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Analysis of the patterns on the dried films of biological fluids is a promising avenue of medical
diagnostics and biosensors development. The aim of this work was to study the effect of iron and copper
ions on the quantitative characteristics of textures and zigzag patterns (Z-structures) observed on the films
of saline solutions of bovine serum albumin (BSA). In the experiment, 0.5 mg/ml BSA, 20 mM/I NacCl,
0.05 mM/1 CuCl, and 0.2+0.05 mM/1 FeCl; were used. For textures, the area and fractal dimension were
estimated, and for zigzag patterns, area and the specific length of the Z-structures were estimated. The
effect of iron and copper ions on the geometrical parameters of Z-structures was analyzed. Spatial
distributions of the fractal dimension of texture and the specific length of Z-structures were analyzed. It
was shown that using the product of all four parameters increases the sensitivity of the method compared
to using only one of the parameters. The method can be used in pharmacology and medical biochemistry
for screening drugs and chemical compounds by their degree of influence on biopolymers.
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TEKCTYPHU IVIIBOK BCA 3 IOHAMM 3AJII3A TA MIAI
JAM. T'nuounpkuii, I''M. I'nubnuskuii, M.O. Cemenos, I'.B. lllectronanosa
Hayionanvua axademis nayk Yrpainu, Incmumym padiogizuxu ma enexmpouixu im. O. A. Ycukosa,
eyn. Axk. Ilpockypu 12, m. Xapkis, 61085, Yrpaina

AHaii3 maTepHiB Ha BUCYIICHHX IUTIBKaX OIOJIOTIYHUX PIAWH € TMEePCIeKTUBHUM HAIPSIMKOM MEIUIHOI
JIIarHOCTUKH 1 po3poOku GioceHcopiB. MeToro wiei poboTu Oy0 BHBUEHHS BIUIMBY 10HIB 3aji3a i Mifi Ha
KUTBKICHI XapaKTEePUCTHKH TEKCTYp 1 3Ur3aromnofiOHuX maTepHiB (Z-CTPYKTyp), AKi CHOCTEPITaloThCs Ha
TUTIBKaX COJIBOBUX PO3YMHIB Omuadoro cupoBaTkoBoro anbOymiHy (BCA). YV poGoti Oynm BHKOpHCTaHi
0,5 mr/mn BCA, 20 MM/ NaCl, 0,05 mM/n CuCl, i 0,05+0,2 mM/n FeCls. s TEKCTYp OLIIHIOBAIUCS
wioma i gpakrajbHa PO3MIPHICTH, a JUIsS 3WUI3aromnoAiOHUX MATEPHIB — IUIOIIA 1 MATOMA JOBXWHA Z-
cTpyKTyp. Bynu npoananizoBaHi BiAIMIHHOCTI TE€OMETPHYHHX ITApaMeTpiB Z-CTPYKTYp NpH BIUIUBI 10HIB
3aiiza i Migi. Bynn npoanarnizoBaHi IpocTOpoBi po3noniy (HpakTaibHOT PO3MIPHOCTI TEKCTYp 1 MTUTOMOT
JIOBXHHU Z-CcTpyKTyp. Byno mokaszaHo, 1o BUKOpUCTaHHS TOOYTKY BCiX YOTHPHOX MapaMeTpiB MiABUILYE
YyTJIMBICTE METOAY B TOPIBHAHHI 3 BHKOPHCTaHHSM TUIBKH ONHOTO 3 mapametpiB. Lleil merom moxe
3aCTOCOBYBATHUCH Y (DapMaKoIIoTii Ta MeAW4HiN Oi0XiMil U1 BU3HAYECHHS CTYIICHS BIUIMBY IIPETApaTiB Ta
XIMIYHUX PEUOBHH Ha O10TOTIMEPH.

KJIFOYOBI CJIOBA: po3uuH, Iu1iBKa, TEKCTypa, OiononiMep, ¢ppaxrany, 6i0J0Ti4HO aKTUBHI PEUOBHHHU.

TEKCTYPbI IINIEHOK BCA C UMOHAMMU XKEJIE3A 1 ME/IN
JAM. I'nuonukwuii, I'.M. I'nuouuxnii, M.A. Cemenon, A.B. lllectonanosa
Hayuonanvnas akademus nayx Yepaunol, Hucmumym paouogpusuxu u snekmponuxku um. A. A. Ycukosa,
ya. Ax. Ilpockypur 12, 2. Xapvkos, 61085, Vkpauna

Amnanus NaTTEpHOB HAa BBICYHICHHBIX IIJICHKaX 6I/IOJ'IOFI/I'-ICCKI/IX )KHHKOCTeﬁ SABJIACTCA TIEPCIICKTUBHBIM
HalpaBJeHUEM MEIUIMHCKON JTUarHOCTUKU M pa3paboTku OuoceHcopos. Llenpto naHHON paboThl OBLIO
U3yuCHHE BIMSHHSA HWOHOB JKejle3a M MeOU Ha KOIMYCCTBEHHBIC XapaKTEPHUCTHKU TEKCTYp H
3UI3aronoJ00HBIX MATTEPHOB (Z-CTPYKTYp), HAOMIOIaeMBbIX HA IUICHKaX COJIEBBIX PACTBOPOB OBIYBETO
ceiBopoTouHoro ansoymuHa (BCA). B pabore 6butn ncnonszoBansl 0,5 mr/ma BCA, 20 MM/ NaCl, 0,05
MM/nt CuCl, u 0,05+0,2 MM/n FeCls. [y TeKCTYp OLIEHUBAJICH IDIOMIAs U (paKTaTbHAs Pa3MEPHOCTH,
a Uil 3Ur3aronofo0OHBIX IMATTEPHOB — IUIOM@Ah W yAeNbHas iIuHa Z-CTPYKTyp. bbum
NPOAHAIM3UPOBAHBl PA3JINYU T'COMETPUYCCKHX IApaMeTpoB Z-CTPYKTYp NpPH BO3ICHCTBHH HOHOB
Kenesa M MeOu. bpuIM  mpoaHaNM3MpOBaHBI INPOCTPAHCTBEHHBIC paclpeneneHus (QpakTaibHOMH
Pa3MEpHOCTH TEKCTyp M YHENbHOH INHMHBI Z-CTpyKTyp. bBBUIO mOKa3aHO, 4YTO HCIOJIB30BaHHUE
MPOU3BEACHUA BCEX YCTBIPEX IMAapaMETPOB MOBBIMIACT YYBCTBUTCIBHOCTH METOAA MO CPABHCHHUIO C
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HCTIOJIH30BaHUEM TOJBKO OJHOTO W3 MapaMeTpPOB. DTOT METOA MOXKET NMPUMEHATHCS B (PapMaKOJIOTHH H
MEIUIIUHCKONW OMOXMMUU IJIsl OTIPENEICHUS CTETICH! BIHMSHHUS IMPEMapaToB M XUMHUYECKUAX BEIIECTB Ha
OHUOTIONIMMEPBI.

KJIIOYEBBIE CJIOBA: pactBop, IIeHKa, TEKCTypa, OnomnonumMep, GppakTaibl, OHOJIOrHIECKH aKTHBHBIEC BELIECTBA.

Methods of analysis of film textures obtained from solutions of biological fluids are used
to create new medical technologies [1] and for diagnosis of various diseases. For example, the
authors of [1] and [2] provide an overview of medical research methods for qualitatively
assessing the morphology of the solid phase of biological fluids. On the other hand, methods
for quantitative analysis of texture are also being developed. For example, in [3] the main
types of structural elements observed in the course of dehydration are analyzed, which are
then used for quantitative evaluation based on pattern recognition. In [4], the authors
investigate the textures of films obtained from chitosan solution in the presence of copper and
silver ions, using fractal dimension calculations to evaluate the observed patterns. This lets
one compare the observed structures with some well-known aggregation models.

Previously, we have analyzed the impact of biologically active substances (BAS) on
biopolymers in relation to the changes to the area and the fractal dimension of the film texture
[5-7]. Another criterion for estimating the impact of BAS was proposed in [8], based on the
relative area occupied by zigzag patterns (Z-structures). However, this method has insufficient
sensitivity, since the area calculations cannot easily discern densely-packed Z-structures from
each other or from other types of patterns which lie in close proximity. To mitigate the issue,
a direct calculation of the specific density of Z-structures was employed, which was used in
[9] to show that Z-structures do not form in case of thermal denaturation of bovine serum
albumin (BSA).

The aim of this work is to apply the Z-structure based methods of quantitative evaluation
to investigate the film textures obtained from the solutions of BSA and iron or copper ions.

MATERIALS AND METHODS
The films were prepared from solutions of bovine serum albumin ("Sigma-Aldrich") at a
concentration of 0.5 mg/ml in the presence of NaCl at a concentration of 20 mM. Chemically
pure reagents (CuCl,, FeCls-6H,0) were used. The setup for the production of films and the
method of texture formation on the film at 0% relative humidity are described in [10].
For a biopolymer film obtained from the solution of the biopolymer and the studied BAS,
an influence coefficient K representing the area of textures on the film is determined [5]:

K,=S8,/8, (1)
where S, is the area of textures on the film, and § is the area of the entire film.

One of the parameters used for the analysis of textures is the fractal dimension D, which
characterizes the degree of branching or irregularity of the texture. Generally, D is expressed
as:

D= im M

== log(e) @

where N is the number of elements (squares, circles, etc.) sufficient to cover the Z-structures,
and ¢ is the linear element size.

If it is impossible to clearly separate the background from the structures, a variant of
fractal dimension is used which takes the "intensity" of the image into account:

€)
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where X is a quantitative characteristic of the element content.

For the calculation of fractal dimension, the "differential volume variation" box counting
method was used. For each value of ¢ (from a predetermined set of scales), the image is
covered with an ¢ -sized square grid. For each square, an intensity is calculated:

Ie:Z(lJraIi,j,e)’ (4)

where OI. . is the difference between the maximum and minimum "intensity" of the image

ije
within a given square. I, corresponds to the "volume" V, =1, -¢ . For the plot of log(¥)
against log(¢), the slope of the regression line is calculated as
_ Il
~Sonl/e

©)

and the fractal dimension is calculated as
D=3-(5/2). (6)

The coefficient K 2, accounts for the area occupied by the Z-structures:
K g = S, /S, (7)

where §, is the area of Z-structures on the film.
The coefficient K 2, accounts for the length of the individual Z-structures:

KZfL — (L(z;;‘ /S(z)i) (8)

where L . 1is the total length of Z-structures in the i-th sample (micrograph) of the film; n is

(z)i

the number of the taken samples, and S, is the area of the i-th sample. The micrographs are

(z)i
taken at the locations uniformly distributed over the film area in a grid fashion.
The effect P of the substance is defined as the product of all the calculated coefficients:

P:KT'D‘KZS'KZL- 9)

RESULTS AND DISCUSSION
Examples of film micrographs are presented in Fig. la (BSA and 20 mM NaCl), Fig. 1b
(BSA, 20 mM NaCl and 0.05 mM FeCls), Fig. 1c (BSA, 20 mM NacCl and 0.05 mM CuCl,)
and Fig. 1d (BSA, 20 mM NaCl and 0.1 mM FeCls). The values of specific length Lg

(L(z)i /S(z)i

micrographs are: L, =18.5 mm’, L, =0.08+0.06 mm, 4=116+23° for Fig. 1a (control film);
Ly=172mm", L,=0.04£0.01 mm, A=117+15° for Fig. 1b (0.05 mM FeCls);
Ly=103mm", L[,=0.07+0.03mm, A=118+12° for Fig. lc (0.05 mM CuCl);
L, =20.4 mm’, L, =0.04+0.02 mm, 4=118+20° for Fig. 1d (0.1 mM FeCls). Z-structures

with the parameters similar to those of Fig. 1a (control film) are also present in the central
regions of the films with copper and iron ions.

Fig. 1a is characterized by the longest zigzag edges and a high amount of side-branches;
Fig. 1b-1d show a more hexagonal layout of zigzags with little to no side-branching; finally,
for Fig. 1c, Z-structures appear to be larger and more sparse than for Fig. 1b and 1d. As the

), average edge length L, and average angle A4 of Z-structures for the example
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concentration of FeCl; increases, the film becomes increasingly dominated by DLA patterns,
dense branching patterns and disordered thread-like patterns (not shown).

The area occupied by Z-structures was calculated as the area of a minimum bounding
polygon which contains the visible elements of Z-structures. An example is shown in Fig. la,
where label 1 marks the bounding polygon, label 2 marks the Z-structures and label 3 marks
non-Z-structures. As such, these area calculations do not take into account the density of Z-
structures and the presence of different types of patterns inside the area.

(d)
Fig. 1. Example micrographs of films corresponding to the solutions of: (a) BSA and 20 mM NaCl; (b)
BSA, 20 mM NaCl and 0.05 MM FeCls; (¢) BSA, 20 mM NaCl and 0.05 CuCly; (d) BSA, 20 mM NaCl and
0.1 MM FeCls.

The distributions of specific length ( L, ) of Z-structures and fractal dimension ( D) of the

textures are shown in Fig. 2a and Fig. 3a (control film), Fig. 2b and Fig. 3b (0.05 mM FeCl;),
Fig. 2¢ and Fig. 3¢ (0.05 mM CuCl,), respectively. It can be observed that zigzag patterns
tend to only appear at approximately 3 mm distance from both the center and the borders of
the cell. This might be due to local anisotropy and the distribution of salt and BSA
(determined by the interplay of diffusion, radial flow, DLVO (Derjaguin, Landau, Verwey,
and Overbeek) force and Marangoni recirculation loop, as well as the hydrodynamic effects
during the late-stage drying) [11-18] creating the necessary conditions for Z-structure
formation only at a 3—7 mm distance from the cell borders. The fractal dimension for
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Fig. 2. Averaged distributions of specific lengths of Fig. 3. Averaged distributions of texture
Z-structures on films corresponding to the solutions of: fractal dimension on films corresponding to the
(a) BSA and 20 mM NaCl; (b) BSA, 20 mM NaCl and solutions of: (a) BSA and 20 mM NacCl; (b) BSA,
0.05 MM FeCl;; (¢) BSA, 20 mM NaCl and 0.05 CuCl,. 20 mM NacCl and 0.05 mM FeCls; (c) BSA, 20 mM

NaCl and 0.05 CuCl,.
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0.05 mM CuCl, films shows little difference between the center and the borders, whereas
for 0.05 mM FeCls film, less complex aggregation patterns tend to appear at the cell borders.

The mean values of each evaluated parameter are provided in Table 1 for each of the
investigated solutions. For comparison, the P values calculated using our current method
(P, ) and the previous method (P, ), which considered only K,, D and KZS, are

new prev

provided.
Table 1
The individual coefficients and the resulting effect estimation of each solution

1 X =
Solution K _D o Kz Kz, , mm £ e, MM B, mm
A=5% | A=5% | A=10% | A=10% A=16% A=16%
BSA+20 mM NaCl | 0,98 | 271 | 0,53 72 T4l 0.1
BSA+20 mM NaCl
+0,05 mM Fecl, | 000 | 268 | 034 6,3 0,82 52
BSA+20 mM NaCl
10,05 mM CuCl, | 20 | 270 | 0,34 7,1 0,87 6,2
BSA+20 mM NaCl
10.10mM FeCl, | 084 | 267 | 046 7.2 1,03 74
BSA+20 mM NaCl
1020 mM FeCl; | 0 | 274 015 2,9 1,34 11

The table shows that the coefficients K, and D change very little for the Fe'"

concentration range of 0 to 0.20 mM (the variation is within the bounds of error), while the
coefficients K 7 and K z, decrease by more than a factor of 3 and 2, respectively, and P,

decreases by about a factor of 9. The use of all the coefficients in the formula (9) results in an
increased sensitivity compared to the use of only one of the coefficients, as well as compared
to the use of the previous formula.

As was shown in [10], the formation of fractal patterns on the surface of biopolymer films
can be explained by the formation of crystal hydrate complexes of water, protein and salt. It
can be assumed that the addition of copper or iron ions disturbs the conditions of crystal
hydrate formation, which reduces the amount of Z-structures on the film surface. A detailed
explanation of the mechanism of Z-structure formation is the subject of a separate study.

CONCLUSIONS

A method for the analysis of BAS influence on biopolymers is proposed, based on the
property of biopolymer solutions with different composition to form different textures during
the evaporation. The experimental study was conducted using bovine serum albumin as the
biopolymer, and iron and copper salts as the BAS. Four parameters of the textures were
analyzed: the texture area, the fractal dimension, the area of Z-structures and the specific
length of Z-structures. Using the product of all four parameters increased the sensitivity of the
method compared to using only one of the parameters. The method can be used in
pharmacology and medical biochemistry for screening drugs and chemical compounds by
their degree of influence on biopolymers.
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