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Received: 12 February 2018 . The deposit patterns derived from droplet evaporation allow current development of medical tests and
Accepted: 12 June 2018 . new strategies for diagnostic in patients. For such purpose, the development and implementation of
Published online: 25 June 2018 . algorithms capable of characterizing and differentiating deposits are crucial elements. We report the
. study of deposit patterns formed by the droplet evaporation of binary mixtures of proteins containing
NaCl. Optical microscopy reveals aggregates such as tip arrow-shaped, dendritic and semi-rosette
patterns, needle-like and scalloped lines structures, as well as star-like and prism-shaped salt crystals.
We use the first-order statistics (FOS) and gray level co-occurrence matrix (GLCM) to characterize the
complex texture of deposit patterns. Three significant findings arise from this analysis: first, the FOS
and GLCM parameters structurally characterize protein deposits. Secondly, they conform to simple
exponential laws that change as a function of the NaCl concentration. Finally, the parameters are
capable of revealing the different structural changes that occur during the droplet evaporation.

The patterns formed by the evaporation of droplets are in the deposition of materials, inkjet printing'~, DNA/
RNA recognition*7 amoung many other systems. In the context of the diagnostic of pathologies, the structural
characteristics of deposits enable detection of leukemia, anemia, tuberculosis, cancer, among many other health
problems®~'°. The final morphology of a deposit depends on transport mechanisms and aggregation processes of
colloidal particles. The competition between capillary flows driven by continuity and Marangoni flows driven by
surface tension gradients, determine the mass transport in the interior of a droplet'’. The capillary flows move
radially outwards to compensate the loss of mass due to the evaporation of water molecules occurs mostly from
the edge of the droplet. Under this process, the particle deposition occurs at the contact line, forming the so-called
“coffee ring”!>-1%. Marangoni flows are generated by surfactants and temperature gradients that force the fluid to
circulate inwards of the droplet. Indeed, this transport mechanisms can eradicate the coffee ring formation'>-%.
On the other hand, the aggregation phenomenon is mediated by forces (friction F,,,, the electrostatic F,, caused
by the charges of the molecules, and adhesion F,;, between the macromolecules and the glass substrate) that
emerge during the evaporation process>!*19-25,

The study of protein solutions is a good starting point for understanding the transport mechanisms and aggre-
gation processes during droplet evaporation of biofluids. The protein-salt interaction allow the formation of a
large variety of complex aggregates®*~*. Deposits composed by lysozyme and NaCl exhibit an amorphous periph-
eral ring and dendritic shapes®*2, while protein deposits of BSA and NaCl show structures such as rosettes,
scallops, Chinese arrows and zigzag patterns®®. Indeed, different salts interacting with the same protein gener-
ate different aggregates®. These structures arise from complex mechanisms of aggregation of ions on a protein
film?. On the other hand, recently we scrutinize on the pattern formation produced by the droplet evaporation
of suspensions containing two different proteins*. We found that salt is unnecessary for the formation of crystal
clusters, dendritic and undulated branches, and interlocked chains inside of a small region of the deposits. These
structures appear in a small region inside of deposits.

The standard procedures for the morphology assessment of deposits are carried out using the radial density
profile and the normalized grayscale intensity profile. These quantities correlate the morphological aspects of
deposit patterns with components in an aqueous solution and the state of such components'®*>-*. The radial
density profile statistically describes the whole mass distribution as a function of the distance to a given point,
usually from the center to the edge of the deposit; while the line profiles give information on the distribution of
mass on a narrow segment. The ability of these quantities to capture and differentiate the geometry of aggregates
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shows some limitations. For example, a small curve in the radial density profile could be correlated to a cluster
of small aggregates, or only to a large aggregate. Therefore, although refined strategies have been implemented to
capture some specific characteristics of deposits®, there is still a need to implement statistical parameters capable
of characterizing and differentiating structural aspects of deposits.

In this paper, we report the study of the structure of deposit patterns formed by the evaporation of droplets of
protein mixtures containing NaCl. Optical microscopy reveals an enormous diversity of complex patterns that
emerge at a different relative humidity of the evaporation environment (RH), salt concentration, and relative
protein concentration. We use the first-order statistics (FOS) and the gray level co-occurrence matrix (GLCM)
statistics as a natural strategy to fully capture the complex texture of deposit patterns. The FOS and GLCM are
complementary measures to the assessment of the texture of an object. They are used to characterized morpho-
logical changes in tissue collagen fibril organization caused by pathological conditions*, cancer classification*"*,
among many other systems of relevance**!. FOS textures depend on the gray tone distribution of pixels intensity
of the image of an object, while GLCM (second-order statistics) is related with the spatial arrangements of pixels
intensities in a region of interest. In other words, GLCM parameters are calculated from a matrix based on the
interpixel correlation of the image**, while FOS neglects pixel relationships. The main attraction of GLCM is
that these parameters act as indexes on the frequency of combinations of gray levels in an image. We found that
these texture parameters collapse to simple exponential laws that change as a function of the NaCl concentration.
Furthermore, the combination of the FOS and GLCM statistics allows classifying deposits at different relative
protein concentration with an accuracy above 95%. Finally, the texture analysis reveals three sequential stages of
aggregation: coffee ring formation, the crystals growth, and water drying stage.

Results
The effect of the NaCl concentration on the texture of deposits. We first explore the effect of the
NaCl concentration on the pattern formation of protein deposits. Figure 1a shows six deposits generated by a
mixture of BSA and Lysozyme (relative protein concentration ¢, = 1:1 and protein concentration ¢,=0.1wt%)
at different NaCl concentration (¢ =0, 0.05, 0.1, 0.25, 0.5, and 1 wt%). At first glance, the salt concentration
increases the structural complexity of deposits. The three-dimensional representations of such deposit images
reveal that salt induces the formation of crystals of different size and shapes, see Fig. 1b. Figure 1c shows that
deposits formed at ¢ =0.25wt% contain star-like salt crystals surrounded by a semi-rosette pattern assembled by
needle-like and scalloped lines structures. For ¢ =0.5 and 1.0 wt% it is observed a more saturated rosette-shaped
protein pattern which is associated with an increase in prism-shaped stacks crystals. Small interconnected tip
arrow-shapes sculpt scalloped concentric rings that compose the groups of rosettes. For ¢ =1.0% the formation
of rosette structures is interrupted by crystals of prism-shaped stacks. Finally, the edge of ¢ =0.25wt% deposits
contain a dendritic pattern, while for ¢ =0.5 and 1.0 wt% result in needle-like or interconnected needle-like
crystals, see Fig. 1d.

We carry out the FOS and GLCM statistic on the deposits in order to characterize the effect of the NaCl
concentrations on the structural changes in the protein deposits. Interestingly, the FOS and GLCM parameters
change exponentially as the NaCl concentration as follows:

6= =6, 16, 1)

where 8, is the texture parameter value of the surface, d, is a value where the texture parameters ¢ saturates, and
k is the characteristic concentration ¢, at which the magnitude of ¢, diminishes by a 1/e factor. The FOS texture
parameters extracted from the deposits formed at different NaCl concentration are plotted in Fig. le. The Mean,
Standard Deviation, and Integrated Density parameters grow due to crystals increase the roughness on the depos-
its surface and the pixels intensity of the image. On the contrary, the Skewness and Kurtosis decrease because the
gray level intensity distribution of the histograms presents a more asymmetrical pattern right-tailed at high NaCl
concentrations. Figure 1f shows the behaviour of the GLCM parameters calculated from the texture analysis of
the deposits. The Energy, Correlation, and IDM parameters decrease exponentially due to the reduction of the
textural uniformity, the similarity on gray-level regions, and the local homogeneity in the deposits, respectively.
On the other hand, the Inertia and the Entropy increase exponentially by increasing the number of pixels in large
contrast as well as heterogeneous regions in an image.

Image analysis has less consistent results to differentiate among deposits formed at high NaCl concentrations.
This is probably because of the high number of crystals of different shapes which saturate the difference in the
frequency and the intensity of the values of the grey levels of each pixel of the image. Indeed, these crystals dimin-
ish the influence of the large aggregates that appear covering small regions in the deposits formed at 1.0 wt%. We
believe that this behavior reflects a threshold for the saturation of aggregates on protein deposits.

The effect of the relative protein concentration on the texture of deposits. Next, we explore the
effect of the relative protein concentration on the morphology of protein deposits. Figure 2a shows deposits at a
different relative protein concentration ¢,=0:1, 1:51:1, 5:1, 1:0 (protein contraction ¢, = 1.6 wt% and NaCl con-
centration ¢ = 1wt%). All deposits show similar structural aspects. Regardless of the relative concentration, in
protein deposits appear a coffee ring that interlocks to small crystals of a different shape. Indeed, for ¢r=1:5,and
1:1, it is observed a small gap surrounding many interlocked crystals of different morphologies. However, a vast
diversity of different characteristics appear in the interior of these deposits. Lysozyme deposits (0:1) shows heter-
ogeneous patterns with dispersed amorphous crystals, in contrast to BSA deposits (1:0) that contain a big rosette
pattern without a crystal core and needle-like structures, see Fig. 2b. For intermediate concentrations, ¢, = 1:5,
1:1, and 5:1, inner structures resemble dendritic shapes. We must remark that deposits formed at ¢ =0.5wt%
show similar morphologies (see Fig. 1s in the supplementary material).
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Figure 1. Protein mixtures deposits formed at different NaCl concentration. (a) Deposits formed during the
evaporation of droplets containing two types of proteins (relative concentration ¢, = 1:1 and ¢, = 0.1 wt%)

at NaCl concentration ¢ =0, 0.05, 0.1, 0.25, 0.5, and 1 wt% and T =37°C. (b) The corresponding three-
dimensional light intensity profiles. Patterns formed at the center of the deposits (c) and the edge (d). Texture
analysis of deposits formed at different NaCl concentration. The corresponding texture parameters (e) FOS
(Mean, Standard Deviation, Integrated density, Skewness and Kurtosis) and (f) GLCM (Energy, Inertia,
Correlation, IDM and Entropy). The blue and red lines are the best fit for the curves. The error bars correspond
to standard deviations from n=24.

Figure 2c shows the FOS and GLCM values related to deposits generated at different relative concentrations of
proteins ¢,. Deposits formed at ¢, =5:1 and ¢ =1 wt% show the highest values in Mean and Integrated density;
and lower values in Skewness and Kurtosis than the rest of the deposits. This occurs because they are assembled
by a high number of crystals that fill the whole surface. Interestingly, deposits formed at ¢, = 0:1 shows the highest
values of Standard Deviation. They are formed by crystals of a different size that promote lowest values in Mean
and Integrated density; and most significant values in Skewness and Kurtosis. Figure 2d shows the corresponding
GLCM parameters extracted from the deposits at a different relative protein concentration. Deposits formed at
¢,=0:1 show the highest values in Energy, Correlation, and IDM. On the contrary, deposits formed at ¢, =5:1
show the lowest values in these three parameters. Finally, deposits formed at ¢, = 0:1 reach the lowest values in
Entropy, while deposits formed at ¢, = 1:0 show the highest values in Inertia. Note that excluding the standard
deviation, the rest of the parameters corresponding to deposits formed at ¢ = 0.5 wt% show similar behaviors as
a function of the relative protein concentration.

In order to scrutinize the ability of FOS and GLCM statistics to classify deposits that at first glance are struc-
turally very similar, we perform canonical discriminant analysis to determine whether the complete sets (or sep-
arately) of FOS and GLCM parameters are useful in the deposit classification. This analysis generated canonical
discriminant functions, which are linear combinations of the canonical variables (FOS and GLCM parameters)
that maximized and minimized the variability among and within deposits groups, respectively. From the com-
plete sets of FOS and GLCM parameters, the FOS parameters, and the GLCM parameters; the discriminant analy-
sis give two, fourth, and one canonical discriminant functions, respectively. Table 1 in the supplementary material
shows the unstandardized canonical coeflicients corresponding to the canonical discriminant functions obtained
from the discriminant analysis using GLCM. Figure 2s in the supplementary material shows the scatter diagram
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Figure 2. Protein mixtures deposits formed at different relative concentration. (a) Deposits containing proteins
mixture of BSA-LYZ. Relative protein concentration ¢,=0:1, 1:5, 1:1, 5:1, 1:0, protein contraction ¢, = 1.6 wt%,
and NaCl concentration ¢ = 1wt%. The droplet evaporation was carry out on a solid surface at T =37°C. (b)
Zoom at representative patterns in the deposits. The corresponding texture analysis (c) FOS (Mean, Standard
Deviation, Integrated density, Skewness and Kurtosis) and (d) GLCM (Energy, Inertia, Correlation, IDM and
Entropy). Black squares and red circles correspond to proteins deposits at ¢ =0.5 and 1 wt%, respectively). The
error bars correspond to standard deviations from n =24.

of the first two discriminant functions from the GLCM parameters. The five categories are separated clearly and
that the members of each group are around the group centroid.

To characterize the discriminant ability of the canonical function is used the Wilks’ lambda. If the value of
Wilks’ lambda is large, the means of groups are almost the same. If the value of Wilks’ lambda is small, there are
differences between groups. When the means of groups are not equal, conducting discriminant analysis makes
sense. Table 2 in the supplementary material shows small Wilks’ lambda values related to the above discriminant
functions. Indeed, the table also provides small Chi-Square values that test the significance of Wilks’ Lambda; and
provides p-values lower than 0.05 that conclude that the discriminant functions grouped into a proper category a
given deposit. Finally, from the Error Rate table for training data in Table 3 in the supplementary material, we can
conclude that the accuracy in the classification of the groups of deposits formed at ¢ =1wt% is 95% and 93.33%
when only the FOS or GLCM parameters are used, respectively. However, the accuracy increases when both sets
of parameters are used simultaneously.

The effect of the relative humidity on the texture of deposits. Some recent studies prove that the
relative humidity (RH) affects the mass transport mechanisms and aggregation processes of particles during the
evaporation of a droplet. In general, an increase in RH result in lower contact angle, more spreading of the drop-
let, and a decrease in the evaporation rate, thereby leads to a more substantial particle deposition area’®”. We
explore the effect of relative humidity (RH) on the formation of pattern deposits with the aim to investigate the
effectivity of the FOS and GLCM analysis to characterize structures. Figure 3a shows deposits formed at different
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Figure 3. Proteins mixtures deposits formed at different RH. (a) Deposits containing protein mixture of BSA-
LYZ and NaCl (protein concentration ¢,= 5:1, ¢, = 1.6 wt%, and NaCl concentration ¢ = 1 wt%) at different RH
and T=25°C. Patterns formed at the edge (b) and center (c) of the deposits. The corresponding texture analysis
(d) FOS (Mean, Standard Deviation, Integrated density, Skewness and Kurtosis) and (e) GLCM (Energy, Inertia,
Correlation, IDM and Entropy). The error bars correspond to standard deviations from n = 24.

relative humidity (protein concentration ¢, = 5:1, ¢, = 1.6 wt%, and NaCl concentration ¢ = 1 wt%). Two groups
of patterns appear as a function of the RH. For lower RH (13-56%) it is predominantly observed in amorphous
aggregates while at high RH (70-90%) deposits show crystallization in branched arborescent patterns. Figure 3b
shows that in the peripheral region of the first group are located amorphous interconnected lines, dendrite shapes
and radial cracks at the coffee ring zone. In contrast, the second group contains needle-like patterns. Figure 3¢
shows the inner region of such deposits. For RH of 13, 30 and 56% it is observed dispersed amorphous aggregates,
while at high RH values exhibit branched arborescent formations that become larger as the RH increase.

Figure 3d,e show the FOS and GLCM values related to deposits generated at different relative humidity.
Interestingly, results indicate that the deposit group formed at low RH (13-56%) show high heterogeneity and
roughness. The global homogeneity and higher degree of similarity coexist in the deposits created at high RH
(above 70%). Observing the values in Fig. 3d,e, it is possible to assess the ability of each variable in providing the
characterization and distinction among deposits. Excluding the standard deviation, skewness, and kurtosis the
rest of the parameter can distinguish between deposits composed of complex aggregates (RH =13, 30 and 56%)
and stains containing crystallization in branched arborescent patterns (RH =70 and 90%).

The evolution of the texture during the pattern formation. To determine the range of applicability
of the FOS and GLCM statistic, we explore the patten formation from the evaporation of drops containing differ-
ent relative protein concentration. A sequence of images of such process is shown in Fig. 4a,b. At the beginning of
the drop evaporation, the contact line extends outwards to increase the area of contact between the droplet and
the surface, see Fig. 4a. This occurs because the contact line obeys to a force balance given by Young’s equation:
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Figure 4. Texture analysis during the formation of deposits. (a) Sequential images of the expansion process

of a BSA-LYZ droplet (protein concentration ¢,= 1:1, ¢, = 1.6 wt%, and NaCl concentration ¢ = 1 wt%) at
different times and T =37°C. (b) The pattern growth at different stages. Labels I, II, and III indicate three stage
of formation: coffee ring formation, crystals growth, and water drying, respectively. Label IV correspond to the
final deposit after the complete evaporation process. The green arrows indicate the areas where the water drying
is observed. (c) FOS (Mean, Standard Deviation, Integrated density, Skewness and Kurtosis) and (d) GLCM
(Energy, Inertia, Correlation, IDM and Entropy) texture parameters extracted during the pattern formation.
The black lines separate the different stages.

04, =04+ oy,cos(6), where o, 0y, and o, are the solid-liquid, liquid-vapor, and solid-vapor surface tensions, and
0 the contact angle. The extension process ends once the mechanical equilibrium of the contact line is reached.

The interaction phenomenon among proteins molecules in the droplets is as follow: as the protein molecule
has a non-uniformly surface, with some hydrophobic regions and large zones of charged and polar groups (hydro-
philic regions), the attraction between proteins emerge due to interactions of opposite charge and any exposed
hydrophobic regions on their surface**->'. The addition of salt compounds in protein solutions will form a double
layer (Stern and diffuse) of counter-ions on the surface of proteins. As a result, similar charged proteins exper-
iment attractive and repulsive forces through the interaction of their electrical double layer?°*>2. However, by
increasing salt concentration (an effect that occurs during the evaporation), the number of water binding by pro-
teins will decrease to interact with salt ions. After that, since a high concentration of salt ions make proteins less
soluble (salting-out effect), forcing the water molecules surrounding proteins to displace into the bulk solution;
the structure and thickness of the double layer and hydration shell around proteins will be disturbed**>**. Thus
the hydrophobic regions of proteins become exposed making available new points of attraction with neighbor
protein molecules. Accordingly, proteins molecules will aggregate and precipitate?®*2,

Figure 4b shows that the formation of the deposits takes place in three stages of aggregation of proteins. In
the first one, the coffee ring emerges due to the capillary flows move radially outwards to compensate the loss of
mass. Here, in the coffee ring stage, the evaporation of water molecules occurs mostly from the edge of the droplet.
The proteins adsorbed in the surface go through a competitive exchange. Binary proteins mixtures follow a des-
orption/adsoption model in which proteins with major concentration and higher diffusion coefficients (smaller
molecular weight) adsorb first. Later, these proteins will be displaced by proteins with lower concentrations,
smaller diffusivities (larger molecular weight) and conformationally flexible if they have higher surface affin-
ity®>°. This phenomenon is commonly referred to as the “Vroman effect”®*-%* and promotes the selective distri-
bution of different proteins on a surface. A different relative protein concentration generates different molecular
distributions on a surface. We must remark, however, that nowadays not existing model that can fully explain
this effect®. Since the molecular weight of lyzosyme is four-time lower than BSA, the evaporation of droplets of
binary mixture protein solution as BSA/LYZ allow the Vroman effect. Therefore, the specific distribution of these
proteins on a surface results in specific aggregation processes between ions and proteins. Processes that do not
change sequentially with the relative protein concentration. Thereafter, in the crystals growth stage nucleation
points appear that generate crystal growth from the central region of the deposit to the edge. Finally, in the water
drying stage, the reminiscent water molecules placed among crystals quickly evaporate to form the complete
structural characteristic of the deposits. We must remark, however, that there are only a little bit differences in the
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pixel intensity among deposits in the water drying stage and a deposit completely formed, see the area surround-
ing the interlocked crystal indicated by the green arrows in Fig. 4b.

The FOS and GLCM texture parameters capture the different stage of the formation process of deposits. The
evolution of the FOS texture parameters extracted from a deposit formation process is plotted in Fig. 4c. The
Mean, Standard Deviation, and Integrated Density parameters grow from the coffee ring stage to the crystals
growth stage. Clearly, this occurs because the crystal formation increase the intensity pixel and the roughness on
the deposit. Thereafter, in the water drying stage, these texture parameter reduces to reach a final value from the
complete deposit after the evaporation process. On the other hand, the Skewness and Kurtosis reduces because
the image deposit histogram presents a more symmetrical pattern right-tailed in the coffee ring stage than histo-
grams extracted from the subsequent stages of deposit drying. Finally, we must remark that these parameters can
not distinguish the water drying stage from the rest.

The evolution of the GLCM texture parameters is shown in Fig. 4d. The Energy, Correlation, and IDM param-
eters reduce because the deposit in the coffee ring stage show greater textural uniformity, similarity on gray-level
regions, and local homogeneity than the deposit in subsequent stages. The Inertia and the Entropy increase dur-
ing the deposit formation because the number of pixels in large contrast as well as heterogeneous regions in the
deposit grow when more crystals are formed. Finally, we must remark that the FOS (mean, standard deviation,
integrated density, skewness, and kurtosis) and GLCM (energy, inertia, correlation, IDM, and entropy) texture
parameters capture the whole formation of the deposits, even if they are assembled by many complex aggregates.

Discussion

The majority of investigators with interest in the structural characterization of deposits use empirical observa-
tions to identify shapes. For example, to the detection of different proteins, glycans, hepatotoxins and a malaria
biomarker; the droplet evaporation method aim is to recognize the coffee ring on the deposits®>~®%. If such struc-
ture is identified, the presence of the molecule or the diagnostic of the pathology is positive; in contrast, the diag-
nostic is negative if the deposit shows a uniform coating. Unfortunately, salt is ubiquitous in biofluids and affect
the formation of uniform coatings and the structure of the coffee rings. Nonetheless, in the context of diagnosis
through the analysis of deposits, the complex structures made up of salts could serve as markers'’.

Results show that the FOS and GLCM analysis can be a valuable tool to distinguish among deposits containing
different concentrations of protein and salt. However, the image analysis has less consistent results to differentiate
among deposits formed at high NaCl concentrations. This is probably because of the high number of crystals of
different shapes which saturate the difference in the frequency and the intensity of the values of the grey levels of
each pixel of the image. Indeed, these crystals diminish the influence of the large aggregates that appear covering
small regions in the deposits formed at 1.0 wt%. Therefore, the asymptotic behavior of the curves of the parame-
ters in Fig. 1 could reflect a threshold for the saturation of aggregates on protein deposits. On the other hand, the
texture of the deposits does not change sequentially with the relative concentration of two structurally different
proteins. This occurs because the change in relative concentrations of proteins modifies the complex proteins
exchange on the surface, generating different distributions of proteins for the different relative concentrations.
In other words, the different relative protein concentration modifies the dynamics of the Vroman effect and, as a
consequence, the formation of salt aggregates.

Our results have demonstrated to be a powerful tool in characterize deposits formed in a wide range of relative
humidity. The curves of the FOS and GLCM parameters in Fig. 3 show that the image analysis reveals a morpho-
logical phase transition of the aggregates inside of the deposits. They evolve from amorphous aggregates (at low
RH) to branched arborescent patterns (at high RH). Furthermore, this technique can detect the different stages
of aggregation that emerge due to the mass transport mechanisms, and intricate interaction among molecules,
ions, and the substrate. We must remark that not all the variables recognize some small intermediate stages of
aggregation. Indeed, only five parameters (standard deviation, integrated density, skewness, kurtosis, and the
correlation) can distinguish these small aggregations stages. Nonetheless, all parameters reveal the morphological
phase transition that arises from the evolution of a uniform deposit (which emerge due to protein deposition) to
a complex deposit (which appear due to salt aggregation).

The pattern formation from the evaporation of droplets depends on some external parameters such as the
temperature of the solid substrate, relative humidity of the evaporation environment (RH), and the air velocity.
Furthermore, they depend on several internal conditions in the droplet such as the presence of surfactants, the
physicochemical properties of the components of the solutions, and the size, the concentration, and chemical
composition of the macromolecules. We have demonstrated the usefulness of FOS and GLCM texture analysis in
the evaluation of deposits formed at different relative concentrations of proteins, NaCl, and relative humidity of
the evaporation environment. Besides, the method can reveal the different aggregation stages during the creation
of deposits patterns. This significant result suggests that the phenomenon of pattern formation in drying drops
could be explored under this scheme regardless the control parameter that changes the transport mechanisms
of mass and the aggregation processes in the interior of the droplet. Accordingly, this technique could satisfy
the need of representing the complexity of a dried droplet of a biofluid of relevance used for diagnostic, on
which a high number of physical-chemical variables contribute to its formation. Moreover, the method makes
possible the evaluation of the surface texture of deposits directly from the digital image through histograms and
two-dimensional arrays of co-occurrence. Therefore, this procedure is non-destructive, non-invasive, and rapid.
We believe that this method could be used for rapid and constant monitoring of the pattern formation for medical
testing in a laboratory. A general database could be created, allowing for people from all over the world to easily
test their solutions.

On the other hand, the radial density, and normalized grayscale intensity profiles are standard quantities
used to characterize and differentiate deposits. The first one measure the mass distribution as a function of the
distance, from the center to the edge of the stain; while the second measures the distribution of mass on a narrow
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segment which covers the whole deposit. The accurate morphological characterization of deposits depends on
the correct representation of the structural aspects of the deposits in the curves of these quantities. Unfortunately,
these analyses are no very efficient. A small curve in the profiles of these quantities could be correlated with a
large aggregate, a cluster of small aggregates, or a set of dispersed aggregates. Moreover, the normalized grayscale
intensity profile captures only a small region of the structure of a deposit. The FOS and GLCM statistics capture
the gray tone distribution of pixels intensity and the spatial arrangements of pixels intensities; which are two ele-
ments that emerge from the images of the complex structures inside of deposit. This analysis takes in the count all
structures in the interior of the deposits regardless its shape, size, and number. The benefit of this image analysis
compared to other ways of analyzing is that captures the whole structural aspects of deposits and collapse such
information in a simple quantity that allows the direct comparison of the texture. This advantage could make
possible to characterize and recognize a large number of complex biofluid deposits such as DNA/RNA, proteins,
serum, blood, sperms cells, halophilic bacteria, among many other biofluids that containing relatively low salt
concentrations.

In conclusion, we have present a texture analysis of deposits generated from the drying droplets of pro-
tein mixtures containing NaCl. Salt induce the formation of tip arrow-shapes, dendritic and semi-rosette pat-
terns, needle-like and scalloped lines structures, and amorphous, star-like and prism-shaped salt crystals. The
first-order statistics (FOS) and the gray level co-occurrence matrix (GLCM) analysis were carried out to capture
the complex structural characteristic in such deposits. Interestingly, the parameters follow exponential functions
that change as a function of the NaCl concentration because of reach saturation threshold in texture over protein
deposits. This occurs because the formation of complex crystals changes the intensity pixels, the number of pixels
in large contrast, and the number of heterogeneous regions in an image. Besides, the texture of the deposits does
not change sequentially with the relative protein concentration because of Vroman effect induces changes the
formation of salt aggregates. The combination of the FOS and GLCM parameters in the canonical discriminant
analysis allows classifying deposits formed at different relative protein concentrations with an accuracy above
95%. Furthermore, a morphological change induced by the relative humidity (RH) appears in the aggregates
located inside of the deposits. They evolve from amorphous aggregates (at low RH) to branched arborescent pat-
terns (at high RH). Finally, FOS and GLCM statistics reveal a morphological phase transition that arises from a
uniform deposit (formed by the deposition of proteins) to a complex deposit that arises due to aggregation of salt.
This morphological phase transition emerges after three different stages of aggregation: coffee ring formation, the
crystals growth, and water drying stage.

Overall, we have presented a methodology capable of quantifying changes in the pattern deposits. This finding
suggests that the use of the first-order statistics and the gray level co-occurrence matrix statistics can be exploited
to the assessment of pattern deposits associated to the biofluids of relevance, where the empirical interpretation
of deposit images must be avoided.

Methods

Proteins preparation. High purity lysozyme (Sigma-Aldrich, L6876), bovine serum albumin (BSA) pow-
ders (Sigma-Aldrich, A2153) and sodium chloride (NaCl) were used to prepare stock solutions. These powders
were dissolved in deionized water (Mili-Q, 18.2 MQ-cm) to concentration of 2.00 wt% at 25 °C. The stock solu-
tions, of proteins and NaCl, were diluted according to the desired relative protein concentration ¢, and NaCl
concentration ¢, respectively. Here, ¢, = A:B, where A and B stand for BSA and lysozyme protein molecules in the
solution, respectively. The mixed protein solutions were prepared by mixing single protein solutions in varying
ratios of BSA/LYZ, ¢,=0:1, 1:51:1, 5:1, 1:0. Afterwards, we mixed BSA/LYZ and NaCl solutions in 1:1 volume
ratio. The solutions were stored at 2 °C, thereafter thermalized to room temperature prior to deposition.

Drop evaporation. The droplets of solutions were placed onto clean glasses slides using a micropipette, the
volume of the drops was 2 pul. The droplets were evaporated under controlled ambient conditions: T=25 and
37°C; and relative humidity of from 13 to 90%. In order to explore the reproducibility, we carry out FOS and
GLCM analysis over 24 deposits generates in two different experiments under the same conditions (twelve by
sample). The analysis shows a high reliability because produces similar results for each sample.

The relative humidity was controlled by using the water activity effect g, = f, where p is the water vapor

pressure in the substance and p, is the vapor pressure of pure water at the same temperature. Two containers with
a saturated solution of NaCl with water activity a,,= 0.75 and distilled Water with w = 1 were placed in the box to
reach RH =70-90%, respectively. After that, to reduce the relative humidity to the desired values, different vol-
umes of silica gel (Sigma-Aldrich, 13767) was used. The relative humidity values were measured with a high
precision capacitive humidity controller (MH-1310A).

Image acquisition. The deposits were observed after evaporation in ambient conditions using a micro-
scope (Velab, VE-M4, 4x and 10x). The evaporation process was recorded at 30 fps with a digital camera (Nikon
Digital, SLR Camera D3200). The resolution of the images was chosen to be 96 dpi, creating images with roughly
5470 x 4000 pixels. On the 8-bit images of is calculated the first-order statistics FOS (mean, standard deviation,
integrated density, skewness and kurtosis) and the gray level co-occurrence matrix GLCM (energy, inertia, corre-
lation, IDM and entropy) texture parameters. GLCM parameters were calculated for all four angles (0, 45, 90, 135)
and were averaged in order not to take into account any geometric distributions on the surface of the material.
The distance was 3.

Texture analysis based on first-order statistics FOS. We used the histogram of the intensity values
to extract some texture features through the mean value, standard deviation, integrated density, skewness, and
kurtosis®. Mathematically, the histogram is defined as follows:
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H(g) = ,g—Ol N - 1 @

where N is the number of pixels in an image, N, is the number of gray levels, and 7, is the number of pixels of
value g. The following equations are used to calculate the FOS texture parameters:

Mean
N1
j= Y gH).
i=0 (3)
Standard deviation
N1
> (g — w’H().
i=0 (4)
Integrated density
I=u-N. (5)
Skewness
b= s Ng — w’H(G)
’ (o) (6)
Kurtosis

S g — w'HE)
(o) ' )

Image intensity is usually represented by a mean value of pixels while the integrated density captures the total
intensity of the pixels in an image. The standard variation is the intensity variation around the mean. Typically,
high values of standard variation are related with a high roughness on the image surface. The skewness quanti-
fies the asymmetry of a distribution concerning the mean value. In our images, lower skewness values appear in
deposits where the aggregates are abundant. Finally, the kurtosis is a measure of the flatness of the histogram.

=

Texture analysis based on gray level co-occurrence matrix (GLCM). A gray level co-occurrence
matrix (GLCM) is a matrix where the number of rows and columns is equal to the number of gray levels N, in
an image. Its analysis is based on the correlation among pixels in an image”®. Mathematically, this 1nformat10n is
captured by the matrix element p(j, j), which represent the probability values for changes between gray level i and
jataparticular displacement distance (d) and angle (¢) on an image. This probability can be defined as:

C(i, j)
Ny TNy 1~ ~°
Ei:g() Z]io C(l> ]) (8)
where C(3, j) is the number of occurrences of gray levels i and j within the window, at a particular (d, ¢) pair. The
denominator is the total number of gray level pairs (i, j) within the window and is bounded by an upper limit of

NxN,. The mean and the standard deviation for the columns and rows of the matrix, using the above equation,
can be defined as follows:

PG, j) =

N~ IN,~1 N~ 1N,-1
Z i- P(1>])) u}, Z] P l _])>
i=0 j=0 i=0 j=0 )
N 1N~ Ny—1N,—1
- zo—u pli ) 0= G — 1) - plis ),
i=0 j=0 i=0 j=0 (10)

where u, and u, are the mean for the columns and rows, respectively; and o, and o, represent the standard devi-
ation for the columns and rows, respectively. Now, using these equations, we can define the texture parameter of
GLCM as follows:
Angular second moment (ASM)
N~ IN,~1
E=ASM = 3 pli j)
i=0 j=0 (11)

=}
—
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Moment of Inertia
N~ 1N,—1
> G = jYpG j).
i=0 j=0 (12)
Correlation
N~ 1N, — 1/ ..
COR = = 20 it W) P D) — bty
%% (13)
Inverse difference moment (IDM)
% (i )-
IDM = ——Plj
per e SIS )% (14)
Entropy
Ng g
Z E (i, Hlog(p(i, ).
i=0 j=0 (15)

Angular second moment (also known as energy) is a measure of global homogeneity of an image. Its quantity

captures the degree of gray uniformity and texture coarseness. Higher (lower) energy values indicate textural
uniformity (heterogeneity). The inertia captures the roughness and complexity of texture feature presented in
an image. The more pixels in high contrast, the more significant moment of inertia. Correlation captures the
degree of similarity between GLCM elements in a row or column direction. Higher (lower) correlation values
indicate similar (different) gray-level regions. Inverse difference moment IDM captures the local homogeneity of
an image. Higher IDM values indicate local homogeneity, while lower IDM is characteristic of inhomogeneous
images. Entropy captures the randomness of the image texture. Higher (lower) entropy values indicate large
(small) heterogeneous regions in an image.
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