurements.
The time required for glucose and lactate concen-
tration measurements using HPLC was about 45
min per sample, after the HPLC was calibrated
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with the correct measurement column. Calibration
of HPLC with a new column required almost 2h.
Because the same column could not be used for
glucose/lactate and amino acids, for example,
HPLC was found to be labor intensive. On the
other hand, time required for Raman measurements
was about 8 min per sample after the charged cou-
pled device camera of NIR Raman system had been
cooled to -90 °C. Cooling of the camera required
about an hour. But once ready, the Raman system
could be used to predict concentrations of multiple
analytes from a single spectral measurement.

We also used an implicit calibration model
and performed partial least squares (PLS) analysis
using the Invitrogen HO cell culture supernatant
Raman spectra from 10 days and the reference con-
centrations provided by HPLC. The results of
leave-one-out cross validation are shown in Table
1. In comparison with Whelan et al. it is observed
that the correlation in glucose and lactate concen-
tration predictions obtained using implicit calibra-
tion model is comparable, but the standard error for
lactate concentration prediction is significantly less
in our case. The correlation in concentration pre-
diction using CLS is also comparable with slightly
higher standard errors of prediction compared with
PLS.

In Fig. 4, we show the glucose and lactate con-
centration prediction in Sanofi HO cell culture su-
pernatants using Raman spectroscopy and explicit
model-based CLS algorithm. Comparison with ref-
erence concentration values obtained using HPLC
is also shown. The slightly different prediction re-
sults for lactate in Figs 5 and 6 are because of the
fact that we had used the same smoothing and basis
spectra-based CLS model for both Invitrogen and
Sanofi cell lines. These cell lines have different
metabolism, as shown in Fig. 5, and the CLS algo-
rithm can be sensitive to high frequency system
noise or experimental noise because of the pseudo-
inversion of the measurement matrix. One way to
improve this in the future would be to introduce
techniques such as regularization.

CONCLUSIONS
We have shown for the first time that the de-
tection of glucose and lactate concentrations with

high accuracy is possible in HO cell culture super-
natants using Raman spectroscopy and explicit
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model-based CLS algorithm. Ehis corresponds to
the data obtained by Yamamoto Y.S. et al. (Yama-
moto Y.S. et al. (2011). When exact composition
of the nutrient media is unknown, a deterministic
Raman spectral library of pure components can be
created by acquiring Raman spectra from credible
nutrient media constituents and HO cell culture
metabolites. Residuals obtained after CLS analyses
can be used to identify missing components or
those present in excess. An algorithmic sieve thus
generated provides a revised Raman spectral li-
brary that can be used for metabolite concentration
predictions (Goh, 2013; Vogel, 2002). Other HO
cell culture metabolites can also be monitored after
improving the detection limit of the system, and it
will require the use of respective HPLC columns to
provide reference data values. Once validated, Ra-
man spectroscopy-based concentration measure-
ments require about an order of magnitude less
time comparatively are not labor intensive and
have the advantage of ease of automation (Lee et
al., 2004). Singh et al. also describe this circum-
stance in their works (Schroder et al., 2004). We
believe that our algorithm and approach can be
used for rise of quality analytical technology. It
also assists in the development of processes and
promotes their intensification.
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Raman spectroscopy for simultaneous monitor-
ing of multiple process parameters in mammalian

Miirakkob miihitlor iiciin Raman spektroqrafiyasi: biofarmakoloji tatbiq
F.R. Haciyeva', N.A. Abdullayev?

! Elmi-Tadgiqat Mamaliq va Ginkeologiya Insitutu, Baki, Azarbaycan
2 AMEA-min Fizika Institutu, Baki, Azarbaycan

Tadqiqgat daxilindo dagsi¢aninin yumurtaliq hiiceyralori kolbada yetisdirilorok 10 giin orzinds inkubatorda
5%-1i CO, mohlulunda yetisdirilmisdir. Toplanmis 2ml supernatant 20°C dondurucu kamerada saxlanmig-
dir. Supernatantda qliikoza vo laktatin konsentrasiyasi yiiksok effektivlikli maye xromatoqrafiyada tayin
edilmisdir, eyni nlimuns miihitin par¢alanmanin kombinasiyasiin dl¢iilmasi {igiin do istifads edilmisdir.
Biz raman septroqrafiyasindan va klassik on kigik kvadrat modelindon istifads etmoklo dovrii fermentasiya
rejiminds kolbada yetisdirilon qliikkoza va lakatatin kosentasiyasini toyin etdik. Dagsicaninin yumurtaligla-
rimin hiiceyralori kultur metabolitlori vo qidalt miihitin tomiz komponentlorinin kombinasiyali dagilma
spektrlorinin oldo edilmosilo tomiz komponentlorinin kombinasiyali dagilma spektlorinin bazasi yaradil-
musgdir. Bu bazaya yalniz cihazin toyin etdiyi haddon yuxari olan analizatorlar daxil edilmisdir. Klassik an
kicik kvadrat tohlilinden sonra alinan qaliqlar ¢atismayan komponenetlorin agkar edilmasi va bazanin dii-
zoldilmasi iiglin istifado edilmisdir. Belo ki, miirokkob kimyovi garisiglardan kombinasiyali dagilmanin
spektral bazasmin alinmasi {i¢iin alqoritm yaradilmigdir. Etalon gliikoza vo laktat konsentrasiyalrinin alin-
masi ti¢iin yiiksok effektivlikli maye xromatoqrafiyadan istifads edilmisdir. Biz raman spektroqrafiyasinin
komokliyilo dagsicanin yumurtakiq hiiceyrosinin kulturlariin supenatantlarinda qliikoza va laktati tayin
etdik.

Acar sozlar: Raman spektroskopiyasi, bioreaktorlar, an kicik kvadratlar klassik metodu, qliikozanin askar-
lanmasi, laktatin askarlanmasi

75



Hajiyeva and Abdullayev

PamaHoBckasi CIEKTPOCKONUS JJISl CJI0KHBIX cpell: 0noapMaleBTHYECKOE IPUMEHEHUE
®.P. l'agxuena’, H.A. AGay.inaes’

! HUU axywepcmea u eunexonoauu, baxy, Azepbatioscan
2 Unemumym usuxu HAH Azepbaiioxcana, baxy, Asepbaiioncan

Knerku snuHrKoB XoMsika B TeueHue 10 qHell BeIpamuBaiy B Koyioe, TOMEeHHON B UHKY0aTop, I'ie KyJib-
THBHpPOBaHWE OCymecTBIsLIOCh pu 5%-oM CO; u temneparype 37°C. CobpaHHble 2 MJI cynepHaTaHTa
XPaHWINCh B MOPO3WIbHON KaMepe mpu TemnepaTtype 20°C. KoHlleHTpaluu Iir0K03bl U JIaKTaTa B CyIep-
HATaHTE OLIEHWBAIM Ha ammapate BhICOKOA((EeKTUBHOM x)uakocTHOU xpomartorpadun (BIXKX). Tot xe
o0paszer UCTIONIB30BaIN AJIS1 HEMEVICHHOTO TI0JIy4eHHs pe3yJIbTaTOB U3MEPEHUH KOMOMHALMOHHOTO pac-
cesHus. C MCIIONIB30BAaHUEM PAMaHOBCKOM CIIEKTPOCKOIMH W aJrOpUTMa KIACCHMYECKUX HaMMEHBIINX
KBaJpaTOB HA OCHOBE MOJEJH B CyIIEPHATAHTAX KYJbTYPHI KJIETOK SHYHUKOB XOMSIKa, BBIPAIIEHHBIX B KOJI-
0ax B pexuMe NepUOIUIECKON (epMEeHTalMHU, C BBICOKOM TOYHOCTBIO OIPEAETICHbl KOHLEHTPALUH IJI0-
KO3bI U TakTaTa. bubnnoTeka 1eTepMUHUPOBAHHBIX CIIEKTPOB KOMOMHAIIMOHHOTO PAaCCEesTHUS YHCThIX KOM-
TIOHEHTOB ObLTa CO3AaHa MyTEM IMOMYUYECHHUS CIIEKTPOB KOMOMHALMOHHOTO paccesHUs JOCTOBEPHBIX KOM-
MOHEHTOB MUTATENBHBIX CPEIl U META0OIUTOB KYJIbTYD KJIETOK SIMYHUKOB XOMsiKa. B 3Ty 6ubnuoreky Obutn
BKJIFOUEHBI TOJIBKO aHAIN3aTOPBI C KOHIIEHTPALMAMHU BhILIE Ipeiena oOHapyskeHus npudopa. OcTaTku, mo-
Jy4eHHBIE MOCTIe aHaNN3a KJIACCHYECKUX HAMMEHBIINX KBaJAPaTOB, OBLIN MCIOIB30BAHBI IS BBISBICHUS
HEIOCTAIOIIUX KOMIIOHEHTOB M CO3JaHUs HCIIpaBiIeHHON OnbmuoTeku. Takum oO6pa3oM, ObLT CO3/1aH anro-
PHUTM JUIA IOJTy4eHHS IIOAXOSIICH CIIEKTPaIbHOM 62361 KOMOMHALIMOHHOTO PACCESHUS U3 CI0KHOM XUMHU-
yeckoit cMecH. KoHIIeHTpalluy IiIfoKo36I U JJaKTaTa B CylepHaTaHTaX KyJbTYPHI KIETOK SHYHUKOB XOMSIKa
ONpEAETIIN C IIOMOIIBI0 PAMAaHOBCKOW CIIEKTPOCKOIHH.

Knwueewle cnosa: Pamanosckas cnekmpockonus, Ouopeakmopbul, KiaccuieckKuil Memoo HauMeHbUUx
K6ao0pamos, oOHapyiceHue 20KO3bL, OOHAPYICEHUE TAKMAMA
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