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Abstract: Hyperlipidemia is the elevated concentration of lipids in the blood, and it increases the prob-
ability of arterial obstruction, infarctions, and other complications of the circulatory system. While
there are indications that qualitative analysis of blood stains could potentially identify patients with
this pathology, the efficacy of this method remains uncertain. In this paper, we report an experimental
study that investigates the formation of patterns in dried blood droplets with varying concentrations
of ultrapure water. Two blood samples, one healthy and one with moderate hyperlipidemia, were
examined to determine the ideal water and blood mixtures for detecting high lipid concentrations.
Numerous intricate patterns were observed throughout the central region and periphery of the dried
droplet. These patterns encompass various forms, such as plaques, bump-like patterns, and a range
of cracks including random, radial, and ortho-radial configurations. By calculating the entropy of the
Gray Level Co-occurrence Matrix (GLCM) and analyzing ROC curves, we determined that solutions
with 4% and 12% hematocrit (indicating a high percentage of ultrapure water) exhibit over 95%
accuracy in differentiating high lipid concentrations. These findings provide a promising outlook for
the development of diagnostic methods based on the study of diluted blood coatings.
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1. Introduction

The morphological characterization of structures resulting from droplet drying has
garnered significant interest in various technological applications, particularly in the field
of biosensors [1-5], quality control of liquid consumables [6-8], forensic applications [9,10],
protein analysis [11-13] and diagnosis of pathologies [14,15]. Under controlled evaporation
conditions, water removal from a sessile droplet gives rise to a deposit exhibiting intriguing
morphological characteristics [16,17]. The ingredients responsible for the formation of
a great diversity of patterns result from the competition between capillary flows and
Marangoni flows, and complex aggregation processes [18]. Capillary flows are generated
from inside the drop to move radially outward towards the edge. In cases where the
sessile drop fluid contains nonvolatile particles, these are pushed outward by capillary
flows, forming a ring-shaped structure known as a “coffee ring” [19,20]. On the other
hand, the Marangoni flows depend on the concentration gradients and induce the fluid to
recirculate towards the interior of the drop, generating a homogeneous stain [21-23].

The characterization of patterns in dried blood droplets is an interesting alternative to
develop diagnostic strategies [24—26]. In general, these patterns are made up of a “central
region” where plaques and random cracks are found. A large “crown” with wide white
cracks and mobile plaques surrounds the central region, while a third region is formed
by a thin peripheral belt of blood serum. Interestingly, the crown, which emerge by
the accumulation of a high concentration of red cells, does not adhere to the substrate.
In contrast, the central and periphery regions adhere more strongly due to the absence of
erythrocytes. This occurs because the glycoproteins, contained in the red cells, prevent the
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covering of the walls [25,27]. The formation of the thin peripheral belt occurs due to the
receding of the gel front induced by a change in internal flow that transports red blood
cells from the inner to the periphery of the droplet [28].

Elevated blood lipid levels pose a risk for atherosclerosis and cardiovascular disease,
potentially leading to fatal outcomes [29]. Recently, Brutin et al. [25] introduced a novel
approach to identify hyperlipidemia by analyzing dried blood droplets. Interestingly, they
found that the presence of high lipid concentrations correlates with the formation of small
plaques in the central region. Although this study represents a significant advance in the
search for alternatives to unveil hyperlipidemia, the effectiveness of dried droplet analysis
as a diagnostic tool is unknown. Furthermore, despite intensive research on blood droplet
drying, it is still unknown how blood lipid concentration affects the mechanisms of mass
transport and aggregation processes involved in structure formation. A better understand-
ing of such processes and the development of techniques for pattern identification could
help to develop strategies that result in a highly effective methodology for the diagnosis
of hyperlipidemia.

The gray level co-occurrence matrix (GLCM) is a measure of texture evaluation of
an object and it is related to the spatial distribution of pixel intensities in a region of
interest. The main characteristic of the GLCM parameters is that they act as indices of the
frequency of gray level combinations in an image [30]. This metric is used to classify cancer
types [31,32], characterize morphological changes in the organization of collagen tissues
caused by some pathology [33], among other relevant systems [34,35]. On the other hand,
different techniques have been used to evaluate classification algorithms such as receiver
operating characteristic (ROC). ROC curves are used to quantify the accuracy of a test to
discriminate between elements of two groups [36,37]. The use of GLCM in combination
with ROC curve analysis has been successfully used to analyze patterns in dried droplets
in the contexts such as drug quality control [6], protein folding detection [38], and biofluid
characterization [39].

In this paper, we report an experimental study on the formation of patterns in dried
blood droplets with different concentrations of ultrapure water. Two blood samples, one
healthy and one with moderate hyperlipidemia, were investigated to identify optimal
water and blood mixtures for detecting high lipid concentrations. Through the Entropy of
the Gray Level Co-occurrence Matrix (GLCM), we performed texture analyses on two areas:
one encompassing the central region and the corona (entire deposit), and the other focusing
solely on the central region. By employing ROC curve analysis, we have ascertained that
diluted solutions with 4% and 12% hematocrit (HCT) achieve an accuracy of over 95% in
differentiating blood samples with a high lipid concentration.

2. Experimental Details
2.1. Sample Collection and Storage

Blood samples were collected from donors by medical personnel and informed con-
sent was received from the volunteers. To determine specific parameters of their blood
composition, volunteers underwent clinical laboratory (refer to Table 1 for details). All the
samples were collected and stored inside a 4 mL vacutainer tube (EDTA.K2, Golden Vac).
Ultrapure water was used to dilute the blood samples. Five dilutions (4%, 12%, 20%, 28%
and 36% HCT) were made from whole blood samples (40% HCT).

Table 1. Complete blood count.

Dyslipidemic

Hematic Biometry Healthy Patient Patient Unit
Leukocytes 45 8.74 10°/L
Erythrocytes 4.3 4.63 10°/mm3

Hemoglobin 129 138 g/L
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Table 1. Cont.

A . Dyslipidemic .
Hematic Biometry Healthy Patient P;ierﬂ Unit
Hematocrit 40 39.3 Y%

Mean Corpuscular 93 84.9 i
Volume

I;I/Isa“ Corpuscular 4 g617 1.8493 fmol
Mean Corpuscular

Hb Conceﬁtration 20.0447 21.7823 mmol/L
Platelet 310 313 10°/L
Mean platelet volume 7.1 9 fL
Lymphocyte 2.07 3.59 10°/L
Neutrophils 1.89 4.01 10°/L
Monocytes 0.54 0.8 10°/L
Eosinophils 0 0.24 10°/L
Basophils 0 0.05 10°/L
Lymphocyte 46 411 Y%
Neutrophils 42 45.8 %
Monocytes 12 9.2 %
Eosinophils 0 2.7 Y%
Basophils 0 0.6 %
Biochemistry

Glucose 5.1621 8.9809 mmol/L
Urea 4.995 4.8452 mmol/L
Urea Nitrogen 5.0286 4.8571 mmol/L
Serum Creatinine 0.0522 0.076 mmol/L
Total Cholesterol 3.3364 4.7899 mmol/L
Triglyceride 0.7458 2.765 mmol/L
Cholesterol HDL 1.2285 1.1018 mmol/L
Cholesterol LDL 1.7284 3.0958 mmol/L

2.2. Drop Evaporation

The evaporation substrate was brand new Poly(methyl methacrylate) (PMMA) which
was thoroughly cleaned prior to being used. Eighteen droplets of the solution, with a
volume of 3 uL, were placed on PMMA. The experiments were repeated three times at
each experimental condition, i.e., at least 50 dried droplets in total were produced for
each concentration (18 deposits in 3 different PMMA substrates). The drops were dried
under controlled temperature at T = 21-27 °C and Relative Humidity (RH) of 30-35%.
The relative humidity was controlled using the effect of water activity a,, = p/pg, where p
is the vapor pressure of water in a substance and py is the pressure of pure water vapor
at the same temperature. The RH value was measured with a temperature and humidity
sensor (Xiaomi NUN4126GL). The average evaporation times for the various erythrocyte
concentrations were as follows: 47.15 min (4% HCT), 44.33 min (12% HCT), 43 min (20%
HCT), 41.09 min (28% HCT), 40.3 min (35% HCT), and 38.3 min (40% HCT).

2.3. Image Acquisition

The deposits were observed after evaporation in ambient conditions using a micro-
scope (Velab, VE-M4, 4%, and 10 x) coupled with a Nikon camera (D3200). The resolution
of the images was chosen to be 300 dpi, creating images of approximately 4000 pixels in
length for the longest side.
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2.4. Texture Analysis of Dried Drop Patterns
Gray Level Co-Occurrence Matrix (GLCM)

We use Entropy based on gray level co-occurrence matrix (GLCM) to measure the
texture of patterns in dried droplets. Higher (lower) entropy values indicate large (small)
heterogeneous regions in an image. Texture analysis based on GLCM has been used
successfully in characterizing protein films containing complex crack patterns [40] and salt
crystals [39].

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 Ng in an image. Its analysis is based on
the correlation among pixels in an image. Mathematically, the matrix element p(i, j) is
the probability values for changes between gray level i and j at a particular displacement
distance (d) and angle (¢) on an image. This probability can be defined as:

p(irj): Ng— 125\113’])1 ( ) 1)

Lico

where C(i, 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 N; X N¢. The mean and the standard
deviation for the columns and rows of the matrix, using the above equation, can be defined
as follows:

Ng—1Ng—1 Ng—1Ng—1

ue=3Y Y i-plij), uy=Y Y, j-p@j), @)
i=0 j=0 i=0 j=0
Ng—1Ng—1 Ng—1Ng—1

Oy = Z Z z—ux p(i,j), oy= Z Z ]—uy p(i,j), (3)

where u, and u, are the mean for the columns and rows, respectively; and oy and o,
represent the standard deviation for the columns and rows, respectively. Now, using these
equations, we can define the entropy H as follows:

Ng—1Ng—1

= - ZO ZO p(i,j)log(p(i,}))- @)
i=0 j=

2.5. The Receiver Operating Characteristic (ROC) Curve

A receiver operating characteristic (ROC) graph is a method used to organize and
select classifiers based on their efficiency [36,37,41]. The ability of a classifier to provide a
good relative instance score is measured by ROC plots. The ROC curve is obtained by plot-
ting the True Positive rate (Sensitivity) as a function of the False Positive rate (1-Specificity)
for each possible threshold value on the confidence score [36,42]. The Sensitivity represents
the positive correctly classified samples to the total number of positive samples. Mathe-
matically, this quantity is written as Equation (5). Whereas the Specificity (True Negative
rate) represents the negative correctly classified samples to the total number of negative
samples, this quantity is defined as Equation (5). The False Positive rate (1-Specificity)
represents incorrectly classified negative samples to the total number of negative samples
as in Equation (6). Specificity and 1-Specificity are complements since the first consid-
ers the actual negative samples and the second refers the negative samples that were
incorrectly classified.

Sensibility = TPZ—%’ Specificity = TNTifFP (5)

FP

1-S peczflClty = m

(6)
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A ROC curve is a two-dimensional depiction of classifier performance. Therefore,
the ROC curve is a two-dimensional depiction of the relationship between the True Positive
rate and the False Positive rate. Each point on the ROC curve is a cutoff point used to
designate test-positive. Finally, to compare different classifiers in ROC curve is used the
area under the curve ROC (AUC) metric. The AUC is the probability that the algorithm
of a classifier ranks a randomly chosen positive instance higher than a randomly chosen
negative instance. The detailed procedure of ROC curve analysis can be found in [36,42].

3. Results
3.1. Pattern Formation in Dried Blood Drops

At first glance, dried droplets of dilute blood with both normal and elevated lipid
concentrations display apparent morphological similarities. However, closer scrutiny
reveals significant distinctions in the interior structures that compose the patterns. Figure 1
shows the deposits with the diluted blood (4-36% HCT) and whole blood (40% HCT)
samples. A close-up of the dried blood drops for the different concentrations of HCT is
shown in Figure 2.

Healthy patient

4% HCT

12% HCT 20% HCT 28% HCT 36% HCT 40% HCT

Figure 1. Different hematocrit concentrations. Dried blood drops with different HCT concentrations
of a healthy patient (upper) and a patient with high levels of lipids (bottom). The diameters of the
deposits are as follows: 2.86 £ 0.13 mm (4% HCT), 2.79 + 0.11 mm (12% HCT), 2.84 £ 0.14 mm (20%
HCT), 2.72 £ 0.12 mm (28% HCT), 2.68 + 0.15 mm (36% HCT), 2.66 £ 0.13 mm (40% HCT) for the
healthy patient and 2.93 £ 0.10 mm (4% HCT), 2.98 £ 0.15 mm (12% HCT), 2.92 &+ 0.12 mm (20%
HCT), 2.80 =+ 0.13 mm (28% HCT), 2.62 & 0.16 mm (36% HCT), 2.80 £ 0.14 mm (40% HCT) for a
patient with high levels of lipids.

Deposits with low erythrocyte concentration (4% HCT) and normal lipid levels display
a crown with clearly defined borders (yellow line in Figure 2a), accompanied by a high
occurrence of radial cracks (blue arrow) and ortho-radial cracks (green arrow). Additionally,
the central region (pink line in Figure 2a) contains numerous small aggregates, resulting in
a granular surface texture. Conversely, a high lipid concentration produces a thicker crown
with less defined borders and a reduced number of cracks.

Dried droplets with 12% HCT exhibit a crown lacking well-defined borders and
display radial and orthoradial cracks with similar characteristics, as shown in Figure 2a.
Droplets with normal lipid concentration produce a higher occurrence of random cracks
(orange arrow) and mobile plaques (black arrow) in the central region compared to those
from patients with dyslipidemia. Furthermore, the size of the plaques is significantly
larger in the latter. Patterns in deposits from both the healthy patient and the patient with
dyslipidemia, with a 20% HCT, are very similar to each other. They feature a crown with
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minimal radial and orthoradial cracks, along with a central region characterized by random
cracks and plaques.

~
Q
—

Healthy patient

Dyslipidemia patient

(b

N—r/

Healthy patient

Dyslipidemia patient

!

28% HCT 36% HCT 40% HCT

Figure 2. Patterns of dried blood droplets. (a) Deposits with low HCT concentration (4%, 12%,
and 20%) from a healthy patient (top) and a patient with high lipid concentration (bottom). The yellow
and pink lines determine the crown and central region, respectively. Radial cracks are denoted by the
blue arrow, while ortho-radial cracks are indicated by the green arrow. Random cracks and mobile
plaques are shown by the orange arrow and black arrows, respectively. (b) Dried droplets with
elevated HCT concentrations (28%, 36%, and 40%) from a healthy patient (top) and a patient with

high lipid concentration (bottom). The white line indicates the erythrocyte exclusion zone. The black
bar indicates 1 mm.
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Samples with a hematocrit of 28% produce random cracks and large plaques in the
central region (Figure 2b). Distinct radial cracks are observed in both the central region
and the crown of deposits obtained from the healthy patient (Figure 2b—top). In contrast,
samples from the patient with Dyslipidemia generated a greater concentration of cracks
confined to the crown region (Figure 2b—bottom). Notably, droplets with hematocrit
concentrations greater than or equal to 28% do not induce the formation of ortho-radial
cracks in the corona region.

Droplets with hematocrit levels of 36% and 40% generate a crown characterized by
the formation of a minimal number of radial cracks (Figure 2b). Within the central region,
a mixture of radial and random cracks extends beyond its boundaries. Moreover, noticeable
variations in morphology are observed for the large, mobile plaques. Interestingly, the outer
boundary of the corona exhibits a peripheral erythrocyte exclusion band, where the de-
position of these cells is not possible (see white dotted line in Figure 2b). To demonstrate
the high reproducibility of pattern formation in dried droplets of diluted blood, Figure 3
shows 24 deposits for each hematocrit (HCT) concentration, all generated under similar

conditions of temperature and relative humidity.

b)= -
0088

000000000086 000088
000000000000 000000

4% HCT 28% HCT 40% HCT

XY & @
Ve ee o0

O 4 I r ™
000000000000 000000
000000 000600000000

4% HCT 28% HCT 40% HCT

Figure 3. Reproducibility of patterns in dried blood drops. (a) Deposits from a healthy patient with
different HCT concentrations (4%, 28%, and 40%). (b) Dried blood droplets from a patient with high
lipid concentration with different HCT concentrations (4%, 28%, and 40%). The black and blue bar
indicates 1 mm.

3.2. Texture Analysis of Dried Blood Droplets

We employed Gray Level Co-occurrence Matrix (GLCM) Entropy as a comprehensive
approach to capture the intricate texture of dried droplets from both healthy and Dyslipi-
demia patients. Furthermore, in our pursuit of distinguishing between the groups of dried
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drops, we conducted the analysis on two distinct areas: one composed of the central region
and the corona (entire deposit), and another considering only the central region.

Figure 4a shows the values of Entropy for entire deposits as a function of hematocrit
concentration. The red and blue profiles correspond to dried drops of healthy and dyslipi-
demic patients, respectively. The image of the dried drop in the graph shows a deposit
outlined by a green line indicating the analyzed region. Observe that concentrations of
HCT < 20% give high Entropy values. In contrast, concentrations of HCT > 28% give low
values of this parameter. This indicates that at high HCT concentrations, there are small
heterogeneous regions in entire deposits. It should be noted that at 4% HCT the error bars
indicate that it is possible to distinguish the dried blood drops of the healthy patient from
those of the patient with Dyslipidemia. Entropy values calculated in the central region of
the deposits are shown in Figure 4b. Deposits formed with HCT < 20% concentrations
reach high Entropy values, while in those formed with HCT > 28% reach low values. This
is because, at low HCT concentrations, cracks and plaques produce greater heterogeneity
in the central region of the deposits compared to those generated with high concentrations.
Comparing the error bars estimated from the standard deviation of the Entropy values of
dried blood droplets with normal and high lipid concentrations, we observe the highest
difference at 12% HCT, while the lowest at 20% HCT.

S () P —

Entire deposit i 904 Central region i
—a— Dyslipidemia patient ’ —a— Dyslipidemia patient
—e— Heallthy patient d 8.5 —e— Heallthy patient E
=: 8.0 4 .
Z754 1
2
J 5 7.0 E
e
€659 k
- L 4
6.04 | k
; 554 | -
5.04 J
0 10 20 30 40 50 0 10 20 30 40 50
Hematocrit (%) Hematocrit (%)

Figure 4. Texture analysis of dried blood drops. Entropy as a function of different HCT concentrations
analyzed on two distinct areas: (a) entire deposits and (b) central region. The green circles enclosed
area on the dried drops show the region analyzed. The error bars correspond to standard deviations
from n = 50.

We used the Entropy values to perform a discriminant analysis based on Receiver
Operating Characteristic (ROC curves). The ROC curves for 4% and 12% HCT, based on
entropy values calculated in both regions (entire deposit and central region), exhibit a
typical behavior of an excellent sensitivity to 1-specificity ratio, see Figure 5a. In contrast,
the shape of the ROC curves for 36% and 20% HCT show a deficient analysis for the
differentiation of elements of two groups, see Figure 5b.

The area under the ROC curve (AUC) is a quantity that shows the accuracy, of a
classification method in differentiating between two groups. The area under the ROC curve
(AUC) gives the probability that a deposit produced from a patient sample can be correctly
classified as a dried drop of blood with elevated lipid levels. Figure 5c shows the accuracy
of the texture analysis method in dried blood drops to differentiate between two groups.
Entropy estimation on the entire deposit exhibits the highest accuracy at lower hematocrit
concentrations (4%), whereas analyzing the central region yields superior accuracy for
those formed with 12% HCT. In contrast, this quantity falls sharply for concentrations of
36% and 20% HCT, respectively.
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Figure 5. Receiver Operating Characteristic (ROC) and Accuracy. (a) ROC curve with excellent ratio
sensitivity and 1-specificity at 4% HCT (upper) and 12% HCT (bottom). (b) ROC curve with deficient
differentiation of elements of two groups at 36% HCT (upper) and 20% HCT (bottom). (c) Accuracy
for identifying deposits with a high lipid concentration by Entropy analysis on the entire deposit
(upper) and the central region (bottom).

4. Discussion

In this study, we examined patterns in dried droplets of diluted blood with ultrapure
water to identify morphological features and distinguish between healthy blood and a
blood sample with moderate hyperlipidemia. Through the analysis of GLCM-estimated
entropy and ROC curves, we have identified that a high lipid concentration can be efficiently
detected in deposits formed with low hematocrit concentrations, specifically in samples
with a high weight percentage of ultrapure water. Ultrapure water reduces biomolecule
concentration, promoting the formation of distinct aggregates, plaques, and cracks [43,44].
Previous studies have established a correlation between decreased blood analytes and
increased structural diversity [45-47]. Higher dilutions have been found to enhance deposit
adhesion to the substrate [45,47], and the presence of a prominent annular phenomenon
has been observed as an indicator of water dilution in whole blood solutions [46]. Our
findings align with these reports, indicating that reducing the saturation of blood elements
in a patient with a high lipid concentration correlates with greater structural diversity.

The ability to detect and analyze patterns in dried blood droplets opens up possibili-
ties for real-time monitoring of lipid concentrations. By leveraging this technique, it may
be feasible to develop portable devices or smartphone apps that can capture images of
dried blood droplets and perform pattern analysis on-site. This could enable individuals
with hiperlipidemia or healthcare professionals to monitor lipid levels conveniently and
promptly, allowing for timely interventions or adjustments in treatment plans. Moreover,
the contactless nature of analyzing dried blood droplets for lipid concentration determina-
tion is a significant advantage. Traditional blood tests often require invasive procedures
like venipuncture to collect samples, which can be uncomfortable. However, if the analysis
of dried blood droplet patterns proves to be a reliable diagnostic method, it could offer a
non-invasive alternative for diagnosing and monitoring hiperlipidemia. The study’s results
can serve as a starting point for the design and development of specialized devices or
algorithms that can automate the analysis of dried blood droplet patterns, enabling faster
and more precise diagnosis. For example, artificial intelligence (Al) and machine learning
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(ML) can play a significant role in improving the technique described in the provided
information. These algorithms could identify specific characteristics or combinations of
characteristics that are most indicative of high lipid concentrations. By focusing on these
features, the diagnostic method can be optimized for accuracy and efficiency. Al and ML
models can be deployed on portable devices or integrated into smartphone apps, allowing
for real-time analysis of dried blood droplets. This means that users can capture an image
of the dried blood droplet and receive immediate feedback on their lipid levels. Al and
ML models can continuously learn from new data, enabling ongoing improvement of the
diagnostic method. As more samples and patterns are analyzed, the algorithms can refine
their understanding and adapt to new patterns or variations.

Other techniques involve diluting whole blood samples [47,48], as well as plasma
and blood serum [49-51], to evaluate test sensitivity and minimize interference from other
blood components. Studies within this context have demonstrated that diluting blood
serum with water does not affect the chemical composition and molecular structure of
proteins in dried droplets [50,51]. Consequently, there are no changes in the components of
the diluted serum that affect the formation of dried droplet patterns.

Different methods are available for measuring Lipid/cholesterol levels in blood and
serum samples, including advanced chemistry analyzers, quantitative meters or novel
biosensors. Routine chemistry analyzers utilize spectrophotometry, enzymatic reactions,
fluorometric, or immunoassays to detect and quantify fatty substances accurately, making
them suitable for precise clinical assessment [52]. However, Point-of-Care (POC) tests have
made significant advancements, yet challenges remain in terms of improving accuracy,
reliability, and limits of detection [53-55]. Our study aims to highlight the potential of
analyzing dried droplets from diluted blood samples as a diagnostic alternative for moder-
ate dyslipidemia. Table 2 provides an overview of measurement methods for cholesterol,
triglycerides, low-density lipoprotein, and high-density lipoprotein.

Table 2. Briefly list of measurement methods of cholesterol, triglycerides, low-density lipoprotein,
and high-density lipoprotein.

Materials and Detection Samole Tvpe Tareet Detection Limit or Refs
Structures Methods pie yp 8 Accuracy )
. . . Cholesterol, HDL, o
Strip-based meter N/A finger-stick blood TG, LDL 96% [53]
. . . Cholesterol, HDL, N
Strip-based meter N/A finger-stick blood TG, LDL 40% [53]
Strip-based meter N/A finger-stick blood Cholesterol, TG 92% [53]
Single-use strip N/A finger-stick blood Cholesterol 85% [53]
Single-use strip N/A finger-stick blood Cholesterol 80% [53]
Chromatogr. Colorimetric + Serum Centrifuge Cholesterol 0.1 mM [56]
paper, 2-D Reagent

PDMS + NC Colorimetric + _1
membrane, 3-D biomarker Whole blood Cholesterol 11 mg dL [57]

Electrochem + . 1
NC paper, 3-D modified ED Saliva Cholesterol 0.5 ug dL [58]
Filter paper, 3-D Col'or1metr1c * Whole blood Cholesterol N/A [59]

biomarker

50 mg dL. 1,

flower-shaped Colorimetric + Cholesterol, TG, 70 mg dL-1,
lab-on-paper biomarker Whole blood LDL, HDL 70 mg dL-1, (5]

60 mg dL.~!

PMMA Image Analysis Diluted blood Lipid 95% **

Triglycerides(TG), Low-density lipoprotein (LDL), and high-density lipoprotein (HDL), Polydimethylsiloxane

(PDMS), Nitrocellulose (NC), Polymethyl methacrylate (PMMA). ** This report.
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Prior to employing the analysis of dried droplets of diluted blood to detect a high lipid
concentration, it is imperative to address critical considerations. Firstly, prompt capture
of deposit images after drop drying is crucial to prevent oxidation-induced darkening.
Secondly, the rapid degradation of dried drop samples with high hematocrit concentrations
needs to be acknowledged. Lastly, this methodology still does not allow for the determina-
tion of triglyceride and cholesterol concentrations in the blood. However, the identification
of certain advantages of the dried droplet texture analysis is evident.

The presented results highlight the potential of analyzing dried droplets of diluted
blood samples in creating a diagnostic method for moderate dyslipidemia, suggesting
its potential utility in diagnosing severe stages of the disease. The method requires low
blood volumes, and further sample dilution may reduce the required blood sample volume
even more. Furthermore, the calculated configurational entropy, both in the central region
and the entire deposits, demonstrates high efficiency in differentiating between groups,
eliminating the need to empirically observe specific morphological features in the deposits.

Patterns in dried drops depend on many parameters, such as moisture, viscosity,
initial drop volume, and substrate type [60,61]. Since the initial droplet volume and
relative humidity determine the drying time, the idea of knowing the effectiveness of
this methodology using blood droplets of volumes less than 3 microliters and relative
humidity less than 30% is very attractive. Moreover, creating a relationship between lipid
concentration and texture parameters could provide a tool for patient monitoring and
follow-up. We plan to perform such measurements in the future and report the results.

5. Conclusions

We present an experimental study analyzing the texture of dried droplet patterns
from two diluted blood samples: one healthy and one with moderate hyperlipidemia.
Our objective was to determine the optimal water-to-blood ratios for detecting a high
lipid concentration. The observed patterns in dried droplets demonstrate a diverse range
of complex structures, including plaques, random and radial cracks, granular patterns,
and a peripheral erythrocyte exclusion band. These structural features vary across different
regions and are influenced by the hematocrit concentration in the solution. Notably,
the reduction of blood elements resulted in the generation of well-defined and reproducible
patterns. The complexity of the patterns is quantified using Gray Level Co-occurrence
Matrix Entropy (GLCM). Texture analysis of dried droplets achieves over 95% accuracy in
detecting a high lipid concentration in solutions with 4% and 12% HCT.

Overall, we have probed that decreasing blood component concentrations can serve
as an alternative approach for generating intricate patterns that function as indicators
of pathology.
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