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Abstract

0il palm cultivation and processing generate abundant lignocellulosic residues that may be converted into functional nanocellulose
for biomedical engineering. This qualitative literature review critically integrates peer-reviewed research published between 2020
and October 2026, connecting residue selection and cellulose isolation to material design, biological performance, translational
readiness, and environmental implications. Particular attention is given to cellulose nanofibrils and cellulose nanocrystals directly
obtained from oil palm empty fruit bunches, fronds, and trunks; evidence from other plant-derived nanocelluloses and microbially
produced bacterial cellulose is interpreted separately. Four biomedical pathways are examined: tissue-engineering scaffolds, con-
trolled drug delivery, wound management, and antimicrobial composites. Direct oil palm studies demonstrate feasible isolation
and encouraging antibacterial scaffold and dressing performance, whereas many advanced drug-delivery and bioprinting functions
remain supported predominantly by transferable, non-palm research. Material-specific risks include residual processing agents,
endotoxins, particle persistence, sterilisation damage, variable feedstock quality, and incomplete clinical evidence. The review pro-
poses a source-to-function-to-safety assessment framework and a staged research roadmap for clinically meaningful, traceable, and
potentially lower-impact biomaterials. It concludes that promising laboratory functionality should be regarded as a foundation for
controlled preclinical research rather than evidence of clinical efficacy.
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Introduction
Background and Significance

Oil palm biomass is generally evaluated through agronom-
ic productivity, food-system markets, bioenergy potential, and
waste-management costs. A less developed perspective treats the
fibrous residues of palm processing as a possible feedstock for
high-purity functional biomaterials. Empty fruit bunches emerge
during milling, while fronds and trunks arise during cultivation
and replanting. Each represents a distinct physical and chemical

substrate rather than a homogeneous stream of interchangeable
waste. Recovery of cellulose from these sources may connect plan-
tation-level resource efficiency with healthcare-oriented material
innovation, but that connection requires evidence far more de-
manding than demonstrating nanoscale dimensions in a labora-
tory suspension [34,41,69]. Nanocellulose is an umbrella term for
materials that differ in aspect ratio, crystallinity, surface chemistry,
hydration behaviour, and manufacture. Cellulose nanofibrils, com-
monly abbreviated CNFs, form entangled high-aspect-ratio net-
works suitable for rheological control and mechanical reinforce-
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ment, cellulose nanocrystals, or CNCs, generally comprise shorter,
relatively crystalline structures that can reinforce matrices and
present chemically addressable surfaces. Bacterial nanocellulose,
or BNC, is biosynthesised by microorganisms and is not physically
extracted from palm fibre even when palm-derived sugars or frond
juice supply its fermentation substrate. Keeping these categories,
separate is fundamental to material attribution, comparability, and
scientifically valid translation [40,53,58]. Biomedical materials
must perform against the conditions of a specified therapeutic in-
dication, which may involve wet tissues, physiological salts, living
cells, inflammatory mediators, and repeated mechanical deforma-
tion. The relevant questions differ between a scaffold expected to
support matrix deposition, a hydrogel expected to release a drug
at a prescribed rate, and a dressing designed to manage exudate
while limiting infection. A nanoparticle or polymer that is safe in
one assay is not automatically safe in another anatomical site or
route of exposure. Accordingly, a convincing case for palm-derived
nanocellulose must bridge feedstock purity, functional architec-
ture, appropriate biological endpoints, and intended-use-specific
risk management [23,33,57].

Research Problem, Urgency, and Contribution

Studies now demonstrate technically credible production
of nanocellulose from oil palm empty fruit bunches, fronds, and
trunks, including treatments based on acid hydrolysis, controlled
oxidation, mechanical fibrillation, and deep eutectic solvents. Yet
extraction feasibility often becomes conflated with biomedical
readiness. A chemically characterised nanocrystal is not a validated
carrier for parenteral delivery, an absorbent film is not necessari-
ly an effective wound dressing, and a mechanically strong aerogel
cannot be assumed to stimulate functional tissue regeneration.
This review addresses the missing conceptual link between labo-
ratory material properties and the application-specific standards
of proof demanded by biomedical engineering [1,19,76]. There
are reasons for cautious optimism. Palm-derived nanofibrils have
been formulated into antibacterial aerogel scaffolds, and oil palm
empty fruit bunch nanofibrils have been incorporated into cur-
cumin-containing hydrogel dressings. A more recent experimen-
tal study explored nanocrystalline cellulose from oil palm waste
within antioxidant-rich wound-dressing fibres. These studies are
especially valuable because they test something beyond extraction
yield: a plausible biomedical material configuration. Nevertheless,
different formulations, organisms, assay durations, and outcome
measures prevent a simple conclusion that any particular plat-
form has demonstrated human therapeutic benefit [10,22,64]. The
present review contributes a coherent interpretation rather than a
numerical aggregation of outcomes. Its first contribution is an evi-
dence-provenance classification that distinguishes direct palm-de-
rived experimentation from cross-feedstock analogy and palm-fed
microbial cellulose. Its second is a source-to-property-to-function
mapping across four application families. Its third is an explicit anal-
ysis of trade-offs between green extraction, sterilizability, biosafe-
ty, mechanical function, and scalability. Its fourth is a translational
roadmap that places cell-based data, animal models, manufacturing
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controls, and human evaluations in the correct sequence without
implying that these gates have already been passed [5,33,40].

Questions, Scope, and Organization

The review asks how oil palm residue characteristics shape
the resulting nanocellulose, which processing and surface-engi-
neering choices align with biomedical requirements, what direct
evidence exists for scaffolds, drug delivery, wound dressings, and
antimicrobial applications, how far findings from other feedstocks
may be transferred, and which biological, regulatory, and environ-
mental tests should be prioritized. Its objective is not to rank a
universal best process but to explain the conditions under which
an oil palm-derived material could become fit for a defined clini-
cal purpose. Evidence published between 2020 and October 2026
is examined under a qualitative thematic literature-review design
[30,47,66].

Literature Review: Concepts and Theoretical
Foundations

Biomass Chemistry, Feedstock Heterogeneity, and Nano-
cellulose Families

Lignocellulosic residues contain cellulose associated with
hemicellulose, lignin, extractives, ash, and process-dependent
contaminants. Composition depends upon tissue anatomy, maturi-
ty, region, harvesting interval, moisture, and storage. Empty fruit
bunches are readily concentrated at milling facilities but may con-
tain entrained oil or inorganic material, fronds are geographically
distributed and often wet, trunks contain spatially heterogeneous
parenchyma and vascular bundles. Such heterogeneity affects the
energy and chemical intensity of fibre opening and influences the
residual chemistry of extracted nanocellulose. Therefore, medical
development requires raw-material specifications and not merely
a generic label of renewable fibre [34,41,69]. The distinction be-
tween CNFs and CNCs extends beyond terminology. Mechanical dis-
integration commonly preserves both crystalline and amorphous
domains and generates flexible fibrillar networks with shear-thin-
ning viscosity, while controlled acid hydrolysis preferentially re-
moves less ordered regions to produce more crystalline particles.
Surface charge, polydispersity, aggregation state, crystallite size,
and water retention vary with extraction sequence. Biomedically
relevant outcomes may include print fidelity, diffusional resistance,
cell interaction, stress relaxation, and degradation persistence. A
reporting scheme restricted to microscopy or FTIR peaks cannot
establish functional equivalence between materials of different ori-
gins or processing histories [19,40,76]. Bacterial cellulose occupies
an adjacent but separate technological pathway. It may produce a
highly hydrated and relatively pure nanoscale network, and sub-
stantial research investigates its use in wound-care membranes
and composite scaffolds. However, oil palm frond juice used as fer-
mentation medium does not make the resulting cellulose a fibre-ex-
tracted CNF or CNC. Such studies remain highly relevant for circular
utilisation and biomedical formulation, yet the taxonomy must be
maintained in both discussion and comparative tables. Similarly,
a successful composite based on coffee-derived nanocellulose is a
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design analogy, not experimental confirmation for oil palm-derived
material [45,53,58].

Interface Engineering and Structure-Property-Function
Relationships

Nanocellulose possesses abundant hydroxyl groups that per-
mit hydrogen bonding, oxidation, esterification, grafting, and coor-
dination with other materials. Surface modification may enhance
aqueous stability, drug binding, cellular interaction, or incorpora-
tion within gelatin, alginate, chitosan, PVA, and other polymers. Yet
the same modification can change charge density, water affinity,
gelation kinetics, and toxicological behaviour. The relevant theoret-
ical principle is that a biomedical function arises from interactions
between architecture, surface chemistry, physiological conditions,
and biological response, it cannot be inferred from cellulose iden-
tity alone [23,30,57]. Hydrogels exemplify this interdependence.
More nanofibrils may improve mechanical integrity and shape re-
tention, but dense fibrillar networks can reduce transport of oxy-
gen or therapeutics and can impede cell infiltration. High swelling
can support exudate uptake yet also weaken structural cohesion.
Reactive crosslinking can provide durable or self-healing matri-
ces, but remaining reagents and reaction by-products may require
rigorous removal. The designer must optimise a multidimensional
performance envelope rather than maximizing a single index such
as tensile strength, crystallinity, or fluid absorption [2,44,57].

Tissue Engineering and Regenerative Medicine

Tissue scaffolds operate as provisional microenvironments that
may support cell attachment, migration, nutrient access, extracellu-
lar matrix deposition, and tissue-specific differentiation. For bone,
construct stiffness, pore interconnectivity, mineral compatibility,
and osteogenic signals matter, for cartilage, shape maintenance
under compression and bioink extrusion behaviour may dominate,
for skin, conformity, moisture balance, and infection control often
become central. Nanocellulose can provide a fibrous matrix or rein-
forcing phase, but unmodified cellulose does not by itself reproduce
every ligand and biochemical cue of natural extracellular matrix.
Blending and biofunctionalisation are therefore common rather
than optional additions in advanced scaffold design [12,25,29].
Contemporary research on cellulose nanofibril hydrogels also
highlights a design tension between network strengthening and
biological permissiveness. A hydrogel can exhibit excellent shape
stability while still failing to sustain cell invasion, nutrient trans-
port, or appropriate degradation behaviour. Recent materials re-
views therefore support reporting printability, dynamic mechanics,
sterility tolerance, and cell phenotype together, rather than relying
on rheological performance alone [63]. A recent scoping review
of cellulose nanocrystal-containing hydrogels likewise found that
the biomedical evidence is concentrated in laboratory models and
that translation towards clinical studies remains limited. Although
its selection method differs from the present qualitative review,
its findings provide a useful external check on the maturity of the
broader technology. The priority for palm-derived candidates is
therefore not only to reproduce favourable material properties but
also to demonstrate how feedstock-specific composition and pro-
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cessing affect cellular performance under matched conditions [54].
The importance of composite design is illustrated by nanocellulose
platforms containing hydroxyapatite, gelatin, chitosan, or bioactive
agents. Studies on bone-oriented scaffolds have characterised cy-
tocompatibility, mineral deposition, and cellular differentiation,
while bioprinting studies emphasize shear-dependent rheology
and construct fidelity. Such results identify useful hypotheses for
palm CNFs and CNCs, although substituting the biomass source
may alter suspension characteristics and impurities enough to in-
validate straightforward extrapolation. The theoretical opportunity
is genuine, but clinical readiness demands source-specific produc-
tion and post-processing validation [35,37,46].

Controlled Release, Wound Microenvironments, and Mi-
crobial Inhibition

A nanocellulose drug-delivery system may operate through
sorption, molecular binding, encapsulation, diffusion-limited trans-
port, matrix swelling, or a stimulus-responsive change in network
structure. Release should be expressed as a profile under physio-
logically justified conditions rather than a single percentage at an
arbitrary time. For proteins and growth factors, preservation of ac-
tivity is as important as quantity released, for topical antimicrobi-
als, local therapeutic exposure must be balanced against keratino-
cyte and fibroblast tolerance. Drug identity, dosage, target site, and
device classification decisively influence the translational pathway
[2,30,62]. Recent work extends this design logic toward molecu-
larly informed carrier engineering. A 2026 review links nanofibril
loading and release behaviour with experimental and computa-
tional analysis of drug-cellulose interactions, while experiments on
carboxylated CNF aerogels show how pH-sensitive architecture can
be investigated as a controllable design variable. Neither finding di-
rectly validates a palm-fibre-derived carrier, but both identify spe-
cific mechanisms and control experiments for subsequent palm-
source comparisons [16,31]. Surface functionalisation can also
be used to alter drug affinity without assuming that all additional
retention is therapeutically beneficial. For example, mineral modi-
fication of bacterial nanocellulose dressings has been investigated
as a route to prolong tetracycline retention and release, however,
the evidence concerns the finished modified bacterial-cellulose
system, not oil-palm-derived CNFs. A comparable palm-fibre exper-
iment should distinguish drug binding, reversible release, residual
drug activity and dose recovery after sterilisation, using otherwise
identical controls [7]. Wound healing is a dynamic process involv-
ing inflammation, cell migration, angiogenesis, matrix deposition,
and remodelling. A useful dressing maintains a favourable local en-
vironment and avoids excessive dehydration, maceration, trauma
during removal, and uncontrolled release of antimicrobial constit-
uents. Nanocellulose can contribute retention, capillarity, and me-
chanical support, while chitosan, curcumin, metal nanoparticles,
polyphenols, or plant-derived oils may supply antimicrobial or an-
tioxidant activity. Attribution is crucial: when an oil-palm-derived
CNF hydrogel inhibits bacterial growth after curcumin addition,
that result should not be described as proving intrinsic antibacteri-
al action of cellulose [43,50,66].
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Biosafety, Translational Design, and Circular-Economy
Logic

Biomedical acceptance depends upon material-specific safe-
ty rather than the broad reputation of a natural polymer. Poten-
tial hazards include residual alkali or acid, surface reagents, ex-
tractives, soluble degradation products, endotoxin contamination,
particulate migration, inflammatory response, and changes caused
by sterilisation. Even when a particular cell assay finds high via-
bility, that result may not resolve haemocompatibility, genotoxicity,
sensitization, systemic exposure, or long-term persistence. Expo-
sure routes and contact durations must be matched to the eventual
device or medicine [33,59,60]. The circular-bioeconomy justifica-
tion is likewise conditional. Converting a residue into a high-val-
ue medical product may reduce disposal and substitute virgin raw
materials, but chemical use, drying, purification, wastewater treat-
ment, sterilisation, and quality assurance can dominate resource
demand. Studies evaluating nanocellulose production pathways re-
port considerable sensitivity to process selection and solvent recy-
cling. Environmental superiority should therefore be demonstrated
by life-cycle assessment with a transparent functional unit and a
defensible benchmark, not asserted merely because the feedstock
is agricultural waste [4,20,26].

Method: Qualitative Literature Review
Review Orientation and Interpretive Stance

This article uses a Qualitative Literature Review (QLR), not a
systematic literature review or meta-analysis. Its purpose is con-
ceptual integration of diverse experimental, review, environmental,
and translational studies across materials science, pharmaceutics,
tissue engineering, microbiology, and toxicology. The research
questions require interpretation of mechanisms, comparability
limits, and research gaps rather than pooled effect estimation. Con-
sequently, the study does not claim exhaustive article capture, does
not create PRISMA counts, and does not infer precision or statis-
tical significance from a search process that was not designed for
systematic synthesis [33,40,57].

Literature Identification, Boundaries, and Appraisal

Relevant peer-reviewed literature dated January 2020 through
October 2026 was identified through focused scholarly searches
and citation chaining using concepts including oil palm empty fruit
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bunch, frond, trunk, CNF, CNC, bacterial cellulose, hydrogel, scaf-
fold, drug release, wound dressing, antimicrobial, biocompatibili-
ty, and life-cycle assessment. Priority was assigned to identifiable
journal articles with retrievable DOI or stable publication links and
substantive methods or synthesis relevant to the review questions.
Non-palm studies were retained where they clarified functional
mechanisms, design standards, or known risks unavailable in direct
palm-derived evidence. Research unrelated to cellulose, lacking a
meaningful biomedical or manufacturing connection, or impossi-
ble to trace was not treated as substantive support [23,41,66]. Each
article was interpreted through a source-and-function matrix: feed-
stock attribution, nanocellulose type, extraction and functionalisa-
tion, material configuration, biological model, principal outcome,
safety information, and readiness for translation. The article’s ac-
tual data-generating context was distinguished from authors’ pro-
posed applications. Stronger relevance was assigned to experimen-
tally characterised materials with appropriate controls, justified
endpoints, and reproducible processing conditions, mechanistic re-
views supplied background rather than independent confirmation.
This purposive, iterative reading supports transparent qualitative
synthesis while acknowledging selection dependence and the ab-
sence of formal risk-of-bias scoring [22,44,64].

Thematic Coding and Limitations

Analysis proceeded through repeated comparison of findings
across six themes: feedstock and manufacturing, material architec-
ture, tissue scaffolds, drug delivery, wound dressings and antibacte-
rial composites, and safety, economics, and translation. Within each
theme, claims were assigned to direct oil-palm fibre evidence, indi-
rect plant-nanocellulose evidence, or bacterial-cellulose evidence.
Conflicting or heterogeneous results were discussed through plau-
sible methodological causes instead of averaged into a synthetic
performance ranking. Interpretations were then mapped back to
the review’s research questions to develop a source-to-function-to-
safety conceptual framework [40,48,53].

Table 1 formalises the evidence-provenance hierarchy used
throughout the synthesis. It prevents studies employing palm-de-
rived fermentation substrates or unrelated plant cellulose from
being reported as direct fibre-extraction evidence. The distinctions
are especially important when generalising biomedical effective-
ness or claiming source-specific advantages (Table 1).

Table 1: Evidence-provenance classes and limits of inference for oil palm nanocellulose research.

Evidence Class Material Origin

Permissible Inference and Limitation

Direct palm-fibre CNF/CNC fronds, or trunks,

CNF or CNC isolated from empty fruit bunches,

Supports source-specific material and tested prototype claims.
Does not establish clinical efficacy [22,64].

Palm-fed bacterial cellulose . L
rived juice or substrate.

Bacterial cellulose biosynthesised on palm-de-

Supports fermentation and composite findings. Must not be at-
tributed to fibre-extracted CNF/CNC [58].

Non-palm plant nanocellulose mercial feedstocks.

Cellulose isolated from other biomass or com-

Supports design mechanisms and hypotheses. Requires matched
source-substitution experiments [40,63].
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The categories in Table 1 define a constraint on the interpre-
tation, not a hierarchy of intrinsic material quality. Non-palm and
bacterial-cellulose work can be mechanistically valuable, but the
central question of this review is what has actually been tested
using oil palm fibres. Consequently, claims of safety and function
must be returned to the source and formulation examined in each
underlying experiment. The main methodological limitation is that
a QLR cannot establish the completeness of a field or quantitative
treatment effects. Numerous laboratory studies employ different
cell lines, bacterial species, biomaterial dosages, humidity condi-
tions, and wound models, so generalisability is limited. Publisher
accessibility may also differ by subscription. The manuscript there-
fore uses cautious language—demonstrated, suggested, or hypoth-
esized—according to the observed evidence tier and explicitly sep-
arates engineering opportunity from proven clinical effectiveness.
These boundaries are particularly important when biomedical
application claims are derived from non-palm feedstocks or from
material characterisation alone [6,17,42].

Results: Thematic Findings

From Palm Fibre to Reproducible Cellulose Nanomate-
rials

Direct oil palm research confirms that CNFs and CNCs can be
isolated from several residue streams. Hydrochloric-acid hydro-
lysis combined with sonication and hydrothermal processing has
produced OPEFB-derived nanocrystals. Sequential oxidative ex-
traction has yielded highly fibrillated cellulose from empty fruit
bunches, while comparisons of frond pretreatments indicate that
upstream processing changes the properties of CNCs used to rein-
force hydrogel beads. These results collectively support feasibility
and tunability, not a single universal quality profile. Feedstock-spe-
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cific composition and process history should be disclosed alongside
particle size, crystalline structure, and surface chemistry [1,19,76].
0il palm trunk work provides an instructive example of a manufac-
turing trade-off. Partial delignification can reduce chemical use and
preserve residual lignin, whereas more extensive purification may
provide more uniform cellulose chemistry for sensitive biomedical
use. Lignin-rich fibrils can be advantageous in industrial compos-
ites, but possible extractive-related irritation, sterilisation com-
patibility, and reproducibility remain unresolved when translated
to living tissues. Hence an environmentally appealing reduction in
bleaching cannot be equated with pharmaceutical-grade purity. A
rational process pathway should distinguish industrial reinforc-
ing cellulose from a higher-controlled medical-contact material
[33,34,69]. Deep eutectic solvents and oxidative and mechanical
combinations offer alternative pretreatments. Studies using DES
with ultrasonication or high-pressure homogenization have opti-
mised fibrillation outcomes and demonstrated that nanocellulose
morphology can be tuned by solvent formulation and processing
intensity. Pulsed-electric-field-assisted pretreatment has also been
explored for CNC recovery from OPEFB. Their contribution is an ex-
panded process design space, none obviates the need to quantify
residual solvent, charge-modifying species, inorganic constituents,
and batch-to-batch variations when the intended output will con-
tact living tissue [21,47,56].

Figure 1 presents the feedstock-to-biomedical pathway. It de-
liberately distinguishes the generation of CNFs and CNCs from the
subsequent functionalisation and validation of a specific device
concept. The graphic should be read as a design logic rather than
a claim that every depicted application has already been demon-
strated experimentally using palm-derived cellulose (Figure 1)
[40,41,64].

( R
m NANOCELLULOSE BIOMEDICAL APPLICATIONS VALIDATION
Figure 1: Oil palm residue conversion into nanocellulose and four biomedical design pathways (original conceptual illustra-
L tion). )
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The essential implication of Figure 1 is that each transition
introduces new evidence requirements. Extraction produces a
material, blending creates a formulation, fabrication creates a pro-
totype, biological tests assess context-specific response, and regu-
lated manufacture requires reproducible specifications. Reversing
this logic—beginning with broad therapeutic claims and seeking
material properties afterward—risks conflating technical attrac-
tiveness with proven medical performance. Strong development
programmes should assign acceptance criteria before choosing
a particular solvent, crosslinker, drug, or antimicrobial additive
[33,53,57].

Scaffolds: Architectures for Skin, Bone, Cartilage, and
Tissue Models

A particularly relevant direct palm study produced antibac-
terial bioaerogel scaffolds from oil palm empty fruit bunch CNFs
using a modified supercritical carbon dioxide treatment, homog-
enization, and freeze-drying. The research incorporated chitosan
to modify mechanical behaviour and cinnamon essential oil as an
antibacterial agent. Reported material properties included very
high porosity and promising responses in fibroblast-related testing.
These findings support feasibility of a bioactive, porous palm-de-
rived scaffold. However, a skin-regeneration hypothesis remains to
be confirmed through standardised wound-healing models, safety
studies, and comparisons with established dressings [43,64,66].
Nanocellulose’s contribution to scaffold design may be structural
rather than directly osteoinductive. Research from other feedstocks
has generated composite structures with nanohydroxyapatite, gel-
atin, chitosan, or simvastatin and characterised cell proliferation,
differentiation, and mineral formation. For bone tissue engineering,
such composites use nanocellulose to support a hydrated architec-
ture while other constituents provide mineral or biochemical cues.
Palm-derived CNFs and CNCs might eventually substitute part of
the reinforcing phase, but this must be experimentally verified with
matched controls for purity, aspect ratio, and surface chemistry
[35,37,46].

Three-dimensional bioprinting adds a further challenge be-
cause a bioink must flow through a nozzle without excessive shear
injury, retain its printed shape, and remain accessible to nutrient
exchange. The literature on nanocellulose-containing inks and car-
tilage-specific scaffolds indicates that fibril network rheology and
cell-compatible crosslinking determine print quality. A method for
fabricating self-standing nanocellulose scaffolds also emphasizes
sequential printing, drying, and post-processing. For palm fibre
applications, useful future studies would compare oil-palm CNFs
against commercial benchmark CNFs under identical viscosity, cell
viability, and mechanical recovery tests [25,29,38]. Other studies
demonstrate that 3D printed polycaprolactone matrices reinforced
by cellulose nanocrystals can be combined with metallic antimicro-
bial phases, and porous nanocellulose-derived networks may sup-
port tissue-related applications. Yet multifunctionality increases
interpretation difficulty: a construct that inhibits bacteria because
of released silver ions does not establish that the cellulosic rein-
forcement is antibacterial. Composite optimisation should measure
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ion release, local toxicity, strength retention, and cellular outcomes
simultaneously rather than examining only an isolated microbial
inhibition zone [3,12,39].

Drug Delivery: Binding, Transport, and Release Preci-
sion

The transferability of nanocellulose-based drug delivery is con-
ceptually strong because CNF and CNC surfaces can be integrated
with alginate, PVA, chitosan, and other hydrogel matrices. Reviews
describe particulate carriers, injectable gels, films, and stimuli-re-
sponsive formats engineered for prolonged or site-responsive re-
lease. However, the direct oil palm literature is much thinner than
this general nanocellulose literature, a review should not label a
delivery system palm-derived unless palm fibres were actually
processed and incorporated. The correct claim is that validated
carrier principles provide a plausible blueprint for subsequent
palm-source material substitution [2,30,44]. A recent study on a
pH-responsive carboxylated CNF composite aerogel reinforces the
need to test release behaviour under more than one chemical en-
vironment. Such a comparison is informative only when the model
drug’s intrinsic solubility, matrix swelling, and release medium are
documented alongside a mass-balance assessment. The published
aerogel data offer a candidate testing protocol, not evidence that
chemically different oil palm CNCs or CNFs will exhibit the same
kinetics [16,31].

Mechanisms of drug release must be disentangled. An appar-
ent sustained-release profile may arise from adsorption to charged
cellulose surfaces, diffusional tortuosity through the hydrogel,
swelling, erosion of a secondary polymer, or drug precipitation.
Increasing CNF content can delay the apparent release of some
model solutes but may also decrease total drug availability. There-
fore, future studies should report loading efficiency, encapsulation
efficiency, mass balance, release kinetics, medium composition,
hydrodynamic conditions, drug stability, and dose recovered—
not simply a favourable percentage-release curve. Source-specific
nanocellulose comparisons require at least a commercial-cellulose
control and a cellulose-free formulation [2,45,62]. For local wound
delivery, drug selection should reflect the clinical indication. Cur-
cumin, essential oils, and hydrogen-sulfide-releasing compounds
have been examined in different composite platforms, while other
studies explore nanoparticle-linked therapeutics. Their effects are
not interchangeable: release rates, antioxidant activity, antibacteri-
al response, irritation potential, and light sensitivity vary markedly
across molecules. The dosage-form question also matters because
a hydrogel that releases a soluble antimicrobial may operate under
a different regulatory pathway from a structural dressing without
a medicinal payload. Formulation development should consider
these constraints at the design stage [11,22,75].

Wound Dressings: Evidence Directly Relevant to Oil Palm
Nanocellulose

A clear application-specific finding comes from a hydrogel con-
structed from PVA, PEG, OPEFB-derived CNFs, and curcumin. The
study reported water retention, swelling, porosity, water-vapor
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transport, and antibacterial behaviour, with stronger performance
against a tested Gram-positive organism than against a tested
Gram-negative organism. The result demonstrates an experimen-
tally investigated palm-fibre composite with dressing-relevant
attributes, not a clinically validated treatment. The limitation mat-
ters because assays against laboratory strains do not substitute
for clinically realistic polymicrobial biofilms or patient-centered
endpoints such as wound closure, pain, infection recurrence, or
time to healing [22,42,66]. Recent advances also position nanocel-
lulose wound dressings as engineered therapeutic and diagnostic
interfaces. Controlled delivery of antimicrobial peptides from func-
tionalised dressings illustrates how release testing can be linked
to activity against wound pathogens, protease-sensing dressings
illustrate a separate approach to monitoring infection-associated
biomarkers. Both investigations used nanocellulose platforms that
are not demonstrated as oil palm fibre-derived. Their immediate
relevance is the definition of prospective experimental endpoints
for palm CNFs, including peptide stability, release-dependent an-
timicrobial activity, sensor specificity, and performance in realistic
wound fluid [15,71]. More advanced preclinical wound-dressing re-
search illustrates both the opportunity and the evidence boundary.
A 2026 bacterial-nanocellulose-hyaluronan construct was engi-
neered for enzyme-responsive release of an antimicrobial peptide
and evaluated in a contaminated porcine wound model, whereas
an esculin-loaded bacterial nanocellulose study investigated in-
flammatory and tissue-remodelling responses in an animal model.
These results supply more demanding benchmarks for mechanistic
and preclinical evaluation, but neither is a clinical trial of oil-palm-
fibre-derived nanocellulose. They strengthen the rationale for de-
signing indication-specific test sequences rather than extrapolating
directly from antibacterial or antioxidant assays [14,72,73].

The most useful performance comparison is multidimension-
al. Dressings must accommodate moisture and oxygen flux while
retaining physical integrity when wet, excessively strong adhesion
can cause tissue trauma at removal, and very high absorption can
be inappropriate for a relatively dry wound. Nanocellulose’s struc-
tural role can be advantageous because it permits manipulation of
capillarity, strength, and flexibility. Nevertheless, successful dress-
ing formulation requires appropriate assays for water-vapor trans-
mission, simulated exudate, wet handling, microbial control, and
cytocompatibility under clinically relevant conditions. A laboratory
optimum expressed only by moisture retention is not necessarily a
patient optimum [43,57,67]. Comparative work using bacterial cel-
lulose and other plant-derived nanocellulose confirms that hydro-
gels can be engineered for self-healing, sustained release, antimi-
crobial and antioxidant response, and in some cases animal wound
models. A bacterial nanocellulose hydrogel with bitter almond oil
nanoemulsion and a cellulose-nanofibre-reinforced multifunctional
composite are useful design examples. They are not direct evidence
about palm fibre safety or performance, but they indicate mean-
ingful endpoints for future studies of oil-palm-derived materials:
epithelialization, granulation quality, collagen deposition, angio-
genesis, irritation, and strength throughout dressing use [8,18,74].
A recent study involving nanocrystalline cellulose from oil palm
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waste in antioxidant-rich fibres extends the range of palm-related
wound-dressing concepts beyond simple hydrogels. This points to-
ward electrospun or fibrous layered constructions where structural
cellulose, a carrier polymer, and a protective bioactive component
are combined. The transferability of these findings depends on ac-
curately documenting cellulose origin, component ratios, surface
functionality, and the experimental distinction between antioxidant
assays and biologically meaningful healing. Such studies reinforce
the central theme: an agricultural residue can be upgraded into a
promising platform, but mechanisms and efficacy must remain
linked to tested formulations [10,11,64].

Antimicrobial Composites and the Danger of Over-Attri-
bution

Unmodified nanocellulose is principally a structural, hydrated,
and surface-functional material rather than a universal antimicro-
bial drug. Antimicrobial behaviour can be imparted by chitosan de-
rivatives, polyphenols, essential oils, silver or copper nanoparticles,
and covalently attached functional groups. The result depends on
bacterial species, microbial burden, agent concentration, contact
time, and the matrix release profile. Consequently, comparing inhi-
bition zones across studies without normalizing payload and assay
conditions may be misleading. A defensible interpretation attri-
butes observed activity to the tested composite and treats cellulose
as one participating component until appropriate controls estab-
lish more specific causality [50,67,68].

Studies of bacterial-cellulose composites provide useful anti-
microbial testing lessons without establishing direct palm-fibre
equivalence. In one study, nanoparticle- and borax-containing
bacterial cellulose was assessed using both biofilm biomass and
metabolic-activity assays, a distinction that exposes limitations of
a single inhibition-zone result. Separately, a collagen-nanocellu-
lose-lignin hydrogel study explored multi-component antibacterial
design, while a recent review examined bacterial nanocellulose as
an antimicrobial carrier. These sources support broader and bet-
ter-controlled experiments rather than stronger efficacy claims for
untested palm-derived formulations [27,32,70]. Further composite
studies emphasise why antimicrobial activity must be assessed to-
gether with material and host-response outcomes. Nanocellulose-
chitosan hydrogel experiments connect composite structure to
mechanical and antibacterial measurements, while an antimicrobi-
al-peptide/silver-nanoparticle dressing design adds the challenge
of quantifying activity attributable to each agent. Comparative eval-
uation of nanocellulose-silver composites in different forms also
highlights the importance of toxicity testing alongside bacterial
suppression. These studies provide methodological templates but
do not establish the safety or efficacy of palm-fibre materials unless
their fabrication and characterisation are repeated with those ma-
terials [13,28,51].

Direct palm-related antimicrobial evidence includes CNF-chi-
tosan-cinnamon essential-oil aerogels and curcumin-containing
OPEFB CNF hydrogels. Separately, bacterial cellulose produced us-
ing oil palm frond juice has been impregnated with silver nanopar-
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ticles for dressing research. These are distinct material lineages.
In the latter, the primary cellulose-forming organism and silver
nanoparticle system determine essential aspects of material iden-
tity and effect, the palm substrate supports a circular fermentation
route rather than providing physically isolated palm CNFs. Combin-
ing the three without provenance qualifiers would overstate what
is known about fibre-derived materials [22,58,64]. An effective an-
timicrobial dressing should suppress problematic pathogens while
protecting host cells and controlling unwanted systemic release.
Functionalized bacterial cellulose composite studies show how
crosslinking sequence can change water retention, drug release,
and antibacterial response. Antimicrobial metal-containing scaf-
folds further demonstrate that enhancing microbial suppression
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can introduce ion-related exposure and biocompatibility challeng-
es. The clinically relevant optimisation target is therefore therapeu-
tic selectivity under a realistic exposure profile, not maximal micro-
bial killing in a simplified broth or agar assay [18,39,68].

Figure 2 integrates these four application pathways and identi-
fies the primary questions that must be answered before material
performance is compared. It is a conceptual synthesis assembled
for this review, not a statistical comparison of existing products or
a product-readiness certification [2,40,57]. The distinctions shown
also help readers separate preliminary prototype performance
from the different safety and quality thresholds required for an
eventual regulated product (Figure 2).
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The application matrix in Figure 2 underscores that a sin-
gle standardised nanocellulose grade will rarely optimise all four
functions. Bioprinting demands predictable rheology and cell com-
patibility, whereas topical delivery emphasizes drug stability and
reproducible release, dressings demand wet handling and exudate
control, and antimicrobial composites demand selective activi-
ty without host toxicity. The optimal processing pathway should
therefore be selected backwards from intended use and verified
forwards through appropriate characterisation and biological test-
ing [25,44,66].

Safety Signals, Manufacturing Economics, and Evidence
Gaps

The safety literature challenges the simplistic equation of bio-
based origin with harmlessness. Research on inhalation exposure,
pulmonary inflammation, and genotoxicity indicates that material
size, length, surface functionalisation, dose, and route influence
biological responses. Studies of some nanocellulose variants find
limited effects under defined conditions, whereas other exposure

scenarios demonstrate inflammatory changes or uncertain long-
term outcomes. These observations do not prove that a hydrogel
dressing will cause the same effects as an inhaled dry powder,
rather, they show that route-specific risk characterisation is indis-
pensable [17,24,52]. In vitro human-cell and animal research has
examined DNA damage, cytotoxicity, immune endpoints, and oral
or inhalation exposure. Such results often resist simple generalisa-
tion because the test materials differ in fibril dimensions, oxidation
chemistry, dispersion, and purification. For medical applications,
the appropriate question is whether a particular device materi-
al is acceptably safe under the projected tissue-contact category
and exposure duration. At minimum, direct palm-derived formula-
tions should undergo chemical-residue analysis, endotoxin testing,
sensitization and irritation assessment, and application-matched
cytotoxicity studies before claims of general biocompatibility
[59,60,61]. Safety interpretation must also account for exposure
pathways outside clinical use. Production workers may encounter
aerosols during dry handling, consumers may encounter degrada-
tion particles, and disposal may introduce composite additives into
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waste streams. Reviews of oral exposure and experiments using
bacterial nanocellulose demonstrate the complexity of translating
findings across material forms and physiological compartments. By
design, a wound-dressing study neither establishes inhalation safe-
ty for manufacturing personnel nor predicts systemic disposition
of an injectable carrier. A life-cycle safety strategy should connect
production, product contact, and post-use management [6,55,65].
Economic and environmental results provide a counterweight to
unconditional sustainability claims. OPEFB production analyses
indicate that solvent recovery may substantially alter cost and
greenhouse-gas outcomes, while comparative life-cycle work on
nanocellulose more generally demonstrates large variation among
treatments. The proper functional unit for a biomedical material
may be a clinically equivalent dressing or an effective treatment
episode, not merely a kilogram of dry nanocellulose. At present,
sufficient clinical-performance and production data are rarely
available for that stronger comparison. Thus, palm-residue-derived
feedstock is an opportunity for sustainability, not a completed sus-
tainability assessment [9,36,49].

Discussion and Analysis
Integrating Evidence to Answer the Research Questions

The answer to the first research question is that feedstock iden-
tity affects both processing and the eventual biomaterial. Empty
fruit bunches, fronds, and trunks differ in tissue architecture and
non-cellulosic components, they respond differently to delignifica-
tion, hydrolysis, and fibrillation. The resulting differences in particle
length, crystallinity, charge, rheology, and residue chemistry may
influence every downstream application. The evidence supports
multiple technically viable inputs but does not yet establish equiv-
alence among them for medical use. Researchers should therefore
specify source, sampling conditions, pretreatment, purification,
and acceptance ranges rather than grouping all oil palm residues
into one material class [19,41,69]. The second question concerns
processing and surface engineering. The literature points to design-
able trade-offs rather than a winner among acid hydrolysis, oxida-
tive processes, and eutectic-solvent approaches. A method favour-
able in yield may increase chemical cleanup, another may preserve
residual lignin that assists reinforcement but complicates medical
contact, a third may reduce solvent demand but increase energy for
mechanical processing. The correct decision criterion is a multi-
variable specification that includes biochemical purity, dispersibil-
ity, wet performance, sterility compatibility, process efficiency, and
reproducibility. A plausible development strategy would compare
two or three extraction routes against the same application-specific
functional targets [1,21,56].

The third question concerns the extent of direct biomedical
evidence. The strongest visible oil palm fibre-derived work lies
in porous antibacterial scaffold prototypes and composite wound
dressings, with further relevant research on oil palm waste nano-
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cellulose within antioxidant fibres. Most detailed experiments on
injectables, sustained delivery carriers, bone scaffolds, advanced
bioprinting, and cell-laden constructs derive from non-palm or
bacterial sources. These other studies legitimately establish hy-
potheses, mechanism families, and analytical methods. They do not
demonstrate interchangeability of feedstocks or clinical efficacy of
palm-derived formulations. Accordingly, conclusions must follow
the specific material and endpoint actually tested [10,22,64]. The
fourth question concerns translation. A reasonable near-term focus
is ex vivo and topical materials where prototype characterisation
and local exposure can be evaluated in a staged manner. This is a
prioritisation hypothesis, not a claim that topical devices face no
regulation or that injectable biomaterials are inherently unsafe.
Injectable drug carriers impose more elaborate control over par-
ticle behaviour, sterile processing, route-related toxicity, dosage,
and pharmacokinetics. Bone and cartilage constructs may require
long-duration integration and rigorous mechanical testing. The
application should be chosen according to an explicit unmet need,
access to appropriate models, and a realistic path to regulated evi-
dence [2,29,33].

The Source-to-Function-to-Safety Framework

The proposed framework contains six linked decision domains:
(1) provenance and feedstock variability, (2) extraction and con-
taminant control, (3) material morphology and interface chem-
istry, (4) application-specific performance, (5) biological safety,
and (6) scalable manufacturing and environmental assessment. It
begins with the intended medical use and identifies measurable
acceptance criteria at every upstream step. For example, a moist
wound dressing may require limits for residual reagents, specified
particle-size distributions, target water-vapor transmission, wet
adhesion, antimicrobial selectivity, and post-sterilisation stability.
A scaffold for bone repair would use a substantially different set
of functional gates [23,33,57]. This approach avoids an influential
conceptual error: treating resource recovery, biological perfor-
mance, and sustainability as a linear chain of automatic benefits.
A waste stream can have low acquisition cost and still generate
an expensive biomedical product after washing, dialysis, drying,
functionalisation, sterilisation, and quality control. Similarly, a
composite with impressive in vitro antibacterial activity may have
an unacceptable host-cell exposure profile. The design framework
therefore requires explicit trade-off decisions and rejection thresh-
olds rather than assuming that improvements in an isolated mate-
rial variable represent progress toward patient benefit [26,49,50].

Figure 3 portrays these decision gates. The figure is intended
to guide future comparative studies and the structure of applica-
tion-specific research programmes, not to suggest a universal reg-
ulatory checklist. Regulatory classification must follow the device’s
actual intended purpose, constituent drugs or biologics, exposure
route, jurisdiction, and claim language [4,33,53] (Figure 3).
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The most critical insight from Figure 3 is that the translational
pathway contains feedback loops. Failure at the sterility or inflam-
matory-response gate may require redesigning purification and
surface chemistry, not merely adding an extra test at the end. Like-
wise, an unfavorable life-cycle result may justify replacing a solvent
or recovering process heat, provided that any production change
triggers renewed material comparability testing. This iterative de-
sign is more realistic than a one-directional sequence from residue
extraction to commercialization [20,36,48].

Prioritization Across Four Biomedical Domains

Wound dressings currently provide the most direct palm-de-
rived formulation evidence and an intuitive pathway for functional
benchmarking. A priority programme could compare a palm-CNF
base material with a commercial CNF control, formulate addi-
tive-free and additive-containing films, test reproducible wet han-
dling and water balance, and then advance to relevant infection
and healing models. An important objective would be determining
whether the palm-derived fibrils meaningfully improve the com-

posite after controlling for chitosan, curcumin, essential oils, and
other active ingredients. Without this comparison, the specific con-
tribution of upcycling palm fibres remains uncertain [22,42,64].
Such prioritisation should be interpreted in the light of the different
levels of evidence available across source classes. Advanced bacte-
rial-nanocellulose dressing studies can inform the choice of animal
models, antimicrobial selectivity measures and clinically mean-
ingful healing endpoints, but they cannot replace source-specific
comparisons for oil-palm CNFs. Translational claims should clearly
state whether a conclusion is based on materials characterisation,
in vitro biological testing, an animal model or human evidence
[54,72].

Table 2 translates the four application themes into practical
prototype-evaluation priorities. Its metrics are indicative endpoints
rather than universal pass-fail thresholds, because acceptable rang-
es depend on the tissue, intended exposure, payload, and local reg-
ulatory classification. Each experimental programme must specify
its own comparator and pre-agreed acceptance criteria (Table 2).

Table 2: Application-specific experimental priorities for palm-derived nanocellulose prototypes.

Application

Priority Measurements

Essential Comparator

Tissue scaffold e .
cific function.

Wet mechanical stability, pore accessibility, cell identity, tissue-spe-

Commercial CNF/CNC and an unreinforced scaf-
fold.

Controlled delivery

Loading mass balance, drug integrity, release kinetics, relevant me-
dium, leachables.

Free drug and cellulose-free vehicle.

Wound dressing

Moisture transfer, wet handling, adhesion, viable-cell response,
healing-relevant endpoints.

Benchmark commercial dressing and addi-
tive-free composite.

Antimicrobial composite

Pathogen and biofilm response, active-agent release, host-cell se-
lectivity, stability.

Active agent alone and matrix without active
agent.
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The comparative strategy in Table 2 places functional attri-
bution at the centre of future experimentation. Demonstrating fa-
vourable properties without a cellulose-free or active-agent-free
control cannot separate the contribution of the palm-derived nano-
material from its accompanying polymer or therapeutic ingredient.
Standardised dose reporting and replicated production batches
are therefore necessary for informative material comparisons. Tis-
sue-engineering scaffolds are attractive but should initially target
achievable functional demonstrations rather than broad claims
of organ replacement. Researchers might select skin-equivalent
culture substrates, acellular three-dimensional tissue models, or
bone-related composite matrices and report standardised porosity,
compressive behaviour, cell distribution, inflammatory response,
and retention of structure. Follow-on experiments can compare
nanocellulose fractions, polymer blends, and surface treatments.
The most useful output of an early-stage study is a well-character-
ised structure-property-cell-response relationship that survives
replication across production batches, rather than a single excep-
tional microscopy image [35,38,46]. Controlled delivery is scien-
tifically promising because nanocellulose surfaces are chemically
accessible, but the most defensible first claims concern formulation
behaviour and local release, not systemic pharmacological equiva-
lence. Proof-of-concept studies should specify a clinically relevant
payload and incorporate controls for drug stability, total recov-
ered mass, free drug, and cellulose-free vehicle. The mechanisms
of binding and release should then be modeled against measured
porosity and swelling rather than fitted to one convenient kinet-
ic equation without physical justification. In vivo studies become
meaningful only after sterile manufacturing and dose characterisa-
tion are reproducible [2,30,62]. Antimicrobial applications should
prioritise selectivity and resistance-aware testing. A composite
must be assessed against relevant Gram-positive and Gram-neg-
ative organisms and, where indicated, biofilm challenges, while
parallel experiments measure host-cell viability and agent leach-
ing. Metal-containing systems require particular attention to ion
release, essential-oil systems require attention to concentration,
volatility, stability, and possible irritation. Claims should identify
whether microbial suppression is bacteriostatic, bactericidal, an-
ti-adhesive, or simply associated with barrier function. The clinical
goal is safe infection-risk reduction as part of wound management,
not an isolated maximum inhibition zone [50,68,75].

Biosafety, Sterilization, and Quality-by-Design Priorities

A practical medical-grade specification should include feed-
stock traceability, compositional limits, particle or fibril size dis-
tribution, charge or degree of oxidation, extractable and leachable
substances, microbial bioburden, endotoxin load, and storage sta-
bility. The exact tests depend on use. Sterilization is not merely a
final administrative step because irradiation, heat, ethylene oxide,
or other methods can modify mechanical properties, hydrogel net-
works, loaded therapeutics, and extractable profiles. The actual
chosen process must be validated on the final device formulation.
No general conclusion of biological safety can substitute for these
product-specific data [24,33,59]. An additional research priority is
to differentiate release of therapeutic cargo from release of poten-
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tially harmful additives and particles. Antimicrobial peptide-loaded
nanocellulose dressings and sensor-integrated formats show how
added functions introduce multiple stability and performance attri-
butes that require independent quality controls. For palm-derived
prototypes, leachables, functional selectivity after sterilisation, and
storage-time drift should be evaluated using the finished composite
rather than inferred from isolated ingredient data [15,71]. In as-
sessing antibacterial metal-containing composites, the same sam-
ple should be examined for antimicrobial performance, metal or
particle release and biologically relevant toxicity after storage and
sterilisation. Testing only a free antimicrobial agent or an untreated
polymer matrix would be insufficient to resolve the effects of the
integrated composite. The 2026 nanocellulose-silver study offers
a pertinent example of examining both bacterial inhibition and po-
tential adverse responses, although application-specific palm-de-
rived testing remains necessary [28,51]. Animal and human find-
ings must be interpreted according to dose and route. Pulmonary
studies are important for occupational and respiratory-risk ques-
tions, oral toxicology can illuminate an ingestion pathway, yet
neither directly determines skin-contact acceptability. Converse-
ly, fibroblast survival following short exposure does not rule out
chronic irritation or sensitization. Translational planning should
identify realistic exposure scenarios and construct a battery of or-
thogonal assays, including appropriate negative and positive con-
trols, before moving toward animal models. For systems designed
to deliver drugs, pharmacokinetics, biodistribution, and clearance
may become central [6,17].

Environmental Performance and Industrial Implemen-
tation

Environmental claims should distinguish agricultural residue
collection from downstream production burdens. Pre-treatment
chemicals, mechanical energy, clean water, product purification,
drying, sterile manufacture, and waste processing all contribute
impacts. LCA studies of diverse nanocellulose routes find that the
favored technology changes with system boundaries, solvent recov-
ery, process energy, and feedstock assumptions. A cradle-to-gate
analysis is a useful beginning but cannot establish environmental
superiority of a medical product unless performance and end-of-
life are considered. Moreover, allocation among palm-processing
coproducts should be explicit to avoid attributing arbitrary burdens
or credits to empty fruit bunches [4,9,26]. An oil palm-oriented as-
sessment recently examined how deep eutectic solvent recovery
changes CNC production cost and emissions. This offers a concrete
example of why process design matters, but published scenarios
should not be transferred uncritically to different geographic ener-
gy grids or medical-grade purity requirements. A sterile composite
dressing may need different utilities and quality infrastructure than
commodity CNC. Future scale-up studies should therefore report
site-specific mass and energy balances, solvent make-up and losses,
purification yield, rejection rates, and quality-control expenditures
along with an appropriate comparator material [20,47,49]. There
is also a governance dimension. Procurement specifications should
distinguish residue classes, plantation sourcing and traceabili-
ty, solvent and additive choices, consistency of supply, and medi-
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cal-quality processing responsibilities. Collaboration between palm
mills, polymer scientists, pharmacologists, clinicians, toxicologists,
and manufacturing engineers is necessary because no single labo-
ratory can validate all stages of the chain. Such partnerships should
prioritise reproducibility and patient outcomes above rapid pub-
lication of new formulations. Scientific transparency is enhanced
when the source identity and comparator design are documented
well enough for independent replication [34,36,48].

Research Agenda and Implications

A coherent near-term agenda involves three stages. First, es-
tablish comparative libraries of oil palm CNFs and CNCs with in-
dependently measured composition, morphology, charge, chemical
residues, and batch variation. Second, select one target application
and benchmark against commercial cellulose and a non-cellulosic
control with appropriate biological endpoints. Third, validate the
promising formulation under sterilisation, aging, toxicology, and
application-relevant preclinical conditions while concurrently un-
dertaking transparent manufacturing and environmental assess-
ments. This sequence would produce stronger evidence than many
disconnected demonstrations of extraction yield or general antimi-
crobial behaviour [21,38,69]. The conceptual novelty of this review
lies in its insistence that evidence provenance is part of biomedical
material quality. A direct palm fibre experiment establishes a dif-
ferent claim than a bacterial-cellulose film fermented on palm juice
or a bone scaffold built from generic commercial nanocellulose. All
can inform innovation, but only the former directly tests the target-
ed material lineage. When the literature is read through this clas-
sification, oil palm-derived nanocellulose appears as an emerging
translational candidate with substantive proof of manufacturing
feasibility and promising local-material prototypes, rather than an
already established clinical technology across all four application
areas [53,58,64].

Conclusion

0il palm fibre-derived nanocellulose offers a credible route for
converting agricultural residues into functional platforms for bio-
medical engineering. The strongest current case is based on feasi-
ble extraction from empty fruit bunches, fronds, and trunks, and
on early composite prototypes for wound care and porous antibac-
terial scaffolds. Its potential roles in drug delivery and advanced
regenerative scaffolds are scientifically plausible, but much of the
relevant design evidence currently comes from other plant biomass
or from bacterial nanocellulose. This distinction must remain vis-
ible in any substantive claims about performance and readiness.
Across all four applications, the decisive question is not whether
nanocellulose can be produced from palm residues, but whether a
specified, reproducible material improves a clinically meaningful
function without introducing unacceptable risks. Answering that
question requires attention to source provenance, impurity control,
network architecture, controlled release, microbial selectivity, liv-
ing-cell compatibility, long-term exposure, and sterilisation. A bio-
material should be evaluated as its finished formulation rather than
as an isolated cellulose fraction or an appealing microscopy image.
The practical recommendation is to prioritise indication-led devel-
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opment, particularly rigorously benchmarked local wound-care
formulations and carefully defined scaffold prototypes. Each pro-
gramme should use commercial and additive-free controls, mea-
sure relevant biological endpoints, disclose manufacturing and pu-
rification details, and advance only through appropriate preclinical
and regulatory gates. Claims of antimicrobial efficacy must identify
the active composite constituents, and environmental advantages
should be tested with transparent life-cycle and economic boundar-
ies rather than assumed from waste-derived feedstock identity. Ul-
timately, oil palm-derived CNFs and CNCs merit sustained research
at the intersection of circular resource use and advanced health-
care materials. Their most promising future depends on discipline
in experimental attribution and thoughtful collaboration between
plant-biomass processing, biomaterials engineering, and clinical
research. The transition from attractive laboratory concept to use-
ful healthcare technology will be achieved through rigorous com-
parative evidence, reproducible manufacture, and demonstration
of safety and benefit under the conditions in which the material is
actually intended to operate.
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