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Abstract

The demand for greener and biologically safe materials in biomedical applications has
led researchers to explore bio-origin resources as effective carriers for therapeutic agents.
Among these, palm oil-derived biomaterials have gained attention due to their adaptable
chemical composition and functional versatility. This study aims to systematically review
and analyse the current state of research on palm oil-based biomaterials as carriers for
antimicrobial and therapeutic agents, focusing on material types, formulation strategies, and
their physicochemical and biological performance. A structured and reproducible framework
underpins the Systematic Literature Review (SLR) approach used in this study. Data were
collected from the Scopus database through a combination of broad and refined keyword
strategies. The initial search yielded 237 articles, which were subsequently filtered based on
relevance, publication period (2020-2026), and accessibility, resulting in 34 eligible peer-
reviewed studies. Through qualitative thematic synthesis, the data analysis aimed to identify
common patterns emerging from the selected publications. The results indicate five major
thematic domains: material sources, formulation strategies, physicochemical performance,
antimicrobial and therapeutic effectiveness, and release behaviour. The reviewed studies
demonstrate that palm oil-based biomaterials exhibit favourable encapsulation efficiency,
stable physicochemical properties, effective antimicrobial activity, and controlled release
characteristics across various delivery systems. In conclusion, palm oil-derived biomaterials
provide a versatile and functionally consistent platform for drug delivery applications.
Upcoming studies should focus on establishing standardised methodologies, conducting
long-term stability analyses, and engineering hybrid systems to achieve improved
performance and wider applicability.
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Introduction

The increasing demand for advanced drug delivery systems has
driven substantial research toward the development of biomaterials
that are not only functionally effective but also derived from
sustainable and renewable resources. In today’s biomedical field, the
structural design of delivery carriers plays a pivotal role in governing
the stability, bioavailability, and therapeutic outcomes of active
substances. Conventional delivery platforms often face limitations
related to poor solubility, rapid degradation, and uncontrolled
release profiles, which may reduce therapeutic efficacy and increase
side effects. Therefore, research efforts are increasingly centred
on bio-based materials that combine superior biocompatibility
with modifiable physicochemical properties to enable targeted and
controlled delivery systems.!

Against this backdrop, lipid-based and polymeric materials have
emerged as key contenders, attributed to their structural flexibility
and effectiveness in encapsulating a broad spectrum of bioactive
substances. These materials can be engineered into various delivery
systems, including nanoparticles, nanoemulsions, hydrogels, and
polymeric matrices, each designed to address specific therapeutic
challenges.> The integration of biodegradable and biocompatible
materials into drug delivery systems has become increasingly
important, particularly in response to the need for safer and more
efficient therapeutic strategies. This trend reflects a broader shift
toward sustainable material sourcing and environmentally conscious
innovation in biomedical engineering.

Among the various renewable resources available, palm oil and its
derivatives have attracted increasing scientific attention as potential
raw materials for biomaterial development. As one of the most widely
produced vegetable oils globally, palm oil offers a consistent supply
chain and a chemically rich composition that includes triglycerides,
fatty acids, and glycerol-based compounds.®* These components can
be further modified into functional materials such as surfactants,
polyols, and lipid matrices, which are essential in the formulation of
drug delivery systems. The versatility of palm oil-derived compounds
enables their transformation into both lipid-based carriers and
polymeric structures, supporting diverse biomedical applications
without necessitating complex synthesis pathways.*

Alongside the principal oil fractions, biomass residues from
oil palm, namely empty fruit bunches (EFB), mesocarp fibres, and
palm kernel shells, have been increasingly recognised as important
lignocellulosic materials.” These residues can be processed into
cellulose and nanocellulose, which exhibit high surface area,
mechanical strength, and functionalizability. Such characteristics
make them suitable for incorporation into hydrogels, films, and
scaffold-based delivery systems. The valorisation of these by-products
contributes to resource efficiency and supports the development of
high-value applications derived from existing agricultural streams,
aligning with broader sustainability goals in material science and
engineering.®

The application of palm oil-based biomaterials in antimicrobial
and therapeutic delivery has gained relevance in response to global
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health challenges, including the rising prevalence of antimicrobial
resistance and the need for more effective treatment modalities.
Delivery systems based on lipid and polymeric matrices have
demonstrated the ability to enhance the stability and controlled release
of antimicrobial agents, thereby improving their efficacy. Similarly,
therapeutic compounds such as anti-inflammatory and anticancer
agents benefit from encapsulation within biomaterial carriers, which
can improve solubility, protect against degradation, and facilitate
targeted delivery. These advantages highlight the functional potential
of palm oil-derived materials in addressing current biomedical needs
while maintaining compatibility with established pharmaceutical
systems.”

Even with the growing number of publications, the body of
knowledge continues to be fragmented across diverse material types,
formulation methods, and application domains. Studies often focus on
specific aspects such as nanoparticle synthesis, antimicrobial testing,
or release kinetics, without providing an integrated perspective on
how these elements collectively contribute to the performance of palm
oil-based delivery systems.*!° Furthermore, variations in experimental
design, characterization techniques, and evaluation metrics make
it challenging to draw generalized conclusions regarding the
effectiveness and applicability of these materials. This fragmentation
underscores the need for a systematic synthesis of existing research
to identify consistent trends, technological advancements, and areas
requiring further investigation.

Structured synthesis is of significant importance, particularly in
fields involving newly developed biomaterials, where interdisciplinary
approaches combine principles from chemistry, materials science,
and biomedical engineering. Without a systematic framework, the
interpretation of findings may be influenced by selective reporting
or methodological inconsistencies. Therefore, a comprehensive
review based on transparent and reproducible criteria is essential
to consolidate current knowledge and provide a reliable foundation
for future research and development. In this regard, the Systematic
Literature Review (SLR) approach offers a rigorous methodology for
identifying, evaluating, and synthesizing relevant studies, ensuring
that conclusions are grounded in verifiable evidence derived from
peer-reviewed publications.

In line with this rationale, the present study aims to systematically
review and analyze the current state of research on palm oil-based
biomaterials as carriers for antimicrobial and therapeutic agents.
The review focuses on identifying the types of materials derived
from palm oil, examining formulation strategies used in developing
delivery systems, and evaluating their physicochemical and biological
performance. By integrating findings from multiple studies, this work
seeks to provide a coherent and evidence-based understanding of
how palm oil-derived biomaterials are being utilised in biomedical
applications, while maintaining a balanced and neutral perspective
on their role within the broader context of sustainable material
development.

To guide the analysis and ensure methodological clarity, this study
is structured around the following research questions:

RQI1: How are palm oil-derived biomaterials designed and
formulated to function as carriers for antimicrobial and therapeutic
agents in contemporary biomedical applications?

RQ2: What patterns of performance, including physicochemical
properties, antimicrobial activity, and release behaviour, can be
identified across studies utilising palm oil-based delivery systems?
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These research questions serve as the analytical foundation for the
subsequent discussion and synthesis, enabling a focused evaluation
of the literature while supporting the development of well-grounded
conclusions.

Literature review

The increasing adoption of bio-based materials in biomedical
applications has stimulated extensive research into alternative carrier
systems derived from renewable resources. Among these, palm oil-
based biomaterials have attracted attention due to their adaptable
chemical composition and functional potential in antimicrobial and
therapeutic delivery. Existing studies indicate a growing integration
of material science and pharmaceutical approaches, where palm-
derived resources are utilised to develop carrier systems with tunable
properties. Accordingly, the literature reflects a range of interconnected
research directions that collectively contribute to understanding the
development and performance of these biomaterials in drug delivery
applications.

Fundamental
biomaterials

characteristics of palm oil-derived

Palm oil and its derivatives are composed primarily of triglycerides,
free fatty acids, and minor bioactive components, which collectively
contribute to their functional versatility in biomaterial design. The
fatty acid profile, typically dominated by palmitic acid and oleic
acid, provides a balanced combination of saturation and unsaturation
that supports both structural stability and chemical reactivity.!!' This
composition enables palm oil to be processed into a wide range of
derivatives, including mono- and diglycerides, fatty acid esters, and
surfactants, which are frequently employed in drug delivery systems.

Besides the primary oil components, oil palm residues such as
empty fruit bunches (EFB), mesocarp fibres, and palm kernel shells
provide substantial sources of lignocellulosic material. These residues
are increasingly recognised for their potential in producing cellulose
and nanocellulose, which exhibit high crystallinity, mechanical
strength, and surface functionality.!> The multi-scale architecture of
cellulose, consisting of crystalline and amorphous regions, facilitates
chemical modification and enhances interaction with therapeutic
agents. Such characteristics support their incorporation into advanced
delivery systems, including hydrogels and composite matrices.

The adaptability of palm oil-derived materials is further enhanced
through chemical modification processes such as esterification,
transesterification, and polymerisation. These processes enable the
generation of tailored biomaterials with specific physicochemical
properties, including hydrophilicity, degradation rate, and mechanical
strength.'* As a result, palm oil-based biomaterials can be engineered
to meet diverse requirements in biomedical applications without
necessitating complex or resource-intensive synthesis pathways.

Lipid-based carrier systems derived from palm oil

Among various applications, lipid-based delivery platforms have
received significant attention in studies involving palm oil-derived
biomaterials. Due to their capability to carry hydrophobic therapeutic
agents and enhance bioavailability, SLNs and NLCs are consistently
reported across numerous studies.'* These systems are typically
formulated using palm oil fractions such as palm stearin and palm
kernel oil, which provide a stable lipid matrix for drug incorporation.

The effectiveness of lipid-based carriers is closely associated
with their particle size, surface charge, and internal structure. Studies
have demonstrated that palm oil-derived SLNs can achieve particle
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sizes below 200 nm, which facilitates cellular uptake and improves
therapeutic efficiency.” The presence of liquid lipids in NLC
formulations introduces defects in the lipid matrix, which improve
drug loading capacity and limit drug expulsion during storage.'®

Nanoemulsions represent another important class of lipid-based
systems, often stabilized using surfactants derived from palm oil. With
high kinetic stability, these systems can accommodate and deliver
compounds of both hydrophilic and hydrophobic nature.'” The high
surface area and small droplet dimensions of nanoemulsions enable
more efficient interaction with biological membranes, consequently
enhancing drug absorption and antimicrobial properties.

Despite these advantages, variations in formulation techniques and
component ratios can significantly influence the performance of lipid-
based systems. Differences in homogenization methods, surfactant
selection, and lipid composition may lead to variability in particle
size distribution, encapsulation efficiency, and release kinetics. This
variability highlights the importance of systematic evaluation to
identify optimal formulation parameters across studies.

Cellulose and nanocellulose-based platforms from
palm biomass

Cellulose-based and nanocellulose materials from oil palm
biomass are gaining prominence as complementary platforms to
conventional lipid-based systems. Nanocellulose, including CNC and
CNF, features a high surface-to-volume ratio, excellent mechanical
strength, and functional hydroxyl groups that enable diverse chemical
modifications.'® Such attributes make nanocellulose particularly
appropriate for designing drug delivery matrices that enable regulated
drug release.

The ability of palm-derived nanocellulose hydrogels to absorb
large volumes of water while sustaining their structural framework
under physiological conditions has been a major focus of research.
Their application is particularly important in wound healing and
localised drug delivery, where both prolonged therapeutic release
and biocompatibility are crucial.”” The porous network structure
of hydrogels facilitates the diffusion of therapeutic agents while
providing a supportive environment for tissue regeneration.

In addition to hydrogels, nanocellulose has been incorporated into
composite films and scaffolds designed for antimicrobial applications.
The incorporation of antimicrobial agents into these matrices allows
for prolonged activity and reduced frequency of administration.?’
Surface modification techniques, such as oxidation and grafting,
further enhance the interaction between nanocellulose and bioactive
compounds, improving loading capacity and release control.

The performance of cellulose-based systems, while benefiting
from mechanical durability and sustainability, is largely determined by
parameters including crystallinity, particle size, and surface chemical
characteristics. The variability in extraction and processing methods
across studies contributes to differences in material properties,
underscoring the need for standardised protocols in future research.

Polymeric and hybrid biomaterials based on palm oil

Polymeric materials derived from palm oil have expanded the
scope of biomaterial applications beyond lipid and cellulose systems.
Palm-based polyols, synthesised through chemical modification of
triglycerides, serve as precursors for the production of polyurethanes
and other polymeric networks.?' Offering adjustable mechanical
characteristics and degradation rates, these materials are particularly
suitable for applications that demand both durability and controlled
release.
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Hybrid systems that combine lipid, cellulose, and polymeric
components have also been reported, reflecting a trend toward
multifunctional delivery platforms. For example, the integration
of nanocellulose into lipid-based matrices can enhance mechanical
strength and stability, while the incorporation of polymeric networks
can improve control over drug release kinetics.?? Such hybrid systems
leverage the complementary properties of different material classes to
achieve improved performance.

The design of polymeric and hybrid biomaterials often involves
balancing multiple parameters, including hydrophilicity, crosslinking
density, and degradation behaviour. These factors influence not only
the physical properties of the material but also its interaction with
biological systems. Studies have shown that palm-derived polymers
can achieve degradation profiles ranging from days to weeks,
depending on formulation conditions, which is advantageous for
sustained therapeutic applications.?>**

Although polymeric and hybrid systems demonstrate promising
capabilities, their development remains less explored compared
to lipid-based carriers. This indicates an opportunity for further
investigation into the optimisation and application of these materials
in biomedical contexts.

Functional performance in antimicrobial and

therapeutic applications

The ultimate effectiveness of palm oil-based biomaterials as
delivery systems is reflected in their performance in antimicrobial and
therapeutic applications. Much of the research focuses on determining
antimicrobial activity against standard pathogens, covering Gram-
positive and Gram-negative bacteria as well as fungal species.>** The
encapsulation of antimicrobial agents within palm-derived carriers
has been shown to enhance stability and prolong activity, leading to
improved efficacy compared to free compounds.

Palm oil-derived carriers have been widely applied in therapeutic
settings to transport bioactive agents, including compounds with
anti-inflammatory and anticancer activity. Encapsulation within
lipid or polymeric matrices improves solubility and protects active
compounds from degradation, thereby enhancing bioavailability.”’
Maintaining therapeutic concentrations over longer durations through
controlled release diminishes the requirement for frequent dosing.

Biocompatibility is a critical consideration in the evaluation of
biomaterials, and studies generally report favorable outcomes for
palm oil-derived systems. Cell viability assays indicate minimal
cytotoxic effects at therapeutic concentrations, supporting their
suitability for biomedical use.?® Additionally, the biodegradability of
these materials aligns with the requirements for safe and sustainable
medical applications.

However, the literature also highlights variability in performance
outcomes, which may be attributed to differences in material
composition, formulation techniques, and evaluation methods. This
variability emphasises the importance of systematic synthesis to
identify consistent trends and inform future research directions.

The reviewed literature demonstrates that palm oil-based
biomaterials constitute a multifaceted and adaptable platform for
antimicrobial and therapeutic delivery systems. Across lipid-based,
cellulose-derived, polymeric, and hybrid materials, consistent
evidence points to favourable physicochemical properties, effective
encapsulation capabilities, and promising biological performance. At
the same time, variations in methodologies and material characteristics
highlight the need for standardised approaches and comparative
analysis.
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Importantly, the integration of palm oil-derived resources into
biomedical applications reflects a broader trend toward sustainable
material innovation. Without attributing preferential or adverse
positioning, the literature consistently presents palm-based
biomaterials as viable alternatives within the expanding field of bio-
based delivery systems. This synthesis provides a foundation for
the systematic evaluation conducted in subsequent sections, where
the identified themes are further analysed to address the research
questions guiding this study.

Methodology

Adopting the PRISMA framework, this study implements
a Systematic Literature Review (SLR) to ensure a transparent,
structured, and reproducible synthesis of scientific evidence related
to palm oil-based biomaterials as carriers for antimicrobial and
therapeutic agents. The review process is designed to systematically
identify, filter, and integrate peer-reviewed publications within a
clearly defined scope, emphasising biomaterial development derived
from palm oil and its associated applications in drug delivery
systems. The review procedure proceeds in a structured sequence of
identification, screening, eligibility determination, and final inclusion,
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each governed by defined criteria such as source database, keyword
design, time frame, and accessibility. By relying solely on secondary
data sourced from published studies and excluding primary methods
such as interviews, focus groups, or field observations, the study
aligns with established SLR methodological guidelines.

The systematic progression of article selection, from initial
identification to final inclusion under PRISMA guidance, is
illustrated in Figure 1. For the inclusion of peer-reviewed, high-
quality scientific articles, the literature search was executed using the
Scopus database. In the identification stage, an initial query using the
keyword combination “Palm Oil AND Drug Delivery” yielded 237
records. To enhance the specificity and relevance of the dataset, a
more comprehensive Boolean search strategy was applied: (“palm
0il” OR “oil palm” OR “palm biomass” OR “empty fruit bunch”
OR “EFB”) AND (*“biomaterial” OR “biopolymer” OR “cellulose”
OR “nanocellulose”) AND (“drug delivery” OR “delivery” OR
“carrier” OR ‘“release” OR “application”’) AND (“antimicrobial”
OR “antibacterial” OR “antifungal” OR “drug” OR “bioactive” OR
“therapeutic”’). Through this refinement process, 118 articles were
excluded due to limited alignment with the defined research focus,
resulting in 119 records proceeding to the next stage.

Identification of new studies via databases and registers

s Records removed before screening:
= - o " Duplicate records (n=118)
;g H?;ﬂ“é‘;;ﬁ”“ﬂ‘fd;gm' # Records marked as ineligible by automation
T (n=237) tools (n = 0)
5 Records removed for other reasons (n = 0)
r
Records screened Records excluded
n=119) in=38)
Reparts sought for retrieval Reports not retrieved
£ in =83 {n = 48)
5
2
L2
Reports excluded:
Reports assessed for eligibility Reasonl (n = MNA)
(n=234 = Reason2 (n = MNA)
Reason3 (n = MA)
Mew studies included in review
8 (n = 34)
= Reports of new included studies
=] (n=234)

Figure | Overview of the PRISMA-Guided Systematic Literature Review Workflow.

A temporal filtering step was subsequently applied by restricting
the publication period to studies published between 2020 and 2026,

ensuring that the review reflects recent scientific developments

and ongoing research trends. This stage led to the exclusion of 36
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articles that did not meet the specified timeframe, leaving 83 records
for further evaluation. To ensure full-text evaluation, only articles
accessible through open access or open archive platforms were
included during the eligibility phase. Consequently, 49 studies were
disregarded due to limited accessibility, while 34 articles that adhered
to all inclusion criteria were selected for qualitative synthesis. For
consistency, traceability, and citation accuracy, all selected references
were systematically handled through Mendeley Desktop. This
structured approach enables a comprehensive and methodologically
sound synthesis of current research on palm oil-based biomaterials in
antimicrobial and therapeutic delivery applications, while maintaining
an evidence-based and balanced analytical perspective.

Results

Through a structured selection workflow, 34 articles were
ultimately included, each meeting the predefined criteria for
inclusion. The body of literature from 2020 to 2026 collectively
demonstrates recent progress in employing palm oil-derived
biomaterials for both antimicrobial and therapeutic delivery purposes.
A structured synthesis of the selected literature reveals five principal
and interrelated thematic domains: (1) types and sources of palm oil-
based biomaterials, (2) formulation strategies and carrier systems,
(3) encapsulation efficiency and physicochemical performance, (4)
antimicrobial activity and therapeutic effectiveness, and (5) release
behaviour and system stability.

The review’s thematic assessment highlights that formulation and
carrier system development is the most addressed area, appearing
in approximately 47% of the studies, notably through lipid-based
nanocarriers like SLNs and NLCs. This is followed by antimicrobial
activity and therapeutic effectiveness (=62%), reflecting a strong
emphasis on validating biological functionality and application
relevance. Themes related to types and sources of biomaterials show
a balanced distribution across lipid-based materials (=41%), biomass-
derived cellulose (=35%), and polymer-based systems (=24%),
indicating diversification of raw material utilisation. Release behaviour
and system stability are discussed in approximately 55% of the
studies, while physicochemical performance, including encapsulation
efficiency and particle characteristics, is implicitly addressed across
the majority of studies as a core evaluative parameter.

The predominance of formulation strategies and physicochemical
evaluation reflects their foundational role in the development of
drug delivery systems. These aspects are consistently positioned as
critical initial steps, as carrier architecture, particle size, stability,
and encapsulation efficiency directly determine the feasibility and
effectiveness of biomedical applications. This pattern aligns with
the broader trajectory of biomaterials research, where optimization
at the formulation level precedes functional and clinical validation.
Furthermore, the strong representation of antimicrobial and therapeutic
performance indicates a parallel effort to demonstrate the practical
relevance of these systems, particularly in addressing biomedical
challenges related to infection control and targeted therapy.

In contrast, themes related to material sources, particularly
biomass-derived cellulose and polymeric systems, while well
represented, appear with relatively lower proportions compared
to formulation-focused studies. This distribution may reflect the
additional processing complexity required to convert lignocellulosic
residues into functional biomaterials, as well as the more specialized
synthesis routes involved in polymer modification. Similarly, although
release behavior and system stability are essential for application
performance, their slightly lower frequency suggests that these
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aspects are often evaluated as part of integrated studies rather than as
primary research focuses.

Collectively, these thematic patterns indicate that current research
on palm oil-based biomaterials is strongly oriented toward formulation
development and performance validation, supported by a diverse
and adaptable material base. The convergence of material selection,
formulation engineering, and functional evaluation highlights a
maturing research landscape that is transitioning from material
exploration toward more application-driven and performance-
oriented frameworks. The following subsections provide a detailed
examination of each thematic domain, supported by quantitative
findings and comparative insights synthesized from the reviewed
literature.

Types and sources of palm oil-based biomaterials

The reviewed studies indicate that palm oil-derived biomaterials
originate from multiple fractions and processing by-products, each
offering distinct structural and functional characteristics. Among
the 34 selected articles, approximately 41% of studies utilized palm
oil fractions such as palm olein, palm stearin, and palm kernel oil
as primary lipid sources for biomedical formulations.” These lipid-
based materials are frequently selected due to their favorable fatty
acid composition, particularly the presence of palmitic acid (typically
ranging from 40—45%) and oleic acid (approximately 39-42%), which
contribute to stability and compatibility in drug delivery systems.*

In parallel, around 35% of the studies focused on lignocellulosic
biomass derived from oil palm residues, including empty fruit
bunches (EFB), mesocarp fiber, and palm kernel shell.’! These
materials are commonly processed into cellulose and nanocellulose
structures, which exhibit high crystallinity (60-80%) and surface
reactivity suitable for functionalization.> The conversion of EFB
into nanocellulose typically involves acid hydrolysis or mechanical
fibrillation, yielding particle sizes in the range of 20—100 nm, which
enhances surface area and interaction with bioactive compounds.?

Additionally, approximately 24% of the studies explored
chemically modified palm-based polymers such as palm-derived
polyols and polyurethanes.* These materials are often synthesized
through esterification and polymerization processes, resulting in
tunable mechanical properties and degradation rates. Reported
degradation times for such polymers range from 7 to 28 days depending
on crosslinking density and environmental conditions.** Collectively,
these findings demonstrate that palm oil resources provide a diverse
material platform spanning lipids, fibers, and polymers, enabling a
wide range of biomedical applications without indicating any inherent
limitations in their adaptability.

Formulation strategies and carrier systems

The synthesis of palm oil-based biomaterials into functional
delivery systems represents a central focus across the reviewed
studies. Lipid-based nanocarriers, particularly solid lipid
nanoparticles (SLNs) and nanostructured lipid carriers (NLCs),
were reported in approximately 47% of the selected articles.*® These
systems are typically produced using high-shear homogenization or
ultrasonication techniques, resulting in particle sizes ranging from
80 to 250 nm with polydispersity indices (PDI) below 0.3, indicating
relatively uniform distributions.’’

Nanoemulsions were identified in around 21% of the studies,
often stabilised using palm-derived surfactants or emulsifiers.’
These systems exhibited droplet sizes between 50 and 200 nm and
demonstrated enhanced stability over storage periods of up to 90
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days under controlled conditions.* The stability is attributed to the
balanced hydrophilic—lipophilic properties of palm-based emulsifiers,
which contribute to reduced coalescence rates.

Cellulose-based carriers derived from palm biomass accounted
for approximately 18% of formulations, frequently developed into
hydrogels, films, or scaffolds.*” These materials exhibited water
absorption capacities exceeding 300% of their dry weight and
demonstrated structural integrity suitable for sustained drug delivery
applications.*!

Polymer-based systems, including palm-derived polyurethane
hydrogels, were reported in 14% of the studies.*” These systems
showed tunable swelling ratios ranging from 150% to 400%,
depending on formulation parameters, enabling controlled drug
diffusion. Overall, the diversity of formulation strategies reflects a
high degree of adaptability in palm oil-based biomaterials, supporting
their integration into multiple delivery platforms.

Encapsulation and

performance

efficiency physicochemical

Encapsulation efficiency (EE) is a critical parameter in evaluating
the effectiveness of drug delivery systems, and the reviewed studies
consistently report favourable outcomes for palm oil-based carriers.
Across lipid-based systems, EE values typically ranged from 70% to
95%, depending on the physicochemical properties of the encapsulated
compound.”® Hydrophobic drugs, in particular, demonstrated higher
encapsulation efficiencies due to their compatibility with lipid
matrices.

Particle size analysis across studies revealed mean diameters
predominantly below 200 nm, which is considered optimal for
enhancing cellular uptake and bioavailability.* Zeta potential values
ranged from —20 mV to —40 mV, indicating moderate to good colloidal
stability and reduced aggregation tendencies.*

In cellulose-based systems, loading capacities were reported
between 45% and 75%, influenced by surface modification techniques
such as carboxylation and acetylation.*® These modifications increase
binding sites and improve interaction with bioactive molecules.

Assessments of thermal stability indicated that palm oil-based
carriers maintain their structure at temperatures as high as 200°C,
according to TGA findings.*’” The incorporation of active agents
was validated by FTIR and XRD analyses, which showed negligible
structural disturbance.*® These findings collectively suggest that palm
oil-based biomaterials exhibit robust physicochemical properties
suitable for biomedical applications.

Antimicrobial activity and therapeutic effectiveness

A substantial portion of the reviewed literature (approximately
62%) evaluated the antimicrobial performance of palm oil-based
delivery systems.* These studies commonly tested activity against
bacterial strains such as Escherichia coli and Staphylococcus aureus,
as well as fungal species including Candida albicans. Reported
inhibition zones ranged from 10 mm to 28 mm, depending on
formulation type and active agent concentration.’*"!

Encapsulation within palm-based carriers was found to enhance
antimicrobial efficacy by improving stability and prolonging the
release of active compounds. For example, nanoemulsion systems
demonstrated up to 35% higher antimicrobial activity compared to
free compounds due to increased surface interaction with microbial
cells.”
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In therapeutic applications, approximately 38% of studies focused
on drug delivery performance, particularly for anti-inflammatory and
anticancer agents.”® Drug-loaded nanoparticles exhibited improved
bioavailability, with reported increases of 20-60% compared to
conventional formulations.’* Cytotoxicity assessments indicated that
most palm oil-based carriers maintain cell viability above 80% at
therapeutic concentrations, supporting their biocompatibility.>

These findings highlight that palm oil-derived biomaterials can
function effectively as carriers that enhance both antimicrobial and
therapeutic outcomes, without introducing adverse biological effects
under tested conditions.

Release behaviour and system stability

Controlled release behaviour is a defining characteristic of
effective drug delivery systems, and the reviewed studies consistently
demonstrate that palm oil-based carriers provide sustained and
predictable release profiles. Approximately 55% of the studies
reported biphasic release patterns, characterised by an initial burst
release of 20-40% within the first 612 hours, followed by a sustained
release phase extending up to 72—120 hours.*

Release kinetics were commonly modelled using Higuchi and
Korsmeyer—Peppas equations, with diffusion coefficients indicating
Fickian or anomalous transport mechanisms depending on the system
design.”” In hydrogel-based systems, release durations extended up to
7 days, with cumulative release percentages exceeding 85%.%

Stability studies revealed that lipid-based formulations retained
over 90% of their initial drug content after 30 days of storage at 4°C,
while maintaining consistent particle size distributions. Similarly,
cellulose-based systems demonstrated minimal degradation (<10%)
under physiological conditions over 5 days.®

Environmental stability assessments also indicated that these
systems maintain functional integrity across a pH range of 5 to 7.4,
which is relevant for biological applications.®'> These results confirm
that palm oil-based biomaterials provide reliable performance in
terms of both controlled release and stability.

The aggregated evidence from the 34 selected studies demonstrates
that palm oil-based biomaterials offer a versatile and functionally
robust platform for antimicrobial and therapeutic delivery. Across
multiple material types and formulation strategies, consistent
patterns emerge in terms of high encapsulation efficiency, favourable
physicochemical stability, and effective biological performance.
Quantitative indicators, including encapsulation efficiencies above
70%, particle sizes below 200 nm, antimicrobial inhibition zones
up to 28 mm, and sustained release durations exceeding 72 hours,
collectively support the feasibility of these materials in biomedical
contexts.

Importantly, the findings also reflect a convergence of material
science and biomedical engineering approaches, where palm oil-
derived resources are integrated into advanced delivery systems
without compromising performance. The consistency of results across
independent studies further reinforces the reliability of the observed
trends, while also indicating opportunities for continued refinement
and application development within this research domain.

Discussion

The synthesis of 34 selected studies provides a structured basis
for addressing the research questions formulated in this review. By
integrating findings across lipid-based, cellulose-derived, polymeric,
and hybrid systems, the discussion highlights how palm oil-derived
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biomaterials are designed and how their performance characteristics
are manifested in antimicrobial and therapeutic delivery applications.
The interpretation presented here is grounded exclusively in secondary
data derived from peer-reviewed publications, ensuring alignment
with the principles of a Systematic Literature Review (SLR) and
avoiding any reliance on primary data collection approaches.

Design and formulation strategies of palm oil-based
biomaterials (Addressing RQ1)

The reviewed literature demonstrates that palm oil-derived
biomaterials are designed through a combination of material
selection, chemical modification, and formulation engineering to
achieve functional delivery systems. Across the analysed studies,
three principal material categories, lipid-based, cellulose-derived,
and polymeric systems, emerge as dominant platforms, each offering
distinct design pathways and functional advantages.

Lipid-based systems, particularly solid lipid nanoparticles
(SLNs) and nanostructured lipid carriers (NLCs), represent the most
frequently utilised formulation approach. These systems are typically
constructed using palm oil fractions such as palm stearin and palm
kernel oil, which provide a stable lipid matrix capable of encapsulating
hydrophobic bioactive compounds. The design rationale underlying
these systems is strongly associated with the intrinsic compatibility
between lipid matrices and hydrophobic drugs, which facilitates
high encapsulation efficiency and improved bioavailability.®* The
incorporation of liquid lipids in NLC formulations introduces
structural imperfections within the solid matrix, thereby enhancing
drug loading capacity and reducing the likelihood of drug expulsion
during storage.** This structural tuning reflects a consistent design
strategy observed across multiple studies, where the physicochemical
properties of palm-derived lipids are leveraged to optimize carrier
performance.

In contrast, cellulose and nanocellulose-based systems derived
from oil palm biomass follow a different design paradigm centered
on structural networks and surface functionality. Materials such as
cellulose nanocrystals (CNC) and cellulose nanofibers (CNF) are
characterized by high surface area and reactive hydroxyl groups,
enabling extensive chemical modification and interaction with
bioactive agents.®® The design of these systems often involves
the formation of hydrogels, films, or scaffolds, where the porous
network structure facilitates controlled diffusion and sustained release
of therapeutic compounds.®*®” Surface modification techniques,
including oxidation and grafting, are frequently employed to enhance
loading capacity and regulate release kinetics. Compared to lipid-
based systems, cellulose-derived carriers exhibit greater mechanical
stability and are particularly suitable for localized delivery
applications, such as wound healing and tissue engineering.

Polymeric systems derived from palm oil, including polyols and
polyurethanes, introduce an additional level of design flexibility
through tunable crosslinking density and degradation behavior. These
materials are synthesized through chemical modification processes that
convert triglycerides into polymeric precursors, enabling the creation
of networks with controlled mechanical properties and degradation
rates.®® The ability to adjust parameters such as hydrophilicity
and crosslink density allows for precise control over drug release
profiles, making these systems suitable for sustained therapeutic
applications. Hybrid systems that integrate lipid, cellulose, and
polymeric components further extend the design space by combining
complementary properties, such as the encapsulation efficiency of
lipids and the structural stability of polymers.**"
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Across all material categories, formulation techniques play a
critical role in determining system performance. Methods such as
high-shear homogenization, ultrasonication, solvent casting, and
crosslinking are widely reported, with each technique influencing
particle size, distribution, and stability. However, the literature also
reveals variability in formulation conditions, including differences in
surfactant selection, processing parameters, and component ratios. This
variability suggests that while palm oil-derived biomaterials provide a
versatile foundation for carrier design, the optimisation of formulation
protocols remains an area requiring further standardisation. Overall,
the findings indicate that the design of palm oil-based biomaterials
is characterised by a combination of material-specific properties
and engineering strategies that collectively enable their function as
effective carriers for antimicrobial and therapeutic agents.

Performance patterns of palm oil-based delivery
systems (Addressing RQ2)

The analysis of performance characteristics across the selected
studies reveals consistent patterns in physicochemical properties,
antimicrobial activity, and release behaviour, providing a
comprehensive understanding of how palm oil-based biomaterials
function in biomedical applications.

From a physicochemical perspective, lipid-based carriers
consistently demonstrate particle sizes below 200 nm, which is
widely recognised as an optimal range for enhancing cellular uptake
and bioavailability.”' Zeta potential values typically fall between —20
mV and —40 mV, indicating moderate to strong colloidal stability and
reduced aggregation tendencies. Encapsulation efficiency (EE) values
are frequently reported in the range of 70% to 95%, particularly
for hydrophobic compounds, reflecting the compatibility between
lipid matrices and drug molecules.”” In comparison, cellulose-based
systems exhibit slightly lower loading capacities, generally between
45% and 75%, due to differences in material structure and interaction
mechanisms.” However, these systems compensate through enhanced
mechanical strength and structural integrity, which contribute to their
suitability for sustained release applications.

Thermal and structural stability analyses further reinforce the
robustness of palm oil-based carriers. Thermogravimetric analysis
(TGA) results indicate that these materials maintain structural
integrity at temperatures up to approximately 200°C, while Fourier-
transform infrared spectroscopy (FTIR) and X-ray diffraction (XRD)
analyses confirm the successful incorporation of active agents without
significant disruption to the material structure.’™ These findings suggest
that palm-derived biomaterials possess the necessary stability for
practical biomedical applications, including storage and processing
under controlled conditions.

In terms of antimicrobial activity, a substantial proportion of the
reviewed studies report enhanced efficacy when bioactive agents
are delivered 2x8n¥y»n palm oil-based carriers. Antimicrobial assays
commonly demonstrate inhibition zones ranging from 10 mm to 28
mm against representative bacterial and fungal strains, including
Escherichia coli, Staphylococcus aureus, and Candida albicans.” The
improved performance is often attributed to the controlled release
of active compounds and increased interaction between the carrier
system and microbial cells. Nanoemulsion systems, in particular, are
reported to enhance antimicrobial activity by up to 30-35% a3_cb
dengan free compounds, highlighting the role of carrier design in
improving therapeutic outcomes.”

Therapeutic performance in drug delivery applications also
demonstrates consistent positive trends. Studies focusing on
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anti-inflammatory and anticancer agents report improvements in
bioavailability ranging from 20% to 60% when drugs are encapsulated
within palm oil-based carriers.”” These improvements are associated
with increased solubility, protection from degradation, and prolonged
circulation time. Cytotoxicity assessments generally indicate high
levels of biocompatibility, with cell viability often exceeding 80% at
therapeutic concentrations, supporting the safe application of these
materials in biomedical contexts.”

Release behavior represents another critical dimension of
performance, with the majority of studies reporting controlled and
sustained release profiles. A biphasic release pattern is commonly
observed, characterized by an initial burst release of approximately
20-40% within the first 6-12 hours, followed by a sustained release
phase extending up to 72—120 hours.”® This pattern is particularly
advantageous for maintaining therapeutic concentrations over extended
periods while minimising the need for frequent administration. In
hydrogel-based systems, release durations may extend up to 7 days,
further demonstrating the capacity of palm-derived biomaterials to
support long-term delivery applications.®!

Despite these consistent performance patterns, variability across
studies remains evident, particularly in relation to formulation
parameters and evaluation methods. Differences in particle size
distribution, encapsulation efficiency, and release kinetics can often
be traced back to variations in material composition and processing
techniques. This highlights the importance of establishing standardised
methodologies to enable more direct comparisons and facilitate the
translation of laboratory findings into practical applications.

Integrated interpretation across material systems

When considered collectively, the findings from the reviewed studies
indicate that palm oil-based biomaterials offer a complementary set of
properties that can be strategically leveraged in different biomedical
contexts. Lipid-based systems excel in encapsulation efficiency and
bioavailability enhancement, making them particularly suitable for
systemic drug delivery. Cellulose-derived systems provide structural
stability and controlled release capabilities, supporting localised
and sustained applications. Polymeric and hybrid systems bridge
these functionalities by offering tunable mechanical and degradation
properties.

The convergence of these material systems reflects an emerging
trend toward multifunctional delivery platforms that integrate multiple
design principles. Rather than competing approaches, lipid, cellulose,
and polymeric systems can be viewed as complementary components
within a broader design framework. This perspective aligns with
recent developments in biomaterials research, where hybridisation
and material integration are increasingly used to achieve enhanced
performance outcomes.

Importantly, the consistent performance of palm oil-derived
biomaterials across diverse applications underscores their potential
as reliable inputs in biomedical engineering. Without assigning
preferential or adverse positioning, the literature presents these
materials as viable alternatives within the broader spectrum of bio-
based carriers, supported by their adaptability, availability, and
functional properties.

The findings of this systematic review have several implications
for both research and application in the field of biomedical materials.
First, the demonstrated versatility of palm oil-derived biomaterials
highlights their potential to contribute to the development of
sustainable and high-performance drug delivery systems. Their ability
to be transformed into lipid-based, cellulose-derived, and polymeric
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carriers provides a flexible platform for addressing diverse therapeutic
needs. Second, the consistent trends in encapsulation efficiency,
antimicrobial activity, and controlled release behaviour suggest that
these materials can support the advancement of more effective and
targeted treatment strategies.

However, the variability observed across studies indicates the
need for greater standardisation in material preparation, formulation
techniques, and performance evaluation. Future research should focus
on establishing unified protocols that enable reproducibility and
facilitate comparative analysis across different studies. Additionally,
further investigation into hybrid systems that integrate multiple
material types may provide opportunities to optimise performance
by combining complementary properties. Long-term stability studies
and expanded biocompatibility assessments will also be important in
supporting the translation of these materials from laboratory research
to practical biomedical applications.

Overall, this review provides a structured and evidence-based
synthesis of current knowledge on palm oil-based biomaterials
as carriers for antimicrobial and therapeutic agents. The insights
generated from this analysis contribute to a deeper understanding of
material design and performance, while also identifying key areas for
future exploration within this evolving field.

Conclusion

This systematic review demonstrates that palm oil-derived
biomaterials are designed through a combination of material-specific
characteristics and formulation engineering strategies, enabling their
effective function as carriers for antimicrobial and therapeutic agents.
Across the analysed studies, lipid-based systems such as solid lipid
nanoparticles and nanostructured lipid carriers are primarily developed
to optimise the encapsulation of hydrophobic compounds through
matrix compatibility and structural modification. In parallel, cellulose
and nanocellulose-derived materials from oil palm biomass are
engineered into hydrogels, films, and scaffolds, emphasising structural
integrity and controlled diffusion mechanisms. Polymeric and hybrid
systems further expand this design framework by introducing tunable
mechanical properties and degradation behaviour, allowing for more
precise control of drug release profiles. Collectively, these approaches
indicate that palm oil-based biomaterials are not designed through a
single pathway, but rather through an integrated strategy that aligns
material composition with targeted biomedical functionality.

The synthesis of performance data across the reviewed studies
reveals consistent and reproducible patterns in physicochemical
properties, antimicrobial activity, and release behaviour. Palm oil-
based delivery systems generally exhibit particle sizes below 200
nm, favourable zeta potential values indicative of colloidal stability,
and high encapsulation efficiencies, particularly for hydrophobic
compounds. Antimicrobial evaluations consistently demonstrate
effective inhibition against representative bacterial and fungal strains,
with enhanced activity observed when bioactive agents are delivered
through structured carrier systems. In therapeutic contexts, these
materials contribute to improved bioavailability and sustained drug
presence, supported by controlled release mechanisms that frequently
follow a biphasic pattern, combining an initial release phase with
prolonged delivery over extended periods. These findings collectively
indicate that palm oil-based carriers maintain functional performance
across diverse formulations and application scenarios.

When considered across material categories, a complementary
relationship becomes evident, where lipid-based systems emphasise
encapsulation efficiency and bioavailability, cellulose-derived systems
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support structural stability and localised delivery, and polymeric or
hybrid systems provide tunable and multifunctional performance.
This convergence reflects a broader trend toward integrated material
design, where different biomaterial classes are combined to achieve
balanced and optimised delivery characteristics. The consistency
of these patterns across independent studies further supports the
reliability of palm oil-derived biomaterials as components in advanced
drug delivery systems, without indicating any inherent limitation in
their adaptability.

The implications of these findings suggest that palm oil-based
biomaterials represent a versatile and functionally robust platform
within the broader development of bio-based delivery systems.
Their availability, modifiable structure, and compatibility with
multiple formulation strategies position them as viable materials for
continued exploration in antimicrobial and therapeutic applications.
Future research is expected to benefit from greater standardisation
in extraction, formulation, and evaluation methods to enhance
comparability across studies. In addition, further investigation into
hybrid material systems, long-term stability, and expanded biological
assessments may contribute to refining their application potential.
Overall, the accumulated evidence indicates that palm oil-derived
biomaterials can be systematically engineered and consistently
perform as effective carriers, supporting their ongoing integration into
biomedical material research.
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