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PHYLOGEOGRAPHY OF AN ANATOLIAN ENDEMIC AND ALPINE
SPECIALIST WOOLLY DORMOUSE (Dryomys laniger) WITH A
DESCRIPTION OF A NEW SPECIES

Orta¢ CETINTAS!, Mustafa SOZEN?, Sercan IRMAK?, Kiirsat Kenan
KALKAN?, Faruk COLAK?, Ferhat MATUR?®

Keywords Abstract
Gliridae The genus Dryomys, represented by four species, spreads a variety
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Dormouse (Dryomys laniger) is a rock-dwelling alpine species
endemic to South and Central Anatolian mountains. No targeted
study has been conducted to explore the full distribution area of
this species nor to reveal the phylogenetic structure within the
species. We used CYTB and IRBP as a molecular marker to see
intraspecific diversity of the species. Besides this, morphological
characters are used to reveal differences between the populations.
Phylogenetic trees showed that Dryomys laniger has two different
mtDNA clades, each with a distinct distribution range. The
representatives of the most distinct clade also have a number of
shared and distinct morphological features, and we hereby
describe it as a new endemic species Dryomys anatolicus sp. nov.
The other clade comprises two different clades. Despite
considerable molecular differences between the two clades, we
could not find any difference in morphology. Two endemic species
have a complex history in Anatolia starting in the late Oligocene
epoch. In that era, the ancestors of Dryomys laniger and Dryomys
anatolicus separated from Dryomys nitedula and started to adapt
to high altitudes. Then complete divergence between the two
species occurred at the beginning of the Pliocene. In this study, we
suggest that geologic events and climate have a big role in
speciation events between Dryomys laniger and Dryomys
anatolicus.

1. INTRODUCTION

The genus Dryomys comprises four recognized species, each with distinct
distribution ranges. Dryomys nitedula (Pallas, 1778) is notable for its wide
distribution range. Dryomys laniger [1] is an endemic species found exclusively
in the Taurus Mountains of Tirkiye. D. niethammeri [2] is currently known only
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from Balochistan, Pakistan. Recently, a new species, D. yarkandensis [3], was
described from Xinjiang, China.

The genus Dryomys is exclusively distributed within the Palearctic region and is
characterized by a broad yet fragmented distribution pattern [4-8]. These
mammals inhabit various habitats, primarily favoring mountainous regions,
including forests. Dryomys laniger, commonly known as the Wooly dormouse,
is a rock-dwelling species initially described in the western and central Taurus
mountains [4]. Subsequently, additional populations were discovered in the
eastern regions of Munzur and Palandéken mountains within Eastern Anatolia
[9,10]. Notably, this species exhibits a patchy distribution, with all populations
recorded at elevations exceeding 1600 meters. An interesting aspect of its
behavior is that it undergoes a seven-month hibernation period, starting in the
final week of October and lasting until the first half of April [11]. Despite this,
our understanding of D. laniger's biology remains limited, with the most
comprehensive study conducted by Spitzenberger (1976). The most recent
research regarding the species' distribution and biology was conducted by [12].

Until now, no specific studies focused on finding out the distribution area of the
species. Instead, the information we have comes from general surveys of small
mammals conducted by only a few researchers. No research has been conducted
on the genetic diversity within this species or the structure of its populations,
even though molecular studies have been carried out comparing it to other
members of the genus Dryomys and the family Gliridae [13,14]. Only two
studies [14,15] used mtDNA (12 rRNA and ND1) and nuclear DNA (Fib7) to
compare two geographically close populations of D. laniger just from the central
Taurus mountains.

Anatolia's geological events and climate have had a significant impact on species
diversity and evolutionary history in the region. The Neogene surface uplift in
Anatolia has affected the regional biota, particularly the diversity of plants and
large mammals [16]. The interaction of geological and climatic changes can lead
to speciation and dramatic redistribution of various group of the species across
the complex landscape and the uplift of the Anatolian plateau has created new
habitats and isolated populations, leading to the diversification of species [17—
19]. The Late Quaternary changes have caused substantial geographic range
shifts and phylogeographic breaks for various species in this region [20].

In light of the gaps in our knowledge highlighted earlier regarding the
evolutionary history and geographical patterns of mammals in this region, this
study aims to provide a comprehensive understanding of D. laniger's
phylogenetic relationships using the both mtDNA (CYTB) and nuclear DNA
(IRBP) marker. We intend to address these limitations by clarifying the historical
biogeographic processes that have shaped the species' distribution, elucidating
the influence of past climatic fluctuations and geological events on population
divergence, and identifying potential conservation units within D. laniger. Our
research not only fills critical knowledge gaps but also forms a foundational basis
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for future studies, aiding in the effective conservation and management of this
species.

2. MATERIALS AND METHODS

2.1 Sampling

Field studies were carried out between 2015-2018. We identified and searched
the high-altitude, rocky habitats previously described as characteristic of D.
laniger [13,14,21]. A total of 31 samples were collected from 6 localities (Figure
1 and Supplementary Table S1). Animals were captured alive using Sherman
traps. Since these samples were used in another zoonotic study, the animals were
dissected and the liver tissues were stored in RNA-later solution. The skins,
tissues and skulls of specimens examined were deposited in the Zonguldak
Biilent Ecevit University. The procedure was approved by Zonguldak Biilent
Ecevit University Animal Experiments Ethics Committee (permit no. 91330202-
10).

[N

FIGURE 1. Distribution of D. laniger (Green) and D. anatolicus (Yellow). Numbers
are indicate the localities of D. laniger; 1. Subas1 Plateau (Akdag Mountain), 2.
Salamut Plateau (Geyik Mountain), 3. Meydan Plateau Bolkar mountains, 4.
Cigekliboyun Plateau Aladaglar mountains; and D. anatolicus: 5. Piiren Pass (Armut
mountains) and 6. Esekcayir1 Plateau (Munzur mountains)

2.2 DNA isolation and amplification

Total genomic DNA was extracted from the liver using a DNAeasy extraction
kit following the manufacturer’s protocol (AMBRD Laboratories, Istanbul,
Tiirkiye). The partial CYTB gene (1124 bp) was amplified and sequenced using
the primers L7 (Forward): 5’-ACCAAT-GACAT-GAAAAATCATC GTT-3’
and H6 (Reverse): 5’-TCTC-CATTTCTGGTTTACA-AGAC-3’[22]. The PCR
protocol for CYTB included: 5 min initial denaturation of 95°C, 30 sec
denaturation of 95°C, 55 sec annealing of 60°C, and 90 sec extension of 72°C,
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for 35 cycles, and a final 10 min extension of 72°C. The partial IRBP gene (1172
bp) was amplified and sequenced using the primers IRBP217 (Forward): 5°-
ATGGCCAAGGTCCTCTTGGATAACTACTCGTT-3” and  IRBP1531
(Reverse): 5°- CGCAGGTCATCATGATGAGCTTGCTCTGTGTTCTG-3’
[23]. The PCR protocol for IRBP included: 5 min initial denaturation of 95°C,
60 sec denaturation of 94°C, 60 sec annealing of 55°C, and 180 sec extension of
70°C, for 30 cycles, and a final 10 min extension of 72°C. After the PCR step,
we purified the PCR products with a PCR product purification kit following the
manufacturer’s protocol (AMBRD Laboratories, Istanbul, Tiirkiye). The purified
PCR products were Sanger-sequenced by the Macrogen-Europe Inc. All
sequences used in this study were uploaded to GenBank (Supplementary Table
S1).

2.3 Phylogenetic reconstructions

The CYTB and IRBP sequences were checked visually, edited, and aligned using
the ClustalW algorithm in GENEIOUS software [24]. Both datasets were used
to reconstruct the phylogenetic position of the samples. In total, 29 samples for
CYTB and 12 samples for IRBP were successfully amplified. To better
understand the phylogeny of the genus Dryomys we use all the D. nitedula
samples uploaded in GenBank, using all available CYTB sequences longer than
740 bp and IRBP sequences longer than 1110 bp. We also added Eliomys
guercinus and Eliomys melanurus as outgroups (Details in Supplementary Table
S2).

Phylogenetic relationships were reconstructed by Maximum Likelihood (ML)
and Bayesian inference (BI) algorithms. Best fit models of molecular evolution
were selected by MrModelTest 2 [25]. The best model was GTR + G + | for
CYTB dataset and HKY + G + | for IRBP dataset. ML analyses were done in
RaxmIGUI [26]. ML+rapid bootstrap were selected, the number of bootstrap
replicates was set to 1000, and the duplicated sequences were not included for
both datasets. The Bayesian inference (Bl) algorithm was performed using
MrBayes 3.2 [27]. Monte Carlo Markov chain (MCMC) searches in MrBayes
were run with four chains in two separate runs for 20,000,000 generations with
default priors, trees sampled every 1000 generations discarding the first 25% as
burn-in for both dataset. The representatives of genus Eliomys were used as
outgroups in each tree. FigTree v1.4.3. was used to visualize the phylogenetic
trees. Mitochondrial haplotypes were identified using DnaSP 6 [28]. The number
of haplotypes (h), number of segregating sites (S), haplotype diversity (Hd), the
average number of nucleotide differences (K), and nucleotide diversity (pi) for
CYTB were calculated in DnaSP 6 [28]. The mean genetic distances between D.
laniger CYTB clades and D. nitedula subspecies were calculated using the
Kimura 2 parameter distance (K2P) model in MEGA [29]. We used the TCS
method [30] to draw both CYTB and IRBP haploytpe networks. Haplotype
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networks of species drawn with POPART software [31]. The datasets used in the
network analyses were constructed by removing outgroups. To evaluate the
demographic history pattern of the populations of CYTB dataset mismatch
distribution analysis were run with DnaSP 6 [28]. Analysis of molecular variance
(AMOVA) for CYTB dataset was conducted in Arlequin ver 3.5.2.2 to see
variation among groups [32]. Divergence times were estimated in BEAST 2 [33]
for CYTB dataset based on two calibration points: (1) the split between
Eliomys/Dryomys which is 28.5 mya (+ 2.8) and (2) divergence between two E.
quercinus and E. melanurus around 7.0 mya (£ 0.9) [34]. The best model chosen
for the analysis was the strict clock and the calibrated Yule model tree prior. The
MCMC chains were run for 50 million generations, sampled every 1000
generations. Posterior distributions of the parameter estimates were evaluated by
monitoring the effective sample size (ESS >200) and trace plots in Tracer 1.6
[33]. TreeAnnotator was used to summarize the trees and the first 25% of trees
were discarded as burn-in. The phylogenetic trees with divergence times were
displayed in FigTree v1.4.3.

2.4 Morphometry

Skulls and mandibles were photographed for morphological evaluation. Beside
our dataset we also add D. nitedula (n=6) museum specimens deposited in
Zonguldak Biilent Ecevit University. External characters, skulls and mandibles
were used for linear morphometric analyses and skulls (dorsal and ventral) and
mandibles were used for the geometric morphometric analyses (Table 1). Due to
possible shape changes that may arise from young individuals, these individuals
were not included in the analyses.
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TABLE 1. Number of samples used for both linear and geometric morphometry

Linear morphometry

External characters | Skulls Mandibles
D. laniger n=20 n=10 n=10
D. anatolicus | n=11 n=10 n=10
D. nitedula | n=6 n=6 n=6

Geometric morphometry

Skull (Dorsal) Skull (Ventral) | Mandibles
D. laniger n=10 n=10 n=10
D. anatolicus | n=7 n=6 n=9
D. nitedula | n=5 n=6 n=4

2.4.1 Linear morphometry

For use in morphological evaluation four external characters, head and body
(HB), tail length (TaL), length of the hindfoot (HF), and length of the ear (EL),
and weight (in grams) were measured following [35]. Skulls and mandibula were
measured following [35]) and Krystufek and Vohralik (2005). For the analysis,
a total of 33 morphological characters were measured, including 28 skulls and
mandibles and 4 external characters, as well as the weights of the samples.
Minimum values, maximum values, mean values and standard deviation values
of a total of 32 characters and body weight obtained from Dryomys samples were
recorded (Supplementary Table S3). All measurements were measured with
Vernier caliper (to the nearest 0.1 mm) and then re-measured under a
stereomicroscope to double check. The results were recorded for linear
morphometric analysis. All measurements were given in millimeters and body
weight in grams (0.1 grams) (as given below). ZB— zygomatic breadth; RW—
rostrum width; IC— interorbital constriction; OL— occipito-nasal length; NL—
nasal length; NW— nasal width; FSL— lenght of frontal suture; PSL— length
of parietal suture; OW— occipital width; BW— braincase width; CBL—
condylobasal length; CNL— condylonasal length; BL— basal length; FRL—
length of facial region; MB— mastoid breadth; BCL— braincase lengh; DL—
lenght of diastema; PL— palatal length; FI— lenght of foramen incisivum;
ABL— auditory bullae length; ABW— auditory bullae width; MTL— length
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of maxillary tooth row; RH— rostrum height; BBL— lenght of braincase with
bullae; BOL— lenght of braincase without bullae; MATL— length of
mandibular tooth row; HL— height of mandibula; ML— length of mandibula;
BW—body weight; EL—Iength of ear; HFL—Iength of hindfoot; TL—Iength
of tail; HBL—Iength of head and body.

Principal Component Analysis (PCA), Bivariate and Multivariate analysis were
performed to reveal how the species were grouped and the effects of variations
on the groups. IBM SPSS 26 program (IBM SPSS 26) was used for statistical
analysis.

2.4.2 Geometric morphometry

The skull (dorsal, ventral) and mandible of the samples were captured with
Canon R6 MII camera and the images were analyzed in accordance with the
geometric morphometric procedure [36,37]. The TpsUtil software was used to
edit the skull and mandible images in which landmark points were placed and to
set the file formats [38]. Landmarks (LMs) were deposited on the same plane for
all samples. Two-dimensional landmarks, which will enable the identification of
shapes, were digitized with the tpsDig program [39]. 14 landmarks were used for
the dorsal side of the skull, 19 landmarks for the ventral side and 13 landmarks
for the mandible. Landmarks were placed on the right side only (Figure 2).

FIGURE 2. Landmark location on Dryomys skull. (A: Dorsal Cranium; B: Ventral
Cranium; C: Mandible)


https://sciwheel.com/work/citation?ids=5677652,265256&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=16362872&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=16362891&pre=&suf=&sa=0
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Boxplots were used to show differences between groups [40]. The significance
of differences in central dimension was tested by analysis of variance. ANOVA
test was performed with the help of PAST v.4.03 software [41].

Generalized Procrustease Analysis (GPA) eliminated margins of error before
distributing the samples, enabling more accurate results in shape and size
comparisons [36,40]. The MorphoJ software was used for the GPA [42]

Species groups were determined genetically before analyses. Principal
Component Analysis (PCA) and Canonical Variate Analysis (CVA) were then
performed to identify the shape diversity in the samples. Patterns of shape
changes in the skull and mandible were investigated using PCAs due to variance-
covariance matrices. CVAs were used to statistically distinguish groups.
Discriminant Function Analysis (DFA) revealed the distinction between the two
groups. The MorphoJ software used to perform the analysis [42].

3. RESULTS

3.1 Molecular analysis

All examined geographical populations of D. laniger split into two phylogenetic
clades (Green Clade and Yellow Clade), each with strong support in CYTB
dataset (Figure 3). The green clade comprises two clades, Clade 1; Subasi plateau
(Akdag Mountain) and Salamut plateau (Geyik Mountain) in Western Taurus
mountains. Clade 2 from the Central Taurus mountains includes populations
from Meydan (Bolkar mountains) and Cigekliboyun (Aladaglar mountains)
plateaus. The yellow clade includes two populations one from Piiren pass (Armut
mountains) and the other one from Esekcayir1 plateau (Munzur mountains).
There is a deep divergence between green clade and yellow clade, strongly
supported in both Bl and ML phylogenetic analyses which show the same tree
topology. Regarding the phylogenetic tree constructed using the IRBP dataset, it
also displays the presence of two separate clades (Green and Yellow clades). Bl
and ML phylogenetic analyses show the same tree topology (Figure 4).


https://sciwheel.com/work/citation?ids=16362900&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=16362908&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=5677652,16362900&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=331012&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=331012&pre=&suf=&sa=0
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F1GURE 3. Phylogenetic relationships and divergence time based on CYTB. Numbers
at nodes show posterior probabilities and bootstrap values for Bayesian (left) and ML
inference (right), respectively. The blue bars represent the 95% HPD interval
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FIGURE 4. Phylogenetic relationships based on IRBP. Numbers at nodes show
posterior probabilities and bootstrap values for Bayesian (left) and ML inference
(right), respectively

We identified 17 unique haplotypes in D. laniger populations (no haplotypes
were shared between clades: Supplementary Table S4). Genetic diversity
analyses of two clades of green clade and yellow clade showed that the latter has
low diversity compared to green clade (Table 2).
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TABLE 2. Genetic differentiation of D. laniger’s two clades and D. anatolicus based
on CYTB. Number of individuals (N), number of segregating sites (S), number of
haplotypes (h), haplotype diversity (Hd), average number of differences (K) and
nucleotide diversity (Pi)

N S h Hd K Pi
clade 1 10 33 8 0,956 13,33 0,012
clade 2 8 36 7 0,964 11,07 0,010
Dryomys anatolicus

11 19 2 0,545 10,36 0,009

The haplotype network (Figure 5) of CYTB reveals a substantial number of
nucleotide substitution differences between two clades of D. laniger, clade 1 and
clade 2 differ by 93 bases from D. nitedula clade and 27 bases from yellow clade.
K2P distances between two clades of D. laniger and D. nitedula subspecies;
clade 1 and clade 2 are the closest to each other (1.9%), and clade 1 and yellow
clade are the most distant (7.2%). D. n. nitedula is the furthest (24.3% with both
clade 1 and clade 2, 24.8% with yellow clade) and D. n. kurdistanicus is closest
(19.9% with clade 1, 20.5% with clade 2, 21.1% with yellow
clade). (Supplementary Table S5).

Dryomys nitedula

D. n. heptneri

D) /w/ﬂ

D. n. bilkjewiczi

Fiﬁ'

D. n. kurdistanicus

D. n. ognevi

D. anatolicus D. laniger

N 1y

O/w/‘

-

D. n. tichomirowi

D. n. pictus ,.Ei

FIGURE 5. Haplotype network based on CYTB
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The mismatch distribution of D. laniger is multimodal and D. anatolicus is
bimodal (Figure 6). AMOVA shows that populations are significantly and
genetically different from one another which revealed that the greatest amount
of genetic variation occurred among populations (80.63%) and the p-value of the
FST is p = 0.000 (P <0.05) (Figure 7).

0.1 Freq. Obs, 06 Freq. Obs.
req. Exp. Freq. Exp.

04

02

FIGURE 6. Mismatch distributions for a) D. laniger and b) D. anatolicus
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FIGURE 7. AMOVA results between D. laniger and D. anatolicus
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According to our divergence time estimates, D. nitedula and D. laniger separated
from each other by ~25.21 mya (HPD: 16.56 — 35.45 Mya). The split between
green clade and yellow clade was dated at ~5.95 mya (HPD: 3.70 — 8.39 Mya).
Within the green clade, clade 1 and clade 2 diverge 1.85 mya (HPD: 1.14 —2.73
Mya) (Figure 3).

3.2 Morphometry

3.2.1 Linear morphometry

The genetic lineages of the Dryomys species samples used in morphological
analysis have been previously determined and are also shown in phylogenetic
analysis based on CYTB (Figure 3). According to the PCA analysis performed
for 4 external characters and body weight data, three main components were
formed and explained 81.17% of the variations. All of the variables of the main
components were positively correlated (loading >0.399, loading >0.775, loading
>0.573) and accounted for 32.90%, 26.11% and 22.15% of the variation,
respectively (Table 3).

TABLE 3. Factor data (based on 4 external characters and body weight) variables of
two main component axes of Dryomys species

Variables FAC1 FAC2 FAC3
HBL — 0.859 —
TL 0.890 — —
HFL 0.680 — 0.573
EL — — 0.930
BW 0.399 0.775 —
Eigenvalue 1.645 1.306 1.108

Explained variance (%) 32902 26.112  22.154
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According to multivariate and bivariate analyses; HFL and TL characters were
selected for the X and Y axis. Looking at the distribution graph of the species
after the selected characters, it was seen that D. nitedula was clearly separated
from the other two species, and the samples of D. anatolicus and D. laniger were
clustered together, except for a few samples representing the species (Figure 8a).

According to the PCA analysis performed for 28 skull and mandible character
data, two main components were formed and explained 3.80-81.51% of the
variations. All variables in PC1 and PC2 were positively correlated (loading
>0.409 and loading >0.345) and accounted for 81.51% and 3.80% of the
variations, respectively (Table 4).

TABLE 4. Factor data of the two principal components axes (Based on 28
skull and mandible variables of D. anatolicus, D. laniger and D. nitedula)

Variables FAC1 FAC2
NW 0.687 0.619
FSL 0.608 0.649
PSL 0.907 —

ow 0.817 0.534
MATL 0.780 0.560
RW 0.788 0.581
IC 0.761 0.530
NL 0.675 0.646
FRL 0.661 0.468
DL 0.627 0.632
PL 0.409 0.785
Fl 0.606 0.664
MTL 0.843 0.499
ZB 0.786 0.571

RH 0.791 0.578
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HL 0.791 0.590
BW 0.890 0.376
ABL 0.647 0.622
BBL 0.899 0.347
BOL 0.905 0.345
ABW 0.788 0.513
BCL — 0.764
CNL 0.798 0.415
CBL 0.631 0.696
ML 0.680 0.577
oL 0.626 0.624
BL 0.770 0.393
MB 0.855 0.359
Eigenvalue 22.823 1.064

Explained variance (%) 81.512  3.799

According to multivariate and bivariate analyses; NW, FSL, PSL, PL were
selected for the X and Y axes from the skull characters and MATL from the
mandible characters. According to the distribution graphs created after the
selected skull and mandible characters, it was seen that D. nitedula was clearly
separated as in the external characters. However, it was determined that the
samples belonging to D. anatolicus and D. laniger were clearly separated from
each other except for a few samples representing the species. Morphological
analysis shows that Dryomys species are distinguished based on skull and
mandible variables (Figure 8b).
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FIGURE 8. Bivariate and multivariate analyses among D. anatolicus (yellow circle),
D. laniger (green circle), and D. nitedula (pink circle). A. Scatter plots of external
variables for D. anatolicus, D. laniger, and D. nitedula. B. Scatter plots of skull and
mandible variables (HFL, length of hindfoot; TL, length of tail; NW, nasal width; FSL,
length of frontal suture; PSL, length of parietal suture; PL, palatal length; MATL,
length of mandibular tooth row) for D. anatolicus, D. laniger, and D. nitedula
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While the value ranges of external characters of 3 Dryomys species are as
follows: (i) D. anatolicus TL 63.0-85.0 mm, HFL 16.0-21.0 mm (ii) D. laniger
TL 25.0-82.0 mm, HFL 16.0-22.0 mm (iii) D. nitedula TL 95.0-117.0 mm, HFL
19.0-23.0 mm. The ranges of character values for the skull and mandible are as
follows: (i) NW 1.1-2.4 mm, FSL 5.3-7.3 mm, PSL 2.9-4.4 mm, PL 6.0-10.0
mm, MATL 0.6-2.0 mm for D. anatolicus (ii) NW 0.8-1.4 mm, FSL 4.2-6.3
mm, PSL 3.6-5.0 mm, PL 4.7-7.0 mm, MATL 0.9-1.4 mm for D. laniger (iii)
NW 2.7-3.2 mm, FSL 7.7-9.2 mm, PSL 6.0-7.8 mm, PL 7.6-9.9 mm, MATL
3.8-4.6 mm for D. nitedula.

3.2.2 Geometric morphometry

According to the centroid size analysis, it was determined that D. anatolicus, D.
laniger and D. nitedula species were different from each other. When the average
centroid size was examined, it was seen that D. nitedula, D. laniger and D.
anatolicus had the largest skull and mandible, respectively (Figure 9). The
ANOVA test results confirmed that there was a significant difference in the
shape and dimensions of the dorsal, ventral and mandible of the skull among the
three species groups (p<0.0001 and p<0.05) (Table 5). Differences in centroid
sizes (skull and mandible) of D. anatolicus, D. laniger and D. nitedula were
found (Table 5). It was revealed that D. nitedula was bigger than D. anatolicus
and D. laniger on the other hand D. anatlolicus was found to be the smallest for
both skull and mandible (Figure 9).

TABLE 5. ANOVA test results based on centroid size data of Dryomys species (Bold
shows that Statistically Significant Difference)

ANOVA

F Value | P Value
Dorsal Cranium | 5.36 0.0143
Ventral Cranium | 5.40 0.0133
Mandibles 30.43 |0.0001
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FIGURE 9. Box plot for dorsal, ventral cranium and mandible centroid sizes of
Dryomys species (A: Dorsal Cranium; B: Ventral Cranium; C: Mandible)



19 0. CETINTAS, M. SOZEN, S. IRMAK, K. K. KALKAN, F. COLAK, F. MATUR

According to the results of the PCA analysis, differences were observed in the
shape area distributions of the dorsal, ventral and mandibular skulls of the
specimens belonging to the Dryomys species. Accordingly, the first 6
components forming the dorsal part of the skull constituted 97% of the total
variation. PC1 explained 53.69% and PC2 explained 21.24% of the total
variation (Figure 10A). The first 8 components forming the ventral part of the
skull constituted 97.47% of the total variation. PC1 explained 47.38% and PC2
explained 21.95% of the total variation (Figure 10B). When we look at the
mandible, it was seen that the first 11 components constituted 96.65% of the total
variation, while PC1 explained 38.10% and PC2 explained 19.10% of the total
variation (Figure 10C).
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FIGURE 10. According to the Principal Component (PC), the scatter plots depict the
dorsal cranium, ventral cranium, and mandibular characteristics in Dryomys species (A:
dorsal part of the skull; B: ventral part of the skull; C: mandible)
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Variations among species within the genus Dryomys (D. anatolicus, D. laniger
and D. nitedula) were clearly explained by CVA analyses (Figure 11). The
analysis performed for the dorsal aspect of the skull showed that D. anatolicus
and D. laniger were grouped closer to each other in CV1 than D. nitedula, while
in CV2, D. anatolicus and D. nitedula were grouped closer to each other than D.
laniger (Figure 11A). Similarly, the analysis performed for the ventral aspect of
the skull showed that D. anatolicus and D. laniger were grouped closer to each
other in CV1 than D. nitedula, while in CV2, D. laniger and D. nitedula were
grouped closer to each other than D. anatolicus (Figure 11B). Similarly, the
analysis for the mandible showed that D. anatolicus and D. nitedula were
grouped closer together in CV1 than in D. laniger, while in CV2, as in the ventral
part of the skull, D. laniger and D. nitedula were grouped closer together than in
D. anatolicus (Figure 11C). This analysis provides better resolution of
intraspecific distinctions within the genus Dryomys than PCA.

The shape differences between the mentioned species were much better
separated along the first axis of the scatter plot by CVA. In the analysis, CV1 for
the dorsal part of the skull explained 93.16% of the total shape variation among
the three species, CV1 for the ventral part of the skull explained 76.74%, and
CV1 for the mandible explained 80.44%.

When the CVA results were examined, no statistically significant difference was
found for Mahalanobis Distance for any of the species. According to the dorsal
cranium data, the Mahalanobis and Procrustes distances between species groups
and the permutation test differences based on these differences did not yield
significant results. The ventral cranium data showed that D. anatolicus was
significant in terms of Procrustes distances with D. laniger and D. nitedula and
the permutation test differences based on these differences (p<0.05). Finally,
when we examined the data belonging to the mandible, it was seen that D.
anatolicus gave much more significant results than the ventral cranium in terms
of Procrustes distances with D. laniger and D. laniger with D. nitedula and the
permutation test differences based on these differences (p<0.01) (Table 6). When
examined, it was shown that the CVA performed with both the data of the ventral
cranium and the data of the mandible showed that all 3 species groups could be
significantly and clearly separated from each other, but these 3 species groups
did not show a significant difference even though they were clearly separated in
the dorsal cranium (Figure 11).
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TABLE 6. CVA results for dorsal, ventral cranium and mandible (Mah. Dist.:
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Mahalanobis Distance; Proc. Dist.: Procrustes Distance; Perm. P.: Permutation P

Value), (Bold shows that Statistically Significant Difference)

Species | D. anatolicus D. laniger
Groups
Mah. Perm. | Proc. |Perm. | Mah. Perm. | Proc. | Perm.
Dist. P. Dist. |P. Dist. P. Dist. |P.
Dorsal Cranium
D. 8.3734 |0.150 |0.140 |[0.381 |- - - -
laniger 9 7 6
D. 25.636 |0.191 [0.173 [0.282 |19.939 |0.666 |0.128 |0.343
nitedul |1 8 5 0 6 1 0 7
a
Ventral Cranium
D. 49944 (0.271 |0.214 |0.016 |- - - -
laniger 0 3 3
D. 7.3040 |0.109 |[0.255 [0.014 |8.3879 |0.257 |0.105 |0.128
nitedul 2 1 5 5 9 0
a
Mandible
D. 9.1697 |0.424 |0.042 |0.004 |- - - -
laniger 6 8 4
D. 8.8035 |0.801 |{0.026 |0.845 |13.942 |0.397 |0.039 |0.002
nitedul 0 1 2 2 1 8
a
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FIGURE 11. Scatter plots of results of Canonical Variate Analysis (CVA) in Dryomys
species (A: Dorsal Cranium; B: Ventral Cranium; C: Mandible)

According to the Discriminant Function Analysis (DFA) results performed with
skull and mandible data, it was observed that the correct separation of the groups
from each other in the pairwise comparisons was quite high. This rate was 100%
for the dorsal cranium, 100% for the ventral cranium and 97.4% for the mandible,
respectively. In the pairwise grouping performed only for the mandible, 2
specimens belonging to D. anatolicus were grouped as D. nitedula (Figure 12).
The average shape differences of the dorsal cranium, ventral cranium and
mandible belonging to the species are shown in (Figure 13). The test results
obtained during the Discriminant Function Analysis (DFA) showed that the
shape differences of the dorsal cranium, ventral cranium and mandible belonging
to the species groups were statistically significant (Table 7).

According to dorsal cranium data, D. nitedula differed from both D. anatolicus
and D. laniger in terms of Permutation P Value test and this difference is
statistically significant (p<0.05). Ventral cranium data showed that D. anatolicus
differed from D. laniger and D. nitedula in terms of Procrustes Distance Value
test and D. nitedula differed from D. laniger in terms of Permutation P Value
test. These differences are p<0.05 and p<0.01 respectively and are statistically
highly significant. Finally, when we examined the data belonging to the
mandible, it was proven that D. anatolicus and D. laniger were different from
each other in terms of the Permutation P Value test and D. laniger and D. nitedula
in terms of both the Permutation P Value test and the Procrustes Distance Value
test, and these differences were statistically significant (p<0.01, p<0.05) (Table
7).
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TABLE 7. DFA results for dorsal, ventral cranium and mandible (T?: T-square; Param.
P.: Parametric P Values; Perm. P. (T?): Permutation P Value; Perm. P. (Proc.): Procrustes
Distance Value), (Bold shows that Statistically Significant Difference)

Specie | D. anatolicus D. laniger
S
Groups
T? Param | Perm. | Perm. | T? Param | Perm. | Perm.
P P. P. . P. P. P.
(T% | (Proc. (T3 | (Proc.
) )
Dorsal Cranium
D. 147.329 | 0.764 |0.060 [0.383 |— - - -
laniger | 3 5 1 3
D. 575.178 | 0.314 | 0.023 | 0.287 | 263.483 | 0.562 | 0.038 | 0.344
nitedul |0 5 1 9 3 4 8 7
a

Ventral Cranium

D. 67.4610 | 0.889 |0.106 |0.014 |- - - -
laniger 6 9 3

D. 35.6834 | 0.671 [0.552 |0.015 |136.279 |0.470 [0.008 |0.130
nitedul 0 1 1 4 4 8 2

a

Mandible

D. 238.095 | 0.714 |0.121 |0.004 |- - _ _
laniger | 8 1 5 0

D. 8.9454 |0.996 [0.788 |0.849 |35.6136 |0.932 |[0.015 |0.002
nitedul 4 4 5 6 5 7

a
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FIGURE 13. Discriminant Function Analysis (DFA) mean shape differences results
for dorsal cranium, ventral cranium and mandible by respectively (A: D. anatolicus; B:
D. laniger; C: D. nitedula)
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3.3 Taxonomy

3.3.1 Dryomys anatolicus sp. nov.
urn:lsid:zoobank.org:pub:3AC02C5C-E8DA-47FA- 889B-73C9387EA937

3.3.2 Diagnosis and comparison

D. laniger has brownish dorsal fur on the contrary of D. anatolicus which has
grey dorsal fur (Figure 14). According to morphological data from skull
measurements (Table S3 and Figure 15) there are significant differences between
two species. D. laniger has a larger skull than D. anatolicus (Figure 9). Dorsal,
ventral and mandible of the skull are different (Table 5). Sexual dimorphism was
not observed in our samples. Beside morphological differences there are also
genetic differences between two species. Genetically distant clade in
phylogenetic tree reconstructed with mtDNA (CYTB) and nuclear DNA (IRBP)
marker. Kimura 2 parameter distance in CYTB between Dryomys anatolicus sp.
nov. and Dryomys laniger is 7%.

3.3.3 Holotype

One adult female, the skin deposited at Zonguldak Biilent Ecevit University
Molecular Systematic Laboratory (Sample no: 8715) (Figure 14). Skull,
mandibular, and tissues preserved in RNA later solution.

3.3.4 Type locality and distribution

Type locality of the species is Esekcayir1 plateau, Ovacik, Tunceli, Turkey
(39.420799 N, 39.240681 E, 1800 m). Another distribution record from Piiren
pass, Goksun, Kahramanmarag, Turkey (37.931851 N, 36.503126 E, 1700 m).

3.3.5 Paratypes

Four females from the type locality (8712, 8713, 8714, and 8716) in addition to
the type specimen (8715). One male (8682) and five females (8662, 8680, 8683,
8684, and 8685) from Piiren pass, Goksun, Kahramanmaras, Turkey.

3.3.6 Etymology
Since it is endemic to Anatolia, the name D. anatolicus was chosen.

3.3.7 Measurements of holotype

External characters and skull measurements (weight in g, other measurements in
mm); Total length, 180; head and body, 103; Tail; 77, Hindfoot, 20; Ear; 15;
Weight, 21; Zygomatic width, 12; Rostrum width, 3; Interorbital width, 2; Nasal
Length, 7.3; Nasal width, 1.9; Frontal suture length, 6.4; Parietal suture length,
4; Brain capsule width, 9.7; Face area length, 12; Diestema length, 4.5; Palatal
length, 10; Foramen incision length, 4.2; Upper tooth row length, 1.3; Rostrum
height, 2; Lower tooth row length, 2; Mandible height, 4.4; Mandible length, 12.
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F1GURE 14. Skin of the Dryomys laniger (A) and Dryomys anatolicus sp. nov. (B)
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F1GURE 15. Skull and mandible of the D. laniger (A), type specimen (8715) of
Dryomys anatolicus sp. nov. (B) and D. nitedula (C)
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3.3.8 Habitat

Mountainous areas above 1700 m a.s.l. The species lives in rocky areas with
sparse vegetation. The distribution area of the species is fragmented and apart
from the type locality in Munzur Mountains (Figure 16), it has also been found
in Piiren Pass (province of Kahramanmaras, Figure 17).

FIGURE 16. Habitat of Dryomys anatolicus type locality, Esekgayir1 Plateau (Munzur
mountains), Ovacik, Tunceli

FIGURE 17. Habitat of Dryomys anatolicus, Piiren pass (Armut mountains), Goksun,
Kahramanmaras
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4. DISCUSSION

We presented the first results on the phylogeny, genetic diversity, and extended
distribution records of D. laniger, a small rodent endemic to Anatolia with a
highly fragmented distribution range. Besides resampling the four distribution
areas that were previously identified, two new geographical locations have been
recorded: the Cicekliboyun plateau and the Subasi plateau. Next, we found that
the two populations with the easternmost distribution (Yellow clade) (Armut and
Munzur mountains) possess sufficient genetic and morphological differences to
warrant a new species status, D. anatolicus sp. nov. As alpine and montane
species, D. laniger and D. anatolicus sp. nov. may have survived these areas
through the Quaternary. It is likely that D. laniger and D. anatolicus had a wider
distribution in the Quaternary than at present.

We can see a very deep divergence between D. laniger and D. anatolicus sp. nov.
[43] The K2P distance of 7% in the full CYTB sequence is very high between
these taxa, i.e. much higher than the threshold of 1,5 - 2,5% proposed by [44] for
CYTB. Similar to Tobe and colleagues' work, [45] proposed a threshold of >2%
to start considering the species rank. The same authors consider the genetic
distance below 2% to indicate intraspecific variation: note that 2% is the level of
divergence between clade 1 and clade 2 within the green clade of D. laniger.
Beside CYTB, in the phylogenetic tree reconstructed with IRBP there is a clear
seperation between D. laniger and D. anatolicus sp. nov. with a strong support
(Figure 3). AMOVA also showed this deep divergence between D. laniger and
D. anatolicus sp. nov. IRBP, as a nuclear gene, is particularly valuable in
phylogenetic studies of mammals and other vertebrates because it provides
complementary insights to mitochondrial markers like CYTB, which can
sometimes reflect only maternal inheritance patterns [46—48].

According to the divergence between ancestors of D. laniger/D. anatolicus sp.
nov. clade and D. nitedula which occurred ~25 mya, the two species separated
from each other in the Oligocene. During the Eocene/Oligocene transition an
extinction/immigration event occurred called “grande coupure” about 33 mya.
During that time dormice survived and they were also very successful [49]. They
continued to diversify throughout the Oligocene and early Miocene [50]. Our
hypothesis is that during the Oligocene because of the uplift of Anatolia,
ancestors of D. laniger and D. anatolicus separated from D. nitedula and became
isolated at the high altitudes in Anatolia [51]. When the uplift event gradually
occurred some populations could adapt and prevail through these topographic
changes [16]. We think that the ancestors of D. laniger and D. anatolicus may
have adapted to the alpine environments and speciation events occurred
allopatrically between these two species. This hypothesis is consistent with the
idea that Spitzenberger presented in 1976. According to their opinion, the
divergence of D. laniger and D. nitedula dates back to the late Oligocene. They
also proposed that these two species allopatrically diverged from each other.
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Two endemic species from Anatolia, D. laniger and D. anatolicus, diverged from
each other ~6 mya. Our hypothesis on the separation event of the species is that
D. anatolicus migrated to the east first to extend its distribution range. Then when
the Messinian dry climate conditions occur in the whole Mediterranean, two
populations on the Anatolian Diagonal mountain system (Armut mountains and
Munzur mountains) were isolated from D. laniger populations which are
distributed in the Taurus mountains. At the end of the Messinian epoch, Taurus
mountain populations and populations on the Anatolian Diagonal separated from
each other at the species level. This event is a good example of peripatric
speciation. Ancestral populations harbor more genetic diversity than later
immigrants to the new areas [52-54]. In our case, genetic diversity also showed
that D. laniger is the origin of the D. anatolicus because D. laniger is genetically
more diverse and also even clades of D. laniger’s genetic diversity is greater than
D. anatolicus. Mismatch distribution analyses also showed that both species had
several population expansion events in the past.

The two clades within the green clade of D. laniger (clade 1 and clade 2) diverge
from each other by 1.85 mya. It can be inferred that the separation of these two
clades is affected by the climate. In Messinian, D. laniger became a separate
species, and clades of these species survived on the mountaintops. As an alpine
species, D. laniger couldn’t migrate downhill from the mountaintops in
Messinian dry climate. Thus two clades couldn’t meet again in Quaternary
although ice ages started which have better climatic conditions for an alpine
species. The genetic difference between these two clades is 1,9% according to
K2P distance. Tobe et al. 2010 proposed a threshold (K2P 1,5%) to separate the
species. Our value is higher than this value but we didn’t see any difference
between morphology. Thinking about the future climate, these two clades are
going to stay isolated.

Dryomys laniger currently has a DD (Data Deficient) status according to the
IUCN classification, due to very few and sporadic distribution records and the
lack of studies on its general biology. As a new species, obviously D. anatolicus
has no information in the IUCN Red List of Threatened Species. Our
observations of the landscapes where both species are found suggest that human
impact, especially various mining activities in the Anatolian mountains, may
adversely affect the extant populations. In addition, since D. laniger and D.
anatolicus prefer a very specific habitat (steep rock faces), habitat destruction in
these areas can have irreversible consequences. Subject to genetic bottleneck and
increased chance of extinction, the current populations seem to be poorly
equipped facing the threat of additional habitat destruction and the warming
climate in the mountainous areas. Active conservation programs are urgently
required for all known populations in the Taurus mountains and the Anatolian
diagonal. Efforts to discover additional populations in the Anatolian mountains
are equally important.

Finally, to better understand the evolutionary histories of two endemic dormouse
species, genomic data would be best to resolve the complex taxonomy of this
group. The sample sizes for future studies should be increased. We must
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therefore reiterate that better genotyping is required to reconstruct the full
evolutionary history of this species, beyond that of just mitochondrial lineages
demonstrated in our study.
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1. INTRODUCTION

Water is the most basic resource for all organisms and the health of the
ecosystem. However, in recent years, pollution of water resources have become
a growing concern. Due to rapidly increasing urbanization and globalization, the
demand for industrial products is also accelerating. Increasing demand brings
along industrial wastes and thus water pollution [1]. Textile industries, which are
responsible for about 75% of the global dye market, cause pollution of existing
waters by causing excessive application of dyes or pigments [2]. Azo dyes
represent approximately 60-70% of industrial production. These xenobiotic
chemicals, which are widely used due to their low cost, permanence and
diversity, can be identified by the presence of the azo group (-N=N-) [3]. The
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presence of these pollutants alters photosynthetic mechanisms by reducing light
transmittance, thus altering O, concentration [4]. Some carcinogens such as
benzidine, which may be present in the structure of these chemicals used for
colouring, also raise concerns. Azo dyes are very difficult to degrade, so physical
and chemical processes used in wastewater removal can be quite costly and
limited [5]. Congo Red is one of the azo dyes with molecular formula
Cs2H22NsNa206S, and molecular weight = 696.68 g mol-1, which is widely used
in the textile industry for dyeing paper, silk and wool due to its low cost. Congo
Red, discovered by Paul Bottinger in 1884, is an anionic di-azo dye consisting
of a sodium salt of benzidinedithiazo-bis-1-naphthylamine-4-sulfonic acid [6]
(Figure 1. Congo Red chemical structure). This study aims to determine the toxic
effects of Congo red using P. wilhelmi and D. magna (Figure 2).

P. wilhelmii is a less studied species than other microalgae. It is a species with
richer biomass and chlorophyll concentration than Chlorella sorokiniana and
Tetraselmis obliquus [7]. In addition, this species is introduced in the literature
as a species with fast growth and a wide nutrient tolerance, including wastewater
[8]. In another study investigating the effects of different iron concentrations on
biomass and biofuel production on P. wilhelmii, it was stated that increasing the
iron concentration led to an increase in biomass productivity [9]. Studies on this
species are limited in the literature and more research is needed.

Daphnia is a genus of small planktonic crustaceans. They are known as "water
fleas". They are classified as members of the Cladocera order within the
Branchiopoda class. Daphnia have a large head, a simple compound eye, a
double shell, and are relatively transparent. Daphnia generally live in stagnant
freshwater. They are primary consumers, filtering small suspended particles
found in lakes and ponds, especially microalgae. Therefore, they are important
food sources for fish [10]. Daphnia continue to trend as frequently studied model
organisms in the fields of ecology, environmental biotechnology and
ecotoxicology [11, 12, 13].

NH, NH,
OO
O:|S:O O:?:O
ONa ONa

FIGURE 1. Congo Red chemical structure [14]
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2. MATERIALS AND METHODS

2.1 Dye solution

Congo Red as an anionic di azo dye was obtained from Sigma (573-58-0), in
pure form. Stock solution of congo red was prepared by dissolving the dye in
dH,0 to obtain a concentration of 2% wi/v. Stock solution of dye in relevant
volumes were added in culture media.

2.2 Algal growth inhibition assay

The green algae Pseudochloris wilhelmii was isolataed from the spring water in
Ankara, Turkey [15]. Microalgal incubation was performed in 100 mL BG11
culture medium in 250 mL Erlenmayer flasks at 25 + 2 °C and 25 pmol/m?s
(1750 Ix) under a 24:0 light:dark photoperiod. [16]. The algal growth inhibition
test was performed in the BG11 culture medium according to the OECD 201
procedure [17]. Exponentially growing microalgae was inoculated in Erlenmeyer
flasks containing Congo Red dye at 0, 5.38, 6.92, 10.00 and 28.46 mg/L of the
BG11 media, respectively. Experimental sets without congo red were used as
controls.

2.3 Acute toxicity test

Daphnia magna from Cladocera group was used for acute toxicity test trials [11].
D. magna culture conditions were set as 16: 8 hours light/dark cycle and constant
temperature of 20 £ 1 °C. Acute toxicity test was performed according to OECD
202 [18]. D. magna acute toxicity tests were carried out in the test medium
specified by ISO by preparing increasing dye concentrations at 0, 5.38, 6.92,
10.00 and 28.46 mg/L. Each concentration was designed with 3 replicates and
10 D. magna were used for each concentration. Experimental periods were
determined as 24, 48 and 72 hours and the toxic effects of Congo Red were
analysed at the end of these periods. Control groups were studied simultaneously
under the same conditions (Figure 2).

2.4 Bioremoval assay

Increasing concentrations of congo red dye were tested to determine algal
bioremoval efficiency of P. wilhelmii, samples were incubated in BG11 culture
media at 0, 5.38, 6.92, 10.00 and 28.46 mg/L of Congo Red dye concentrations.
For analyses, 3 mL samples were taken from each experimental set at 24, 48 and
72 hours of incubation. Congo red absorbance at 498 nm was analyzed using
Shimadzu UV 2001 spectrophotometer. Optical density, maximum dried cell
mass and chlorophyll (a+b) concentrations are the parameters used to analyze P.
wilhelmii growth. Optical density was determined at 600 nm, maximum dried
cell mass, was determined by measuring the weights of P. wilhelmii pellets that
were dried at 80 °C for a night after centrifuging at 5000 rpm for 10 minutes after
incubation, and chlorophyll (a + b) concentrations were determined
spectrophotometrically at 646.6 nm and 663.6 nm for chlorophyll a and
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chlorophyll b, respectively. Control and experimental sets were studied in 3
replicates (Figure 2).

Microalgal dye removal calculations were performed using Equation 1, which is
formulated below [18]. Equation (1);

removal (%) = %@ 100
Co Eq (1)

In this equation, Co and C; represent the initial and final concentrations of the
Congo Red (mg/L), respectively.

Specific growth rate (u) was calculated according to Equation (2). In this
equation, X indicates the dry weight values recorded at the beginning and end of
the incubation period, and t indicates the incubation period [19].

p=0nX,—Inx,)+(t; —t;) Eq (2)

FIGURE 2. The study to determine the toxic effects of Congo red using P. wilhelmi
and D. magna
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3. RESULTS AND DISCUSSION

3.1 Bioremoval assay

P. wilhelmii was tested for its ability to removal of dye in BG11 culture media
at increasing congo red dye concentrations. The highest bioremoval yield of
congo red was 71.40 % at 5.38 mg/L dye concentration. The dry biomass
concentration (X), Table 1 shows the p value and chl(a+b) values at increasing
congo red dye concentrations of 5.38-28.46 mg/L after 72 hours of incubation.
It was observed that increasing congo red concentrations had a clear effect on
microalgal dry weight. While the maximum biomass concentration of the control
experimental set was 0.158 g/L, it decreased to 0.068 g/L in the experimental set
where the dye concentration was 28.46 mg/L. Similiar results were obtained in a
study that reveals the effect of dye and heavy metal ions on bioremoval effect of
A. versicolor. Increasing remazol blue dye concentrations had a negative effect
on fungal growth. As dye concentration increased, removal yield decreased [20].
In another study, Gonium sp. a green microalgae removed Reactive Blue 220 dye
with the highest yield of 84.20% at 26.20 mg/L dye concentration at the end of
14 days of incubation period [21]. In our study P. wilhelmii removed 28.46 mg/L
congo red dye with a yield of 29.72 % at 72 hours of incubation period. The
highest chl (at+b) concentration was 0.507 ug/mL at the control group and
decreased at about 12% when the dye concentration increased to 5.38 mg/L.
Interestingly, the specific growth rate (i) showed its effect up to 10 mg/L dye
concentration. However, microalgal growth was not observed after 10 mg/L dye
concentration. In this context, it can be considered that the dye removed after this
concentration was retained by the biosorption mechanism [22].

TABLE 1. Comparison of the removal yields and X, chl (a+b) and p values at different
Congo red dye concentrations of P. wilhelmii

Congo red X(g/L) Chl (atb) p(1/d) Y (%)
(mg/L) (ng/mL)

0 0.1584+0.001 0.507 £0.002 0.109+0.001 0+0

5.38 0.139+0.014 0.445+0.046 0.066+0.038 71.40+1.54
6.92 0.117£0.033 0.377+0.008 0.009+0.010 55.53 +£4.00
10.00 0.095+0.028 0.305+0.033 0 38.46+4.44
28.46 0.068+0.020 0.218+0.025 0 29.72 £ 4.61
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3.2 Algal growth inhibition assay

Figure 4 shows the effects of congo red dye on chl (a+b) concentrations and %
dye removal of P. wilhelmii at the end of 72 hours. It was noted that microalgal
growth decreased during the incubation period as the dye concentrations
increased. The control experimental set reached the highest biomass
concentration among all the sets studied (0.158 g/L at 72h). The lowest congo
red concentration studied, 5.38 mg/L, had no toxic effect on P. wilhelmii and its
biomass reached 0.139 g/L. When the concentration increased to 28.46 mg/L, P.
wilhelmii had the lowest biomass amount (0.068 g/L) (Table 1). When the
maximum specific growth rates were compared, the p value of the control culture
was recorded as 0.109 I/d, while no maximum specific growth value was
recorded when the dye concentration was increased to 10 mg/L. In all
experimental sets where congo red dye was applied, lower microalgal growth
rates were observed than the control experimental set. When the total chlorophyll
values were compared, 0.445 ug/mL was recorded at the lowest congo red
concentration studied at 5.38 mg/L and approximately 50% lower chl (a+b) of
0.218 pg/ml was recorded at the highest congo red concentration studied at 28.46
mg/L (Fig. 4). As a result, it was recorded that increasing congo red
concentrations had toxic effects on the growth of P. wilhelmii and chlorophyll
(a+b) concentrations. In a study that was revealed the effect of a nanoparticle
La,Os on biomass of Chlorella sp. showed different results. The increasing
La,Os nanoparticle concentrations did not show an adverse effect on the biomass
of Chlorella sp. [11]. It can be concluded from here that, Congo Red showed
toxic effects of the growth of P. wilhelmii and the dye was more toxic than La;Os
nanoparticles.
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FIGURE 4. Chlorophyll (a + b) concentrations and removal yields of P. wilhelmii
after 24 and 72h of incubation period

3.3 Acute toxicity test

Congo red, used as a colorant in the textile, dyeing, rubber, and printing
industries, is an organic pollutant that raises environmental concerns. Water
pollution occurs due to the input of environmental stressors at concentrations
exceeding the permitted maximum levels, which restricts access to clean water
[23]. Daphnia magna serves as a bioindicator organism for understanding the
toxicity of chemicals and monitoring wastewater and contaminated waters
[24,25,26]. For this reason, Daphnia magna was chosen in this bioassay to
determine the lethal concentrations of Congo Red.

The acute toxic effects of congo red on Daphnia magna were studied at different
time points (24, 48, and 72 hours). The highest toxic effect of Congo Red was
observed at the 72 h (LC50: 89.91 mg/L) (Table 2). It was observed that the acute
toxic effects of congo red on D. magna increased with increasing concentration
and duration. Parallel to the conclusion that Congo red shows toxic effects on the
growth of P. wilhelmii and that this dye is more toxic than La,Os nanoparticles,
it was also observed that Congo red had a more toxic effect on D. magna
compared with La;Os nanoparticles [17]. Congo Red is allergic, carcinogenic,
and mutagenic for humans and animals and it can also cause infertility in water
fleas (Ceriodaphnia dubia) [27,28,29,30]. Additionally, it showed phytotoxic
effects on plants [31]. Due to being a di-azo dye, Congo Red appears red in basic
medium and blue in acidic medium, and it can form an amine compound such as
benzidine upon the cleavage of its azo groups [32]. Benzidine, a widespread
carcinogen, was led to the ban on the use of Congo Red [33]. Acute toxicity
studies on Congo Red were conducted on Cladocerans (Daphnia magna, LCso:
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322.9 mg/L), Ceriodaphnia rigaudi, LCso: 62.92 mg/L) and zebra fish (Danio
rerio, IC50: 3.11 mg/L) are found in the literature [34]. However, these studies
are quite limited in number. Dose-mortality curves for Congo Red (Figure 5)
were calculated using probit (Spss 22v.) analysis. Congo Red exhibited different
trends characterized by an increase in daphnids mortality after the 24th hour of
exposure. No deaths were observed in the control groups.

TABLE 2. Acute toxic effects of CR on Daphnia magna at 24, 48 and 72 hours

LC50 Probit Results
(mg/L)
Time 24h 48h 72h

Congo Red 133.096 94.921 89.913
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FIGURE 5. Mortality-dose curve of D. magna exposed to Congo Red at different
durations (24, 48 and 72 hours)

4. CONCLUSIONS

The results of the study demonstrate that Congo red showed toxic effects on both
the growth of P. wilhelmii and D. magna. In both test organisms, 72 hours was
identified as a critical time, suggesting that an increase in exposure duration to
Congo red is likely to lead to more pronounced negative effects on the organisms.
There are very few studies in the literature that adequately address the stress that
such dyes may impose on ecosystems. Therefore, more research is needed to
elucidate the potential health risks associated with these dyes.
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after the function of supplying materials from the quarries is
completed, the necessary landscaping repair works are carried
out to determine what can be done to bring them into the
ecosystem. In this study, a survey consisting of 16 questions was
applied to a total of 150 people, 50 of whom lived where the
quarries were located, 50 of whom lived in the city centre and 50
of whom were quarry technical personnel. In the study, quarries
were examined on site and obtained data were analyzed
statistically by SPSS programme. In addition, the environmental
impacts of quarries, their damage to nature and their effects on
users were determined. As a result of the study, in order to
integrate quarries into the ecosystem in the highway landscape,
methods of land use, planting and recreation without endangering
traffic, life and property safety were suggested.
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1.INTRODUCTION

Ecology, which analyses the interaction of organisms with the elements of their
environment, is a branch of science that tries to provide the principles of nature
conservation, the life bases of living things and the sustainability of the
ecosystem [1]. The ecosystem, which consists of living and non-living elements
and should be considered as a whole, creates suitable environmental conditions
for living organisms to continue their lives and progeny. Factors such as ambient
temperature, light, humidity, wind and edaphic factors such as soil composition
determine ecosystem conditions. There are various ecosystems such as forest,
lake, desert, mountain, reeds, river, ocean. The destruction of all components of
the ecosystem (soil erosion, removal of the vegetative layer, reduction of water
resources, increase in population, destruction or destruction of suitable habitats)
causes the ecosystem to become unable to perform its basic tasks. Destruction of
the natural balance of the ecosystem results in the extinction of many species.
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This situation causes the amounts of the food between living in the region [2].
Among the causes of destruction in the ecosystem are erosion caused by floods
due to excessive rainfall, forest fires and industrialisation. Among these,
industrialisation is the most important one. Iron, steel, cement industry and
industrial wastes are some of the factors that destroy nature [3].

With the increasing population in our country and the world, the construction
sector is growing day by day. One of the activities of the construction sector is
the construction of highways that provide intercity transport. This situation
creates a great need for raw materials for the construction of new transport
networks, repair or expansion of existing ones [4].

Mankind has preferred to obtain its raw material needs from nature, which is
generally seen as economical in the short term. While the process of obtaining
raw materials destroys nature, urbanised spaces, concrete piles, degraded
landscapes have brought harm to the values of our country. The sources of raw
materials obtained from nature can be forest and agricultural products as well as
soil and stone. These raw materials are processed and used firstly as
infrastructure material for roads and then for other structures. The material
prepared for use in this way has revealed the concept of quarry. The history of
the use of quarries has been observed since mankind began to shape the stone.
Stones obtained from these quarries have been used in many historical
monuments that still exist today and Natural Protected Areas that contain stone
structures.

The use and development of quarries date back to the Seljuk and Ottoman
Empire periods. It is seen that the first legal regulation on quarries was made
with the "Regulation on Quarries", which entered into force in 1887 and then in
1901 [5]. Structures such as bridges, caravanserais, mosques, churches,
churches, clusters, healhouses and madrasahs were built with the stones obtained
from quarry works, and they were also frequently used as ornamental stones [6].

Serious damages are caused to the environment during and after the use of
guarries from which road construction material is taken. In addition to the
damage to the ecosystem in general, serious damage to plant and animal species
in natural life can be given as an example. People are also indirectly affected by
these negativities.

The importance of highway landscapes has emerged in reintroducing quarries to
the ecosystem after their use. Roads and motorways, which provide intercity
transportation, have a great negative impact on the environmental landscape as
they cover a large area on the geography [7]. The highway landscape is a
multidimensional system, both qualitative and quantitative [8]. According to
Public Procurement Contracts Law of the Highways Law (4735/8), the material
procurement conditions for road construction and the works to be carried out in
the area afterwards are described [9]. The aim of this study is to determine the
current situation of the quarries in Kars, [gdir and Ardahan provinces, what kind
and how landscape-repair works will be carried out after the material supply
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function from the quarries is over, how they will be brought into the ecosystem
and what can be done in this regard.

2. MATERIALS AND METHODS

In this study, the current conditions of 56 quarries located within the borders of
Kars, Ardahan and Igdir provinces between 2020-2021 were examined. In this
study, a questionnaire consisting of 16 questions was applied to a total of 150
people, 50 of whom were residents of the quarries, 50 of whom were residents
of the city centre and 50 of whom were quarry technical personnel. Photographs
of the quarries and their surroundings were taken. According to the
questionnaires, the current conditions of the quarries were determined and
evaluated and the locations of the quarries were shown on the map (Figure 1).
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3. RESULTS AND DISCUSSION

The study was conducted in 56 quarries located within the provincial borders of
Kars, Ardahan and Igdir.

FIGURE 2. Kars Subatan Quarry

The current conditions of the quarries were determined, their negative and
positive effects on the ecosystem were investigated and it was tried to determine
whether the quarries that are still used and used by the highways are brought
back to the ecosystem. In order to determine the current status of the quarries, a
guestionnaire was applied to 3 different groups. These groups are:

It was applied to a group of 50 people living close to the quarries and directly
experiencing the negative impacts of the quarries.

It was applied to 50 people who personally work in quarries and are directly
exposed to the negative effects of quarries.

A questionnaire was applied to 50 people living in the city centre where the
quarries are located. It was tried to measure the level of knowledge about the
positive and negative effects of quarries on ecosystem, environment, natural life
and human life. As a result of the study, 3 different results were obtained from
the questionnaires applied. Depending on the data obtained about these quarries
in the study area, the quarries were divided into two large groups as active and
inactive and shown on the map. It has been determined that 8 quarries shown in
green on the map are active and 48 quarries shown in red are inactive. Eleven of
the inactive quarries were surrounded by wire fences after the animals of the
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neighbouring villages perished and they reported this situation to the relevant
institutions.

According to the results of the research and questionnaire surveys, it was
observed that the first thing that attracts attention among the environmental
impacts of quarries is the damage to the visual landscape. It has been observed
that the current state of the surface shapes has deteriorated and the visual quality
has decreased. As can be seen in the inventory of the quarries, the majority of
the quarries are located close to the roads. It has been determined that open pit
quarries are located close to roads and settlements in order to transport materials
more easily. Accordingly, road users and local people are exposed to this visual
pollution. Quarries are huge abysses when evaluated on a human scale.

It was determined that the quarry areas in the study area are generally in pasture
status. In addition, it was observed that meadow-pasture vegetation was
intermittently regenerated in passive quarries [13].

One of the features to be considered when choosing plant species to be used
during the reintroduction of passive quarries to the ecosystem is their ability to
with extreme conditions (frost, drought, salinity, acidity, etc.). In one of the
studies, the following species are recommended [13].

e Pinus sylvestris L. (Pinaceae): Afforestation, erosion and landscape
repair works, especially in high areas, mountains and winter
landscaping, space delimitation, snow curtain;

e Juniperus oxycedrus L., Juniperus foetidissima Willd., Juniperus
communis L. var. saxatilis Pall. (Cupressaceae): Highway plantings,
landscape restoration, erosion, rock garden, space delimitation and
orientation, snow screen, noise prevention, winter landscaping;

e Viburnum orientale Pall. (Caprifoliaceae): For visual purposes with its
flowers, fruits and autumn leaf colouring, for wildlife habitat with its
fruits, for mid-refuge plantings and noise prevention;

e Betulanana L. (Betulaceae): Afforestation, erosion and landscape repair
works, especially in high areas, mountain and winter landscaping,
highway afforestation, aesthetic areas with trunk and autumn leaf
colouring;

e Vaccinium myrtillus L. (Ericaceae): Fruit and flower in aesthetics and
wildlife, erosion, slope stabilisation, rock garden;

e Populus tremula L. (Salicaceae): Afforestation, erosion and landscape
repair works, especially in high areas, mountain landscaping, highway
afforestation, aesthetic areas with trunk and autumn leaf colouring;

e Salix caprea L. (Salicaceae): Landscape repair works, highway
afforestation, aesthetic areas with its flowers, stream banks, parks;

e Sorbus aucuparia L. (Rosaceae): For visual purposes with its flower,
fruit and autumn leaf colouring, for wildlife habitat with its fruits, for
mid-refuge planting and noise prevention;
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e Pyrus eleognifolia Pall. (Rosaceae): In parks and gardens for visual
purposes with its flowers, fruits and autumn leaf colouring, in wildlife
creation with its fruits, erosion and slope stabilisation;

e Rosa pimpinellifolia L., Rosa dumalis Bechst. subsp. boissieri (Crep.),
Rubus fruticosus (Rosaceae), Ribes grossuloria L. (Grossulariaceae):
Flowers, fruits and autumn leaf colouring in parks and gardens, wildlife
habitat with its fruits, mid-refuge planting and noise prevention, erosion
and slope stabilisation and hedge formation;

e Euoynmus latifolius L. Mill. (Celastraceae): It can be frequently used in
parks and gardens with its beautiful flowers [10].

Active quarry operations cause irreparable damage to settlements or various
agricultural areas. When deciding to open an area as a quarry, the fact that the
area is a stony rocky land ensures that it causes the least damage to the
environment and accordingly, the objections of the local people are prevented
[13].

In a study in the International Journal of Environmental Research and Public
Health;

e Of the individuals living in areas close to open pit mining, 98 per cent
stated that their houses were exposed to dust, 85 per cent stated that the
site was disturbed, 97 per cent stated that the leaves of plants were
covered with dust, and 92 per cent stated that crops could not be grown.

e The dust released by the quarries covers the plant leaves and prevents
the leaves from respiration and photosynthesis. During the flowering
season, it is also observed that fruit formation decreases by preventing
fertilization.

e The noise caused by the work machines used in open pit mines is at a
level that can cause hearing loss to those working in the environment.

e High eye and nose allergies were observed in 22% of people in dusty
environments, chest tightness in 17%, and chronic cough in 9% [13].

Published in 2010 in the official gazette, the "Regulation on the Restoration of
Lands Disturbed by Mining Activities to Nature" protects these areas and
determines the necessary procedures and principles [13]. Within the scope of the
ecosystem restoration of the quarries located in the highway landscape, the study
area was selected, and after determining the boundaries, the environment was
analysed from many aspects and the environmental effects of the quarries were
determined by surveys and on-site inspections. These determinations contributed
to the results of the study.
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4. DISCUSSION

Large funds are used for the construction and maintenance of highways, which
have an important place in passenger and freight transport. For this reason, in
order to prevent the deterioration of the local ecology, ecosystem and all kinds
of natural balance, highway works should be in harmony with the natural
environment where the construction is carried out. Technical support should be
obtained from landscape architects starting from the route determination stage.
Along the route, factors such as the natural flora and fauna of the area, cultural
heritage, socio-economic structure should be taken into consideration. It should
not be forgotten that these studies have negative effects on global warming and
climate change.

The results of surveys should be utilised when making land use decisions for
guarries that have been restored to the ecosystem, and the new area designed
should be built in accordance with the demands of users and human ergonomics.
The quarries consist of 80 to 120 meter high cliffs and artificial hills where the
extracted and unused materials are accumulated. This situation should be
compared with the human scale and landscape areas should be designed to
tolerate this difference.

While restoring the destroyed areas to the ecosystem, planting works should be
carried out by taking into account the determining features of the region such as
climate, altitude, natural vegetation. Since the soil structure of passive quarries
is disturbed, experiments should be carried out on the soil structure of the areas
to be planted. In areas where heavy metals are detected, hyperaccumulator
(species that can accumulate heavy metals and are not adversely affected by this)
or phytoremediation (plants that can clean heavy metal pollution) plants should
be used according to the needs of the area.

Care should be taken to ensure that the plant species to be used are species that
absorb noise and pollution. Pittosporum tobira (Thunb.) W.T. Aiton and Thuja
orientalis L. are some of these species [14]. In quarries located on the edge of
highways, plants that do not disturb the visibility angle or endanger the safety of
road traffic life and property by attracting too much attention should be selected.
After the planting works, these areas should be regularly checked and the needs
of the plants should be met. In areas where vegetative interventions cannot be
made, economical and ergonomic non-living materials (urban furniture such as
pergolas and benches) should be used and peace and security should be ensured
in areas opened to public use.

In the new landscape designs to be made within the scope of ecosystemisation
studies, the spaces created in the area should attract the attention of the users and
the change of the created spaces over the years should be taken into
consideration. It should not be forgotten that the natural resources in the area are
not unlimited, and the resources should be opened to use in this direction.
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Public institutions and organisations carrying out inspection duties on the subject
should meticulously examine the compliance of active and inactive quarries with
existing laws and regulations.

Quarry employees and supervisors should be trained on the subject, this issue
should be discussed in the local and national press and the public should be
informed about this issue.

This study will be a guide for the authorities who are in charge of supervising
the quarries, both private and public, which have been opened and will be opened
to provide material for road construction. In addition, it is thought that this study
will be a determinant and source for reducing the negative contribution to global
warming and climate change, preventing erosion, sustainability of natural
ecosystems and less damage to biodiversity.

In Central Park, which was designed by the famous landscape architect Frederick
Law OLMSTED in the 1850s and which many people visit today, it is seen that
an extremely large land is used as a park. Frederick Law OLMSTED predicted
that the city would spread over the whole land in the future and the area he
designed would be the only landscape that the public could see. For this reason,
while designing the area, he evaluated a very large area as a park [15].

If recreational use is to be made while the quarries, which are passive in our
country, are being restored to the ecosystem;

e Areas for the protection of resources
e Horse riding
e Hiking trails or bird watching towers

If agricultural areas are to be designed;

e Conditions favourable for the cultivation of agricultural
e Conservation, storage or reuse of water resources

If urban areas are to be designed;

Regularised solid waste landfill

Passive parks

Cycling tracks

Areas to meet the need for rest

Observation terraces

Picnic areas

Fields for children's games

Camp sections

Different alternatives such as artificial ponds should be considered.

Many professional disciplines such as Landscape Architects, Biologists,
Lawyers, Environmental Engineers, Agricultural Engineers, Ecologists,
Geologists, Landscape Architects, Biologists, Lawyers, Environmental
Engineers, Agricultural Engineers, Ecologists and Geologists should come
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together and try to produce solutions in order to restore the natural balance of
areas such as quarries to the ecosystem. The process should be well planned and
executed before the works are started. While these studies are being carried out,
landscape restoration, good design of the use of the area, re-naturalisation of the
resources that have lost their naturalness, improvement of the problematic areas
and monitoring and maintenance of the new area should be evaluated together
[16].

The purpose and objective of the final land use plans should be determined in
advance in order to prevent disruptions in restoration works and to avoid
economic and time loss. The final land use plans should be decided from the
beginning in order to obtain compatible, economic and appropriate plans for
open pit mining and landscape restoration activities [17]. There are many
benefits from the reuse of defunct quarries, such as reducing steep slopes,
reducing high steps, levelling gaps, creating suitable soil depth conditions for
flora, as well as reducing erosion, restoring proper water regime and drainage.

The study area is located in the close vicinity of the expanding provinces and is
expanding and concretising day by day. City centres are expanding towards the
outskirts of the city. The need for recreation areas in the study area and its
immediate surroundings has been identified through surveys and questionnaires.
The main design decisions for the ecosystem of passive quarries should take into
consideration the economic and social objectives of potential users.

When implementing highway landscaping applications, the vegetation around
the relevant highway, historical values, use of the area, socioeconomic status,
providing users with a colourful and pleasant travel opportunity, the presence of
elements that attract attention in the area, hiding places with ugly appearance in
the field and the harmony of the road and the surrounding appearance should be
taken into consideration [18].
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Biofilms, structured microbial communities, are a significant
focus of research due to their nature as they provide protection
against environmental stressors but also cause substantial
medical and industrial problems. These communities, embedded
in an extracellular matrix, are implicated in persistent infections,
corrosion in infrastructure, and food spoilage, while also holding
potential in beneficial applications like biofuel production and
wastewater treatment. Consequently, there is growing interest in
modulating biofilm formation, with natural products emerging as
promising candidates. This study assessed the impact of Fomes
fomentarius (L.) Fr. extracts on some microorganisms. The impact
of ethanol (EtOH) and chloroform extracts on biofilm formation
was evaluated using crystal violet staining, with SEM and AFM
imaging used for confirmation. A comprehensive chemical
analysis of the extracts was performed via gas chromatography-
mass spectrometry (GC/MS). The EtOH extract was found to
contain compounds such as stearic acid and oleic acid, while the
chloroform extract contained compounds like methyl stearate and
octadecadienoic acid. The key finding was that the F. fomentarius-
EtOH extract significantly inhibited biofilm formation in S. aureus
MRSA between 30.90-47.06%. The chloroform extract, however,
showed no discernible effect on biofilm development. The
effectiveness of the EtOH extract was compared using Halamid®
as a positive control. Inhibition was observed for the S. aureus
MRSA strain, as 54.21% with 125 ug/mL of the Halamid®
concentration. This suggests that F. fomentarius extracts may
offer a natural source of compounds with the potential to control
and manage biofilm formation.

1. INTRODUCTION

Biofilms are structured microbial communities embedded within a self-produced
extracellular polymeric substance (EPS) matrix. This matrix acts as a protective
shield, enhancing microbial resistance to environmental stressors and
antimicrobial agents [1-8]. The advantages and disadvantages of biofilm
structure vary depending on the microorganism's species, its pathogenic
potential, the environment in which it forms, and the intended application. The
controlled modulation of biofilm formation, encompassing both its stimulation
and inhibition, holds significant scientific and practical value across a wide range
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of fields, from scientific research to industrial applications. Therefore, the ability
to control biofilm formation is a critical tool for various disciplines. For example,
it is possible to reduce the risk of infection by inhibiting biofilm formation on
the surfaces of medical devices, ensure product safety in the food industry by
preventing unwanted biofilm formation, or remediate environmental pollution
by promoting the formation of specific biofilms in bioremediation applications
[9,10]. Biofilms offer numerous advantages, including their applications in
biodegradable packaging, nutraceutical supplements, biofertilizer and biofuel
production, enhancing the energy efficiency of high-energy batteries, and
wastewater treatment systems. This diverse range of uses highlights the
importance of identifying compounds that stimulate biofilm formation and
introducing novel biofilm inducers into the scientific literature [11-13].
However, in environments where hygiene is vital, such as hospitals and food
production facilities, the formation of biofilms by pathogenic microorganisms
poses a serious risk to human and public health. Moreover, biofilms contribute
to the development of antimicrobial resistance, thereby exacerbating a global
public health crisis. Therefore, preventing biofilm formation is crucial for
safeguarding public health. In this regard, the identification of biofilm-inhibiting
compounds and the development of novel antibiofilm agents are essential
[14,15].

Nature offers a vast and valuable reservoir of resources for the discovery of such
compounds, providing researchers with a diverse array of natural materials,
including macrofungi. Macrofungi contribute significantly to ecosystem stability
by actively participating in biogeochemical cycles [16-21]. While some species
are edible and consumed as food, others contain pharmacologically active
components and are used in traditional medicine. Recent studies on fungi have
revealed the presence of a multitude of bioactive molecules. Research has shown
that various compounds isolated from species belonging to the phylum
Basidiomycota, in particular, exhibit antibacterial, antifungal, phytotoxic,
cytotoxic, antiviral, and other pharmacological activities [20,22,23].

The discovery of bioactive compounds in macrofungi with potential therapeutic
applications has made them an increasingly valuable resource for developing
new pharmaceutical, therapeutic, industrial, and biotechnological products.
Despite the existence of numerous studies on the antimicrobial activities of
macrofungi, studies specifically evaluating their effects on microbial biofilm
formation remain limited. To address this literature gap and to discover novel
bioactive molecules, more comprehensive research on macrofungi is required
[20,24,25].

Fomes fomentarius (L.) Fr., a fungus within the Basidiomycota division, is a
medicinal mushroom species with a long history of use in traditional medicine
owing to its diverse array of bioactive compounds. Research into the
antimicrobial and antibiofilm properties of this fungus offers potential avenues
for alternative therapeutic strategies. Bioactive constituents present in F.
fomentarius, including triterpenes, polysaccharides, and phenolic compounds,
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have demonstrated both antimicrobial activity and the ability to inhibit biofilm
formation or disrupt pre-existing biofilms. Recent investigations corroborate the
antimicrobial effects of F. fomentarius extracts against a range of pathogenic
microorganisms. These studies underscore the potential of macrofungi to exhibit
activity against both Gram-positive and Gram-negative bacteria, yeasts, and
certain viruses. The capacity of Fomes fomentarius extracts to impede biofilm
development and eradicate established biofilms positions this fungus as a
compelling candidate, particularly in the context of biofilm-associated infections
such as those related to catheters and implants [14,15,24,26].

This study was designed to evaluate the in vitro effects of chloroform and ethanol
(EtOH) extracts derived from Fomes fomentariuson biofilms formed by a
methicillin-resistant Staphylococcus aureus (MRSA) strain, renowned for its
robust biofilm production. The impact of these extracts on biofilm formation was
guantitatively assessed via crystal violet staining and qualitatively corroborated
through scanning electron microscopy (SEM) and atomic force microscopy
(AFM) imaging. The findings were benchmarked against those obtained with
Halamid®, a recognized biofilm inhibitor. Furthermore, the chemical
constituents of the extracts were characterized utilizing gas chromatography-
mass spectrometry (GC-MS).

2. MATERIALS AND METHODS

2.1 Macrofungus sample

Fomes fomentarius (L.) Fr. sample was obtained from the personal collection of
Prof. Dr. llgaz AKATA. The fungi were collected from the Istanbul Belgrad
Forest and identified by Prof. Dr. llgaz AKATA.

2.2 Extraction procedure

This study aimed to extract and quantify the active components present in Fomes
fomentarius samples. The mushroom samples were pulverised using a blender.
The ground sample was extracted separately in ethanol (EtOH) and chloroform
solvents for three days at 140 rpm to release the active components. After the
extraction process, the obtained extracts were filtered using 125 mm diameter
filter paper (Sigma-Aldrich, USA). The filtrates were concentrated using a rotary
evaporator at a temperature range of 40-50°C, ensuring the complete removal of
solvents. The residues obtained after evaporation were dissolved in a mixture of
sterile distilled water (sdH20) and dimethyl sulfoxide (DMSO) in varying
proportions based on their solubility properties. The F. fomentarius-EtOH
extract stock was prepared at a ratio of 50:50 (sdH.O:DMSO) and a
concentration of 0.419 g/4 mL and the F. fomentarius-Chloroform extract stock
was prepared at a ratio of 40:60 (sdH20:DMSO) and a concentration of 0.537
g/5 mL. The DMSO concentration in the obtained extracts was reduced to 2% to
minimise the cytotoxic effect on microorganisms. Finally, the extract
concentrations applied to the initial wells were calculated as 2095 pg/mL (F.
fomentarius-EtOH) and 1790 pg/mL (F. fomentarius-Chloroform), respectively.
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2.3 Microorganisms used

A total of twenty microorganisms were tested, including Escherichia coli isolates
(2,3,4,5,6,7,8,9, 10, 11) and the E. coli ATCC 25922 (1) standard strain, P.
mirabilis, S. pneumoniae, S. flexneri, A. baumannii, two strains of S. aureus, one
of which is MRSA, and three yeast strains (Candida albicans DSMZ1386,
Candida glabrata, and Candida tropicalis). Six microorganisms exhibiting high
biofilm formation (E. coli 7, 9, 11, S. aureus, S. aureus MRSA, and C. albicans
DSMZz1386) were selected for further study.

2.4 Inoculum preparation

Bacterial strains were cultured at 37°C for 24 h, whereas Candida albicans was
incubated at 27°C for 48 h. Inocula were prepared by suspending
morphologically similar colonies of each microorganism in a sterile 0.9% saline
solution, and the cell density was adjusted to approximately 1 x 108 CFU/mL,
corresponding to a 0.5 McFarland standard. Mueller-Hinton agar (Merck,
Germany) served as the culture medium for bacterial strains, while Sabouraud
dextrose agar (Merck, Germany) was utilized for C. albicans [27,28].

2.5 MIC method

To ascertain the sub-lethal concentrations of extracts exhibiting antibiofilm
activity against the target microorganisms, the Minimum Inhibitory
Concentration (MIC) was determined via a two-fold serial microdilution assay,
following the methodology outlined by [29]. The MIC was defined as the lowest
concentration of the extract at which no visible microbial growth was observed.
All experiments were conducted in triplicate.

2.6 Minimum Bactericidal Concentration (MBC)/Minimum Fungicidal
Concentration (MFC) method

Although the MIC test results were higher than the initial well concentration, as
previously described by Norrby and Jonsson [30], samples from the initial wells
were transferred to Nutrient Agar (NA) for bacterial cultures to perform the MBC
test. Similarly, the Candida strain was transferred to Sabouraud Dextrose Agar
(SDA) for the MFC test and incubated under optimal growth conditions,
considering the appropriate time and temperature for each microorganism.

2.7 Biofilm detection method with Congo Red Agar (CRA)

Following the protocol described by Freeman et al. [31], a specialized medium
was prepared utilizing Congo Red (CR), an azo dye. Bacterial strains were
incubated at 37°C, whereas Candida strains were incubated at 27°C for 24 h on
Congo Red Agar (CRA). Biofilm-producing microorganisms were
phenotypically identified using the CRA method.
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2.8 Antibiofilm activity

Consistent with the findings of Ozturk et al. [32], the crystal violet assay was
employed to quantify biofilm production in microorganisms previously
identified via the CRA method.

The antibiofilm activity assay, adapted from the method originally described by
Karaca et al. [33], comprised two primary stages: first, optimization of biofilm
formation conditions and second, evaluation of the antibiofilm activity of the
prepared extracts.

To establish optimal biofilm formation conditions, all microorganisms were
standardized to a 0.5 McFarland turbidity. Each strain was inoculated into culture
media supplemented with varying glucose concentrations (0%, 0.5%, 1.5%, 2%,
and 2.5%) and incubated at 37°C for 24 h and 48 h. Following incubation, 200
pL of crystal violet solution was added to each well and allowed to incubate for
30 min. The wells were then rinsed with distilled water and air-dried.
Subsequently, 200 pL of a 70:30 ethanol/acetone solution was added to each well
and incubated for 15 min. The contents of each well were then carefully
transferred to a new microplate, and the absorbance was measured at 550 nm
using a microplate reader.

Based on these results, the optimal biofilm formation conditions were
determined to be 48 h of incubation in a medium supplemented with 0.5%
glucose for E. coli 7, E. coli 9, E. coli 11, E. coli 12, S. aureus, S. aureus MRSA,
and C. albicans DSMZ 1386 strains. Consequently, subsequent biofilm activity
assays were performed under these optimized conditions.

During the biofilm activity assays, 100 uL of each extract was added to the wells
in row A of a microplate, followed by two-fold serial dilutions down to row H.
Inocula, standardized to a 0.5 McFarland turbidity in physiological saline, were
then transferred into the wells. Halamid® served as a positive control, and all
cultures were incubated at 37°C for 48 h. Following incubation, the crystal violet
staining, washing, and ethanol/acetone elution steps were repeated, and
absorbance measurements were obtained at 550 nm [32,34,35].

2.9 Biofilm SEM and AFM analysis

Based on the results obtained from the crystal violet biofilm detection method,
the microorganism for which biofilm inhibitory effects were observed was
selected for SEM and AFM analysis.

To perform these analyses, cell suspensions, culture medium, and extracts were
prepared in 24-well microplates containing sterile metal coupons and incubated
for 5 days, considering the optimum growth temperatures of the microorganisms.
Imaging was performed with SEM and AFM at the end of the incubation period
[36,37].
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2.10 Statistical analysis

All experiments in this study were performed in triplicate, and statistical
significance was assessed using one-way analysis of variance (ANOVA) in R
Studio (v3.3.2). A p-value of < 0.05 was considered statistically significant.
Furthermore, Pearson’s correlation coefficient was calculated to evaluate the
relationship between extract concentration and observed effect [38].

3. RESULTS AND DISCUSSION

3.1 Extraction yield

The preparation of ethanol and chloroform extracts of F. fomentarius used in the
study has been described in detail previously. The extract yield obtained
according to the amount of extract was calculated as 20.160% and 26.25%,
respectively. When the extraction yield was examined, it was observed that the
ethanol extract had a lower yield than the chloroform extract.

3.2 MIC and MBC tests

To mitigate potential concentration-dependent loss of microbial viability in
subsequent antibiofilm experiments, the antimicrobial activity of F. fomentarius
ethanol and chloroform extracts was assessed against all tested microorganisms
via  Minimum Inhibitory  Concentration (MIC) and  Minimum
Bactericidal/Fungicidal Concentration (MBC/MFC) assays. At the end of the
conducted research, it was found that the MIC result was >1790 pg/mL for F.
fomentarius-EtOH, >2095 pg/mL for F. fomentarius-Chloroform due to the
application of extracts at low doses. MBC/MFC tests could not be applied due to
the MIC test results being higher than the initial well concentration. Given that
the primary objective of this study was to identify sub-lethal extract
concentrations for subsequent use in antibiofilm assays, rather than to conduct a
comprehensive assessment of antimicrobial activity, the absence of a
quantifiable MIC value is not considered particularly consequential. It is
plausible that a MIC result could be obtained through the utilization of higher
initial concentrations of the macrofungal extract.

3.3 Biofilm experiments

3.3.1 Congo Red Agar (CRA) method

In this study, the microorganisms were first phenotypically determined to
produce biofilms by applying the CRA method. The results obtained using this
method are shown in the photographs given below. Biofilm production was
observed in the microorganisms that appeared black, whereas it was not detected
in the strains lacking the black pigmentation.
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FIGURE 1. CRA results

3.3.2 Determination of optimum biofilm formation parameters

In this study, six different glucose concentrations (0.0%, 0.5%, 1.0%, 1.5%,
2.0%, and 2.5%) and two different incubation times (24 and 48 hours) were
tested. The results indicated that the optimum conditions for all microorganisms
were a 48-hour incubation in a medium containing 0.5% glucose (p < 0.05). The
statistical analysis revealed no significant differences between the parallel
studies conducted (p > 0.05).

3.3.3 Antibiofilm activity

The antibiofilm activities of the microorganisms, for which optimum biofilm
formation parameters were determined, were assessed using the crystal violet
method, as previously described. The antibiofilm activity assays demonstrated
that the F. fomentarius-EtOH extract significantly inhibited biofilm formation
by S. aureus MRSA (Figure 2). No statistically significant inhibitory or
activating effects were observed for the F. fomentarius-Chloroform extract
against the tested strains. Halamid®, used as a positive control, also demonstrated
an inhibitory effect.
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FIGURE 2. Effects of the F. fomentarius-EtOH extract on S. aureus MRSA biofilm
formation (bars indicated extract concentration (pg/mL))

3.3.4 SEM images

Examination of the SEM images revealed a clear reduction in biofilm production
when F. fomentarius-EtOH extract was applied to the S. aureus MRSA strain
(Figure 3b). Comparison of the F. fomentarius-EtOH extract images (Figure 3b)
and negative control (Figure 3a) demonstrated that the environment with the
most biofilm formation was the one lacking the F. fomentarius-EtOH extract. It
was observed that the Halamid® also reduced biofilm formation (Figure 3c),
which was consistent with the spectrophotometric results.
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FIGURE 3. a) presents SEM images of control sample of S. aureus MRSA (20.000x)
b) F. fomentarius-EtOH-treated/S. aureus MRSA (20.000x) c) Halamid-treated /S.
aureus MRSA (20.000x)

3.3.5 AFM images

Analysis of the AFM images revealed that the S. aureus MRSA strain treated
with the F. fomentarius-EtOH extract exhibited significantly reduced biofilm
production (Figure 4a). A comparison between the extract-treated sample
(Figure 4a) and the negative control without the extract (Figure 4b) clearly
indicated that the extract application resulted in lower biofilm formation, thereby
inhibiting biofilm development. These findings are consistent with the SEM
results and spectrophotometric data.
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FIGURE 4. a) F. fomentarius-EtOH-treated/S. aureus MRSA, b) Negative control/S.
aureus MRSA

3.3.6 GC/MS

Content analysis of both extracts obtained from the F. fomentarius mushroom
was performed using GC/MS. The chromatograms for F. fomentarius-EtOH and
F. fomentarius-Chloroform are given in Figure 5a and 5b, respectively.

In addition, the major components of F. fomentarius-EtOH and F. fomentarius-
Chloroform are given in Table 1.

GC/MS analysis revealed that the F. fomentarius-EtOH extract contained
15.86% stearic acid, 14.28% palmitic acid, 11.28% alpha-linoleic acid, 9.64%
Oleic acid, 6.99 % linocaine hydrochloride, 6.95% methyl tetracosanoate, 4.58%
anethole, 2.29% benzoic acid, and 2.15% D-allose, along with other minor
components. Stearic acid is a recognized anti-inflammatory lipid with significant
and multifaceted effects on hepatic metabolism [39,40]. Numerous fatty acids
are known to exhibit antibacterial, antifungal, antioxidant, and antibiofilm
properties to varying degrees across different microbial strains, including
palmitic acid and stearic acid [41-44].

The GC/MS analysis revealed that the F. fomentarius-Chloroform extract
contained 21.44% methyl stearate, 18.71% 9,12-octadecadienoic acid, and
18.70% methyl palmitate, along with other minor components. Methyl palmitate
is used in the production of detergents, plastics, and animal feed. It possesses
anti-inflammatory, antimicrobial, and antifungal properties [45-49].
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FIGURE 5. a) presents chromatogram illustrating the GC/MS results of F.
fomentarius-EtOH b) presents chromatogram illustrating the GC/MS results of F.

fomentarius-Chloroform

TABLE 1. Major Components of F. fomentarius-Chloroform and F. fomentarius-

EtOH Extracts

F. fomentarius-Chloroform F. fomentarius-EtOH
Major Components Percentage Major Components Percentage
(%) (%)

Methyl stearate 21.44 Stearic acid 15.86

9,12-Octadecadienoic acid 18.71 Palmitic acid 14.28

Methyl palmitate 18.70 Alpha-linoleic acid 11.28

9-Octadecenamide 7.79 9-Octadecenamide 10.54

Ethyl stearate 5.23 Oleic acid 9.64

9,12-Octadecadienoic acid, 2.39 Linocaine hydrochloride 6.99

methy| ester

Methyl 18- 2.07 Methyl tetracosanoate 6.95

methylnonadecanoate

Tricyclo[20.8.0.0(7,16)]triacont 3.49 Anethole 4.58

ane, 1(22),7(16)-diepoxy-

Methyl pentadecanoate 1.06 Benzoic acid 2.29
D-Allose 2.15
Tetradecylcyclohexane 1.29
Octadecanamide 1.29
Hexadecane 1.26
Tetradecane 1.09
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Irez et al. [50] investigated the antibiofilm activity of various extracts derived
from F. fomentarius. Their findings indicated that the F. fomentarius-EtOH
extract significantly inhibited biofilm formation in the tested strains, with
observed reductions exceeding 80% for E. coli and S. aureus, and approaching
80% for C. albicans. The F. fomentarius-Chloroform extract showed an
inhibitory effect against the tested strains, but this effect was lower compared to
the F. fomentarius-EtOH extract, with values below 20% for E. coli and S.
aureus, and approximately 40% for C. albicans.

The F. fomentarius-EtOH extract exhibited an inhibitory effect on the S. aureus
MRSA strain. In contrast, the F. fomentarius-chloroform extract showed neither
inhibitory nor activator effects. This result may be associated with variations in
extraction concentrations and the resistance profile of the tested microorganisms.

In a previous study, Halamid® was used as a positive control during the
antibiofilm experiments. This study investigated the effects of Halamid® on E.
coli 9, S. aureus MRSA, and C. albicans. The results obtained in that study were
calculated as 62.91% (3.90 pg/mL) for S. aureus MRSA, 45.66% (0.41 pg/mL)
for E. coli 9, and 68.70% (1.95 pg/mL) for C. albicans [13].

In this study, Halamid® was also used as a positive control in all biofilm
analyses, demonstrating an inhibition of 54.21% for 125 pg/mL of Halamid®
concentration against the S. aureus MRSA strain. Furthermore, the scanning
electron microscopy (SEM) and atomic force microscopy (AFM) images
corroborate the biofilm inhibition findings of this study. While these results align
with the existing literature regarding Halamid®'s efficacy, discrepancies exist
between the specific inhibition percentages and active concentrations reported
herein and the data presented by Zurnaci et al. [13]. Therefore, in light of these
differences, it is advisable to support any biofilm study conducted with
spectroscopic methods with imaging techniques such as SEM and/or AFM for
enhanced validation.

In addition to the discrepancies in biofilm inhibition percentages in this study
and the studies in the literature, there are also some inconstancies in terms of the
antimicrobial activity of F. fomentarius extracts compared to the previous
studies. Such as Dokhaharani et al. [51], who reported a Minimum Inhibitory
Concentration (MIC) of 0.7 mg/mL and a Minimum Bactericidal Concentration
(MBC) of 12.5 mg/mL for a F. fomentarius methanol extract against S. aureus
ATCC 25923 using a microdilution assay, the present study observed MIC
values for F. fomentarius ethanol and chloroform extracts that exceeded the
highest concentration tested (F. fomentarius-EtOH >1790 pg/mL, F.
fomentarius-Chloroform >2095 pg/mL). This inconstancy may be attributed to
differences in extraction solvents or S. aureus strains used.

Pavi¢ et al. [26] synthesized silver nanoparticles (AgNPs) using a F. fomentarius
methanol extract and subsequently evaluated the antibacterial activity of both the
AgNPs and the extract against Bacillus subtilis, S. aureus, E. coli, and P.
aeruginosa using a Minimum Inhibitory Concentration (MIC) assay. The MIC
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values for the F. fomentarius methanol extract were determined to be 20.83
pg/mL, 10.41 pg/mL, 2.63 pg/mL, and 20.83 pg/mL, respectively, against the
aforementioned bacterial species. The corresponding MIC values for the AgNPs
were 12.69 pg/mL, 6.34 pg/mL, 12.69 pg/mL, and 12.69 ug/mL. In the present
study, extracts of the same macrofungus were prepared using different solvents,
and the MIC assay was performed. The discrepancies between the findings of
these two studies are attributed primarily to the use of different extraction
solvents.

4. CONCLUSIONS

In this study, the Congo Red Agar (CRA) assay was initially employed to screen
twelve E. coli isolates, two S. aureus strains, P. mirabilis, S. pneumoniae, S.
flexneri, A. baumannii, C. tropicalis, C. glabrata, and C. albicans strains for
biofilm production. This screening revealed that E. coli 7, E. coli 9, E. coli 11,
E. coli 12, S. aureus, and S. aureus MRSA were capable of producing biofilms.

The F. fomentarius-EtOH extract exhibited an inhibitory effect on biofilm
production against the S. aureus MRSA strain.

Biofilms are recognized as significant contributors to infections associated with
vascular catheters, Foley catheters, and cerebrospinal shunts, as well as various
tissue-related infections affecting the skin and teeth. Furthermore, biofilms
enhance the resistance of biofilm-forming microorganisms to both antibiotics
and antifungal agents. Consequently, preventing biofilm formation is of
paramount importance for public health and in industrial settings [1,3,24].

Based on the biofilm data obtained in this study, it is evident that
spectrophotometric assays alone may not always provide conclusive results and
require corroboration from scanning electron microscopy (SEM), atomic force
microscopy (AFM), and/or other complementary techniques. Therefore, for
future biofilm investigations, it is recommended that spectrophotometric assays
be combined with SEM and/or AFM to obtain more robust and reliable data.
Given the importance of biofilm inhibition, further investigation of the F.
fomentarius-EtOH extract, which demonstrated significant biofilm inhibitory
effects in this study, is critically warranted.

In addition to the analyses performed herein, future research should focus on the
purification of major constituents identified through compositional analysis or
the acquisition of commercially available compounds to elucidate whether these
components are responsible for the biofilm inhibitory effects of the extracts.
Such studies would provide valuable insights.
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Plantago lanceolata L. is a medicinal and aromatic plant
recognized for its antimicrobial and antioxidant effects. This
research focused on evaluating its biological activity, antioxidant
capacity, and volatile compound composition through Gas
Chromatography-Mass Spectrometry (GC-MS) analysis. The
extract’s effects on biofilms formed by pathogenic bacteria were
evaluated, showing significant biofilm inhibition and disruption.
The antimicrobial activity was assessed based on minimum
inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC) values. The extract exhibited strong effects
against Staphylococcus aureus MRSA, Streptococcus mutans, and
S. aureus MRSA+MDR strains. The antioxidant potential was
assessed through the 1,1-Diphenyl-2-picrylhydrazyl (DPPH)
radical assay, demonstrating a notable ability to scavenge free
radicals. These findings suggest that P. lanceolata could serve as
a protective or supportive agent against diseases associated with
oxidative stress. GC-MS analysis identified the volatile
components, with high concentrations of fatty acid derivatives
such as linolenic acid and hexadecenoic acid. The study
demonstrated that P. lanceolata possesses notable antibiofilm,
antimicrobial, and antioxidant properties, making it a valuable
natural resource. Owing to its bioactive compounds, this species
exhibits  significant potential for applications in the
pharmaceutical, food, and cosmetic industries. It may also
function as an important phytochemical in the drug developers'
search for resources. Further research is required to expand its
potential applications and prove its clinical efficacy.

1. INTRODUCTION

Microorganisms constitute a significant portion of global biodiversity,
encompassing the domains Archaea and Bacteria, which represent two of the
three fundamental domains of life [1]. The majority of microorganisms consist
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of bacteria [2] and this group of organisms is critically important for human life
[3]. Indeed, while many bacterial species contribute positively to vital processes,
opportunistic pathogens can cause severe infections, particularly in cases of a
weakened immune system [4]. Bacteria can employ both phenotypic and genetic
strategies to develop resistance against environmental stressors, such as
antibiotics, that threaten their survival [5]. These strategic adaptations enhance
the ability of microorganisms to adapt and acquire resistance [6].

As reported by the World Health Organization [7], the major challenge of the
modern era is the increasing antimicrobial resistance. To prevent this rising
resistance, the discovery of new antimicrobial compounds is essential [8]. The
discovery of antibiotics is regarded as one of the greatest achievements in the
field of medicine in the modern era. The clinical use of antibiotics has provided
an effective treatment for bacterial infections, significantly reducing morbidity
and, consequently, mortality rates [9]. Since the 1990s, the discovery of new
antibiotics has declined, and newly introduced antibiotics are merely optimized
and modified versions of existing ones, without changes in their antibacterial
mechanisms [6]. According to data from the Centers for Disease Control and
Prevention (CDC), antibiotic-resistant bacteria cause infections in approximately
2 million people annually in the United States alone [10]. Inappropriate
treatment practices and the misuse of antibiotics have contributed to the
emergence of antibiotic-resistant bacteria, presenting serious challenges for
future public health [11]. Resistant bacteria complicate treatment processes and
gradually diminish the effectiveness of existing drugs [12]. This situation
encourages scientists to develop new drugs and treatment methods; however, the
number and effectiveness of current research efforts remain insufficient. The
rapid ability of bacteria to develop resistance mechanisms makes the exploration
of alternative treatments even more urgent and crucial [13]. Alongside
advancements in synthetic technologies, plant-derived compounds play a crucial
role in the development of antimicrobial agents [14]. In traditional medical
practices, plant-derived substances have been widely used throughout history
and have gained prominence due to their pharmacological effects [15].

Throughout history, many civilizations have used various plant extracts for
wound healing, infection treatment, and even the management of numerous
chronic diseases [16] Medicinally important plants continue to be key
sources of bioactive compounds in pharmaceutical research and
development [17]. In the study of antibiotic resistance, a major issue of our time,
scientists worldwide and in Turkey are increasingly focusing on plants, which
are the foundation of traditional medicine [18,19]. Plants synthesize a wide
variety of secondary metabolites for environmental adaptation, competitive
advantage, and defense [20]. Recent studies reveal that some of these metabolites
possess antimicrobial potential and can be considered in alternative treatment
strategies, particularly against global health issues such as antibiotic resistance
[18, 21].
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The genus Plantago belongs to the Plantaginaceae family and consists of seed-
bearing plants [22]. This family, which includes approximately 275 species, is
represented in Turkey by 22 species, two of which are endemic [23, 24]. Itis a
perennial herbaceous plant that can be found in grasslands and along roadsides
[25]. It is used worldwide as a functional food and in certain diets for the
treatment of various diseases [26]. It has extensive pharmaceutical applications,
with P. lanceolata L. standing out particularly due to its phytochemical effects
[27]. This plant has traditionally been utilized for treating various health
conditions, including wound healing and inflammation [28]. This plant has
traditionally been utilized for treating various health conditions, including
wound healing and inflammation [29]. The high concentrations of flavonoids and
phenolic compounds in its leaves constitute the primary biochemical basis for its
pharmacological activities [30]. Recent studies have demonstrated that extracts
of Plantago lanceolata exhibit antibacterial and biofilm-inhibitory activities
against pathogenic bacteria such as Borrelia burgdorferi [31] The extract of the
plant has also been reported to exhibit antifungal activity against certain
dermatophytic fungi, suggesting the potential of Plantago lanceolata for
dermatological applications [30].

This study was carried out primarily on P. lanceolata L., which is widespread in
the Anatolian region. The biological activity of P. lanceolata, which has
ethnobotanical importance and grows in our geography, was evaluated with 48
microorganisms. The bioactive compounds it contains were examined by GC-
MS and its antioxidant capacity was evaluated accordingly. The data obtained
contribute significantly to the accumulation of knowledge in the literature on the
biological properties of the species in question.

2. MATERIALS AND METHODS

2.1 Chemicals

1,1-Diphenyl-2-picrylhydrazyl (DPPH, Sigma-Aldrich): Used as a stable free
radical in the antioxidant capacity assay. Ethanol (Sigma-Aldrich): Absolute
ethanol was used during the extraction process. Dimethyl Sulfoxide (DMSO,
Sigma-Aldrich): Utilized at a 2% concentration in combination with distilled
water for the preparation of extracts in antimicrobial tests. LB Broth
(Merck): Employed as a liquid growth medium in antimicrobial assays. Mueller-
Hinton Agar (MHA, Oxoid): Used as a solid culture medium for antimicrobial
testing. Saline Solution (0.9% NaCl): Used for bacterial suspension preparation
according to the McFarland standard. Ascorbic Acid (Carlo Erba): Served as the
positive control in the antioxidant assay.

2.2 Preparation of Plantago lanceolata extract

P. lanceolata samples were collected from local markets. To extract its
secondary metabolites, the plant material was finely pulverized using an IKA
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grinder. A precisely measured 15-gram portion of the powdered sample was
placed into an Erlenmeyer flask, and 200 milliliters of 99.8% ethanol was added.
The mixture was then subjected to continuous agitation at 160 rpm for 72 hours
using an orbital shaker to enhance the extraction process [32]. Following the
shaking process, the mixture was filtered using Whatman No.1 filter paper to
remove solid residues. The extract was then concentrated using a rotary
evaporator (Buchi Labortechnik AG) at 35°C [33]. The remaining substance in
the flask was weighed, yielding 0.686 grams. Finally, it was dissolved in ethanol
to obtain a 15 mL extract. The extract was made into DMSO-water (2% DMSO)
extract for the antimicrobial activity tests performed in the study (for MIC, MBC
and Anti-biofilm tests). For bioactive content analysis, the extract was prepared
with 99.8% absolute ethanol.

The ethanol extracted P. lanceolata solution was adjusted to a concentration of
1 mg/mL for antioxidant activity assay. Similarly, ascorbic acid solution used as
a positive control was prepared at the same concentration of 1 mg/mL. Ascorbic
acid (vitamin C) was used as a positive control due to its well-established
antioxidant activity. It reacts with DPPH radicals, leading to a measurable color
change, and thus serves as a reliable reference for comparing the antioxidant
potential of samples. In the negative control group, only the DPPH solution was
used to establish the baseline absorbance of the system.

2.3 Inoculum preparation

The inoculum of microorganisms used in the experiment were selected from
exponentially growing colonies on nutrient media that exhibited similar
morphological characteristics. The isolated colonies were transferred into tubes
containing a 0.9% sterile sodium chloride (NaCl) solution, and the turbidity of
the cell suspensions was adjusted to match the 0.5 McFarland standard. This
standard corresponds to approximately 1.5 x 108 CFU/mL for bacteria and 1.5 X
107 CFU/mL for yeasts. Maintaining this standard is essential for ensuring a
consistent cell concentration under experimental conditions, thereby enabling
reproducible and reliable results. During the inoculum preparation, the optical
density of the suspensions was assessed using a densitometer [33].

2.3.1 Microorganisms

The microbial strains used in this study were obtained from the Microbiology
Laboratory of the Faculty of Science, Dokuz Eyliil University.

The tested microorganisms consisted of a total of 48 strains, including 45
bacterial strains and 3 yeast strains. Standard isolation microorganisms, Bacillus
subtilis DSMZ 1971, Enterobacter aerogenes ATCC 13048, Enterococcus
faecalis ATCC 29212, Escherichia coli ATCC 25922, Listeria monocytogenes
ATCC 7644, Pseudomonas aeruginosa DSMZ 50071, Pseudomonas fluorescens
P1, Salmonella enteritidis ATCC 13076, Salmonella typhimurium SL1344,
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Staphylococcus aureus ATCC 25923, Staphylococcus epidermidis DSMZ 20044,
Staphylococcus hominis ATCC 27844, Staphylococcus warneri ATCC 27836,
Bacillus cereus RSKK 863, Shigella flexneri RSKK 184, Acinetobacter
baumannii CECT 9111, Food isolated microorganisms, Enterococcus durans,
Enterococcus faecium, Klebsiella pneumoniae, Listeria innocua, Salmonella
infantis, Salmonella kentucky, Escherichia coli, Clinical isolated
microorganisms, Staphylococcus aureus, Streptococcus mutans, Staphylococcus
hominis, Staphylococcus haemolyticus, Staphylococcus lugdunensis, Shigella
boydi, Acinetobacter baumannii, Shigella flexneri, Staphylococcus aureus,
Enterococcus faecalis, Klebsiella pneumoniae, multi-drug resistance
microorganisms, Escherichia coli, Klebsiella pneumoniae, Acinetobacter
baumannii, Enterobacter aerogenes, Serratia odorifera, Proteus vulgaris,
Streptococcus pneumonia, Staphylococcus aureus MRSA, Staphylococcus
aureus MRSA+MDR, Providencia rustigianii, Achromobacter sp. The yeasts are
Candida albicans DSMZ 1386, Candida tropicalis, Candida glabrata.

2.4 Antimicrobial activity test

2.4.1 Disc diffusion test

In the disk diffusion assay used to assess antimicrobial activity [34], blank
antibiotic susceptibility disks (Oxoid, 6 mm diameter) were impregnated with
the extract at three different volumes (50, 100, and 150 pL). The corresponding
extract concentrations on the disks were calculated as follows: 50 uL — 2.28 mg,
100 uL — 4.57 mg, and 150 pL — 6.86 mg. The extract-loaded disks were then
allowed to dry at 30°C to facilitate ethanol evaporation. Following this, 40 mL
of Mueller-Hinton Agar (BD Difco) was dispensed into sterilized 90 mm Petri
dishes and left to solidify [35]. Inside a biosafety cabinet, pre-inoculated
microorganism suspensions were evenly spread over the agar surface. After
complete evaporation of ethanol, disks containing only the active compound
were appropriately placed in each Petri dish. The plates were subsequently
incubated at 37°C for 24 hours for bacterial cultures, while yeast cultures were
incubated at 27°C for 48 hours. Gentamicin and Tobramycin antibiotics were
used as positive controls in the study. At the end of the experiment, the sizes of
the inhibition zones were determined in millimeters with a ruler and noted.

2.4.2 Minimum Inhibitory Concentration (MIC) test

The Minimum Inhibitory Concentration (MIC) assay is a crucial antimicrobial
evaluation method that identifies the minimal extract concentration required to
prevent bacterial proliferation. In this study, the extract obtained from P.
lanceolata was prepared as a 2% Dimethyl Sulfoxide (DMSQ)-water solution.
To maintain sterility, the extract was passed through a 0.45 micrometer
membrane filter. The broth microdilution method was performed in 96-well
microplates to evaluate antimicrobial activity [36]. The bacterial strains used in
the experiments were adjusted to the 0.5 McFarland standard. Subsequently, an
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appropriate amount of culture medium was added to each well of a 96-well
microplate, and the extract was serially diluted to achieve decreasing
concentrations. A predetermined amount of inoculum was then added to each
well. For the positive control, only the culture medium and microbial suspension
were used, whereas for the negative control, wells containing only the extract
and culture medium, without the microbial inoculum, were prepared. To ensure
the repeatability and reliability of the experiments, all procedures were
performed in three independent replicates. Following the incubation period, the
wells were inspected, and the minimum extract concentration that showed no
detectable bacterial proliferation was identified. This value was documented as
the Minimum Inhibitory Concentration (MIC). Bacteria and culture medium
without plant extract were used as positive control. As negative control, only
culture medium and plant extract were selected.

2.4.3 Minimum Bactericidal Concentration (MBC) test / Minimum
Fungicidal Concentration (MFC) test

The Minimum Bactericidal Concentration (MBC) is defined as the smallest
amount of an antimicrobial agent necessary to effectively eliminate the bacterial
population. In this study, after determining the Minimum Inhibitory
Concentration (MIC) value of P. lanceolata, 10 uL samples were taken from all
wells where bacterial growth was either inhibited or absent. These samples were
then transferred onto MHA plates. The inoculated plates were incubated at 37°C
for 24 hours. The MBC value was determined by observing bacterial growth
before and after incubation. Based on these findings, the minimum antimicrobial
concentration that completely inhibited bacterial presence on the plates was
determined as the MBC value [37]. Positive and negative controls included in
the MIC test were used.

The Minimum Fungicidal Concentration (MFC) is the minimum concentration
of an antimicrobial agent needed to completely eradicate the yeast population. In
this study, following the determination of the MIC of P. lanceolata, 10
uL samples were collected from all wells where yeast growth was either
inhibited or absent. These samples were subsequently inoculated onto MHA
plates. The plates were under controlled condition 27°C for 48 hours, after which
yeast growth was assessed. The MFC value was determined as the lowest
antimicrobial concentration at which no yeast colonies were observed. Positive
and negative controls included in the MIC test were used.

2.4.4 Anti-biofilm test

To determine the anti-biofilm potential of P. lanceolata ethanol extract in
different microbial strains, concentrations below the MIC values were first
identified. Bacterial cell suspensions were standardized to the 0.5 McFarland
turbidity level and dispensed into each well of a 96-well microplate. The
prepared plates were incubated at 37°C for 48 and 72 hours, respectively. The
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exposure durations were established using a previously performed biofilm
detection assay [38]. After the incubation period, the plates were rinsed with
distilled water to remove free-floating cells and then treated with 0.1% crystal
violet for 15 minutes. Following this process, any excess dye was removed by
an additional wash with distilled water. Subsequently, a 7:3 mixture (70%
ethanol: 30% acetone) was added to dissolve the strain. In the final step, the
optical density of the liquid in each well was assessed at 550 nanometers. The
experiment was performed in triplicate [39].

2.4.5 Determination of antioxidant activity

The ability of the P. lanceolata ethanol extract to neutralize free radicals was
assessed by monitoring the decolorization of the persistent DPPH radical. This
approach is based on the capacity of antioxidant compounds to neutralize DPPH
radicals, leading to a reduction in the intense purple coloration observed at a
wavelength of 515 nanometers.

For this purpose, 0.0039 g of DPPH preapared in 50 mL ethanol. Prepared DPPH
was added to the specified columns with the serial dilution method [40]. The
mixture was kept at ambient temperature in the absence of light for 30 minutes.
After this period, the optical measurement was recorded at 515 nanometers using
a microplate reader (Biotek Microplate Spectrophotometer). Ascorbic acid, a
commercially available antioxidant, was used as the positive control. All tests
were repeated three times.

The percentage of DPPH radical neutralization was determined using the
following formula:

AL — 4o

DPPH Radical Scavenging (%) = ( ) %x 100

0
In the equation, Ao refers to the initial optical density of the DPPH mixture
(control), while A: represents the optical density of the extract-treated samples.
This calculation quantifies the percentage of DPPH radicals scavenged by the P.
lanceolata ethanol extract, providing an assessment of its antioxidant potential
[21].

2.6 Biochemical composition analysis

To analyze the biochemical profile of the plant extract, GC-MS analyses were
conducted using an Agilent 8890 GC system coupled with an Agilent 5977B
mass spectrometer (Agilent Technologies Inc.) [41]. An HP-5MS capillary
column (30 m x 0.25 mm i.d., 0.25 um film thickness) was used for the
separation of volatile compounds. Helium (99.999% purity) was employed as the
carrier gas at a constant flow rate of 1.0 mL/min. The injection volume was 1 uL
with a split ratio of 1:10, and the injector temperature was set at 250 °C. The
oven temperature was initially set at 50 °C (held for 2 minutes), then increased
by 10 °C/min to 280 °C and held for 10 minutes, resulting in a total run time of
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approximately 35 minutes. The MS detector operated in electron ionization (EI)
mode at 70 eV, scanning a mass range of m/z 50-550. The ion source
temperature was maintained at 230 °C. The obtained mass spectra and retention
times were compared with entries in the Wiley-NIST mass spectral library for
compound identification. The data were analyzed multiple times to verify the
presence and quantity of the identified compounds. Depending on the solvent
system, certain analytical parameters were adjusted as needed. In this study,
compounds constituting at least 0.5% of the total composition were classified
and reported as predominant components. The results obtained through this
approach provide a comprehensive profile of the extract's fundamental chemical
composition [42].

2.7 Statistical analysis

Data from three independent experiments for each antioxidant activity were
reported as the mean =+ standard deviation (SD). ECso values were subsequently
estimated through the Four-Parameter Logistic Regression method with a 95%
confidence interval [43]. Statistical analyses were performed in R Studio
(version 2024.09.0) using One-Way Analysis of Variance (ANOVA) and
the Pearson correlation test. The level of statistical significance was set at p <
0.05.

3. RESULTS

3.1 Antimicrobial activity test

The ethanol extract of P. lanceolata was tested for antimicrobial activity against
various bacterial and yeast strains using the disk diffusion method. Gentamicin
and Tobramycin were employed as positive controls, and the inhibition zone
measurements for extract-containing disks are provided in Tables 1-4. These
antibiotics were included in the assay to facilitate comparative evaluation.

To evaluate the differences among independent trials, an ANOVA test was
applied, resulting in a p-value of 0.00111. Since this value is below 0.05, it
demonstrates a notable variation among the dose groups. However, Pearson
correlation analysis revealed a low correlation coefficient (r= 0.0365, p =
0.4491) between extract concentration (50 microliters, 100 microliters, and 150
microliters) and inhibition zone diameter. This result suggests that the increase
in extract concentration did not produce a clear dose-dependent effect on the
inhibition zone.



TABLE 2. The disk diffusion method was employed to assess the antimicrobial response of food-isolated strains, with results
recorded in millimeters. A value of (0.00+0.00) indicates no inhibition. Data are presented as mean + standard deviation (n = 3),

derived from three independent trials that yielded consistent results

Strains 50pL 100pL 150pL Gentamicin Tobramycin
Bacillus subtilis DSMZ 1971 7.33+0.58 7.00+ 0.00 7.33+£0.58 30.00+ 0.00 26.00=0.00
Candida albicans DSMZ 1386 7.33+0.58 0.00+ 0.00 8.00+ 0.00 12.00=0.00 13.00= 0.00
Enterobacter aerogenes ATCC 13048 0.00<+ 0.00 0.00<+ 0.00 0.00+0.00 24.00+0.00 18.00= 0.00
Enterococcus faecalis ATCC 29212 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 12.00+ 0.00 8.00= 0.00
Escherichia coli ATCC 25922 0.00+ 0.00 0.00<+ 0.00 0.00+0.00 22.00+0.00 20.00=0.00
Listeria monocytogenes ATCC 7644 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 28.00+ 0.00 24.00+ 0.00
Pseudomonas aeruginosa DSMZ 50071 0.00=+ 0.00 0.00+ 0.00 0.00+0.00 15.00=0.00 22.00=0.00
Pseudomonas fluorescens P1 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 13.00+ 0.00 12.00= 0.00
Salmonella enteritidis ATCC 13076 7.00+ 0.00 7.00+ 0.00 7.33+0.58 21.00+ 0.00 20.00= 0.00
Salmonella typhimurium SL1344 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 24.00+ 0.00 15.00= 0.00
Staphylococcus aureus ATCC 25923 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 21.00+0.00 14.00= 0.00
Staphylococcus epidermidis DSMZ 20044 7.67+0.58 9.00+ 1.00 10.00= 1.00 22.00+0.00 20.00+ 0.00
Staphylococcus hominis ATCC 27844 8.33+0.58 8.00+ 1.00 9.00+ 1.00 18.00= 0.00 16.00= 0.00
Staphylococcus warneri ATCC 27836 0.00=+ 0.00 0.00+ 0.00 0.00+ 0.00 23.00+ 0.00 18.00+ 0.00
Bacillus cereus RSKK 863 0.00<+ 0.00 0.00+ 0.00 0.00+0.00 24.00+0.00 18.00= 0.00
Shigella flexneri RSKK 184 0.00=+ 0.00 0.00+ 0.00 0.00+ 0.00 18.00<= 0.00 17.00= 0.00
Acinetobacter baumannii CECT 9111 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 13.00+ 0.00 22.00+ 0.00
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TABLE 2. The disk diffusion method was employed to assess the antimicrobial
response of food-isolated strains, with results recorded in millimeters. A value of
(0.00+0.00) indicates no inhibition. Data are presented as mean + standard deviation (n
= 3), derived from three independent trials that yielded consistent results

Strains 50pL 100pL 150pL Gentamicin  Tobramycin
Enterococcus durans 0.00+£0.00  0.00+£0.00  0.00+£0.00  11.00+0.00  13.00+0.00
Enterococcus faecium ~ 0.00£0.00  0.00£0.00  0.00+0.00  28.00+0.00  15.00+ 0.00
Klebsiella pneumoniae  0.00+0.00  0.00+£0.00  0.00+£0.00  19.00+0.00  23.00+ 0.00
Listeria innocua 0.00£0.00  0.00£0.00  0.00+£0.00  13.00+0.00  15.00+ 0.00
Salmonella infantis 0.00+£0.00  0.00+0.00  0.00+£0.00  17.00+0.00  14.00+ 0.00
Salmonella kentucky 0.00+£0.00  0.00+0.00  0.00+£0.00  12.00+0.00  16.00+ 0.00
Escherichia coli 0.00+0.00  0.00+0.00  0.00+0.00  0.00+0.00 0.00+ 0.00

TABLE 3. The disk diffusion method was used to evaluate the antimicrobial response
of clinically isolated strains, with results expressed in millimeters. A value of (0.00+0.00)
signifies no inhibition. Data are presented as mean =+ standard deviation (n = 3), based
on three independent trials that demonstrated consistent results

Strains 50pL 100pL 150pL Gentamicin  Tobramycin
Staphylococcus aureus 7.67+£0.58  9.00+1 10.00+£0.00  22.00+0.00  18.00+ 0.00
Streptococcus mutans 7.00£0.00  8.00+£0.00  9.00£5.20  22.00+0.00 24.00+ 0.00
Staphylococcus hominis 0.00£0.00  0.00+£0.00  0.00+£0.00  9.00+ 0.00 11.00+ 0.00
Staphylococcus haemolyticus  0.00+0.00  7.00+£0.00  8.00+0.00 10.00£0.00  10.00£ 0.00
Staphylococcus lugdunensis  0.00+0.00  0.00+£0.00  0.00+0.00 17.00£0.00  18.00%0.00
Shigella boydi 0.00+£0.00  0.00+£0.00  0.00+£0.00  20.00+£0.00  18.00+0.00
Acinetobacter baumannii ~ 0.00£0.00  0.00+0.00  0.00£0.00  18.00=0.00  16.00+ 0.00
Shigella flexneri 0.00+£0.00  0.00+£0.00  0.00+£0.00  16.00+£0.00  14.00+0.00
Staphylococcus aureus 0.00£0.00  0.00+£0.00  0.00+£0.00  22.00+£0.00 16.00+0.00
Enterococcus faecalis 8.33+£0.58  9.00+1 9.67£0.58  12.00=0.00 10.00+ 0.00
Klebsiella pneumoniae 0.00£0.00  0.00+£0.00  0.00+£0.00  18.00+£0.00 18.00+ 0.00
Candida tropicalis 0.00+£0.00  0.00+£0.00  0.00+£0.00  0.00+ 0.00 0.00+ 0.00
Candida glabrata 0.00£0.00  0.00+£0.00  0.00£0.00  7.00£0.00  8.00+0.00




TABLE 4. The disk diffusion method was employed to evaluate the antimicrobial activity against multi-drug-resistant strains, with
results expressed in millimeters. A value of (0.00+0.00) denotes the absence of inhibition. Data are reported as mean =+ standard
deviation (n = 3), based on three separate trials that yielded consistent results

Strains 50pL 100nL 150nL Gentamicin  Tobramycin
Escherichia coli 0.00=0.00 0.00=0.00 0.00=0.00 8.00+ 0.00 9.00=0.00
Klebsiella pneumoniae 8.33+0.58 8.00+ 0.00 8.00+1.00  15.00=0.00  20.00+0.00
Acinetobacter baumannii 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00=0.00
Enterobacter aerogenes 0.00= 0.00 0.00=0.00 0.00+0.00  16.00=0.00 18.00+ 0.00
Serratia odorifera 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 7.00+ 0.00 9.00=0.00
Proteus vulgaris 0.00=0.00 0.00=0.00 0.00+£0.00  11.00=0.00 11.00+= 0.00
Streptococciis pneumonia 0.00<+ 0,00 0.00+ 0.00 0.00£0.00  10.00=0.00 8.00= 0.00
Staphylococcus aureus MRSA 9.33+0.58 10.00=1.00 11.00=0.00  0.00+ 0.00 7.00=0.00
Staphylococcus aureus MRSA+MDR 10.00=1.00 11.00=0.00 11.67=0.58 22.00=0.00 21.00+ 0.00
Providencia rustigianii 0.00=0.00 0.00= 0.00 0.00=0.00 16.00=0.00 19.00+ 0.00
Achromobacter sp. 8.00+ 0.00 9.00+0.00 9.67+0.58 9.00+ 0.00 0.00=0.00
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These results indicate that P. lanceolata ethanol extract exhibited inhibition
effects against 13 out of 48 tested strains, demonstrating significant antimicrobial
activity against specific microorganisms. Among standard isolated bacteria
(Table 1), S. epidermidis DSMZ 20044 showed a 10 mm inhibition zone,
while S. hominis ATCC 27844 exhibited a 9 mm inhibition zone. No
antimicrobial activity was observed among food isolated strains (Table 2). In
clinical isolates (Table 3), the highest inhibition zone was recorded for S. aureus,
measuring 10 mm. Among multidrug-resistant (MDR) strains (Table 4), S.
aureus MRSA, S. aureus MRSA+MDR, and Achromobacter sp. showed the
greatest sensitivity to the applied extract concentrations. However, the extract’s
efficacy varied among different microorganisms, emphasizing the importance of
strain-specific susceptibility.

TABLE 5. Evaluation of MIC, MBC, and MFC values of P. lanceolata: Unveiling its
antimicrobial and antifungal efficacy

Strains MIC MBC/MFC
(mg/ml) (mg/ml)
Bacillus subtilis DSMZ 1971 > 22,867 > 22,867
Candida albicans DSMZ 1386 > 22,867 > 22,867
Salmonella enteritidis ATCC 13076 > 22,867 > 22,867
Staphylococcus epidermidis DSMZ 20044 > 22,867 > 22,867
Staphylococcus hominis ATCC 27844 > 22,867 > 22,867
Klebsiella pneumoniae > 22,867 > 22,867
Staphylococcus aureus MRSA 0,175 0,179
Staphylococcus aureus MRSA +MDR 5,717 5,717
Achromobacter sp. > 22,867 > 22,867
Staphylococcus aureus 0,175 0,715
Streptococcus mutans 0,175 0,179
Staphylococcus haemolyticus 0,175 11,433
Enterococcus faecalis > 22,867 > 22,867

MIC and MBC values were also determined (Table 5). MIC values varied
between, 0.175 to 22.867 milligrams per milliliter. The microorganisms with the
lowest MIC values wereS. aureus MRSA, S. aureus, S. mutans, and S.
haemolyticus, each with an MIC of 0.175 mg/mL. MBC values ranged between
0.179 and 11.433 mg/mL. Notably, S. aureus MRSA and S. mutans exhibited the
lowest MBC values (0.179 mg/mL), indicating high susceptibility to bactericidal
effects. For other strains, such as B. subtilis DSMZ 1971, S. epidermidis DSMZ
20044, and C. albicans DSMZ 1386, MIC and MBC values were recorded as
>22.867 mg/mL, suggesting that the required extract concentration for
antimicrobial activity exceeded the tested range.
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These findings demonstrate that P. lanceolata ethanol extract is effective
against S. aureus MRSA,S. mutans, andS. haemolyticus even at low
concentrations. The notable antimicrobial effect detected at minimal
concentrations indicates that P. lanceolatacould be a strong natural
antimicrobial agent.

3.2 Anti-biofilm activity

The antibiofilm activity of P. lanceolata ethanol extract against different
bacterial strains was evaluated. Biofilm activity was determined through OD550
absorbance measurements, and percentage changes were calculated relative to
the control group. This research evaluated the antibiofilm activity of the tested
plant solution against various bacterial species.

Staphylococcus aureus
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FIGURE 1. Effects of Plantago lanceolata on inhibition of biofilm formation. The
line is normal amount of biofilm observed-positive controls. S. aureus from clinically
isolated strain
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FIGURE 2. Impact of Plantago lanceolata on Biofilm Development Inhibition. The

line is normal amount of biofilm observed-positive controls. S. mutans from clinically
isolated strain
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FIGURE 3. Impact of Plantago lanceolata on Biofilm Development Inhibition. The
line is normal amount of biofilm observed-positive controls. K. pneumoniae from
strains with multi-drug resistance
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Acinetobacter baumannii
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FIGURE 4. Impact of Plantago lanceolata on Biofilm Development Inhibition. The
line is normal amount of biofilm observed-positive controls. A. baumannii from strains
with multi-drug resistance
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FIGURE 5. Impact of Plantago lanceolata on Biofilm Development Inhibition. The
line is normal amount of biofilm observed-positive controls. S. aureus MRSA from
strains with multi-drug resistance
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Salmonella typhimurium SL1344
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FIGURE 6. Effects of Plantago lanceolata on inhibition of biofilm formation. The
line is normal amount of biofilm observed-positive controls. S. typhimurium SL1344
from standart isolates

In S. aureus (Figure 1) and S. typhimurium SL1344 (Figure 6) strains, biofilm
inhibition was observed at lower extract concentrations, whereas an increase in
biofilm formation was recorded at higher concentrations. Specifically, in S.
aureus, biofilm production decreased by 4.84% at 5.5 ug/mL, while an increase
of 6.67% was observed at 21.9 pg/mL. Similarly, S. typhimurium was the only
strain where biofilm formation was suppressed at lower concentrations (16.86%
reduction), yet at the highest concentration, biofilm production increased by
15.09%. These findings indicate that the solution may act in a dose-dependent
manner, demonstrating antibiofilm properties at low concentrations while
potentially promoting biofilm formation once specific threshold concentrations
are exceeded.

In  contrast,S.  mutans (Figure  2), K.  pneumoniae (Figure  3), A.
baumannii (Figure 4), and methicillin-resistant S. aureus (MRSA) (Figure 5)
exhibited a significant increase in biofilm formation upon treatment with the
extract. The highest increase in S. mutans was observed at 10.9 ug/mL (19.18%),
while in K. pneumoniae, biofilm production increased by 41.20% at 11.4 pg/mL.
In the Gram-negative pathogen A. baumannii, biofilm formation dramatically
increased by 116.98% at 11.4 pg/mL. Similarly, in S. aureus MRSA, biofilm
activity significantly increased across all tested concentrations, with a 61.66%
increase at 5.5 pg/mL and reaching 63.62% at 21.9 pg/mL.

These findings suggest that P. lanceolata extract may induce different biofilm
responses depending on the bacterial species and applied concentration.
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3.3 Antioxidant activity

The antioxidant activity of P. lanceolata ethanol extract was measured using the
DPPH free radical neutralization test. Ascorbic acid was employed as the
positive control, and ethanol without the extract was used as the negative control.

TABLE 6. DPPH free radical neutralization activity of Plantago lanceolata ethanol
extract and ascorbic acid (%) expressed as mean = SD

Concentration DPPH Radical Neutralization DPPH Radical

(ng/mL) Activity of P. lanceolata (%) Neutralization
Activity of

Ascorbic Acid

(%0)

1000 62.70 £ 0.21 94.70 += 0.00
500 60.80 £ 0.56 94.30 £ 0.05
250 63.20+1.01 92.40 £0.01
125 41.00+1.87 91.00 £ 0.01
62.5 23.40+£6.91 73.00 + 0.04
31.25 18.90 £ 2.65 40.20+£0.07
15.625 10.60+1.71 23.20+0.27
7.81 051+1.14 11.80 £ 0.04

Upon examining the antioxidant activity of the extract, the highest inhibition rate
was determined to be 62.7% + 0.21. Furthermore, the ECso value was determined
to be 0.0858 milligrams per milliliter. In contrast, the ECso value of ascorbic acid
was determined to be 0.04 milligrams per milliliter, indicating that the
antioxidant capacity of the extract is lower than that of ascorbic acid. To assess
the statistical significance of differences between concentrations, an ANOVA
test was conducted, yielding a p-value of p <2 x 107!, This outcome confirms a
statistically significant difference between ascorbic acid and the extract.
Furthermore, Pearson correlation analysis was conducted to assess the
correlation between extract concentration and DPPH scavenging activity,
yielding an r value of 0.753 (p = 2.335 x 107'#). This strong positive correlation
indicates that as the extract concentration increases, the ability to neutralize
DPPH radicals increases proportionally. In conclusion, while P.
lanceolata ethanol extract exhibits notable antioxidant activity, its efficacy is not
as strong as that of ascorbic acid. However, a significant increase in antioxidant
capacity was observed with increasing extract concentrations.
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3.4 Biochemical composition analysis (GC-MS)

The biochemical profile of the P. lanceolata ethanol extract was examined
through GC-MS analysis. Compounds present in concentrations above 0.5%
were categorized as primary components. Table 7 outlines the identified
chemical constituents, including their chemical structure, molecular formula, and
molecular weight.

TABLE 7. GC-MS analysis of Plantago lanceolata ethanol extract profile

Molecular
Retention Area % Formula Weight
Time Compound Name (g/mol)
35.005 0.31 Myristic acid C14H250, 228.37
36.532 4.10 Neophytadiene CaoHas 278.50
39.794 17.95 Hexadecanoic C16H3202 256.42
acid
44.189 5.14 Linoleic Acid Ci1sH3202 280.40
44.357 26.46 Linolenic Acid Ci1sH3002 278.40
44.484 7.95 Linolenyl alcohol CisH320 264.40
44,621 26.37 Linolenic Acid C1sH300- 278.40
44,881 4.64 cis,cis,cis-7,10,13- C16H260 234.38
Hexadecatrienal
45,208 2.26 Octadecanoic acid Ci1sH3602 284.5
47.906 0.19 Sorbitol CsH1406 182.17
49.331 0.26 Eicosanoic acid C20H4002 312.5
53.985 0.34 Docosanoic acid Ca2H402 340.6
56.723 0.22 Eicosane CaoHa2 282.5
65.710 0.32 1-Nonadecene CigHss 266.5
70.871 0.23 1-Docosene CooHas 308.6
72.875 0.61 Phytyl stearate CasH740; 563.0

The major components identified in the GC-MS analysis were Neophytadiene
(C20Hss) — 4.10%, Hexadecanoic acid (CisHs20:, Palmitic Acid) — 17.95%, and
Linolenic acid (C1sH300:) — 52.83%, as detailed in Table 7.

This analysis indicates that P. lanceolata ethanol extract possesses a
composition rich in lipid derivatives and fatty acids. Notably, hexadecanoic acid
is a well-known compound with reported antimicrobial and antioxidant
properties [44].

Among the compounds identified in the GC-MS analysis, sorbitol (CsH:+Os) Was
detected at 0.19%. Sorbitol metabolism plays a crucial role in plants as a sugar
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alcohol with various biological functions [45]. It is involved in the plant's defense
mechanisms against environmental stress factors. To sum up, the major
components identified in P. lanceolata ethanol extract provide significant
insights into the plant’s potential pharmacological and biological activities.

4. DISCUSSION

Bacteria pose significant risks in the modern world and have become one of the
greatest threats of our time. The resistance mechanisms that bacteria have
developed against antibiotics and antimicrobial agents have driven scientists to
focus on discovering novel antimicrobial compounds. In this search for
alternative bioactive compounds, plants play a crucial role. Plants contain
important biochemical compounds that contribute to various physiological and
ecological processes, including environmental adaptation. These biochemical
compounds, classified as secondary metabolites, exhibit diverse biological
properties, including antimicrobial, antioxidant activities [46].

Our comprehensive study on P. lanceolata offers an in-depth evaluation of its
antimicrobial, antibiofilm, and antioxidant properties. The results of the
chemical composition analysis offer valuable insights into the plant’s potential
antimicrobial and antioxidant effects. The findings align with previous studies in
existing literature, further supporting the pharmacological capability of P.
lanceolata. This study was conducted using a broad-spectrum microorganism
collection, ensuring a comprehensive evaluation of its bioactive properties.

The antimicrobial activity of P. lanceolata ethanol extract was initially evaluated
using the disk diffusion test. To ensure the consistency of the results across
replicates, ANOVA statistical analysis was performed, yielding a p-value of
0.00111. This result indicates a statistically significant similarity among repeated
replicates. The correlation coefficient between the extract doses (50 microliters,
100 microliters, and 150 microliters) and inhibition zone diameters was found to
be low, suggesting that increasing extract concentration did not have a clear
dose-dependent effect on inhibition zones. The extract was tested against 48
microorganism strains, with the most pronounced inhibitory effects observed
among multidrug-resistant and clinically relevant strains. P. lanceolata extract
exhibited the highest antimicrobial effectiveness against multidrug-resistant S.
aureus MRSA+MDR, forming a 12 mm inhibition zone, while among clinical
isolates, it demonstrated a 10 mm inhibition zone against E. faecalis. The Gram-
positive bacterium S. aureus has shown significant susceptibility to P.
lanceolata in previous studies [47]. A study in existing literature investigated the
differences in the antimicrobial effectiveness of P. lanceolata extracts prepared
using different solvents. The results demonstrated that the same bacterial strains
exhibited varying susceptibilities depending on the solvent used [48].
Antimicrobial activity studies with different solvents are conducted to explore
how each solvent’s unique chemical properties influence the extraction and
bioactivity of plant compounds.
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In antimicrobial activity assays, bacterial growth in response to varying
concentrations of the plant extract was assessed using the MIC test. The obtained
results showed that the extract displayed strong antimicrobial activity against
specific microorganisms. Among the tested strains, the most susceptible bacteria
were multidrug-resistant S. aureus MRSA, clinically isolated S. aureus, and S.
haemolyticus, with an MIC of 0.175 milligrams per milliliter. This finding
indicates that P. lanceolata extract is effective against these strains even at low
concentrations. Evaluation of the MBC test revealed that the MBC value for S.
aureus MRSA and S. mutans was 0.179 mg/mL, suggesting strong bactericidal
activity. In contrast, the MIC value for S. haemolyticus was recorded as 11.433
mg/mL, indicating a higher concentration requirement for antimicrobial efficacy
against this strain. The observation of low MIC and MBC values against
antibiotic-resistant strains such as S. aureus MRSA suggests that the plant
extract has potential for further investigation as an antimicrobial agent. Among
the standard strains, microorganisms such as B. subtilis DSMZ 1971 and S.
enteritidis ATCC 13076 exhibited resistance beyond the tested extract
concentrations.

The results obtained from the MIC and MBC experiments indicate that the
antimicrobial activity of P. lanceolata extract aligns with findings from previous
studies in the literature [48]. Similarly, studies available have explored the
antimicrobial properties of other members of the Plantaginaceae family, such
as P. lanceolata and P. major. The findings suggest that the presence of
antioxidant activity within this plant family may contribute to its potential
applications in various fields [49].

The antibiofilm activity of P. lanceolata ethanol extract was evaluated against
different microorganism strains, revealing that biofilm inhibition varied with the
type of bacterial species and extract concentration. The analyses indicated that
the extract exhibited a selective effect on biofilm inhibition. While biofilm
suppression was observed at low concentrations in certain strains, such as
clinically isolated S. aureus and standard strain S. typhimurium SL1344, an
increase in biofilm formation was detected in pathogenic strains including S.
mutans, K. pneumoniae, A. baumannii, and S. aureus MRSA.

The presence of saturated fatty acids detected in the GC-MS analysis was
investigated because of their potential influence on biofilm formation, which
may be either positively or negatively affected. This effect appears to be
dependent on environmental conditions [50]. The findings suggest that P.
lanceolata extract exhibits a selective effect on biofilm inhibition, acting as a
suppressor in some bacterial species while promoting biofilm formation in
others. Research has examined the antimicrobial properties of species within
the Plantago genus. Studies have examined how extracts obtained from different
plant organs using various solvents can influence biofilm formation in bacteria,
highlighting the impact of solvent selection on antimicrobial activity [51]. In the
literature, the antibiofilm activity of P. lanceolata extract has been investigated
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against K. pneumoniae and E. coli bacteria [52]. In our antibiofilm study, the
analysis of multidrug-resistant strains suggested the presence of certain factors
that may promote biofilm formation. This finding provides a valuable
contribution to the literature by offering a deeper understanding of the biofilm-
modulating effects of P. lanceolata extract.

The antioxidant property of P. lanceolata ethanol extract was assessed using the
DPPH assay. The free radical neutralization capacity of DPPH was compared
with that of vitamin C (ascorbic acid). The results showed that the extract
exhibited antioxidant activity, although its effectiveness was less than ascorbic
acid. To quantify the antioxidant activity, the ECso value was used. The ECso
represents the concentration of the plant extract needed to neutralize half of the
DPPH free radicals. The ECso value of P. lanceolata ethanol extract was
determined as 0.0858 mg/mL, whereas for ascorbic acid, this value was 0.0400
mg/mL. The higher ECso value of the plant extract indicates that a higher amount
is needed to produce the same antioxidant effect as ascorbic acid.

To determine whether the antioxidant activity of P. lanceolata extract is
concentration-dependent, Pearson correlation analysis was performed, yielding
an r value of 0.753 (p < 0.0001). This strong positive correlation indicates that
as the concentration of the extract rises, the DPPH scavenging capacity also
increases proportionally. Additionally, ANOVA analysis confirmed statistically
significant differences among the different extract concentrations.

While ascorbic acid is identified as a pure compound, the plant extract exhibits
a complex composition. Antioxidant effects can occur in synergistic or
antagonistic interactions among its constituents. This suggests that the
bioactivity of P. lanceolata extract could be enhanced through the isolation of
its compounds into purer fractions. P. lanceolata extract presents potential as a
natural antioxidant source.

Several studies have assessed the antioxidant capacity of P. lanceolata obtained
from different sources using the DPPH assay [53]. The obtained results indicated
that P. lanceolata extracts from different locations exhibited varying antioxidant
activities. In the literature, the total antioxidant capacity of P. lanceolata extracts
has been measured using both the DPPH and ABTS assays [54]. These studies
suggest that the antioxidant activity of P. lanceolata has potential applications in
various fields.

The biochemical profiling of P. lanceolata ethanol extract was analyzed using
GC-MS. The results indicated that the extract primarily consists of lipid
derivatives, fatty acids, aliphatic hydrocarbons, and terpenoids. A study in the
literature [55] reported the presence of fatty acids in P. lanceolata extract based
on GC-MS analysis. Among the dominant components, fatty acids such as
linolenic acid (CisH3002) (26.46% and 26.37%) and hexadecanoic acid
(CisH3202, palmitic acid) (17.95%) were identified. Linolenic acid has
previously been shown to exhibit strong antioxidant, cardiovascular protective
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effects [56]. Hexadecanoic acid, detected in the GC-MS analysis, is a fatty acid
known for its antibacterial properties [57]. The compound has been reported to
exhibit antibacterial effects against pathogens such asS. aureusand P.
aeruginosa. In our study, the low MIC values observed against S. aureus MRSA
and S. mutans may be associated with the presence of this compound.
Additionally, Neophytadiene (C20Hss) (4.10%) has been documented in the
literature as a compound capable of inhibiting biofilm formation in certain
bacterial species [58]. This compound is considered a significant secondary
metabolite with the potential to contribute to the inhibitory effects observed in
plant extracts against microorganisms. The results suggest that the components
identified in the GC-MS analysis of P. lanceolata ethanol extract may be
associated with its antioxidant and antimicrobial activities.

According to the literature, P. lanceolata is a plant with high drought tolerance,
fast growth and deep rooting [59]. Plantago lanceolata's tolerance to drought
conditions and deep rooting ability make it an important candidate for forage
production and environmental sustainability. The inhibitory effect of aucubin
compound on nitrification in the soil indicates the potential of this species to
reduce nitrogen losses and N>O emissions. The genotype and seasonal variability
of aucubin content in leaves and roots reveals the importance of genotype
selection for this purpose [60].

5. CONCLUSIONS

As a poster with the title “Antimicrobial Activity of Plantago lanceolata L.
(Ribwort Plantain) with Ethnobotanical Significance” a part of this study was
presented in International Congress of New Searches in Multidisciplinary
Studies. This study extends the findings summarized in our presentation
'‘Antimicrobial Activity of Plantago lanceolata L. (Ribwort Plantain) with
Ethnobotanical Significance' by analyzing them in more detail and compares
them with existing information in the literature.

This study extends the findings summarized in our presentation 'Antimicrobial
Activity of Plantago lanceolata L. (Ribwort Plantain) with Ethnobotanical
Significance' by analyzing them in more detail and compares them with existing
information in the literature.

This study demonstrates that Plantago lanceolata L. possesses antimicrobial,
antibiofilm, and antioxidant properties. The plant extract exhibited significant
antimicrobial activity, particularly against S. aureus MRSA, S. mutans, and S.
aureus MRSA+MDR strains. The antioxidant capacity, determined by the DPPH
assay, indicated a strong free radical scavenging potential.

GC-MS analysis revealed a volatile compound profile rich in fatty acid
derivatives, particularly linolenic acid and hexadecenoic acid. The study
employed a broad-spectrum microorganism collection, contributing valuable
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data to the literature. The findings suggest that P. lanceolata represents a
promising natural resource for pharmaceutical, food, and cosmetic applications.
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the history and they have an important place in today’s daily life.
They have a wide range of uses, from biotechnological to medical
purposes. Plant-derived biomaterials possess various
implementation in many fields including food industry, health
care, biomedical science, cosmetics, energy science,
environmental health and drug-gene delivery. Biomaterials have
evolved to tissue-specific smart polymers since their discovery.
Many biotechnological applications have allowed the production
of biomaterials with different structures and shapes.
Furthermore, latest studies demonstrated that constitutive
organization and surface topographies of plants might also be
beneficial for many biomaterial production processes. In this
article, the history, classification, properties and application
areas of biomaterials are explained by supporting studies. As a
conclusion, it is inescapable for scientists to realise that plants
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are affordable, maintainable and regenerative platforms, and
thus, they are optimal resources for generation of organic
biomaterials. In this review, important current developments in
the field of plant-derived biomaterials are also discussed.

1.INTRODUCTION

According to the Consensus Conference of the European Society of
Biomaterials-Il, a biomaterial is defined as the desired interface material in
biological systems, utilized to assess processes aimed at enhancing, treating, or
modifying the functioning of any body, tissue, or organ. Biomaterials are
recognized for their biocompatibility with living tissues [1]. Biomaterials are
typically categorized based on their material properties including polymeric
materials, biopolymers, ceramic materials, certain active metals, and their
composites. These materials are also classified based on their interactions with
living tissues and responses against. Hence, biomaterials can be classified into
non-bioactive or bioactive, biomimetic and biodegradable materials. When
biomaterials are directly employed in living tissues, they can interact with the
biological system in a controlled manner and thus they be utilized for diagnostic
or therapeutic purposes [2, 3]. Biomaterials are extensively utilized in biological
systems and medical devices. These biomaterials include ceramic materials,
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certain metals and their alloys, specific bioactive glasses, polymeric materials
and their composites, biopolymers and their composites, as well as materials
synthesized from animal-derived sources [4].

Biomaterials can be inserted into tissues like tendons, intraocular ligaments,
heart valves, dental implants, and vascular transplants. Through the biomaterials,
damaged or deteriorated organs and tissues can be fully replaced [5, 6]. The main
materials used as biomaterials are: biodegradable polymeric materials, ceramic
materials, alloys of some materials, biopolymers, composite materials,
biocomposite materials reinforced with natural fibers, some other filling
materials [7]. According to the literature findings, how a qualified biomaterial
should have is listed below (Table 1).

At the present time, conventional materials are replaced by materials obtained
from sustainable sources, and important steps are being taken for the
development and design of these materials. Therefore, sustainable biomaterial
applications exhibit an increasing trend compared to other conventional
materials. There are several advanced techniques for synthesizing different types
of biomaterials. These techniques also include thermal or hydrothermal synthesis
Table 1 shows how biomaterials should be manufactured and utilized to ensure
that they are more sustainable for our environment [4].

While various techniques are employed for nanomaterials in biological
applications, one of the most commonly utilized methods is hydrothermal
carbonization conducted in an aquatic environment under moderate pressure and
temperature conditions. The resulting material from this technique finds utility
in numerous applications including drug delivery, CO. separation, catalysis in
various organic synthesis, sensors, and chemical vapor deposition [4].

TABLE 1. Properties of a good biomaterial [4]

Characteristics which a qualified biomaterial

should possess

Manufacturing for sustainability

Biomaterials are available in solid or liquid forms,
and they can be synthesized artificially or derived

naturally from biological sources.

In addition to reducing the quantity of raw materials
utilized, there is a pressing need to decrease the
materials employed in packaging and prioritize the
quality of the product

Biomaterials are generally non-living in nature or in

combination with other substances

Disposable items that cannot be recycled or

composted should be actively avoided.

Newly produced materials can be successfully

applied to structurally and functionally regenerate,

replace or repair any part of the body (organ, tissue).

Fossil fuel-based products and their derivatives
must be avoided, and products obtained from

renewable resources must always be preferred.
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Biomaterials improve quality of people's life Sustainability must be ensured in the potential use
of product materials in the life cycle of products, in
the recycling from materials from residue and in
raw material growth. In addition, the sustainability
factor should be internalized in the medical, social,

financial and all other relevant environmental areas

Products must be recyclable, reusable, or
biodegradable.

Government must promote sustainable farming

facilities for farmers and other communities.

The use of genetically modified organisms (GMOs)

must be prohibited in raw material manufacturing

Chemicals that comply with the twelve principles
of green chemistry must be used on agricultural
farms

Chemicals and nanomaterial products that cause
environmental problems and harm public health
must be limited

The different stages of the fabrication procedure

must be distributed in a multi-centre way

The searching for a biomaterial in which biological and mechanical factors are
in balance is difficult. Synthetic materials have traditionally excelled at
providing the mechanical properties needed to support tissue growth. The most
important handicap of such materials is their limited bioactivity. Due to their
limited cell adhesion and inability to replace the extracellular matrix, synthetic
materials become limited in supporting biological ingredients of cell
proliferation. Moreover, synthetic materials typically lack degradability, thereby
posing risks such as extrusion, immunogenicity, and hindrance in the formation
of new tissues. The non-degradable ones may have a toxic affect to humans by
spreading [8].

With the emergence and development of nanotechnology, there is an increasing
demand for the use the natural materials for different biomedical applications. In
addition, this rapidly expanding sector has made the requirement for eco-friendly
biomaterials. For example, because of their chemical modifiability and ease of
hydrogel formation, plants-derived biomaterials also function as potential
bioinks (Figure 1). Therefore, these abundant, natural, renewable new generation
bioinks have attracted considerable interest in 3D bioprinting investigations [8].
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FIGURE 1. Plant-derived biomaterials obtained from terrestrial and sea creatures
and their uses [8]

Concerns are growing about the depletion of natural resources, the growth of
global populations and the release of large amounts of waste in our oceans and
atmosphere [9]. Issues such as electronic waste, resource depletion, human
health, the costs of medical systems and environmental problems lead people to
work in the field of renewable, sustainable and flexible electronics. In order to
cope with these challenges, it is needed to improve environmentally friendly,
sustainable and biocompatible devices [10].

Plant-based products including cotton, wood, linen, and hemp have been used
for countless of purposes for thousands of years [9]. Plants are living organisms
with important parts such as wood, leaf and flower that host many natural
materials in nature. The hierarchical structures of plant-based materials are
displayed in Figure 2 [10].
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FIGURE 2. Hierarchical structure of materials in plants [11]

The names "biomaterials science” and "biomaterials field" refer to two distinct
but related research disciplines. Examining the structure, evolutionary processes,
and adaptive mechanisms that enable these materials to carry out a particular
function is the focus of biological materials field. Biomaterials science, on the
other hand, tries to make material scaffolds that mimic the desired properties of
biological tissues. As a result, its goal is to replace damaged tissue [10].

Biomaterials applied for different areas need to have some specific properties.
Also it should have good functionality for special applications. After the
biomaterials are applied in the human body, they must restore function in the
damaged part or in the tissues affected by the disease. Moreover it can be used
to diagnose the diseases. Biomaterials possess many different medical properties
[4]. These features can be listed as in Table 2.
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TABLE 2. Some medical properties of a good biomaterial [12]

Medical properties which biomaterials can
provide

Requirements of a implanted biomaterial

Filling gaps in plastic surgery operations,

It should be compatible with blood

Bone replacement, load transmission and

stress distribution,

It should not be toxic and dangerous when it
is applied for delivering the drug to the target

organ or for eradicating cancerous cells

Stabilizing mechanical abrasion on joint

implants which have high lubricity

Non-inflammatory, non-mutagenic, -non-

carcinogenic, non-allergenic, non-pyrogenic

in nature biomaterial should be selected

Good light transmittance and correct refractive | Biomaterials should not affect the
value in the intraocular lens for clarity
Good

implantation,

surrounding tissues and organs

sound conduction in  cochlear

In pacemakers, biomaterials must have a

suitable stimulant for electrical conductivity

The membrane made of biomaterial for

dialysis has a high permeability

Good biomaterial should be biocompatible and not harmful to host organisms
after implantation. Therefore, the implanted biomaterial is required to fulfill the
characteristics in Table 2.

Biological understanding, which integrates with the principles of engineering
technology to meet medical needs, has a very important contribution to the
creation of life-changing and life-saving therapeutic products like artificial organ
pacemaker surgical robot systems ECG. Moreover, tissue engineering with
biomimetic 3D cell-core scaffolds is seen as a favorable approach for the
restoration of tissue-oriented inventions such as 3D printing of bioorganisms.

2. HISTORY OF BIOMATERIALS

Since ancient times, humankind have been addicted on herbal products for their
basic needs. Plants were used for crop, fuel, garment and medical needs [13, 14].
The usage of plant tissue as a biomaterial in humans dates back to 3000 BC.
Historians and archaeologists have found proof that ancient Egyptian doctors
utilized coconut shells to renovate fractures and imperfections in sick skulls [15].
Moreover, the Romans and Ancient Egyptians could sculpt wooden prostheses
for limb and exploit vegetable fibers to suture the skin around the lesions. Some
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of the earliest applications of biomaterials are the usage of gold wires to fixate
loose teeth with synthetic ones by the Phoenicians [13, 14].

From antiquity to the industrial revolution in the 19th century, plant biomaterials
were commonly selected as materials for crafting external prosthetics. Materials
capable of meeting the physical demands of the altered tissues are prioritized.
For example, wooden prostheses were used instead of bone, and the teeth were
replaced by ivory or gold. Insufficient attention was paid to the use of internal
biomaterials due to lack of anesthetic because this deficiency limited the
complexity of the surgeries that can be performed at those times [15]. Early in
the 20th century, bone plates were a useful tool for stabilizing fractured bones
and shortening the healing time. In clinical trials conducted in the 1950s and
1960s, hip articulations, prosthetic heart valves, and blood vessel repair were all
improved [13, 14].

The field of biomaterials has changed with the establishment of materials science
in the 20th century. In later stages, scientists began to focus on the internal
microarchitecture of biomaterials to figure out the significance of the
biomaterial-tissue interface at cellular level [15]. Traditional tissue repair
methods have many disadvantages, including various surgeries, increased risk of
infection, harmful procedures, and donor shortage. As a result of increasing
population and urbanization, the demand for bio-repairment needs is increasing.
The industrial revolution facilitated the production of a range of artificial
biomaterials, initially metallic and later polymers, possessing highly
advantageous properties for the advancement of medical equipment. Synthetic
biomaterials have minimum biocompatibility and scarce capacity for tissue
remodeling. In recent years, both nature-based materials and artificial
biomaterials have become integral components of regenerative therapeutics and
tissue engineering technologies. Only a small fraction of the approximately
300,000 plant species worldwide—about 5000—have been investigated for their
potential medicinal applications. There remains a vast reservoir of plant-based
natural materials existing purpose of medicinal use, with many yet to be
discovered [16].

2.1 First generation biomaterials

The first known scientific endeavor in the subject of biomaterials occurred
during World War Il, when military surgeon and ophthalmologist Dr. Harold
Ridley treated an aviator who had been struck by machine gun fire and had
particles of polymethacrylate in his eyes. Dr. Ridley investigated the possibility
that acrylic particles would impair a pilot's sight, and remarkably, the pilot
showed no reaction to the synthetic, foreign material that had been lodged in his
eyes. Because of this incident, Dr. Ridley developed the first artificial intraocular
lens in 1950 to replace a patient's whole natural lens [17, 18]. In 1981, the US
Food and Drug Administration (FDA) approved intraocular lens replacement,
and since then, it has become one of the most common procedures performed
worldwide [19].
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In company with the emergence of the field of materials science, several unique
internal biomaterials were developed from the 1960s to 1980s. These include
materials which are derived from various biological materials that form the basis
of first-generation internal prostheses. The first principle on first-generation
biomaterials is to reduce the biological response of host against a foreign matter
for creating bioinert scaffolds. The aim is to obtain a biomaterial that does not
cause a chronic Foreign Body Response (FBR) and does not form a fibrous
capsule between it and the host once it is implanted. Otherwise this process will
result in implant inefficacy and rejection of the biomaterial [20].

Prolonged implantation of first generation biomaterials will eventually cause to
over-absorption of host proteins and ultimate implant fault, predisposing patients
to serious infection. Consequently, additional surgical intervention is required to
remove the failed implant [20].

FBR is an immunological response to a biomaterial characterized as the final
stage of chronic inflammation, massive cell occurrence and fibrotic capsule
formation around the implanted biomaterial, and is prominent in first generation
biomaterials. Therefore, researchers turned to developing second-generation
biomaterials to tackle problems such as degradation and surface modifications in
the host [21].

2.2 Second generation biomaterials

Researchers have tried to eradicate the incidence of implant ineffectiveness and
multiple operations by designing biomaterial that decomposes inside the
transplanted host [20]. Next-generation biomaterials are engineered to
incorporate a three-dimensional (3D) structure that supports host cell integrity
[22]. Important features of second generation biomaterials are that the material
is slowly degraded to be replaced by host tissue, reducing the risk of secondary
surgery, and any by-product fragments are eliminated by the host phagocyte
cells. Second-generation biomaterials are designed to be bioactive, promoting
decomposition and minimizing the environmental impact of biomaterials [20].
They still generate byproducts, though, such glycolic and lactic acids. This
constant release lowers local pH levels and causes an inflammatory reaction,
which can damage delicate tissue after surgery or injury [23].

2.3 Engineered biomaterials (Introduction to the modern age)

From 1935 to 1978, researchers concentrated on developing synthetic
biomaterials with tailored properties to substitute naturally occurring
biomaterials. During this period, various biomaterials emerged, including
synthetic polymers, silicones, ceramics, hydrogels, metal alloys, polyurethanes,
Teflon, polyethylene glycol (PEG), poly (lactic-co-glycolic acid) (PLGA),
hydroxyapatite, titanium, and bioglass [24].



OVERVIEW OF PLANT-DERIVED BIOMATERIALS 112

2.4 The modern age of biomaterials

Initially, first-generation biomaterials primarily focused on providing structural
support during the early stages of biomaterial improvement. Researchers aimed
to modify the function of replaced tissue within the host. This initial phase of
biomaterials development aligned with the rise of materials science, leading to
the adaptation of existing industrial materials for biomedical applications.
Researchers have created a temporary host tissue interface that facilitates the
reduction of foreign biomaterial to by-products, owing to the degradable
biomaterial. Researchers have started to enhance degradable biomaterials to
optimize essential properties like durability and flexibility. The increasing level
of programmable control over biomaterials has facilitated numerous applications
in various fields. Controlled drug delivery and gene therapy are the good
examples of them. The researchers designed the chemical composition of the
biomaterials to ideally suit the microenvironment of the intended replacement
tissue [15].

2.4.1 Smart polymers

Polymers are extensively utilized in biomaterial implementations. As researchers
have developed polymers capable of responding to diverse stimuli, they have
started utilizing polymers as an innovative therapeutic delivery system. Smart
polymers are designed to release their contents in response to a range of internal
and external stimuli, with the inclusion of chemical, physical, and biological
cues. Consequently, these polymers can be tailored to discharge a drug solely in
response to a specific trigger, including internal cues like enzymatic activation
or alterations in local pH levels. Likewise, external stimuli may involve
electromagnetic radiation, light, or activation through acoustic energy. Such
advancements enable the utilization of drug-loaded smart polymers to precisely
release compounds into tissue in patients [25, 26].

2.4.2 Natural biomaterials

These natural biomaterials are sourced from endogenous proteins and serve as
delivery vectors for a range of therapeutic agents. Endogenous protein-based
materials possess the ability to undergo enzymatic or hydrolytic degradation by
the host. Typically, an immunogenic response may arise from allogeneic protein
or tissue derived from animal sources [15].
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3. CLASSIFICATION OF PLANT BASED BIOMATERIALS

There are various methods for the classification of biomaterials which are shown
in Table 3 [27].

TABLE 3. Basic biomaterial classification

Classification Basics Biomaterials in Different Classes

Chemical Composition Ceramic materials, Polymeric Materials,

Metals and Composite Materials

Occurrence or Origin Natural, Semi-Synthetic, Synthetic, Hybrid
Materials

Dimensional Stability Nano, Micro and Macro Forms of
Biomaterials

Interaction with Living Body Absorbable, Non-Absorbable, Bioactive

Tissues and Biological Inertia

Biodegradability Biodegradable and Biostable

Structural View Porous and Non-Porous

Application Diagnostic, Therapeutic, Restorative,

Preventive and Regenerative
Field of Application Interbody, Extracorporeal

Contact Time with Body Tissue Limited, Long-Term and Permanent

Biomaterials used mostly in medicinal applications are categorized into two
types [27].

3.1 Absorbable materials

They are materials that undergo degradation after being implanted into the
human body and are subsequently absorbed by body tissues. Such materials are
degraded slowly and their micro or nano sized fragments are released into the
body. Eventually, they are absorbed by the body fluids and dissolve completely
by the time of progress.

3.2 Non-absorbable materials

Biomaterials that do not disintegrate and are not absorbed by the tissues after
being implanted in the human body are non-absorbable materials [27, 28].

Biomaterials can be categorized based on their properties and applications,
including bio-inert materials, bioactive materials, biocompatible materials,
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biodegradable materials, and biostable materials. Bioactive materials have
significant interactions with living tissues, whereas non-bioactive materials
possess minimal interactions with human tissue. Metals employed as
biomaterials typically exhibit inert behavior towards body tissues. Ceramic and
polymeric materials can be inert or absorbable, with ceramics often exhibiting
bioactive properties as well. In specific applications of biomaterials, the design
and selection of biological, chemical, physical and mechanical properties are
very important for better functioning of the raw materials [29].

3.3 Carbon materials and renewable resources

There are numerous biopolymers found in the nature and biosynthesized from
different living organisms. The main examples of these biopolymers are
cellulose obtained from plants, chitin obtained from fungi and arthropods.
Additionally, numerous other biopolymers, such as agar, chitosan, zein, dextrin,
and alginate, originated from organic materials, along with carbon-based
materials. These biopolymers and their composites find applications across
various fields owing to their biocompatibility, bioactivity, biodegradability and
non-toxic nature [30, 31].

The production and development of biologically-derived materials from natural
resources and nanocomposites with biocompatibility are important for various
sectors. Many conventional methods have been implemented to design and
develop sustainable biomaterials by controlling particle size, temperature,
pressure, biomaterial morphology, mechanical and thermal stability and pH.
Biomaterials designed by conventional methods are applied in many different
fields, but in the design of sustainable biomaterials, there are many parameters
to be overcome such as reproducibility, high porosity, stability, controllable
properties of the material. Therefore, modification is essential in nanomaterial
production [4].

3.4 Classification of biomaterials by their nature and tissue responses

Naturally derived biomaterials can be divided into many groups according to
their structure. Protein-based biomaterials (silk, gelatin, collagen etc.),
polysaccharide-based biomaterials (chitin, cellulose, glucose, etc.) and
biomaterials obtained from decellularised tissue (decellularized blood vessels,
heart valves) are good examples of this category [32].

3.4.1 Biologically inert biomaterials

Once a material is implanted into the human body, the surrounding tissue begins
to interact with it. Any material with even the slightest degree of this interaction
is called 'bioinert’. Titanium, stainless steel, partially stabilised zirconia, alumina
and ultra-high molecular weight polyethylene are some examples of the bioinert
materials. A fibrous capsule can expand surrounding bioinert implants.
Therefore, the operability of the implant depends on its integrity with the
surrounding tissue.
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3.4.2 Biologically active biomaterials

A substance that interacts with peripheral tissue after insertion into a human body
is referred to as bioactive. This is a surface kinetic shift brought on over time by
its implantation in live bone. A "carbonate apatite” stratum is created in the bone
as a result of ion exchange between a bioactive implant and the surrounding body
fluid. Some of the main biologically active biomaterials are synthetic
hydroxyapatite, glass ceramic and bioglass materials.

3.4.3 Bio-absorbable biomaterials

Bioabsorbable refers to a substance that, after being placed in the human body,
starts to break down (be absorbed) and is gradually replaced by growing tissue,
such as bone or cartilage. Polylactic-polyglycolic acid copolymers and tri
calcium phosphate are the main bioabsorbable materials. Other common
materials used in recent years are calcium oxide, calcium carbonate and gypsum
[16].

4. PROPERTIES OF PLANT-DERIVED BIOMATERIALS

Plant-derived materials are known to provide increased mechanical steadiness,
bioactivity, biocompatibility, and biodegradability [8]. Plant-derived
biomaterials have gained priority in the field of bioprinting due to their desirable
properties (Figure 3). Polysaccharides such as agar, alginate, cellulose are
commonly utilized in the structure of scaffold installations. Numerous
researchers have extensively examined the appropriateness of these
polysaccharides within the realm of regenerative medicine [33].

Bio- Cost
compatible Effective

Abundantly
Advantages of WAZIHELE

Plant-based
Biomaterials

User Medicinal
Friendly Properties

Enhance
Cellular
Activities

FIGURE 3. Advantages of plant-derived biomaterials [33]
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4.1 Agarose

Agarose is a biomaterial obtained from red algae. Its capability to reversibly
transition into a gel form with temperature has sparked attention in the realm of
plant-based 3D bioprinting [34]. It behaves like alginate with its high water
uptake and resemblance to extracellular matrix. It has also the advantage of self-
gelation through hydrogen bonding without the requirement of possibly toxic
cross-linking compounds like genipin [35]. Cells in agarose interfere with the
cross-linking process and the hydrogen bonding required for gel formation. This
can be overcome by increasing cell affinity through combination with other
polymers such as collagen, chitosan and cellulose [36]

4.2 Alginate

Alginate stands as a member of the most extensively employed materials in 3D
bioprinting. Alginate is commonly obtained from brown algae species such as
Laminaria digitate, Laminaria hyperborean, Laminaria japonica, Ascophyllum
nodosum and Macrocystis pyrifera [37]. In terms of structure, polysaccharides
are copolymers consisting of B-D-Mannuronic acid (M) and -D-Mannuronic
acid (G). Alginates contain -D-Mannuronic acid and B-D-Mannuronic acid
residue blocks in varying proportions. In the copolymer, f3-D-Mannuronic acid
and B-D-Mannuronic acid-p-D-Mannuronic acid (together) residues increase
flexibility. p-D-Mannuronic acid residues enhance both rigidity and gelling
capability [38]. The natural proportion of f-D-Mannuronic acid to B-D-
Mannuronic acid fluctuates depending on the species of seaweed from which the
alginate is sourced. The ratio exhibits environmental and seasonal variability.
Therefore, anionic compounds are obtained from different combinations for
usage in diverse biomedical implementations [39, 40].

4.3 Cellulose

Globally, the most abundant biopolymer is cellulose, comprised of recurring
monomer units of d-anhydroglucopyranose. These units are interconnected via
B-(1-4) glycosidic bonds [4].

The acidic hydrolysis of cellulose leads to the cleavage of the glycosidic bond,
resulting in the formation of nanocrystalline cellulosic materials, often known as
nanocellulose. Cellulose nanocrystals have been successfully used as
flocculants, supercapacitors, raw materials for some types of advanced paper,
polymer composites and hydrogels. Industrially, it functions as a co-catalyst in
conjunction with catalysts such as palladium, silver and gold nanoparticles [41].

Carboxymethyl cellulose provides mechanical strength for the hydrogel system
and acts as excellent fillers in order to overcome obstacles related to shape
accuracy [33].
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4.4 Starch

Starch, a polysaccharide, is sourced from cereals and tuber crops like potatoes.
Itis stored in large quantities [42]. The composition of starch molecules typically
comprises around 30% amylose and 70% amylopectin. However, the specific
ratio between amylose and amylopectin can vary naturally depending on the
source from which the starch is extracted [43]. Starches containing a higher
proportion of amylose offer increased crystallinity and firmness. Their
hygroscopic properties enable reversible hydration. Consequently, it supports
continuous hydrogel spraying in extrusion-based printing methods [8].

There are several mechanical variables that determine the viscoelastic
characteristics of starch. These characteristics primarily include concentration,
extrusion temperature, storage modulus, elasticity, and flow stress [22].

Starch is widely recognized for its high biocompatibility, making it a promising
material for scaffolds in tissue engineering and drug delivery implementations.
Research has indicated that the encapsulation of cells in hydrogels based on
starch results in enhanced cell adherence and vitality. Starch's rheological
characteristics make it simple to modify the hydrogel's composition, which
makes it easier to replicate the architecture of real tissues. Thus, it fulfils the
various mechanical requirements for different cell types [44].

4.5 Nanocellulose

Nanocellulose, a highly versatile and abundant natural biopolymer, possesses
remarkable mechanical strength, unique surface chemistry, and favorable
biological properties such as high biocompatibility, low biodegradability, and
non-toxicity. Additionally, it is an affordable material which may be used for a
variety of purposes [8]. In general, architecture of nanocellulose consists of a
complex arrangement of polymeric cellulose chains (about 1 nanometre) and
macroscopic fibrillar structures with a diameter of about 5-20 um (micrometres)
in hierarchical order. In the microfibrillar structure, there is a pattern of well-
organized crystalline regions alternated with less structured amorphous domains
[45]. This arrangement ultimately determines the mechanical properties of
cellulose. It provides flexibility and plasticity to amorphous regions. In addition,
this configuration causes the formation of regular (crystalline) fraction, which
contributes to the strength and flexibility of the substance [46].

Generally, there are three primary types of nanocellulose: cellulose nanocrystals,
nanofibrillated cellulose, and bacterial cellulose. Generally, there have been
significant research studies on plant-derived components which are largely
favoured for their sustainability. Sources for cellulose nanocrystals and
nanofibrillated cellulose extraction contain wood, hemp, cotton, potato tubers
and algae [46].
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4.6 Fucoidan

Fucoidan, a sulfated polysaccharide derived from brown algae and seaweeds like
Kombu and Wakame, is water-soluble and exhibits the capacity to improve both
the hydrophilic and mechanical properties of original polycaprolactone scaffolds
[47] and additionally, this polymer possesses the capability to merge with other
substances like alginate, gelatin, chitosan, calcium phosphates, and
hydroxyapatite. Naturally, this situation renders it a favourable polysaccharide
for developing new bioink formulations [48]. The material has potential anti-
inflammatory, antioxidant and angiogenic properties for tissue engineering
purposes [8]. Fucoidan's rheological characteristics also seem favorable for
bioprinting; at concentrations less than 1.5% weight-volume, it exhibits shear-
thinning tendency [49].

The rheological characteristics of fucoidan subtypes, both linear and branching,
varied. Indeed, it seems that the type of seaweed used to extract the fucoidan
affects the variations in viscosity. These discrepancies are due to changes in
uronic acids, sulfate ratios, and molecular weight [8]. A direct correlation is
noted between fucoidan concentration and dynamic viscosity. However, a
decline in viscoelasticity is observed at elevated temperatures. The addition of
substances like NaCl or CaCl; to the hydrogel leads to a gradual rise in the
dynamic modulus, thereby enhancing the mechanical resilience of the hydrogel.
Moreover, the viscoelastic properties of fucoidan are found to remain consistent
across a broad pH spectrum [49]. Fucoidan has numerous medicinal properties.
Itis used in preclinical research studies for its antioxidant, anti-inflammatory and
anti-cancer properties [50]. Besides, it has been found to stimulate the
differentiation of osteoblast-like cells (MG-63) and adipose-derived stem cells
in vitro. In other studies, angiogenesis-inducing properties of fucoidan have been
shown through regulation of protein kinase B and matrix metalloproteinase-2.
Fucoidan also prevents disruption of the FGF-2-FGF-receptor (Fibroblast
Growth Factor-2) complex and induces angiogenesis in endothelial cells.
Fucoidan can be utilized for bone tissue regeneration because of these two
characteristics [51]. Using freeze-drying technique, Puvaneswary et al. (2015)
created composite scaffolds included tricalcium phosphate, fucoidan, and
chitosan to be used for bone tissue engineering applications. When fucoidan was
added, human mesenchymal stem cells secreted more osteocalcin in vitro—a
direct indicator of osteogenic differentiation. Chitosan-fucoidan, chitosan-nano
hydroxyapatite-fucoidan, and chitosan-nano hydroxyapatite were among the
combinations of scaffolds that were created. Among them, the most successful
scaffold for periosteum-derived mesenchymal stem cell proliferation and
differentiation was found to be the chitosan-nano hydroxyapatite-fucoidan
composite, which showed a favorable architecture [52, 53].
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4.7 Karagenan

Carrageenan is a polygalactone extracted from red seaweeds (algae,
Rhodophyceae). It is a biopolymer classified as a sulfated polysaccharide. The
substance comprises alternating lengthy chains of ester sulfated o-1,3 D-
galactose and B-1,4 3,6-anhydro-galactose, resembling the structure of
mammalian glycosaminoglycans found in natural extracellular matrices such as
glucosaminoglycans [33, 8].

Carrageenan is crosslinkable and can gel both thermally and ionically. To create
a bioprinting bioink, it is mixed with other substances such as nanosilicates and
polymethacrylic anhydride. The precision, pliability, and stiffness of this ink
allow the creation of layered tissue architectures [8]. Carrageenan-based bioinks
showed an affinity for osteogenesis in addition to their high cell viability and
adhesion capacity [54, 55]. Moreover, it boosted the compressive strength of
collagen-hydroxyapatite-based composite gels, making them suitable for
applications in bone tissue engineering [56]. The sulfated structure of
carrageenan  closely  resembles the naturally occurring sulfated
glycosaminoglycans found in the cartilage extracellular matrix [57, 58].
Therefore, this structure shows chondrogenic, non-toxic and mechanical features
resembling natural cartilage [58]. Due to its easy crosslinking and similarity to
glycosaminoglycan, carrageenan is of great importance for cartilage bio-inks [8].

4.8 Pectin

The primary component of pectin, a heteropolysaccharide, is D-galactosyluronic
acid bound by an a-1—4-glycosidic linkage. Citrus fruit cell walls are the
primary source of it. Depending on how much the residues of galaturonic acid
have been esterified, it is categorized as having either high or low methoxy
pectin. Due to its ability to be adjusted and refined by polymer concentration or
crosslinking, pectin is a very adaptable substance. As a result, it may replicate a
variety of natural textures [59].

Pectin naturally occurs as a component of plant cell walls. Due to its high
molecular weight and hydrophilicity, it is well-suited for forming hydrogels and
is considered an excellent candidate for 3D bioprinting. Pectin is also a versatile
hydrogel. Since it has an adhesive cell ligand, it has rheological and viscoelastic
properties which are suitable for independent modulation [59]. By adjusting
polymer and/or crosslinker concentration, the elastic modulus of pectin can be
modulated to biomechanically mimic a broad spectrum of natural human tissue
types [60].

Pectin is extracted from waste materials derived from the fruit juice, apple, and
cider industries through acidic and heat extraction methods [61]. Gelling is more
likely to occur with highly densed solutions of pectin. Moreover, gelation occurs
when pectin is subjected to acidic conditions along with the presence of divalent
or trivalent cations [62]. Pectin, like alginate, is easily cross-linked when divalent
calcium ions are present, forming links between homogalacturonic chains [63].
However, compared to other natural polymers, pectin has not been extensively
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studied for its potential in tissue engineering and regenerative applications [62].
Poor ability of pectin to bind cells is one of its main drawbacks. However, its
potential as a scaffold in bone tissue creation has been investigated by several
researchers. Improved cell adhesion has been attained by combining it with some
other substances such as polyvinyl alcohol [64, 65, 66].

4.9 Ulvan

Ulvan is a naturally occurring bio-polysaccharide consisting of glucuronic,
iduronic, sulphated rhamnose, and xylose acids. It can be naturally isolated from
the cell wall of green algea including Ulva lactuca and Ulva rotundata. Its
distinct makeup, which contains iduronic acid—a component seldom seen in
other modern algal polysaccharides such as alginates and agar—is what
distinguishes ulvan from other similar products. Ulvan exhibits structural
properties similar to mammalian glucosaminoglycans such as heparin and
chondroitin sulfate, attributed to the presence of sulphated sugar residues. As a
result, research endeavors have been directed towards exploring its potential in
regenerative applications [67].

This water-soluble thermosensitive polymer may be mixed with other materials
to create a milieu that is tailored to a particular tissue. Moreover, ulvan
demonstrates both biocompatibility and biodegradability, making it a promising
candidate for incorporation into bioink formulations [68 ,69].

4.10 Other important biomaterials

Plants are a source of many elements, including proteins, sugars, essential oils,
and secondary metabolites, each with its own special qualities. Of them, proteins
have garnered a great deal of attention for tissue engineering endeavors because
of their inherent biocompatibility. In addition, they have been widely used in
these studies because they support cell adhesion and proliferation [70].
Compared to animal proteins, plant-based proteins are safer and less
immunogenic. Additionally, they are more soluble in water due to their low
molecular weight. Furthermore, these proteins are incredibly inexpensive and
need very little processing [71]. Considering these characteristics, plant-based
proteins emerge as promising candidates for tissue engineering applications.
Moreover, their primarily edible nature makes them highly advantageous for the
development of meat substitutes and related products.

The examples of proteins employed in the fabrication of tissue engineering
scaffolds were given in Table 4. Furthermore, subsequent sections will elaborate
on various alternative plant-based materials utilized in similar applications [33].
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TABLE 4. Proteins used in tissue engineering [33]

Plant Protein

Soya Protein

Tofu

Wheat
Protein

Zein Protein

Technic

3D Bioprinting

Electrospinning

Freeze Drying

Casting

Chemical
Precipitation

Electrospinning

Freeze Drying

Solvent Casting
Technique

Scaffolding
Component
Soya Protein

Soya Protein

Soya Protein

Tofu-Soybean
Protein

Magnesium
Phosphate -
Wheat protein

Gelatin - Zein

Chitosan-
HA- Zein

nano-

PCL- Zein

Avrticle

Edible bioink composed of
soya protein for the
production  of  bovine
skeletal muscle is described
Cell Studies/  Animal
research (Bovine Satellite
Cells)

Pre-clinical experiments in
pigs in which the scaffold
promotes re-epithelialisation
and collagen synthesis are
described

Cell  Studies/
research (Pigs)
Scaffolding is described as
supporting the growth and
viability of HMSCs
Cell Studies/
research (MSC)
Observation of healthy cell
growth was noted.
Moreover, in vivo animal
research has shown that the
scaffold is well tolerated by
the body

Animal

Animal

Cell Studies/  Animal
research (Animal Model)
The scaffold utilized in the
in vivo model has been
demonstrated to enhance the
differentiation of osteogenic
cells.

Cell Studies/  Animal
research (Rabbits)
During the study, the

scaffold facilitated both the
growth and differentiation of
PDLS cells.

Cell Studies/
research (PDLSC's)
In the study, enhanced
adhesion, growth  and
proliferation of MG-63 cells
in the scaffold were
observed

Cell  Studies/
research (MG-63)
In the study, the analysis of
physical parameters and the
potential of scaffolding in
implications ~ of  tissue
engineering are described

Animal

Animal

Potential Applications

Cell Based Meat

Wound Healing

Tissue Engineering

Wound Healing

Bone

Bone

Bone

Bone
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4.10.1 Gum

Gums are intricate carbohydrates sourced from trees or shrubs. In the food
industry, they serve as thickening agents. Moreover, it is also used to advance
the structure of food products [72]. They are also used as adhesives. Gums
exhibit remarkable efficiency in forming colloidal solutions in agueous
environments. They enhance the viscoelastic characteristics of hydrogels,
thereby functioning as thickening agents and conferring essential mechanical
resilience. Being hydrophilic, gums readily blend with other biomaterials and
bioactive substances. Their shear-thinning behavior is particularly advantageous
in bioprinting applications, making them vital components in extrusion-based
bioprinting processes. Owing to their natural origin and exceptional properties,
gums are invaluable for scaffold fabrication [73].

4.10.2 Essential oils

Essential oils are highly concentrated extracts obtained from plants, typically
acquired through distillation. The oils, frequently employed in traditional
complementary and alternative medicine, are extracted from different plant parts
including flowers, leaves, and roots [74]. They reduce infection and
inflammation. Also they have pain relieving properties and can accelerate the
healing process by preventing wound formation [75]. Essential oils aid improve
the polymer blends' processability throughout the scaffold-building process and
can be used in place of some synthetic materials, such as PVA (PolyVinyl
Alcohol), which are commonly utilized as plasticizers [76]. Additionally, certain
oils, like cinnamon oil, improve the blend's pliability. As a result, they are crucial
to the production of hydrophobic bioinks [77]. Due to their diverse medicinal
properties, essential oils are being employed in regenerative medicine. Clove oil
has been integrated into scaffolds for wound healing purposes because of its
antimicrobial characteristics. Lavender oil, on the other hand, has demonstrated
utility in bone tissue engineering [78, 79]. Table 5 lists a few instances of
essential oils that have been researched for use in polymer composites for tissue
engineering applications [33].
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TABLE 5. Some of the essential oils utilized in tissue engineering [33]

Oil Technic  Scaffolding  Cell  Studies/ Usefulness
Component  Animal
Research
Almond Electrosp  Polyurethan  Red blood cells Bone Tissue
Oil inning e (PU) (RBCs) Engineering
Basil Oil Electrosp  PU-TiO2 RBCs Cardiovascular
inning Applications
Castor Oil  Electrosp PU RBCs Cardiovascular
inning Applications
Electrosp  PU-Kitosan  L929 Fibroblasts Suturing and Wound
inning Healing
4 PCL Human bone Regenerative
Dimensio marrow-derived = Medicine
nal MHC
Printing
Clove Oil  Hydrogel Cellulose Human Gingival Tissue
Nanofibres  Fibroblast Cells
Super PCL MSCs Implantation
Critical
Foaming
Cinnamo  Electrosp PVP - Biomedical
n Oil inning Applications
Coconut Electrosp PU RBCs Vascular
Qil inning
Cardamo  Nano- Gelatine Human Corneal Antibiotics
m Oil Encapsul Epithelial Cells
ation and HepG2
Corn Oil Electrosp  PU-Nimoil ~ Human Dermal Bone
inning Fibroblasts
(HDFs)

4.10.3 Plant extracts

The utilization of plant extracts and various botanical components in the realm
of healthcare dates back to ancient eras. Traditional medicine and plants have a
very strong connection with each other. Tissue engineering and regenerative
medicine render considerable use of bioactive components generated from plant
extracts. They may be utilized efficiently to produce bioinks, which increases the
medicinal quality and causes the sample to establish a biological reaction.
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Among the various qualities of the extracts are their ability to stimulate multi-
line cells' differentiation and proliferation [80, 81]. Moreover, biodegradable
scaffolds produced using polycaprolactone were embedded with extracts of
plants such as Azadirachta indica, Memecylonedule, Myristica adamania. It was
found to have a great potential for use as wound dressings for burns [82]. Plant
extracts have several uses in regenerative medicine, including the capacity to
cross-link and have antibacterial properties. These extracts have furthermore
been applied pharmacologically. For instance, extract from Panax ginseng has
been utilized to slow down the process of radical generation [83]. Ginkgo biloba
extract has also been observed to improve nerve tissue function in vivo [84]. It
has been noted that extracts obtained from plants such as Achillea Millefolium
stimulate the proliferation of human fibroblast cells. It has been noticed that
Prunus mume extract exhibits a complete antibacterial activity against
Porphyromonas gingivalis and Streptococcus mitis [85, 86].

4.10.4 Plant secondary metabolites

Secondary metabolites present in plants play a vital role in their defense
mechanisms. These include various bioactive compounds such as alkaloids,
glycosides, flavonoids, phenolics, and terpenoids, which are highly valued in
pharmaceutical applications. They demonstrate antioxidant properties crucial for
awide range of nutraceutical uses. Additionally, these metabolites exhibit natural
anti-fungal, anti-viral, anti-microbial, anti-cancer, and anti-inflammatory
characteristics. They interact directly with cell receptors, membranes, and
nucleic acids [87]. These adaptable characteristics enable them to boost cell
adhesion, proliferation, and attachment. Research has demonstrated that
secondary metabolites, such proline and ascorbic acid, boost collagen
production, speed up the development of MHC (major histocompatibility
complex) into osteoblasts, and improve cellular activity [33].

Promising results have been obtained when secondary metabolites are added as
crosslinking agents. These secondary metabolites have the capability to link
together two or more polymeric strands through both non-covalent pathways and
chemical crosslinking methods. The crosslinking mechanism of secondary
metabolites is graphically shown in Figure 4 [88].
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FIGURE 4. Cross-linking mechanism of secondary metabolites (adapted from
Ramachandran et al. 2019) [89]

Cross-linking allows the construction of the desired architecture of scaffolds.
Additionally, it strengthens the structure mechanically and makes it more stable
against bodily fluid hydrolysis. Comparing plant-based secondary metabolites to
chemical crosslinkers like glutaraldehyde, their negative effects are minimal,
making them safe, biocompatible, and cost-effective choices. For example, in a
study with genipin (extracted from Genipa americana), crosslinking of collagen,
gelatin and chitosan polymers was successfully achieved [88]. Furthermore, it
was discovered that polyvinyl alcohol enhances the tensile strength of hydrogels
produced using silk and nano-hydroxyapatite in comparison to crosslinkers such
as calcium chloride or carbodiimide [90].

Plant-derived biomaterials show promise for using plant microarchitecture as
well as for their inherent biological function as cell growth boosters [91].

5. APPLICATION AREAS OF PLANT-DERIVED
BIOMATERIALS AND TECHNOLOGIES USED

5.1 Tissue engineering applications

The utilization of plant-derived materials has been a consistent focus throughout
human history [92]. Plant-derived materials, including polysaccharides, gums,
essential oils, proteins, and secondary metabolites hold substantial promise for
use in tissue engineering applications [33].

Biomaterials used in manufactoring; basically regulate the physical, rheological,
chemical and biological properties of the scaffolds produced. The ideal
biomaterial should have the following properties:

- Be able to produce tissue with sufficient mechanical strength and durability,
- It should have biocompatibility to resemble ECM (extracellular matrix),
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- Biodegradability should be maintained to be suitable for natural ECM secretion
synthesised by cells,

- It should be amenable to chemical modifications to fulfill tissue-specific needs.,
- It should have large-scale production potential [33].

The significant mechanical strength of synthetic biomaterials is necessary to
promote tissue development. Nevertheless, these substances impede cellular
proliferation, trigger immunogenicity, and discharge hazardous byproducts into
the surroundings upon deterioration. They also have poor cell adhesion [93, 94,
95, 96]. On the other hand, natural materials of plant origin show both
mechanical strength and biocompatibility to promote cell growth. Further, these
materials have the added benefit of being more affordable due to their intrinsic
biodegradability and therapeutic qualities, such as their antibacterial activities
[97].

Bioprinting can revolutionize tissue engineering because the arrangement of
cells and biologically active molecules in 3D space makes it possible to produce
tissue through additives. Tissue engineering relies on cell-seeded biomimetic 3D
scaffolds. Additionally, tissue engineering emerges as a promising future
strategy and a viable alternative for promoting tissue repair. However, to achieve
success, a thorough understanding of biomaterial properties and the potential
synergies of their combinations is undoubtedly essential [98, 99, 100].

5.2 3D bioprinting technologies

The exact deposition of cells into a viscous biomaterial in a preset spatial
arrangement using computer-aided printers is known as "bioprinting," a fast
developing topic in biomedicine. It combines 3D printing technology, materials
science, and tissue engineering to produce living biological structures with
unique spatial configurations. Bioprinting has a wide range of possible uses,
including improvements in medication delivery, surgery for transplantation and
reconstruction, and the creation of implanted medical devices. This approach
surpasses conventional 3D printing by adding biological properties to the ink,
such as cell adhesion and proliferation, as well as the required mechanical
properties. Bioinks are used at significantly lower temperatures because of the
incorporated biological ingredients. In order to maintain the viability and
functionality of cells, they need to be crosslinked using slightly non-toxic
techniques [99]. What makes plant-based proteins supremely attractive is their
gelling capacity, hydrophilicity, and inherent stiffness, which closely mimic the
properties of the extracellular matrix. These characteristics make them ideal
candidates for both biological and mechanical aspects in bioprinted tissues,
organs, and biomedical applications [8].

Three main forms of printing technologies are used in 3D bioprinting: extrusion,
laser-assisted, and inkjet (Table 6). Inkjet bioprinting is achieved by depositing
cell suspensions at high shear rates, ejecting droplets with a diameter of
approximately 50 um (micrometres). In addition, low viscosity solutions are used
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[101]. On the contrary, in laser-assisted bioprinting, a laser is directed onto a
laser-absorbing layer of biomaterial, creating localized pressure which induces
ink deposition [102]. Extrusion-based bioprinting, also referred to as bioplotting,
works by using a nozzle powered by a screw, piston, or pneumatic force to
deposit cells and bioink [103, 104]. Extrusion bioprinting operates at a slower
pace compared to laser and inkjet printing but, it allows for structural deposition
and solidification with each layer deposition [102, 105]. Different viscosities of
bioinks are needed for each type of printing process in order to achieve good
deposition [106]. Therefore, bioinks with adjustable viscosity gain versatility by
utilising different technologies [8].

The primary challenge confronting bioprinting for medical applications is the
identification of suitable, biocompatible materials [107]. Throughout history, a
wide array of materials, encompassing alloys, ceramics, metals, and composites,
have been instrumental in advancing biomedicine [108]. While the specific
properties sought in materials for biomedical applications may vary, the
fundamental prerequisites for in-vivo usage remain consistent. An ideal scaffold
for facilitating cell growth and interfacing with biological systems is
indispensable for successful tissue engineering endeavors. Simultaneously, such
a scaffold should be biocompatible, non-toxic, and capable of offering
mechanical support to replicate the natural macro-micro architecture of tissues
[109, 110]. There are requirements for candidate biomaterials in the process of
turning a biomaterial into a bioink. To produce live tissues, organs, and
biological materials, the material must be able to hold its structure after printing
and permit extrusion as a liquid bioink [8].

Apart from rheological and biological characteristics, bioinks need to support de
novo tissue formation in order for in vivo tissue changes to be robust. The
mechanical properties necessary for bioinks include compression, storage,
elastic modulus, residual, and maximum compressive stresses [111].

The field of tissue technology has taken on dimension with the emergence of 3D
cell culture technologies. With the further researches, the scale of use has
expanded from the delivery of substances and drugs to provide a 3D environment
for cell biomaterials used as scaffolds. Cellulose, alginate, Matrigel, Collagen I,
fibrin, hyaluronic acid, gelatin, or natural biomaterial mixtures are commonly
employed in the fabrication of 3D cell cultures. Synthetic polymers such as
polyurethane, polyethylene glycol, and polyvinyl alcohol are also utilized in 3D
cell cultures.

Tissue models are created during the bioprinting process using a hydrogel-based
biomaterial mixture or a biomaterial solution that contains the necessary cell
types (bioink) [98, 99, 100].
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TABLE 6. Main types of 3D bioprint [8]

Bioprinting
Technology

Inkjet-Based

Laser Based

Extrusion
Based

Key
Components

-Liquefied
droplets
deposited on a
solid platform

-The droplets
need to solidify
before the next

layer is added

-Droplet size 1-
300 picolitres;
rates 1-10,000

droplets per
second

-The energy
absorber utilizes
a laser pulse to
heat and position
the biomaterial

-High-precision
cell and material
deposition
without nozzle

-Material

deposited

through a
nozzle/injector

-Both high and
low temperature
settings are
provided

Advantages

-High print speeds
- Cheap
- Ready

-High resolution
(about 10pum tunability
in one cell)

-Multiple cell types
can be deposited
simultaneously for
composite tissue
engineering

-Solutions with wide
viscosity(Viscosity-1~
30mPpa/s) ratios and
high cell density can
be printed (Cell
Density- Moderate-
<108 cells/ml)

-Cheap

-Interchangeable
platform, nozzles and
environmental controls
allow for a wide range
of biomaterials

-Mainly open-access
hardware and software
platforms

-High cell (spheroids)
density(Viscosities-30~
6107 mPa)

Disadvantages

-Low viscosity liquid required (Viscosity-
3.5"2 mPas/s)

-The possibility that heat ultrasound and
shear pressure may impair cell viability

-Risk of breast obstruction with the use of
biomaterial

-Only low cell counts (Cell Density-Low-
<106 cells/ml)

-Limited print height

-Slow process
-Laser-induced cell damage
-Low cell deposition accuracy
-Metal pollution

-Restrictive in the use of suitable
biomaterials

-Slower than other technologies

-High temperature settings may not be
suitable for cellular material
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5.2.1 Very important component of biological printing: bioinks

The method of bioprinting, also called three-dimensional bioprinting, entails
building a biological structure or a biological model by assembling different
materials, cells, and biomolecules using a material transfer procedure [112]. By
layer-by-layer deposition, bioprinting uses additive manufacturing and fast
prototyping to create complex systems. Initially, with the assistance of computer-
aided design, it can be created and modeled the prototype of the construction.
This model is divided into several 2D layers by the bioprinter's software, and
each layer is then produced. The end product of this iterative procedure is a three-
dimensional (3D) structure.

5.3 E-skin

The concept of e-skin refers to a sensor that replicates the properties of human
skin, translating pressure, temperature, humidity, and other physiological factors
into electronic signals [113, 114]. Studies on e-skins are popular in areas such as
human-machine interfaces, artificial intelligence and health monitoring [115,
116, 117]. The emerging concept of "green e-skins" is particularly noteworthy.
The primary focus should be on identifying compounds derived from natural
resources and developing methods to produce environmentally friendly,
biocompatible synthetic materials suitable for the device [118, 11]. The vast
array of natural substances remains largely untapped by researchers, offering
abundant possibilities. These materials offer diverse avenues for developing
sustainable e-skins, utilizing cost-effective, renewable, and plentiful resources
that are environmentally friendly. Consequently, green and flexible electronics
can emerge as a supplementary technology in emerging markets, mitigating the
demand for conventional electronics [11].

Natural plant materials like wood, leaves, and flowers are abundant biomaterials
that biodegrade naturally in soil. These materials possess diverse structures that
provide unique mechanical properties, making them suitable for creating high-
performance and biocompatible e-skins (see Figure 5). The growing field of
green electronics is the integration of materials obtained from plants or other
biological sources into a variety of electronic devices intended for human body-
to-machine interfaces [11].
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FIGURE 5. Schematic representation of plants in e-skin applications [11]

5.3.1 New design for green e-skins

A sensing layer including a entirely biodegradable film sensitized with organic
compounds was presented by Prof. Bao's group in 2010. These organic materials
exhibit high pressure sensitivity and rapid response times, making them suitable
for cardiovascular monitoring. Moreover, this film has the added benefit of
effectively reducing electronic waste [11].

The production of flexible, safe, compatible materials for wearable electronic
devices from plant-based biomaterials is extremely important during the creation
of green e-skins [119].

5.3.2 Plants as modular building blocks for green e-skins

Natural plant materials, developed over millions of years with 3D properties and
mechanical characteristics, have been shown to be adaptable to conventional
electronic materials [120, 121, 122]. Nonetheless, accurately replicating natural
3D structures presents challenges, making it difficult to adapt such materials for
e-skin applications. Green materials developed for sustainable e-skins should
exhibit the following characteristics (Figure 6):

I. Sustainability (abundant and renewable raw materials),

I1. High performances (hierarchical structures with the desired mechanical and
transport properties,

I1I. Environmentally sensitive (biocompatible, biodegradable and non-toxic
materials)

IV. Large-scale, economical, and effective production [11]
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1.
3D structure

Large surface area
High porosity
Good permeability

Mechanical
Property
Deformability

Mechanical flexiblility
and robustness

Non-toxic/low
Cost

Plant
Materials

Large-scale fabrication
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Biocompatibility

3.
Biodegradable

Environmental benignity

Hydrophobicity

Sustainability
Optical property

Waterproof
Excellent transparency
All-weather use

FIGURE 6. Benefits of potential e-skin applications with plant materials [11]

Cellulose, the primary component of plant biomass, is a natural polymer
composed of numerous d-glucan units linked together through 3-1-4 linkages. In
addition to cellulose exhibiting exceptional tensile strength, its precursor
derivatives possess rare optical properties. As a result, cellulose-based films find
extensive applications in various industries including aerospace, automotive,
comfort fabrics, specialty sports textiles, commercial membranes, wearable
batteries, sensors, and electronics markets [11].

5.4 Structural layouts

In plants, the micro/nano structure frequently plays a vital role in dictating
mechanical properties such as stability, flexibility, and elasticity, along with
various functionalities like superhydrophobicity/superhydrophilicity, structural
coloration, anti-reflective properties, selective filtration potential, and directional
adhesion [11]. Strategies for the fabrication of multiscale hierarchical surfaces
or 3D structures are known through studies [123, 124]. Materials characterized
by low density, extensive surface areas, interlocking microstructures, and well-
developed nanostructures hold significant promise across various fields
including medicine, optics, electronics, and energy [11]. Fan et al. published a
study by using natural plant leaves as biological samples from which they
prepared Pt/N-doped TiO, nanomaterials. This nanomaterial has high porosity,
large surface area and unique hierarchy (Figure 7a-c) [125]. Highly organized,
three-dimensional micro and nanostructures derived from plant leaves exhibit
notable photocatalytic activities [11].
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FIGURE 7. TiO2 nanomaterial [126, 127]

Apart from biomaterials shaped like spheres or sheets, natural spiral containers
are crucial elements in creating innovative nanomaterials with distinct
morphologies. However, achieving 1D micro helical structures through
conventional synthetic methods poses significant challenges. Kamata group
(2011) pioneered the use of spiral cups from lotus roots as bio-molds for
fabricating silver microcoils [128]. Subsequently, Wang et al. created
magnetically repelling spiral cups by incorporating magnetic nickel onto the
surface of spiral cups (Figure 7d,e) in 2014. In contrast to traditional 1D
nanowires, helical veins from sheets with helical structures were able to maintain
their size even under tensile stress due to their superior mechanical properties
(Figure 7f). Further advantages of 1D helical materials are that they are
biodegradable and biocompatible. They are easily scalable in terms of
production. Consequently, 1D micro-wound wires are crucial for the
advancement of bio-sustainable electronics in the future [129, 81].

Within plants, 3D structures play a pivotal role in amplifying and transmitting
tactile signals to receptors, facilitating precise recognition of diverse external
stimuli, including pressure and tactile signals [80, 130]. For example, a polymer
substrate fabricated using plant leaves as a mould pattern can significantly
increase the stretchability of a conductive Cu (Copper) layer on the surface of
the substrate. Vein-shaped designs offer opportunities for introducing new or
enhanced functionalities to fabricated devices, while also enhancing their
stretchability and flexibility [130]. Likewise, in 2015, Su et al. developed 3D
polydimethylsiloxane (PDMS) substrates using mimosa leaves as templates for
design [131]. PDMS substrates showed an uneven pattern of microdomains in
their examination, with an average diameter of 18.4 + 6.1 um and a height of
16.1 £ 3.7 um (Figure 8). These protruding microdomains facilitated significant
changes in the electrical signal upon light touch with the finger. Additionally,
they utilized other plant leaves such as Populus lasiocarpa or Cymbopogon
citratus as design templates and observed a similar level of amplification and
transfer of tactile signals [131].
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FIGURE 8. PDMS films obtained from mimosa leaves and SEM images [132, 131]

5.4.1 Cellulose based films

The primary component of biomass from plants is cellulose. About 40-45% of
the weight of wood is made up of cellulose [133]. The cellulose content varies
depending on the plant species. It stands as the most prevalent natural polymer
globally, with an estimated annual production of cellulose ranging from 75 to
100 billion tonnes [134].

5.4.1.1 Cellulose derived membranes

Finely porous cellulose structures with exceptional transparency are seen in
natural plants. In a study conducted in 2018, researchers reported on a flexible
film composed of cellulose-based membranes. While cellulose films derived
from wood pulp typically feature porous structures and rough surfaces,
compressing these films resulted in a 80% deformation. In contrast, conventional
materials  like  poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate)
lacking cellulose demonstrate lower deformation due to their brittleness and
stiffness, often breaking under minimal force. This study highlights how a
cellulose-based film can enhance the properties of high-performance flexible
pressure sensors [135].

To enhance mechanical flexibility, Isogai (2013) successfully produced
carboxylated cellulose nanofibrils through treatment with 2,2,6,6-
tetramethylpiperidine-1-oxyl/sodium bromide/sodium hypochlorite in an
aqueous alkaline environment (Figure 9a) [136]. Following the conversion of
hydroxy! groups to carboxyl groups, carboxylated cellulose nanofibrils exhibit
small diameters (approximately 5-10 nm) and demonstrate excellent optical
transparency (see Figure 9b-c). Moreover, these carboxylated cellulose
nanofibrils, characterized by long fibrous structures, have the capability to self-
align, forming plywood-like nanolayer structures, thereby achieving high
mechanical strength (Figure 9c-d) [137, 137, 139].
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FIGURE 9. Carboxylated cellulose nanofibrils [136]

Papers made of cellulose have been used to create flexible screens, optical
sensors, electronic skins (e-skins), and energy storage devices [11]. The
performance of green plant-based, paper-based, flexible devices is promising. In
2014, Fang et al. first achieved the production of transparent paper with a light
transmittance exceeding 90% from wood pulp through the oxidation of 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPOQO) (Figure 10a) [140]. When wood fibres
are oxidised by TEMPO, they become shorter and have brittle, hollow fibrous
structures (Figure 10b). This method enables the creation of dense fibrous
networks in sheet form, which effectively reduces backward light scattering (see
Figure 10c-d). Following this, Jung et al. achieved the groundbreaking feat of
producing a biodegradable, transparent paper for the first time using carbon
nanofibers derived from wood (Figure 10e) [141]. They proved that this optically
transparent carbon nanofibre film biodegraded in wood with a fungus after
disposal (Figure 10f-g). Materials like polysaccharides, silk, and resin can also
be utilized to create biocompatible, optically clear paper as well as paper derived
from vegetable cellulose. Furthermore, starch-based optically transparent sheets
have been commercially manufactured as biodegradable polymers [11].

5.5 Plants as building blocks (3D bioshapes-moulds)

Electronic skins, or "e-skins,” frequently use dielectric elastomers as sensing
materials. These elastomers can be high dielectric constant (high-k) polymers,
conducting polymers or semiconductor and metallic nanomaterials that can be
embedded in elastomers. However, viscoelastic conduction elastomers typically
produce significant hysteresis and sluggish reaction times (up to 10 seconds)
[11].
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In addition, thermal expansion of polymers leads to modifications in intrinsic
electrical properties which vary with temperature. To address the primary
limitations of conventional e-skins, which are typically prepared with
monofunctional and planar structures, integrating advanced geometric designs is
proposed as a solution. Through this approach, e-skin structures can effectively
convert external pressure into electrical signals [11].

5.5.1 3D bioframes

In reaction to changes in the environment, natural biological systems have
skillfully modified their micro- and nanostructures. Fibers significantly impact
the complexity of plants' hierarchical architecture. Such morphologies include
the hollow, chestnut-like structures of sunflower pollen, the tubular structures
found in poplar catkins, the microstructures found in wood, and the cellular
arrangement seen in Lycopodium clavatum spores [142, 143, 144, 145]. From
this point of view, owing to the robust, hierarchical structures and mechanical
properties of plant-based materials, it can be said that e-skins can be used as
biocompatible templates or bioframes. For example, by simple heat treatment of
plant fibres and freeze-drying of these fibres, 3D plant fibre-based material with
desired pore sizes can be obtained (Figure 11a) [146]. Very good 3D network
structures and low density were observed in poplar catkin fibres placed in
ethanol. When fibres with these properties are used as sensing materials in e-
skin, materials with high electrical conductivity can be produced.
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FIGURE 10. Transparent paper [140, 141]

When poplar catkin fibers are treated with sodium chloride, it allows for further
adjustment of the morphology and porous structure of the synthesized carbon
materials (Figure 11b). Poplar catkin fibres are prone to produce 2-dimensional
carbon nanosheets due to their hollow, tubular structure. By subjecting the
electrode to activation and carbonization processes, a significantly increased
specific surface area was achieved during its manufacturing (Figure 11c).
Microporous aerogels made from carbon were produced utilizing raw poplar
catkin fibers. Additionally, these aerogels were employed as sensing layers in
flexible pressure sensors, showcasing both high electrical conductivity and
compressibility (Figure 11d) [146]. Ding et al. introduced Konjac glucomannan



137 A. A. YILMAZ, 1. BUYUK

derived carbon nanofibre aerogel to the world of science with similar methods
(Figure 11e-f) [147]. Associated with this material, hierarchical carbon aerogels
with their unique structure and adjustable size can be reproduced (Figure 11g).
Carbonaceous nanofibrous aerogels exhibit great properties. These
characteristics include low density, great compressibility, high conductivity,
excellent thermal stability, zero toxicity, and high sensitivity to pressure (Figure
11h) [11].
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FIGURE 11. Biocompatible Templates [146, 147]

The configuration, form, and elasticity of artificially produced organic polymers
can be customized by modifying the ligands. However, modifying natural plant
materials is more complex due to their inherent, naturally existing morphology
and internal arrangement. Many research efforts have focused on identifying the
most suitable plants and natural resources to achieve specific functionalities.
These functionalities include a 3D hierarchical structure, mechanical
adaptability, self-repairing abilities, structural coloration,
hydrophobicity/hydrophilicity balance, biocompatibility, and exceptional
performance [11].

Enhancing the electrical conductivity of natural plant and plant-derived materials
is crucial for improving the sensing capabilities and transport properties of
electronic skins (e-skins). Therefore, studies on the development or design of
conductive composite biomaterials for green flexible electronics can be carried
further [11].
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5.6 Plant derived biomaterials and their uses in bioengineering

Tissue regeneration and the construction of artificial organs can reduce the gap
between the number of donated organs and people's needs. Bone implants and
hip replacements are dangerous procedures. An infection can cause a rejection
reaction. Biomaterial implant coatings allow easier osseointegration (integration
into the surrounding bone), promote bone growth and prevent rejection reaction.
In 2010, Kokkonen and collaborators isolated sugar subgroups from the primary
carbon columns in enzyme-treated apples. They subsequently applied coatings
of apple pectins onto nanometer-thick titanium dental implants. Their
experiments showed favourable results in rat bone tissue culture. Rejection
reactions were reduced and osseointegration was promoted in rat bone tissue
culture [148].

5.6.1 3D biomedical applications

Due to their plentiful availability, gelling properties, and biological activity,
biomaterials sourced from plants perform an essential function as bioinks in 3D
bioprinting. The application potential of alginate and nanocellulose as
frameworks for tissue engineering has undergone thorough examination.
Consequently, the subsequent section of this review will concentrate on the latest
research concerning these two biomaterials, which are leading the way in
bioprinting advancements [8].

5.6.2 Hydrogels and their use in biomedical field

Hydrogels are composed of plant cell wall constituents and are cross-linked,
water-swelling hydrophilic polymeric networks. Because of their structural
similarity to extracellular cellular matrix (ECM), hydrogels have gained
recognition as sophisticated materials with a broad variety of applications in the
last 20 years. Hydrogels serve as an actual three-dimensional medium for cell
development and presence in cell culture.

Hydrogels derived from biologically renewable polymers are extensively
utilized in biomedical applications owing to their low toxicity, environmental
friendliness, biocompatibility, accessibility, and cost-effectiveness. However,
the primary challenge lies in identifying an ideal plant-based green hydrogel
capable of replicating the key structural, functional, and performance properties
of human tissues in tissue engineering. Additionally, these natural polymers
often require optimization to ensure controllable chemistry and physical effects
for applications such as drug delivery and tissue regeneration [149]. When
bioprinting technologies are integrated, polymers are naturally generated for
personalized and biological treatments. These applications include medication
delivery, implanted medical devices, and wound dressing [8].

Ngoenkam et al. introduced injectable thermosensitive hydrogel for delivery of
chondrocytes in cartilage tissue engineering [150]. Ciolacu et al. prepared lower
density hydrogels containing cellulose/lignin to inject high drug content.
Encapsulating bioactive compounds intended for intestinal delivery within



139 A. A. YILMAZ, 1. BUYUK

pectin hydrogels is a dependable method to safeguard them from degradation
induced by the high acidity of gastric and intestinal enzymes. Certain types of
pectins exhibit promising in vitro anti-inflammatory properties, rendering them
valuable in the formulation of health products [151]. A new class of nanoscale
particles of cellulose-based substances and polymers (hairy) has been able to
overcome the structural limitations of conventional nanocellulose and also
provide extra resistance to mechanical tissue engineering materials [152]. In vivo
experiments conducted by Hadebe et al. (2014) on type 1 diabetic animal models,
the administration of insulin-filled hydrogel particles composed of amidated
pectin resulted in lower blood glucose levels [153].

5.6.3 Biomaterials as scaffolding

In recent times, tissue engineering scaffolds and hydrogels based on cellulose
have been developed as a result of developing 3D printing technology. The
attractive alternative scaffold that closely resembles human tissues in both
structure and function is the plant tissue vasculature. Zadegan et al. (2011)
pioneered the development of a cellulose/hydroxylapatite nanocomposite
scaffold for bone tissue engineering, which notably enhanced the viability and
proliferation of chondrocyte cells. Additionally, Andrew Pelling from the
University of Ottawa and colleagues successfully created apple cellulose
scaffolds, providing an additional method for culturing in vitro of mammalian
cells within a 3D environment. These scaffolds were produced from a simple,
cost-effective, and renewable source [154, 155].

FIGURE 12. Attificial leaf (Source
https://thebiochemistblog.com/2018/03/07/plant-based-biomaterials-engineering-the-
future/) [156]

The production of decellularized plants by the Gaudette group for scaffolds in
tissue perfusion marks the inception of a novel research avenue in the
interdisciplinary field exploring the artificial interface between different taxa,
namely plants and animal. The tissue of the plant vasculature mimics the
mammalian vasculature. The central xylem and phloem transport water and
nutrients to the peripheral cells, similar to blood vessels in humans. Spinach
leaves from local markets were decellularised and the leaf was tested with red
dye which indicated low fluid leakage. Then it was recellularised with human
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cells. Human endothelial cells were placed in the lumen of the plant vasculature
and mesenchyme cells in the outer tissue. These were glued and found to grow
rapidly. Cardiomyocytes were also seeded on the leaf surfaces. Cardiomyocytes
are specialized cells crucial for heart function, as they have the ability to beat
autonomously. Remarkably, when planted on spinach, these cardiomyocytes
demonstrated exceptional capability to develop independently (Figure 12) [91].

5.6.4 Hybrid implants in bioengineering

Researchers have engineered composite scaffolds by combining diverse
biomaterials. This combination of biocompatibility, biodegradability and
mechanical strength is important for technological and industrial application
[157]. As a general rule, natural hydrogels are typically less toxic and better
tolerated by the body compared to synthetic counterparts [158].

Pasqui et al. (2014) devised a hybrid hydrogel composed of natural cellulose and
hydroxyapatite for bone tissue engineering projects. Additionally, Gilabert
Chirivella et al. (2017) created a coating material by blending silver and chitosan
for coating titanium dental implants. These particles were observed to exhibit
inhibitory effects on dental pathogens such as Streptococcus mutans and
Porphyromonas gingivalis, effectively preventing biofilm formation and
subsequent adhesion [159, 160].

6. CONCLUSIONS

Plant-based biomaterials have special qualities that make them stand out, making
them excellent for creating matrices in tissue engineering. In the field of tissue
engineering, the effective applications of plant-based biomaterials have greatly
risen in the last few decades. These materials are abundant, affordable,
biocompatible, and have therapeutic properties that make them good
replacements for synthetic counterparts and those derived from animal sources.

Materials made of sustainable hybrid nanocellulose can be utilized to clean up
the environment. The creation of sustainable biomaterials requires the use of
cost-effective and environmentally friendly technologies. This is vital for
ensuring the well-being of future generations and preventing pollution in the
environment.

Plant-derived products present promising candidates for biomaterial
applications, particularly in the realm of 3D bioprinting. Their botanical origin
eliminates ethical concerns and they are often readily available and cost-
effective. While they typically exhibit low immunogenicity and are non-harmful
at low concentrations, they still possess bioactive properties. Optimization of
bioinks is crucial, necessitating combinations with other materials to meet the
biological and mechanical requirements of diverse tissue types. Prior to in vivo
application, thorough toxicity analysis of the material is essential. Hybridization
of polymers with varied properties offers significant advantages in enhancing
functionality and overcoming limitations in biomaterial formation. A
comprehensive understanding of polymers and their applications is vital for
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advancing plant-based hydrogels through modern and applicable research
studies, given the increasing importance of plant-derived compounds in ongoing
discussions.

The outcomes from high-efficiency e-leathers derived from natural plant
materials demonstrate the feasibility of fully green electronics. Their practicality
underscores the positive impact they are poised to have in the future.

Boosting the sustainability and adaptability of e-skins requires elucidating the
precise structure-property interactions between natural materials and e-skin
devices. Numerous of the natural materials that have been widely used in
numerous industries over the past ten years have not yet been tried in e-skins. In
order to fully comprehend the mechanisms behind these materials and their
practical applications, establishing a connection between structure and function
is essential.
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