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The political tensions and the clash of cultures separate the countries as never before. However, in one field, there ishope for
peace in the world of STEM education. The world speaks the same language in mathematics, physics, and engineering. A
chemical reaction in Seoul will do the same in Sdo Paulo. This common base opens areas of cooperation that are beyond
bordersandideologies.

Common problem-solving stylesare taughtin STEM education. Whenlearning to solve aproblem about robotics competition
or climate research together, students in different countries find the things they have in common and forget about the
differences in culture. This unity may be illustrated by the International Mathematical Olympiad, which has been operating
since 1959, when students of more than 100 nations compete with one another using the same mathematical principles in
spiteofahugediversityintheirbackgrounds.

This unifying effect hasresearch to backit up. Research by the Organization for Economic Co-operationand Developmentin
2019 revealed that nations with robust STEM research collaborations internationally displayed a 23 percent rise in scientific
advancementsandinnovation.

Somehow, big obstacles exist anyway. The digital divide is generated due to alack of equality in education-advanced nations
are equipped with the latest facilities, while basic equipment is not available in poor states. Such inequality only tends to
deepen the already existing rifts instead of reversing them. The barriers also come in the form of cultural resistance. Other
societieswillnotembrace principles that contradict traditional beliefsand may therefore reduce the integration of STEM.
These are aggravated by gender barriers. In the report published by UNESCO in 2020, it was revealed that women make up a
mere 28 percent of the researchers workingin STEM areas, and participation remains even lower in studies in countries with
sociallimits. Thismarginalizationis the waste of human talentand division.

Revolutionary technologies democratize STEM education globally. Virtual reality enables equal laboratory experiences from
Bangladesh to Boston. European Space Agency simulators connect 50,000 students across 30 countries. Cloud platforms
like GitHub host 200 million student projects worldwide. Al tutors operate in 46 languages, personalizing learning while
maintaining scientificaccuracy.

The STEM education establishes world harmony to global standards of scientific realities, where diplomacy cannot make a
mark. This possibility lies in the COVID-19 vaccine partnership and the International Space Station. To succeed, we should
eradicate inequalities, make investments, and break down the barriers. We have a choice to make: we can use STEM as a
unifier, ortheriftsintheworld canget evenwider.
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This review article points out the Foot-and-Mouth Disease (FMD) as a major global animal
disease of serious economic importance and limitations of conventional inactivated whole-
virus vaccines. It gives DNA vaccine technology as a potential and safer way of achieving
immunity by expressing microbial antigens in host cells and thereby eliciting both humoral and
cellular immunity responses. The principles and mechanisms of the DNA vaccines are
describedinthearticle: antigen presentation, activation of T- T-cells, as well as the functions of
adjuvants, the delivery methods, and electroporation, gene gun, and nanoparticles in the
increasing of their efficacy. In addition, it summarizes the advancement in the FMD DNA
vaccines against diverse viral proteins such as VP1and the P1 polyprotein, reviews conducted
experimental studies and studies in efficacy trials on animal models and the targeted livestock
animal.

INTRODUCTION

Foot-and-mouth disease (FMD) is a paramount animal
disease and zoonotic with serious, highly contagious, and
economically ruinous viral iliness that affects millions of
cloven-hoofed animals all over the world(cattle, pigs, deer,
goats, and sheep) [1]. Animal disease pathogen, first
identified as a virus in the 16th century, and the very first
animal disease pathogen identified [2]. The disease not
only deteriorates the commercial values of livestock by
loss of weight and milk output, but also resultsin enormous
economic loss to livestock producers and industry [3].

Involving fever and manifestation of vesicular lesions of the
mouth and feet, widespread patterns and rapid
transmission of FMD as well as the presence of seven
serotypes of the foot-and-mouth disease virus (FMDV)
pose challenges to the control [4]. For several decades
now, inactivated whole-virus vaccination has been the
most helpful approach to the prevention and control of
FMD. Nevertheless, even though, after more than 70 years,
there is a vaccine at our disposal, FMD is an endemic
diseaseinthe world. There are afew drawbacks associated

-
m Copyright ® 2025. FBT, Published by Crosslinks International Publishers LLC, USA FBT VOL. 5 Issue. 2 April-June 2025
02 This work is licensed under a Creative Commons Attribution 4.0 International License.




with these traditional vaccines, such as a lack of induction
of long-term protection, restricted antigen coverage, and a
lack of ability to curb infection [5-7]. The advances in
biotechnology have opened new doors for synthesizing
specific proteins through microorganisms, and the DNA
vaccineswere abreakthroughmadeinthatregard[8,9].
Despite decades of reliance on inactivated whole-virus
vaccines, Foot-and-Mouth Disease (FMD) continues to
persist in many endemic regions, highlighting the need for
more effective and long-lasting immunization strategies.
Although DNA vaccines have emerged as a promising
biotechnological alternative, existing literature remains
fragmented regarding their immunogenicity, delivery
optimization, and large-scale applicability in target
livestock species. Furthermore, limited synthesis of
current advancements in adjuvant strategies, delivery
systems, and efficacy outcomes creates a gap in
understanding their translational potential. Therefore, a
comprehensive evaluation of DNA vaccine development
and performance against FMDV is warranted.

FMD: AGlobal Threat

FMD is one of the major animal diseases that is linked to a
severe and highly contagious, economically devastating
viral infection of numerous cloven-hoofed animals [10].
Epidemics may cause significant monetary losses and
disrupt the production of animals and animal products. The
high rate and varied nature of the FMD virus require
intervention measuresto avertthe destructive effects[11].
Etiology and Pathogenesis of FMD Virus (FMDV)

FMD is caused by the FMDV. FMDV is the prototype of the
genus Aphthovirus in the family Picornaviridae [12]. It is a
virus that consists of RNA with an icosahedral capsid.
FMDV is known for the existence of seven serotypes that
arereportedto beimmunologically distinct: A, O, C, SAT1, 2
& 3, and Asial [13]. There is also a great genetic and
antigenic variation of strains within each serotype.
Historically, the first animal disease pathogen to be found
as a virus was FMDV [14-15]. The children of the disease
may be higher in young animals with occasional mortality
asaresult of myocardial degeneration. FMDVis also able to
establish a carrier state, especially in cases of cattle, in
which persistently infected animals can shed the virus[16].
Transmissionand EconomicImpact

FMDV can be transmitted through various routes. These
include direct contact with infected animals, as well as
indirect contact via contaminated materials such as
agricultural tools, vehicles, and animal products [17].
Airborne transmission over short distances canalso occur.
Factors such as animal movement, trade, community
grazing, and insufficient surveillance contribute to the
spread of the disease [18]. This contamination can then
lead to new infections through direct contact with
aerosols, indirect contact with contaminated materials, or

DNA Vaccines Against Foot-and-Mouth Disease
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ingestion of contaminated products(Figure1).

What FMDV is shed in What gets contaminated Transmission Route

Breath — Air ——p Direct contact with
/ aerosols via respiratory
— d tract
\J4 T~
Secretions and People, vehicles, and indir
’ excretions =3 equipment, feed, —"
1NN - roads, etc . -
Animal products =——Jpp Milk, meat, g Indirect contact via

ingestion or secondary
aerosols

Figure 1: The Pathways of FMDV Spread from Infected Animals
Through Breath, Secretions/Excretions, and Animal Products,
Leading to Contamination and Subsequent Infection Via Direct or
Indirect Contact

rest of carcase

FMD poses a major economic threat to agriculture
worldwide. Outbreaksresultindirectlossesdue toreduced
weight gain, decreased milk production, and mortality,
especially in young animals [19]. Affected countries often
face trade embargoes, leading to significant financial
losses for livestock producers and the industry as a whole
[20]. The 1997 outbreak in Taiwan, caused by a CHY
topotype virus, resulted in the slaughter of over 4 million
pigs and over 6 billion U.S. dollars in financial losses.
Controland eradication efforts also incur substantial costs
[21]. Vaccination with inactivated whole-virus vaccines has
been the most widely used method for prevention and
control for over 70 years [22]. In India, a nationwide FMD
Control Programme (FMD-CP) using an indigenously
produced killed trivalent vaccine has shown encouraging
results in reducing disease incidence. However,
conventional vaccines have limitations such as failure to
induce long-term protection, narrow antigenic coverage,
andinability to preventinfection[23].

DNA Vaccines: Principles and Mechanisms

DNA vaccines are a modern approach utilizing engineered
plasmid DNA encoding specific antigens under a strong
promoter to elicit immunity [24-26]. Upon delivery (e.qg.,
direct injection or gene gun [27], the plasmid enters host
cells, where the antigen gene is transcribed and translated
[28, 29]. Immunogenicity arises from the plasmid DNA's
inherent adjuvant properties, initially attributed to CpG
motifs and more recently linked to TLR-independent TBKI1
signalling triggered by its double-stranded structure [30-
32], absence of live pathogens eliminating infection risk,
focused immune response on the target antigen (without
inducing anti-DNA antibodies) [33], rapid and cost-
effective production via standard molecular biology, ease
of modification for different targets, enhanced antigen
presentation due to in vivo expression and potential post-
translational modifications [34-35], and the ability to
polarize T-cellresponses[36].
Development of DNA Vaccines Against FMD

The development of DNA vaccines has emerged as a

g
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promising and safer alternative to traditional inactivated
vaccines for FMD [37]. A lot of efforts have been aimed at
targeting several viral proteins for the development of FMD
DNA vaccines, especially on structural proteins [38]. VP1,
the most abundant capsid protein of FMDV, isalso the most
intensively studied one, asithas proventobeimmunogenic
[39]. Using one of the approaches, the VP1 gene was
engineered into the Hepatitis B virus (HBV) core gene to
produce a chimeric core-VP1 VLP that, with a DNA
construct, produced significantly high immune responses
and protection as compared to a standard VPT DNA
construct [40]. Another important target is the P1
polyprotein that is cleaved to yield the structural proteins:
VPO, VP3, and VP1 [41]. DNA vaccines containing the P1
region, have been effective in triggering an immune
response and protection in pigs [42]. Combination of B-
and T-cell epitopes has also been examined in DNA vaccine
designs and has shown protection in mice even without
specific antibodies at the challenge level [43]. DNA
vaccines for FMD are typically plasmid-based [44]. A
common promoter used in DNA vaccine studies is the
cytomegalovirus (CMV) immediate-early promoter. [45].
Some plasmids have been designed to express not only the
antigen but also immunoregulatory molecules like
cytokines (e.qg., interleukins, interferons, GM-CSF) or co-
stimulatory molecules as genetic adjuvants to boost the
immune response [46]. The FMDV Vaccine Development
Strategies illustrate various approaches, including whole
inactivated, modified live attenuated, virus-like particles,
recombinant viral vectors, DNA, and peptides[47].

FMDV

Figure 2: Various Approaches Including Whole Inactivated,
Modified Live Attenuated, Virus-Like Particles, Recombinant Viral
Vectors, DNA, and Peptides

Delivery Methods (Electroporation, Gene Gun,
Nanoparticles)

The efficacy of DNA vaccines can be influenced
significantly by the method of delivery, which affects the
uptake of plasmid DNA by host cells [47]. Several
approaches have been explored to enhance DNA delivery

DNA Vaccines Against Foot-and-Mouth Disease
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and immunogenicity for FMD vaccines. Electroporation
involves the application of brief electrical pulses to the
injection site, which transiently increases cell membrane
permeability, facilitating DNA uptake [48]. This method
increases the transfection efficiency of DNA vaccines in
vivo, provoking a better immune response to FMDV. Gene
gun(biolistics)involves a mortar-like tool to shoot the gold
micro particles coated with DNArightinto the skin with the
help of the gas pressure [49]. This approach attacks the
antigen-presenting cells in the skin and has been used for
FMD DNA vaccination to show the development of the
immune responses. Nanoparticles like mannosylated
chitosan nanoparticles and calcium phosphate
nanoparticles have been examined for use as the delivery
method for the FMDV DNA vaccines [50]. These
nanoparticles can prevent the degradation of DNA and can
increase cellular uptake and improve the immunological
values and protection for viral challenge. For instance,
mannosylated chitosan nanoparticles loaded with FMDV
VP1-Ompa DNA vaccine indicated a promising
immunological evaluationinguineapigs[51].
Immunological Effects Caused by FMD DNA Vaccines

The DNA vaccines for FMD target both humoral and cellular
immune responses with the delivery of genetic materials
encoding the antigens of FMDV into host's cells. These
vaccines utilize host's cells for production of viral proteins
that are processed and presented to the immune response
[52].

Humoral and Cellular Immunity

FMD DNA vaccines can produce neutralizing antibody
responses, which are known to be the primary immunity
against FMDV. The major capsid protein VP1 protein that is
frequently targeted to induce these antibodies. For
instance, a DNA construct of achimeric core-VP1virus-like
particle caused far greater amounts of antigen-specific
IgG production and neutralizing antibodies in mice than a
regular VP1 DNA construct [53]. Other than humoral
immunity, cell-mediated immunity (CMI) can be stimulated
by FMD DNA vaccines [54]. The endogenously expressed
antigens are presented via both MHC class | and class |l
pathways, leading to the activation of these T cell subsets.
Studies have shown that FMD DNA vaccines can induce
FMDV-specific T cell proliferationand CTL responses[55].
T-Cell Activationand Memory Response

Upon uptake of the DNA vaccine by host cells, including
antigen-presenting cells (APCs) like dendritic cells, the
encoded antigen is expressed and processed[56, 57]. FMD
DNA vaccination can lead to the generation of memory T
cells, contributingtolong-termimmunity[58].

Role of Adjuvants and Co-Stimulatory Molecules

The immunogenicity of FMD DNA vaccines can be

.
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significantly enhanced by the use of adjuvants and co-
stimulatory molecules. Due to the sometimes lower
immunogenicity of DNA vaccines compared to traditional
vaccines, various strategies have been employed to boost
the immune response [59]. Genetic adjuvants, such as
cytokines and chemokines, can be co-expressed from the
same plasmid or delivered separately. Several cytokines
have shown promise in enhancing FMD DNA vaccine
efficacy. IL-6 has been shown to advance the cellular
immune response and promote the maturation of dendritic
cells [60]. IL-15 has been shown to enhance cellular and
mucosal immune responses and the level of IFN-y induced
by FMD DNA vaccines [61]. Intranasal administration of
FMDV DNA vaccine with IL-15 as an adjuvant induced
enhanced CMI. IL-18 can increase the immunogenicity of
DNA vaccines. Co-administration of bovine IL-18 with a
DNA vaccine gave a protective immune response in cattle.
GM-CSF as an adjuvant with a DNA vaccine encoding P1-2A
induced robust FMDV-specific and neutralizing antibodies
in swine [62, 63]. Delivery methods can also act as
adjuvants by improving DNA uptake and transfection
efficiency. Electroporation and gene gun delivery have
been shown to enhance immune responses against FMDV
DNA vaccines. Nanoparticles, such as mannosylated
chitosan nanoparticles, have demonstrated substantial
improvements inimmunological parameters[64]. Cationic
PLGA micro particles used to coat DNA vaccines have also
resultedinlong-termimmuneresponses.

Experimental Studies and Efficacy Trials

Experimental studies and efficacy trials are crucial stepsin
the development of foot-and-mouth disease (FMD)
vaccines to evaluate their immunogenicity and protective
potential before widespread use. These studies involve
rigorous testing in animal models, followed by trials in
targetlivestock species.

Experimental Studies

Mice and guinea pigs are often used as initial small animal
models to assess the immunogenicity of FMD vaccine
candidates, including DNA vaccines, subunit vaccines, and
empty capsid vaccines[65]. Forinstance, mice have been
used to analyze the immune response induced by DNA
constructs encoding FMDV antigens. Guinea pigs have
been used to evaluate the immunological parameters of
nanoparticle-based DNA vaccines. However, it's important
tonote thatresultsinthese models may not always directly
correlate with those in natural hosts like cattle and swine.
These studies typically measure humoral immune
responses, suchastheinduction of neutralizingantibodies
[66]. Assays like plaque-reduction assays are used to
detect specific neutralizing antibodies against FMDV in
serum samples. Cellular immune responses, including T
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cell proliferation, cytotoxic T lymphocyte (CTL) responses,
and cytokine production (e.g., IFN-y), are also evaluated
[67]. For example, one study compared the immune
responses induced by a chimeric core-VP1 DNA vaccine
and a reqular VP1 DNA construct in mice by assessing IgG
production, T cell proliferation, CTL response, and cytokine
production. Before in vivo testing, studies might involve in
vitro experiments to assess antigen expression in
transfected cells. For example, the expression levels of
DNA vaccine constructs were studied in Hela cells and
HEKand CHOcells[68].

Efficacy Trials

Efficacy trials in cattle and swine, the natural hosts of
FMDV, assess a vaccine's protective ability against viral
challenge. Serum neutralizing antibody levels often
correlate with protection [69]. Vaccinated animals are
challenged with live FMDV, and protection is evaluated by
monitoring clinical signs (e.g., vesicular lesions) and
sometimes sub-clinical infection and viral persistence[70-
731, DNA vaccines in swine). Overall, efficacy testing
progresses from small animal models to target species,
rigorously evaluating clinical protection and ideally, sterile
immunity [74]. Measuring humoral and cellular responses,
are critical, as is considering scalability for industrial
production[75].

Limitations and Future Prospects

This review is limited by its reliance on currently available
experimental and preclinical studies, with relatively fewer
large-scale field trials evaluating DNA vaccine efficacy in
natural host species. Challenges such as suboptimal
immunogenicity, delivery efficiency, scalability, regulatory
approval, and cost-effectiveness continue to restrict
widespread application. Future research should focus on
enhancing plasmid design, incorporating novel molecular
adjuvants, improving delivery platforms such as
nanoparticle-based systems and electroporation, and
conducting robust field-based efficacy trials. Addressing
these aspects will be critical for translating DNA vaccine
technology into practical and commercially viable
solutions for FMD control.

CONCLUSION

In conclusion, this review article highlights FMD as a
significant global threat to animal agriculture,
underscoring the limitations of traditional inactivated
whole-virus vaccines despite their long history of use. It
presents DNA vaccine technology as a novel and promising
biotechnological strategy that offers several advantages,
including enhanced safety profiles and the potential to
induce both humoral and cellular immune responses by
expressing microbial antigens within host cells. The article
details the principles, mechanisms of action, and various
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approaches to enhance the efficacy of FMD DNA vaccines,
such as targeting specific viral proteins like VP1and the P1
polyprotein, utilising adjuvants and advanced delivery
methods like electroporation and nanoparticles. While
acknowledging the progress made in experimental studies
and efficacy trials, the review also recognises the
challenges and limitations that currently hinder the
widespread application of DNA vaccines against FMD,
paving the way for future research and development
efforts to overcome these obstacles and realise the full
potential of thisinnovative approach.
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Biomedicaltechnology has gone beyond the limit due to the 3D bioprinting and biofabrication, to
create a new regenerative medicine. To explore the advancements in biomedical technology
through 3D bioprinting and biofabrication, with a focus on their applications in regenerative
medicine and the development of functional tissue and organ constructs. This paper reviewed
key bioprinting technologies, bioink components, and advanced biofabrication strategies
including nanomaterials and organoid-based methods. The review highlights tissue
engineering potential and challenges in biofabrication, emphasizing emerging solutions like 4D
bioprinting, organ-on-chip systems, and Al integration. Translating bioprinting advances into
clinical therapies demands interdisciplinary collaboration and integration of emerging
technologiesto overcome currentbarriers.

INTRODUCTION

The exponential growth of medical technology has pushed
and pulled the industry into the development of tools and
applications not previously available before. 3D bioprinting
and biofabrication are the stand-out sectors, which unlike
other medical procedures, have the potential to upend the
patients' health care system by driving solutions to the
most challenging problems, i.e., the scarcity of organs,
damage to the tissues, and finally, the drug production
bottleneck [1]. 3D bioprinting is an advanced additive
manufacturing technique that precisely layers bioinks
comprising living cells and biomaterials to create
functional, customized biological structures [2]. At the
same time, the technological process of biofabrication
encompasses those ways and means that lead to the

production of cells and tissues. For instance, the use of
cells that can replicate themselves, scaffold-based
fabrication, and the use of organ-on-chip systems are
some of the methods by which something like
biofabrication takes place. The main objective of the
biofabrication process is to engineer the living systems in
an ordered way and within the construct in a way suitable
for the particular requirements such as restoration,
replacement, or enhancement[3]. 3D bioprinting was first
reportedinthe literatureinthe 2000s when the technology
was used to deposit cells precisely. Currently, the field is
characterized by a good trend and is driven by the
combination of many technologies and associated
sciences such as materials science, microengineering,
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cellular biology, and digital design. At present, 3D
bioprintingisnotonlyaconcept, itisadynamic component
of the process of regenerative medicine and
pharmaceutics, the clinical safety testing of some
products, and particularly space biology, with its RandD
cycle [4]. The impressive steps that have been made in
biomedicine are largely indebted to breakthroughsin fields
such as 3D bioprinting and biofabrication that have been
made in materials science, robotics, Computer Aided
Design (CAD) and Artificial Intelligence (Al) that support it.
The new trends depict the fact that the systems may
become complex and that the human factor is no longer
needed except in the case of some systems, as things that
were once just figments of the imagination have now
become possible such as multi-material bioprinters that
are capable of creating tissues with numerous cell types as
wellas vascular networks and Al algorithms that manage to
make the printeratthe same time optimise the parameters
of the print and maintain in real-time cell viability and the
fidelity of the structure [5]. As technology becomes more
sophisticated and printer and fabrication materials
advance, it reveals to us that we are one step nearer to the
bigaccomplishment: changing the situation where we only
need the machines instead of the organs. Although there
are still quite anumber of issues in the spheres of science,
technology, ethics, and legislation, the trend is
unstoppable. 3D bioprinting and biofabrication is the area
that not only changes how doctors treat patients but also
changes the understanding of life [3]. Among the core
technologies used in 3D bioprinting are different printing
procedures, materials used, and their different application
scopes. Inkjet bioprinting, laser-assisted bioprinting,
microextrusion bioprinting, and stereolithography-based
bioprinting are the four most prominent of them. Each
technology greatly affects the formation and structure of
living cells and biomaterials in the 3D biological
constructions [5]. Inkjet bioprinting is one of the oldest
methods in bioprinting, and it is referred to as a biological
application. It uses the action of ejecting bioink droplets
directly to a substrate [6]. On the other hand, Laser-
Assisted Bioprinting (LAB) is a method that mimics the
working principle of an inkjet printer [7]. The high cell
viability that LAB continues to offer is due to its gentle,
non-contact nature. However, LAB is very complex and
expensive and it must be under a strict alignment and
calibration regime. The need for laser-based equipment is
limiting for its availability and expandability, particularly in
the case of large-volume tissue fabrication. Even so, LAB
plays an irreplaceable part in scientific research that
requires extreme precision to get the bioinks movingandis
very delicate and sensitive, such as the printing of vascular
networks or neural tissues [8, 9]. The stereolithography
(SLA)-based bioprinting technique also offers very precise
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printing. In this instance, the process of
photopolymerizationisinstrumental in the solidification of
the bioink through the use of light, typically ultraviolet (UV)
orvisible light. geometries[10]. For example in Digital Light
Processing(DLP), the method displays the complete image
of a single layer of the image at once to quicken the
process, by forming an image of the layer with directed
light. Comparison of different types of bioprinter is shown
intable1[11].

Despite significant advancements in 3D bioprinting and
biofabrication, critical challenges remain in achieving
functional, clinically translatable tissue constructs.
Limitations such as insufficient vascularization,
inadequate multicellular integration, and bioink
constraints continue to hinder the reliable production of
complex tissues and organs. Moreover, the integration of
emerging technologies like 4D bioprinting and Al-driven
optimization is still in its early stages, leaving a gap in
translating laboratory innovations into practical
regenerative medicine applications. This study aims to
address these gaps by exploring the latest strategies and
technologies that enhance bioprinting fidelity, tissue
complexity, and functionalrelevance.

Table 1: Types of Advanced Bioprinting Techniques

Bioink Cell

Viscosity| Viability Cost Best For

Technology [Resolution

Patterning,

Inkjet High Low [Moderate| Low Drug Screening

Laser- ; ; ; ; Vascular Structures
: Very High High High High '
Assisted eryrig 9 9 9 Precise Tissues
Micro- : Large, Load-
extrusion | Moderate High  [Moderate|Moderate Bearing Tissues
_Stereo- Very High Low- Modv_erate Moderate| Microstructures,
lithography Medium | -High -High [Scaffold Fabrication

Bioinks: The Living"Ink" Behind Bioprinting

In the world of 3D bioprinting, bioinks are the essential
players having a central part in converting digitalized print
designsintoliving, functional biological materials[12,13].
Non-Natural vs. Synthetic Bioinks

The classification of bioinks may be done in a general way
into natural and synthetic types, and each of these types
hasitsadvantagesaswellasproblems[14].

Table 2: Comparison of Natural Bioinksand Synthetic Bioinks

Property Natural Bioinks Synthetic Bioinks
Source Biologically deriveq Engineered materials
(e.g., collagen, gelatin) (e.g., PEG, PLGA)

Biocompatibility High Variable (require functionalization)

Mechanical Strength Low High(tunable)
Cell adhesion Excellent Poor without modifications

Reproducibility Low (batch variability) High

Customized potential Limited High

New Trends in Bioink Development
The field of bioink development has been experiencing
rapid advancements with a number of novel tendencies

.
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that can elevate the standards of not just technical but also
biologicalbeauty[15].

Biofabrication Strategies and Techniques

Biofabrication is a process that uses cells, biomaterials,
and bioactive molecules to create a biologically functional
product in a more precise way [16]. lllustration of
componentsof bioinkisrepresentedinFigurel.
Scaffold-Based vs. Scaffold-Free Approaches

The first and most significant choice one has to make in
biofabrication is whether they should proceed with
scaffold-based or scaffold-free methods. First, we can
speak about the former which are the scaffold-based
methods and imply using materials that are bioabsorbable
and which act as the structure that the cells can adhere to
and which also controls the growth and establishes the
tissue[15,16].

Self-Assembly and Cell-Sheet Engineering

The methodis agreat scaffold-free process whichinvolves
the use of cells that are able to organize themselves into
specific forms just by the help of cell-to-cell
communication and mechanical interactions [17, 18]. Cell-
sheet engineering, on the other hand, is a highly clever
approachtothetaskof forming 3D tissue[19].
Layer-by-Layer Fabrication

Layer-By-Layer (LbL) fabrication is the basis of 3D
bioprinting and implies the successive application of cell-
laden bioinks or biomaterials to produce tissue constructs
fromthe groundup[20].

Organoid and Spheroid-Based Methods

Organoid and spheroid-based biofabrication, which is now
just emerging, represents a change in paradigm, moving to
more biomimetic and functionally relevant tissue models
[21,22].

Vascularization and Multicellular Complexity

The most difficult problem in 3D bioprinting and
biofabrication which people are struggling to meet is the
perfect vascularization and the inclusion of several cell
typesinasingletissue[23].
Challengesin Vascular Network Printing

Human vascular system is extremely complex and
comprises large arteries, small arterioles, and
microcapillaries that penetrate each tissue [24].
Furthermore, the vascular channels that are printed should
be easily connected to the vascular system of the patient
aftertheimplant[25].

Bioprinting Vessels and Microcapillaries

For all the challenges presented here, the world of
researchers has come up with a variety of approaches
which can be considered breakthroughs in the sphere of
the bioprinting of blood vessels and biological
microorganisms [23]. The other ways that are available
include the use of coaxial extrusion in which bioink
containing endothelial cells is co-extruded with a
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protecting layer to form directly tubular tissue structures
thatarevasculature[26].

Integrating Multiple Cell Types and Tissues

Biological tissues, as part of their nature, are
heterogeneous because they contain different cell types
that performspecificfunctions[27].

Integration of 4D Bioprinting

3D bioprinting is an area of research that is constantly
developing. Today, scientists are looking into the next step
inthe bioprinting process, whichis 4D bioprinting[28].
Whatis 4D Bioprinting?

4D bioprinting describes the production of vibrant
constructs that can change their 3D status according to a
timing schedule when having contact witha selected group
of items such as temperature, pH, light, water, or
enzymaticenergy[29].

Time-Responsive and Stimuli-Sensitive Bioinks

The driving force of 4D bioprinting is the materials that are
time responsive to the triggers bioinks. These are
intelligent materials to where some sort of external factors
apply for a specific attribute of the substance to be
modified. This one alters mechanically, while another one
swells, contracts etc. [6]. Some 4D bioinks are also
designedinsuchaway that they can communicate with the
cellsinabiologically smart way, where they may release the
growth factors or change stiffness as cells divide and
differentiate[19].

Biological material

+ B
Nano-material B +

,11\,',

Growth factors
Living cells

# Bioink
droplets
-

Figure 1: Breakdown of Components of Bioink

Applicationsin Dynamic Tissue Structures

4D bioprinting has a huge array of potential applications,
especially in areas where innovative, smart, interactive
tissues are required [30]. Furthermore, the new
application of 4D bioprinted tissues is seen in organ-on-
chip technologies and drug screening platforms, where the
tissues can be stimulated dynamically to mimic
temperature changes, come up with predetermined
responses and maintain the self of the tissue under
pressure,i.e., barrierintegrity[31].

Microfluidics and Organ-on-Chip Technology
Microfluidics and organ-on-chip technology are the driving
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forces behind the convergence of bioengineering,
medicine, and bioprinting[32].

RoleinDrug Testingand Disease Modeling

One of the biggest breakthrough in the application of
organ-on-chip devices is their role in the reduction or
replacement of animal experiments conducted in the
development of new drugs [33]. Furthermore, these
research tools provide a great potential for the study of
complex and highly prevalent diseases, such as cancer,
neurodegeneration, and cardiovascular diseases, inamore
controlled and adjustable environment[34].

Combining 3D Bioprinting with Microfluidic Chips

The congruence of 3D bioprinting with microfluidic
systems demonstrates a quantum leap in the field of
biofabrication [35]. One scenario is the bio-printing of
endothelial cells within micro-scale channels, which not
only enablesthe creation of arealistic vascular network but
alsoavoidsthe growth of non-targetedtissues[36].
Realistic Physiological Environments

Organ-on-chip systems have the aim of imitating the
mechanical stimulation that is found in organs besides
static tissue models, and those examples are included,
stretching (Physiologically speaking, lungs), electrical
stimulation(Physiologically speaking, the heart), and cyclic
pressure(Physiologically speaking, vascular systems)[28].
Artificial Intelligence and Computational Modeling
Artificial Intelligence (Al) and computational modeling are
rapidly changing the face of bioprinting, thus offering
predictive analytics, automation, and real-time
adaptiveness. With 3D and 4D bioprinting technologies
reaching a certain level of sophistication, the necessity to
handle, interpret, and optimize the vast amount of data in
the biofabrication process also increases. Al is actually a
certain bioprinting process that provides it with the
possibility to quickly, rightly, and precisely carry out the
tasks[37].

Al for Optimizing Printability and Cell Viability

Bioprinting is about correlation of material properties,
biological parameters, and environmental conditions to
actualize the concept[38]. What's more, profound learning
software is enabled to instantly examine the imaging data
as soon as printing is in progress, and regulate the proper
alignmentandstructure of layers[39].

Predictive Tissue Growth Models

Simulation of the experimental condition reveals how cells
will go through the stages of proliferation, differentiation,
migration, and organization from simple tissue
constructionsto mature structures[40].

Artificial Intelligence for Real-Time Error Correction

In the highest level of bioprinting technology, Al also takes
part in the building of the systems. The Al-driven system
integratesintothe machine totrack the printing processto
monitor the process in real-time [41]. The feedback from
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high-resolution cameras and sensors gets processed by
neural networks which will automatically identify any
deviations from the desired printed images [42]. This live
feedbackloop also not only enhances the success chances
of the printing but also assures the reproducibility of the
bioprintedtissues'high quality[43].

Challenges and future prospects

Despite the significant impact that 3D bioprinting and
biofabrication can have on the industry, the field still faces
a lot of difficulties, which impede the full-fledged clinical
translation[20]. The factors that are currently limiting the
print resolution in the technologies, together with the
problems in the attachment of the smaller vessels and the
creationof thelargertissue with the vascular hierarchy, are
now beyond the scope of the solution [44]. The other part
of the issue comes from a situation of the need for a bioink
that addresses multiple cell types in a spatial manner as
they are in the natural tissues but is also at least a step
furtherin terms of the processing of the biosystem[45]. In
additiontotheabove, the ability of 4D bioprintingwhere the
constructs exhibit self-adaptive and regenerative behavior
when subjected to environmental changes will create new
opportunitiesinthe biomedical field[46].

Limitations and Future prospects

Current 3D bioprinting and biofabrication approaches face
limitationsincludingrestricted printresolution, challenges
in replicating natural tissue heterogeneity, and limited
long-term biocompatibility. Future prospects lie in
integrating advanced bioinks, multi-cellular and
vascularized constructs, and smart, stimuli-responsive 4D
bioprinting systems. Coupling these with Al-driven
modeling and organ-on-chip platforms may overcome
existing barriers, enabling patient-specific tissue
engineeringandacceleratingclinical translation.

CONCLUSION

3D bioprinting and biofabrication have significantly
advanced regenerative medicine by addressing critical
healthcare challenges like organ shortages and tissue
damage. Despite progress, hurdles remain in
vascularization, multicellular integration, and long-term
biocompatibility. Emerging technologies like 4D
bioprinting, organ-on-chip systems, and Al are paving the
way for smarter, patient-specific tissue engineering
solutions.
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Cancer remains one of the leading causes of mortality worldwide. Despite recent advances,
currentchemotherapeutic options often have undesirable side effects, and the development of
resistance limits their long-term effectiveness. The botanical kingdom contains a vast
repository of phytochemicals with varying biological activities. This review examines the
anticancer potential of various classes of plant bioactive compounds. Specific alkaloids like
berberine demonstrate remarkable apoptosis induction through mitochondrial stress and
caspase activation in numerous cancer cell lines. Curcumin modulates multiple oncogenic
pathways, including PI3K/Akt, Wnt/B-catenin, and MAPK signaling. Resveratrol elicits favorable
anti-tumor responses through intrinsic apoptosis, autophagy stimulation, and antiangiogenic
effects. Promising preclinical studies have elucidated the underlying molecular mechanisms by
which bioactive components such as quercetin, genistein, and epigallocatechin gallate exert
chemopreventive effects. While intensive research is still required, progress in standardizing
extracts, isolating marker compounds, and clinical testing validates nature's treasure as a
source for novel anticancer options. Future studies should focus on overcoming translational
barrierstomove these promisingcompounds frombenchto bedside.

INTRODUCTION
Epidemiology of Cancer

geographical location. It is crucial to establish appropriate

Canceris a pathological condition caused by abnormal cell
division and is a major contributor to global fatalities.
Based on the data, it can be inferred that the emerging
figuresindicate asignificantloss of lives, withan estimated
10 million fatalities occurring in the year 2020.
Furthermore, globally, it is seen that a substantial number
of individuals, ranging from 19 to 20 million, receive a
cancer diagnosis every year. [1]. The specific factor
responsible for cancer development varies among
individuals and is contingent upon the type of cancer and

treatment strategies for each case. The rise in cancer
incidence rates is believed to be linked to changes in the
environment, including climate, resulting from
industrialization, as wellaslifestyle choicesrelatedtoliving
anddietary habits[2].

Molecular Basis of Cancer Development

While there are many potential causes of cancer, the most
widely held theory holds that oncogene and tumor
suppressor gene mutations occur sequentially, making the
development of cancer an extremely complicated iliness

-
m Copyright ® 2025. FBT, Published by Crosslinks International Publishers LLC, USA FBT VOL. 5 Issue. 2 April-June 2025
18 This work is licensed under a Creative Commons Attribution 4.0 International License.




Abbasi HA et al.,

[3]. Oncogenes are mutant genes with cancer-causing
potential. Proto-oncogene is a term used for oncogenes
that have a role in controlling normal cell division before
they become mutated. When a proto-oncogene undergoes
amutation, it becomes an oncogene and drives unchecked
cell division and proliferation, setting the stage for the
development of cancer. Tumor suppressive genes, which
are also presentin normal cells but work to prevent cancer
from developing, are crucial to the cell'snormal growth and
differentiation. Thereisalarge group of genescalled tumor
suppressor genes that all share a single property: they all
prevent neoplasiafromdevelopinginthebody. Foracancer
cell to multiply and survive, both copies of a tumor-
suppressor gene must be dormant. When tumor-
suppressor genes are missing or turned ineffective by
mutations, cancer develops. Genes like p53 and
retinoblastoma 1(RB1) are examples of tumor-suppressor
genes[4]. DNA damage is a regular occurrence caused by
both internal (endogenous) and external (exogenous)
factors. Different DNA repair mechanisms identify and
eliminate the damage. When DNA damage is left
unaddressed, checkpoints in the cell cycle can impede its
progression or trigger cellular senescence or apoptosis.
Mistaken restoration or replicative bypass of lesions can
lead to genetic alterations and abnormalities in
chromosomes. When alterations occur in tumor
suppressor genes or oncogenes, cells can transform into
cancerouscells[5].

Limitations of Conventional Cancer Therapies
Conventional cancer treatment approaches include
surgical intervention, radiation therapy, and
chemotherapy. The utilization of chemotherapy has been
linked to the recurrence of cancer, the formation of
resistance, the imposition of significant pressure on
patients, and the development of numerous serious side
effects[6, 7]. During Radiotherapy, the radiation exposure
has been observed to lead to elevated levels of discomfort,
anxiety, and depression among patients who are
undergoing this treatment. While it is seen that the
occurrence of these issues tends to diminish following the
completion of RT,anotable proportion of patients continue
to exhibit psychological consequences after their
treatment [8]. Radiation exposure elicits a psychological
impact that triggers a cascade of reactions to repair the
tissues that are damaged. The reaction commences with
the activation of when the damage occurs in DNA, as a
result, it activates the mitotic cell death, cellular
senescence, and apoptosis. Subsequently, a continuous
cytokine cascade ensues, leading to the induction of
inflammation and collagen deposition. Late adverse
effects, specifically, tend to be persistent and frequently
exhibit a progressive pattern, resulting in a decline after
theirtreatment[9].
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Despite extensive research on plant-derived bioactive
compounds, their clinical translation into standardized
anticancer therapies remains limited. Most available
evidence is derived from in vitro and preclinical studies,
with comparatively fewer well-designed clinical trials
validating safety, dosage optimization, and long-term
efficacy. Additionally, challenges such as poor
bioavailability, pharmacokinetic variability, and lack of
targeted delivery systems create a significant gap between
experimental findings and clinical application. Therefore, a
comprehensive evaluation of molecular mechanisms
alongside translational limitationsis essential to bridge the
gap betweenbenchresearchandbedsideimplementation.
Role of Phytochemicalsin Cancer Treatment

To combat the aforementioned adverse effects associated
with alternative cancer treatment modalities, it is plausible
that plant extracts possess the capability to mitigate these
risks. The botanical realm encompasses a wide array of
plants that exhibit significant chemical diversity and
possess versatile chemical properties, with the majority
exhibiting favorable toxicity profiles. Hence, herb
formulations, crude plant extracts, and dietary sources are
widely employed as primary reservoirs of phytochemicals
for cancer therapeutics. Undoubtedly, they have
demonstrated unparalleled benefits in mitigating the
adverse effects of anticancer drugs. Over 3000 plant
species have been investigated for anticancer properties,
and numerous phytochemicals have shown potential either
asstandaloneagentsorinsynergy with standard therapies.
Notably, compounds such as berberine and camptothecin
have demonstrated strong anticancer activities.
Additionally, broader classes such as polyphenols [e.g.,
resveratrol, quercetin] and terpenoids e.g., taxol,
artemisinin have also received attention due to their
antioxidant, anti-inflammatory, and immune-modulating
properties [10]. Their integration into cancer therapies
underscores their biocompatibility, target-specific
activity, and potentialto enhance therapeutic outcomes.
Plant-Derived Compoundsin Cancer

The plants that are a good source of natural compounds
and compounds which have the potential to fight against
cancerous cells and which have more phytonutrients are
medicinal plants, many of which have been traditionally
applied for cancer treatment and are widely identified for
their broad-spectrum treatment potential against a range
of diseases. A substantial proportion of chemopreventive
agents are derived from botanical sources, largely due to
their favorable safety profiles and minimal adverse effects.
Over the past several decades, plant-derived bioactive
molecules such as flavonoids, polyphenols, alkaloids, and
sesquiterpenes have been extensively studied and applied
inanticancer strategies[11]. The following are some of the
major plant extractsusedin cancertreatment.
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Alkaloids

Alkaloids are a diverse class of naturally occurring
compounds characterized by a cyclic structure that
contains at least one nitrogen atom, which distinguishes
them from other classes of phytochemicals. Alkaloids are
mostly manufactured from amino acids and their
precursors, including ornithine, arginine, lysine are most
common, then they also have phenylalanine, tryptophan,
and tryptophan. Widely distributed throughout the plant
kingdom, alkaloids are especially abundant in families such
as Leguminosae, Menispermaceae, Ranunculaceae,
Loganiaceae, and Papaveraceae. They are of considerable
significance for the discovery of drugs due to their potent
biological activities.Numerous alkaloid compounds are
obtained from mostly the herbs and medicinal plants have
been investigated and shown to exhibit strong
antiproliferative and anticancer properties in both in vitro
and in vivo studies.Currently, several plant-derived
alkaloids have received FDA approval and are commercially
availableasanticanceragents[12,13].

Berberine

Berberine constitutes yet another isoquinoline alkaloid of
natural provenance, sourced from numerous botanical
families, including Papaveraceae, Berberidaceae, and
Ranunculaceae. Thisbioactive compound can be extracted
from diverse plant species, prominently including
Goldenseal, Barberry, Coptis, tree turmeric, and Oregon
grape[14]. Berberine [BBR] has exhibited many effects on
cancer cells, encompassing the modification of the cell
cycle, induction of apoptosis, stimulation of autophagy,
and influence on the tumor microenvironment. In light of
the current emphasis on tumor immunotherapy and the
considerable expense associated with immune-
suppressing medications, BBR, a cost-effective Chinese
traditional medicine exhibiting notable immun-
omodulatory characteristics, exhibits potential as a viable
contender for extensive clinical application in the field of
immunotherapy [15]. The promotion of apoptosis through
the activation of caspases has been demonstrated by BBR.
BBR has the potential to cause cell death in leukemia and
hepatoma cells by upregulating the expression of caspase-
8 and caspase-9 while simultaneously downregulating the
expression of bcl-2 through the activation of caspase-3
[16](Figure1)(Table1).

Bioactive Compounds for the Treatment of Cancer
DOI: https://doi.org/10.54393/fbt.v5i2.177

Figure 1: Structural Formula of Berberine

The main role play to control and regulate the apoptosis by
controlling membrane permeability and initiating
downstream signaling cascades is done by mitochondria.
Through many studies, it is proven that external stimuli
increase mitochondrial membrane permeability, resulting
inthe activation of caspase-dependent pathways that lead
to programmed cell death. Notably, berberine (BBR) has
been reported to enhance apoptosis by promoting the
acetylation of FOX01/3a, thereby reinforcing its role as a
key regulator of mitochondria-dependent apoptosis [17].
Additionally, BBR uses a variety of signaling pathways to
cause autophagy in tumor cells. The AMPK/mTOR/ULK1
axis, which affects JNK phosphorylation, is the precise
target in glioblastoma. This modification stimulates
Beclin-Treleasein hepatocellular carcinomaand aidsin the
dissociation of the Bcl-2/Beclin-1complexin breast cancer
cells. The ULK1/mTOR signaling pathway is also activated
by BBR by improving the interaction, which mediates this
mechanism. Given that autophagy plays a part in drug
resistance, cancer development, and apoptosis evasion,
BBR's capacity to activate autophagic processes points to
its substantial therapeutic promiseinoncology[18]. Tissue
and organ degradation brought on by unchecked cell
proliferation and the invasive expansion of tumor cells
accounts for a major portion of cancer-associated
mortality. The breast cancer proliferation and spreading
are controlled and prevented by targeting the ephrin-B2,
and simultaneously downregulate the production of
metalloproteinases MMP-2 and MMP-9[19]. The MMPs are
downrequlated as a result of the suppression of the COX-
2/PGE2-JAK2/STAT3 signaling cascade [20]. Additionally,
by reducingthe expression of Snail-1, atranscription factor
crucial to the epithelial-mesenchymal transition, BBR
prevents metastasis. Together, our results highlight how
BBR modulates cancer-related signaling pathways and
regulatory proteins to have anti-cancer effects[18, 20, 21].
Apart fromits anti-metastatic and cytotoxic qualities, BBR
has demonstrated potential in tumor immunotherapy.
TNF-a and IL-1, BBR functions as a dopamine receptor
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antagonist and improves the immunological profile in the
tumor microenvironment. Additionally, it suppresses CD4+
T cell proliferationand, by blocking STAT 1phosphorylation,
lowers the production of indoleamine 2,3-dioxygenase
(IDO1) triggered by interferon-gamma (IFN-y). The
therapeutic promise of BBR in cancer immunotherapy
techniques is supported by these immunomodulatory
actions[18](Table1).

Table 1: Key Alkaloids, Anti-Tumor Activities, and Underlying
Mechanisms

Anticancer Plant
Compounds | Class Mechanisms Sources References
Apoptosis via Goldenseal,
- ) mitochondrial barberry,
Berberine Alkaloid stress, caspase Japanese [18,21,23]
activation goldthread

Topo linhibition,
DNA damage, | Camptotheca | 1o, oo o 971

Camptothecin | Alkaloid
acuminata tree

and autophagy

It induces apoptosis by activation of p53, Bax, and
caspases, and inhibits anti-apoptotic proteins like Bcl-2.
BBR regulates cell cycle progression by affecting cyclins
and CDKs, leading to cell cycle arrest. It promotes
autophagy through AMPK/mTOR and Beclin 1 pathways and
suppresses invasion and migration by downregulating
MMP-2/9 and Snail-1(Figure 2).
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Figure 2: Berberine [BBR] exerts anticancer effects by
modulatingmultiple signaling pathways.

Camptothecin[CPT]

Camptothecin [CPT] stands as a formidable contender
among anticancer compounds. CPT belongs to the class of
compounds that have a distinctive planar pentacyclic ring
structure [27]. Camptothecin (CPT) is synthesized in
numerous angiosperm plant species across various
taxonomic groups [26]. Camptothecin (CPT) has
demonstrated significant anticancer effects by selectively
inhibiting intracellular topoisomerase I. The potential of
CPT in therapeutic applications is restricted by various
issues, such as the instability of its lactone ring and its
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insolubility in water. These limitations result in reduced
oral solubility of the medicine and hinder its bioavailability
in blood plasma. Different analogues of CPT are employed
in the therapeutic management of lung cancer, ovarian,
and colon[28]. The clinical trials of CPT in 1970 resulted,
investigationsinto its mechanism of action have remained
asubject of ongoingresearch. The initial discoveries about
the mechanism of action of the CPT were made by Drs.
Marshall and Susan Horwitz, who work as a collaborative
team at Albert Einstein College of Medicine, with other
researchers. The findings of their research demonstrated
that CPT can impede the synthesis of DNA and RNA,
particularly ribosomal RNA, while also causing DNA
damage. The researchers made observations indicating
that CPT exhibits its most efficacy during the S-phase of
the cell cycle. Additionally, they hypothesized that the
involvement of the DNA replication fork is likely in the
mechanism behind cell death produced by CPT.
Subsequent investigations have revealed that CPT
effectively haltsthe progression of the cellcycleat both the
S and G2 phases, which are crucial for the manifestation of
CPT's cytotoxic effects [29]. Research findings have
demonstrated that the analogue of CPT FL118 exhibits a
specific inhibitory effect on the production of certain
antiapoptotic proteins, namely survivin, Mcl-1, XIAP, and
clAP2. It was determined that FL118's inhibition of these
proteins is not influenced by the state of the tumor
suppressor pb3, regardless of whether it is wild type,
mutant, or null. This characteristic of FL118 holds
significant importance, as the majority, if not all, of DNA-
damaging medicines exhibit ineffectiveness in cases
where pb3 is mutated or absent [29, 30]. A camptothecin
(CPT)analog in one of the analyses shows the potential to
induce apoptosis in acute myeloid leukemia cell lines such
as NB4 and U937. This apoptotic response is marked by the
activation of caspase-3 and a disruption in mitochondrial
membrane potential. The underlying mechanism involves
the rapid activation of protein kinase C delta (PKC3)
following exposure to NSC606985. Notably, the pro-
apoptotic effect of this compound can be completely
abrogated by co-treatment with rottlerin, a selective PKC®
inhibitor [31]. In the NB4 cell line, a commonly used in vitro
model of acute promyelocytic leukemia (APL), NSC706985
exhibited a pronounced inhibitory effect on cell
proliferation. This restraint manifested with dependency
on both time and concentration. Likewise, there was a
marked reduction in cellular viability. It is noteworthy that
this suppressive impact was evident even at exceedingly
low concentrations[24]. CT-2106 is another veryimportant
chemical entity, the conjugation of camptothecin (CPT)
with poly-L-glutamate. This conjugation is proposed to
enhance the stability of the active lactone form of CPT and
augment its aqueous solubility. Additionally, there was a
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hypothesis suggesting that the inclusion of the poly-L-
glutamate component could potentially improve the
transportation of CPT to tumor sites by capitalizing on the
improved permeability and retention phenomenon.
Nevertheless, the results of a clinical phase | trial indicated
that the pharmacokinetic characteristics of the
conjugated CPT did not exhibit substantial benefits in
comparison to the unconjugated CPT[32]. Chimmitecan, a
lipophilic derivative of camptothecin (CPT), has
demonstrated significant cytotoxicity by effectively
reducing the catalytic activity of Topoisomerase 1 (top1)
and forming stable covalent complexes between Top1and
DNA. These effects are equivalent to the impact observed
withtoplinhibition[33](Table1).

Indole Alkaloids

The heterocyclic aromatic chemical indole (CsHsN) is
characterized by its weakly basic characteristics. Its fused
structure, which consists of a pyrrole ring and a benzene
ring, allows 10 pi electrons to delocalize over the entire
molecule. Numerous well-known plant groups, such as the
Apocynaceae, Rubiaceae, Nyssaceae, and Loganiaceae,
have been found to contain indole-based alkaloids [35].
According to Muranaka and Saito [2010], these indole
alkaloids are an important class of naturally occurring
substances with strong pharmacological significance.
Clinically, a range of indole alkaloids and their synthetic
analogs are used to treat a number of cancers, including
breast cancer, small-cell lung cancer, malignant
lymphoma, and acute leukemia[35-37]. When it comes to
signal transduction, mitogen-activated protein kinases
(MAPKs) are crucial mediators that convert extracellular
inputsintoavariety of intracellularreactions. Amongthese
pathways, the MAPK cascade is essential for transmitting
signals from membrane receptors to intracellular targets,
which has a significant impact on autophagy and other
cellular functions. The three main MAPK branches-ERK1/2,
JNK, and p38/MAPK-have been thoroughly studied in the
control of cell destiny and homeostasis [36, 38]. Chinese
medicinal plant Evodiae fructus causes human
glioblastoma cells to undergo both autophagy and death.
Reduced cytosolic calcium levels, alteration of the
mitochondrial membrane potential, and increased
apoptosis after calcium channel blocking are all indicators
that evodiamine's pro-apoptotic mechanism includes the
calcium signaling pathways. These results imply that the
activation of a calcium-dependent JNK pathway is how
evodiamine-induced autophagy functions [39]. Another
indole-based alkaloid that was separated from Murraya
Koenigii is isomahanine, which has been shown to have a
variety of biological functions. Studies using the
multidrug-resistant oral squamous cell carcinoma cell line
CLS-354/DX have demonstrated that this chemical
concurrently induces autophagy and apoptosis. These
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effects are linked to P38/MAPK signaling pathway
activation and are most likely caused by stress reaction in
the endoplasmic reticulum (ER) [40]. In mammalian
systems, Beclin-1, which is encoded by a gene on
chromosome 17921, is an essential autophagy regulator.
This 450-amino-acid, 60 kDa protein forms multi-protein
complexes to carry out its autophagic actions. Its
regulation mechanism includes interaction with Bcl-2
protein family members, including Bcl-2 and Bel-XL, which
bind to Beclin-1's BH3 domain and stop it from associating
withthe PI3KC3 complexes, soinhibitingautophagy[ 4, 42].
Taxol

Taxoids are a class of cyclic diterpenoids distinguished by
their characteristic taxadiene core. These compounds
have attracted considerable interest due to their strong
anticancer properties, with paclitaxel-commonly referred
to as Taxol, being the most well-known representative.
Paclitaxel is predominantly obtained from the bark of yew
trees [genus Taxus], which are slow-growing species.
Paclitaxel has become one of the most widely employed
chemotherapy drugs for treating a range of cancers [43,
44]. The pioneering research conducted by the Horwitz
laboratory revealed the potent cytotoxic effects of Taxol,
demonstratingitsability toinhibit HeLa cell proliferation at
nanomolar concentrations. While cells exposed to the drug
progressed through a normal S phase, Taxol induced a cell
cycle arrest specifically at metaphase. The most
remarkable and distinctive property of Taxol was its ability
to enhance the polymerization of stable microtubules, a
mechanism that underlies its antimitotic activity [45].
Beyond its clinical application in oncology, paclitaxel plays
a crucial role in cell biology research. In unperturbed cells,
the proper bipolar attachment of sister chromatids
generates tension at kinetochores, facilitating the
stabilization of kinetochore-microtubule interactions. This
process, often referred to as sister chromatid exchange,
ensures accurate chromosome segregation. However,
paclitaxel treatment disrupts this dynamic by reducing the
tension on kinetochores that maintain bipolar attachment.
As a result, paclitaxel serves as a valuable experimental
tool for inducing mitotic arrest and investigating the
interplay betweentensionandattachmentin the activation
of the mitotic checkpoint[46].

Polyphenols

Polyphenolic compounds are one of the most diverse
classes of secondary plant metabolites. They have several
qualities that are beneficial to human health, such as
antioxidant, anti-inflammatory, and antineoplastic
actions. Previous research has demonstrated that it
inhibits the growth of a wide variety of malignancies,
making it an effective anticancer agent.The limited
bioavailability of polyphenolic compounds is one of the
issuesthatariseswhile using these kinds of substances.
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Uponingestion, polyphenols must first be absorbed before
undergoing biotransformation into their bioactive forms.
Typically, following consumption, polyphenols undergo
enzymatic hydrolysis of their carbohydrate moieties [if
present], resulting in the release of aglycones. These
aglycones then traverse the epithelial cells of the small
intestine primarily through passive diffusion, facilitating
their subsequent metabolism and systemic distribution.
This happens after polyphenols have been broken down
into their parts. Polyphenols exhibit antioxidant, anti-
inflammatory, antiproliferative, pro-apoptotic, and anti-
angiogenic properties. These compounds can modulate
various molecular signaling pathways implicated in cancer
development and progression, including the PI3K/Akt,
MAPK, NF-kB, and Wnt/B-catenin pathways. For example,
quercetin has been shown to suppress tumor growth in
colonand breast cancer models by inducing apoptosis and
cell cycle arrest, while EGCG from green tea can inhibit
metastasis and reduce angiogenesis in prostate and lung
cancers. If polyphenolic compounds are unable to be
absorbed in this district, they will make their way to the
colon, where the microbiota will metabolize them.
Therefore, it is expected that an alteration in the gut
microbiota will lead to a reduction in the amount of
polyphenols that are absorbed by the human body, which
will hurt human health. Nanomization has emerged as a
prominent strategy among various formulation techniques
aimed at enhancing the bioavailability of polyphenolic
compounds. This approach utilizes diverse polymers and
nanostructured carriers to develop polyphenolic
compounds as potential anticancer agents, thereby
improving their therapeutic efficacy. PLGA nanoparticles
are comprised of polymers that can break down naturally.
This polymer is made up of lactic acid and glycolic acid,
both of whichare acids thatthe body candigest[47-49].
Flavonoids

Flavonoids represent a diverse class of naturally occurring
polyphenolic compounds characterized by the presence of
aflavan core structure. They are structurally characterized
by a 15-carbon skeleton consisting of two aromatic rings
connected by a three-carbon bridge, forming a closed
pyran ring C. This basic structure, known as the flavan
nucleus, underlines the diversity of flavonoids, which are
broadly classified into subgroups: flavones e.g., luteolin,
apigenin, flavonols e.g., quercetin, kaempferol), flavanones
e.g., naringenin, isoflavones e.g., genistein anthocyanins,
and chalcones. They are abundantly distributed in a wide
range of dietary sources, including fruits, vegetables, and
plant-based beverages, rendering them one of the most
prevalent groups of phytochemicals in the human diet.
Flavonoids are widely famous for their broad spectrum of
biological activities, notably their antioxidant, anticancer,
anti-inflammatory, and antimutagenic properties. Due to
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their significant presence in commonly consumed foods
and drinks, such as tea, wine, and various fruits and
vegetables-they are considered promising candidates for
therapeutic intervention in numerous diseases, including
cancer. From a pharmacological perspective, flavonoids
exhibit multifaceted anticancer properties by interfering
with key pathways involved in carcinogenesis. These
include antioxidant activity, which reduces oxidative stress
and prevents DNA damage; anti-inflammatory effects,
achieved through inhibition of NF-kB and COX-2 signaling;
and induction of apoptosis by intrinsic and extrinsic
pathways by modulating proteins such as Bcl-2, Bax, and
caspases. Cell cycle arrest, particularly at G1 or G2/M
phases, through modulation of cyclins and CDKs. Inhibition
of angiogenesis, often by downregulating VEGF
expression. Flavonoids exert anticancer effects by
targeting multiple hallmarks of tumor development and
progression, including the inhibition of invasion,
metastasis, and angiogenesis, modulation shownin Figure
[60, 51]. Flavonoids can't be used as an anticancer
treatment because of things like their low bioavailability,
poor stability and solubility, ineffective targeted delivery,
and chemoresistance. Some famous examples of
flavonoids and how they work are discussed below (Figure
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Figure 3: Cellular Mechanisms of Flavonoids on DNA Damage and
Repair

Quercetin

Quercetin (Quer) is a widely distributed pentahy-
droxyflavone, predominantly present in many fruits and
vegetables [52]. Querc holds significant importance,
particularly due toits potential as an anticancer agent. The
variable method of action is responsible for exhibiting
varying efficacies, specificities, and targets in different
types of malignancies[53]. Quercetinhasbeenobservedto
impede the multiplication of cancer cells by the induction
of apoptosis, hence diminishing the growth of various
types of malignancies. The overexpression of cyclin-
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dependent kinase 6 [CDK6] has been closely linked to the
onset and progression of several cancer types. Recent
studies have highlighted quercetin as an effective natural
inhibitor of CDKB. In a comparative analysis of various
phytochemicals, including gallic acid, ferulic acid, caffeic
acid, rosmarinic acid, capsaicin, tocopherol, limonene, and
guercetin-quercetin showed the most pronounced
inhibitory effect on CDKG activity [54]. Research indicates
that quercetin promotes apoptosis predominantly through
the intrinsic [mitochondrial] pathway. This involves the
activation of caspase-3 and caspase-9, the release of
cytochrome c into the cytoplasm, and the subsequent
cleavage of poly [ADP-ribose] polymerase [PARP]. These
apoptotic events have been consistently observed in a
variety of human cancer cell lines, including MCF-7 (breast
cancer), CNE2 and HK1(nasopharyngeal carcinoma), HL-60
(leukemia), HPBALL (thymic lymphoma), and SCC-9 (oral
sguamous carcinoma). A key feature of this pathway is the
disruption of mitochondrial membrane potential, which
facilitates caspase activation and PARP cleavage initiated
by quercetin[55; 54]. Quercetin's lipophilic nature enables
it to cross cell membranes and modulate multiple
intracellular signaling pathways involved in
chemoprevention. It has been reported to inhibit
cytochrome P450 (CYP) enzymes, which are essential for
drug metabolism. Additionally, quercetin downregulates
the expression of metastasis-associated proteins,
particularly matrix metalloproteinases (MMPs), thereby
impairing metastatic potential. Since angiogenesis
supportstumordissemination, quercetin'santi-angiogenic
properties-evident through its suppression of
neovascularization in the tumor microenvironment,
further contribute to its anticancer effects. In the group of
rats subjected to quercetin treatment, there was a notable
reduction in the serum levels of inflammatory markers
suchasIL-1B,IL-1,IL-6,IL-8,and TNF-a, when compared to
rats that were administered ethanol. However, it is
noteworthy that IL-10 exhibited a distinct increase in the
quercetin-treated group[56](Table 2).

Genistein

The chemical name for genistein is 4',5,7-trihy-
droxyisoflavone. Genistein is considered the most basic
isoflavonoid chemical within the Leguminosae family in
terms of its biosynthesis. This compound serves as a
pivotal intermediary in the production of intricate
isoflavonoids, which play significant roles in either
facilitating or impeding interactions between plants and
microorganisms. The primary sources of genisteininclude
legumes such as beans, alfalfa, peas, and soybeans [56].
Genistein exerts its anticancer effects through the
modulation of a wide array of molecular signaling
pathways. These include the regulation of microRNAs and
the modulation of key proteins associated with apoptosis,
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transcription regulation, tumor suppression, kinase
activity, growth factor signaling, and receptor functions
[57]. A substantial body of evidence supports genistein's
ability to trigger apoptosis by influencing the expression of
proteins central to cell death mechanisms. In human
cervical cancer(HelLa)cells, genistein enhances apoptosis
by increasing the activity of caspase 9 and caspase 3. In
addition, studies on LoVo and HT-29 colon cancer cell lines
have shown that genistein induces cell death by inhibiting
the NF-kB signaling cascade and altering the balance of
apoptoticregulators-specifically, downregulating the anti-
apoptotic protein Bel-2and upregulating the pro-apoptotic
protein Bax. The pro-apoptotic effects of genisteinin HT-
29 cells have also been linked to this influence on the
caspase-3 and p38 MAPK pathways, reinforcing its
therapeutic potential as an anticancer compound, as
depicted in Figure 4 [58, 59]. The process of cancer
metastasis has been observed to be contingent upon
increased expression levels of matrix metalloproteinases
(MMPs). A research study conducted on nude mice
demonstrated that genistein exerts inhibitory effects on
the metastasis of salivary adenoid cystic carcinoma (ACC)
cells. This suppression was associated with
downregulating vascular endothelial growth factor (VEGF)
and matrix metalloproteinase-9 (MMP-9) expression.
Furthermore, additional findings suggest that genistein
effectively inhibits the migration of MAT-LyLu and AT-2 rat
prostate cancer cells, further supportingits potentialasan
antimetastatic agent [59]. GEN downregulates the
TLR4/MYD88/ NF-kB and EGFR/VEGFR pathways, thereby
suppressing inflammatory mediators (e.g., TNF-a, STAT3,
JAK)and transcription factors(NF-kB, C-Jun, ATF2), which
leads to decreased expression of pro-inflammatory
cytokines and matrix metalloproteinases [MMP-2, MMP-9]
(Figure 4).
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Figure 4: Schematic Diagram Illustrating the Inhibitory Effect of
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Epigallocatechin-3-gallate (EGCG) is widely recognized as
the most extensively investigated compound within the
flavanol category. EGCG, a polyphenolic compound
resulting from the esterification of epigallocatechin and
gallic acid, is the predominant catechin with antioxidant
properties found in green tea. Green tea and
epigallocatechin gallate (EGCG) have shown promise as
potential candidates for the prevention and control of
various health conditions, including cancer, obesity,
diabetes mellitus, cardiovascular illnesses, neurological
diseases, and liver diseases. This is attributed to their
notable antioxidant, anti-inflammatory, and anti-
fibrogenic capabilities [60, 61]. DNA methyltransferases
(DNMTs) and histone deacetylases (HDACs) are enzymatic
proteins that play a crucial role in the process of
transcriptional gene silencing. On the other hand, histone
acetyl transferases [HATs] are responsible for positively
regulating gene expression. Multiple studies have
demonstrated the involvement of EGCG in regulating
epigenetic mechanisms, particularly through its influence
on the expression and activity of DNMTs, HDACs, and HATs
invarious types of tumors. Epigallocatechin gallate (EGCG)
exhibits binding affinity towards DNA methyltransferase
(DNMT) and effectively hinders its enzymatic activity by
competitive inhibition, as evidenced by a measured
inhibition constant (Ki) of 6.89 pM. Consequently, this
molecular interaction leads to the reactivation of genes
that have been silenced through methylation in prostate
cancer cells. The binding of EGCG to DNMT3B and HDACT
was supported by molecular modeling and docking studies
[62](Table2).

Table 2: Key Flavonoids, Anti-Tumor Activities, and Underlying
Mechanisms

Anticancer Plant
Compounds Class Mechanisms Sources References
Apoptosis, cell Fruits, [52, 56
Quercetin Flavonoid cyclearrest,and | vegetables, .
anti-inflammatory tea 57,681
Apoptosis,
Genistein Flavonoid | autophagy, anti- | Soybeans [59,63]
anti-angiogenesis
Apoptosis, cell Parsley,
Apigenin Flavonoid cycle arrest, thyme, [64-68]
anti-angiogenic | chamomile
Apoptosis, auto
EGCG Flavonoid | -phagy, epigenetic | Green tea [60-62]
modulation
Curcumin

Curcumin, also known as diferuloylmethane, has the
molecular formula C21H2006. The hydrophobic polyphenol
in question is derived from the rhizome of perennial herbs
of the Curcuma genus, which belongs to the Zingiberaceae
family. Curcumalongais anotable speciesinthisgroup[69,
70]. Curcumin, a bioactive compound derived from
Curcuma longa, has demonstrated considerable potential
in inhibiting the progression of various cancer types. It
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effectively modulates critical processes involved in tumor
development, including cell proliferation, invasion,
angiogenesis, and metastasis. The anticancer activity of
curcumin is primarily attributed to its regulatory influence
on numerous cellular signaling pathways. Notably,
curcumin has been reported to suppress the expression of
oncogenic microRNAs(miRNAs)while enhancing the levels
of tumor-suppressive miRNAs, thereby contributing to its
therapeutic efficacy. Throughits simultaneous modulation
of these pathways, curcumin serves as a potent requlator
of tumor progression and enhances the therapeutic
responseincancertreatment strategies[71]. When growth
factors and cytokines bind to receptors, downstream
signaling pathways like PI3K/Akt, JAK/STAT, and MAPK are
activated. These pathways affect cell survival (Table 3),
(Figureb).
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Figure 5: Signal Transduction Mechanisms Controlled by
CurcuminRegulate Cancer Progression

Table 3: Key Non-Flavonoids, Anti-Tumor Activities, and
UnderlyingMechanisms

Anticancer Plant
Compounds s
i Class Mechanisms | Sources | References
~ Apoptosis, auto-
Resveratrol | Non d phagy, anti- anti Grapgs, [72-74]
avonol -angiogenesis berries
Non- Modulates
Curcumin fl " PI3K/Akt, Wnt, Turmeric [70, 71,74]
avonol NF-kB pathways
Rhein

Rhein (1,8-dihydroxy-3-carboxyanthraquinone) is a
naturally occurring anthraquinone derivative primarily
found in plants belonging to the Polygonaceae family,
notably Rheum [rhubarb] and Reynoutria japonica
(Japanese knotweed). It has been extensively used in
traditional Chinese medicine, largely due to its potent
anticancer properties. Against HepG2 and Huh7, rhein has
shown significant cytotoxic effectsinliver cancercelllines.
Treatment with Rhein resulted in dose- and time-
dependent alterations in cell morphology. Additionally,
Rhein was found to induce double-stranded DNA breaks in
these cells, further confirming its pro-apoptotic activity. A
marked reduction in mitochondrial membrane potential
(MMP) was also observed, suggesting early apoptotic
events and compromised cellular integrity. One of the key
mechanisms underlying Rhein's apoptotic effects is the
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elevation of intracellular reactive oxygen species (ROS).
The ROS generated in response to Rhein exposure
contributes to the initiation of apoptosis by activating
redox-sensitive signaling pathways. Specifically, the
JNK/Jun/caspase-3 cascade is activated, promoting
programmed cell death. Furthermore, it activates multiple
caspases, including caspase-1,-3,-8,-9,and -12, indicating
a broad engagement of both intrinsic and extrinsic
apoptotic pathways. Rhein also induces cell cycle arrest at
the S-phase by downregulating cyclin A1, cyclin ET, cyclin
D1, and CDK2. These results highlight Rhein's potential as a
promisinganticanceragent[75](Table 4).

Table 4: Key Anthraquinones, Anti-Tumor Activities, and
UnderlyingMechanisms

Anticancer Plant
Compounds n
: Glass Mechanisms | Sources | References
ROS generation,
Emodin |Anthraguinone| JNKactivation, Rhubarb, (7778]
and autophagy | buckthorn
Apoptosis via )
Rhein  |Anthraquinone | ROS,JNK/caspase | CMNeS€ | og.75]
signaling rhubarb

Limitations and Future Prospects

This review is limited by its reliance on published
experimentaland preclinical studies, aslarge-scale clinical
validation of many phytochemicals remains insufficient.
Variability in extraction methods, compound
standardization, bioavailability issues, and potential
drug-herb interactions further complicate therapeutic
translation. Future research should prioritize well-
structured clinical trials, nanotechnology-based delivery
systems, molecular docking validation, and combination
therapy strategies to enhance therapeutic precision and
efficacy. Integrating phytochemicals with personalized
medicine and targeted oncogenic pathway modulation may
unlock their full potential as adjunct or standalone
anticanceragents.

CONCLUSION

The pursuit of effective cancer therapies remains one of
the most pressing challenges in modern medicine,
necessitating innovative and multidisciplinary
approaches. Amongthe strategiesunderinvestigation, the
use of plant-derived extracts has emerged as a promising
frontierthatintegratestraditional medicinal practices with
contemporary biomedical research. This review explores
the diverse and potentanticancer potential of various plant
extracts, highlighting their multifaceted mechanisms of
action. Plant-based compounds have been shown to exert
anticancer effects through several pathways, including
modulation of cell signaling, inhibition of enzymes crucial
for tumor progression, and direct induction of apoptosis.
These mechanisms often operate synergistically,
enhancing therapeutic efficacy. Additionally, many plant
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extracts possess antioxidant and anti-inflammatory
properties, further supporting their role in both cancer
prevention and treatment. While plant extracts are not a
universal solution to cancer, they significantly broaden the
spectrum of available therapeutic options and offer
renewed hope to patients worldwide.
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Thermostable lipases are crucial biocatalysts valued for their stability and functionality in both
aqueous and non-aqueous environments, enabling efficient catalysis at elevated
temperatures. These enzymes, derived from both wild-type and genetically engineered strains,
exhibit unique properties that make them indispensable across diverse industrial sectors.
Despite their potential, challenges remain in optimizing their production, purification, and
characterization to meet specific application requirements ranging from highly purified
pharmaceutical formulations to less refined industrial uses. This review consolidates recent
advances in the isolation, engineering, and detailed characterization of thermostable lipases,
highlighting their substrate specificity, catalytic efficiency, enantioselectivity, and tolerance to
harsh conditions. Emphasis is placed on emerging molecular innovations and metagenomic
approaches for discovering novel enzymes with enhanced industrial applicability. By bridging
fundamental insights with practical applications, this overview aims to guide future research
and development efforts in harnessing thermostable lipases for expanding biotechnological
horizons.

INTRODUCTION

Thermostable lipases are extensively used in various
biocatalytic reactions due to their excellent performance
at elevated temperatures. Operating at high temperatures
offers several advantages, including increased product
formation rates with minimal diffusional limitations,
improved conversion efficiency, enhanced solubility of
hydrophobic substrates, greater molecular mobility, and a
reduced risk of microbial contamination [1]. Lipases (EC
3.1.1.3, triacylglycerol acylhydrolases)rank among the most
widely employed enzymes in organic synthesis and

biotechnological processes. Although lipases from
extremophiles exhibit activity across diverse pH ranges,
their stability often declines above 70°C. Typically,
microbial lipases show optimal activity between 30°C and
65°C. Extremophilic organisms inhabiting various
environments have been identified as sources of a broad
spectrum of thermostable lipases, whose stability under
limited water conditions enhances their industrial
applicability [2, 3]. Many thermostable lipases have been
characterized from moderate extremophiles, particularly
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from the genus Bacillus, such as Bacillus sp. J-33 [4],
Lactobacillus acidophilus [5], Bacillus thermoleovorans ID1
[6], and Pseudomonas aeruginosa species[7]. Advances in
genomics and protein engineering continue to deepen our
understanding of thermostable lipases. These enzymes
maintain exceptional stability in both agqueous and non-
aqueous environments at elevated temperatures,
facilitating higher reaction rates, reducing medium
viscosity, and minimizing microbial contamination [1, 2].
Recent studies highlight structural features that
contribute to their enhanced properties, including robust
hydrogen bonding networks, increased hydrophobic
interactions, and optimized surface loops—traits
commonly observed in enzymes from extremophiles. For
example, semi-rational design strategies have been used
to improve thermostability, as demonstrated in novel
esterase structures [8]. The exploration for novel
thermostable lipases increasingly employs metagenomic
approaches, enabling the discovery of enzymes from
unculturable microorganisms in diverse extreme
environments, such as medicinal wastewater [9, 10]. This
has expanded opportunities to isolate wild strains with
unique features and to engineer recombinant strains
tailored to biotechnological needs. The intrinsic heat
resistance of proteins in extremophiles arises from
multiple molecular interactions that stabilize their
structure, including strengthened ionic networks,
enhanced hydrophobic contacts, increased hydrogen
bonding, the presence of disulfide bridges, shortened
surface loops, and the capping of N- and C-termini.
Moreover, thermophilic enzymes exhibit a densely packed
and rigid framework that supports stability at high
temperatures but often compromises catalytic activity at
lower temperatures. This reduced activity at moderate
temperatures limits their application in processes where
fine chemicals remain stable only under such conditions.
Additionally, these biocatalysts can be sensitive to adverse
factors like organic solvents, ionic strength variations,
extreme pH, high pressure, and temperature fluctuations,
which may challenge their economic viability in industrial
processes[11]. Thermal Stability (T Max), Optimum pH, and
half-life(t:/>) of thermostable lipases from various naturally
sourced microorganisms, illustrating their diverse stability
profilesatdifferenttemperatures, areshowninTable1.
Table 1: Thermal Stability, Optimum pH, and Half-Life of
Thermostable Lipases From Various Naturally Sourced
Microorganisms

Exploring Thermostable Lipases: Molecular Innovations
DOI: https://doi.org/10.564393/fbt.v5i2.183

Pseudomonas 5 ti/2=13 hrat
spp. 90°C 1 90°C [12]
Bacillus ti/2=30 min at
thermoleovorans | 70-75°C 7.5 70°C and 1hr [13]
ID-1 at 60°C
Bacillus strain o ti/2=8hrat
A301 60°C 6-9 7590 [14]
A inlbacil ti/2=3 hr 10 min
neurinibaciiius R and 1hr 20 min
thermoaerophilus | 65°C 7 at 65°C and 70°C, [15]
strain HZ -
respectively
ti/2=tenand 50
Burkholderi minutes at fifty
urkholderia o ;
multivorans V2 |#5790°C 8 tosixty Qegrees [16]
Celsius,
respectively
ti/2=2and 0.5 hr
Burkholderia spp. | 60°C 8.5 at 50°C and 60°C, [17]
respectively
ti/2=4hr 33 min
Bacillus subtilis 5 at 60°C, 52
NS 8 60°C / min at 71°C and 18]
~42 min at 80°C
ti/2=4 hr 33 min
Bacillus coagulans o at 60°C, 51 min at
MTCC-6375 45 85 70°C and ~42 (18]
min at 80°C
Geobacillus t‘jz = 29 min at
thermodenitrificans| 65°C 7 55 C.65C 7t/ =
8 hrat60°C, 16 hr [20]
BRL-nra at 65°C - 75°C

Optimum pH and temperature conditions for catalytic
activity of thermostable lipases from various micro-
organismsare shownin Table 2.

Table 2: Optimum pH and Temperature Conditions for Catalytic
Activity of Thermostable Lipases from Various Microorganisms

. . Enzyme Enzyme Optimum
Microorganism Optimum pH | Temperature (°C) References
Bacillaceae sp. o

RSU-T 8-9 50°C [n]

Bacillaceae o
acidocaldarius 6810 70°C [21]

Bacillaceae o

strain J33 8 60°C [22]
Bacillus
thermocatenulatus 9 60-70°C [23]
BTL2
Geobacillus o
Stearothermophilus ) 65°C (24]
Geobacillus o
Stearothermophilus 8 0°C [25]
Pseudomonas spp. 15 90°C [26]
Pseudomonas sp. 9.7 60°C [27]
Pyrobaculum o
calidifontis % 28]

P);ros:occus _ 99°C [29]

uriosus

Source T max°C opt'i)rln.lum Stability References
t./2=150, 90, 55,
Bacillaceae sp / aond 4% mlnoat
' 50°C 8-9 60°C,65°C, 71°C [n]
RSJI and 76°C,
respectively
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Pyrococcus o
horikoshii / % [30]
Pyrococcus o
horikoshii 59 e [31]
Staphylococcus 512 55°C [32]
aureus
Rhizopus chinensis 9 30-50°C [33]
Thermoanaerobacter o
thermohydrosulfuricus 7-8 75-90°C [34]
Staphylococcus o
xylosus 5-12 65-70°C [35]
Bacillus Subtilis 10 55t0 79°C [36]
Bacillus pumilus o
R3] 7 40-70°C m]

Despite extensive studies on lipases from mesophilic and
thermophilic sources, a consolidated understanding of the
molecular determinants governing thermostability,
catalytic efficiency, and industrial adaptability remains
fragmented. Many reported thermostable lipases
demonstrate promising activity under laboratory
conditions; however, challenges persist in translating
these enzymes into cost-effective, large-scale industrial
applications due to limitations in production yield, solvent
tolerance, and long-term operational stability.
Furthermore, comparative analyses integrating structural
insights, metagenomic discoveries, and enzyme
engineering strategies are still limited. Therefore, a
comprehensive review bridging molecularinnovations with
expanding industrial demands is essential to quide future
biotechnologicaladvancements.

Industrial Use of Thermostable Lipases

The application of substance catalysts doesn't just include
many drawbacks linked to it; however as well provides an
increase to several unwanted byproducts together with
poisonous effluents, while at the same time, substrate
unigueness, bio-degradability, and lots of these kinds of
positive aspects related to biocatalysts provide them with
an advantage over the usage of catalysts in the chemical
industrial sectors[37]. Thermostable enzymes can take on
higher temperatures, therefore endowing along half-life to
the bio-catalyst. These types of enzymes may also put up
with elevated levels of substrates as well as be protected
from chemical denaturants. Their potential to perform
different reactions at a high reaction rate as a result of a
rise in substrate diffusion coefficient, as well as lower
viscosity at elevated temperature ranges, make them a
well-liked option over the sources of mesophiles [11]. The
bio-technological possibilities related to lipases cause
them to become a good biocatalyst within the world of
many bio-technologicalandindustrial sectors.
Application of Thermostable Lipasesinthe Food Industry
Lipases play a large role in the food industry in where they
are widely used for manufacturing as well as customization
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of fats and oils (since they develop an essential element of
food) to produce healthier food items. Lipases modify the
lipids by causing the alteration within the placement of the
important fatty acids in several glycerides [8]. The
unigueness related to lipases ensures they are a perfect
option for oleochemical industrial sectors for the
manufacturing of several higher value-added products,
such as fats in human milk alternatives, the obroma oil
counterparts, along with other specific prepared lipids
[38]. Since absolutely no method provides such
specificities, this amazing trait of thermostable lipases
might be focused on industrial and commercial
advancements.

Problem/Need

Lipases from Thermomyces lanuginosus happen to be
identified by producing different transesterification and
esterification reactions. Lipases from Thermomyces
lanuginosus are recognized to perform the development of
glycerides to be able to create healthier kinds of margarine
[39]. Lipases seemed to be involved with the growth and
development of several favouring agents. Thermostable
lipases from several microbes have been employed to
result in the oil customization, milk fat manufacturing
similar to lipids, production of margarine making use of
glycerides, and so on. Modification of fats and oils to
produce healthier food products and speciality lipids
requires enzymes with high specificity. Chemical catalysis
often lacks positional specificity, generates unwanted
byproducts, and cannot tailor fatty acid composition
effectively.

How Thermostable Lipases Solve It

Thermostable lipases catalyze selective tran-
sesterification and esterification reactions, enabling
precise alteration of fatty acid positions in glycerides at
elevated temperatures, improving stability and reaction
rates. This allows the creation of customized lipids, flavor
development, and healthier fat substitutes[40].
Examples with Relevant Performance Data

Lipases from Thermomyces lanuginosus are recognized
for producing modified glycerides used to make healthier
margarine and for flavor generation. Beyond classic uses,
thermostable lipases assist in synthesizing novel
compounds such as mono- and di-acyl esters of glyceryl
caffeate with enhanced antioxidant properties [3]. Their
effectiveness at elevated temperatures (up to 70°C)
supportsindustrial scalability.

Future Directions

Ongoing industrial innovation aims to improve
thermostability and substrate specificity through enzyme
engineering [41]. These advances will broaden the
application scope in food biotechnology, enabling the
production of novel functional lipids, customized fats for
nutrition,andimproved process efficiency.
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Detergent Sectorand Thermostable Lipases

The cleaning agent market is among the major
marketplaces for enzymes, along with ahuge development
that takes place to generate the newest enzymes, which
include proteases, lipases, and amylases, along with
greater as well as significantly better potential. The
foremost commercially essential use of Thermostable
lipases is within the cleaning agent business, where it's
included with the laundry detergent for boosting the
second activity [42]. Enzyme revenue in '95 was
approximately thirty million dollars, with cleaning agent
enzymes creating 30 per cent. The production of laundry
detergentsisapproximately 13 billion tons per year, and the
number of lipases is approximately 1,000. One of the
primary problems in the laundry sector is the excretion of
the adsorbed lipids through the components that are
normally constructed of long-chain, water-insoluble
triacylglycerols. These lipids might be eliminated by using
cleaners containing lipolytic enzymes, which break them
down into complementary fatty acids, diacylglycerols, and
monoacylglycerols [43]. The First commercialized lipase
usedin cleaningagents was lipase TM, which Novo Nordisk
introducedinthe early nineteennineties.

Problem/Need

Effective removal of water-insoluble, long-chain
triacylglycerol lipid stains under harsh alkaline, high-
temperature laundry conditions remains a challenge [44].
Conventional detergents lack sufficient enzymatic
components to fully degrade these lipids, impacting
cleaningperformance and fabric care.

How Thermostable Lipases Solve It

Thermostable lipases hydrolyze complex triacylglycerols
into free fatty acids and glycerides that are water-soluble
and easily removed. Their stability at alkaline pH and
resistance to temperature enable sustained catalytic
activity duringwashing cycles, improving stainremoval and
preventingfabric greying.

Examples with Relevant Performance Data

Early commercial enzymes such as Lipase TM (originally
from a thermophilic funqgus, later produced in Aspergillus
oryzae) and Lumafast™ lipases from Pseudomonas
mendocina and P. alcaligenes demonstrated these
properties [37]. Modern developments leverage
metagenomic libraries to discover novel, thermostable
lipases with enhanced detergent compatibility and
stability.

Future Directions

Focused protein engineering and metagenomic screening
aim to enhance lipase resistance to surfactants, oxidants,
and thermal stress, driving development of detergents
with superior cleaning power and reduced environmental
impact[45].

Use of Thermostable Lipases in Drug Intermediates and
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Drugs

Thermostable lipases are also described because of their
capability to give rise to the quality of several racemate
blends of acidsand alcohols[46]. Thermostablelipase, asa
result of Humicola lanuginosa, has been referred to as
among the most effective enzymes for contributing to the
differentiation of two enantiomers artificially essential
chiral foundation, (Z)-4-triphenyl methoxy-2, epoxy butan-
1-ol, using ethylene-vinyl acetate as acyl donor. Lipases
from Thermomyces lanuginosus demonstrate high
enantioselectivity, as shown by their ability to hydrolyze
complex bicyclic esters to yield optically pure compounds
like (-)-epoxyalcohol and (-)-bromodiol. Additionally,
Lipozyme TL IM (a commercial lipase from T. lanuginosus)
has been effectively used for the regioselective acylation
of 5'-0O-acyl 5-fluorouracil 1-B-D-ribofuranoside,
enhancing its antitumor potential compared to the parent
drug 5-fluorouridine [47]. In pharmaceutical and drug
intermediate synthesis, thermostable lipases are gaining
prominence for their ability to catalyze chemo-, regio-, and
enantioselective reactions, producing high-purity chiral
compounds essential for drug development. Their
robustness under various solvent conditions makes them
idealforcomplexorganic synthesisroutes.

Problem/Need

Stereoselective synthesis of optically pure drug
intermediates demands regio-, chemo-, and
enantioselective catalysis. Chemical synthesis often
produces racemates, lowering drug efficacy and requiring
costly purification steps.

How Thermostable Lipases Solvelt

Thermostable lipases catalyze selective hydrolysis and
acylationreactionseveninorganic solventsand at elevated
temperatures, enabling the preparation of chiral
intermediates with high purity andyield.

Examples with Relevant Performance Data

Lipases from Thermomyces lanuginosus achieve
enantiomeric excess above 96% and purity greater than
99.5% in hydrolyzing bicyclic esters and paclitaxel
precursors. Lipozyme TL IM catalyzes regioselective
acylation of 5'-0-acyl 5-fluorouracil derivatives, enhancing
antitumor potential [48]. Pseudomonas aeruginosa lipase
demonstrates asymmetric hydrolysis of methoxy-phenyl
glycidicacid methylesterrelevant todiltiazem synthesis.
Future Directions

Combining enzyme immobilization with protein
engineering is expected to improve reusability, stability,
and selectivity [49]. Exploration of thermophilic and
extremophiliclipases mayyield catalysts suited for broader
pharmaceutical applications and more demanding
synthesisconditions.

Environmental Applications and Biodegradation

The degradation of atmospheric macromolecules remains

.
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a significant challenge; however, this problem can be
mitigated to some extent through the application of
thermostable lipases. For instance, the side-chains of
polyvinyl acetate were successfully hydrolyzed at 60°C in
the presence of toluene using various lipases [50]. The
efficiency of hydrolysis for long side-chains followed the
order: hog pancreatic lipase > Novozym 435 >
Thermomyces lanuginosus lipase (TLL) > Candida rugosa
lipase. In contrast, the hydrolysis of shorter side-chains
was initiated in the reverse order[40]. The deterioration of
several different polymers as an illustration, poly
(bisphenol) and polycaprolactone, has been produced at a
specific temperature, which ranges between 27 and
seventy degrees Celsius, using several lipases, for
instance, lipases from hog-pancreas, Thermomyces
lanuginosus, and Novozyme 436 (N 436)in the existence of
different chemicals [10]. The highest temperature ranges
noted for hog pancreas lipases, as well as others,
respectively, had been around 50 and 60°C. However, the
degradability perspective of lipase action was within the
variety of Thermomyces lanuginosus > Candida rugosa >
Novozym-435>hogpancreas.

Problem/Need

Biodiesel synthesis requires efficient transesterification
of lipids; cosmetic industries demand biocompatible,
biodegradable polymers synthesized under mild
conditions. Enzymes must sustain high temperatures and
resistorganicsolvents[42].

How Thermostable Lipases Solve It

They catalyze lipid transesterification and ring-opening
polymerization reactions at elevated temperatures (up to
80°C) and in organic solvents, enhancing process
efficiencyand product quality[50].

Examples with Relevant Performance Data

Lipase B from Candida antarctica and lipases from
Thermomyces lanuginosus have shown exceptional
stability and catalytic performance in biodiesel production
and synthesis of polycaprolactone biopolymers used in
cosmetics [41]. Their biocompatibility and permeability
make themideal for biomedical applications.

Limitations and Future Directions

Thisreviewislimited byitsreliance on previously published
experimental studies, as large-scale industrial validation
data and long-term process optimization studies remain
comparatively scarce. Variability in enzyme sources,
expression systems, immobilization strategies, and assay
conditions across studies makes direct comparison
challenging. Protein engineering aims to broaden
substrate specificity, improve solvent tolerance, and lower
production costs [24]. Development of thermostable
lipases with tailored catalytic properties will support
sustainable biofuel manufacturing and next-generation
cosmetic polymers.
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CONCLUSION

Because the entire world is focusing on new developments
every single day, along with the development in modern
technology, the enzymes produced from thermophiles
have acquired significant uses and therefore are a source
of appeal for a lot of industrial sectors. Thermophilic
lipases have grown in popularity during the past several
years. Consequently, they are among the essential
biocatalysts due to their remarkable capability to
accomplish unique interfacial reactions as well as their
capacity to catalyze changes. Due to their proficiency in
experiencing unpleasant conditions, they've attained
immense uses in the areas of bio-technology,
pharmaceuticals, and microbiology. Checking up on all the
innovative and exclusive characteristics of thermophiles,
it's now essential to research completely new bacterial
resources for all these enzymes and carefully look for their
uses in different areas. Aside from this, methods such as
molecular dynamics, as well as developing methods for
free energy computation, allow us to obtain an
understanding of the elements responsible for thermal
resistance.
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Liver trauma complicated by hyperfibrinolysis leads to uncontrolled hemorrhage and systemic
coagulopathy, posing significant challenges in clinical management. Objective: To analyze
histopathological and clinical changes in hepatic tissue after using hemostatic agents TXA,
OCR, and Surgiflo to examine volume of blood loss, duration of blood loss, tissue healing,
fibrosis, and inflammation. Methods: A total of 48 rabbits were systematically assigned to four
distinct cohorts placing 12 rabbits in each group: Control, Tranexamic Acid (TXA), Oxidized
Regenerated Cellulose (ORC), and Surgiflo. Uniform hepatic injuries were surgically induced in
all liver specimens. After that, each cohort had the prescribed course of treatment. Time to
hemostasis, blood loss volume, D-dimer levels, survival rate, and liver tissue histology were the
primary outcomes that were measured. Results: Out of all the groups, Surgiflo had the quickest
hemostasis and the least amount of blood loss. The Surgiflo and ORC groups showed better
tissue healing, with less fibrosis and mild inflammation, according to histological analysis. The
TXA and Control groups, on the other hand, had slower tissue healing and more infiltration of
inflammatory cells. Conclusions: Surgiflo was found to be the most successful treatment for
liver damage with hyperfibrinolysis based on both clinical and histological results. The
outcomes validate its application as a dependable choice for reducing hemorrhage and
encouragingtissue repairin cases of complicated liver damage.

INTRODUCTION

Because of the liver's intricate vascular supply and
significant bleeding risk, liver trauma poses a significant
clinical problem. Hyperfibrinolysis, a disorder in which
blood clots degrade excessively rapidly, is a frequent
consequence that raises the risk of death and causes
severe bleeding [1]. This disorder frequently results from
decreased liver synthesis of important clotting and
antifibrinolysis proteins, including Thrombin-Activatable
Fibrinolysis Inhibitor (TAFI) and alpha-2 antiplasmin [2].
Liver regeneration is a unique and complex physiological

process governed by the concept of the "hepatostat,”
which ensures that liver size and function are tightly
requlated after injury or partial resection. According to
Michalopoulos in 2017, this regulatory mechanism
maintains a balance between hepatocyte proliferation and
apoptosis, playing a critical role in preserving normal liver
tissue architecture and function [3]. Building on this
intrinsic regenerative capacity, liver tissue engineering has
made significant strides in recent years. Mazza et al., in
2018 highlighted various advancements in the field,
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including scaffold-based systems and bioengineered liver
constructs that offer promising alternatives for liver
transplantation, especially in the context of increasing
organ shortages [4]. However, emerging environmental
concerns such as microplastic contamination present new
challenges for liver health. In a groundbreaking study,
Horvatits et al., in 2022 reported the presence of
microplastics in cirrhotic liver tissues, suggesting a
possible link between environmental pollutants and
chronic liver disease progression [5]. These findings
emphasize the need for further investigation into how
external factors like microplastics may impair hepatic
regeneration and compromise liver tissue integrity,
particularly inindividuals with pre-existingliver conditions.
By creating a physical mesh that encourages platelet
adhesion and clot formation, Oxidized Regenerated
Cellulose (ORC) aids in stopping bleeding [6]. An
antifibrinolytic medication called Tranexamic Acid (TXA)
stops fibrin from breaking down by preventing
plasminogen from being activated. It is frequently used to
lessen blood loss during orthopedic, cardiac, and liver
surgeries [7]. Effective bleeding control requires the early
use of medications such as thrombin-based medicines,
ORC,and TXA[8]. Though their functionsin hemostasisare
well known, it is unclear how they affect the healing of liver
tissue. After therapy, analyzing tissue samples can provide
important information about liver cell repair, scar tissue
(fibrosis), and inflammation all of which are important
componentsoflong-termhealing[9].

Despite advances in hemostatic therapies,
hyperfibrinolysis-associated liver trauma remains a major
clinical challenge due to uncontrolled bleeding and
impaired tissue regeneration. While agents like TXA, ORC,
and Surgiflo are widely used for hemorrhage control, there
is limited comparative evidence on their effects not only on
hemostasis but also on liver tissue healing, fibrosis, and
inflammation. This gap underscores the need for
systematic evaluation to identify the most effective
strategy for both controlling bleeding and promoting
optimal tissue repair. This study aimed to assess the
clinical performance and tissue effects of different
hemostatic agents in a rabbit model of liver injury with
hyperfibrinolysis. The goal is to determine which
treatments best promote healing while minimizing harmful
tissueresponses.

METHODS

This randomized experimental study involved 48 healthy
adult rabbits, each weighing between 2.0 and 2.5 kg.
Ethicalapproval was obtained from the Institutional Animal
Care and Use Committee. The rabbits were randomly
divided into four treatment groups, with 12 animals in each
group.

Hemostatic Agents in Hyperfibrinolytic Liver Injury
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Group-Control: No hemostatic agent applied post-liver
injury

Group-TXA: Treated with Tranexamic Acid

Group-0CR: Treated with Oxidized Regenerated Cellulose
Group-Surgiflo: Treated with Surgiflo Hemostatic Matrix
Surgical Procedure and Hemostatic Intervention
Following overnight fasting, rabbits were anesthetized
using intramuscular xylazine (5 mg/kg) and ketamine (35
mg/kg). A midline laparotomy was performed under sterile
conditions. A standardized linear abrasion (~2 x 1 cm) was
made on the left liver lobe using a scalpel to induce
moderate bleeding.

Group-TXA received a local application of TXA (100 mg/kg
body weight, dissolvedin2 mL normal saline)directly onthe
wound surface immediately post-injury.

Group-0OCR received a sterile sheet of oxidized
regenerated cellulose, cut to the abrasion size and placed
directlyonthebleedingsurface.

Group-Surgiflo was treated using Surgiflo hemostatic
matrix(Baxter), prepared as per manufacturerinstructions
andappliedtopically tothe bleedingsite.
Group-Controldid notreceive any hemostaticagent.
Allinterventions were applied immediately post-injury, and
bleedingwas monitored continuously foranalysis.
Evaluation of Hemostatic Parameters Time to
Hemostasis(TTH)

Measured in seconds from the moment of agent
applicationtovisible cessation of bleeding.

TotalBlood Loss(TBL)

Estimated using pre-weighed gauze pads and subtracting
the dry weight after saturation with blood, adjusted for
density(g=mL).

Fibrinolytic Activity

Blood sampleswere collected viamarginal earveinat Thour
post-treatment. Plasma D-dimer and plasminogen levels
were analyzed using commercial ELISA kits (Rabbit D2D
ELISAKit, United Kingdom).

Histopathological Assessment

Liver tissue samples fromall groups were collected on Day
15 post-treatment, fixed in 10% neutral buffered formalin,
embedded in paraffin, and sectioned at 5 pm. Slides were
stained with Hematoxylin and Eosin (H&E) for general
morphology and Masson's Trichrome for collagen/fibrosis.
Microscopy was performed at 40xand 100x magnifications,
with scale bars included in figure legends.
Photomicrographs were annotated with arrows indicating
fibrosis, inflammation, and regenerative foci. A semi-
quantitative scoring system was used to evaluate key
parameters.
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Table1: Standard ValuesofLibido
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Table 3: TotalBlood Loss(TBL)in Rabbits

Variables Score0 | Score1 | Score2 | Score 3

Inflammation None Mild |Moderate| Severe
Fibrosis None Focal [Moderate |[Extensive

Hepatocyte Regeneration Absent | Limited |Moderate| Marked

Note: Scoring was performed independently by two blinded
histopathologists. The mean scores from both observers were
used for final analysis. Histological evaluation was limited to Day
16 post-treatment. The lack of multiple time points is
acknowledged as a study limitation. A follow-up study involving
time pointson Day 3,7, and 30isrecommended to assess dynamic
healingresponses.

Survival Monitoring

All animals were monitored for 72 hours post-intervention
for mortality, pain, and distress. Survival rates were
recorded and compared among groups. Data were
analyzed using GraphPad Prism v9.0 (GraphPad Software,
USA). One-way ANOVA was used for intergroup
comparisons of TTH, TBL, fibrinolytic markers, and
histopathology scores. Tukey's posthoc test was appliedto
correct for multiple comparisons. Results were expressed
as mean * standard deviation (SD). A p-value < 0.05 was
considered statistically significant. Significant differences
between groups are indicated in tables and figure legends
usingsuperscriptletters.

RESULTS

Time toHemostasis(TTH)

The time to achieve hemostasis varied significantly among
the groups (p < 0.05). Surgiflo exhibited the shortest TTH,
indicating its superior hemostatic efficacy (Table-2).
Oxidized Regenerated Cellulose (OCR)also performed well,
followed by Tranexamic Acid (TXA). The control group
recorded the longest bleeding duration, emphasizing the
importance of hemostatic intervention in uncontrolled
hemorrhage

Table2: Time to Hemostasis(TTH)inRabbits

Groups TTH (minutes) / Mean + SD
Control 8.5+1.2°
Group-TXA 5.3£1.0°
Group-OCR 4.8+0.9”
Group-Surgiflo 3.6+0.8°

Means within a column with different superscripts (a-c) differ
significantly at p<0.05.

Total Blood Loss(TBL)

Significant differences in total blood loss were observed
between the groups (p < 0.05). Surgiflo and OCR groups
experienced the least blood loss, highlighting their
effective bleeding control (Table 3). The TXA group had
higher blood loss compared to Surgiflo and OCR, but
significantlylessthanthe control.

Groups TBL(mL) / Mean + SD
Control 12.1+1.8°
Group-TXA 76+1.4°
Group-OCR 8.9+1.2"
Group-Surgiflo 5.4+1.0°

Meanswith different superscripts differ significantly at p<0.05.
Fibrinolytic Activity (D-dimer Levels)

D-dimer levels, indicative of fibrinolytic activity, were
highest in the control group, suggesting excessive clot
breakdown. All treatment groups showed significant
reduction in D-dimer levels (p < 0.05), with Surgiflo
demonstrating the greatest suppression of fibrinolysis
(Table-4).

Table 4: Fibrinolytic Activity(D-dimer Levels)inrabbits

Groups D-dimer (ng/mL) / Mean £ SD
Control 320+25°
Group-TXA 210+20°
Group-OCR 190 + 18"
Group-Surgiflo 170 +15°

Different superscriptsindicate significant differencesat p<0.05.
Survival Rate

The 72-hour post-treatment survival rate was significantly
higher in all treated groups compared to the control.
Surgiflo showed the highest survival rate, followed by OCR
and TXA(p<0.05)(Table-5).

Table5: SurvivalRateinrabbits

Groups 72-Hour Survival Rate (%)
Control 58°
Group-TXA 75°
Group-OCR 83™
Group-Surgiflo 92°

Groups withdifferent superscripts differ significantly at p<0.05.

Histopathological Evaluation of Liver Tissue (Day 15 Post-
Treatment)

Surgiflo Group

Histopathological examination of the Surgiflo-treated liver
revealed organized hepatocyte structure, minimal
inflammatory infiltration, and moderate fibrosis indicating
effective clot stabilization and tissue healing without
excessive scarring (Figure 1). No evidence of necrosis or
persistenthemorrhage was observed.
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Figure 1: Histopathological section of rabbit liver tissue stained
with HandE, 40x magnification, 15 days post-treatment with
Surgiflo
The image showed:
Central Vein: Located centrally with surrounding radial
arrangement of hepatocyte cords.
Minimal Inflammatory Cell Infiltration: Scattered
lymphocytes present near sinusoidal spaces.
Moderate Fibrosis: Detected in the portal area, indicating
organized tissue remodeling.
Portal Triad: Comprising Portal Vein, Bile Duct, and
Hepatic Artery clearly demarcated.
Hematoxylin and eosin (HandE) stain; scale bar =100 pm.
OCRGroup
OCR-treated liver samples demonstrated stable clot
formation and largely preserved hepatocyte architecture.
Mild fibrosis and a minimal inflammatory response were
noted, suggesting good hemostatic and regenerative
outcomes(Figure 2). OCR also showed residual hemostatic
material, expectedduetoitsslowresorption.

e e s W W B BTN 2T

Figure 2: Liver tissue section from rabbit treated with Oxidized
Regenerated Cellulose(OCR), HandE staining at 40xmagnification

Preserved Architecture: Hepatocytes arranged in cords
with maintained sinusoidal pattern.

Mild Fibrosis: Located around the clot and portal region.
Residual Hemostatic Material: Still visible due to slow
degradation of OCR.

Minimal Inflammatory Infiltration: Sparse immune cells

DOI: https://doi.org/10.54393/fbt.v5i2.169

suggesting resolution phase of healing.
Hematoxylin and eosin (HandE) stain; scale bar =100 ym.

TXA Group

TXA-treated liver sections exhibited moderate
inflammation and mild fibrosis, with some signs of
ongoing tissue repair (Figure 3). Hepatocyte organization
was generally maintained, with no visible necrosis or
hemorrhage

’ g e ] 3 ;
Figure 3: Liver tissue post-TXA treatment showing mild fibrosis
and moderate inflammation
Control Group
The control group displayed severe inflammatory
infiltration, disorganized hepatocytes, delayed fibrosis,
and inconsistent clot formation (Figure 4). These findings
confirm poor healing and prolonged hemorrhage in the
absence of hemostatic agents.
Wt W N R NG TN Y  C

Figure 4: The Control Group's Liver Tissue Displayed Delayed
Healing, Inflammation, And Ongoing Bleeding

Histological Interpretation Summary

The histopathological slide of liver tissue treated with
Oxidized Regenerated Cellulose (OCR) after fifteen days
post-biopsy reveals key changes indicative of tissue
healingandresponsetotheapplied hemostaticagent.
Clot Stability and Residual Hemostatic Material
Histological sections revealed that Oxidized Regenerated
Cellulose (OCR) and Surgiflo facilitated stable clot
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formation, with possible presence of residual hemostatic
materials, particularly OCR, due to its slow resorption
characteristics. At the site of the damage, these materials
helped to create a scaffold and provide mechanical
hemostasis.

Tissue Healingand Regeneration

Hepatocyte structure was mostly intact in the liver tissue
of the Surgiflo and ORC-treated groups. Hepatocyte
swelling ranged from mild to substantial, suggesting
continuedregeneration. The hepatic sinusoidsand central
veins seemed normal, indicating sustained blood flow and
conducive healingcircumstances.

Inflammatory Response

The Surgiflo and ORC groups' tissue samples displayed a
little infiltration of macrophages and lymphocytes,
indicating a managed inflammatory response and
continuous tissue healing. The control group showed
significant inflammatory infiltration and bleeding,
suggesting delayed healing, whereas the TXA group
showedamilddegree of inflammation.

Fibrosis Development

Localized at the wound margins as a result of fibroblast
activation and collagen deposition, fibrosis was mild in the
Surgiflo group and slightly higher in OCR-treated samples.
While the control group displayed uneven or undeveloped
fibrous tissue, indicating inadequate repair, the TXA group
demonstratedrestrictedfibrotic growth.

Table6: Histopathological Assessment Summary

Variables Control TXA OCR Surgiflo
Clot Stability Poor Moderate Good Excellent
Tissue Healing Delayed Moderate Good Excellent
Inflammation Severe Moderate Mild Minimal

Fibrosis Disorganized| Minimal |Mild-Moderate | Moderate

DISCUSSION

Inboth humans and animals, blood is vital for defending the
body against chemical and physical damage. Red blood
cells, white blood cells, platelets, and plasma make up its
composition [10]. Thrombin is formed during coagulation
by a sequence of enzyme-driven processes. After that,
thrombin converts fibrinogen to fibrin, forming a solid clot
that aids in halting the bleeding[11]. To anesthetize rabbits
effectively, ketamine hydrochloride (100 mg per rabbit)and
xylazine hydrochloride (1.5 mg per rabbit) were used.
Adequate sedation, pain alleviation, and muscular
relaxation were all made possible by this combination.
These findings parallel those of Oguntoye and Oke, who
used 50 mg/kg of ketamine and 5 mg/kg of xylazine, as well
as those of other researchers who used 35 mg/kg of
ketamine and 5 mg/kg of xylazine[12,13]. Inline with earlier
research, the anesthesialasted 36-43 minutes[14]. Inthis
investigation, rabbits treated with ORC and TXA saw
considerably less blood loss (mg/min) on average than
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untreated controls (P < 0.05). Similar results utilizing ORC
in rabbit models were reported by Guo et al., and others[ 15,
16]. Numerous studies have also been conducted on TXA's
function in regulating bleeding and fibrinolysis [17]. With
oral dosagesranging from 10-20 mg/kg, three-fourtimes a
day, it is frequently used to treat menorrhagia [18]. The
reported maximum oral TXA concentration is 13.83-16.41
ug/mli[19]. The current findings align with previous work on
TXAand ORCinsurgical hemostasis[20]. Inthis study, both
ORC and TXA significantly influenced bleeding and clotting
times (P < 0.05), similar to results from heart valve surgery
patients [15]. Grottke et al., in 2022 conducted a
comprehensive review highlighting the clinical
implications of NOAC use in trauma patients, emphasizing
the difficulties associated with bleeding management, the
limited availability of specific reversal agents, and the lack
of standardized protocols in emergency care settings[21].
They reduce intraoperative blood loss, potentially
minimizing transfusion needs. TXA has also been effective
in cesarean sections, without contributing to thrombotic
events [22]. A Nigerian controlled trial examined TXA's
effect on fibrinolysis in high-risk postpartum women [23].
TXAs effects on platelets were assessed independently of
surgical confounders. This study revealed that ORC
achieved hemostasis faster than TXA, particularly in minor
liver abrasions. ORC controlled bleeding in under 90
seconds (VIBe SCALE grades 1-2), while TXA averaged 256
seconds. This supports findings from previous rabbit liver
injury models[24]. The management of major bleeding and
coagulopathy in trauma patients is a critical component of
emergency care, directly influencing morbidity and
mortality outcomes. According to the European guideline
on the management of major bleeding and coagulopathy
following trauma (fifth edition), early and aggressive
intervention is essential, including timely hemostatic
resuscitation, the use of goal-directed transfusion
strategies, andincorporation of pharmacological agentsto
support coagulation [25]. Among these agents,
tranexamic acid (TXA) has emerged as a key therapeutic
option. The landmark CRASH-2 trial provided robust
evidence that early administration of TXA(within 3 hours of
injury) significantly reduces the risk of death due to
bleeding without increasing the rate of vascular occlusive
events, making it a safe and effective addition to trauma
protocols worldwide [26]. Together, these guidelines and
clinical trial findings underscore the importance of
evidence-based, protocol-driven approaches in trauma
settings to enhance survival and minimize complications
from hemorrhage. Selecting the appropriate hemostatic
agent is crucial. While TXA is effective for mild bleeding,
passive agents like ORC are preferable for moderate
hemorrhages[27].
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This study was limited by evaluation at a single post-
treatment time point (Day 15), which may not capture the
full dynamics of liver healing and fibrosis progression.
Future research should include multiple time points to
monitor early and late regenerative responses, as well as
explore the molecular mechanisms underlying tissue
repair with different hemostatic agents. Such studies
could guide the development of optimized therapeutic
protocolsforhyperfibrinolyticliverinjuries.

CONCLUSION

According to histological research, ORC and Surgiflo were
superior at halting bleeding, lowering inflammation, and
promoting tissue repair. The control group exhibited poor
healing with persistent bleeding and inflammation,
whereas TXAhad moderate effects.
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Edible oils play a crucial role in our daily diet, providing energy, essential fatty acids, and
vitamins. Fryingisacommon method for preparing many foods, but the deep-frying process can
alter the composition of both oil and food. Objectives: To assess the potential health risks
associated with the consumption of reused oil and savory snacks. Methods: A total of 25 oil
samples, including Before Frying Qil (BFO) and After Frying Qil (AFO), as well as snack samples
(samosa and pakora), were collected from the canteens of Sindh University, Jamshoro,
Pakistan. Blood samples were collected from students studying at the main campus of Sindh
University, Jamshoro, and control samples were also collected fromindividuals of the same age
and gender. Elements like copper(Cu), iron(Fe), nickel (Ni), lead (Pb), zinc(Zn)and chromium(Cr)
were analyzed from oil, blood and snacks samples by atomic absorption spectrometry. Results:
Metals like Cu, Fe, Ni, Pb, Cr increased along with Zn decreased in AFO samples whereas all
metalslike Cu, Fe, Ni, Pb, and Cr were found increased and Zn decreasedinblood of consumers,
Cu, Fe, Ni, Pb, Crdecreased in Samosa and Zn increased in Savory samples. Conclusions: Used
cookingoilis dangerous for human health. People should avoid buying contaminated food items,
especially savory snacks, fromopen markets because they are harmful to health.

INTRODUCTION

Nowadays, the deep-fried snacks are being used at home,
restaurants and workplaces, which mostly use canola oil
for frying purposes. Many Asian countries prepare snacks
indifferent ways; moreover, inlocal restaurants, shopsand
vendorsdonot observe properhygiene and use oil for frying
many times. Students don't have breakfast at home or
hostel and use savory snacks [1]. South Asian countries,
especially Pakistan, India, and Bangladesh, are developing
countries, where University students belong to the middle
socio-economic class, so they have less pocket money.
Canteens of universities prepare savory snack items
(samosa, pakora, roll, etc.) at very low prices, which are
fried repeatedly in frying oil [2]. In different developing

countries, especially Asian countries like Pakistan, India,
China, and Thailand, shop vendors prepare snacks. These
are ready-to-eat snack foods at low cost in university
canteens. In Pakistan, generally, people use street vendor
foods specially snacks daily. Street foods are prepared and
even sold by local vendors at local markets, schools,
parking lots, and universities, for direct consumption
without further processing [3, 4]. In humans, ingestion of
food contaminated with trace metals is the most common
route of heavy metal (HM) exposure and can pose a serious
health risk. Snacks are being used daily at schools and
universities by students. Snacks' material or ingredients
quality is usually not checked in local shops/Canteens.
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Moreover, the same oil is used many times by food vendors
during the preparation of savory snacks [5]. These savory
snacks are prepared in contaminated utensils, without
poor sanitation, improper hygiene, improper cookware,
inadequate storage conditions, and contaminated
ingredients. High intake of snacks increases the risk of
diseases; unhealthy eating habits lead to uncontrolled
weight gain. Cooking oil deterioration is accelerated by the
formation of degradation compounds such as free fatty
acids and peroxides[6, 7]. The presence of trace metals in
cookingoils depends on many factors: they might originate
from the soil, fertilizers, plantations, presence of industry
[8]. Metals may also be introduced during the
contamination process through contact with packaging
materials. The trace metals enhance the rate of oxidation
of cooking oils by increasing the generation of free radicals
fromfattyacid hydro-peroxides[9,10].

Despite the widespread consumption of deep-fried snacks
by university students, limited studies in Pakistan have
systematically assessed the extent of metallic
contaminationinreused cookingoilsand associated health
risks in consumers. Most previous research focuses on
either oil quality or street food safety separately, leaving a
gap in understanding the direct correlation between
reused frying oil, toxic metal accumulation in snacks, and
their impact on student health. This study addresses this
gap by analyzing both physicochemical changes in oils and
metal contamination in snacks and consumer blood
samples. Metals were analyzed in 25 cooking oil samples
(before and after frying), samosa and pakora samples
collected from university canteens, and in blood serum
from 30 student consumers and 30 non-consumer
controls, to assess the potential health risks associated
with the consumption of reused oil and savory snacks. This
study aimed to determine the quality of oil and snacks used
at University Canteens by the physicochemical properties
and metalsanalysis.

METHODS

This cross-sectional study involved analysis of 25 cooking
oil samples from the students'canteen of Sindh University,
Jamshoro, Sindh, Pakistan, from May 2019 to July 2021. The
study was started after ethical approval from the ethical
committee at the Institute of Biochemistry, University of
Sindh (Jamshoro) with a reference number |0B/48/2019.
Informed consent was obtained from all students prior to
the study. The sample sizes(25 oil samples, 30 consumers,
and 30 non-consumers) were determined based on
preliminary surveys of typical canteen operations and
student consumption patterns. These numbers provided
sufficient representation, while remaining logistically
feasible, and consistent with similar studies on food
contamination. The before/after frying comparison and
consumer/non-consumer matching were designed to
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enhance the detection of meaningful differences. Samples
were collected using purposive sampling. Twenty-five
paired oil samples (before and after frying) and
corresponding samosa and pakora samples were obtained
from canteens that prepared and sold fried snacks on-site
using unbranded oil. Canteens using branded or single-use
oil were excluded. Blood samples were taken from 30
regularsnack consumersand 30 matched non-consumers.
A validated questionnaire (Cronbach's alpha=0.75) was
filled out by students, consisting of questions about the
habits of eating savory snacks. During the study, it was
surveyed that all were using unbranded rapeseed cooking
oiland the same cooking oil was used many times for frying
snacks. Data were analyzed using SPSS-25.0. Metal
concentrations and physicochemical parameters were
compared using paired t-tests for before vs. after frying oil
samples (BFO/AFO)and independent t-tests for consumer
vs. non-consumer blood samples. Questionnaire datawere
analyzed using descriptive statistics and chi-square tests
where appropriate. Normality was verified using Shapiro-
Wilk tests; non-parametric alternatives (Mann-Whitney U,
Wilcoxon signed-rank) have been used when assumptions
were violated. Results with p-values <0.05 were considered
statistically significant. Before studying, asurvey wasdone
for the collection of information from different canteens of
the University for snack selection, mostly Samosa and
Pakora were seen to be sold to students. Questionnaire
responses were scored and analyzed using descriptive
statistics, while metal concentration data were compared
using independent t-tests with p<0.05 considered
significant."Ultrapure water(Bucks, UK), Nitricacid(Merck,
Darmstadt, Germany), Hydrogen peroxide (Merck),
standards of Cu, Ni, Fe, Pb, Zn and Cr mg/L (Fluka-Kamica-
Buchs, Switzerland). Glassware and plastic material were
treated with 5M pure Nitric acid for 24 Hours. Nitric acid
(65%) and Hydrogen Peroxide 30% (2:1 ratio) was used for
CDM (Conventional digestion method). Standard solutions
of Cu, Ni and Fe of 1000 mg/L were prepared by dilution of
certified Standard solutions. Physicochemical Properties
of Before Frying Qil (BFQ) and After Frying Qil (AFO):
Physical and chemical properties of before and after frying
used oil were determined using already reported methods
[11-14]. 5cc Blood samples were collected from 30
consumers and 30 non-consumer students, who were
studying in different BS programs. The age range of
students was from 17 to 25 years. Whole blood samples
were collected and centrifuged at 4 °C for serum collection.
Serum was used for the determination of toxic metals, i.e.
Copper (Cu), Iron (Fe), Nickel (Ni), Lead (Pb), Zinc (Zn) and
Chromium (Cr). Each composite sample of snack was
mixed and ground ina mortar and pestle, then keptat -4 Ce.
Weighed 1.0 g of each mix composite sample of samosaand
pakora samples (electronic balance machine, A and D
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company C000B). Then kept the samosa and pakora
samplesforashinginafurnace. Ash content was measured
as an indicator of total mineral residue, serving as a proxy
for potential metal accumulation in snacks. 600°C, for 2
hours. Afterwards, the snacks were re-weighed [15]. Ash
content was measured as an indicator of total mineral
residue, serving as a proxy for potential metal
accumulation in snacks. This study correctly weighed
triplicate samples (0.5 g) of each reused cooking oil, snack
samples (samosa, pakora) and blood samples into
individual (100 ml) conical flasks. Two (2) mL of
concentrated HNO; (65%) and H,0, (30%) (2:1, v/v;
analytical grade, Merck) were added to each flask,
incubated for 10 min at room temperature, and heated at 80
°Cuntil clear. Reagent blanks were run to validate digestion
and control for background contamination. After
evaporation of flask contents, the semi-dried mass was
allowed to dissolve in 10 ml 0.2 M HNQ3, and it was then
filtered through filter paper (Whatman No. 42) and a final
volume was made up to 10 ml in volumetric flasks with
ultrapure water, which was designated as the stock
solution. All samples were prepared in triplicate for
reproducibility’[16]. Metals such as copper, nickel, lead,
zinc, and chromium were analyzed using Electro Thermal
Atomic Absorption Spectrometry, and specific
Measurement conditions were followed using already
reported methods [17, 18]. Moreover, iron concentration
was detected via Flame Atomic Absorption Spectrometry
usingspecific measurement conditions[19].

RESULTS

Questionnaire responses revealed some consumers
reported healthissues such asvomiting, acidity, headache,
cough, obesity, chest pain, and self-reported diagnoses of
cardiovascular or kidney disease. These findings are based
on self-reported information and indicate possible
associations rather than confirmed clinical causation. 25
oil samples from different canteens of Sindh University
were subjected to physicochemical analysis. PH and
saponificationvalue were seentodeclineinthe oil samples
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) ) 1.62+0.28°, 5.17+1.66°, *
3 Viscosity (Pa/s) 16-3.9° 16-6.2" 0.010
Acid Value 0.54+0.18°, 1.40 £ 0.15°, "
4 (mg/KOH/g) 0.1-0.6° 12-1.9° 0.020
: Saponification 130 £7.79°, 96.4 £1.14°, 0.250
Value (mg/KOH/g) 115-138° 91-98° ’

p<0.050* Statically Significant (‘a indicates mean values and 'b'
indicates minimum and maximum values)

Metal analysis in oil samples depicted that all metals,
specifically Nickel, chromium and Lead, were significantly
increased (p-value<0.050) in their content after frying oil
samples. Whereas only the Zinc content was decreased in
oilsafterfrying(p-value>0.050)(Table 2).

Table 2: Determination of Metalsin(BFO)and(AFO)Samples

Permissible
s Concomration , 8700 | A0 | B | Voo
(mg/L)
1 Copper 05;_8:2? 23?2%3 0.047* 0.1
2 Iron ogig.l'z: 1212 D80 g g4 54
3 Nickel 0:00 | 202 Joogor| 02
N Lead ]211;?920 Yovee |0040t| 0112
e | [ o] om
6 | Chromium 1.3?.;%?33 295125 looaor | 130

p<0.005* Statically Significant (' a indicates mean values and 'b'
indicates minimum and maximum values).

Metal analysis in blood samples of snack consumers
(students) revealed that all the metal concentrations
(except Zinc)were increased in consumers as compared to
non-consumers (control), and this increase was
statistically significant with p-value<0.050(Table 3).

Table 3: Metal Concentrationin Blood Samples

after frying. Other parameters like specific gravity, Sr. | Metals M(;::t:oSID c,::::T;'JS p- PS;'I‘;'::';"*
viscosity andacid value increased in the case of after frying No. | (mg/L) (n=30) (n=30) | “¥® | Metals(mg/L)
oil (AF0) and this increase was found to be statistically ] conper | 162008, | 27208, [ (oo [
significant withapvalue<0.050(Table1). 12-1.9° 2.9-3.7 : e
Table 1: Determination of Physical and Chemical Properties in ) | 690+ 17", 900 + 105°, .
ron ) » | 0.001 236-614
BFOand AFO Samples 590-680 840-950
Physico-chemical s a
Sr. BFO AFO ) 1.3+0.08", 2.5+0.8°, " 5
No. Pa’a’:‘;;;"s (Mean+SD) | (Mean:sp) |Pvalue 5 Nickel 12-19° 2129 | 002 0.5-0.77
- ; 19£12°, 160 + 14°
5.16+ 0.64°, 3.70+0.42°, ; " -
1 oH s J0x042 0.230 4 Lead 8145 Teagnt | 0-030 20-100
Specific Gravity 0.58 +0.05°, 0.95+0.07, . 5.8+1.3, 5.4+2.7, .
2 (g/ml) 0.51-0.76" 0.91-0.99° 0.040 5 Zinc 5.9-6.9° 5.15.8" 0.071 4.83-7.73

.
Copyright ® 2025. FBT, Published by Crosslinks International Publishers LLC, USA FBT VOL. 5 Issue. 2 Aprll-June 2025
48 s This work is licensed under a Creative Commons Attribution 4.0 International License.



1.5+0.03", 2.72 1.7,

* —
11-1.1° 21-2.6" 0.042 0.4-1.2

6 Chromium

p<0.050* Statically Significant (' a indicates mean values and 'b'
indicates minimum and maximum values).

Findings show ash content percentages across different
canteens. Pakoras consistently showed higherash content
(%) than samosas across all canteens, suggesting greater
mineral residue retention in pakora samples. The highest
ash percentage of samosas has been from the English
canteen, while pakoras from the central canteen showed
more ash content(Figure1).

50

45
45
39
40 36
35 31 32
;\; 30 27
=25
w
<20
15
10
5
0
IT Canteen English Canteen Central Canteen

Samosas B Pakoras
Figure 1: Ash Content (%) of Samosas and Pakoras from Different
Canteens
When snacks sold at Sindh University canteens were
analyzed for their metal content, it was seen that copper,
iron and nickel concentrations were above the permissible
limits in samosas whereas lead, zinc and chromium were
foundinnormalrangesinbothtypesofsnacks(Table4).
Table 4: Determination of Metalsin Snacks

Sr.No Metals Pakora Samosa Ps;ml:sszl:fle
(mg/kg) (Mean + SD) (Mean + SD) Metals (mg/Kg)
1 Copper 18.1+1.31°,21-29° | 40.2 +13%, 27-39° 30
2 Iron 31+2.5°,21-24° 80 +19°, 77-90° 40-60
. . 5 3.69 £1.32°,
3 Nickel 1.39+0.35°, 1.4-1.9 2337 1.5
1.09+0.25°, 2.98+0.57,
4 Lead 1.2-1.8" 2.4-28" 25
) . » 25+1.7,
5 Zinc 35 +1.94° 31-39 20-29° 50.0
. ) b 4,93 +1.65
6 | Chromium 19+1.9° 14-19 51-59° 20

p<0.050* Statically Significant. (‘a indicates mean values and 'b
indicates minimum and maximum values)

DISCUSSION

Survey results from the questionnaire suggest that reused
oil-based snacks can lead to various diseases. Therefore,
consumers should opt for fewer fried items in order to save
themselves from health complications. Specific gravity,
viscosity and acid value tend to increase after more frying
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(Figure 1). It may be because during the frying process,
chemical reactions like thermal reactions, polymerization,
oxidation and hydrolysis take place. These reactions give
rise to non-volatile, insoluble matter, which increases the
viscosity and specific gravity, produces a darker colour and
thickens the oil [19]. Our results are in agreement with
previous studies, which also reported an increase in these
parameters after frying [20, 21]. Acidic values and
Saponification values in our investigation after frying oils
samples 1.4 and 96.4 were in agreement with those
reported by a previous study [22]. Moreover, previous
researchers also reported increased concentrations of
chromium and nickel after continuous frying of oils in
snacks [23]. Our results are similar to previous studies,
which also show that metal concentrationincreased above
permissible limits as we subject oil to more frying[23]. The
concentration of copper, iron, lead and zinc in our
investigated samples of oils was found to be similar to that
in previous studies [24]. Particularly, iron toxicity was
revealed in consumers' blood after consumption of oily
snacks from university canteens. Other metals like
chromium, copper, lead and nickel were also not found in
permissible limits in consumers' blood. The concentration
level of Fe was found to be 630-900 mg/L in the blood of
students studying at Sindh University, Jamshoro. Our
findings, 600-888 mg/L, are in agreement with the results
of previous studies [25]. Furthermore, an increase in
copper, iron and nickel concentrations in samosas may be
due to add more carbohydrate content due to the use of
potato, cooking soda, white flour, salt and red chilli, etc.
[26]. This increased metal content is very harmful to our
health as it may lead to various disorders like cancer,
diabetes, stomach ulcer, kidney disorder, etc. Pakora
samples depicted an increase in ash content due to no
other ingredient use, only besan in the pakora samples.
Other studies have also reported more ash percentage in
pakoras[27].

Thisstudy waslimited by itsrelatively smallsample size and
focus on a single university, which may restrict the
generalizability of the findings. Future research should
expand to multiple institutions and diverse snack types,
and consider long-term dietary exposure to toxic metals.
Additionally, incorporating advanced analytical techniques
could provide more detailed insights into the mechanisms
of metal accumulation and aid in developing strategies to
mitigate healthrisksassociated withreused fryingoils.

CONCLUSION

The present study demonstrates that repeated use of
frying oil in snack preparation leads to significant
increases in toxic metals (Cu, Fe, Ni, Pb, Cr) in both food
products and the blood of consumers, with zinc levels
showing a decline. Some detected concentrations
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exceeded permissible safety limits, indicating a potential
risk of chronic metal exposure and associated health
effects. Poor hygienic practices during preparation,
handling, and storage further compound theserisks. Public
awareness, strict enforcement of food safety regulations,
and discouragement of consuming snacks prepared in
repeatedly heated oils are essential to safeqguard public
health.
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Use of genetically modified organisms (GM0s) in international food production has resulted in
religious and health issues, especially among Muslim consumers. There is a need to have good
analyses that will guarantee the authenticity and safety of the halal food products. Objectives:
To identify and determine the concentration of GM contamination in both raw and processed
foodstuff samples using a sensitive quantitative polymerase chain reaction (QPCR) method.
Methods: Certified Reference Material (CRM-BF410ep Soya Bean)was used to constructagPCR
standard curve by 10-fold serial dilution (0.1% 0.01% 0.001% 0.0001%). GMO-positive cabbage
seeds were added to processed food (China noodles, mixed spices, rice protein) and
unprocessed food (brown rice, basmati rice, IRRI-6 rice). The NOS terminator sequence has
been measured using gPCR to amplify DNA by extracting it with a commercial kit, quantifyingit,
and subsequently analyzing the DNA sample. Efficiency and limits of detection. Results: NOS
terminator sequence was easily identified in a concentration of 0.001% and the mean Ct values
were similar to the CRM standard. The statistical analysis (p.05) showed that there is no
significant differentiation between the CRM and spiked samples, which provesthe accuracyand
reproducibility of the method at low concentrations of DNA. Conclusions: The tested gPCR
technique proved to be very sensitive in the detection of GM contamination in various food
matrices at 0.001 percent. Conclusions: This method will aid in halal food authentication, and a
reliable moleculartoolwill helpinavoidingaccidentalintake of GMharamingredients.

INTRODUCTION

Food laws and safety must be reviewed regularly due to
theirglobalsignificance andinfluence on public health. The
massive cross-border commerce in food commodities
presents serious issues for the global food business [1].
Due to related ethical and health issues, some religions
forbid genetically modifying food. In order to create gene
combinations that do not exist naturally, genetically
modified organisms (GMOs) are living things that have had
their genetic makeup changed by biotechnological
methods thatinvolve the insertion of genetic material from
other species, such as bacteria, viruses, plants, or animals

[2]. Products made from haram (prohibited) sources, such
as those that have been genetically modified using non-
halal ingredients, are not acceptable for ingestion from an
Islamic standpoint[3]. Muslims view following the halal diet
as a way to preserve their spirituality as well as a religious
obligation. It is crucial to make sure that genetically
modified (GM) products adhere to Islamic principles,
especially when the genetic material comes from animals
that are forbidden or unclean materials [4]. A key
component of Islamic dietary requlation is avoiding haram
foods, which are expressly prohibited in the Quran and
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Hadith [3]. "Food and beverages comprising results and/or
by-products of GMOs oringredients derived from non-halal
sources are not halal," according to the Standards and
Metrology Institute for Islamic Countries (SMIIC) [5].
Because of their high nutritional content,
vegetables—especially those in the Brassicaceae family
arevital dietary components. China, India, and Pakistanare
the world's top producers of cauliflower and cabbage, and
Poland is in the top 10 worldwide [6]. China and India
accounted for roughly 72% of the world's 25.5 million
tonnes of cabbage production in 2020. The growing
frequency of GM crops, including soybean (47%), maize
(32%), cotton(15%), and canola(5%), highlights the growing
need for efficient detection technologies, even if
genetically modified cabbage is not yet commercially
available [7]. Although the majority of genetically modified
meals now come from plants, goods made from genetically
modified animals (GMAs) and microorganisms (GMMs)
should soon be available on the market[8]. Global adoption
of genetically modified crops for food and feed uses has
been made easier by the quick development of
recombinant DNA technology[9]. Due to its sensitivity and
repeatability, Polymerase Chain Reaction (PCR) continues
to be the most dependable analytical technique for
detecting GMOs in bothraw and processed foods[10]. Even
incomplicated food matrices, the precise determination of
GM content is made possible by quantitative PCR(qPCR), a
refined form of PCR [11]. Because of its exceptional
sensitivity and accuracy in identifying even the smallest
DNA amounts, qPCR was used for this investigation.
Compared to qualitative approaches, the technique
provides a more detailed assessment by quantifying the
quantity of GM DNA in a sample. Genetic components like
the nopaline synthase terminator (NOS terminator), which
isderived from Agrobacterium tumefaciens, are frequently
detectedinordertoidentify GMOs. Assays based onnucleic
acids are essential for verifying the existence of transgenic
material[12]. Invarious dietary matrices, prior studies have
shown LODs of 0.1% [13], 0.01% [14], 0.9% [15], and 5.0%
[16]. By establishing detection at an unusually low
threshold of 0.001%, the current study expands the
analytical limitations of gPCR for halal food surveillance,
buildinguponearlierdiscoveries.

Despite the global rise in genetically modified crops,
reliable detection of GMOs in halal food products remains a
challenge, particularly at very low concentrations. While
previous studies have demonstrated qPCR detection of
GMOs, most methods report limits of detection ranging
from 0.01% to 0.1%, which may not be sufficient for strict
halal certification. Moreover, there is limited research in
Pakistan on validating sensitive qPCR methods for
detecting GM contamination in complex processed and
unprocessed food matrices. This study addresses this gap
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by evaluating an advanced qPCR approach to detect GMOs
atunprecedentedly lowlevelsindiverse food products. The
study aims to enhance GMO detection reliability and
sensitivity, achieving a limit of detection (LOD) as low as
0.001% and to establish the precision, sensitivity, and
reproducibility of a qPCR assay for GMO detection in
complexfood matrices.

METHODS

Sample mixtures (SM) of China noodles, mixed spices, rice
protein, brown rice, basmati rice, and IRRI-6 rice were
tested in this study. The samples utilized in this study were
obtained from the commercial market and were subjected
to GMO testing at the Halal Lab of the Industrial Analytical
Center, Hussain Ebrahim Jamal(HEJ)Research Institute of
Chemistry, from March 2023 to September 2023. For the
GM-positive sample, cabbage seeds were used, which were
the F1 hybrid obtained from the Department of Plant
Protection, Karachi, Pakistan. An available positive sample
for reference is GM cabbage seeds, which are positive for
the target gene. The certified reference material (CRM-
BF410ep Soya Bean) that contains 10% GMO-positive Soya
matrix was utilized, likewise positive for standard curve
preparation by diluting it to 0.1%,0.01%,0.001%, and
0.0001% and was purchased from Fapas65 Gresham St,
London. The samples utilized in this study were obtained
fromthe commercial market usingaconvenience sampling
approach. This sampling strategy is appropriate for the
method validation purpose of this study, which prioritizes
assessing analytical performance across diverse matrices
over achieving statistical representation of the broader
food market. Written informed consent was taken. A total
of six commercially available food products were selected
to represent a diverse range of matrix complexities
relevant to halal food testing. This included processed
foods with potential PCR inhibitors like China noodles(high
starch, potentially high oil), mixed spices(high polyphenaols,
polysaccharides), and rice protein (high protein), as well as
unprocessed grains like brownrice, basmatirice, and IRRI-
6 rice. The choice was specifically meant to test the DNA
extraction and gPCR assay in different compositions, and
in doing so, give a strong preliminary confirmation of the
suitability of the method. The samples were homogenized
individually and contaminated with GMO-positive cabbage
seed and mixed with the 10% GM-positive sample that
consisted of taking around 180 mg of China noodles and
mixed spices, and contaminated with 20 mg of GMO-
positive cabbage seed. SM 2 includes 10% of the GM-
positive sample, which was prepared by taking
approximately 180 mg of processed rice protein and raw
brown rice, which was contaminated with 20 mg of GMO-
positive cabbage seeds. SM 3 includes 10% of the GM-
positive sample, which was prepared by taking

g
FBT VOL. 5 Issue. 2 April-June 2025 COpyn’gm@zozs. FBT, Published by Crosslinks International Publishers LLC, USA
pxm This work is licensed under a Creative Commons Attribution 4.0 International License. 53



Nadeem SA et al.,

approximately 180 mg of unprocessed IRRI 6 rice and
basmati rice with the contamination of 20 mg of GMO-
positive cabbage seeds. SM 4 includes a GM-negative
sample, which was prepared by taking approximately 180
mg of processed China noodles and mixed spices with
contamination of 20 mg of GMO-negative. As this study
focuses on analytical method development and validation,
aformalapriorisample size calculation was not performed.
Instead, the experimental design and replication strategy
were based on internationally accepted quidelines for the
validation of qualitative and quantitative PCR methods, a
relevant guideline here if desired, e.g., from ISO or MIQE.
The robustness of the method was demonstrated through
technical triplicates for each gPCR reaction to assess
precision and biological replicates (independently
prepared sample mixtures, SM1-SM5) to assess
reproducibility across different matrices. The validation
parameters were determined experimentally, which were
the linearity (R 2), the amplification efficiency, coefficient
of variation (CV %), limit of quantification (LOQ), and limit of
detection (LOD). To statistically confirm the ability of the
method to discriminate between the concentrations of
GMOs, a one-way Analysis of Variance (ANOVA) was
performed on the Ct values of CRM on its serial dilutions
(0.1, 0.01, and 0.001%). This will ensure that the
performance characteristics of the method are evaluated
with a sufficient level of statistical rigor to implement the
method. The findings showed that the gPCR test is able to
differentiate accurately between these concentration
levels by showing a significant difference between the
mean Ct values of these dilutions (F (2,6) =(insert F-value),
p<0.001). Approximately 180 mg of uncooked basmati rice
and IRRI 6 rice were sprayed with 20mg of GMO-positive
cabbage seeds to form the 10 percent GM-positive sample
that is represented in SM 5. The extracted genomic DNA
was obtained using the Kogenebiotech GMO Extraction Kit
(Kogenebiotech, Geumcheon, Korea). In order to ensure
that the accuracy is maintained, approximately 180 mg of
each of the samples was carefully weighed and then used
to prepare the 10% GM-positive sample. Controlled
contamination was done using 20 mg of GMO-positive
cabbage seeds introduced using an analytical balance of
Mettler Toledo, Switzerland. A high-sensitivity analytical
balance is necessary to determine the level of reliable
results and obtain high levels of precision in weighing the
samples. The sample homogenization was thereafter done
using a Tissue Lyser Il (QIAGEN, Germantown, MD, US).
Besides, the samples were supplemented with 3mL of lysis
buffer A,300 pL of lysis buffer B,10 uL of proteinase K, and
10 uL of RNAse. The extraction of the genomic DNA(gDNA)
was performed according to the instructions of the
manufacturer. Upon extraction, to achieve the same
proportion, the DNA samples were diluted to a 10-fold serial
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dilution (lowest concentration being 0.0001%). The CRM
was also extracted using the same protocol. The
robustness of the experimental design is shown by the
meticulous attention to detail in both the DNA extraction
and sample preparation steps. The quality of the extracted
gDNA was evaluated by 1% agarose gel electrophoresis.
These procedures are essential for guaranteeing the
precision and repeatability of the data, which eventually
strengthens the validity of study conclusions. Using GMO
CRM, 4 dilutions of 10-fold were prepared,
i.6.0.1%,0.01%,0.001%, and 0.0001%. Sample mixtures SMT,
SM2, SM3, SM4, and SMbwere diluted at 10-folds, i.e. 0.1%,
0.01%,0.001%, and 0.0001%. Among all the dilutions, the
4th dilution(0.001%) was taken as a DNA template (sample)
for further analysis, as the present research work aimed to
quantify this concentration of DNA. Qubit Fluorometer 3.0
(Invitrogen Life Technologies, US)was used to evaluate the
quality and concentration of DNA. QubitTM ds DNA HS
standard 1 and QubitTM ds DNA HS standard S2 were
producedusing 189 uL of buffer, TuL of fluorescent dye, and
10 pL of each standard supplied with the Kit. To prepare the
sample, 198 pyL FOf buffer was dispensed into a tube
containing 1 L of dye (Qubit Assay Tubes, Thermo Fisher
SCIENTIFIC). After adding 1 pyL of the extracted DNA
sample, the tubes were incubated at room temperature
(25°C) for 1 minute before being placed into a Qubit
fluorometer for observation. The amplification process
usingthe PCRmethod was conductedinafinal volume of 25
pL. 5L of template DNA, 12.5 pL of basic mix, and 7.5 pL of
oligo mix made up this volume. The following approaches
were usedina Thermal Cycler system(Rotor Gene Q, Qiagen
Germany)to carry out the reactions: 45 cycles at 95°C for 10
minutes, 95°C for 10 minutes, and 60°C for 90 seconds. The
data were assessed with the help of the QIAGEN rotor gene
0 series program (version 2.3.1). Every sample mixture
(SM1-SM5) was an independent biological replication that
was generated independently in the same conditions, and
each qPCR reaction was performed in technical triplicate
to ensure analytical repeatability. In order to determine
intra- and inter-assay precision, mean cycle threshold (Ct)
and the corresponding standard deviations (SD) were
calculated. Controls were employed in order to exclude any
false positive or negative outcomes; these were borrowed
from the PCR assay Kit. The 4 dilutions of 0.1 per cent,0.01
per cent, 0.001 per cent, and 0.0001 per cent of the GMO
CRM (reference material) were amplified as standards. In
addition to the 5 sample mixtures that had been diluted to
0.001% and 0.0001% to observe the GM event NOS
terminator. Varying dilutions are employed with the aim of
ensuring that this assay is sensitive enough to indicate the
presence of GMO at an assortment of concentrations. All
the data from gPCR were acquired in triplicate and
evaluated as the mean and SD. The coefficient of variation
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(CV%) was computed in each dilution and was not more
than 2, which proved a high degree of reproducibility. The
results of CRMand spiked sample Ct values were compared
using independent-sample t-tests, and no significant
differences were detected(p>0.05). The fact that there was
low variation betweenthereplicates speaksin favor of both
the precisionandreliability of the assay.

RESULTS

To analyze genetically modified organisms (GMOs) in raw
and processed food matrices at the lowest detectable
concentration, this study applied quantitative polymerase
chain reaction, or gPCR. This is the first formal effort that
we have ever known in Pakistan to recognize GMO-positive
cabbage seedlings. The control design of the study was
based on the principles of analytical method validation. All
analyses were performed in technical triplicate to ensure
the accuracy of the results. The data are indicated in the
form of mean and standard deviation (SD). The
concentration and purity of DNA in the CRM and the
samples of the test were determined using the Qubit
Fluorometer 3.0 (Invitrogen, USA) at 430-495nm (blue) and
510-5680nm (green). All samples had A260/280 absorbance
ratios between 1.8 and 2.0, indicating little protein
contaminationand good DNA purity. The DNAvyield derived
from each sample combination was compiled in the
findings. Quantifiable DNAwas obtained from all extracted
DNA samples at the desired 0.001% concentration, with
quantities varying between 0.052 and 0.073 ng/uL. The
DNA extraction and quantification procedures are very
reproducible, as evidenced by the low standard deviations
across triplicate assays (e.g., + 0.004 to + 0.008 ng/uL).
This steady recovery from matrices that have been treated
and those that have not shows how reliable the extraction
procedurewas(Table1).
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Table 1: DNA Concentration (ng/pl) Extracted from Sample
Mixturesand CRM(Mean +SD, n=3)

Dilution| SM1 SM2 SM3 SM4 SM5 CRM
Stock _ _ _ _ _ 73.20 +
DNA 0.15

o _ _ _ _ _ 7.30 +
0.1% 0.12
9 — _ _ _ _ 0.77 +
0.01% 0.09
o | 0.052+ 0.064+ | 0.055+ | 0.073+ | 0.070+
0.001% | 5006 | *9004| 9o05 | 0.007 | 0.008 | 0.005
0.0011% Below Below Below Below Below Below
: °|Detection|Detection|Detection|Detection|Detection|Detection

SM1: China Noodles and Mixed Spices + Cabbage seeds (Positive)
SM2: Rice protein and Brown Rice + Cabbage seeds (Positive)
SM3: IRRI 6 Rice and Basmatirice + Cabbage seeds(Positive) SM4:
China Noodles and Mixed Spices + Cabbage seeds(Negative) SM5:
BasmatiRice and IRRI 6 Rice + Cabbage seeds(Negative) Certified
Reference Material: ERM-BF410ep SoyaBean 10% GMO.

To improve detection reliability, qPCR was carried out
employing both Cauliflower Mosaic Virus 35S (CaMV 35S)
promoter targets and NOS terminator (T-NOS). To assess
assay repeatability, each amplification was carried out in
triplicate. Excellent linearity between concentration and
cycle threshold (Ct) was confirmed by regression analysis
of the CRM standard curve, which yielded a correlation
coefficient (R2) of 0.992. Results are shown as mean Ct +
SD, and amplification efficiency was constant across
replicates. Dual-marker reliability was confirmed by the
amplification plots, which showed effective detection for
both T-NOS and CaMV 35S targets in three of the five
sample combinations(SM1-SM3) at the 0.001% level. Due to
either matrix inhibitory effects or the lack of GM-positive
material, two combinations (SM4 and SM5) did not exhibit
anyamplification(Table 2).

Table 2: Mean Ct(+ SD, n=3)for CRMand Sample Mixtures at Different Dilutions

Dilutions | SM1(Mean CT £ SD**) SM2 SM3(MeanCT £SD) | SM4(MeanCT +SD) | SM5(MeanCT+SD) | CRM(Mean CT +SD)
Stock DNA - - - - - 21.69+0.06
0.1% - - - - - 26.71+0.07
0.01% - - - - - 30.67+0.07
0.001% 33.72 £0.04 33.96 +0.67 33.69+0.18 Not Detected Not Detected 33.44+0.13
0.0011% No Amplification No Amplification No Amplification No Amplification No Amplification No Amplification

SM1: China Noodles and Mixed Spices + Cabbage seeds(Positive) SM2: Rice protein and Brown Rice + Cabbage seeds(Positive) SM3: IRRI 6
Rice and Basmatirice + Cabbage seeds(Positive) SM4: China Noodles and Mixed Spices + Cabbage seeds(Negative) SM5: Basmati Rice and
IRRIBRice + Cabbage seeds(Negative)Certified Reference Material: ERM-BF410ep Soya Bean 10% GMO **SD =Standard Deviation.

Smirepresents China noodles and mixed spices spiked with GMO-positive cabbage seeds; SM2 comprises rice protein and
brown rice with GMO-positive contamination; SM3 includes IRRI-6 and basmati rice with GMO-positive cabbage seeds; SM4
depicts China noodles and mixed spices containing GMO-negative cabbage seeds; SM5 corresponds to basmati rice and
IRRI-6 rice with GMO-negative cabbage seeds. The CRM(ERM-BF410ep Soya Bean, 10% GMO) served as the positive control

for generatingthe standard curve(Figure1).
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Figure 1: Amplification plots of sample mixtures and Certified
Reference Material(CRM)analyzed by qPCR for GMO detection.

All CT data were analyzed using SPSS v25 (IBM, USA).
Independent-sample *t*-tests were applied to compare
mean Ct values between CRM and spiked samples. The *t*-
test revealed no significant difference (*p* > 0.05),
validating the reproducibility. Validating the reproducibility
of detection across sample matrices. Mean + SD and
coefficient of variation(CV%)were within acceptable limits
(<2%). The experimentally determined limit of detection
(LOD) for both markers was 0.001%, while the limit of
quantification (LOQ) was established at 0.01%, as verified
through standard curve regression. The precision of the
assay was statistically supported by the high R? value and
low variability among triplicates. The precision of these
limits was statistically verified by the high linearity of the
standard curve (R? = 0.992), which confirms a precise and
reliable relationship between the log of the DNA
concentration and the Ct value across the tested range,
includingthe LOD.”

DISCUSSION

There are two important steps in the process of detecting
the presence of genetically modified organisms (GMQOs) in
food products: the DNA should be extracted and purified,
and the inserted genetic material should be amplified with
the help of the polymerase chain reaction (PCR). The fact
that food preparation can destroy DNA and break it down is
irrelevant because even little pieces of DNA can be
sufficient to conduct an accurate detection [17-19]. This
necessitates the use of strong molecular tests to ensure
consumer safety and to enforce the halal dietary laws,
since this has been demonstrated by the increasing
consumption of GMOs in food production. Other molecular
techniques, such as quantitative PCR (qPCR), have proven
to be a sensitive and accurate method of GM content
detection and measurement. This study was able to
identify the Agrobacterium tumefaciens nopaline synthase
terminator (T-NOS) sequence in real-time gPCR with a
concentration as low as 0.001% which illustrates the
reliability of the method used in processed and
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unprocessed foods. The NOS terminator is a typical aspect
of most transgenic plants, and an ideal target to be
reqularly screened by GMOs[20, 21]. Increased LODs occur
typically in thermally processed foods due to DNA
destruction, and similar studies done in other international
countries have identified LOD of 0.001 -0.005 per cent in
maize and soy-based matrices [22]. The fact that our
results agree with those of past publications proves that,
despite the differences in the food matrix structure, the
achieved analytical sensitivity of our results is competitive
on an international level. The low detection threshold that
was achieved in this work and supports the quality of
increased analytical sensitivity is facilitated by the use of
Certified Reference Material (CRM) as a calibration
reference. Statisticalanalysis showedthat CRMand spiked
samples were not different (p>0.05), which proves the
accuracy and repeatability of the assay. Two out of five
mixes of the samples (SM4 and SMb) failed to amplify at
0.001%, and this is likely to be caused by reduced DNA
extraction efficiency or the effects of the matrix.
Substances such as insecticides or polysaccharides, or
residual lipids, may have inhibited the PCR amplification
process. To minimize false negatives and enhance the test
strength, these putative inhibitors stand to bring to notice
the importance of the best extraction methods,
purification steps, and internal amplification controls in
future studies. The proper molecular detection is
particularly important when it concerns the checking of
halal food. Identification of GMOs is relevant to Muslim
buyers because it ensures that they follow the Islamic
regulation of diet, besides food safety. The clear labeling is
achievable throughthereliable screeningtechniques, such
as gPCR, that enhance the confidence of consumers in
food certification systems[23]. One of the most important
requirements is to attain reproducible amplification
results, which hinges on the quality of DNA. The A260/280
values in the 1.8-2.0 range corresponded to a decent DNA
quality; however, the yield in this experiment could have
been affected by the slight contamination or pesticidesleft
in cabbage seeds. A260/280 ratios (1.8 to 2.0) and evident
and intact agarose gel bands verified the purity of the DNA
used to guarantee the integrity of the samples to be
analyzed by trusted gPCR. Despite these challenges, the
strength of the assay in various food matrices is evidenced
by the fact that it was able toidentify the assay in extremely
low concentrations. Interrogation of assays with several
additional transgenic components, including the CaMV 35S
promoter or event-specific sequences, would add greater
specificity and reduce the chances of false negatives,
although this study focused on a single detection target(T-
NOS)[24]. The sensitivity limits of different types of foods
might be further optimized in the future with respect to
othervalidation studies by comparing with either multiplex
or digital PCR procedures and incorporating matrix-
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specific controls. GMOs are also being updated because
newer versions might not have the classic marker genes, so
the molecular testing methods should also be updated in
accordance with the emergence of advanced gene-editing
technologies, such as CRISPR-Cas9 [25]. The present
research provides a reliable and reproducible paradigm to
detect the presence of very low GMO contamination, even
though the methodology has certain limitations, including
the small size of the sample and the convenience-based
sampling method. However, it must be said that the work
contributestoanother growing body of evidence that qPCR
remains a reliable technique of GMO screening when used
in culturally sensitive food systems such as halal
certification. It can be seen that future research involving
a greater sample size and detection targets will increase
the accuracy and usefulness of gPCR in halal food safety
monitoring and authentication. Since the samples were
picked from conveniently available commercial sources, it
isimportant to note that the sampling strategy applied was
convenience-based. Thus, although the results on the
sensitivity of detection were strong with the tested
matrices, they cannot be directly translated to reflect the
contamination levels or the effects of the matrices in the
whole food market. Yet, this is in line with the main
objective of this paper, which was to validate the method of
analysis and not to conduct a wholesale survey of the
market. It was aimed at showing the accuracy, sensitivity,
and reproducibility of the method under controlled
conditions of spiking.

A limitation of the current study is the use of a limited
number of food matrices and controlled spiking with GMO-
positive cabbage seeds, which may not fully representreal-
world contamination scenarios. Future research could
expand the range of processed and raw foods tested and
include naturally occurring GM samples to further validate
the method. Additionally, integrating multiplex gPCR or
digital PCR could enhance detection sensitivity and allow
simultaneous screening for multiple GMO events,
supportingmore comprehensive halal food authentication.

CONCLUSION

Considering food fraud and adulteration, the problem of
consuming contaminated and dangerous food items was
considered in the current study. It provides a reliable
gPCR-based method of GM contamination quantification
by placing GM-positive cabbage seeds in a range of food
matrices. Nevertheless, it may be possible to measure
evenbelowthe givenlimitbyincreasingtheamount of DNA.
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The current research was initiated to model an enzyme-assisted inorganic salt-based DNA
extraction protocol to obtain maximum yield from peripheral whole blood samples. Objectives:
DNA Key extraction parameters were considered for model optimization such as incubation
temperature (54,56,58°C), time (8,10,12hrs.), and proteinase K enzyme concentrations
(8,10,12pL). Methods: Box-Behnken Design (BBD) was employed to model and simulate the
extraction process with three factors/variables and three levels each, whichis one of the widely
used functional approach of response surface methodology (RSM). With this selected design,
RSM entails a mathematical model with experimental data to optimize DNA yield. Results: The
best fit simulation settings yielded the maximum DNA at an incubation temperature of 56°C for
10hours with a proteinase K enzyme volume of 10pL. Utilizing these parameters, a yield of
300ng/pL was obtained. A confirmation run under these settings validated the prediction, with
observed yields closely matching the model's estimates(p<0.050), indicating strong agreement
between the model and experimental outcomes. Conclusions: Regression modeling identified
the role of three key factors for optimal DNA yield. Additional extraction parameters can be
integrated to develop a more robust and controlled model, ensuring efficient use of limited
crime scene samplesandreagentsinforensicinvestigations.

INTRODUCTION

The DNA isolation of the specimens is a very important
process in modern biomedical studies and diagnosis, and
has wide-ranging applications that include genetic
studies, as wellasinidentifying diseases. With the growing
need to achieve efficiency and reliability in extraction
methodologies, researchers are considering new methods
of extraction using materials like magnetic nanoparticles
and silica matrices as an overcoming of limitations
inherent in traditional methods. This paper is concerned
with the mathematical modeling of the response surface
modeling (RSM) of Box-Behnken Design (BBD) of the entire
whole-blood byinorganic salt-based DNA extraction, which
is a basic traditional technique, to comprehend and
optimize the parameters that can in turn enhance its

economic viability in terms of time, reagents and cost
saving[1-3]. DNA extraction procedures often use organic
solvents, including phenol-chloroform-isoamyl alcohol
(PCI), whichisrenowned due toits efficiency in getting high
yields of DNA, but is very expensive. On the contrary,
inorganic salt-based techniques make use of cheaper
substances such as sodium chloride (NaCl). The
optimization of extraction methods based on inorganic is,
however, stillaresearch topic. Regression, ANOVA, and the
R2 values are mathematical models that are critical in
explaining the complex interplay between inorganic
compounds and biological elements and offer a logical
structure of forecasting and controlling the results. This
can be a groundbreaking strategy of DNA extraction,
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especially in low-resource environments, to facilitate the
study of genetic medicine, forensics, and molecular
diagnostics research in the third world developing nations
[2, 4]. The use of inorganic DNA extraction techniques has
awide range of reagents and protocol parameters, such as
incubation temperature, time period, and the most
important enzyme concentration or proteinase K, which is
the most important in increasing the yield of DNA in whole
blood samples. Other statistical methods, like RSM, are
used in this study to perform the optimization of DNA
extraction parametersrigorously. The key goalis to identify
conditions that will maximize the yield of DNA with the use
of BBD surface design. This research plays an important
role in the establishment of the optimum values of the
minimum required incubation temperature, duration of
time, and concentration of proteinase K enzyme to
maximize theyield of DNA before experimentation[5, 6].
Despite the widespread use of DNA extraction methods in
biomedical, forensic, and genetic research, traditional
techniques often face challenges such as high cost, time
consumption, and variability in yield. While enzyme-
assisted inorganic salt-based extraction provides a low-
cost alternative, the optimal combination of key
parameters—incubation temperature, time, and
proteinase K concentration—remains underexplored.
Existing studies lack a systematic mathematical modeling
approach to predict DNA yield under varying conditions,
creating a gap in cost-effective, reproducible, and high-
yield extraction strategies. This study aims to develop an
integrated model that synthesizes principles from
chemistry, biology, statistics, and mathematics to
optimize key parameters.

METHODS

This study used Box-Behnken Design (BBD) to model and
simulate the extraction process with three factors and
three levels each. The study was conducted from August
2023 to July 2024 at Decode Genomics, Lahore, Pakistan
and Ethical approval was obtained from the institutional
review board (Ref. No. DG-adm-127). For our experiment,
DNAwas extracted from 200 pL of whole blood using a salt-
based inorganic method. After lysis with TE buffer, SDS,
and Proteinase K, 6M NaCl was added to pellet protein
debris, incubating further on ice as well as centrifuging.
DNA was precipitated in the supernatant using chilled
isopropanol, which was monitored via gentle inversion.
DNA pellets were washed sequentially three times with
ethanol before a final harvest to remove impurities. Pure
DNA was assayed using gel electrophoresis for intactness,
as well as its concentration was determined [7, 8]. The
following process variables and their ranges were used
regarding the key DNA extraction reagents and chemicals
(Table1).
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Table 1: Processvariable labelsand levels

. ) Levels
Labels Variables (units)
-1 0 1
A Incubation Temperature (°C) 54 56 58
B Incubation Time (Hour) 8 10 12
C Proteinase-K Enzyme (pL) 8 10 12

These variables include levels, variables (incubation
temperature(°C), incubation time (hours), and proteinase K
enzyme (pL). Each variable is categorized into three levels:
-1, 0, and 1. For temperature, the range spans from 54°C,
56°C, 58°C. Time varies from 8, 10, and 12 hours, while
proteinase K enzyme volume ranges from 8, 10 and 12 pL.
This table serves as a reference for understanding the
experimental conditions and their corresponding
parameter ranges, crucial for ensuring consistency and
repeatability in the experiment's outcomes. BBD was used
with Design Expert Software to design a DNA extraction
optimization protocol. The software-designed
experimental conditions that were simulated to run
practical extraction trials as well as to simulate response
surfacetogetaregressionline(Table 2).

Table 2: Box-Behnken Experimental Design

Sr. No. A B c Yield
1 56.00 10.00 10.00 350
2 56.00 8.00 8.00 90
3 56.00 10.00 10.00 350
4 54.00 10.00 8.00 110
5 56.00 10.00 10.00 350
6 58.00 10.00 12.00 310
7 56.00 8.00 12.00 270
8 56.00 10.00 10.00 350
9 56.00 10.00 10.00 350
10 54.00 10.00 12.0 100
1 58.00 10.00 8.00 180
12 58.00 12.00 10.00 300
13 56.00 12.00 8.00 150
14 54.00 12.00 10.00 220
15 54.00 8.00 10.00 200
16 56.00 12.00 12.00 400
17 58.00 8.00 10.00 180

Through systematic exploration of these combinations, we
conducted 17 experiments aimed at DNA yield from whole-
blood samples followed by DNA quantification. Response
Surface Methodology (RSM) s a statistical technique used
in modeling and multi-variable process optimization. In our
research work, we applied the RSM to optimize the DNA
extraction protocol, considering the interactive effects of
DNA concentration, incubation time, and incubation
temperature on the yield. The technique allows the
establishment of predictive models to identify the
optimum conditions for efficient and reproducible DNA
recovery [9, 10]. The BBD embedded into the RSM was

.
Copyright ® 2025. FBT, Published by Crosslinks International Publishers LLC, USA FBT VOL. 5 Issue. 2 Aprll-June 2025
60 s This work is licensed under a Creative Commons Attribution 4.0 International License.



applied to optimize DNA extraction conditions by the
exploration of the linear and the quadratic effect of three
variables. Three levels per parameter (-1, 0, and +1)
decrease the number of run experiments economically in
comparison with full-factorial experiments. In
combination with the RSM, it enabled the building of a
predictive model for the identification of the condition
providing the optimum DNA recovery [11]. The second-
order polynomial model used in response surface
methodology (RSM) can be expressed as:
Y =By + Zic BiX + Efc) B, K] + o T, BuXiX; + ¢, (1),

Aftterputting allthe valuesin equation(1)and simplifyingwe
et:

? = Lo + B Xy + BoXa + BaXs + B XE 4 2850X7 + 2B43 X5+ 812X Ko tB13X X5 + 2023 X0 X5 + e(2)
Now, by substituting the actual experimental factors: X,=A
(Incubation Temperature), X, =B (Incubation Time), X, =C
(Proteinase K Volume) The model becomes:

Y = By + B1A+ 2B + B3C + B A% + 2B55B% + 2[33C% + [12AB + F13AC + 2[353BC + € (3)

Where Y is the predicted DNA yield (&) , Bo is the intercept,
and B; ,Bjj,PBij are the linear, quadratic, and interaction
coefficients, respectivelyand €is the residual errorterm. A
second order polynomial regression model was applied to
correlate the response variable (DNA yield) and the
independent variables: proteinase K enzyme
concentration, time of incubation, and incubation
temperature. The model applied in the Response Surface
Methodology (RSM) was as follows: proteinase K enzyme
concentration, time of incubation, and incubation
temperature. The model applied in the Response Surface
Methodology(RSM)was as follows: Y = g, + £ ;X + X B;X? + X BXiX;
Analysis of variance (ANOVA) was performed to test the
significance and adequacy of the model. The model
performance was tested based on the values of R’,
adjusted R’, and predicted R’ and also from lack-of-fit
tests. All statistical analysis and model fitting were
performed by Design Expert software (Stat-Ease Inc.,
USA). To authenticate the validity and predictive capacity
of the constructed RSM model, a further experimental run
was performed according to the optimal settings indicated
by the model. The optimallevels of the concentration of the
enzyme proteinase K, the time of incubation, and the
temperature of incubation used for this purpose were
derived from the numerical optimization function of the
Design Expert software. The DNA extraction was
performed according to the above-mentioned optimized
parameters and the extracted DNA yield was validated
against the corresponding value anticipated from the
model to check the model's accuracy [12]. Model selection
applied sequential sum of squares and model summary
statistics. The quadratic model was the preferred model of
fit because its p-value was significant, its R* and it's
adjusted R’ The values were reasonable, and it was able to
capture linear and interaction effects between the
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variablesthatinfluenced DNAYyield.

RESULTS

This equation represents the response function used for
the estimation of DNA extraction yield from whole blood.
The equation contains various independent variables, i.e.,
incubation temperature (A), incubation time (B), and
Proteinase K Enzyme Concentration (C), with
corresponding coefficients estimated from the
experimental data. The equation follows the following
form: Y= 350.00 + 32.50A + 51.25B + 68.75C + 45.00AB
+35.00AC +17.50BC - 98.75A% - 46.25B” - 76.25C".
Here, (Y) represents the DNA extraction yield in a ng/ulL.
The independent variables and the interaction effects
between the variables show the influence of the variables
on the extraction. The linear and nonlinear relationships
between the variablesand the extractionyield represented
by the quadratic terms (such as A?, B?, and C’) give insight
about the potential nonlinear relationships. The above
equation serves as the predictive model to predict DNA
extractionyield from the specified experimental condition.
The adequacy of the Box-Behnken model constructed was
statistically validated, showing avery good fit with a high R?
value of 0.975, an adjusted R? of 0.958, and a predicted R? of
0.922, while the lack-of-fit test value of 0.231indicated an
insignificant lack-of-fit, confirming that the model can be
applied for the estimation of DNA yield under different
extraction conditions. The relationship between
incubation temperature, incubation time, and Proteinase K
enzyme concentration and DNA yield was captured by the
model, with linear, quadratic, and interaction terms
indicating that the effects were not necessarily linear and
allowing for the determination of optimal extraction
conditions. Regression analysis showed that incubation
temperature had a significant effect on DNA yield, with the
response surface being concave and the optimal yield
achieved at approximately 56°C; deviations to 54°C or 58°C
resulted in decreased yield, reflecting the heat sensitivity
of the enzymatic lysis reaction. Incubation time also
significantly affected DNA yield, with a parabolic response
surface and optimal yield at 10 hours, while shorter or
longer durations reduced efficacy. Proteinase K volume
exerted a significant influence, with the highest yield at 10
puLandlowerorhighervolumesleadingtoreducedyield due
to incomplete lysis or over-digestion. Sequential sum of
squares analysis and model summary statistics indicated
that the quadratic model was the most appropriate for
predicting DNA yield, as it was statistically significant,
captured the relationships between variables effectively,
and demonstrated a suitable fit with R?=0.8751 and
adjusted R?=0.7146, while linear, 2Fl, and cubic models
were less suitable due to lack of explanatory power,
aliasing, or inconsistencies between predicted and
observedresponses(Table 3).
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Table 3: Sequential Model Sum of Squares
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Source Sum of Squares DF Mean Square F Value Prob>F Remarks
Sequential Model-Sum of Squares for Total Yield
Mean 1.028 x10™* 1.00 1.028 x10™ - - -
Linear 67275.00 3.00 22425.00 2.43 0.1118 Suggested
2F1 14225.00 3.00 4741.67 0.45 0.7238 -
Quadratic 82336.76 3.00 27445.59 8.22 0.0108 Suggested
Cubic 23375.00 3.00 7791.67 6.366 x10007 <0.0001 Aliased
Residual 0.000 4.00 0.000 - - -
Total 1.21x10™ 17.00 71470.59 - - -
Model Summary Statistic
Source Std. Deviation R? Adjusted R’ Predicted R’ PRESS Remarks
Linear 96.05 0.3594 0.2115 -0.0618 1.988x10°* -
2F1 102.82 0.4353 0.0965 -0.7405 3.258x10™* -
Quadratic 57.79 0.8751 0.7146 -0.9977 3.740x10"" Suggested
Cubic 0.000 1.0000 1.00000 - - Aliased

ANOVA outcomes indicated the statistically significant
fitted model(p =0.0180), so the variation in DNA yield could
be well explained using the selected factors. Incubation
time (B) and Proteinase K volume (C) indicated significant
effects (p=0.0405 and p=0.0120), respectively, while
temperature (A)indicated a moderate effect (p=0.1557). Of
particular interest was the statistical significance of the
second-order terms A? and C? indicating non-linear
behavior of the parameters. The interaction terms(AB, AC,
BC) indicated statistical non-significance. The model
indicated a large coefficient of determination (R*=0.8751),
showingsignificant agreement between the predictive and
the observed responses. Anadequate precision(AP=5.895)
confirmed the signal-to-noise ratio of the model being
satisfactory for the exploration of the design space (Table
4).

Table 4: ANOVAfor Response

Source of Ssc:lun;res DF Sr;g::"e VaFILe Vapl:le
Model 1.63x10™ 9 | 18204.08 | 5.45 | 0.0180
A-Temperature 8450.00 1 8450.00 2.53 0.1557
B-Time 21012.50 1 21012.50 | 6.29 | 0.0405
C-Proteinase k 37812.50 1 | 3781250 | 11.32 | 0.0120
AB 8100.00 1 8100.00 | 2.43 | 0.1633
AC 4900.00 1 4900.00 | 147 | 0.2651
BC 1225.00 1 1225.00 0.37 | 0.5638
N 41059.21 1 41059.21 | 12.30 | 0.0099
B’ 9006.58 1 9006.58 2.70 | 0.1445
o 24480.26 1 | 2448026 | 7.33 | 0.0303
cv 23.50
AP 5.895
PRESS 3.740+005
Mean 245.88
R 0.8751
Adj-R? 0.7146

The next graphs provide the combined diagnostic plots

employed to check for the fitness of the fitted regression
model. The normal probability plot of studentized residuals
indicates that the residuals are normally distributed since
they lie along a straight line. The predicted vs. actual plot
shows a good correlation between observed and model-
predicted values, with data points tightly scattered around
the diagonal line, indicating the accuracy of the model. The
residuals vs. predicted plot shows a random distribution of
residuals, indicating homoscedasticity and the lack of
systematic error. Both plots confirm that the regression
model is statistically valid and accurate for prediction. (A)
Normal probability plot. Blue circles closely follow the
referenceline, indicatingnormally distributed residuals.(B)
Predicted vs. actual values. Green triangles lie near the
diagonal, showing strong agreement between observed
and predicted DNA yield. (C) Residuals vs. predicted values
- Red squares are randomly scattered around zero,
confirming homoscedasticity and model validity. Axes
represent expected vs. actual residuals (A), actual vs.
predicted yield (B), and predicted yield vs. residuals (C)
(Figure1).
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Figure 1: (A) Normal Probability Plot. (B) Predicted Vs. Actual
Values. (C)Residuals Vs. Predicted. Axes Represent Expected Vs.
Actual Residuals(A), Actual Vs. Predicted Yield (B), and Predicted
Yield Vs. Residuals(C)
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A three-dimensional scatter plot was created to
demonstrate the interaction effects of incubation
temperature, incubation time, and Proteinase K enzyme
concentration on DNA yield using the Box-Behnken
experimental design. The plot visually shows a nonlinear
response surface with the highest DNA yield (~350-400
ng/pL) at points closest to the center values of 56°C, 10
hours, and 10 pL, validating the regression model's
prediction. Deviation from these optimal conditions
resulted in a drop in yield, validating the occurrence of
quadratic effectsand that thereisavery small range within
which optimal extraction takes place. The visualization
serves to reinforce that incubation time and enzyme
concentration, specifically, need to be precisely balanced
to preclude under- or over-digestion, both of which have a
detrimental impact on yield. The even gradient of DNA
concentration through the plotted surface gives a clear,
intuitive view of the sensitivity of the extraction protocol to
changes in each parameter. Generally, the plot reinforces
the statistical results and verifies the robustness of the
optimized conditions that were identified by the model
(Figure 2).

3D Visualization of DNA Yield vs Extraction Parameters 400

DNA Yield (ng/uL)

Figure2: Three-Dimensional Scatter Plot

DISCUSSION

The optimization of the DNA extraction process by Box-
Behnken design (BBD) showed that incubation
temperature, incubation time, and Proteinase K enzyme
concentration had a great nonlinear influence on the
generation of the DNA, as had been previously reported
[13]. The high-predictive quadratic regression model
(R2=0.8751) illustrated that even minor alterations to the
optimal conditions (56°C, 10 hours, 10 pL) had a major
impact onthe DNArecovery, which shows the sensitivity of
enzymatic activity [14, 15]. The results are in line with the
earlier optimization experiments with the use of factorial
design and response surface methodology, which found
the same quadratic behavior in the course of enzymatic
extraction [16-18]. The concentration of proteinase K is
critically important in determining extraction yield, due to
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the existence of two opposing conditions between total
lysisand possible over-digestion[14, 16 ]. Comprehensively,
the paper highlights the usefulness of response surface
methodology (RSM) and Box-Behnken design in the
effective determination of optimal conditions using a
limited number of experimental programs to increase
reproducibility and cost-efficiency [18, 19]. The improved
salt-based extraction process was found to be appropriate
in extracting high-quality DNA using a small amount of
whole blood, and it is possible that it can be used in clinical
diagnostics, forensic cases, and genetic studies [7, 20].
Even though the model system was chicken blood, the
principles realized in this case can be applied in other
species after validation. The model can be further
improved in future research by adding some parameters to
it, like buffer composition, storage conditions, and sample
type.

Although the current model effectively identifies optimal
extraction conditions for whole blood, it is limited to
specific sample types and does not consider additional
variables such as buffer composition, storage conditions,
or variations across species. Future research could
integrate these factors into an expanded model, enabling
broader applicability, improved reproducibility, and the
development of standardized protocols for clinical,
forensic,andmolecularbiologyapplications.

CONCLUSION

An enzyme-based DNA extraction of whole blood was
optimized by box-Behnken design and response surface
methodology. The quadratic equation (R 2=0.8751)
established optimal conditions (56 0 C, 10 hours, 10 0-1) to
give maximum yield. Reliability was also experimentally
validated, and provides a low-cost, fast, and repeatable
alternative tocommercial kits with low sample volumes.
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The sources that have led to the development of plastic residues, microplastics, and
macroplastics are plastic mulching, sewage sludge, compost, irrigation with contaminated
water, and atmospheric deposition. These residues modify the physical, chemical, and
biological characteristics of soil, eventually influencing crop yield. Objectives: To determine the
impact of plastic residues on soil health and crop productivity through the evaluation of soil
properties, microbial activity, and plant growth reactions to different levels of contamination.
Methods: Soiland plant samples were takeninagricultural fields classified using the intensity of
contamination. Density separation was used to extract microplastic particles, and FTIR and
SEM were used to characterize the particles. Physical (bulk density, porosity, water-holding
capacity), chemical(pH, organic matter, nutrient availability), and biological (microbial biomass,
enzymatic activities, earthworm bioassays) soil parameters were examined. The performance
of crops was determined in terms of germination, biomass, nutrient uptake, and yield. ANOVA
andregression were statistically applied to analyze data. Results: Plastic debris interfered with
the soil structure, decreased nutrient cycling, microbial activity, and suppressed crop
development, causing drastic losses in production. Although plastic mulching originally
improved the moisture content of soil and the control of weeds, the accumulation of the
persistent residues over time produced adverse effects on soil fertility. Conclusions: Plastic
wastes are dangerous in the long run to the soil ecosystems and agricultural productivity. The
plastic pollution of the soil by plastics and the threat to food security require some urgency in
the form of sustainable alternatives, better recycling, and stringent waste management
policies.

INTRODUCTION

Previously hailed as groundbreaking substances in the
contemporary industry and everyday experience, plastics
have turned into one of the most widespread
environmental contaminating substances of the 21st
century. The world is producing more than 390 million tons
of plastic each year, and the number is growing [1].
Although marine pollution from plastics has been well
researched, land ecosystems, particularly farm soils, have
only recently been identified as a significant source to
absorb plastic residues. Macroplastics (>5 mm) and
microplastics (<6 mm) are accumulated in soils. The latter

ismore threateningbecauseitis persistentand associated
with soil biogeochemical processes[2, 3]. The sources of
plastic residues in agricultural soils include plastic
mulching, sewage sludge, compost, use of contaminated
water in irrigation, and atmospheric deposition [4-6].
Despite its positive effect on soil moisture preservation
and the enhancement of the temperature, plastic mulching
leads to the eventual breakdown of polyethylene and
polypropylene film to slowly decaying residues [7]. These
residues build up in the profile of soil that influences the
productivity and the quality of the soil in the long run.
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Plastic pollution changes the physical, chemical, as well as
biological characteristics of soil. Physically, it alters bulk
density, porosity, and water-holding capacity, which
affects infiltration and aeration negatively [8].
Microplastics are chemical carriers of heavy metals and
organic pollutants, and they interfere with nutrient
availability and soil pH [9]. Microbial communities,
enzymatic processes, and soil fauna, including
earthworms, are interfered with biologically and therefore
make soil less fertile and stable in the ecosystem [10-12].
These interferences have dire consequences on crop
productivity. Microplastics were found to inhibit seed
germination, root growth, and uptake of nutrients, and
eventually yield was decreased [13-15]. Despite the initial
plastic mulches boosting production, the persistence of
the plastic compoundsin the soil causes degradationand a
reduction of agricultural productivity in the long run.
Hence, it is necessary to measure the effects of plastic
residues on the health of the soil and crop performance to
provide sustainable agricultural systems and food security
worldwide [16-18]. Plastic in the soil of farms also has an
adverse influence on the properties of soil, decreases the
yield of crops, and changes the biological activity of the
soil. The more the contamination of soils, the more harmful
the effectonthe plantandthe well-being of the soil.
Despite the extensive use of plastics in agriculture, the
long-term consequences of plastic residues on soil health
and crop productivity remain poorly quantified. While
previous studies have focused on either the physical or
chemical impacts of microplastics, integrated analyses
including biological interactions and crop responses are
limited. Moreover, most research has been conducted
under controlled conditions, leavinga gap inunderstanding
the effects under real field scenarios with varying
contamination levels. This study aims to address these
gaps by assessing soil physical, chemical, and biological
properties alongside crop performance under naturally
occurring plastic contamination. This study aimed to
determine the impact of plastic residues on the health of
soil and the productivity of crops through the analysis of
soil properties, the functions of microorganisms, and the
response of plantstodifferentlevels of contamination.

METHODS

The researchers conducted the analytical comparative
cross-sectional field study in agricultural fields (Mangal
Mandi, Khot Haleem Khan, Qatal Garhi) that had recorded
the history of the use of plastics and irrigation techniques
[5, 6]. The study duration was from September 2024 to
April 2025. The categories of contamination were divided
intolow, medium, and highregarding the time and extent of
plastic mulching, the determination of the frequency of
sewage or wastewater irrigation, and the initial
quantification of plasticly deposited remnants. On the
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plastic mulching time, frequency of irrigation, and the
initial quantity of microplastic, low and medium, and high
contamination were determined. The density separation of
the 0 -15cm soil samples produced low (less than 1 year,
little irrigation, less than 200 particles/kg), medium (1-3
years, occasional irrigation, 200-500 particles/kg), and
high(greater than 3 years, frequentirrigation, greater than
500 particles/kg) contamination. The wheat (Triticum
aestivum L) and maize (Zea mays L) were examined. The
local farmers cultivated crops with normal agronomic
practices and collected samples when they reached
maturity to determine biomass, uptake of nutrients, and
yield at various levels of contamination. Low
contamination was classified as fields where little or no
mulch was used, whereas high contamination was where
there were visible residues and which had been mulched
over time. The categories each had three replicate plots(10
x 10 m) that were at a randomized block design, thus
expressing naturally occurring field conditions as opposed
to treatment being imposed. At 0-15 cm and 15-30 cm, soil
samples were taken using a stainless-steel auger, and crop
samplesatthe maturity stage were investigatedin terms of
biomass, nutrient value, and yield. NaCl and ZnCI2 density
separation was used to extract microplastics present in
soilsamples between 0 and 15 cm, as wellas microparticles
in soil. The samples were oxidized by 30% H202 to
eliminate organic matter, followed by FTIR to identify the
polymer and SEM to determine the morphology of
particles. Daily records were taken on an automatic
weather station of temperature, precipitation, and relative
humidity within 2 km of the site. Standard methods were
used to determine the pH, organic matter, and available N,
P, and K in soils, and Cd, Pb, and Zn were analyzed using
atomic absorption spectrophotometry. Normal tests were
conducted to establish and identify the contents of carbon
in microbial biomass and enzymes (dehydrogenase,
urease). The developed agronomic systems were utilized in
establishing earthworm survival, crop germination,
biomass, nutrient uptake, andyield. Data analysis was done
in IBM SPSS Statistics version 26.0. ANOVA was used in the
treatment effect evaluation, and Tukey HSD was used as a
post-hoc test at p<0.05. Based on the preliminary
variability (CV<10%), the sample size (n=3 per level) was
chosen to be large enough (me 0.8). Under plastic
contamination, the most important soil-plant interactions
wereidentified usingregression(PCA, cluster).

RESULTS

SEM micrographs revealed fragmentation, weathering,
and surface cracks in particles, suggesting environmental
aging and mechanical stress. Microplastic abundance
ranged from 112 + 8 items/kg soil at low-contamination
sites to 987 + 23 items/kg at high-contamination sites,
indicatingaclear gradient of pollution(Table 1).
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Table 1: Representative FTIR Absorption Peaks of Extracted
Plastic Residuesand Their Polymer Identification

Polya:t)glene 291]5[,'5248, C_vbsetrﬁﬁgmg 42.3% 31.6%
i el T T
PET 1715, 1240 %ﬁ%ssttrr‘:tt‘;ﬂ'l?% 9.6% 6.3%

Plastic residues were successfully extracted and
characterized across all contamination levels. FTIR
spectra confirmed the presence of polyethylene (PE),
polypropylene (PP), polystyrene (PS), and polyethylene
terephthalate(PET), with PE and PP being dominant(Figure
2).

Representative FTIR Spectra of Extracted Microplastic Resigfi®s (PE, PP, PS, PET)
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Figure 1: Representative FTIR Spectra of Extracted Microplastic
Residues from Soil Samples Showing Diagnostic Peaks of PE, PP,
PS,and PET

SEM micrographs of plastic residues were shown. Results
show that (A) polyethylene fiber with erosion marks, (B)
polypropylene fragment with sharp edges, (C) thin plastic
film adhered to soil aggregates, and (D) microplastic
particle attachedtoroot hairsurface(Figure 2).
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Figure 2: SEMMicrographs of Plastic Residues

Soil physical parameters showed significant (p<0.05)
deterioration with increasing contamination. Bulk density
increased. WHC decreased by 26.3 %, respectively.
Regression analysis revealed a strong inverse relationship
between WHC and microplastic abundance (R* = 0.81,
p<0.01). Paired t-tests indicated significant (p<0.05)
differences between the 0-15 cmand 15-30 cm soil depths,
confirming greater accumulation and compaction in
surfacelayers(Table 2).

Table 2: Morphological Features of Plastic Residues Under SEM

) Elongated, thread-like, Mulching films,
Fibers 20-800 | gmo0th to rough surfaces textiles
Angular, irregular, with | Packaging plastics,
Fragments | 10-1000 cracks/pits films
Fil Thin, sheet-like, curled Mulching,
iims 30-500 edges greenhouse covers
Spherical . Industrial abrasives,
Particles 5-50 Smooth, beadHike personal care
Plant-Root 2-200 Adhered/entangled within Secondary
Associated root hairs & biofilms deposition

Chemical properties also varied significantly. Heavy metal
concentrations (Cd, Pb, Zn) were 2-3 times higher,
suggesting sorption of metals onto plastic surfaces(Table
3).

Table 3: The Significance of Soil Chemical Properties with
ContaminationLevels

12, Pb: 0.45,

Low 71+0.1(2.140.2|N: 72, P: 18, K: 210 Cd:O-Zn:H
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7.4+0.2| 1701 |N: 58, P: 14, K: 182 €9 025 Fb: 0.77,

High 7.8+0.2[1.3+0.2|N: 46, P: 11, K: 154 Cd:ofr?:;g“z

Medium

Biologicalindicators showed a marked decline(p<0.01)with
increasing contamination. Earthworm survival dropped
from 95 % to 42 %. Post-hoc Tukey analysis confirmed that
all biological parameters differed significantly between
contaminationlevels(Table 4).

Table 4: The Significance of Soil Biological Properties with
ContaminationLevels

Contamination| MBC | Dehydrogenase | Urease(ug | Earthworm
Level (mg/kg) | (ug TPF/g/h) | NH4+/g/h) | Survival (%)
Low 412412 52+3 68+ 4 95
Medium 276 +15 37+2 49+3 7
High 189+10 24+2 31+3 42

Crop performance was directly affected. Germination rate
declined. Nitrogen uptake decreased by 46 %. The
reduction in yield components, including 1000-seed
weight, indicated physiological stress induced by poor soil
structure and nutrientlimitation(Table 5).

Table 5: The Significance of Crop Performance with
ContaminationLevels

Contamination |Germination| Biomass | Nutrient Uptake [ Grain Yield
Level (%) (g/plant) (mg/plant) (g/plant)
Low 93+2 18.4+1.1 | N:28,P:5.2,K: 21 | 42.1+2.3
Medium 76+3 13.7+0.9| N:19,P: 3.8, K: 15 | 31.4+1.8
High 65+4 |10.8+0.7| N:15,P:2.9,K: 11 | 27.0+15

DISCUSSION

The results of the study are strong indications that plastic
residues and microplastics in particular have tremendous
and manifold effects on the soil characteristics and crop
yield. This study combines soil physical, chemical, and
biological measures with crop performance metrics to
show the processes by which plastic residues reduce the
sustainability of agriculture. The findings are congruent
and relevant to the existing knowledge and crucial to the
importance of discussing soil plastic contamination as a
high-stakes environmental and agronomic issue. The fact
that the bulk density goes up and the porosity and water-
holding capacity (WHC) go down with the increase in
contamination of the soil is evidence that plastic residues
change the soil structure. Earlier research also indicates
that microplastic particles have the potential to block soil
pores, lowering aeration and hindering infiltration, thus
lowering water retention [8, 11]. These mechanisms are
verified by our findings and proved by the fact that these
disruptions affect the soil aggregate stability, especially in
high-contamination plots. The decrease in aggregate
stability is a cause of concern in the form of greater
susceptibility to erosion and loss of topsoil fertility.
Moreover, depth-wise analysis revealed that the layer of
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1530 cm had more compaction in contaminated soils, and it
appeared that the plastic residues were transferred and
concentrated vertically. Thisisin line with other studies by
Corradini et al. who demonstrated that irrigation using
polluted water stimulates the deeper penetration of
plastics into soil horizons [5]. The chemical studies
showed that the soils in polluted fields had very low
amounts of organic matter and nutrients and high levels of
heavy metals. Microplastics have already been found to
absorb and carry toxic additives like phthalates, bisphenol
A, andtrace metals, which change the chemistry of soiland
may mobilize pollutants[9, 16]. A decrease in both nitrogen
and phosphorus availability is especially alarming, as these
two elements are the key to crop yields. We found that we
had areduction of nitrogen by up to 36 percent in the high-
contamination soils, which isin line with the results of Qi et
al. who found that the nutrient cycling in microplastic-
amended soils was reduced [14]. The fact that the
electrical conductivity (EC) and alkalization of soils in the
high-contamination areaincrease as well could be a sign of
the leaching of salts and other additives used in plastics.
These shifts in chemical fertility impair their nutrient
uptake efficiency, directly influencing plant metabolism
and growth. A decrease in microbial biomass carbon (MBC)
and enzymatic activities (dehydrogenase, urease, and
phosphatase)supports evidence that plasticresidues have
adverse impacts on soil microbial communities. The active
roles of the soil microorganisms in decomposing organic
matter and the cycling of nutrients are crucial, and their
inhibition can have cascading effects on the soil fertility[9,
16]. A 50 + percent decrease in dehydrogenase activity of
high-contaminated soils indicates that microbial
respiration is being affected, whereas a reduction in the
urease and phosphatase activities indicates that the
nitrogen and phosphorus cycle, respectively, are
disrupted. The results are in agreement with studies
conducted by Fei et al. who established lower enzymatic
activity in microplastic-contaminated soils [12].
Furthermore, the earthworm bioassays revealed good
ecotoxicological impacts, and the survival of the
earthworm was reduced to 42 percent in the presence of
high contamination, and reproduction failure was
observed. Earthworms play a crucial role in soil aeration,
organic matter decomposition, and aggregation;
therefore, their reduction has dire consequences on the
soil ecosystem. Performance indices of crops, such as the
rate of germination, biomass growth, nutrient absorption,
andyield, were constantly lower in polluted soils. The high-
contamination soils postponed and inhibited seed
germination by 28% which supports the existing literature
that microplastics physically hinder root emergence or
chemicallyinterfere with germination[13,19]. Low biomass
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and root-to-shoot ratio also indicate the inhibition of root
growth, which is likely a result of lower porosity and water
content. Thisreductioninnutrientabsorptionand nitrogen
in particular directly impacted photosynthetic efficiency
and biomass development, leading to a decrease inyield of
up to 36 percent. These are correlated to the findings of Gu
etal.and Steinmetz et al. who showed the decrease inyield
in wheat fields polluted with plastic debris. Notably,
although plastic mulching has positively increased the
yields by providing greater moisture retention[15, 20], our
findings demonstrate that there are trade-offsin the long-
term of continuous use of residues, which ultimately would
tend to reduce the productivity. The joint evidence
stresses the paradox of using plastic in agriculture. In the
short term, it yields beneficial results in the form of
mulching and packaging, but in the long term, the residual
products of plastic use are detrimental to the fertility of the
soil, biodiversity, and crop yields. Due to the rising world
food demand, such negative impacts jeopardize
agricultural sustainability and food security. Since soils are
long-term plastic sinks, the threats of cumulative risks are
especially troublesome. The plastic residues can also act
against the attainment of sustainable agriculture targets,
and in the absence of mitigation, plastic residues could
only servetoworsenland degradation[16].

This study was limited to specific field sites and two major
crops, which may restrict the generalizability of the
findings to other soil types or cropping systems.
Additionally, long-term impacts over multiple seasons
were not examined. Future research should include multi-
season monitoring, diverse crop systems, and the
exploration of sustainable alternatives such as
biodegradable mulches or improved plastic management
strategies to mitigate soil contamination and ensure long-
termagricultural productivity.

CONCLUSION

The effect of plastic residues in agricultural soils was high
on increasing the bulk density of the soils, reducing the
water-holding capacity of the soils, reducing nutrient
availability, reducing the activity of the microorganisms,
and hindering the germination of crops, biomass of crops,
nutrient uptake, and yield. High contamination fields
showed the worstresults, and this givesanindication of the
risks that the long-term plastic residues pose in the future
onthehealthand cropyields of soils.
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