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Abstract
Nature has abundant source of drugs that need to be identified/purified for use as essential biologics, either individually or 
in combination in the modern medical field. These drugs are divided into small bio-molecules, plant-made biologics, and a 
recently introduced third category known as phytopharmaceutical drugs. The development of phytopharmaceutical medicines 
is based on the ethnopharmacological approach, which relies on the traditional medicine system. The concept of ‘one-disease 
one-target drug’ is becoming less popular, and the use of plant extracts, fractions, and molecules is the new paradigm that 
holds promising scope to formulate appropriate drugs. This led to discovering a new concept known as polypharmacology, 
where natural products from varying sources can engage with multiple human physiology targets. This article summarizes 
different approaches for phytopharmaceutical drug development and discusses the progress in systems biology and compu-
tational tools for identifying drug targets. We review the existing drug delivery methods to facilitate the efficient delivery 
of drugs to the targets. In addition, we describe different analytical techniques for the authentication and fingerprinting of 
plant materials. Finally, we highlight the role of biopharming in developing plant-based biologics.
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Introduction

Plants are a source of a wide range of natural products that 
possess various therapeutic properties and are continuously 
explored to develop novel drugs [78]. For ages, traditional 
medicines have depended on these natural products to treat 
many diseases. Today, most of the pharmaceutical medi-
cations are processed from these natural products. Natural 
products are made up of many bioactive compounds. These 
bioactive compounds impart biological activity against 
several disease-causing agents. To date, numerous second-
ary metabolites with diverse structures and pharmacologi-
cal properties have been identified from plants [31, 78]. 

Knowledge adhered by the traditional medicine system 
has paved the way for the ongoing exploration of medici-
nal plants for manufacturing pharmaceutical products [59]. 
More than 85–90% of the world’s population depends on the 
traditional medicine system for combating various diseases 
[93].

The isolation of morphine, the first natural and pure 
plant-derived compound, from Papaver somniferum in 1803 
marked the beginning of the era of drug discovery [44]. 
About 70,000 herbal plants have been used for medicinal 
applications, mainly in Asian medicines. About 20% of the 
available plants are used for medicinal purposes in India. 
These medicinal plants are the storehouse of unlimited eth-
nobotanical compounds, which are being utilized today for 
various drug delivery programs (Table 1). The advancement 
in genomics, proteomics, transcriptomics and metabolomics 
has enhanced the contribution of natural products in drug 
discovery. Metabolomic studies are progressively employed 
to identify novel drugs and drug targets, interpret drug action 
mechanisms and maintain records of developed drugs and 
their therapeutic effects.
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Types of plant‑based molecules

Conceptually, plants can be utilized in many ways to 
extract their therapeutic potential. The most implied usage 
is in the form of homemade remedies such as herbal teas. 
Plant extracts in crude form or standardized fractions are 
used in various pharmaceutical products such as powders, 

tinctures, pills, etc. Several bioactive compounds have also 
been extracted from plants and are directly used as drugs.

Small molecules

Plants produce various signalling molecules (auxin, absci-
sic acid, cytokinin, gibberellic acid, salicylic acid, ethylene, 
jasmonate and brassinosteroid) and secondary metabolites 

Table 1  Important natural products derived from plant sources

Botanical source Ethnobotanical compounds Therapeutic application References

Single molecules Hyperian perfotum Hypericin Immunogenic cell death inducer [45]
Lithospermum erythrorhizon Shikonin Immunogenic cell death inducer [100]
Scutellaria baicalensis Wogonine Immunogenic cell death inducer [51]
Piper nigrum Piperine Nanotheranostic agent for cancer 

treatment
[11]

Phytopharmaceutical drugs Berberis vulgaris L Berberine, Jatrorrhizine,  
Palmatine, Ceptisine

Antidiabetic, Anticancer, 
Antibacterial, Analgesic, 
Antiinflammatory, and Cardio-
vascular

[79]

Cinchona spp Quinine Antimalarial drugs [57]
Artemisia annua Artemisinin Type I diabetes and cancer [47]
Salvia divinorum Salvinorin A Neuro-psychopharmacothera-

peutic plant-based drugs
[53]

Cleome Pinocembrin, Kaempferol, 
Kaempferitrin

Anti-cancer [10]

Silybum marianum Silymarin Hepatoprotective activities [26]
Taxus brevifolia Taxol Lung, ovarian and breast cancer [55]
Coleus forskohlii Forskolin Antiglaucoma drug [89]
Curcuma longa L. (Turmeric) Curcumin Antioxidant, anti-inflammatory, 

arthritis, metabolic syndrome 
and pain

[38]

Galanthus nivalis Galantamine Alzhemer [15]
Capsicum annuum Capsaicin Pain relievers [67]
Artemisia glabella Arglabin Anti-tumor [54]
Genista tinctoria L Genistein Anticancer, Alzheimer’s disease [86]
Vitis vinifera L Resveratrol Chemotherapeutic, antidiabetic, 

antioxidant
[24]

Azadirachta indica A. Juss 
(Neem)

Azadirachtin Insecticidal and antimicrobial [84]

Panax ginseng (Black ginseng) Extract Anticancer; anti-inflammatory [56]
Althaea officinalis Extract Anti-inflammatory [37]
Punica granatum (Pomegranate) Extract Antidiarrheal activity [72]
Averrhoa carambola Extract CNS depressant and hypnotic 

properties
[1]

Ganoderma lucidum, Glycyr-
rhiza uralensis and Sophora 
flavescens

Extracts Anti-asthma [95]

Trigonella foenum-graceum L Trigonelline, Diaszhenin Antidiabetic, Anti-conception [6]
Capsicum annuum Capsaicin Antilithogenic effect, Antiin-

flammatory
[80]

Plant-made biologics Genetically engineered carrot 
cells produce enzyme Taliglu-
cerase Alfa

– Gaucher´s disease [27]
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(alkaloids, terpenoids and phenylpropanoids) which play a 
crucial role in various developmental and defence processes. 
These molecules play a vital role in regulating the plants' life 
cycle and are often referred to as small molecules. These 
small molecules are released in the state of stress to pro-
tect the plant from pathogens, cold, or UV light. Because of 
their small size (< 500 Da) and diverse mechanism of action, 
they have dominated the traditional system of medicine and 
remain the primary component of an ever-expanding thera-
peutic toolbox [104].

Plant‑made biologics

Biotechnological advancement has enabled the use of plants 
to produce therapeutic proteins for manufacturing medicines 
and biotech drugs for treating fatal diseases such as can-
cer, diabetes, HIV, cystic fibrosis, heart disease, and Alz-
heimer's disease. These plant-made biologics (PMBs) or 
plant-made pharmaceuticals (PMPs) provide an efficient, 
safer, and cost-effective platform to produce therapeutic 
proteins compared to traditional tools based on animal cell 
cultures and microbial fermentation, which are dependent on 
expensive facilities. Further, there is a minimum chance of 
animal or human pathogen infection in plants, making them 
a competent platform and one of the fastest-growing classes 
of pharmaceutical products. PMBs have also facilitated the 
patient’s access to medicines. Many life-saving drugs can be 
manufactured through these plant-produced proteins [12]. 
The first approved PMB Elelyso (taliglucerase alfa) is a car-
rot made enzyme engineered in carrot cells and used to treat 
Gaucher´s disease [27]. Vaccines for the influenza virus are 
under clinical trials [71], whereas plant-derived lectins are 
in the pipeline to produce novel anti-cancer biologics [20]. 
Under the current global pandemic caused by COVID-19, 
there is an urgent need to adapt low-budget technologies for 
manufacturing PMBs against COVID-19. In this context, a 
promising biopharmaceutical candidate is anticipated, and 
vaccines based on Virus-like particles (VLPs) have been 
announced [74].

Phytopharmaceutical drugs

Phytopharmaceutical drug (PPD) is a new class of herbal 
drugs that are prepared according to the guidelines issued 
by AYUSH (Department of Ayurveda, Unani, Siddha, and 
Homeopathy) and CDSCO (Central Drugs Standards Con-
trol Organization), in India. These drugs are prepared from 
herbal plants having a long history of being used as tradi-
tional medicines, but proper documentation is not available. 
PPD is defined as a standardized and purified fraction of 
a medicinal plant extract consisting of a minimum of four 
bio-active phytoconstituents and is used to cure and prevent 
diseases [9]. Usually, the herbal drug manufacturing process 

lacks proper control and regulation. Hence, guidelines have 
been incorporated for the analytical analysis and stand-
ardization of these herbal drugs for their safe consumption. 
PPDs are enriched extracts composed of phytomolecules, 
flavonoids, carotenoids, polyphenols, lycopene, anthocya-
nidins, omega-3 fatty acids, phytoestrogens, and glucosi-
nolates having distinct pharmacological properties against 
many human health problems such as allergy, inflammation, 
diabetes, and many more [66].

Need for production of plant‑based drugs

Natural products have always attracted the pharmaceutical 
industry, with interest in plant-derived drugs and alterna-
tive therapies for many reasons. Though synthetic medi-
cines provide quick relief, many adverse effects accompany 
them. Synthetic medicine is costly due to its manufacturing 
process and may be inaccessible to a large section of the 
world’s population. On the other hand, traditional medicines 
are by and large harmless, more effective with minimum 
side effects, and easily metabolized and absorbed in the 
body. Due to the cultural and social belief of the people, 
they are widely accepted, affordable and easily accessible 
to the people. Increased scientific studies and clinical trials 
by researchers and pharmaceutical companies have provided 
evidence-based medicines [93]. Furthermore, the purifi-
cation and standardization of a single compound is more 
convenient, thereby facilitating its use in the modern drug 
delivery system.

Challenges in production of phytopharmaceutical 
drugs

Despite several advantages, there exist a few challenges 
associated with the production of PPD. Plant-derived prod-
ucts sometimes lack quality and are ineffective due to India's 
poor regulation of natural products. As a result, there is a 
decline in trade and reluctance in prescribing PPDs. Other 
hurdles include (i) low yield of the plant material used, (ii) 
solubility level of plant extracts in water and other solvents, 
(iii) presence of cytotoxic components in the extract, (iv) 
limited bio-availability of the sample, (v) inappropriate use 
of available phytomedicines leading to toxic accidents, (vi) 
error in botanical identification of plants and their use, (vii) 
unauthorized usage of popular remedies, (viii) domestic 
accidents due to consumption of decorative plants having 
cardiotonic components, (ix) haemorrhagic accidents and 
hypertensive accidents due to coumarin derivatives present 
in some plants, (x) presence of oestrogenic components in 
plants, (xi) use of plants causing allergic reactions due to 
pollens or volatile components [66].
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Approaches for phytopharmaceutical drug 
development

Many approaches have been developed for drug development 
depending on the aim and desired end-product used as a 
herbal medicine or a part of different formulations.

Ethnopharmacology

The most important and decisive step for any pharmaco-
logical study is selecting the plant. Usually, plants with a 
history of being used in traditional medicines by different 
ethnic groups are preferred and such type of approach is 
known as ethnobotany or ethnopharmacology [81] (Fig. 1A). 
Various extraction methods and herbal formulae used by the 
ethnic groups form the base of this approach. Herbal formu-
lations provide concise information regarding the medici-
nal properties possessed by the herbal formula. Details on 
how the drug is consumed and the amount used are also 
acknowledged. However, proper screening of the herbal 
drug is needed as different ethnic groups have varied health 
concepts and healthcare systems. Hence, the symptoms 

should be properly interpreted before using any herbal for-
mulation therapeutically. Ethnopharmacological approach 
coupled with random high throughput screening has also 
been employed and is known as the biorational approach. 
The long history of therapeutic uses increases the hit rate 
of bioactivity for a new drug candidate. It thus simplifies 
drug selection, making it the most effective search engine 
for identifying drugs from nature [93].

Biologically active constituents which possess phar-
maceutical properties are isolated from the plant extracts 
during the drug development process. The whole plant 
extract is more active than an individual compound in 
some cases. Plant extracts consist of several structurally 
diverse chemical components that may be present in low 
or high concentrations and are responsible for the herbal 
extract’s overall quality. Bioactivity-guided fractionation 
of these extracts is needed to isolate and identify bioactive 
compounds. Bioactive standardized extracts are essential 
when the pharmacological effect is due to the synergistic 
effect of many compounds and is not governed by a sin-
gle component. For instance, the “standardized extract” 
of Gingko contains ginkgolides A, B, C, and M that can 
inhibit platelet aggregation factor (PAF)-induced platelet 

Fig. 1  Schematic representation of herbal drug discovery showing 
how different approaches are applied based on desired product A 
Workflow of procedures involved in Ethnopharmacology (EP) and 
reverse pharmacology (RP) for development of plant-based drugs 
B Phytochemical evaluation of prepared extracts by high through-
put screening (HTS) and fragment-based drug discovery (FBDD) 

for identification of lead molecules and their subsequent utilization 
in drug development C Integration of polypharmacology (PP) and 
network pharmacology (NP) approaches for modern drug discov-
ery. C1-C12 in pink color represents different drug compounds and 
P1-P12 in blue are different protein targets
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aggregation [3]. On the other hand, bioactive standardized 
saponin fractions of Panax ginseng were found to be more 
active than isolated compounds [94]. Several bioactive 
standardized molecules have also been reported [19, 65].

Reverse pharmacology

Conventional drug development has opened new paths for 
drug discovery, but sometimes it can be inefficient and 
expensive. A trans-disciplinary approach has recently 
emerged, which is cost-effective with reduced time and 
toxicity levels compared to the conventional method. 
This new approach is called reverse pharmacology (RP) 
(Fig. 1A) [69]. RP is based on the experimental validation 
of the documented findings leading to identifying effective 
drugs. It includes the documentation of the clinical studies 
done for herbal formulations used in folk medicine. This 
is followed by studies on drug dose, drug tolerance, and 
in vitro and in vivo analysis of the formulation for drug 
target activity. The last phase includes the clinical and 
experimentation studies at different levels of biological 
organization. This leads to the proper identification and 
validation of RP study in correlation with the safety and 
efficacy of the herbal drug. Therefore, RP has replaced the 
common route of “laboratory-to-clinic” with the “clinic-
to-laboratories” pathway [82]. RP is the bridge between 
modern technologies and traditional medicines and has 
improved their collaboration. RP approach is based on 
targeted screening of the potential compounds with func-
tional activity and can further be used for drug discovery. 
RP based drug discovery starts and ends with humans, 
thereby assuring their safety and efficacy [5].

High throughput screening

For decades pharmaceutical screening of natural prod-
ucts has been carried out for identifying potential drugs. 
However, high throughput screening (HTS) is the latest 
approach applied widely for drug delivery programs. HTS 
incorporates high-quality components and assays used to 
explore the biological activity of many samples (Fig. 1B). 
Various bioactive natural compounds and their deriva-
tives have been identified with anti-cancer, anti-diabetic, 
and anti-inflammatory activities, whereas over a hundred 
natural compounds are under clinical screening. However, 
there is an increased interest in the possibility of assaying 
these natural compounds from traditionally used medicines. 
With the advancement of analytical tools and fractionation 
techniques for identifying, isolating, and purifying natural 
products, screening of these natural compounds is now in 
accordance with the HTS [49].

Fragment‑based drug discovery

The fragment-based drug discovery (FBDD) approach is a 
new concept used as an alternative to HTS in the pharma-
ceutical industry. This approach is based on the structure-
based drug design and uses X-ray crystallography or NMR 
spectroscopy to identify potent drug molecules (Fig. 1B). 
FBDD can reduce attrition and can locate leads for the bio-
logical targets which were previously intractable. It can 
identify very small molecules (fragments) with low-molec-
ular-weight (∼150 Da), which bind to macromolecules or 
drug leads. To extend FBDD to more laboratories, new and 
improved computational tools and biophysical methods 
are being developed and new fragment libraries are being 
designed [21].

Polypharmacology

In the past few years, drug research has witnessed several 
significant transformations. Of late, many drugs are with-
drawn from the market after a few days of release. Thus, 
developing novel drug discovery methods has become a 
great challenge [68]. Several bioactive molecules (alkaloids, 
phyllanthins, piperidines, bacosides, curcumin) from medic-
inal plants have successfully treated many human diseases. 
Moreover, complex diseases such as cancer, heart diseases, 
multiple sclerosis, and diabetes require a multi-targeted 
approach. Hence, a new technique known as polypharmacol-
ogy has emerged, which is based on a multi-target approach 
(Fig. 1C). This approach involves designing drugs that can 
modulate multiple targets compared to the traditional con-
cept of one gene, one drug, one disease [23]. The advances 
in omics technologies and bioinformatics further enabled the 
identification of key targets in these diseases.

The multitarget drug approaches offer several advantages 
in comparison to existing combinational therapies. Single 
molecule acting on several targets offers greater efficacy and 
reduces toxicity than drug combinations. In addition, there 
are chances of adverse synergistic effects in combined drugs 
which pose challenges during testing. However, the regula-
tory issues which delay clinical trials, are minimum with sin-
gle compounds [4]. Besides, natural products are also known 
to have higher polypharmacological profiles than synthetic 
molecules [23]. Different studies have employed the poly-
pharmacology approach for understanding the mechanisms 
involved in Traditional Chinese Medicines (TCM) [99]. 
Fang et al. [23] illustrated the polypharmacological profile 
of five natural compounds (curcumin, epigallocatechin gal-
late, quercetin, resveratrol, berberine) and presented differ-
ent methods for studying drug-target interactions. Similarly, 
a machine learning-based virtual screening approach was 
utilized to identify the polypharmacological profile of a 
natural product galantamine [36]. Construction of databases 
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and development of new bioinformatics tools will accelerate 
and improve polypharmacology-based studies [90, 92, 98, 
103]. More recently, Polypharm-DB has been developed to 
identify drug candidates for COVID19 [42]. Thus, polyphar-
macology offers an excellent solution for drug repurposing 
in the future.

Network pharmacology

With the advancement in system biology, the concept of 
‘one-disease one-target drug’ is becoming less popular 
and comprehends difficulties in treating complex diseases. 
Hence, new concepts of multiple targets, i.e., polypharma-
cology and network pharmacology, are gaining impetus 
(Fig. 1C). The concept of network pharmacology is based on 
systems biology, network analysis, redundancy, connectivity, 
and pleiotropy [50]. It offers ways to improve drugs' clini-
cal efficacy by monitoring the side effects and toxicity level 
by studying the drug’s kinetic and biological profile [39]. 
According to network biology theory, bioactive compounds 
that can act on two or more targets are more efficient than 
those working on single targets [39]. Hence, network phar-
macology is the next paradigm in drug discovery because of 
its cost-effective structure and efficiency in explaining the 
principles of network theory and systems biology. Many case 
studies for traditional medicines are based on this network 
pharmacology approach [16, 91, 96]. The network pharma-
cology approach is also applied for studying different bio-
logical systems, diseases, drugs, and “compound-proteins/
genes-disease” pathways based on network biology [102].

Phytopharmaceutical drug delivery systems

Herbal drugs have gained popularity because they are less 
toxic and possess better therapeutic properties. But due to 
the unstable acidic pH and solubility issues, the drug con-
centration in the blood plasma can decrease, leading to 
reduced healing effects. Though the plant metabolites such 
as flavonoids, glycosides, etc., possess therapeutic proper-
ties, their polar nature and large molecular size restrict their 
absorption through the lipid rich biological membranes 
reducing their bioavailability. The introduction of a novel 
drug delivery system for plants has minimized the drug 
loss and degradation in the target tissues. It has narrowed 
down the side effects with enhanced therapeutic efficacy and 
improved drug bioavailability [20].

Available approaches for efficient drug delivery include 
nanoparticles, bioadhesive microspheres, chitosan-based 
hydrogels, pulsatile drug delivery system, self-emulsifying 
drug delivery systems, liposomes, phytosomes etc. (Fig. 2).

Nanoparticles

Nanotechnology has emerged as an efficient system in 
resolving the issues related to herbal drugs’ stability, solu-
bility, and bioavailability [7]. The system employs surface-
engineered nanoparticles to increase the therapeutic effi-
ciency of phytochemicals in targeting specific body sites. 
Nanoparticles derived from plant viruses (tobacco mosaic 
virus) are effectively used as drug carriers in immunothera-
peutic and chemotherapeutic stimulation of tumour-associ-
ated immune cells [20]. The introduction of Nanoparticles in 
the drug delivery system has eased phytochemical transpor-
tation beyond the biological membranes with their precise 
target delivery with minimum degradation. Different nano 
formulated phytochemicals include hypericin, curcumin, 
silymarin, etc. [75].

Bioadhesive microspheres

Bioadhesive microspheres (BMs) are unique drug deliv-
ery systems that provide intimate contact of the drug with 
the biological membrane. It comprises micro-particles and 
microcapsules which are in the range of 1–1000 μm in diam-
eter. BMs are tailored by combining microspheres with bio-
adhesive properties. This coupling enhances the bioavail-
ability and target specificity of the drug at the absorption 
site. Different polymers used to customize the BMs influence 
their surface properties, bioadhesion force, drug release pat-
tern, and clearance. These polymers include biodegradable, 
non-biodegradable, insoluble, and soluble polymers. BMs 
have been produced for eye tissues, mucosal tissues, oral and 
respiratory tissues, gastrointestinal and urinary tract. They 

Fig. 2  Different herbal drug delivery systems
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are used to control the release of the drug and targeted drug 
delivery to specific sites in the body [88].

Chitosan‑based hydrogels

Hydrogels are swelled cross-linked networks of polymers 
that can absorb large amount of water [48]. The charac-
teristic features of hydrogel include swelling potential, 
mechanical strength similar to host tissues and biodegrada-
bility. Hydrogels are made up of either natural or synthetic 
polymers. Biopolymers like chitosan have been mainly used 
for hydrogel preparation as they can structurally modify 
themselves. Chitosan has hydrophilic nature and possesses 
biocompatibility and biodegradability properties. Hydrogels 
can carry small drug molecules, reduce their side effects, 
and enhance their concentration at the site of action. Chi-
tosan-based hydrogels are mainly used for the controlled 
delivery of therapeutic components. The mucoadhesive 
characteristics of chitosan facilitate tissue binding capacity 
for specific drug delivery [70].

Pulsatile drug delivery system

Controlled drug delivery systems deliver the drugs at a 
constant rate and continuous release. However, some con-
ditions require intermittent drug delivery, i.e., a time lag. 
Such delivery is achieved by the pulsatile drug delivery 
system (PDDS). PDDS closely imitates the body’s mecha-
nism of releasing insulin in a controlled way as and when 
needed. PDDS can effectively deliver the drug in the opti-
mum amount at the right place and time. This system has 
been successfully used for hypercholesterolemia, asthma, 
hypertension, arthritis, and peptic ulcer cardiovascular dis-
eases. For pulsatile delivery, time-dependent systems and 
pH-dependent systems, etc., are used, which have polymers 
sensitive to temperature, pH change and light [40]. PDDS 
offers many advantages over conventional drug delivery sys-
tems including the persistent amount of drug at the site of 
action, reduced drug dose, preventing fluctuations, control-
ling side effects, and improving patient compliance. Thus, 
this pulsatile drug delivery with coordinated biological 
rhythms and therapeutic needs provides minimum harm and 
maximum health benefit to the patient [14].

Self‑emulsifying drug delivery systems

The self-emulsifying drug delivery approach is very promis-
ing for herbal drug formulations with poor water solubility 
and lipophilic plant actives [13]. A self-emulsifying drug 
delivery system (SEDDS) is a thermodynamically stable 
solution composed of drug, oil, surfactant and cosurfactant. 
When the solution is mixed with water and gently stirred, 
it immediately forms oil-in-water micro/nano emulsion. 

These emulsions range from a few nanometres to several 
microns. ‘‘Self-micro emulsifying drug delivery systems’’ 
(SMEDDS) form oil droplets in the range of 100–250 nm, 
whereas ‘‘Self-nano emulsifying drug delivery systems’’ 
(SNEDDS) range 5100 nm [43]. SEDDS has been effec-
tively used to enhance the bioavailability of poorly absorbed 
plant metabolites such as patchouli alcohol [101], mangif-
erin [97]. SEDDS is preferred over other drug delivery 
methods because of its simple and easy nature, and it also 
can be stored in liquid and solid forms. Hence, SEDDS can 
be efficiently used to improve herbal drugs’ bioavailability 
and solubility.

Liposomes

Liposomes are non-toxic, biodegradable drug delivery vehi-
cles that can accommodate hydrophobic and hydrophilic 
materials. They are spherical, with one or multiple concen-
tric membranes and a solvent for their free diffusion. They 
are made up of polar lipids and are used to alter the phar-
macokinetics profile of drugs. Liposomes can accelerate the 
drug solubility, stability, bioavailability, intracellular uptake 
and biodistribution. They can improve and maintain the 
drugs’ therapeutic features and their level for a long dura-
tion and thus are used as a drug delivery system. Liposomes 
have been used as drug carriers for proteins, small drug mol-
ecules, viruses, nucleotides, and other biologically active 
compounds [76]. Recently, a herbal drug loaded in nano 
liposomal vesicles has been used to deliver plant-derived 
bioactive molecules with anti-cancer properties [32].

Phytosomes

Bioactive compounds mostly have less bioavailability due to 
their oral intake. Lipid-rich biomembranes pose a hindrance 
in the crossing of water-soluble phytoconstituents. Thus, 
herbal extracts that are insoluble in lipids can be dissolved 
in phospholipids in a specific ratio and converted into lipid-
compatible molecular complexes with therapeutic proper-
ties. This technology is based on the phospholipid complex 
procedure which involves a chemical reaction between poly-
phenolic plant actives and phospholipids containing phos-
phatidylcholine known as phytosome. The technique also 
produces cellular vesicles, which protect these water-soluble 
phytocomponents (flavonoids, terpenoids, phenolics) from 
getting destroyed by the gut microflora and gastric secre-
tions. This procedure enhances the therapeutic index of the 
plants’ active compounds [7]. It ensures better quality and 
efficient target delivery of active plant components. This 
technology has provided better chemical linkage of the drug 
and accelerated its penetration through the skin in reduced 
doses. Thus, the phytophospholipid complex technique has 
provided an advanced and systemic absorption of herbal 
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extracts. Hence, these phytophospholipid complexes are 
promising candidates for better drug dosage therapy with 
anti-inflammatory, cardiovascular, anticancer, and hepato-
protective applications [2].

Authentication of plant‑derived molecules

Herbal drugs have been widely accepted globally and are in 
high demand because of their claimed health benefits. This 
has led to their massive adulteration for which many authen-
tication tools have been developed to evaluate their qual-
ity and authenticity. Herbal formulations consist of many 
bioactive compounds in minimal concentration, which may 
significantly affect the overall quality of the phytomedicine 
[31]. Herbal drugs being mixtures of various components, 
need certain qualitative and quantitative analysis. For the 
quality of an herbal drug, standardization is the prerequi-
site. The drug quality is affected by multiple factors such as 
inter or intraspecies variation, environmental factors, season, 
time and methods of harvesting, geographical location of 
the herb, plant part used, storage and processing practices, 
etc. [22, 73].

In recent times, chromatographic fingerprinting is one of 
the most important and powerful techniques used to evaluate 
the quality of herbal drugs [41]. In 1991, chromatographic 
fingerprinting was accepted by WHO as a technique for the 
identification and consistency evaluation of the herbal drugs. 
American Food and Drug Administration (FDA), European 
Medicine Evaluation Agency (EMEA) and Chinese State 
Food and Drug Administration (SFDA) also accepted the 
chromatographic fingerprint of traditional medicines as 
standards and chromatographic fingerprinting technology as 
an alternative method for the quality check of herbal drugs 
[34, 85].

The criterion for assessing the individual herbal material 
is the common pattern obtained from the chromatographic 
fingerprinting from various samples of the same species. To 
ensure the safety and efficacy of an herbal drug, a chemi-
cal fingerprint (CF) is developed which represents a unique 
profile of the phytochemical composition of the sample [52]. 
This chemical fingerprint has specific features. The first fea-
ture is the intactness of the CF having a specific profile for 
identification which is constituted by all the detectable com-
ponents of the sample. Second, two levels of significance 
should be present, i.e., ‘elementary’ quality control which 
includes the identification and quantification of the herbal 
medicine, and the other is ‘intensive’ quality control which 
serves the in-depth studies of the CF with chemometrics, 
information theory and other sophisticated technologies. 
Thus, a CF of a product can be accepted economically and 
technologically for its official and industrial specifications 
[52]. Other identification methods include DNA barcoding 

which uses short DNA sequences from the sample plant 
genome for species identification [58]. The acceptance of a 
herbal drug is based on the principles of safety, consistency 
and efficacy [35]. Thus, chemical fingerprinting should be 
the top priority as it is the fundamental level for the quality 
check of herbal drugs.

Several chromatographic fingerprinting techniques have 
been developed for the quality check and authenticity of 
herbal medicine. In general, fingerprints can be developed 
by various spectroscopic and chromatographic techniques. 
Spectroscopic fingerprints can be developed by using Raman 
or Nuclear Magnetic Resonance (NMR) spectroscopy or 
Infrared (IR) spectroscopy [30]. Mass spectrometric (MS) 
fingerprints also can be developed. Chromatographic fin-
gerprints can be obtained using Thin-layer chromatography 
(TLC) [77], High-performance thin-layer chromatography 
(HPTLC) [18], High performance liquid chromatography 
(HPLC) [17], Ultra-high performance liquid chromatogra-
phy (UHPLC) [105], Capillary electrophoresis (CE) [29], 
Gas chromatography (GC) [64], Gas chromatography-mass 
spectrometry (GC–MS) [61], Two-dimensional gas chro-
matography-time-of-flight mass spectrometry (GCxGC-
TOFMS) [63].

HPLC is analytical equipment widely used for checking 
the authenticity of herbal products. HPLC coupled with 
multivariate analysis is used for differentiating two closely 
related herbs [31]. HPTLC is an easily operated tool with 
low cost and high sample throughput. It can analyze many 
samples parallelly and give accurate results. It is widely used 
for detecting adulterants in herbal samples [18]. UPLC is 
an advanced liquid chromatographic technique requiring 
less solvent as a mobile phase and completes the analysis 
in minimal time. It is also more efficient in separating and 
resolving analyte mixtures. It is broadly used for pharmaceu-
tical and biomedical analysis of various samples [60]. GC 
is a dynamic analytical technique well known for detecting 
and quantifying volatile components. The stability, improved 
visualization, efficient separation and sensitivity for detec-
tion by Flame ionization detector (FID) or Mass spectrom-
etry (MS), makes this instrument a robust tool for the study 
of essential oils and herbal formulations [61]. GCMS is 
one of the most widely accepted tools for identifying and 
qualitatively evaluating herbal drugs' volatile components. 
It has been used widely by many workers to analyze vari-
ous phytoconstituents because of its high efficiency, repro-
ducibility, sensitive detection, simplicity and stability [61], 
GC × GC-TOFMS is the most efficient separation tool for 
analyzing complex mixtures due to its high resolution and 
high peak capacity. Using two columns with varying separa-
tion methodology makes this technique more advantageous 
by increasing resolution, sensitivity, and identification of 
more unknown compounds [63]. This technique can be 
used to detect minor components, develop comprehensive 
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fingerprints and detect unknown volatile constituents of the 
herbal drug.

Plant biopharming

Over the past decade, plant biotechnology has advanced 
exponentially and utilizing plants as an alternative for pro-
ducing recombinant biomolecules is the latest breakthrough 
in science. Transgenic and transient systems have been 
developed vigorously to produce high yields of recombinant 
molecules like enzymes, hormones, antibodies, vaccines and 
enhanced protein expression [74]. Plants commonly used as 
bioreactors include tobacco, tomato, rice, potato, and corn. 
Tobacco plants are most extensively used as a transgenic 
platform to produce pharmaceutical products [25]. To date, 
many transgenic plants have been raised for the production 
of plant-based vaccines such as viral vaccines, bacterial vac-
cines, immunocontraceptive vaccines, etc. [46].

Biopharming or molecular pharming could be a safer 
system for pharmaceutical production than yeast, bacteria 
or cultured mammalian cells because the produced recom-
binant biomolecules are free from human pathogens, DNA 
sequences and endotoxins [87]. The plant system has also 
erased the post-translational modifications that occur when 
using bacteria [83]. Though biopharming is a better system, 
the structural authenticity of the plant-derived human pro-
teins is very important because it affects their behavior in 
vivo [8]. Plant-derived human proteins have carbohydrate 
groups but lack the terminal galactose and sialic acid. A 
minor change in the glycan structure can alter recombinant 
proteins' activity and distribution and make them immuno-
genic when delivered to humans. Hence confirming a recom-
binant protein's authenticity is paramount in biopharming 
[87].

Transfer and expression of genes in plants can be achieved 
by agroinfiltration, viral transfection, transient expression, 
nuclear transformation etc. [62]. Plant viral vectors have also 
been engineered to produce pharmaceuticals. These viruses 
do not cause infection to humans or animals and can produce 
large amounts of heterologous proteins in the plants [33]. 
The engineered plant virus expresses the desired protein 
during viral replication in the plant cells. The method is 
advantageous in producing a high amount of recombinant 
protein expression. The recombinant protein is then purified 
before vaccine development [46]. Many plant virus expres-
sion systems have been used such as cucumber mosaic virus 
(CMV), tobacco mosaic virus (TMV), cowpea mosaic virus 
(CPMV) etc. [28]. Plants are a source of numerous bioac-
tive molecules that possess several pharmaceutical proper-
ties such as anti-viral, anti-bacterial, anti-fungal, etc. Many 
of these compounds might be present in low amounts in the 
plant. Thus, biotechnology has provided a gateway for the 

rescue of these components through advanced technologies 
and their potential utilization in the development of plant-
based biologics.

Prospects

Over the years, the biotechnology industry has overcome key 
challenges such as small-molecule resistance, identifying 
new phytochemicals with a new mode of action and find-
ing new druggable targets. Natural products are the base of 
novel therapeutic compounds and pose minimum adverse 
effects. Though the process of drug discovery is slow and 
time-consuming, recent advances in the plant-based bioman-
ufacturing system, the production and commercialization of 
herbal drugs and plant-made biologics have gained impetus. 
The advantages offered by the biopharming platform have 
provided scope for the development of plant-made cancer 
biologic which is the need of the hour. Many other medi-
cal conditions can be cured if the traditional and modern 
medical systems work synchronously through integrated 
approaches. Almost 80–90% of the world’s biodiversity 
is under-explored and can be a potential source of novel 
natural compounds and drug leads that can be efficiently 
used against emerging infectious diseases. Advanced plant 
production systems being low-cost systems with high safety 
and scalability also provide scope to produce plant biolog-
ics for controlling pandemic outbreaks. The current pan-
demic which occurred due to the outbreak of COVID-19 
has affected the whole world and there is an urgent need to 
develop a cure. Presently, a number of vaccines have been 
approved for clinical trials, many are in the pipeline, and 
some are already being tested on the patients. At this stage, 
plant-based biologics hold great potential in providing an 
efficient system to develop anti-viral vaccines against SARS-
CoV-2 for fighting the detrimental effects caused by this 
pandemic.
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