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Abstract

Tissue staining improves cellular visualization for microscopic analysis. This study explores tannin dye from Ceriops tagal as a
sustainable, eco-friendly alternative for plant histology. Its strong affinity to cotton cellulose suggests effective staining potential.
The research assesses tissue visibility, mordant specificity, color contrast, and dye—tissue binding interactions. Tissue staining
enhances the visualization of cellular structures, facilitating microscopic analysis. Developing safe, cost-effective, and
environmentally friendly natural dyes is essential for sustainable histological applications. Tannin dye extracted from C. fagal binds
effectively to cotton cellulose, indicating its potential for plant tissue staining. This study evaluates the visibility of stained plant
tissues, mordant selectivity, color contrast optimisation, and chemical bonding interactions. The stem sections of sunflower
(Helianthus annuus L.) were stained with C. fagal tannin dye. Mordants used included ferrous sulfate (FeSO4), aluminum sulfate
(Al2(SOa4)3), and calcium carbonate (CaCOs), with synthetic safranin serving as a control. Color contrast optimization was
performed using response surface methodology (RSM), analyzing dye concentration, immersion duration, and mordant
concentration. Color contrast (AE) was measured using colorimetry via a smartphone application, while chemical interactions were
examined through Fourier transform infrared (FTIR) spectroscopy. The results showed that tannin dye adhered well to plant tissues,
producing colors ranging from sepia brown to baker’s chocolate. Alx(SO4); produced the highest contrast (AE = 79.7). Optimal
staining conditions were achieved with 44.233 g/L tannin dye, 73.636 s of immersion, and 110.454 g/L Al»(SO4)s as the mordant.
FTIR analysis revealed bonding interactions, evidenced by peak intensity shifts at 2922 and 1100 cm™. C. fagal tannin dye
demonstrates strong potential as a natural, sustainable plant tissue stain with effective mordant selectivity and contrast. Further
research is recommended to expand its application across diverse plant species and to standardize protocols for broader histological
use.
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1. INTRODUCTION

The study of biology at the cellular and tissue
levels fundamentally relies on laboratory-based
activities  involving  microscopic  analysis.
Laboratory practices are essential in enhancing
students' understanding of biological concepts by
providing opportunities for direct observation of
cellular structures, rather than relying solely on
theoretical ~ explanations  [1][2].

microscopic examination of cells and tissues poses

However,

significant challenges due to the transparent nature
of specific cellular components, which limits their
ability to absorb or refract light effectively. This
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limitation is caused by the low pigment content or
the complete absence of pigments in some cells,
making it difficult to distinguish specific structures
under a microscope [3]. Consequently, applying
staining and fixation techniques becomes essential
for improving the visualization of cellular and
tissue structures, thereby enabling more precise
observation and analysis [4][5].

Tissue staining is a crucial technique for
enhancing contrast and improving the visualization
of cellular components, thereby facilitating their
observation, differentiation,
cellular organelles

and analysis [6].
However, do not interact
uniformly with staining agents due to differences in
their structural composition and chemical properties
[7][8]. Each organelle has distinct physicochemical
characteristics, resulting in varying affinities for
specific stains. Prior to staining, tissue samples
must undergo a series of preparatory steps to
optimize contrast and ensure that cellular structures
are clearly distinguishable under microscopic
examination [9]. During staining, the dye interacts
with particular tissue components. Once bound, the
dye absorbs light at specific wavelengths, making
the tissue visibly colored and enhancing the
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Figure 1. Cross-section of sunflower (H. annuus) stem tissue: (a) unstained stem tissue, (b) stem tissue
stained with safranin at a concentration of 10 g/L for 60 min, (c) stem tissue stained with tannin at a
concentration of 30 g/L for 60 min, and (d) stem tissue stained with tannin at a concentration of 60 g/L for
60 min. The upper row shows images captured at 40x magnification, while the lower row presents the

corresponding tissues observed at 100x magnification.

distinction between different structures [ 10]-[12].

Synthetic dyes are widely used in tissue staining,
including safranin [13], eosin [14], methylene blue
[15][16], and brilliant blue [17]. However, their use
raises several health and environmental concerns,
such as toxicity, carcinogenicity [18], and allergic
reactions [17]. As a result, natural dyes are
increasingly promoted as safer alternatives to
mitigate these risks [17][19]. In addition to their
lower toxicity and improved biocompatibility [20],
natural dyes offer environmental sustainability due
to their biodegradability [21]. Despite abundant
local natural resources, their potential as biological
learning tools remains underutilized. Therefore,
integrating ethnobiology-based approaches into
biology practicums is essential for preserving local
cultural knowledge, including using plants as
natural dyes [22][23]. Numerous plant species in
the surrounding environment have the potential to
serve as alternative sources of natural dyes [24][25].
These dye pigments can be extracted from various
plant parts, including stems, leaves, flowers, fruits,
and roots [26].

Several natural pigments have been investigated
for their staining properties, including yellow
pigments from turmeric (Curcuma longa Linn)
[27], anthocyanins from pomegranate (Punica
granatum L) [28], betalains from beetroot (Beta

vulgaris L) [29], and carotenoids from carrots
(Daucus carota L) [30][31]. Additionally, red
pigments can be derived from anthocyanins present
in dragon fruit (Hylocereus costaricensis) peel
extract [32]. Tannins, another class of natural dyes,
are abundant in tea, coffee, and grapes [33], as well
as in various plant species such as Berberis
thunbergii [34], Hibiscus sabdariffa [35], Biancaea
sappan [36], and sweet orange (Citrus sinensis)
peel [37]. Furthermore, tannins can be extracted
from the bark of the mangrove tree C. tagal, which
produces a reddish-brown pigment [38].

Tannin is a polyphenolic compound soluble in
water and alcohol due to its hydroxyl and phenolic
functional groups, facilitating interactions with
metal ions [20][39]. Beyond its role as a natural
dye, tannin also functions as a mordant by forming
stronger and more wash-resistant bonds when
complex with metal ions [40]. Combining tannin
with mordants enhances color stability and reduces
fading [41]. Mordants are generally classified into
metallic salts, oil-based mordants, and tannin-based
mordants [42]. In fabric dyeing, tannin effectively
binds to cellulose fibers in cotton textiles [43][44].
The absorbed tannin forms ionic bonds with
hydroxyl groups in cellulose, ensuring strong color
retention even after repeated washing with water
and detergent [45]. Tannin extracted from C. fagal
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bark has been shown to bind efficiently with
cellulose fibers in cotton fabrics [46].
Consequently, tannin-based dyes hold significant
potential as environmentally friendly tissue-staining
agents [41] and offer additional health benefits [47].

Tannin-based dyes have not yet been extensively
explored for in vivo tissue staining. Plant tissues

comprise various macromolecules, including
carbohydrates, proteins, lipids, nucleic acids, and
minerals. The plant cell wall comprises
carbohydrate  polymers such as cellulose,

hemicellulose, and lignin [48]. Additionally, plants
contain  distinct types, including the
epidermis, sclerenchyma, collenchyma, xylem, and
phloem, each exhibiting
characteristics and

tissue

structural
[49].
Tannin-based dyes, derived from plant polyphenols,
offer promising eco-friendly solutions due to their
natural origin, biodegradability, and affinity for
biological tissues. C. fagal, a mangrove species rich

unique
specialized functions

in hydrolyzable and condensed tannins, presents
potential as a source of natural dye for histological
purposes. Previous studies have noted the strong
binding affinity of tannins to cellulose-rich
substrates such as cotton, indicating potential
effectiveness in staining plant tissues.

This study aims to evaluate the staining
performance of tannin dye extracted from C. tagal
bark on plant tissues, focusing on four key aspects:
visibility of tissue structures, selectivity of mordant
interaction, optimization of staining parameters, and
the nature of dye—tissue chemical interactions. The
research specifically utilizes transverse sections of
sunflower (H. annuus) stems to assess the
applicability of this natural dye in plant histology.
Three  mordants—ferrous (FeS0a.),
aluminum  sulfate calcium

sulfate

(AL(SOa4)3), and
carbonate (CaCOs)—were tested to evaluate their
influence on color contrast and dye binding. The
main hypotheses of this study are as follows C.

Table 1. Color contrast between stained and unstained sunflower stem tissues, measured under different

staining conditions for 60 minutes.

L*
10.2
424
19.2

Tissue stained with 10 g/L safranin
Tissue stained with 30 g/L tannin dye
Tissue stained with 60 g/L tannin dye

Stained Unstained
AE
a* b* L* a* b*
30.5 40.8 0 1.9 7.5 111
12.8  49.6 0 1.9 7.5 148.9
22.1 55.5 0 1.9 7.5 127

Note: L*= lightness; a*= red/green value; b*= blue/yellow value; AE= color contrast
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A=Tissue stained with 10g/L safranin for 60 minutes
B=Tissue stained with 30g/L tannin dye for 60 minutes
C=Tissue stained with 60g/L tannin dye for 60 minutes

Figure 2. Mean color contrast (AE) of plant tissues after 60 minutes of staining under three different
treatments: A = 10 g/L safranin, B = 30 g/L tannin from C. tagal, and C = 60 g/L tannin from C. tagal. The
color contrast values were calculated based on differences in staining intensity. ** indicate statistically
significant differences (p < 0.01), while “ns” denotes non-significant differences (p > 0.05).
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Figure 3. Cross-section of sunflower stem tissue stained with a natural tannin dye at a concentration of 60
g/L, with an immersion time of 60 s, under different mordant treatments (60 g/L): (a) unstained control, (b)
CaCO:s, (c) Al2(S0O4)3, and (d) FeSOa. The upper row shows images captured at 40x magnification, while
the lower row presents the corresponding tissues observed at 100x magnification.

tagal tannin dye can effectively stain plant tissue
with distinct visibility and contrast, different
mordants  significantly  influence  dye-tissue
interaction and color output, and optimal staining
conditions can be statistically determined through
response surface methodology (RSM). By
investigating these  hypotheses, this
contributes to the development of sustainable, cost-
effective, and environmentally safe alternatives to
synthetic dyes in plant histology.

study

2. MATERIALS AND METHODS

2.1. Materials

The natural dye used in this study was liquid
tannin, extracted from the bark of C. tagal. The
tannin dye was produced by Gama Indigo
Yogyakarta [46]. The liquid dye was evaporated at
room temperature in an open container to increase
its concentration. The final tannin concentration was
determined using the gravimetric method [50].
Safranin was used as a control stain. The plant
tissue sample used in this study was the stem of a
two-month-old sunflower (H. annuus) plant. The
stem was collected from a 10 cm section above the
root base. It was then cleaned, rinsed with distilled
water, and cut into 2 cm sections. These sections
were transversely sliced using a sliding microtome
to obtain thin sections with a 20-30 um thickness.

The tissue sections were subsequently placed in a
Petri dish containing 70% ethanol for preservation.

2.2. Methods

2.2.1. Plant Tissue Visibility Test

To evaluate its staining properties, the tannin-
based natural dye extracted from the bark of
Ceriops tagal was applied to transverse sections of
sunflower stem tissues. The samples were divided
into four treatment groups: (1) unstained tissue as
the negative control, (2) tissue stained with 1%
safranin for 60 min as the positive control, (3)
tissue stained with 3% (30 g/L) tannin dye for 60
min, and (4) tissue stained with 6% (60 g/L) tannin
dye for 60 min. These treatments were designed to
compare the staining effectiveness of tannin dye at
different concentrations and exposure times with
that of the conventional safranin stain.

The plant tissue sections were immersed in their
respective dye solutions according to the designated
treatment conditions, with immersion times
precisely measured using a stopwatch. Following
staining, the sections were blotted dry with filter
paper and subjected to a graded ethanol dehydration
series (30%, 50%, 70%, 80%, 90%, and 100%) to
remove enhance sample
preservation. The dehydrated sections were treated

excess water and
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sequentially with alcohol-xylene mixtures in
volume ratios of 3:1, 1:1, and 1:3, followed by
immersion in pure xylene I and II for 60 s each.
Before the samples dried completely, Canada
balsam was applied as a mounting medium, and a
coverslip was immediately placed over the samples
proper adhesion and long-term
preservation [51]. The prepared slides were labeled

to ensure

and left to dry until the Canada balsam fully
solidified. The stained sections
subsequently examined under a light microscope,
and images were captured using a Leica optical
microscope for further analysis.

tissue were

2.2.2. Selectivity Test of Tannin Dye with Mordants
Sunflower stem tissues were stained using a
tannin-based natural dye extracted from C. fagal
bark and treated with different mordants under
standardized conditions. The staining process was
conducted using a tannin concentration of 40 g/L,
an immersion time of 60 s, and a mordant
concentration of 60 g/L. The experimental groups
consisted of four treatments: (1) unstained tissue as
the negative control, (2) tissue stained with tannin
dye combined with CaCOs as a mordant, (3) tissue
stained with tannin dye and Alx(SO4)s as a mordant,
and (4) tissue stained with tannin dye and FeSOas as
a mordant. These treatments were designed to
assess the impact of different mordants on stain
adherence, tissue contrast, and color stability.

The tissue sections were immersed in dye
solutions of varying concentrations, with immersion
times precisely monitored using a stopwatch. After
staining, the samples were gently blotted dry with
filter paper and subsequently immersed in the
designated mordant solutions according to the
experimental conditions. The sections were then
dehydrated through a graded ethanol series (30%,
50%, 70%, 80%, 90%, and 100%), followed by
sequential treatment with alcohol-xylene mixtures
at volume ratios of 3:1, 1:1, and 1:3, and finally
immersed in pure xylene I and II for 60 s each.
Before complete drying, Canada balsam was
applied, and coverslips were carefully placed over
the sections to preserve the stained tissues. The
prepared slides were labeled and left to dry until the
Canada balsam fully solidified. The stained tissue
samples were subsequently examined under a light
microscope and documented through
photomicrography.

2.2.3. Optimization of Staining in Plant Tissue
Preparations

The study employed RSM using a central
composite design (CCD) approach to optimize the
staining process. The experimental factors included
tannin dye concentration (20, 40, and 60 g/L) [46],
immersion time (20, 40, and 60 s), and AI*
mordant concentration (30, 60, and 90 g/L). RSM
utilizes mathematical and statistical modeling to
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Figure 4. Color contrast (AE) of tissues after staining with tannin from C. tagal/ combined with three types

of mordants: CaCQOs, Al2(SOa)s, and FeSOa. The highest AE value was obtained with the use of Al2(SOa4)s.

The asterisk * indicates a significant difference (p < 0.05), ** indicates a highly significant difference (p <
0.01), and *** indicates a very highly significant difference (p < 0.001).
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Table 2. Color contrast of sunflower stem tissue stained with tannin dye using different mordants.

AE

FeSO4
AE ILES a* b*

b*
58.7

AL(SO4)s
L* a*
64.5 21.2

AE

b*
46.3
20

a*

CaCoOs
26.9

L*

b*

Unstained
a*

L*

17
16.1

1.1

89.5

29.6

11.3

2.0 4.5

-2.7

13.6
80.8

The darkest stained tissue

2.2 8.3

95

9.7
79.7

9.1

4.8
344

28.5 904
359 69.2

88.9 4.1 4
9

6.,8
2.3

The lightest stained tissue

0.9

7.2

-4.3

95

49.7

25

22.8

77.6

-4.7

67.2

Color Contrast

analyze the relationships between multiple
independent variables (X) and a response variable
(Y), enabling the determination of optimal
conditions [52]. A key advantage of RSM is its
ability to account for interaction effects among
variables, thereby minimizing the number of
experimental trials required to evaluate multiple
parameters and their interactions. This approach
enhances experimental efficiency by reducing time
and costs [53]. The staining procedure for tissue
optimization followed the same protocol as the
tissue visibility test.

2.2.4. Analysis of Interactions Between Plant
Tissue, Tannin-Based Natural Dye, and A**
Mordant

The optimal staining conditions identified
through the RSM response analysis were further
evaluated to examine functional group interactions
in different treatment groups: (a) unstained plant
tissue, (b) plant tissue stained with tannin-based
natural dye, and (c) plant tissue stained with tannin-
based natural dye combined with an AP" mordant.
Fourier transform infrared (FTIR) analysis was
performed using a Thermo Scientific Nicolet iS10
FTIR spectrometer. The study was conducted over a
wavelength range of 4000—400 cm™ to detect
molecular bond vibrations and identify functional
groups. FTIR spectroscopy measures infrared
absorption by chemical bonds, generating spectra
that provide insights into molecular interactions
between the dye, mordant, and plant tissue
components. The results were presented in
percentage  transmittance and  wavenumber,
enabling a detailed interpretation of functional
group presence and bonding characteristics [54]
[55].

2.2.5. Data Collection and Analysis

Microscopic  observations of stained tissue
preparations were performed using an optical
microscope, with images captured using a Leica
optical microscope. The specimens were observed
under a microscope at 40x, 100x, and 400x
magnifications and subsequently photographed
using a Leica ECC 5 optical microscope at a
resolution of 1600x1200 pixels, with a color bit
depth of 24 bits per pixel. Exposure settings were
uniformly adjusted for all specimens. The photos
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Figure 5. Cross-section of sunflower stem tissue with different staining treatments: (a) unstained,
(b) stained with natural tannin dye extracted from C. tagal at a concentration of 60 g/L, with an immersion
time of 60 s and Al>(SOa); as a mordant. The top images were captured at 100x magnification, while the

bottom images show the same tissues observed at 400x magnification.
Note: EP: epidermis, CL: collenchyma, PC: parenchyma, SC: sclerenchyma, PL: phloem, CA: cambium, MX: metaxylem, PX: protoxylem,
PT: pith.
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are saved in jpg format. The photos are transferred
to a smartphone to be analyzed for color with a
colorimeter application to determine Lab* values,
which quantify color characteristics based on the
CIE Lab color scale. L* represents lightness in this
scale, ranging from 0 (black) to 100 (white). The a*
value indicates the red-green axis, where negative
values (-a*) correspond to green and positive values
(+a*) correspond to red, ranging from -128 to +127.
Similarly, the b* value represents the blue-yellow
axis, with negative values (-b*) indicating blue and
positive values (+b*) indicating yellow, also within
a range of -128 to +127. The AE equation (Eq. 1)
was applied to evaluate color contrast between
samples, providing a quantitative measure of color
variation;

AE = [(L*'—L%)2 +(ax'—ax)2 +(b*'—b*)2]1/2 D

where L*', a*', and b*' represent the color values
of the treated samples, while L*, a* and b*
correspond to the color values of the control
samples [56]-[58].

The AE values were used to assess the optimal
color contrast in stained plant tissue preparations.
Data analysis was conducted using RSM with
Design Expert version 13 software [59]. The color
contrast between unstained (control) and stained
tissues indicated tissue visibility, suggesting that the
dye successfully adhered to the tissue, resulting in
visible coloration. The contrast was determined by
comparing the most intensely stained regions with

the least stained areas and calculating the color
contrast (AE).

3. RESULTS AND DISCUSSIONS

3.1. Plant Tissue Visibility

In this study, tannins function as natural dyes
extracted from the bark of C. fagal, obtained in
liquid form with a reddish-brown hue. These natural
dyes have been successfully applied in batik fabric
dyeing [46], and they also exhibit promising
potential in plant tissue staining. As shown in
Figure 1, the tannin extract effectively stained the
stem tissues of sunflower. A concentration of 60 g/
L applied for 60 min produced the darkest shade,
identified as wine red, while a 30 g/L. concentration
with the same immersion time resulted in a saddle
brown color. In contrast, the unstained sunflower
stem tissues appeared gray, making structural
details less discernible compared to those stained
with tannins. For comparison, synthetic dyes such
as safranin are among the most commonly used
stains in plant tissue histology. In this study,
staining with 60 g/L tannin for 60 min also yielded
a Barossa violet shade. The range of colors
produced by tannins highlights their potential as
alternative staining agents for plant tissues. Tannin,
or tannic acid, can appear colorless, yellow, or light
brown, and upon exposure to sunlight, it undergoes
hydrolysis resulting in a darker brown color.
Additionally, tannins can react with metal ions to
form blue-black pigments [60], although they

Table 3. Color contrast between tissues in sunflower stem stained with natural tannin dye extracted from C.
tagal bark at a concentration of 60 g/L, with an immersion time of 60 s, using Alz(SO4)s; as a mordant.

No. Tissue L*
1 Collenchyma 65.6
2 Parenchyma 62.9
3 Epidermis 71.7
4  Pith 58.1
5  Protoxylem 63.1
6 Phloem 50.3
7 Metaxylem 74.1
8 Cambium 53.8
9 Sclerenchyma 65.6

a* b* AE

8.8 59.6 109.0
9.8 60.5 91.2
43 50.0 83.8
8.7 524 65.9
43 42.5 59.6
13.3 51.9 57.9
-2.9 40.2 56.5
1.3 40.5 27.7
-5.0 35.8 12.6

Note: L*= lightness; a*= red/green value; b*= blue/yellow value; AE= color contrast
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Figure 6. Comparison of AE in various plant tissues. The graph shows the average color contrast values for

each type of tissue. Collenchyma tissue exhibits the highest color contrast, while sclerenchyma has the low-

est. Asterisks indicate the level of statistical significance of the differences between tissue pairs: **p < 0.01;
*xEp <0.001; ****p < 0.0001.

generally produce dull brown tones [61].

Figure 1 illustrates the differences in staining
outcomes of sunflower stem tissue using tannin and
safranin. Staining with tannin (30 and 60 g/L) for
60 min resulted in

uneven  coloration,

predominantly concentrated in the epidermis,
parenchyma, and phloem, while other tissue regions
exhibited weaker staining. In contrast, safranin
staining demonstrated a more uniform distribution
across all stem tissues. The inconsistent tannin
binding may be attributed to pigment leaching
during the sequential washing process with water
and graded This
comparable to tannin-based dyeing of cotton fabric,
where a mordant is required to enhance tannin
fixation within cellulose fibers [40].

Based on Table 1, the color contrast (AE) count

on plant tissues stained using safranin and tannin

alcohol. phenomenon is

extracted from C. tagal, a variable contrast contrast
was observed across treatments. Tissues stained
with 10 g/L safranin for 60 minutes immersion
exhibited the lowest color contrast compared to the
other two treatments involving tannin. Figure 2,
tissue staining with 30 g/L tannin for 60 minutes
showed a significantly higher color contrast
compared to safranin, as indicated by the symbol **
on the graph. This symbol denotes that the
difference between A and B tannin staining at

concentrations of 30 (60-min immersion) anda
safranin staining at concentrations of 10 (60-min
immersion) was statistically significant (p < 0.01).
This result suggests that tannin from C. tagal is
capable of providing a stronger or more pronounced
staining effect compared to the synthetic dye
safranin at the tested concentration. However, no
significant difference in color contrast was observed
between tannin staining at concentrations of 30 and
60 g/L (60-min immersion), as indicated by the
“ns” (not significant) label on the graph. A similar
pattern was observed when comparing tissues
stained with 10 g/L safranin and 60 g/L tannin a for
60 min immersion. Although there was a trend of
increased contrast from tissues stained with 10 g/L
safranin to 60 g/L tannin a for 60 min immersion,
the increase was not statistically significant.

This lack of significance indicates that increasing
the tannin concentration from 30 g/L to 60 g/L does
not result in a substantial improvement in color
contrast. Therefore, the use of tannin at a
concentration of 30 g/L is already effective in
achieving maximum staining intensity under the
same duration (60 min). These findings suggest that
tannin extracted from C. tagal has the potential to
serve as a natural alternative to synthetic dyes such
as safranin, with comparable or even superior
efficacy in color contrast.

enhancing tissue
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Table 4. Color contrast in sunflower stem tissues stained with natural tannin dye from C. fagal bark and

fixed with Al2(SOa)s using RSM.

Factor 1 Factor 2 Factor 3
Response
Run Tannin Dye Mordant Immersion Time
g/L g/L Second L* a* b* AE
1 40 60 40 54.9 35.1 75.7 115.0
2 73.6 60 40 6.6 9.5 20.2 14.4
3 20 30 60 55.7 22.7 32.8 60.5
4 60 90 20 54.7 31.6 64.1 99.7
5 60 30 60 57.1 31.2 55.6 93.2
6 40 110.45 40 57.0 254 60.3 92.0
7 60 30 20 65.2 30.2 55.6 100.3
8 40 60 6.4 50.2 25.9 63.3 88.7
9 40 10 40 47.2 29.7 68.3 94.5
10 40 60 40 47.3 26.4 66.0 89.0
11 6.4 60 40 31.3 33 30.4 14.3
12 60 90 60 523 28.8 68.6 99.0
13 20 90 20 51.2 16.3 30.1 46.9
14 20 30 20 42.5 25.5 41.7 59.0
15 40 60 40 49.3 28,1 65.7 92.4
16 20 90 60 38.2 23.9 47.1 58.5
17 40 60 40 56.0 36.6 70.8 112.7
18 40 60 74 74.2 22.3 54.8 100.6
19 40 60 40 53.7 33.6 68.4 105.0
20 40 60 40 48.8 27.6 68.3 94.0

Note: L*= lightness; a*= red/green value; b*= blue/yellow value; AE= color contrast

Furthermore, efficiency can be optimized by using
the lower concentration of tannin (30 g/L), as
increasing the dosage to 60 g/L offers no additional
significant benefit. These findings demonstrate that
tannin extracted from C. fagal bark can stain
albeit with
safranin,

sunflower stem tissues, selective
affinity.
histological stain, binds effectively to lignin and
cellulose, enabling more uniform staining across
plant tissues [62].

Tannin staining successfully imparted coloration
to sunflower stem tissues; however, it required a

longer immersion time and exhibited uneven

In contrast, a widely used

staining due to pigment leaching during the
washing process. This highlights the need for
further optimization to establish ideal staining

conditions that enhance color contrast and

uniformity while reducing processing time. Tannin-
cellulose interactions are known to be stronger
under acidic conditions, as tannic acid functions as
a natural mordant in textile dyeing by forming
hydrogen bonds with cellulose through hydroxyl
groups. Maximum tannin absorption in cellulose
typically occurs [63].
Additionally, applying metal-based mordants, either

after over two hours

pre-mordants or post-mordants, enhances tannin
fixation within cellulose fibers, thereby reducing
color leaching and improving dye retention during
washing [64].

3.2. Selectivity of Tannin Dye with Mordants

The selectivity of sunflower tissue staining was
analyzed using a natural tannin dye extracted from
C. tagal bark, with a tannin concentration of 60 g/L,
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an immersion time of 60 s, and variations in
mordants. The mordants used in this study included
CaCOs, Alxo(SO4)3, and FeSOs4, each at a
concentration of 60 g/L. The resulting tissue
coloration is presented in Figure 3, while the
quantification of color contrasts, measured using a
digital smartphone colorimetry application, is
shown in Table 3.

Figure 3 illustrates the dominant color variations
observed in tissues stained with different mordants:
wine red with CaCOQOs, black with FeSO4, and red
oxide with Alx(SOa)s. In Figures 3(b) and 3(d), the
entire tissue structure, including the epidermis,
parenchyma, vascular bundles, and stele, is
thoroughly stained due to strong fixation. In
contrast, Figure 3(c) shows dye accumulation
predominantly in the vascular tissue, particularly in
the phloem. Using CaCOs and FeSOs resulted in
excessive dye aggregation, which persisted despite
washing with water and alcohol. Meanwhile, Al
(S0O4)s facilitated a more uniform stain absorption.
Adding mordants enhanced color retention and
intensified the staining effect, producing more
distinct and durable coloration [65]. Similarly,
tannin dyes extracted from C. fagal bark, when
applied to cotton fabric, made a light brown shade
with Al2(SO4); as a mordant, a dark brown shade
with CaCOs, and a black hue with FeSQOa4 [46].

Furthermore, tannin-based dyes derived from
Peltophorum pterocarpum bark, coffee (Coffea
arabica) leaves, and guava leaves exhibited color
variations ranging from cream to reddish-brown
when treated with Al(SO4)s as a mordant [66].
These findings highlight the crucial role of
mordants in modifying dye-binding properties,
thereby influencing stain intensity, color stability,
and potential applications in histological staining
and textile dyeing.

The results in Table 2 show that the highest AE
in sunflower stem tissue stained with natural tannin
dye extracted from C. tagal was observed when Al
(SO4)s was used as a mordant, with a AE value of
79.7. Conversely, the lowest color contrast was
recorded with FeSOs, yielding an AE value of 0.9.
indicates that the asterisks denote

significant among all

Figure 4
statistically
comparisons of the three mordant types in
producing color contrast in the stained tissues. Al

differences

(SO4)s was the most effective mordant, yielding the
highest color contrast values, while FeSOs was the
least The application of Al(SO4)s
significantly enhanced the staining performance of

effective.

C. tagal tannin. Conversely, FeSO4 appeared to be
unsuitable for use with C. tagal tannin, as it resulted
in markedly low staining intensity. The application
of mordants significantly reduced the immersion

Table 5. Statistical analysis of ANOVA for the response surface quadratic model.

Source Sum of Squares df Mean Square F-value  p-value

Model 13961.74 9 1551.30 6.12 0.0045 significant
A-Tannin 2053.59 1 2053.59 8.11 0.0173

B-Mordant 12.57 1 12.57  0.0496 0.8282

C-time soaking 46.92 1 46.92  0.1852 0.6760

AB 46.56 1 46.56  0.1838 0.6772

AC 54.60 1 54.60  0.2156 0.6524

BC 3403 1 34.03  0.1344 0.7216

A? 11520.21 1 11520.21 4548 <0.0001

B? 2.06 1 2.06  0.0081 0.9299

C? 0.1969 1 0.1969  0.0008 0.9783

Residual 2532.88 10 253.29

Lack of Fit 1917.77 5 383.55 3.12 0.1188 not significant
Pure Error 615.12 5 123.02

Cor Total 16494.63 19
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Figure 7. 3D surface plots of AE as a function of (a) tannin dye concentration and mordant concentration,
(b) tannin dye concentration and immersion time, and (c) mordant concentration and immersion time.

time required for tannin dye absorption, as they
facilitated rapid binding and retention of the dye
within the tissue. Mordants function as complex-
forming agents that improve dye fixation and
enhance color uptake. This process substantially
influences color properties and fastness, with each
dye-mordant interaction yielding distinct staining
results depending on the type and application
method of the mordant [67].

The study further demonstrated that Al:(SO4)s
resulted in the brightest coloration, whereas FeSO4
produced the darkest stain. These findings align
with reports that aluminum-based mordants
generate the highest L* values, while iron-based
mordants produce the lowest L* values and the
darkest  coloration  [68].  Metal-polyphenol
complexes formed with aluminum mordants
generally produce clear yellow hues, whereas
samples treated without mordants or solely with
tannins tend to appear light brown [40]. When
dissolved in water, Alx(SOs); dissociates into
aluminum ions (AI**) and sulfate ions (SO+*),
which lowers the pH and creates an acidic
environment conducive to dye binding [69]. Tannic
acid has a strong affinity for Al** due to the
presence of catechol and galloyl groups in its
molecular structure, which serves as preferential
binding sites for aluminum ions, forming stable dye
-metal complexes [70]. Additionally, the carboxyl
groups in polysaccharides and the hydroxyl and
oxyl groups in tannin compounds play a crucial role
in metal conjugation and dye fixation [71].

Based on Figure 5, the comparison between
tissues stained with tannin using Al2(SO.)s; as a
mordant and unstained control tissues reveals that
the dye binds to all tissue types, albeit with varying

intensities. The most pronounced staining is
observed in the phloem tissue, which exhibits a
gold-orange hue, while the phloem fibers
(sclerenchyma) display lower dye absorption.
Additionally, parenchyma tissue appears darker
than xylem fibers, likely due to lignin and cellulose
content differences. When used with mordants,
tannin dyes interact more effectively with cellulose-
rich materials, enhancing their binding stability
[44].

The results of color intensity measurements on
the cell walls of sunflower stem tissues using a
smartphone colorimetry application are presented in
Table 3. Tissues with the highest color contrast
include the collenchyma, parenchyma, epidermis,
and pith, while sclerenchyma exhibits the lowest
The data
demonstrate statistically significant differences in
AE among the various plant tissues analyzed.

contrast. presented in Figure 6

Higher AE values reflect more pronounced visual
distinctions between tissues. Statistical analyses
reinforce these observations, revealing that the
differences in AE among several tissue pairs are
highly significant (p < 0.0001). The elevated AE
value in collenchyma is likely attributable to its
characteristic unevenly thickened cell walls and the
presence of cell wall components such as cellulose.
These structural features may enhance the binding
affinity of natural tannin dyes, thereby producing
more intense coloration and higher contrast.
Conversely, cambium and sclerenchyma showed
the lowest AE values. Sclerenchyma, a highly
lignified mechanical tissue with heavily thickened
secondary cell walls, appears to absorb tannin dye
poorly, resulting in relatively uniform coloration
and diminished visual contrast.
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The samples analyzed in this study were 2-
month-old stems of sunflower, which show the
characteristics of a young dicotyledonous plant. The
stem undergoes secondary growth at this
developmental stage, leading to thicker cell walls in
vascular bundles, xylem, and phloem fibers, which
contain higher lignin concentrations than other
tissues [49]. The lignification process in vessel cell
walls enhances structural support and resistance to
pressure during substance transport [72]. These
findings align with the results of this study, where
tissues stained with tannin appeared darker and
more distinct, as tannin preferentially binds to
cellulose-rich structures. In contrast, lignin-rich
tissues exhibited a lower affinity for tannin staining,
resulting in a less intense coloration.

3.3. Optimization of Staining in Plant Tissue
Preparations

The optimization of plant tissue staining utilizing
tannin dye was undertaken to identify the optimal
formulation by assessing the effects of tannin dye
concentration, mordant  concentration, and
immersion time. The experimental design employed
RSM with a CCD, encompassing 20 experimental
The (X factors)
included Alz(SO4)3

mordant concentration, and immersion time, while

runs. independent variables

tannin dye concentration,

the response variable (Y) was the AE.

Based on the results presented in Table 4, the
highest L* wvalue (74) was observed in the
experiment conducted with a tannin dye
concentration of 40 g/L, a Alx(SO4)s mordant
concentration of 60 g/L, and an immersion time of
40 s, indicating a lighter coloration. In contrast, the
darkest coloration, with an L* value of 6.6, was
recorded in the experiment using a tannin dye
concentration of 73.6 g/L, a Alx(SOs); mordant
concentration of 60 g/L, and an immersion time of
40 s. The AE between the stained samples and the
unstained control showed that the highest AE value
(115) was achieved with a tannin dye concentration

of 40 g/L, an Alx(SO4); mordant concentration of 60

g/L, and a 40-s immersion time. Conversely, the
lowest color contrast (AE = 14.4) was observed in
the experiment with a tannin dye concentration of
73.6 g/L.

Based on Table 5, the ANOVA results, the
overall model was found to be significant, with a p-
value of 0.0045. This indicates that the variables
included in the model have an effect on the
observed response. Among the three main factors
tested (tannin, mordant, and soaking time), only the
tannin factor (A) had a significant effect on the
response, with a p-value of 0.0173. Additionally,
the quadratic effect of tannin (A?) showed a highly
significant influence (p < 0.0001), indicating a
nonlinear relationship between tannin concentration
and the response. In contrast, the mordant (B),
soaking time (C), their interactions (AB, AC, BC),
and the quadratic effects of B and C (B? and C?) did
not exhibit significant effects (p > 0.05). The Lack
of Fit test yielded a p-value of 0.1188, indicating
that the model does not suffer from significant lack
of fit, and thus provides a reasonably good
representation of the data. A response is considered
statistically significant when the p-value is less than
0.05. The lack-of-fit test was insignificant (p =
0.1100), suggesting that the model accurately
represents the data and is well-suited for prediction.
The adjusted R? value of 0.7082 demonstrates a
strong
variables,

correlation between the independent

tannin concentration, mordant
concentration, immersion time, and AE response. A
decline in the adjusted R value typically occurs
when additional variables included in the model do
not significantly contribute to the reaction [52].

The graphical analysis in Figures 7(a) and 7(b)
reveals that AE initially increases with increasing
tannin concentration. However, further increases in
tannin concentration beyond a certain threshold
result in a decline in color contrast. Excessive
tannin staining causes all tissue structures to be
uniformly covered by the dye, leading to a darker
overall coloration and reducing the contrast

between different tissue components. Conversely,

Table 6. Optimized solutions for plant tissue staining using natural tannin dye extracted from C. tagal bark,

analyzed using RSM.
Number Tannin (g/L) Al(SO4); Mordant (g/LL) Immersion time (s) AE Desirability
1 44.233 110.454 73.636 108.826 0.939
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Figure 8. FTIR analysis of chemical bonding interactions between plant tissue, natural tannin dye, and AI**
mordant.

lower tannin concentrations produce lighter
staining, reducing AE of tissue. In contrast, Figure 7
(c) shows that variations in mordant concentration
and immersion time have no significant effect on
the AE response.

Table 6 presents the results of the RSM analysis,
which identifies the optimal conditions for natural
tannin dye concentration extracted from C. fagal
bark, immersion time, and Al2(SO4); mordant
The
determined were a tannin dye concentration of
44.233 g/L, an immersion time of 73.636 s, and a
Al2(SO4); mordant concentration of 110.454 g/L.
Under these conditions, the predicted AE was

108.826, indicating a high level of staining contrast.

concentration. optimized  parameters

Furthermore, the desirability value of the optimized
solution was 0.939, suggesting a strong correlation
between the model and the experimental data. A
desirability value of 1.000 represents an ideal
optimization outcome, while a value of 0.000
indicates that the response is unsuitable for use
[73].

3.4. Analysis of Chemical Bonding Interactions
Between Plant Tissue, Natural Tannin Dye, and Al
Mordant

The chemical bonding interactions between the
stem tissue of H. annuus and the natural tannin dye
extracted from C. tagal bark, using AI** as a
mordant, were analyzed by identifying functional

groups through FTIR. Figure 8 presents the
absorption peaks within the wavenumber range of
3300-3500 cm™, corresponding to the stretching
vibrations of hydroxyl groups. All samples exhibit
this
wavenumber. The absorption peak at 2922 cm™

relatively  similar  characteristics  at
represents the asymmetric stretching of C-H bonds,
while the peak at 1631 cm™ indicates the presence
of C=C bonds. Each spectrum, represented by three
distinct curves, demonstrates that the absorption
peaks of plant tissues stained with natural tannin
dye are identical to those of unstained tissues. This
suggests that no
groups
samples, and no dipole bonds were formed.

structural modifications of

functional occurred between the two
However, tannin molecules successfully adhered to
plant tissues through hydrogen bonding. The
spectra further confirm that plant cell walls
primarily consist of carbohydrates, such as cellulose
((CéH100s)n) and lignin, as evidenced by the
presence of C=C bonds. Plant cell walls are
composed of cellulose microfibrils embedded in a
matrix of non-cellulosic polysaccharides and lignin
[74].

The observed absorption peaks of cellulose
include hydrogen-bonded hydroxylstretching at
3550-3100 cm™. Infrared absorption bands above
3400 cm™ are associated with intramolecular
hydrogen bonding, whereas those below 3400 cm™
correspond to intermolecular hydrogen bonding
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[75][76]. The interaction between cellulose and
tannin primarily occurs through hydrogen bonding,
where the abundant hydroxyl groups in cellulose
form hydrogen bonds with hydroxyl and carbonyl
groups in tannin [77]. Lignin, the second most
abundant component of plant stem tissues, contains
surface functional groups, including
phenolic hydroxyl, aliphatic hydroxyl, and methoxy

various

groups, which collectively contribute to its
hydrophobic properties. In aqueous-based, eco-
friendly dyeing processes, the aromatic components
of tannin can interact with the hydrophobic domains
of lignin, enhancing the dye's adherence to plant
tissues [78].

Figure 8 illustrates distinct differences in
absorption peaks between unstained plant tissues
and those stained with tannin and Al2(SOa4)s
mordant. A decrease in peak intensity at 2922 cm™
suggests a reduction in C—H stretching vibrations,
indicating potential structural modifications.
Conversely, an increase in peak intensity at 1100
cm' signifies the formation of additional C-O
bonds, suggesting a new chemical interaction
within the tissue matrix. The chemical bonding
between natural tannin dye, Al2(SOa4); mordant, and
plant tissues primarily involves ionic interactions
with C-O bonds. Due to their polar nature,
carbohydrates contain specific binding sites—
including hydroxyl and carboxyl groups, that
facilitate the adsorption of molecular or ionic
species [79]. The electron-rich oxygen atoms in
phenolic groups also serve as key binding sites for
metal ion adsorption, particularly Al** ions. Several
phenolic compounds in tannin, such as 3-methoxy
pyrocatechol, catechol, p-vinylphenol, pyrogallol,
homovanillic acid, and syringol, play a crucial role
in these interactions [70]. These findings further
that tannin-Alx(SOa)s
fixation in plant tissues occurs through a
combination of ionic and hydrogen bonding,

support the hypothesis

enhancing the stability and effectiveness of the
staining process.

4. CONCLUSIONS

To optimize stain contrast in plant tissue
preparations, this study investigated the effects of
tannin dye concentration, aluminum mordant
concentration, and immersion time. The natural

tannin dye extracted from C. tagal produced strong
contrast on sunflower stem tissues, especially with
Al(SOs4)s, achieving the highest AE (79.7)
compared to CaCOs; and FeSOas. Non-lignified
such as collenchyma, parenchyma,
epidermis, and pith showed the most visible
staining. Optimal conditions were 44.233 g/L dye,
110.454 g/L AP**, and 73.636 seconds immersion.
FTIR analysis revealed reduced C—H and increased
C-O bonding, indicating effective chemical
interaction between tannin and tissue components.

tissues
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