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ARTICLE INFO ABSTRACT

Azadirachta indica A. Juss. (Neem) is an Indian tree recognized for its activity as pesticide, as well as several
pharmacological properties. Among the various compounds already isolated and studied from Neem tree, aza-
Neem dirachtin (AZA) was identified as the main bioactive compound. Azadirachtin can be found at different parts of
Bioactive compounds the Neem plant but assumes its maximum concentration at the seed level. This compound features a quite
Er:r?:;?ndmacmnzamn complex chemical structure, which justifies the 20-plus-year difficulty to identify the synthetic pathway that
Quantification subsequently permitted to carry out its artificial synthesis. Azadirachtin is widely used as a basis for production

of biopesticides; nevertheless, other properties have been recognized for this substance, among which the an-
ticancer and antimalarial activity stand out. The methods available for azadirachtin extraction are diverse, in-
cluding solid-liquid extraction and extraction with solvents at high or low temperatures. Alcohol based solvents
are associated with higher extraction yields and are therefore preferred for the isolation of azadirachtin from
plant parts. Clean-up of the extracts is generally required for further purification. The highest azadirachtin levels
have been obtained from Neem seeds but concentration values present a large variation between batches.
Therefore, in addition to extraction procedures, it is essential to establish routine methods for azadirachtin
identification and quantification. Chromatography-based techniques are preferably selected for detection and
quantification of azadirachtin in plant matrices. Overall, this process will guarantee a future reproducible, safe
and effective use of the extracts in formulations for commercial applications.
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compounds that can be obtained from Azadirachta indica. Nevertheless,
this compound can also be isolated from other two species of
Azadirachta, A. excelsa and A. siamensis [3,5]. Azadirachtin is abun-

1. Introduction

Since primitive times, humans have been searching in nature for

resources that permit to improve life conditions and, consequently,
prolong life span. Some of the plants emerging today as potential
therapeutic agents were already recognized in the past; however, the
reason behind their therapeutic use was not fully understood at that
time. One of these plants is Azadirachta indica A. Juss., commonly de-
nominated as Neem tree, that has been used since very early times due
to its insecticidal potential and is currently emerging as a possible
therapeutic agent for various diseases (e.g. cancer) [1-4].
Azadirachtin (AZA) is a triterpenoid and one of the main bioactive

dantly present in mature seeds of Neem but is only detected at trace
amounts in plant leaves [3,6,7]. The potential to use AZA as an in-
secticide has already been duly tested and proven. More recently, new
perspectives have been advanced for AZA, namely the application in
therapy, making it a versatile compound and with extreme interest for
research [1,2,8-11]. In fact, AZA has been the object of intense research
over the past few years aiming at exploring all its useful properties,
namely those which directly benefit human health [3]. The main
challenges have been to determine the complete and accurate chemical
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Fruits

Neem tree

Fig. 1. The Neem plant and its components: tree, leaves, fruits, bark, flowers, seeds and oil.

structure of AZA and to synthesize artificially this compound [3,12-16].

Having this in mind, the main purpose of the present paper is to
provide a state-of-the-art review about azadirachtin, namely structure,
properties and applications, synthesis, extraction, identification and
quantification. The assembly of these data constitute a valuable plat-
form for the development of new therapeutic strategies based in aza-
dirachtin or derived compounds. Moreover, researchers working on
chemical analysis may obtain updated information on the methods
commonly applied for extraction and determination of azadirachtin in
different parts of the Azadirachta indica plant. This review is based on
information retrieved in a literature search performed on the ISI Web of
Knowledge search engine for papers containing the words “Azadirachta
indica”, “azadirachtin”, “Neem”, “Azadirachta indica extraction” “chro-
matography” or “HPLC” and published until 2018, with special em-
phasis in the time frame 2000-2018. A total of 91 papers were con-
sidered for this review.

”

2. Azadirachta indica

Azadirachta indica A. Juss (Fig. 1), commonly known as Neem or
Margosa, is a tree belonging to the Meliaceae family and the Rutules
order, used since the dawn of civilization and standing out as one of the
most versatile plants worldwide [1-3,5,9,17-20]. This tree is original
from India and the Southeast of Asia but nowadays its presence is
disseminated around the world, especially in tropical and subtropical
countries like Brazil [1-3,5,7,8,19-21]. Neem is characterized as a
perennial, small to medium-sized (10 to 15m) and fast-growing tree
[1,3,20,21]. Another worth mentioning feature is the ability of this tree
to survive in locations with high temperatures (until 50 °C), low annual
rainfall (400-800 mm per year), and poor and degraded soils [3,20,22].
On the other hand, the development of the Neem tree is hindered by
low temperatures, particularly below 14 °C, and frosts [23,24].

The Neem tree presents many additional features that make it a
desirable target of interest for research. The possibility to obtain var-
ious active compounds from leaves and seeds thus avoiding the need for
destruction of the whole plant represents an advantage [10,25]. On the
other hand, the high diversity of active substances that can be extracted
from the Neem tree, in opposition to plants where only one substance
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with activity is obtained, brings to this plant
[2,8,10,20,25]. Neem presents a high proportion of water-soluble
substances, which favors their easy extraction. Moreover, the majority
of these compounds is biodegradable being therefore harmless to man
and the environment [25].

Since early times, different parts of the Azadirachta indica plant,
including leaves, bark, fruits, seeds, roots and oil (Fig. 1), have been
used with multiple purposes, namely the treatment of human diseases
(e.g. malaria) and pest control due to its insecticidal action [1,2,8,26].
In fact, Neem can be considered one of the most versatile plants
worldwide, due to both its diverse therapeutic applications and the
variety of constituents that can be obtained from the plant which,
owing to their singular biochemical properties, are responsible for the
different observed activities [1,9,10]. The myriad of therapeutic ap-
plications attributed to Neem include abortive, analgesic, anti-hel-
minthic, antibacterial, antifungal, anti-hyperglycemic, anti-in-
flammatory, antiviral, antimalarial, diuretic, antipyretic,
antispasmodic, antispermatogenic, anticancer, hypercholesteremic,
antidiabetic, and immunomodulatory activities [1,2,10,20,27-29]. The
compounds responsible for each of the referred therapeutic actions are
extracted from different parts of the Neem tree [2,4,28,29]. The com-
pounds obtained from the leaves are described as being effective in the
treatment of anorexia and skin problems. The fruits are extensively used
as purgative and emollients, assuming great importance in the treat-
ment of intestinal and urinary problems, and also as anticancer agents.
Anti-inflammatory and antipyretic properties are assigned to com-
pounds obtained from leaves, seeds and oil [8,10].

3. Azadirachtin

Azadirachtin (AZA) is the most abundant and relevant compound
present in Azadirachta indica [3,6,7]. This compound can be found in
various parts of the Neem tree (seeds, callus, fruits and leaves) but the
concentrations are quite variable presenting values that range from ca.
0.25pgg ! in callus to ca. 48,000 ugg  in seeds (Table 1). Although
higher contents of AZA are generally observed in seeds, those values
exhibit discrepancy and have been reported in several studies [3,6,7].
This variation results from the fact that the development process of
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Table 1
Values for determination of azadirachtin content in different Neem parts.

Sample Concentration of AZA Country of origin Reference

Seeds 0.08% (w/w) India [37]
0.0867% (w/w) Togo West Africa [81]
752 ppm Germany [93]
0.56-0.30% (w/w) India [24]
0.21-5.13mgg ' India [94]
0.16-0.27% (w/w) Brazil [82]
0.20-0.51% (w/w) Brazil [72]
0.08-0.095% (w/w) India [86]
0.476-3.09mgg ' Sudan [95]
142-9527 pgg " India [32]
2.24gkg ! Senegal [96]
5419.08 pgug ! Mali [73]
5419.08 ugg ! India [89]
3862.9-48,521 ugg ! China [75]
6.5-8.2mgg ' China [33]

Callus 0.00005% (w/w) Togo West Africa [81]
0.2470pgg ' India [97]

Fruits 0.431% (w/w) Brazil [68]

Leaves 182.42pgug ! Mali [73]
182.42pgg ! India [89]
969.9-5419.08 ug g~ China [75]

Neem trees is influenced by a myriad of factors, namely geographic
area, climate, genetic variability, agronomic conditions, plant mor-
phology and physiology, collection and storage of plant material
[30-32]. Kaushik et al. [31] and Tomar et al. [32] analyzed trees from
different regions of India and significant differences were observed in
the AZA content of seeds collected in different regions. Furthermore,
Kaushik et al. [31] evaluated the effect of climatic conditions in the
AZA content of seeds and observed that the AZA values of samples
retrieved from semi-arid regions subject to mild winters were statisti-
cally different from the values observed in hot sub-humid, hot arid and
hot semi-arid with cold winter regions. On another study, Zheng et al.
[33] demonstrated that the season and the ecosystem properties af-
fected the neem seed yield and, in a less extent, the AZA content. In
fact, the AZA quantity obtained in seeds was mostly influenced by
precipitation, with lower values observed in the rainy season [33].

The procedure and the time of collection of plant material can also
influence AZA concentration. In the case of seeds, AZA concentration is
maximized when clean and healthy seeds are collected [30]. Indeed,
several authors have reported that mechanical damage, insect infesta-
tion and fungal infection of seeds were associated with the extraction of
reduced AZA quantities [30,34]. One the other hand, leaves should be
collected when flowers have not yet flowered, and fruits only when
20% of fruit surface is yellow or 75% are physiologically ripe but still
green [30]. The storage time of plant constituents also affects the AZA
concentration, being observed the content of this limonoid decreases
proportionally with time.

Since its isolation for the first time in 1968 and over the years, AZA
has been the subject of intense research, particularly of biological,
synthetic and structural studies [7,11,16,26,35]. The increasing interest
in AZA is mainly due to the unique and particular properties of this
compound, including broad spectrum of activity even when present in
trace amounts, no or low toxicity to mammals, complex structure which
makes its synthesis an intense challenge, and attractive biological
properties. The biologically relevant activities attributed to AZA in-
clude the application as a biopesticide, given its non-toxicity to human
beings, and also the use as a therapeutic agent [2-4,7,20,36].

3.1. Chemistry
Azadirachtin (AZA, Fig. 2) is a tetranortriterpenoid of the class of

limonoids that presents the chemical formula C3sH440,6 and a mole-
cular weight of 720.71 g mol 113,6,7,24,37,38]. AZA is closely related
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Fig. 2. Chemical structure of azadirachtin — C35H4406.

with other compounds obtained from the seeds of Neem, namely
nimbin and salanin [3,7].

The currently known chemical structure of AZA was first described
in 1976 but validation of the proposed structure was required
[3,12-14]. It was the application of NMR and X-ray crystallographic
analysis that permitted to confirm and recognize the proposed chemical
structure for AZA (Fig. 2) [3,12-14]. AZA is a highly oxidized com-
pound that presents an extremely complex structure with a rigid con-
formation due to the presence of intramolecular hydrogen bonds and a
large number of reactive functional groups in extremely close positions
[7,16,39]. In addition to a rigid conformation, AZA has a particular set
of oxygenated functionalities [16]. The chemical structure of AZA
comprises sixteen stereogenic centers, seven of which are tetra-
substituted carbon atoms and nine are disubstituted carbon atoms
[3,16,26,39]. Additionally, the structure of AZA comprises sixteen
oxygen atoms arranged in four ester groups, one hemiacetal group and
one epoxide group, two hydroxyl groups (secondary and tertiary) and
one dihydrofuran group [3,16,26,39].

AZA is obtained from Neem seeds being extracted via multiple
fractionations using suitable solvents. This process produces a micro-
crystalline powder with a molecular weight of 720.71 g mol ~ !, melting
point at 154-158 °C and a maximum absorption in the ultraviolet re-
gion (UV) at 217 nm [3]. When a high purity compound is desired, the
initially obtained extract has to be submitted to a purification process.
Preparative HPLC is most commonly applied procedure for AZA pur-
ification resulting in a pure crystalline powder with a melting point of
160°C [3]. The compound AZA exhibits hydrophilic character (log
P = —0.13), presents moderate solubility in water and high solubility
in polar organic solvents, and is photosensitive and non-volatile [3,16].
The stability of AZA is highly conditioned by physicochemical condi-
tions. AZA is unstable under extreme acidic conditions, essentially due
to the presence of its enol ether, under basic conditions and when
submitted to high temperatures [11,16]. In contrast, several studies
have demonstrated the basic skeleton of AZA to be remarkably stable
under the influence of high temperatures, property evidenced when
pyrolysis of acetic acid adduct was performed [11].

The sensitivity of AZA to acid, base and light leads to the necessity
to incorporate an UV filter, such as para-aminobenzoic acid, in com-
mercial formulations in order to reduce any risks of alterations which
may jeopardize its activity [39]. Moreover, due to its particular prop-
erties, this molecule has a high propensity for rearrangements [16].
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3.2. Toxicity

Azadirachtin is a biodegradable compound which potentiates its
application as a pesticide and exhibits very low toxicity to mammals
[3,7,40]. AZA acts as an insect growth regulator as it interferes with the
activity of ecdysone, an insect hormone [41]. This action is a con-
sequence of the similarity between the chemical structure of AZA and
the insect hormone resulting in modifications in larval metamorphosis
[41]. The LDs is variable among different species of insects and ranges
between 1 and 4 pg of AZA per gram of insect [25,36].

AZA exhibits low toxicity to mammalian species with a LDso of
5000 mgkg ! in rats and an estimated safe chronic dose for human
consumption of 15mgkg ' bw day ! [42-44]. In rats, AZA causes an
increase of the albumin and protein content and of blood urea and
glucose levels [42]. The use of high doses of AZA during gestation has
produced mild foetal skeletal variations in rats. On the other hand, the
use of low doses of this compound has produced no morphological,
visceral and skeletal changes in rat foetuses [45]. Furthermore, AZA is
toxic to aquatic organisms, especially when high doses are administered
[46,471.

3.3. Biological activities

The biological properties of AZA have been extensively studied over
the years. Among the various properties assigned to this compound, the
antifeedant activity stands out as the most important, which may ex-
plain its widespread use as insecticide. However, other biological ac-
tivities have been associated with this compound, such as the anti-
microbial, particularly the antimalarial, and anticancer activities.

AZA has presented promising results as a chemo-preventive agent.
This activity is attributed to its ability to induce anti-proliferative ef-
fects in proteins involved in the cell cycle, transduction, and apoptosis
[4,5,8,48]. AZA induces apoptosis by a mitochondrial pathway or by
engagement of death receptors [5,48]. The presence of AZA reduces the
Bcl-2/Bax ratio, factor which increase is associated with the presence of
tumor cells [5,49]. The decrease in Bel-2/Bax ratio occurs via activation
of a series of pro-apoptotic factors and inhibition of anti-apoptotic
factors that are important for the control of cancer [5]. This decrease in
Bcl-2/Bax ratio is accompanied by increased expression of Apaf-1 and
caspase-3, leading to a downregulation of proliferating cell nuclear
antigen, which in turn leads to fragmentation and condensation in-
dicating apoptosis [4,5,48]. The mechanism by which AZA exerts its
anti-carcinogenic effect is equivalent to the one described for nimbo-
lide, a compound that is also isolated from Neem [4,5,48]. In addition
to the above mentioned mechanism, NF-kB has been also reported as a
target in the control of tumor growth [5,48,50]. AZA also acts on TNFa,
a pro-inflammatory cytokine playing a predominant role in signaling
pathways of inflammation, apoptosis and carcinogenesis [5,50]. In this
case, AZA has been reported as able to inhibit the biological activities
induced by this cytokine [5,50]. The mechanism of inhibition is related
with the obstruction of IKK activation by AZA, which is followed by the
degradation of IkBa [5,50]. Other studies report that AZA may also
interact with TNF receptors (TNFRs), inhibiting the binding of TNF
signaling through activation of the IKK downstream, IkBa degradation,
nuclear translocation of p65 and gene transcription-dependent NF-kB
[5,50]. In this way, by blocking the TNFa receptor, AZA inhibits the
activation of NF-kB and is thus able to perform an effective control of
inflammation [5,50].

In addition to its anti-carcinogenic effect, azadirachtin has been
extensively associated with antimalarial activity [1,8,20,27]. This an-
timicrobial property is attributed to the capacity of AZA to block the
formation of microtubules in the development stages of the parasite
responsible for malaria pathology [1,3,20,51].

In spite of the remarkable therapeutic applications, AZA and other
compounds isolated from Neem have been mainly used as insecticides,
since their discovery [3]. Over the years, the investigation on AZA
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pesticide activity has increased dramatically [52]. AZA presents a set of
characteristics that permit to consider it an excellent insecticide, par-
ticularly a biopesticide. Among such characteristics, the broad spectrum
of activity stands out, as well as the absence of toxicity to man and the
environment [3,7,40]. The effect of AZA on insects is variable and in-
clude modifications in the ingestion or growth processes [3,7]. Other
effects have been attributed to the presence of AZA, in particular, the
repellence of adult insects, which leads to the decrease of eggs, thus
preventing insects proliferation [3,7].

The recognition of structure-activity relationships is crucial to
clearly understand the molecular requirements behind the occurrence
of the bioactivities of AZA [39]. In the case of antifeecedant activity, the
structure-bioactivity relationship has been studied over the years by
several authors, who concluded that AZA molecular modifications and/
or reactions did produce different responses in the observed activities.
One of the described reactions consists of a hydrogenation in the ole-
finic bond of the AZA dihydrofuran ring, thus producing a tetrahydro-
derivative, more stable in acidic and photo-oxidative conditions than
AZA, and with significant antifeedant activity [39,53,54]. Moreover,
Rembold et al. [53,54] observed that the presence of this derivative did
not influence AZA inhibiting activity of the metamorphosis of Epilachnu
variuestis and Locusta migratoriu. In other study conducted by Morgan
[55] the above mentioned derivative, as well as the deacetylated one,
were reported as potent antifeedants against desert locusts. In addition,
the same study revealed that the occurrence of acetylation and/or tri-
methylsilylation of AZA hydroxyl groups originated compounds with
reduced antifeedant effect on S. gregaria. In order to achieve its max-
imum activity as an insecticide, the AZA molecule must present both a
lipophilic and a hydrophilic side containing hydroxyl groups [39,56].
On the other hand, the presence of carbon-carbon double bonds and
acetyl groups are not necessary for this type of biological activity
[39,56].

3.4. Biosynthesis and artificial synthesis

Azadirachtin (AZA) is produced through a rather complex biosyn-
thetic pathway in which the steroid tirucallol is identified as the main
precursor [36,39,40,57]. Indeed, tirucallol is the main precursor of the
majority of secondary metabolites of the Neem tree. Tirucallol consists
in two units of farnesyl diphosphate, in order to form C30 triterpene
that subsequently loses three methyl groups and originates a C27
steroid [57]. The biosynthesis of AZA (Fig. 3) probably results from the
degradation of tirucallol that gives raise to butyrospermol through
allylic isomerization [39,57,58]. Subsequently, a series of oxidation
reactions occurs and, after rearrangement through a shift of Wagner-
Meerwein 1,2 methyl, apotirucallol is formed [39,57,58]. The limo-
noids, in particular the tetranortriterpenoids such as azadirachtin, are
formed by cleavage of the four carbon atoms of the side chain terminal
of apotirucallol [57,58]. The remaining atoms forming the side chain of
this intermediary originate a furan ring through cyclization. This mo-
lecule is then oxidized and gives raise to the formation of azadirone and
azadiradione [57,58]. The third ring of azadirone and azadiradione is
further cleaved and oxidation occurs leading to the formation of C-seco-
limonoids, namely salannin. Finally, salannin is oxidized and cyclized
and gives raise to the formation of AZA [39,57,58].

Chemical synthesis of azadirachtin in the laboratory is a complex
and difficult process [3,15,16]. This is mainly due to AZA chemical
particularities, especially the sensitivity to alkaline media, the presence
of hydrogen bonds and a complex internal structure [3,11,16]. Due to
these constraints, the synthesis of AZA took about 20 years to be com-
pleted and only in 2008 it was possible to effectively conclude the
process of artificial synthesis of AZA [3,11,16,26]. Several authors have
proposed a mechanism of synthesis in which AZA is obtained from a
parent compound named vepaol, which was previously formed also by
chemical synthesis [11,26]. Nevertheless, other synthesis approaches
have been proposed, including a method of synthetic
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Fig. 3. Biosynthetic pathway leading to the formation of azadirachtin [57]. Reproduced with kind permission from John Wiley & Sons, Inc.

retrotransformation, in which the final formed product AZA can be
converted back to its precursors [3]. Thus, after a long period of
20 years of research, the synthesis of AZA at the laboratory level was
possible, being performed in 71 steps, with a yield of 0.00015% [3,15].
This long process of research brought added value to the field such as
the possibility to artificially obtain five other products that occur
naturally and are closely related with AZA [3].

In the AZA synthesis pathway proposed by Ley and his collabora-
tors, the first step consists in producing a suitable decalin fragment
obtained by coupling two quaternary carbon centers, in order to form
the extremely hindered bond between C8 and C14 [16,35,59,60]. The
synthesis of this decalin fragment represents one of the biggest chal-
lenges in the artificial synthesis of AZA, because this process comprises
ten contiguous stereocenters and a complex oxygenation [35,59]. Fur-
thermore, the formation of this decalin fragment is only possible after
the completion of 31 steps. In the next stage, a bond between C8 and
C14 is formed [16,35,59,60]. First, an O-alkylation reaction occurs to
connect the decalin ketone and the propargylic mesylate fragments.
After this reaction, the C8-Cl4 bond is formed by a Claisen
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rearrangement. Subsequently, the allene previously formed enables
another carbon-carbon bond formation reaction [16,35,59,60]. This
sequence of reactions involves the cyclisation of the 5-exo-radical to
produce a bicyclic system. Finally, additional reactions and processes
take place to complete the synthesis of AZA and obtain the final product
[16,35,59,60].

3.5. Extraction

As mentioned before, azadirachtin (AZA) is mainly extracted from
the seeds of Neem, that constitute the plant portion presenting higher
content of this compound [3,6,7].

The methods for extraction of AZA from the Neem tree are diverse
and the selection of the appropriate extraction technique does not seem
to be influenced by the part of the plant from which the target analyte
will be isolated (Table 2). In fact, the same extraction methods have
been applied to the separation of AZA from different portions of the
Neem plant. Solid-liquid extraction is commonly used to treat both
seeds, leaves and bark [38,61,62]. Other techniques are also frequently
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Table 2
Summary of extraction methods used for the isolation of azadirachtin from Neem tree.
Sample Extraction method Extraction time Solvents Identification method Reference
Seeds Soxhlet extraction 24-72h Methanol HPLC-UV [37]
Schroeder and Nakanishi method 30 min Ethanol
Seeds Solid-phase extraction n.a. n.a. SEC [67]
Dry seeds kernels Solid-liquid extraction 24h Methanol HPLGC-UV [38]
Cold extraction na. Ethanol HPTLC
Extraction ~2h and 10 min GC
Leaves, fruits, flowers and stem bark  Maceration 7d Methanol n.a. [66]
Baking 6-8h Hexane
Ethanol
Leaves Percolation, decoction, freeze drying or spray 6h Water TLC [65]
drying Methanol
Maceration 7d
Soxhlet extraction na.
Leaves Cold extraction 48h Petroleum ether n.a. [64]
Reflux extraction 15h Hexane
Soxhlet extraction 48h
Leaves Solid-liquid extraction n.a. Methanol n.a. [62]
Bark Solid-liquid extraction n.a. Absolute ethanol Spectrophotometric method [61]
Shaking Methanol
Reflux
Qil Solvent precipitation n.a. Hexane HPLGC-UV [85]
Fruits Percolation n.a. Hexane HPLC-UV [22]
Methanol TLC [75]
Seeds Extraction with different solvents na Water HPLC-UV [73]
Organic solvents LC-MS/MS
Aqueous salt solutions
Seeds Pressurized Liquid Extraction n.a. n.a. HPLC-UV [63]
Maceration 3d Methanol
Seeds Cold-pressing n.a. Hexane HPLC-UV [74]
Soxhlet extraction 4h
Supercritical CO, extraction 4h
Fruits Ultrasound-assisted extraction 30 min Ethanol HPLC-UV [68]
Seeds and leaves Solid-phase extraction n.a. Methanol LC-MS [75]

GC, Gas Chromatography; HPLC, High-Performance Liquid Chromatography; HPTLC, High-Performance Thin Layer Chromatography; LC, Liquid Chromatography;
MS, Mass Spectrometry detection; MS/MS, Tandem Mass Spectrometry detection; n.a., not available; SFC, Supercritical Fluid Chromatography; TLC, Thin Layer

Chromatography; UV, Ultraviolet detection.

applied such as maceration or temperature based extraction with sol-
vents [38,63-65]. The majority of processes used for AZA isolation are
time-consuming with extraction periods ranging from minutes to days.
Maceration is the longer process requiring approximately 7 days for
compound removal [37,38,61-67]. On the contrary, the methods in-
volving shorter times for extraction, i.e. 30 min, are the Schroeder and
Nakanishi technique and ultrasound-assisted extraction [37,38,61-68].
The procedures for extraction of AZA generally involve the use of
multiple solvents in order to ensure that only the target compound is
extracted and to maximize recovery percentages [7,69]. Recent studies
have reported different percentages of AZA recovery according to the
solvent used thus indicating the utmost importance of adequate solvent
selection. Another relevant factor that influences the selection of the
extraction solvent is the intended purity grade [7,69]. Due to the
moderate solubility of AZA in water, the aqueous extraction of this
triterpenoid often results in lower recovery percentages and requires
large amounts of water. On the opposite, due to the high solubility of
limonoids in organic solvents, the removal of AZA from the different
plant parts with alcohol solvents is very efficient, reaching extraction
yields 50 times higher than water extraction [41]. Indeed, the majority
of published studies report the use of alcohols, namely methanol an
ethanol to perform the extraction of AZA from the Neem tree parts
(Table 2). Additionally, hexane is also used to extract the oil from Neem
and to remove non-polar compounds from AZA extracts [41].

After isolation of the active compound from the plant portions, there
is generally the need to clean-up the extract in order to increase the
purity of the target substance [3,7,69]. Several techniques are available
for the purification of plant extracts, being preparative high-perfor-
mance liquid chromatography (HPLC) the most commonly applied. The
compound resulting from this procedure may be further purified by
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other techniques such as high-speed countercurrent chromatography,
medium-pressure liquid chromatography and microwave-assisted ex-
traction [7,22,25,69-71].

In order to verify if the target compound has been efficiently ex-
tracted and purified, identification assays are often performed. In the
case of AZA, different methods have been reported to perform its
identification, including HPLC [22,37,38,63,68,72-75], spectro-
photometry [61], thin-layer chromatography (TLC) [22,38,65,72], and
gas chromatography (GC) [38]. Furthermore, HPLC has been frequently
associated with UV detection as a standard technique for identification
of AZA [22,37,38,63,68,72-75].

3.6. Methods of analysis

Several methods have been described for the identification and
quantification of azadirachtin in plant extracts. Comprehensive
methods, namely liquid chromatography coupled to different detection
systems, are preferably applied for AZA determination [24,40].
Nevertheless, other analytical approaches can be also employed such as
colorimetric based techniques [7,71,76]. Dai et al. [76] developed a
colorimetric method based on the addition of an acidified vanillin so-
lution in methanol that permitted to detect the presence of AZA and
other limonoids in Neem seed kernel extracts but did not allow the
individual quantification of each target compound. Other authors pro-
posed an immunoassay for the determination of AZA, particularly the
quantitative enzyme-linked immunosorbent assay (ELISA) [77].

In what concerns chromatographic techniques, the majority of stu-
dies report the application of High-performance Liquid
Chromatography (HPLC) for the analysis of AZA [7]. However, other
chromatography-based techniques can be also employed and have been
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Table 3

Summary of analytical methods using UV-Vis detection for the quantification of azadirachtin in different Neem samples.

Reference

Linear range

LOD and LOQ

Separative technique Detection wavelength  Stationary and mobile phases

Sample

[37]

31.25-250 yg mL~*
5ng - 2mg

n.a.
n.a.

n.a.

RP-C18 Bondapak column; MeOH:water (60:40, v/v)

217 nm

HPLC

Seeds

[81]

Supelcosil LC-18 RP-HPLC column; ACN:water:0.1% TFA in gradient elution
Phenomenex Primesphere RP-C18 column; ACN:water in gradient elution

Novapak RP-18 column; ACN:water (40:60, v/v)

217 nm

HPLC

Callus

[93]
[38]
[70]
[24]
[25]
[98]
[94]
[6]

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

220 nm

HPLC

Seeds commercial formulations

Seeds
Seeds
Seeds

0il

214 nm

HPLC

n.a.

LiChrosphere 100 RP-18e column; MeOH:water (50:50, v/v)

217 nm

HPLC

n.a.

‘Waters Spherisorb C8 column; ACN:MeOH:water (23:25:55, v/v/v)

220 nm

HPLC

n.a.
n.a.

Interchim Uptisphere ODSB column; ACN:water in gradient elution

215nm

HPLC

Supelcosil LC-8 stainless-steel column; MeOH:water (50:50, v/v)

Nova Pak RP-C18 column; ACN:water (10:90, v/v)
Agilent C18 column; ACN:water (40:60, v/v)

217 nm

HPLC

Seeds

n.a.

214nm

HPLC

Seeds and leaves

Leaves

n.a.

217 nm

HPLC

[22]
[82]

n.a.

25ngmL ™" (LOD)

Phenomenex-Luna II RP C18 column; ACN:MeOH:THF:water (34:4:1:61, v/v/v/v)
Phenomenex-Luna IT RP C18 column; ACN:MeOH:THF:water (34:4:1:61, v/v/v/v)
Phenomenex-Luna II RP C18 column; ACN:MeOH:THF:water (34:4:1:61, v/v/v/v)

217 nm

HPLC

Leaves, stem, flowers and fruits

Seeds and oil

Seeds

217 nm

HPLC

5.0-60.0 yg mL ™!

3.8 and 1.3 pg mL~*

[72]

5.0-60.0 ugmL ™' (AZA-A)

2.5ngmL " and 1.5pgmL ™}

217 nm

HPLC

2.5-50.0 ugmL ™! (AZA-B)

10-50.0 ygmL ™"

[85]
[86]
[63]
[97]
[68]

n.a.

Phenomenex-Luna II RP C18 column; MeOH:water (50:50, v/v)

LiChrospher C18 column; ACN:water (60:40, v/v)

215nm

HPLC

Oil

50-200 yg mL~*

n.a.

8 and 29 ng

n.a.
n.a.

220 nm

HPLC

Seeds

Purospher-Star RP 18e column; ACN:water (35:65, v/v)
Bondesil RP-C18 column; MeOH:water (50:50, v/v)

217 nm

HPLC

Seeds

0-0.4pugL~"

217 nm

HPLC

Callus
Fruits

31.25-1000 g mL~*

8.06 and 26.88 ygmL ™!

Zorbax Eclipse Plus Agilent C18 column; ACN:water (40:60, v/v)

214 nm

HPLC

ACN, acetonitrile; HPLC, High-Performance Liquid Chromatography; LOD, limit of detection; LOQ, limit of quantification; MeOH, methanol; n.a., not available; TFA, trifluoroacetic acid; THF, tetrahydrofuran.
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developed for AZA detection, namely Gas Chromatography (GC) and
Thin-Layer Chromatography (TLC) [3,6,38]. Ermel et al. [78] used TLC
coupled with fluorescence for the determination of AZA recovered from
seeds of Azadirachta indica. Some studies [38,40,52,79] reported the
use of Supercritical Fluid Chromatography (SFC) to perform both
qualitative and quantitative analysis of AZA. Due to the non-volatility
and medium polarity of AZA, reversed-phase liquid chromatography is
often the method of choice to perform the separation, identification and
quantification of this substance [3]. This fact is depicted by the high
number of published papers reporting the use of reversed-phase HPLC
for AZA analysis in plant extracts (Table 3). Mobile phase often com-
prises a mixture of water and an organic solvent, particularly acetoni-
trile or methanol (Table 3). Many studies have described the use of a
mixture containing acetonitrile and water in the proportion 40:60 (v/v)
for the determination of AZA [6,25,68,76,80-84]. The adjustment of
mobile phase pH is generally not required as the AZA molecule presents
a single form, i.e. the neutral form, for pH values up to 8 (Fig. S1). The
use of water-organic solvent mixtures permits to guarantee that the pH
of the mobile phase is within the range at which the neutral form of
AZA prevails. For pH values above 10 other species prevail, namely
negatively charged species (Fig. S1). Separation at these higher pH
values is not recommended to prevent damaging the chromatographic
column.

Chromatographic separation of AZA has been performed in isocratic
and also in gradient mode. The selection of isocratic elution was gen-
erally associated with a faster analysis and lower retention times being
therefore the preferred mode of analysis in most studies
[6,22,24,37,38,73,74,76,82,85,86]. On the other hand, elution in gra-
dient mode generally resulted in longer chromatographic runs limiting
its application [25,81,87,88]. Barrek et al. [25] used a column with the
dimensions of 250 X 4.6 mm and elution in gradient mode resulting in
a retention time of 21.3 min for AZA. On the other hand, Dai et al. [76]
used a column with the same dimensions but elution was performed in
isocratic mode leading to a lower retention time for AZA (10.2 min)
and, thus, faster analysis. Furthermore, Kaushik and collaborators [38]
performed chromatographic separation using a column with smaller
dimensions (150 X 3.9 mm) and isocratic elution and were able to se-
parate AZA within 3 min.

Different detection systems can be coupled to chromatographic se-
paration being UV—Vis spectrophotometry commonly employed due to
availability of this type of detector in laboratories worldwide. AZA
presents maximum absorption at low wavelength values (<220 nm)
where a large number of other compounds, including solvents, also
absorb and may hamper AZA determination [3]. In fact, the AZA mo-
lecule does not possess strong UV absorbing chromophores. Never-
theless, UV-Vis detection after HPLC separation has been performed at
wavelength values ranging between 214 and 220 nm (Table 3) and the
majority of studies report the detection of AZA at 217 nm as the wa-
velength permitting to maximize sensitivity [6,22,37,40,70,80,82].

Liquid chromatography with UV-Vis detection has been applied to
detect and quantify AZA in extracts from different parts of the Neem
plant. The majority of studies described the analysis of sample extracts
obtained from seeds and leaves, particularly hydro-alcoholic extracts
[22,24,37,38,40,70,72,76,80-82]. On the contrary, Neem oil seems to
be the least studied plant portion and, consequently, the accurate
amount of azadirachtin present in this sample is not yet fully known
[25]. Other studies have focused on the analysis of AZA in commercial
formulations contain Neem oil [83,84].

In recent years, liquid chromatographic methods coupled to mass
spectrometry and also tandem mass spectrometry detection (LC-MS and
LC-MS/MS, respectively) have gone through major developments and
are increasingly becoming the most commonly employed analytical
strategies for AZA detection and quantification in real matrices
[22,25,72,73,75,81,82,89]. The combination of both techniques offers
the possibility of taking advantage of chromatography as a separation
technique and MS as an unequivocal identification and quantification
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Table 4

Summary of analytical methods using mass spectrometry detection for the quantification of azadirachtin in different Neem samples.

Reference

Linear range

LOD and LOQ

Stationary and mobile phases

Separative Tonization system/SRM

technique

Sample

[81]

5ng-2 mg

n.a.

Supelcosil LC-18 RP-HPLC column; ACN:water:0.1% TFA in gradient

elution

APCI*; m/z 703 > 685

HPLC

Callus

[25]
[22]

n.a.

Interchim Uptisphere ODSB column; ACN:water in gradient elution
Phenomenex-Luna II RP C18 column; ACN:water (40:60, v/v)

ESI*, ESI™, APCI*, APCI~

HPLC

Oil

n.a.

25ngmL™ 1 (LoD)

ESI”: m/z 719 > 486, m/z 719 > 211

HPLC

Leaves, stem, flowers

and fruits

Seeds and oil

5.0-60.0 pg mL~* [82]

3.8 and 1.3ugmL"*

Phenomenex-Luna II RP C18 column; ACN:MeOH:THF:water (34:4:1:61,

V/V/VIY)

ESI™; m/z 719 > 687, m/z 719 > 659,

m/z 719 > 641, m/z 719 > 535
ESI~; m/z 719, m/z 661

HPLC

[72]

5.0-60.0 pg mL~* (AZA-A)

2.5ngmL~* and
1.5ugmL™"

Phenomenex-Luna II RP C18 column; ACN:MeOH; THF:water (34:4:1:61,

v/v/vY)

HPLC

Seeds

2.5-50.0 yg mL ™' (AZA-B)

0.10 and 1.5pgmL~*

Phenomenex-Luna II RP C18 column; MeOH:ACN:THF:water

(36.75:7.35:4.9:51, v/v/v/v)

0il

[73]

n.a.

n.a.

Pursuit 5 C18 column; ACN:water both containing 0.3% acetic acid
(80:20, v/v)

ESI™; m/z 719 > 485, m/z 661 > 535

HPLC

Seeds

[89]

3-40ugmL~*

17 and 156 pg

Shimpack ODS III C18 column; ACN:water with 10 mM ammonium
acetate, both containing 0.1% formic acid, in gradient elution

ESI™; m/z 703 > 567, m/z 685 > 585

UHPLC

Leaves, bark and seeds

[75]

23.44-3000ng mL ™~ (AZA-A)

0.45 and 1.35ngmL ™’

(AZA-A)

Zorbax Eclipse XDB C18 column; ACN:water with 10 uM sodium acetate

in gradient elution

ESI™; scan mode

HPLC

Leaves and seeds

18.75-1200ng mL~* (AZA-B)

0.34 and 1.04 ngmL ™!

(AZA-B)

ACN, acetonitrile; APCI, atmospheric pressure chemical ionization, ESI, electrospray ionization; HPLC, High-Performance Liquid Chromatography; LOD, limit of detection; LOQ, limit of quantification; MeOH, methanol;

n.a., not available; SRM, selected reaction monitoring; TFA, trifluoroacetic acid; THF, tetrahydrofuran; UHPLC, Ultra-High Performance Liquid Chromatography.
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tool. Indeed, LC-MS and LC-MS/MS techniques enable the screening,
confirmation and quantification of multiple components within a single
analysis. Moreover, the use of MS as detection system permits the
achievement of low limits of detection. LC-MS analysis of plant extracts
targeting the quantification of AZA has been generally conducted using
electrospray ionization (ESI) and, in some cases, using atmospheric
pressure chemical ionization (APCI). Negative ionization mode was
used in the majority of the published studies (Table 4). AZA seems to be
easily ionized into a negatively charged ion [M-H] ~ at m/z 719 that is
subsequently used as precursor ion for the selected reaction monitoring
(SRM) of specific mass transitions. In negative ionization mode, product
ions resulting from the loss of a molecule of methanol (m/z 687) or a
molecule of acetic acid (m/z 659) have been observed [72,82]. More-
over, in positive ionization mode, the formation of adduct ions with
sodium (m/z 743) or potassium (m/z 759) and ions resulting from the
subsequent loss of water molecules (m/z 703 and m/z 685) has been
often reported [81,89].

The limits of detection (LOD) attained by chromatography techni-
ques with mass spectrometry detection reached values in the ng mL !
to low pg mL ! levels (Table 4). When UV-Vis detection was used,
higher LODs in the pg mL ™! level were obtained, with values ranging in
most cases from 1.3 to 27 ug mL ™! (Table 4).

4, Other limonoids

Limonoids are the compounds most commonly found in the Neem
tree [3,85]. The literature describes a huge diversity of limonoids but
the most abundant are azadirachtin A (azadirachtin), salanin, nimbin,
azadirachtin B (3-tigloylazadirachtol) and azadirachtin D (1-acetyl-3-
tigloyl-11-hydroxymeliacarpin) [3,29,85]. Rembold et al. [54,90] in-
troduced the designations azadirachtin A, B, C and D and considered
these four compounds as isomers of AZA [3,22,72]. However, sub-
sequent studies describing in detail the chemical structure of these four
compounds concluded that those designations and the identification as
isomers had been incorrectly assigned. In fact, these compounds did not
belong to the same chemical group and thus could not be considered
isomers [3,22,72]. Azadirachtin A (AZA-A) and B (AZA-B) are often
analyzed simultaneously due to their similarity in structure and high
abundance in the Neem plant [3,22,72]. The limonoid AZA-A is iden-
tical to azadirachtin and therefore is usually designated by the original
name azadirachtin [3,22,72,83,85,91]. The accurate chemical structure
of AZA-B was firstly described by Kraus et al. [92] that designated this
compound as 3-tigloylazadirachtol, name that prevails until today.
Nevertheless, the designation AZA-B is accepted and commonly used
[3,22,72,83,85].

5. Conclusions

The evolution of the modern society demands to search for new
therapeutic solutions to new and also old pathologies. These ther-
apeutic solutions may be provided by natural and underexploited
sources featuring high potentialities such as plants. Azadirachtin and
Neem are emerging as a good example of this.

The intense years of research on the Azadirachta indica A. Juss
(Neem) tree, and in particular on its main bioactive compound aza-
dirachtin, suggest that this plant is indeed a source of singular sub-
stances whose features can be used to benefit human life. At the be-
ginning, only the activity of AZA as a biopesticide was recognized.
Studies performed later evidenced interesting therapeutic applications
for AZA, namely anticancer and antimicrobial capacities. Nevertheless,
the knowledge on the bioactivities of Neem and AZA should be further
investigated in order to take the best advantage of the potential benefits
of these compounds.

On the other hand, the identification and quantification of the ac-
tive compounds present in the different parts of the Neem tree are es-
sential for a better recognition of their properties and potentialities. The
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comparison of the different studies describing methods for analytical
determination of AZA in plant matrices suggests there is not a specific
extraction method to each part of the Neem tree. Nevertheless, it is
possible to identify the methods most frequently applied for extraction,
purification and determination of AZA which are, respectively, solid-
liquid extraction, preparative chromatography and HPLC.
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