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Abstract: Plant secondary metabolites are natural compounds with
immunomodulatory and adjuvant properties that may complement conventional
vaccines and support regionally relevant vaccine strategies in Africa. This structured
narrative review analyzed English-language studies published between 2000 and
2025 from PubMed, Google Scholar, Elsevier, and EBSCOhost. Included publications
comprised original research, systematic reviews, and clinical trials addressing
mechanisms, formulation, safety, and clinical development. Evidence included in vitro
studies, animal models, formulation research, and human investigations. Preclinical
findings show that selected metabolites enhance antigen presentation, promote
dendritic cell maturation, and strengthen humoral and cellular immune responses
through modulation of key signaling pathways. Triterpenoid saponins from Quillaja
saponaria have progressed into clinical adjuvant platforms, while polysaccharides
from Moringa oleifera and flavonoids from Curcuma longa and Artemisia annua
demonstrate immunostimulatory effects and improved antigen stability in preclinical
models. Nanoencapsulation improves compound stability and delivery but lacks
sufficient clinical validation. Clinical translation requires standardized phytochemical
characterization, comprehensive safety evaluation, regulatory harmonization,
validated manufacturing processes, and adequately powered clinical trials with
defined immunological endpoints.

Introduction
Secondary metabolites are biological compounds that are
not directly involved in an organism’s intrinsic functions
but perform essential ecological and relational roles. The
absence of secondary metabolites does not cause
immediate death but can lead to long‑term impairment of
survivability, fecundity, or other fitness attributes (1). These
compounds are often restricted to a narrow set of species
within a phylogenetic group and are produced by plants
(plant secondary metabolites, PSMs) as well as by
microorganisms such as bacteria, fungi, algae, and
actinobacteria (2). This review is explicitly focused on PSM
evidence that bears on vaccine translation namely
antigen‑specific adjuvant activity, formulation or excipient
utility, delivery strategies, and operational feasibility for
deployment in African settings. To preserve conceptual
focus, class‑level descriptions are presented only where
they directly inform mechanisms or formulation properties
relevant to adjuvant design, antigen stability, or delivery;
fuller taxonomic and chemical background is provided in

Supplemental Table 1. Table 1 delineates representative
PSM candidates positioned across the clinical
development continuum, encompassing early-stage
preclinical assessments through to established, licensed
adjuvant systems. A dedicated section on definitions
“definition of terms” systematically clarifies key
terminology and explicates the evidence‑tagging
convention applied throughout the manuscript.

Among the major classes of PSMs, alkaloids constitute
a prominent group of nitrogen‑containing compounds
with considerable biogenetic and structural diversity.
Alkaloids are commonly classified by biogenetic origin
rather than solely by structural features; examples that
have been retained in this review for their reported
biological activity include berberine, solasodine (family
Solanum), ricinine (genus Ricinus), and tomatidine (from
Lycopersicon pimpinellifolium) (3). Discussion of specific
alkaloids is limited to instances in which mechanistic or
experimental evidence links the compound to
immunomodulation, adjuvant‑like activity, or formulation
benefits. Flavonoids are ubiquitous phenolic compounds
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classified into flavones, flavonols, isoflavones, and
anthocyanins; many flavonoids have reported
antimicrobial and antioxidant properties. Where relevant
to vaccine science, flavonoids such as quercetin and
catechin are considered only when studies directly assess
immune modulation or antigen‑specific outcomes (4).
Terpenoids are a large class of isoprene‑derived natural
products, classified by carbon number into hemiterpenes
(C ), monoterpenes (C ), sesquiterpenes (C ),
diterpenes (C ), sesterterpenes (C ), triterpenes (C ),
carotenoids (C ), and polyisoprenoids (C , n > 40) (5).
Saponins are glycosides with triterpenoid or steroidal
aglycones and commonly exhibit surfactant properties;
selected saponins (for example, Quillaja‑derived QS-21)
have documented adjuvant activity when co‑formulated
with antigens and are therefore discussed as
vaccine‑relevant examples (6). Other saponins are
considered only where comparable evidence exists.
Polysaccharides and lectins are additional PSM classes of
interest. Polysaccharides such as arabinogalactan and
certain β‑glucans have been reported to modulate innate
immune pathways, and lectins are carbohydrate‑binding
proteins with diverse biological activities. Statements
about lectins (for example, Concanavalin A) are confined
to reported immunostimulatory mechanisms and explicitly
note translational limitations, since potent in vitro
mitogens are not necessarily practical or safe vaccine
adjuvants without further evidence (7). Although
numerous in vitro and animal studies report
PSM‑associated immune effects, systematic evidence from
controlled co‑formulation studies demonstrating
antigen‑specific adjuvant activity is limited, and
adequately powered clinical trials or operational
evaluations relevant to deployment are scarce. Vaccine
development in African settings is further constrained by
cold‑chain requirements, high costs, limited local
manufacturing and quality‑control capacity, and the need
for clinical evaluation in representative populations. These
operational and scientific considerations are therefore
incorporated into the criteria used to appraise the
evidence.

This review summarizes mechanistic, preclinical, and
formulation evidence for PSMs insofar as such evidence
bears directly on vaccine translation (antigen‑specific
outcomes, formulation stability, delivery, and
thermostability). The objectives are to (i) identify PSMs and
characterized extracts with the strongest mechanistic and
preclinical evidence for adjuvant or formulation utility, (ii)
evaluate formulation and stability data relevant to field
conditions, and (iii) delineate the experimental, regulatory,
and implementation steps required to advance promising
candidates toward clinical evaluation in target populations,
with explicit attention to Africa‑relevant constraints and
priorities.

Definition of terms
Adjuvant: A substance co‑formulated or co‑administered
with a vaccine antigen to enhance or direct
antigen‑specific immune responses; adjuvant activity is
demonstrated by increased antigen‑specific
immunogenicity (8).

Immunostimulant: A compound that boosts immune
function, either in a targeted (antigen‑specific) or broad,
non‑specific way. They range from vaccine adjuvant

molecules and bacterial products to synthetic drugs and
herbal extracts, and are used to prevent infections, support
cancer therapy, and treat immune deficiencies (9).

Nutraceutical: A food‑derived product consumed
primarily for health promotion or disease prevention
(dietary supplements, fortified foods). Nutraceuticals are
regulated differently from vaccines and therapeutics and
should be described as such; reported immunomodulatory
effects from nutraceuticals should be labelled as
nutraceutical (observational or experimental) and not
conflated with formal adjuvant activity (10).

Therapeutic agent: A compound intended to treat or
cure disease through a defined pharmacological
mechanism and evaluated by therapeutic endpoints in
clinical trials (distinct from prophylactic vaccine adjuvants).
Therapeutic claims require evidence from appropriately
designed clinical studies (11).

Usage Note
Throughout the manuscript we append an evidence tag at
first mention (for example, “adjuvant (preclinical)”,
“immunostimulant (in vitro)”, “nutraceutical (observational
human data)”) and reserve the term “adjuvant” for studies
that co‑administer an antigen and report antigen‑specific
outcomes.

Methods

Review Type and Scope
This manuscript is a narrative, evidence‑focused review
that synthesizes mechanistic, preclinical, and formulation
evidence on plant secondary metabolites (PSMs) insofar as
that evidence bears directly on vaccine translation
(antigen‑specific outcomes, adjuvant‑like activity,
formulation performance, and operational feasibility). The
review is purposive: the objective was to identify and
interpret studies that directly inform whether and how
PSMs might function as adjuvants, immunostimulants with
vaccine relevance, or formulation/excipient components
that improve antigen stability or delivery.

Literature Identification
Targeted literature searches were performed in major
bibliographic databases and supplemented by hand
searches of reference lists and selected grey literature.
Primary sources consulted included PubMed/MEDLINE,
Web of Science, Scopus, and Google Scholar. Search terms
combined plant‑derived keywords (for example,
phytochemical, plant secondary metabolite, alkaloid,
flavonoid, saponin, terpenoid, lectin, polysaccharide) with
vaccine‑relevant terms (for example, adjuvant, vaccine
formulation, antigen co‑formulation, thermostability,
immunostimulant). Searches were iterative and purposive:
initial searches identified exemplar studies and reviews,
which guided follow‑up searches for mechanistic or
formulation evidence.

Inclusion and Exclusion Criteria

Inclusion Criteria
Articles published between 2000 and 2025 was prioritized
to capture contemporary vaccinology and formulation
science while excluding largely historical chemical reports
that predate modern immunological methods. Older,

5 10 15
20 25 30

40 n

Sciences of Phytochemistry · 10.58920/sciphy0501524 Page 65

https://doi.org/10.58920/sciphy0501524


Courage C et al. 2026 ETFLIN Portfolio

seminal works were considered only when directly relevant
to mechanistic interpretation. Primary research (in vitro,
animal, human) that met one or more of the following: (a)
co‑formulation or co‑administration of a defined antigen
with a characterized PSM reporting antigen‑specific
outcomes (antigen‑specific IgG/IgA, neutralization, T‑cell
phenotype, or protection in challenge models); (b)
mechanistic studies that identify pathways plausibly
mediating adjuvant activity (for example, innate receptor
engagement, antigen uptake/presentation); or (c)
formulation and stability studies that assess antigen
integrity, thermostability, or delivery performance under
conditions relevant to deployment.

Exclusion Criteria
Non‑primary reports lacking sufficient methodological
detail (editorials, opinion pieces) except were used for
regulatory context; chemical or phytochemical surveys
without immunological or formulation data; studies
reporting only general toxicity or unrelated pharmacology.
Grey‑literature items (conference abstracts, technical
reports) were consulted selectively for formulation or
operational data and are explicitly identified and qualified
in the text.

Study Selection and Data Handling
Records identified through database searches and
reference checks were screened for relevance by the
authors. Full texts of potentially relevant items were
retrieved and assessed against the inclusion/exclusion
criteria above. Key information from included primary
studies was recorded in a structured internal table:
citation, study design (in vitro, animal, human), compound
identity and characterization, extract standardization
(where reported), antigen identity and co‑formulation
details (route, dose, formulation matrix), primary
endpoints and time points, formulation/stability metrics,
principal findings, and notable methodological limitations.
Data extraction was performed manually and iteratively;
items raising uncertainty about inclusion or interpretation
were discussed among the authors until consensus was
reached.

Synthesis and Interpretation
Synthesis was narrative and organized by compound class
(alkaloids, flavonoids, terpenoids, saponins,
polysaccharides/lectins), by evidence domain (mechanistic,
antigen‑specific immunogenicity/protection,
formulation/stability), and by model (in vitro, animal,
human). Where multiple studies addressed the same
compound–antigen pairing with comparable endpoints,
results were compared and described together.
Heterogeneity in antigens, formulations, and endpoints
precluded formal meta‑analysis; quantitative pooling was
not attempted. Interpretive emphasis was placed on
studies that reported antigen‑specific outcomes and on
mechanistic data that plausibly explain observed effects.

Consideration of Study Quality and Conflicting
Evidence
A formal, uniform risk-of-bias scoring system was not
applied across all study types in this narrative review;
instead, study quality and relevance were considered
qualitatively, with controlled co-formulation studies

featuring clear compound characterization and antigen-
specific endpoints being given greater interpretive weight
than isolated in vitro reports or poorly characterized
extracts. This nuanced prioritization ensured that the
synthesis remained rooted in methodologically robust
evidence while still acknowledging the preliminary insights
offered by smaller-scale mechanistic studies. Conflicting
findings are presented alongside a detailed discussion of
likely explanatory factors—such as differences in
compound purity or standardization, antigen identity,
dose/regimen, route of administration, model species, or
endpoint selection—to provide a transparent view of the
current scientific landscape. By dissecting these variables,
the review highlights how subtle technical discrepancies
often underpin broader clinical contradictions. Where
discordant results could not be reconciled due to
significant data gaps or methodological heterogeneity,
conclusions were framed conservatively and specific
experimental work was recommended to address these
remaining ambiguities and strengthen the weight of
evidence in future investigations.asd

Grey Literature, Transparency, and Limitations
Selected grey literature (conference abstracts, technical
reports, regulatory guidance) was consulted to capture
formulation and operational data that may not appear in
indexed journals; such items were used primarily to inform
practical considerations and are explicitly identified and
qualified in the text. The purposive narrative approach
limits reproducibility and may introduce selection bias;
these limitations are acknowledged and discussed in the
manuscript. To aid reader appraisal, the Methods list the
databases and general search terms used, the inclusion
rationale, the timeline applied, and the criteria used to
distinguish adjuvant‑relevant evidence from general
immunomodulatory findings. Key decisions about study
inclusion and the basis for interpretive weighting are
described in the limitations section so readers can assess
how evidence informed conclusions.

Results and Discussion

Plant Secondary Metabolites as Vaccine
Adjuvants and Immunomodulators
For clarity, mechanisms are classified into three categories:
(a) adjuvant‑like activity, (b) direct antiviral activity, and (c)
anti‑inflammatory/modulatory effects. Each cited study is
labelled accordingly in tables and discussion.
Immunomodulators are agents that can regulate an
organism’s immune system; those that enhance or activate
the immune response are known as immunostimulants,
while those that lessen or inhibit the immune response are
known as immunosuppressants (9). These agents are most
commonly used in various viral diseases (HIV/AIDS, SARS-
Cov-2/COVID-19), autoimmune diseases, allergic reactions,
inflammatory conditions, and cancer. There are diverse
groups of medicinal plants and plant-based products that
have potent immunomodulating activities, and these
compounds have been found to modulate immune
functions through diverse mechanisms, including MAPK,
PI3K/Akt, NF-κB, and Wnt signaling pathways (12). These
findings are derived from in vitro systems or animal
models and should be interpreted as
hypothesis‑generating rather than evidence of human
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vaccine efficacy. Translational limitations include species
differences, dose scaling, and absence of antigen‑specific
clinical endpoints. Figure 1 illustrates the principal cellular
and molecular pathways through which PSMs exert
immunomodulatory effects. It highlights activation of
MAPK, PI3K/Akt, NF‑κB, and related cascades, providing a
visual overview of how PSMs influence antigen
presentation and immune cell function.

Advances in the development of saponins as human
vaccine adjuvants have occurred in the last decade,
leading to the development of a new generation of
vaccines against cancer and infectious diseases at various
phases of clinical trials. Many Quillaja saponins (from the
plant Quillaja saponaria) are used as an adjuvant (13-15).
Saponin QS-21 promotes the immune system without
cytotoxic effects and is currently being developed as an
auxiliary AIDS vaccine (16), and another is the saponin
aglycone called Quillaic acid (17). Curcumin has shown
potential as a complementary supplementation during the
vaccination period, as it can increase antibodies produced
post-vaccination (18). Curcumin intake confers anti-
inflammatory activity and may be a promising prophylactic
nutraceutical strategy for COVID-19 (19). Limited in vitro
and computational studies suggest Withania somnifera
may interact with SARS‑CoV‑2 targets, but current
evidence does not support clinical equivalence to
hydroxychloroquine. These findings should be considered

preliminary and hypothesis‑generating, requiring
controlled pharmacological and clinical studies before
therapeutic claims can be made. W. somnifera can bind to
the key targets (Spike protein, ACE-2, RdRp, 3CLpro, and
PLpro) of SARS-CoV-2, indicating it may be a good
potential therapeutic candidate for COVID-19 treatment
(20, 21).

African Medicinal Plants with Potential for
Vaccine Development
Many traditional medicinal plants have been shown to
possess immuno-potentiating activities, validating their
use in folk medicine (22, 23). Moringa oleifera, as a new
plant food, has received attention from researchers due to
its rich variety of nutrients. It has been reported that M.
oleifera leaf polysaccharide (MOLP) possesses outstanding
bioactive functions, including immunoregulatory,
glycolipid-lowering, and antioxidant activities. Recently, a
polysaccharide (MOLP-PE) was verified to possess
acceptable homogeneity and high proportions of
arabinose (Ara) and galactose (Gal), which indicated that
MOLP-PE was a type of arabinogalactan (AG) which has
shown stronger ability in stimulating proliferation,
phagocytosis and cytokines release of macrophages and
bound with Toll-like receptor (TLR) closer via more binding
sites (24).

Artemisia annua, a well-known traditional medicinal

Figure 1. Diagram illustrating the immune-boosting mechanisms of PSMs (12).  Key to Figure 1: COX-2 Cyclooxygenase-
2; IL Interleukin; TNF-αTumor necrosis factor; iNOS Inducible nitric oxide; NF‑κB Nuclear Factor

kappa‑light‑chain‑enhancer of activated B cells; TCF T‑cell factor; LEF lymphoid enhancer factor; c‑Myc cellular Myc (a
proto‑oncogene transcription factor); IκB Inhibitor of kappa B; JNK c‑Jun N‑terminal kinase; MAPK Mitogen activated

protein kinase; ERK Extracellular signal‑regulated kinase;p38 p38 mitogen‑activated protein
kinase; PI3K Phosphoinositide 3‑kinase; Akt Protein kinase B (PKB); MyD88 Myeloid differentiation primary response

88; TLRs Toll‑like receptors; LPS Lipopolysaccharide; IL‑1R Interleukin‑1 Receptor; IL‑1β Interleukin‑1 Beta; TNF‑α Tumor
Necrosis Factor Alpha; TNFR Tumor Necrosis Factor Receptor; LRP5/6 Low‑Density Lipoprotein Receptor‑Related Protein

5/6; Wnt Wingless/Integrated (signaling protein family); p Phosphate; DVL Dishevelled (protein family); AXIN Axis
Inhibition Protein; AXN Axis Inhibition Protein (alternate abbreviation for Axin); GSK3β Glycogen Synthase Kinase 3

Beta; CK1α Casein Kinase 1 Alpha; APC Adenomatous Polyposis Coli; β‑Catenin Beta Catenin; TRAFs TNF
Receptor‑Associated Factors; NIK NF‑κB‑Inducing Kinase; p50 NF‑κB p50 Subunit; p65 NF‑κB p65 Subunit.
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plant, has been extensively used as an antimalarial and
anticancer agent. Recently, the in vitro and in vivo efficacy
of artemisinin (a sesquiterpene trioxane lactone) against
hepatocellular carcinoma and experimental visceral
leishmaniasis has been reported. Flavonoids of A. annua
have been linked to beneficial immunomodulatory
activities in subjects affected by parasitic and chronic
diseases (23, 25-28).

Aspilia africana has been used by many African
communities in the treatment of inflammatory conditions
as well as osteoporosis, stomach ache, diarrhea, measles,
malaria, tuberculosis, cough, gastric ulcers, sores, diabetes,
rheumatic pains, bee, scorpion, and wasp stings, ear
infections, febrile headaches, and gonorrhea. It is used as a
contraceptive and for wound healing. The plant, often
known as the hemorrhage plant or wild sunflower, is
referred to by various local names by different

communities, such as Makayi in Luganda (Uganda),
Orangila in Igbo (Nigeria), Nyana in Kissi (Sierra Leone),
Fofo in Akan-akyem (Ghana), Mbnaso in Kpe (Cameroon),
Soumadibrouin among the Malinke (Côte d’Ivoire), and
Winnih in Mano (Liberia) (28-30). Phytochemical analysis
indicates that the species is rich in a broad range of PSMs,
explaining its efficacy in treating various African
communities'inflammation and other health conditions.
The therapeutic PSMs in A. africana include flavonoids,
alkaloids, tannins, saponins, terpenoids, sterols, phenolic
compounds, and glycosides. Essential oils from the plant
leaves are rich in monoterpenes, sesquiterpenes, 5-pinene,
and germacrene, which are also therapeutic (30). The
broad range of antimicrobial and biological activities,
including anti-inflammatory, haemostatic, oxytocic,
gastroprotective, antiulcer, wound healing, anticancer,
antihypertensive, and antidiabetic potentials, could be

Table 1. Plant secondary metabolites in vaccine development: Translational and clinical progress.

PSM / class Source Vaccine Development
phase Reference

QS‑21 (AS01, AS02,
ALFQ)

Triterpenoid saponin, Q.
saponaria bark

Shingrix (zoster), RTS, S/AS01
(malaria), many
prophylactic/therapeutic vaccines

Licensed
(post‑Phase III) (40-42)

Matrix‑M
Q. saponaria saponin
fractions in ISCOM‑like
nanoparticles

NVX‑CoV2373 (Novavax
COVID‑19), influenza, malaria,
others

Licensed/Phase III (43-45)

Quil‑A / other Q.
saponaria bark mixtures

Crude triterpenoid saponin
mixtures

Early human and veterinary
subunit vaccines Phase I-II (42-46)

Quillaja brasiliensis leaf
saponins (QB‑90,
IQB‑90)

Leaf triterpenoid saponins,
Q. brasiliensis

Experimental viral and influenza
vaccines (incl. intranasal) Preclinical (44, 45)

Plant‑cell‑culture QS‑21
(ccQS‑21)

QS‑21 from Q. saponaria
cell culture

Compared with clinical QS‑21;
proposed to supply AS‑type
systems

Preclinical
(manufacturing
platform)

(47)

Synthetic / semisynthetic
QS‑21 analogues

QS‑21 variants by
chemical synthesis

Cancer and infectious‑disease
subunit vaccines Preclinical (41, 48)

Nasal saponin adjuvants Saponins from several
plants

Nasal vaccines for respiratory
viruses Preclinical (42, 26)

Advax (delta‑inulin) Crystalline inulin (plant
fructan)

Influenza, hepatitis B, coccidial
vaccines Phase I-II (36, 49,

50)

TCM plant
polysaccharides (APS,
RGP, IRPS, etc.)

Polysaccharides from
Astragalus, Rehmannia,
Isatis, others

Infectious disease and cancer
subunit vaccines (mostly animal) Preclinical (50-52)

General plant
polysaccharides
(glucans, mannans,
inulin variants)

Various plant‑derived
polysaccharides Subunit and nano‑vaccines Some in human use

/ trials
(49, 53,
54)

Plant phenolics
(flavonoids etc.) in
nanoadjuvants

Phenolics/flavonoids from
multiple plants Experimental cancer vaccines Preclinical (55, 56)

Plant virus‑like particles
(pVLPs)

Cowpea mosaic virus,
tobacco mosaic virus VLPs

Cancer and infectious‑disease
vaccines

Preclinical; some
early clinical
candidates

(55)

Plant lectins (mistletoe
lectin, garlic lectins,
others)

Glycoprotein lectins from
plants

Experimental viral and cancer
vaccines, incl. COVID‑19 concepts

Preclinical / limited
non‑vaccine clinical
use

(45, 56)
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attributed to these therapeutic PSMs (31). Typical PSMs in
A. africana that exhibit great anti-inflammatory potential
include monoterpenes, e.g., carene, terpenes, e.g., 5-
pinene, and sesquiterpenes, e.g., 6-caryophyllene and
tannins (32, 33). Supplemental Table 1 summarizes
selected African medicinal plants, their key secondary
metabolites, and reported immunological mechanisms
relevant to vaccine development. It also includes a critical
appraisal of study quality and reproducibility to guide
interpretation of translational potential. Supplemental
Table 1 is available in the supplementary data.

While Supplemental Table 1 summarizes African
medicinal plants and their mechanistic immunological

properties, several PSMs have progressed further along
the translational pipeline. Table 1 highlights representative
PSMs that are at different stages of clinical development,
ranging from preclinical evaluation to licensed adjuvant
systems. This overview provides context for understanding
which compounds have achieved regulatory‑grade
validation and which remain at the experimental stage,
thereby linking mechanistic promise to translational
readiness.

Together, Supplemental Table 1 and Table 1
illustrate the continuum from mechanistic discovery to
clinical application, underscoring both the promise of
PSMs and the need for rigorous evaluation before

Figure 2. Flowchart of plant secondary metabolites-based vaccine formulation and delivery strategies.
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widespread adoption.

Formulation and Delivery Of PSM-based Vaccines
Practical feasibility (formulation and carriers):
Encapsulation within biodegradable polymers (e.g., PLGA,
chitosan) and inorganic matrices (e.g., mesoporous silica,
calcium phosphate) can improve antigen protection and
immunogenicity in preclinical models, but each carrier
class imposes distinct analytical and manufacturing
demands (residual solvent control, particle
characterization, endotoxin testing). Technologies that
enable thermostability, simple aseptic fill‑finish, and
minimal cold‑chain dependence are favoured for
low‑resource settings.

Nanoformulations and Stability
Encapsulating PSMs into nanoparticles enhances vaccine
stability and immunogenicity, improving antigen delivery
and avoiding degradation. Natural adjuvants in vaccine
formulations, such as saponins, alkaloids, and flavonoids,
have shown immunostimulatory effects. Bioactive
compounds have been encapsulated using poly (D, L-
lactide-co-glycolide) (PLGA) and chitosan-based
nanoparticles, preventing enzymatic degradation and
ensuring controlled antigen release for prolonged immune
activation (57). Moreover, enhancing antigen stability and
uptake by antigen-presenting cells is achieved using
mesoporous silica and calcium phosphate nanoparticles,
promoting robust humoral and cellular responses (58).

Saponin-based adjuvants such as QS-21 enhance
dendritic cell activation and T-cell responses; moreover,
the co-encapsulation of PSMs with antigens further
augments immunogenicity (59); however, challenges such
as cytotoxicity, inconsistent bioavailability, and
nanoparticle aggregation need meticulous optimization of
nanoformulation procedures (60).

Practical feasibility (manufacturing, regulation,
deployment): Near‑term applicability depends on
validated manufacturing platforms, standardized
phytochemical characterization, GLP toxicology, and
regulatory alignment. Key operational constraints include
scale‑up complexity, quality‑control capacity, cold‑chain
logistics, and cost. Prioritise candidates with clear
supply‑chain pathways, scalable extraction or synthetic
routes, and existing regulatory precedents to accelerate
clinical translation in African contexts.

Oral and Intranasal Delivery
The potential for needle-free vaccination with plant-
derived adjuvants is gaining attention, especially in
mucosal immunization; oral and Intranasal vaccines
protect pathogen entry sites and may enhance systemic
and mucosal immunity. Current vaccine formulations
include polysaccharides, saponins, lectins, and PSMs that
enhance mucosal immune responses (61). Enhanced IgA
and IgG responses result from increased antigen
absorption by mucosal-associated lymphoid tissues using
liposomal and virosomal delivery systems (62). Chitosan-
based nanoparticles, recognized for their mucoadhesive
properties, enhance antigen retention and immune
activation in oral and nasal vaccines (63). Using flagellin, a
Toll-like receptor 5 agonist, enhances the immunogenicity
of Intranasal vaccines by augmenting dendritic cell
activation and cytokine production as a mucosal adjuvant

(64). Despite these advancements, challenges such as
mucosal tolerance and enzymatic degradation in the
gastrointestinal tract must be addressed to optimize plant-
based adjuvants for oral and Intranasal vaccine delivery.
Figure 2 presents a flowchart depicting PSM-based
vaccine formulation and delivery strategies, from selection
of plant secondary metabolites such as alkaloids,
flavonoids, saponins, polysaccharides, and lectins, to PSM
extraction and purification to nanoformulation for antigen
delivery, to vaccine delivery strategies such as parental and
mucosal administration to immune response activation,
and finally to enhanced immunogenicity and protective
immunity.

Current Challenges and Gaps
PSMs are a potential new area for vaccine research. Still,
many challenges must be solved before they can be used
widely in Africa; the main problems are a lack of
standardization and dosage consistency. PSMs are
complicated combinations of bio-active substances; their
chemical profiles depend on the species, how they were
grown, where they came from, and how they were
extracted. Despite this heterogeneity, replicating data and
establishing safe, effective dose schedules isn't easy.
Comparing various research outcomes is difficult without
strong quality control procedures and standardized
reporting standards; obtaining regulatory approval is
therefore challenging (65).

Issues concerning the toxicity and safety of PSMs are
also equally important. In contrast, many plants containing
PSMs are used traditionally and are presumed safe;
however, controlled biomedical applications demand more
rigorous evaluation (66). Heavy metals, adulterants, or
environmental contaminants can make safety assessments
even harder. Recent reviews emphasize the importance of
thorough toxicological profiling, encompassing
authentication and contaminant screening, to ensure
consumer safety (67, 68). However, toxicological research
capacity remains limited in most African nations, and few
PSMs have undergone the systematic pre-clinical, and
clinical trials necessary to establish safe therapeutic
windows (69-71).

Regulatory integration and staged evidence pathway:
Scientific claims about PSMs must align with regulatory
expectations. Evidence gaps map directly to requirements:
(i) compound characterization for CMC dossiers; (ii)
controlled preclinical safety/immunogenicity for
first‑in‑human studies; (iii) GLP toxicology and stability for
trial authorization; and (iv) clinical trial designs with
predefined endpoints. A staged pathway is recommended,
with early engagement of regional regulators and WHO
prequalification advisors to align evidence packages with
African deployment goals.

Future Prospects and Research Directions
An adjuvant is a substance that can augment an increase
in the immunogenicity of a vaccine. The traditional starting
point has been to evaluate substances to increase the
antibody titer to a given antigen in an animal model.
Lately, this has been broadened to include
immunogenicity measurements such as an increase in
specific antibody isotypes, in cell-mediated immune
responses, e.g., IFN-γ Elispot responses, Th1 and Th2
cytokine responses, as well as to provoke a reaction of the
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innate immune system, including activation and
differentiation of dendritic cells. These functional assays
define an adjuvant's qualitative and quantitative profiles.
An example includes studies of lipopeptides, which are
known to bind to toll-like receptor 2 (TLR2) and other
pattern recognition receptors (PRRs) on macrophages. The
most potent of these compounds, P3CSK4, causes NF-κB
p65 translocation and enhanced tyrosine protein
phosphorylation, confirming the involvement of the TLR
NF-κB translocation pathway. Specific genes induced or
repressed by P3CSK4 treatment of bone marrow-derived
macrophages were examined in a cDNA expression array
that monitored 140 genes. Activation of IL-1β, IL-7, and IL-
15 genes was noted, consistent with activation of the NF-
κB translocation pathway (72). Another gene expression
array analysis example examined the effect of imiquimod
derivative S-28463 on macrophages. Thirteen genes were
induced from the 588 screened genes, which are known to
be involved in macrophage activation and inflammation,
and included IL-1β (73). Hence, using such tools as gene
activation may provide a more precise characterization of
the cellular action of adjuvants. However, it remains
challenging to correlate these results with immunological
outcome in vivo. The effects of the well-known adjuvants
aluminum phosphate (Th2) and Freund’s complete
adjuvant (Th1/Th2) on gene expression were examined in
splenocytes from mice immunized two weeks earlier with
toxoid antigens (36, 74). These adjuvants have been found
to activate 61 genes, with primary differences in the
kinetics of the responses, where aluminum phosphate was
shown to activate the genes earlier. Genes involved in

immune function, apoptosis, and signal transduction were
identified (75).

Microneedle drug delivery systems have been widely
used to treat various diseases due to their advantages of
being minimally invasive, non-invasive, easy to administer,
improving patient compliance, reducing side effects, and
penetrating the stratum corneum. Because of the benefits
of the microneedle drug delivery system, the microneedle
drug delivery system has been the focus of pharmaceutical
and material science research in recent years. With the
development of microneedle technology, new
microneedles emerge as time requires, and researchers
will face new challenges. The biocompatibility of these
new materials and whether there are other side effects on
organisms needs to be determined by further research.
Meanwhile, most of these materials have not been
approved by regulators (76). The use of biodegradable
polymers for the administration of pharmaceuticals and
biomedical devices has increased dramatically.
Biodegradable polymers' most important biomedical
applications are in controlled drug delivery systems, such
as implants and devices for bone and dental repairs (77).

Clinical and Public Health Implementations
PSMs may potentially offer opportunities for regionally
relevant vaccine research; however, evidence for routine
efficacy, cost‑effectiveness, and operational advantages
remains preliminary and requires formal clinical and
economic evaluation (78). They may also lessen the need
for pricey synthetic adjuvants, which could reduce
production costs overall (79). Such tactics could lessen
dependency on cold-chain-dependent formulations and

Table 3. Comparison of conventional and plant secondary metabolites-based adjuvants in terms of cost, efficacy, and
safety.

S/N Parameter Conventional Adjuvants (e.g.,
Alum, MF59)

PSM-Based Adjuvants (e.g., Quillaja
saponins, Curcumin, Withania extracts) References

1 Cost of Production High - relies on synthetic or
imported components.

Moderate to Low - can be sourced locally
from medicinal plants.

(87)

2 Immunogenicity Moderate - may require
multiple doses.

High - can enhance humoral and cellular
immune responses.

(81)

3 Safety Profile Established but may cause local
inflammation or reactogenicity.

Generally safe if standardized; minimal
adverse effects reported in pre-clinical
studies.

(88)

4 Stability Requires a strict cold chain for
some formulations.

Can improve antigen stability through nano-
encapsulation and natural stabilizing
properties.

(89)

5 Ease of Administration Injectable (IM or SC) only. Potential for oral, intranasal, or transdermal
delivery.

(88)

6 Scalability in Africa Limited by import dependency
and cost.

High - local sourcing of plant materials allows
scalable production.

(89)

7 Regulatory Approval
Status

Fully approved and widely used. Emerging - requires rigorous preclinical and
clinical testing

(90)

8 Sustainability Depends on industrial
production.

Environmentally sustainable; supports local
communities and biodiversity.

(82)

9 Immunomodulatory
Effects

Primarily, the adjuvant effect. Multifaceted - adjuvant plus
immunomodulatory, anti-inflammatory, and
antiviral properties.

(91)
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imported vaccine components in settings with limited
resources, resolving significant distribution and
accessibility issues. Additionally, using medicinal plants
readily available in the area can strengthen communities
and encourage self-sufficient vaccine development (80).

Clinically, PSM-based adjuvants have increased
vaccine shelf life, strengthened humoral and cellular
immune responses, and enhanced antigen stability (81).
For instance, it has been demonstrated that formulations
based on saponins from Q. saponaria can produce strong
immune responses with few adverse effects, suggesting
they are suitable for human applications (82). Similarly,
curcumin and other bioactive substances can support
long-term immunological memory, improve dendritic cell
activation, and modify inflammatory pathways, all of which
may contribute to improved vaccine responsiveness (83,
84). However, clinical translation necessitates thorough
preclinical and phase I-III trials to assess safety, optimal
dosage, and immunogenicity in various populations.

Increasing local capacity in phytomedicine research,
production, quality control, and integrating PSM-based
vaccines could improve healthcare systems at the public
health level (85). Programs that teach scientists, chemists,
and medical professionals how to formulate natural
products and administer vaccines can help to develop
long-lasting expertise. Additionally, vaccination
acceptance and coverage can be increased by using

needle-free delivery methods, such as oral or Intranasal
vaccines enhanced with adjuvants derived from plants (86).
This is especially true for children and populations with
limited access to healthcare facilities.

The cost benefits, immunogenic potential, and safety
profiles of conventional and PSM-based adjuvants are
contrasted in Table 3. All things considered, PSM-based
vaccines offer scalable, reasonably priced, and successful
interventions for preventing infectious diseases in Africa
by combining traditional knowledge with contemporary
immunology. These strategies can support resilient
immunization programs and equitable global health
outcomes by bridging ethnobotany and clinical practice.

Policy Recommendations and Capability Building
Robust capacity enhancement and targeted policy
measures are crucial for integrating PSMs into African
vaccine research and development. Prioritizing the support
and preservation of indigenous knowledge systems, which
have historically underpinned the utilization of medicinal
plants in African communities, is essential (92).
Policymakers must establish frameworks that safeguard
intellectual property rights, provide equitable benefit-
sharing, and recognize the contributions of traditional
healers (93). Governments can foster innovation in modern
vaccine science and protect cultural heritage by
implementing community-based bio-prospecting (94). It is

Figure 3. Conceptual framework for policy and capacity-building strategies in harnessing PSMs for vaccine development
in Africa.
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equally crucial to sustain infrastructure and funding to
advance vaccine development and phytopharmaceutical
research (95). The absence of professional facilities for
systematically extracting, characterizing, and testing PSMs
in most African countries limits their potential application
as efficient adjuvants in vaccines. The foundation for large-
scale production will be formed by creating regional
centers of excellence equipped with cutting-edge
laboratories, bioreactors, and quality control equipment.
Funding sources should prioritize multidisciplinary
initiatives integrating immunology, pharmacology, and
ethnobotany to bridge the divide between traditional
plant utilization and biomedical application (96). This
infrastructure will enhance domestic vaccine production
and reduce dependence on imported adjuvants and
formulations.

To ensure sustainability and stimulate innovation,
public-private partnerships (PPPs) are essential (97).
Strategic partnerships among academic institutions,
research centers, pharmaceutical companies, and
traditional medicine practitioners can improve knowledge
sharing, technology transfer, and market integration (98).
Educational institutions provide training and research
proficiency, but industry involvement presents production
scale and regulatory navigation opportunities.
Collaborations with traditional practitioners at the
community level foster trust and facilitate culturally
sensitive implementation. PPPs can establish a sustainable
framework for vaccine development in Africa by aligning
public health priorities with indigenous knowledge
systems and private sector innovation. By fortifying health
systems and promoting scientific autonomy, these policy
measures and capacity-building endeavors will enable
African nations to use their biodiversity to develop
innovative vaccines. A conceptual framework is shown in
Figure 3 to allow the harnessing of PSMs for vaccine
development in Africa; capacity building, community
engagement, public-private partnerships, and
improvement of policy and regulatory frameworks should
be included.

Ethical and Regulatory Considerations
Nonclinical and early clinical evaluation of candidate PSMs
intended as vaccine adjuvants should follow staged,
evidence‑based requirements. A complete nonclinical
dossier is expected to include GLP‑compliant
pharmacology and toxicology studies that characterize
dose-response relationships, local reactogenicity, systemic
toxicity, and genotoxicity where relevant (99). Bridging
studies should translate mechanistic in vitro and animal
findings into defined biomarkers and antigen‑specific
endpoints to justify first‑in‑human dosing and species
selection; dose‑scaling rationale must be documented
(100). Manufacturing and quality control must provide
reproducible chemical definition of botanical starting
materials and final adjuvant preparations. Batch release
criteria should include validated assays for identity, purity,
residual solvents, endotoxin, and quantification of key
phytochemical markers. Process validation for extraction,
purification, and downstream processing is required to
support stability and comparability claims used in
nonclinical and clinical studies (101).

Regulatory review typically follows a staged pathway:
compound characterization, nonclinical safety package,

phased clinical trials with predefined immunological and
clinical endpoints. For multi‑country trials, regional joint
review and reliance mechanisms can harmonize data
expectations and streamline ethics and regulatory
approvals; early scientific advice from national regulators
or regional platforms is recommended to clarify
adjuvant‑specific data requirements (102, 103).

Ethical oversight and trial safety monitoring must be
explicit in protocols. First‑in‑human and early efficacy trials
should include independent data‑safety monitoring
boards, predefined stopping rules for reactogenicity, and
justification of risk-benefit for participant populations
(104). Pharmacovigilance planning should be defined prior
to large‑scale trials or deployment, including active
surveillance strategies and regional signal‑evaluation
pathways for rare adverse events (100, 105).

Limitations
The review is a structured narrative synthesis rather than a
systematic review and was limited to English‑language
publications and the databases specified in Methods,
which may omit relevant regional or non‑English sources.
Evidence is heterogeneous, comprising in vitro studies,
diverse animal models, formulation experiments and a
limited number of human trials; therefore, many
conclusions are provisional and primarily preclinical.
Chemical variability of plant extracts and inconsistent
phytochemical characterization reduce reproducibility and
complicate dose‑response and safety assessment. Clinical
data are uneven across compound classes and few studies
report protective clinical endpoints. Formulation claims
(shelf life, field stability) are largely supported by
preclinical data and require clinical validation.

Recommendations
In advancing plant‑derived vaccine adjuvants or
immunomodulators, it is essential to prioritize candidates
that demonstrate clear antigen‑specific evidence. Only
partially purified substances or characterized extracts that
reproducibly elicit antigen‑specific immunogenicity or
protection in controlled co‑formulation studies should be
taken forward, while signals observed solely in vitro must
remain hypothesis‑generating rather than definitive. To
ensure rigor and comparability, chemical characterization
must be standardized across all reports, encompassing
botanical identification, extraction methodology,
marker‑compound quantification, and validated analytical
assays in both preclinical and formulation studies.

For each candidate, developers should provide a
transparent account of the anticipated manufacturing
pathway, including key analytical requirements such as
sterility testing, particle characterization, and residual
solvent analysis. Cost drivers must be identified early,
alongside a realistic plan for regional manufacture or
fill‑finish capacity. Formulations that demonstrate
thermostability or reduced dependence on cold‑chain
logistics, validated through accelerated and real‑time
stability studies under African climatic conditions, should
be prioritized.

Nonclinical safety and bridging studies must be
staged strategically, with targeted GLP‑compliant
toxicology or bridging experiments designed to translate
mechanistic endpoints into human‑relevant biomarkers
before initiating first‑in‑human trials. Equally important is
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early engagement with regional regulators and partners,
leveraging joint review or reliance pathways where
possible, and aligning data packages with both regulatory
expectations and local manufacturing capabilities.

Clinical development must be guided by predefined
endpoints and safety monitoring frameworks.
Immunological primary and secondary endpoints should
be established in advance, together with arrangements for
independent data safety monitoring boards, stopping
rules for reactogenicity, and a pharmacovigilance plan
tailored to multi‑site trials in target populations.

Conclusion
Plant secondary metabolites (PSMs) demonstrate
measurable immunological effects that are relevant to
vaccine science, but the current evidence base is
predominantly preclinical. In vitro and animal studies
consistently show that PSMs can activate MAPK, PI3K/Akt
and NF‑κB signalling, promote dendritic cell maturation,
and improve antigen stability when incorporated into
delivery systems such as PLGA or chitosan nanoparticles;
these data establish mechanistic plausibility but do not
permit direct extrapolation to human vaccine efficacy.
Clinical validation is limited: QS‑21‑containing saponin
systems remain the clearest example of a PSM‑derived
component that has advanced through Phase I-III
evaluation within licensed adjuvant platforms, whereas
candidates such as arabinogalactan, curcumin and
quercetin show reproducible preclinical effects but lack
robust human data. Compared with conventional
adjuvants (e.g., alum, MF59), which benefit from extensive
clinical experience, reproducibility and established
safety‑monitoring frameworks, PSM‑based approaches
offer chemical diversity and novel mechanisms but face
substantial translational barriers. Key constraints include
inconsistent compound characterization, variable
bioavailability, dose‑finding uncertainty, incomplete
toxicological profiling, manufacturing and analytical
capacity gaps, cold‑chain and fill‑finish considerations, and
regional regulatory readiness. Safety and immunogenicity
are highly compound‑ and formulation‑dependent;
reports of cytotoxicity, nanoparticle aggregation and
inconsistent reporting further increase uncertainty. Given
these realities, advancement should follow staged,
evidence‑driven milestones: standardized botanical
identification and phytochemical characterization;
controlled antigen co‑formulation studies with predefined
immunological endpoints; GLP‑compliant toxicology and
validated stability testing under field‑relevant conditions;
and adequately powered clinical trials in representative
populations. Importantly, the methodological scope of this
review imposes constraints. As a purposive narrative
synthesis, it draws on heterogeneous studies with variable
endpoints, limited antigen‑specific data, and selective use
of grey literature. These factors restrict causal inference
and highlight the need for cautious interpretation. Policy
or clinical endorsement should be conditional on meeting
these thresholds. In sum, PSMs remain promising
mechanistic leads for adjuvant discovery, but responsible
translation requires conservative, stepwise development
grounded in standardization, rigorous safety evaluation,
manufacturability assessment and regionally appropriate
regulatory engagement.
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