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Abstract

Objectives. Ferroelectric triglycine sulfate (TGS) belongs to a group of crystals whose properties
are sensitive even to minor changes in growth conditions. The mechanism of spontaneous
polarization in TGS is associated with the adjustment of protons which participate in the
formation of hydrogen bonds. Therefore, the state of the parent solution plays an important
role in the crystal formation. The study aims to investigate the structural features of
TGS crystals grown using aqueous alcoholic solutions of technologically processed antibodies
to interferon-gamma, in comparison with those of the crystals grown using the control
solutions (technologically processed phosphate-buffered saline and intact aqueous alcoholic
solution).
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Methods. X-ray diffraction assay and Raman spectroscopy.

Results. The effect of solutions of the technologically processed antibodies to interferon-
gamma added to a parent solution on the growth of TGS single crystals is established. This
effect manifests in the changing in occupancy of the proton sublattice of the crystal grown from
the parent solution containing technologically processed antibodies to interferon-gamma, as
compared with the crystals grown from the control solutions. In the case of the crystal grown
from the solution containing technologically processed antibodies to interferon-gamma,
this change in the occupancy of the proton lattice is expressed in an increase in the length
of N2—-C3 bonds.

Conclusions. Adding the technologically processed antibodies in the parent solution before
the crystal growth can affect the structure of TGS crystals.

Keywords: technologically processed antibodies, triglycine sulfate, single crystal, X-ray
diffraction assay, Raman spectroscopy
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AHHOMAuus

IMenu. CezHemoanexmpurx mpuenuyuHcyavgpam (TI'C) omHocumesi K epynne KpuCmasios,
ceolicmsa Komopblx uyecmeumenbHbl 0aiKe K He3HAUUMEeNbHbIM USMEHEHUIM YCA08UL NONY-
yeHust. MexaHusm 603HUKHO8eHUSL CnOHMAHHOU noaspusayuu 8 TI'C ceszaH ¢ ynopsiooue-
HUeM NPOmMoH08, Yuacmayrouux 8 o6pa3o8aHuUl 8000POOHbLX cesi3eli, N0IMOoMY NpuU PopMUpo-
8AHUU KPUCMANLA 80IKHA POSb COCMOSIHUSL MAMOUHO020 800H020 pacmeopa. Llenb pabomer —
usyuums cmpykmypHole ocobeHHocmu kKpucmasanog TI'C, evblpawieHHblX ¢ npume-
HEHUem  B800HO-CNUpPMO8020  pacmeopa  mexHoao2U4Uecku  ob0pabomaHHbLX  aHmumen
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K UHmMepgepoHy-2amma, no CPAsHEeHUI0 C MAKO8bLMU Y KPUCMAJLILO08, 8blpAULeHHbLX C NPpUMeEHe-
HUeM KOHMPOALHLIX pacmeopos (mexHosozuuecku-obpabomarHozo pacmeopa gochamHo-
coegoz2o0 bygepa u uHMAaKmMHO20 800HO-CNUPMOBO20 PACMBOPA).

Memoovbl. PermezerocmpykmypHblil AHAAU3 U CNEKMPOCKONUS KOMOUHAYUOHHO20 PACCESTHUSL
ceema.

Pesynomameut. [loka3aHo 6/UsIHUE PACMEOPO8 MeXHOJ02UUecKU 06pabomaHHblX aHmumesn
K UHmMepgepoHy-2amMma, NPUMEHABULUXCS. NPU U320MO8eHUU MAMOUHBbIX PACME0PO08, UCNOJb-
308aHHbLIX Npu eblpawusaHuu rpucmannos TI'C, Ha cmpykmypHsle ocobeHHoCmuU Smux
Kpucmasanos. JaHHoe 8aUsHUE 8blpAIXKAemcst 8 UsMeHeHUU 3acesieHHocmell NPOomoHHOU noo-
peuwlemKu KpUCmaJanios, 8blpauleHHbIX U3 pacmaeopa, cooeprkauiezo mexHosozuuecku obpabo-
maHHble aHMumena Kk UHmepgepoHy-2amma, no CPpasHeHUIo ¢ KPUCMaaiamu, 8blpauleHHoimu
U3 KOHMPOJIbHBLX PACMB0PO08, U NPOABAAEMCSL 8 YysenuueHUuu OnuHsl ceaseii N2-C3.

Bwieoodst. /Jobaenerue mexHoiozuuecku 06pabomaHHblX aHmumesa K MAmouHomy pacmeopy,
UCNONB3YEeMOMY ONSL BbIPAULUBAHUS. KPUCMAILIO8, CNOCOOHO 0KA3bl8AMb 8AUSHUE HA CMPYKMYPY
Kpucmannos TI'C.

Knroueesle cnoea: mexHONI02UUECKU o6pa6omaHHbLe aHmumeJia, mpuaﬂuuuucyﬂbqbam,
KpucmaJsin, peHmzeHocmpyrcmyprLﬂ aHaius, cnexkmpocrKonusi KO.M.6LLHal.l,uOHHOZO paccestHust

ceema

Jnsa yumuposanusn: Crenanos I.0., Pononosa H.H., Koncrantunos P.P., Cy660otun K. A. Biusinue no0aBineHus B MATOUHBIN
pacTBOp TEXHOJIOTUYECKH OTPAOOTAHHBIX AHTUTEN K MHTEp(EPOHY-raMMa Ha CTPYKTYPHBIE 0COOCHHOCTH BBIPALIIMBAEMbBIX M3 3TOTO
pacTBopa KpHCTAIJIOB TPUIIHIMHCYIb(ara. Tonkue xumuueckue mexunonoeuu. 2023;18(6):517-533. https://doi.org/10.32362/2410-

6593-2023-18-6-517-533

INTRODUCTION
Triglycine sulfate (TGS) is a well-known
ferroelectric  which  finds wide application in

electronics and other fields. The properties of
ferroelectrics are sensitive to even slight variations
in synthesis conditions [1]. TGS consists of three
glycine molecules and one sulfate anion. Glycine,
due to its amphoteric nature, presents positively
charged glycinium cations NH,"CH,COOH in acidic
solutions, negatively charged anions NH,CH,COO"
in alkaline solutions, and bipolar zwitterions
NH,"CH,COO" in a neutral medium. Thus, two
glycinium cations chemically bonded to sulfate
ions and one zwitter ion are present in the structure
of TGS. Carboxyl groups, amino groups, and sulfate
ions are connected to each other in the crystal by
a complex network of hydrogen bonds [2] (Fig. 1).
Since the mechanism of spontaneous polarization
in TGS is related to the ordering of protons
involved in the formation of hydrogen bonds [3],

the role of the state of aqueous or aqueous alcoholic
solution (AAS) of TGS during crystal growth from
this solution cannot be overestimated. In particular,
it has been previously shown that the amount of
water and its structural localization in the crystal
at low and high temperatures differ. TGS crystals
grown at room temperature (20°C) contain about 9 wt %
of water, whereas when growing the crystal at
temperatures below 0°C, the water content reaches
almost 19 wt %. Most of the water is located in
microinclusions rather than in the form of solid
solution [1, 4-5].

The technological processing (TP) of solutions
of various substances includes multiple consecutive
dilutions accompanied by intensive vibration treatment.
It can lead to changes in various physicochemical
properties of TP substances. A large number of
dilution steps leads to a theoretical reduction of the
concentration of the initial substance in the solution
of at least 10** (i.e., the resulting solution may
contain only single molecules of the dissolved
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Fig. 1. Glycine groups and intermolecular hydrogen bonds (represented by lines-dots) in the TGS molecule (a)
and a schematic representation of the glycine cation (b).
Structurally equivalent atoms are indicated by the same numbers.
Figures are created in Mercury soft (Cambridge Crystallographic Data Center, United Kingdom).

substance or not contain them at all). Despite this,
such a solution differs in its physicochemical
characteristics from the characteristics of the
solvent: water or AAS [7-13]. A change in the nature
of hydrogen bonds between water molecules in
the substance, which has undergone this treatment,
is also shown in comparison to usual water [13-20].

It was shown at the example of TP-antibodies
(TP-Abs) to interferon-gamma (IFN-y), that their
biological effects are based on the modifying
action of TP-Abs on its target [6, 21]. This is
attained through the influence on the hydrate shells
surrounding the protein in aqueous solution [22].
Thus, since TP affects the solution properties by
changing the hydrogen bonds, which in turn are
involved in the occurrence of spontaneous polarization
in TGS, it can be assumed that the TP solution
will also affect the structure of the crystal grown
in such an aqueous solution, whose new properties
may be fundamental for the realization of the effect.

The aim of this work is to study the
structural ~ features of TGS  crystals grown
using AAS of TP-Abs to IFN-y in comparison
with  those of crystals grown wusing the
technologically treated phosphate-buffered saline
(PBS) or intact AAS. The study was carried out
by X-ray diffraction (XRD) assay and Raman
spectroscopy.

MATERIALS AND METHODS

Solvents for crystal preparation

In the process of crystal growth, the following
types of aqueous alcoholic solvents for preparations
of the parent solutions were used:

1) AAS of Abs to IFN-y subjected to the process
of gradual reduction of their initial concentration—
TP-Abs to IFN-y. The technique of obtaining of
the TP-Abs to IFN-y is as follows: the preparation
of Abs to IFN-y solution (2.5 mg/mL) was mixed
with aqueous solution of ethyl alcohol (36 vol %) in
a ratio of 1:100 with intensive vibration treatment
to obtain the first centesimal dilution. All the
subsequent dilutions contained one part of the
previous solution and 99 parts of AAS, and intensive
vibration treatment was applied at each subsequent
dilution stage. Finally, the sample obtained was a
mixture of centesimal dilutions: 12th, 30th, and
50th. More detailed description of the TP-Abs to
IFN-y preparation technique can be found in [7].

Based on the overall dilution ratio, the theoretical
concentration of Ab in the final solution should
not exceed 2.5:-10* mg/mL. However, according
to physicochemical studies, for samples made with
use of the high dilution preparation technique, this
estimate may be incorrect due to the non-linear
decrease in the concentration of the dissolved
substance. In fact, it was shown that even at dilutions
lower than 10%-fold, the dissolved substance
molecules can be retained due to the flotation effect
[23, 24]. Abs to IFN-y were produced in accordance
with the current European Union Good Manufacturing
Practice (GMP) requirements for starting materials'
by AB Biotechnology (Edinburgh, United Kingdom).

! Europea U. Directive 2004/27/EC of the European
Parliament and of the Council of March 31, 2004 Amending
Directive 2001/83/EC on the Community Code Relating to
Medicinal Products for Human Use. Official Journal of the
EuropeanUnion.L.2004;136:34-57. URL: https://eur-lex.europa.
eu/legal-content/EN/TXT/PDF/?uri=CELEX:32004L0027.
Accessed November 01, 2023.
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2) Placebo control solution in AAS was
prepared using a similar dilution procedure applied
to the PBS solution prepared from PBS tablet
(Sigma-Aldrich, USA), pH=17.2.

3) Intact control solution was an AAS, not
subjected to any additional treatment.

All the solutions were prepared using water
obtained with the Milli-Q purification system
(Millipore, Darmstadt, Germany) and checked for
possible impurities by fluorescence spectroscopy
and specific conductivity measurements. The sample
manufacturer is GMP certified, in order to ensure
strict adherence to sample preparation protocols.
All samples were prepared under clean conditions
(purity class D) in a laminar flow hood using
sterile automatic pipettes with sterile tips. All the
samples were prepared on the same day by the same
staff member and under the same conditions.
The preparation protocol took into account any
contamination of vials from other glassware,
solvent batches or the atmosphere. This allowed
compensation for the possible effects of variations in
atmospheric pressure and temperature.

TGS crystal growth

Crystalline samples of TGS were grown from
solutions using the above solvents by the method
of gradual temperature reduction. The growth
experiments were carried out in two stages. In the
first stage, seed crystals (up to 3 mm in size)
were prepared by spontaneous crystallization in a
laboratory glass with the natural temperature
reduction. Further, in order to obtain larger crystalline
samples using the seed crystals, a controlled reduction
in the temperature of the parent solution was
carried out in a special laboratory programmable
crystallization unit (crystallizer). The description
of this crystallizer can be found in [25].

Preparation of the seed crystals

At the beginning, parent solutions were
prepared in the crystallizer using the above solvents
containing TP-Abs to IFN-y, TP-PBS, and AAS
with a concentration of 42 wt % TGS. Such solutions
had a saturation temperature of about 40-45°C,
determined by preheating the solution to temperatures
slightly higher than the saturation temperature.
Such overheating was performed, in order to prevent
spontaneous crystallization of the solution during
its pouring into the crystallizer [25].

For the preparation of the parent solutions,
we used TGS of pure grade (Shostka Chemical
Reagents Plant, Ukraine), which underwent additional
purification. Additional purification consisted in
fractional recrystallization in two stages. At the
first stage, a saturated hot solution (prepared using

tridistilled water) was fabricated and then filtered
from the precipitate on a Schott filter No. 3. This
step was followed by spontaneous mass crystallization
overnight with stirring. In the next step, the
crystalline precipitate obtained was again dissolved
in tridistilled water and the above procedure of the
filtration and mass crystallization was repeated. Three
parent solutions of 350 mL each were prepared.

A 50-mL aliquot was taken from each parent
solution at a temperature higher than the saturation
temperature and transferred to a separate laboratory
glass. Here it was spontaneously crystallized for
8 h at a natural temperature reduction to room
temperature  (20°C) without stirring. After the
aliquot cooled down, the remained solution was
decanted from the formed seed crystals.

Preparation of crystals for research

Seed crystals were placed in the parent
solution prepared in the crystallizer at the
above-mentioned  saturation  temperature.  Then
the crystallizer was sealed. After 72 h of holding
the parent solution with the inoculum crystal at
saturation temperature, stirring was initiated at the
temperature decrease. The temperature reduction
was carried out for 14 days according to a special
schedule (the temperature reduction rate was
gradually increased from about 0.1°C/day in the
Ist day to 4°C/day in the 14th day of cooling,
similar to [26]). After that, the crystallizer was
opened, the parent solution was decanted from
the crystals. Then the crystals were removed
from the crystallizer, blotted on filter paper and
air-dried.

The grown crystals had a pronounced natural
cut. After they had been obtained, the crystal
samples were stored in plastic tubes at room
temperature. From the parent solution with TP-Abs
to IFN-y, 4 large SST crystals (with a size in one
direction of more than 5 mm) were grown. From
the parent solution with TP-PBS, 5 large SST
crystals (more than 5 mm) and 5 small crystals (less
than 5 mm) were grown. From the parent solution
with AAS, about 20 small crystals (less than 3 mm)
were grown.

Preparation of crystals for XRD

For each type of solvent three crystal samples
were investigated by XRD. The preparation of
samples for XRD was carried out by splintering
from the main crystal a fragment with the size
not less than 0.1 x 0.1 x 0.1 mm?’. The visually
perfect transparent crystal fragment selected with
the help of an optical microscope was attached
to a glass thread with the help of vacuum
grease (Fig. 2).
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TP-Abs to IFN-y-1

TP-PBS-1

AAS-1

TP-Abs to IFN-y-1

TP-PBS-2

TP-Abs to IFN-y-1

TP-PBS-3

Fig. 2. Photos of TGS crystals pasted on a glass thread for conducting XRD.

In order to determine the quality of the
sample, a preliminary express scan was performed
using the built-in function included in the
CrysAlisPro XRD experiment control software
package (Rigaku, USA)%.

XRD
A Xcalibur, Sapphire 3, Gemini single crystal

diffractometer ~ (Rigaku, Japan), MoK  radiation
(A = 0.71073 A) was used for XRD studies. In the

2 https://www.rigaku.com/products/crystallography/crysalis.
Accessed November 01, 2023.

experiment, ®-scanning with a step of 1° was used.
The exposure was 15 s per step. The angular position
of the CCD detector (54.25°) was chosen to record
the reflections with the best resolution of sind/A = 0.5 A",

The processing of diffractograms (peak search,
determination of unit cell parameters, integration of
reflections intensities) was carried out in automatic
mode in the CrysAlisPro program (Rigaku, USA).
The solution and refinement of the atomic structure
of crystals was performed in the Shelx program
complex using the ShelxLe graphical shell (Shelx,
Germany)*.

> https://www.shelxle.org/shelx/eingabe.php.
Accessed November 01, 2023.
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Methodology for the determination
of hydrogen atoms

Under normal conditions, TGS crystals are in
the ferroelectric phase (Curie point (7)) is 49°C).
This ensures that the crystal is partitioned into
domains possessing spontaneous polarization. Without
additional measures (e.g., imposition of an external
electric field), which are not available for the
instrument configuration used, the XRD results
of such material may contain artifacts related to
twinning. Therefore, the position of only certain
hydrogen atoms in the structure was determined from
electron density difference synthesis. The missing
hydrogen atoms were then added on the basis of
geometric  calculations of characteristic valence
angles in organic compounds. However, in the final
solution of each structure, all hydrogen atoms were
localized and refined according to the so-called
riding model to avoid fluctuations. The N-H, O-H,
and C-H bond lengths, as well as valence angles
and thermal parameters, were fixed. The exact
coordinates are refined parameters and are calculated
according to the standard scheme. The above
approach is generally accepted and enabled us to
avoid problems with the occurrence of distortions
which contradict the fundamental crystallochemical
approaches (e.g., unrealistically short or unrealistically
long bonds between atoms) [3].

Raman spectroscopy

The Raman spectra of crystals were measured
using an Integra Spectra micro-Raman spectrometer

(a)

(NT-MDT, Zelenograd, Russia). The crystal was
placed on a cover glass and positioned on the
slide of an inverted microscope, in order that
the trial laser beam (MSL-III-532 50 mW laser,
Changchun New Industries Optoelectronics
Technology Co., China) fell on the selected facets.
Measurement parameters: excitation light wavelength
532 nm, power on the sample approximately 5 mW,
grating 600, objective lens 5x, recording time of one
spectrum 60 s.

Four crystals grown from a parent solution
containing TP-Abs to IFN-y and two crystals grown
from a parent solution containing TP-PBS were
analyzed. Three natural facets of each crystal were
analyzed. Three spectra were measured from each
facet while moving the crystal slightly across
the slide.

In addition, the facet spectra of a reference
TGS crystal (Fig. 3a), previously grown using
the technique described in [26], were measured.
The TGS reference crystal under consideration
belongs to the monoclinic syngony with the 2/m
point group. This point group is characterized by
open simple shapes: pinocoids and rhombic prisms.
The measured spectra of different faces of the
reference crystal are shown in Fig. 3b. The crystal
faces were conventionally labeled as type 1, 2, or 3
depending on the shape of the spectrum. Based
on the data of [26] with the description of the
basic equilibrium faceting of the TGS crystal, we
can refer I, 2, and 3 type faces to the following
simple forms. By shape and location, the facet
of type I (as well as by the trace from the

Intensity, rel. units

— T T T T T T T
1000 1200 1400 1600 1800

T T T
200 400 600 800

Frequency shift, cm™

(b)

Fig. 3. Standard crystal of TGS (a) and the RAMAN spectra from the characteristic facets of this crystal (b).
The numbers indicate the facets from which the corresponding spectra were recorded.
All Raman spectra are presented here and further as average value + error of the average.
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columnar seed holder) belongs to thepinocoid facet
belonging to the {001} family. The face of type 2
belongs to the family of faces of the rhombic
prism {—111}. The facet of type 3 (neighboring
between facets a and b with indices (100) and (010),
respectively) belongs to the faces of the rhombic
prism {110}.

The faces of the crystals investigated (grown
from the parent solution containing TP-Abs to
IFN-y or TP-PBS) were correlated with the faces
of the reference TGS crystal on the basis of the
correspondence of Raman spectra. For this purpose,
the ratio of spectral bands in the regions of
860-930, 1060-1140, 1360-1440, and 1560-1700 cm™'
was visually evaluated. Comparison of the
investigated crystals of TGS was carried out
on the basis of the spectra of those faces which
correspond to the spectra of the face of type 2
(family of faces of rhombic prism {—111}) of the
standard crystal of TGS.

When processing the measured spectra, we
subtracted the background value obtained by
fitting the baseline with a polynomial function
coinciding with the points of the spectrum minimum.
Then the spectra obtained were normalized by the
intensity of the band with frequency v = 975 cm™
(the most intense band of the spectrum due to
vibrations of the SO, group). After that, we
determined the intensity of peaks with v = 1671 cm™
and 1604 cm ™.

The intensities of maxima on the spectra
obtained from one face of one crystal were averaged.
The mean value and the error of the mean at
each point characterizing the statistical scatter
of the data were given.

Statistical analysis

Analysis and visualization of the data obtained
were performed using the R statistical computing
environment version 4.0.2 (R Foundation for Statistical
Computing, Vienna, Austria).

Descriptive  statistics were calculated based
on the results of Raman spectroscopy, while
comparison of groups was performed using
Student’s  t-test.  Distribution  normality = was

evaluated by the Shapiro—Wilk test, while homogeneity
of dispersions was evaluated by the Bartlett test.
XRD data were compared using the parametric
Tukey’s criterion.

Differences between the analyzed groups
were considered statistically significant with an
error probability p < 0.05 (i.e., the probability of
obtaining such or stronger differences, provided
that there were no differences between the compared
groups, was less than 5%).

RESULTS AND DISCUSSION

XRD

According to XRD data, all crystals possessed
symmetry corresponding to the space group P2
of the monoclinic syngony, i.e., they did not
contain an inversion center. In all experiments, the
value of the signal-to-noise ratio (A/o)  /(A/o),
was close or strictly equal to zero. This indicates
that these models meet the real minimum of the
least squares method, i.e., the model of atomic-
molecular composition of crystals had been
chosen correctly. The high quality of the crystal
and the correspondence of the found model to the
experimental data are evidenced by the following
values:

* The maximum value of the scattering angles 0
exceeds 36°, indicating a good intensity of reflection
by crystals at far scattering angles. It also corresponds
to the high number of measured reflection intensities
(more than 12000).

* The minimum and maximum residual
electron density in most experiments does not
exceed the absolute value of 0.5 /A’ corresponding
to a high degree of fit of the model to the
experimental data.

* All calculated R-factors (inconsistency factors)
are quite small, also corresponding to a high degree
of model fit to the experimental data.

The structure of TGS is complex and represents
a grid of NH,CHCOOH glycine molecules
and SO, tetrahedrons linked by O-H...O and N-H...O
hydrogen bonds (Fig. 1). The lengths of wvalence
bonds (Table 1), as well as valence angles
(Table 2), were calculated from the XRD data
for the grown TGS samples.

The statistical analysis of the obtained results
revealed statistically significant differences in the
values of N2—C3 bond length between the samples
of TGS grown from solutions containing TP-Abs
to IFN-y and TP-PBS (Fig. 4).

This parameter corresponds to the distance
between the amino group —NH, and the methylene
bridge —~CH,— of the glycine molecule. The nearest
environment of the —NH, functional group, which
is not connected with it by a rigid covalent bond,
is represented by two SO, anions and a similar
grouping of the neighboring glycine molecule. Since
these groupings of atoms include electronegative
elements (O, N) and -electropositive hydrogen,
all the conditions for the formation of hydrogen
bonds between these groupings are met. The
observed difference in the lengths of N2-C3 bonds
can be explained by differences in the proton
occupancy of the positions of hydrogen bonds,
in which the N2 atoms participate.
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Table 1. Lengths of interatomic bonds in TGS crystals grown from various parent solutions, A (measurement errors are
given in parentheses)

TP-Abs to IFN-y TP-PBS AAS
Bond
1 2 3 1 2 3 1 2 3

CI1-N1 1.466(4) 1.466(3) 1.465(3) 1.465(3) 1.476(7) 1.470(3) 1.467(3) 1.472(4) 1.467(3)
C1-C2 1.503(4) | 1.507(3) | 1.504(3) | 1.504(3) | 1.512(8) | 1.505(3) | 1.5003) | 1.500(4) | 1.505(3)
S1-09 1.4647(13) | 1.4664(9) | 1.4654(10) | 1.4652(10) | 1.464(2) | 1.4651(9) | 1.4602(10) | 1.4665(11) | 1.4668(10)
S1-08 1.466(2) | 1.4674(15) | 1.4668(18) | 1.4681(16) | 1.468(3) | 1.4670(15) | 1.4637(15) | 1.4683(19) | 1.4690(17)
SI-010 | 1.4765(19) | 1.4794(14) | 1.4800(17) | 1.4773(16) | 1.477(3) | 1.4777(15) | 1.4732(14) | 1.4775(18) | 1.4788(17)
C3-C4 1.512(4) | 1.5143) | 1.5133) | 1.5113) | 1.500(8) | 1.514(3) | 1.5103) | 1.518(4) | 1.513(3)
N3-C5 1.466(3) 1.470(2) 1.470(3) 1.470(3) 1.473(6) 1.470(3) 1.465(3) 1.470(3) 1.470(3)
C6-05 1.201(3) 1.205(2) 1.201(2) 1.202(2) 1.202(5) 1.201(2) 1.197(2) 1.205(2) 1.206(2)
C6-06 1.303(2) | 1.3026(18) | 1.304(2) | 1.304(2) | 1.2984) | 1.302(2) |1.3013(19)| 1.303(2) | 1.302(2)
C6-C5 1.511(3) | 1.5102(19) | 1.512(2) | 1.5112) | 1.509(4) | 1.5152) | 1.508(2) | 1.512(2) 1.514(2)
S1-07 1.4833(13) | 1.4847(9) | 1.4838(11) | 1.4832(10) | 1.484(2) | 1.4840(10) | 1.4799(10) | 1.4852(11) | 1.4864(11)
01-C2 1.2304) | 1.2293) | 1.2313) | 1.2323) | 1218(7) | 1.2293) | 1.2293) | 1.234(3) | 1.229(3)
02-C2 1.284(4) | 1.287(2) | 1.2853) | 1.286(3) | 1.280(6) | 1.286(3) | 1.282(3) | 1.285(3) | 1.285(3)
N2-C3 1.470(4) | 1.468(3) | 1.467(3) | 1.466(3) | 1.460(7) | 1.461(3) | 1461(3) | 1463(4) | 1.467(3)
03-C4 1.209(4) | 1216(3) | 1216(3) | 12123) | 1223(7) | 1.216(3) | 12093) | 12123) | 1.216(3)

Table 2. Values of valence bond angles in TGS crystals grown from various parent solutions, degrees (measurement errors
are given in parentheses)

TP-Abs to IFN-y TP-PBS AAS
Angle
1 2 3 1 2 3 1 2 3

NI-C1-C2 | 111.4(3) | 111.42(17) | 111.6(2) 111.52) | 110.9(5) | 111.31(18) | 111.25(18) | 111.3(2) | 111.5(2)
09-S1-08 | 111.01(15) | 111.28(11) | 111.15(12) | 111.12(12) | 111.03) | 111.13(11) | 111.27(11) | 111.10(13) | 111.12(12)
09-S1-010 | 110.22(15) | 110.06(11) | 110.21(13) | 110.27(12) | 110.5(3) | 110.30(11) | 110.19(11) | 110.29(13) | 110.18(12)
08-S1-010 | 109.72(8) | 109.78(6) | 109.70(7) | 109.65(7) | 109.68(12) | 109.72(6) | 109.59(6) | 109.74(7) | 109.81(7)
09-S1-07 | 110.26(8) | 110.24(6) | 110.27(7) | 110.29(7) | 110.27(12) | 110.25(6) | 110.26(6) | 110.21(7) | 110.29(6)
08-S1-07 | 108.11(14) | 108.02(10) | 108.07(12) | 108.00(11) | 107.8(2) | 107.99(10) | 108.09(10) | 108.11(13) | 108.00(12)
010-S1-07 | 107.43(14) | 107.35(10) | 107.34(12) | 107.41(12) | 107.53) | 107.36(11) | 107.35(10) | 107.30(13) | 107.35(12)
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Table 2. Continued

TP-Abs to IFN-y TP-PBS AAS
Bond
1 2 3 1 2 3 1 2 3

01-C2-02 | 1262(3) |126.12(19) | 1262(2) | 126.12) | 127.16) | 1262(2) | 126.12) | 125.7(3) | 126.2(2)
01-C2-C1 | 120.4(2) |12049(17)| 120.52) | 120.52(19) | 120.6(4) | 120.68(18) | 120.62(17) | 120.8(2) | 120.5(2)
02-C2-C1 | 1134(3) | 113.40(19) | 113.3(2) | 1133(2) | 1123(5) | 113.12) | 11322) | 113.52) | 113.3(2)

N2-C3-C4 | 110.8(3) | 110.79(16) | 111.02) | 110.82) | 111.7(5) | 111.01(18) | 110.81(18) | 111.12) | 111.0(2)
05-C6-06 | 1252(2) | 125.10(14) | 125.04(17) | 125.09(16) | 125.3(3) | 125.19(15) | 124.99(15) | 124.99(17) | 125.07(16)
05-C6-C5 | 121.6(2) |121.59(14) | 121.71(17) | 121.76(16) | 121.2(3) | 121.64(16) | 121.72(15) | 121.62(17) | 121.51(16)
06-C6-C5 | 113.24(17) | 113.30(12) | 113.25(15) | 113.14(14) | 113.4(3) | 113.17(13) | 113.28(13) | 113.39(15) | 113.43(14)
N3-C5-C6 | 112.17(18) | 111.84(13) | 111.92(15) | 111.97(14) | 111.8(3) | 111.80(14) | 111.87(13) | 111.88(16) | 111.85(15)
03-C4-04 | 1262(3) | 126512) | 12622) | 126.12) | 125.0(6) | 1262(2) | 1263(2) | 126.6(3) | 1262(2)

03-C4-C3 | 1222(3) |121.81(17)| 121.82) | 122.12) | 122.1(5) |121.77(19) | 121.98(18) | 121.72) | 121.9Q2)

04-C4-C3 | 111.53) | 111.71(19) | 111.92) | 111.8@2) | 112.8(5) | 112.0Q2) | 111.7(2) | 111.633) | 111.9Q2)
- 1471 - * correspond to the shape (namely, the ratio of
< spectral bands in the regions 860-930, 1060-1140,
E 1360-1440, and 1560-1700 cm™) of the spectrum of
3 1467 1 the face of the reference TGS crystal, conventionally
& l labeled 2 (Fig. 3b). The intensity of the peak
% 1.463 - at 1671 cm! differs in crystals of different types
= J (Fig. 5b). Therefore, we further compared the

%" intensities of this maximum using statistical methods.
1459 Statistical analysis using the Mann—Whitney
criterion showed that band intensity at 1671 cm™
1.455 ‘ ! ‘ for the samples obtained in the presence of TP-Abs
TGS+TP-Abs to IFN-y TGS+TP-PBS TGS+AAS to IFN-y was statistically significantly higher than

Fig. 4. Average value of the N2—C3 valence bond lengths
for TGS crystals grown from a solution containing TP-Abs
to IFN-y, as well as from control solutions
(Mean =+ Standard deviation (M + Sd)).

* p <0.05 relative to the intensity for TGS crystals
from a solution containing the TP-PBS.

Raman spectroscopy

The measured results of the Raman spectra
of crystals obtained from solutions containing
TP-Abs to IFN-y and TP-PBS are presented in
Table 3. The Raman spectra for each type of crystals
are shown in Fig. 5. The spectra presented in Fig. 5a

the intensity of the band of the same name
for the samples grown in the presence of TP-PBS
(» < 0.05) (Fig. 5c). The vibrational mode at
1671 cm™' in the Raman spectra of TGS crystals
corresponds to the valence vibrations of the C=O
group  (stretching-compression  vibrations)  [27].
These groups of atoms are involved in hydrogen
bonding of individual glycine molecules into chains.
Glycine group G3 is known to be ordered into
chains by means of N3-H3B..0O3 bonds, and
glycine groups G1 and G2 form dimers by means
of O2-H2...H4-0O4 bonds [28]. More active binding
of glycine molecules, with a degree of hydrogen
bond occupancy by protons close to unity at a given
position, leads to decreased intensity of valence
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Fig. 5. (a) RAMAN spectra obtained from the type 2 facet of crystals grown in the presence of TP-Abs to IFN-y
(black line) and TP-PBS (red line). (b) Spectral region on a larger scale. (¢) Intensity of the Raman band
with v= 1671 cm™ for TGS crystals grown from a solution containing TP-Abs to IFN-y (M + Sd);
* p <0.05 relative to the intensity for TGS crystals from a solution containing the TP-PBS.
vibrations of the C=0O double bond. It also leads According to the XRD data, we can observe

to a decrease in the intensity of the corresponding
vibrational mode of the Raman spectrum. Accordingly,
with a decrease in the degree of occupancy of
hydrogen bond positions in glycine dimers and
chains, an increase in the intensity of the vibrational
mode at 1671 cm™' is observed. Thus, this parameter
allows us to indirectly make a comparison between
groups of samples of TGS crystals by the degree
of occupancy of hydrogen bond positions. In this
case it is probable that differences in the intensity
of vibrations and polarizability can be caused by
a small change in the microenvironment of these
bonds in the glycine molecule. The stabilization
of the zwitter-ion conformer most likely occurs
with the participation of one water molecule [29].

Thus, the results of crystal studies by Raman
spectroscopy show that a smaller number of hydrogen
bonds is formed in the sample of TGS crystal obtained
in the presence of TP-Abs to IFN-y.

a change in the length of the N2-C3 bond within
one molecule. TGS crystals are known to manifest a
proton hopping mechanism of proton transfer along
the OH-O hydrogen bonding network [30]. The
differences in the degree of proton occupancy of
hydrogen bond positions can account for the observed
difference in the lengths of N2-C3 bonds. In the
crystal grown in the presence of TP-Abs to IFN-y,
this bond appears to be longer than in crystals grown
from control solutions (TP-PBS and AAS). This
implies a decrease in the number of hydrogen
bonds. This conclusion is supported by the results
obtained in the studies by Raman spectroscopy.
Summarizing the data obtained, we can conclude
that both methods show that a smaller number of
hydrogen bonds is formed in the sample of TGS
crystal when obtained in the presence of TP-Abs
to IFN-y, when compared to crystals grown from
control solutions (TP-PBS and AAS). The action
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Table 3. Intensity of characteristic bands at 1671 and 1604 cm™!

Band intensity at 1671 cm™ Band intensity at 1604 cm™
¥ aﬂ a° z
TE TE TE TE
S8 3 = SR > =
ez S e Sez g=
S SE 2 S« 2 Sk 2 Sw
2 = O » o A 2 =0 v o2
R £l R £
cE e <1 cE e =1
Q @» A Q @» QO w»w a Q @»n
= n « v o n «
- - - -
g £ = g
0.11095 0.08676 0.17695 0.10601
0.12549 0.08759 0.22240 0.09830
0.10790 0.09273 0.17639 0.10012
0.11084 0.10294 0.14632 0.20799
0.07034 0.11127 0.08469 0.24110
0.11334 0.09324 0.13901 0.22482
0.10890 0.08996 0.13426 0.21202
0.13704 0.09287 0.28414 0.22250
0.12293 - 0.25905 -
0.12321 - 0.25545 -
0.12234 - 0.22994 —
0.12176 - 0.22812 -
0.11706 - 0.22272 —
0.09194 - 0.17393 -
0.10321 - 0.11153 —
0.09831 - 0.18336 -
0.09902 - 0.17805 -
0.10156 - 0.17666 -
0.09457 - 0.17712 -
0.10626 - 0.14743 —
0.09664 - 0.14155 -
0.09604 - 0.13451 -
of TP-Abs to IFN-y, not directed on its target, of technological processing. This corresponds to the
is probably due to the influence on the growth of TGS previously obtained data on the realization of the effect
of the aqueous solution which acquired new properties of technologically processed proteins through the
when compared to control solutions in the process influence on the hydrate shells of the target molecule [22].
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CONCLUSIONS

Summarizing the experimental results, we can
conclude that the main effect of TP-Abs solution used
to grow the TGS crystals on the properties of these
crystals consists in changing the properties of the proton
sub-lattice of the crystal. This is a structural component
of the crystal, which is the most sensitive to the effects
of external factors. The significant importance of water
in the electrical properties of crystals has been shown
earlier. Therefore, it will be of further interest to
study not only the structure but also the properties of
crystals grown from AAS subjected to various types of
technological processing.
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