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1. Introduction
The worldwide search for new fuel sources has grown during the last decades due to two
main factors: the global concern about environmental issues and the high price of petrole‐
um. Biodiesel is a type of biofuel that is already used in many countries, and its usage will
most likely increase over the next few years. Biodiesel can be produced using different tech‐
nologies and raw materials, such as vegetable oils, animal fats and microalgae oil. However,
despite the wide range of oil sources for biodiesel production, vegetable oils are primarily
used for this purpose. The choice of oilseed to be planted for biodiesel production depends
on many factors, including the regional climate and soil conditions. The biodiesel industries
in the US primarily use soybean oil, whereas in Europe, rapeseed is primarily used for bio‐
diesel production. In tropical countries, biodiesel is produced from plants that grow in these
tropical areas, such as palm, physic nut and castor bean.
In addition to biodiesel production using vegetable oils, the by-products generated at differ‐
ent steps during the production process have garnered increasing attention. Some of these
by-products are generated in large amounts, making it both economically necessary and in‐
teresting to find a use for them. Currently, the residual cake, also known as the seed cake or
press cake, has been shown to be a noteworthy by-product. The seed cake consists of the or‐
ganic waste obtained during the oil extraction process by the pressing of seeds. Large
amounts of residual cakes are generated during the oil extraction process. For example, for
each ton of castor bean pressed for oil, a half-ton of cake is produced [1]. The residual cake
can be used as fertiliser because of the macro- and microelements composition. Moreover,
the protein content makes it useful as a component of animal feed.
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Several countries from South and Central America and Asia are attempting to use new oil‐
seed sources for biodiesel production. Two of the oilseeds that are expected to be used for
this purpose are the castor bean (Ricinus communis) and physic nut (Jatropha curcas). The oil
properties of these seeds are well known, and many processes have been developed to pro‐
duce biodiesel from these seeds. However, the large amount of residual cakes that are pro‐
duced during the biodiesel production process and how to dispose of or use these cakes
remain a problem. Both the castor cakes (castor bean) and Jatropha cakes (physic nut) have
great potential for use as fertilisers. Castor cakes are rich in macroelements, including N, P,
K, Na, Mg and S, and were shown to supplement the nutritional requirements of plants, re‐
duce the soil acidity by increasing the pH, increase the carbon content, reduce the presence
of nematodes and promote overall soil health [2]. Jatropha cakes are already used as green
manure, also because of the N, P and K content [3]. It is expected that the castor and Jatro‐
pha cakes can be used as animal feedstock. These oilseed cakes are high in protein; there‐
fore, their use as an animal food supplement is highly desirable. However, the presence of
toxic substances in the seeds of R. communis and J. curcas restrict the use of the residual cakes
as feedstock. Many detoxification processes have been described to render castor and Jatro‐
pha cakes edible. However, there is currently no recognized standard and safe methodology
that could be used in the industry. Most of the detoxification processes developed have
some negative aspects, such as high prices that are limiting for use on an industrial scale or
the validation method. This second problem is the most difficult to solve because it is neces‐
sary that the detoxified cakes be safe to use as animal feedstock. A flawed method to detect
toxins in the cakes could be very dangerous because a non-detoxified residual cake could be
used to feed animals and may lead to death. In addition to toxic components, it was shown
that allergenic proteins are also present in the seeds of R. communis[4] and J. curcas[5], and
many methods for the detoxification of residual cakes have been shown to efficiently elimi‐
nate the toxins but not the allergens. For example, during the 1960s, a detoxified castor cake
was commercialised in Brazil as Lex Proteic [6]; however, despite the absence of toxins, the
allergens remained present in the castor cake. In this chapter, different methods to detect
toxins from R. communis and J. curcas will be described.

2. Ricinus communis toxins
Castor bean seeds have long been known for their toxicity. They are the source of the most
potent phytotoxin known, the protein ricin. Moreover, the toxic alkaloid, ricinin, is also
found in the castor bean; however, this compound is different from ricin in that it is not as
toxic and can easily be removed from the castor cake.
2.1. Ricin
The toxin, ricin, has been known since ancient times because of its use in criminal practices.
According to Olsnes [7], in 1887, Dixon had hypothesised that the R. communis toxin was a
protein, and Kobert confirmed this hypothesis in 1913.
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Ricin is a type 2 ribosome-inactivating protein (RIP) that is found exclusively in the endo‐
sperm of castor bean seeds. As a type 2 RIP, ricin is a dimeric protein comprised of an A
chain (32 kDa) and a B chain (34 kDa) linked by a disulfide bond [8]. The ricin A chain
(RTA) is responsible for the enzymatic activity of the protein. This N-glycosidase enzymatic
activity removes a specific adenine, depurination, (A4324) residue from a region of rRNA
known as the α-sarcin/ricin loop (SRL) (Figure 1).

Figure 1. Theα-sarcin/ricin loop and the point of depurination by RTA N-glycosidase activity. The A4324 site before dep‐
urination by RTA is shown on the left where the intact nucleotide is present. On the right an after depurinationabasic
site (without the adenine) is shown.

The absence of this adenine residue inhibits binding of the elongation factor, thereby stop‐
ping protein synthesis [9]. The B chain (RTB) is a lectin that binds to glycoproteins and gly‐
colipids on the cell surface and cytosol and mediates the internalisation and intracellular
translocation of the toxin [10,11].
The ricin toxin is very efficient and a single molecule may inactivate 2,000 ribosomes per mi‐
nute [12]. Because ricin can be used as a bioterrorism agent [13], many assays to detect ricin
have been described. Some of these assays are highly accurate and can detect very low con‐
centrations of the toxin. However, there is no standard methodology to use as a quality con‐
trol for castor cake detoxification processes. Many methodologies to eliminate ricin toxicity
from castor cakes have been described, and there are several promising processes when eco‐
nomic aspects are considered [14]. Therefore, to use castor cakes as animal feedstock, effi‐
cient methods to detect ricin toxicity after the detoxification process are needed to ensure
quality control and safety before the material can be commercialised.
2.1.1. Detection of ricin
Because ricin can be used as a bioterrorism agent, the search for fast and sensitive detection
methods began soon after the first studies describing the mechanism of action of ricin. The
earliest proposed detection method was the enzyme-linked immunosorbent assay (ELISA)
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[15]. In this assay, rabbit anti-ricin antibodies (reduced IgG and Fab’ fragments) conjugated
withβ-D-galactosidase was used. Using the rabbit anti-ricin Fab'-β-D-galactosidase complex,
it was possible to detect as little as 4 ng/mL of ricin with the sandwich ELISA technique.
However, less sensitivity was observed when this method was utilised for determining the
amount of ricin added to rabbit body fluids. In this case, the lowest concentration of ricin
that could be assayed was 40 ng/mL. During the next two years, new methods based on ra‐
dioimmunoassays were proposed [16, 17]. These radioimmunoassays were very sensitive
and could detect 50-100 pg RTA and 500 pg RTB; however, the sensitivity was reduced to
intact ricin. The matrix used for these assays consisted of 0.1% sodium azide and 0.1% bo‐
vine serum albumin (BSA) in 0.05 M sodium phosphate buffer. Limitations of these assays
include the difficulties in handling radioisotopes and the long incubation period. Therefore,
despite the high sensitivity of these assays, the drawbacks associated with radioimmunoas‐
says make them less preferable than ELISA. Poli et al. [18] developed an enhanced colori‐
metric and chemiluminescent ELISA to detect ricin in biological fluids. This assay utilised an
affinity-purified goat polyclonal antibody (pAb) to adsorb ricin from the solution. The same
pAb was then used to form a sandwich, and avidin-linked alkaline phosphatase was used
for colour development. Enhancement of the colourimetric assay was obtained because of
the increased biotinylated antibody content and a reduction in the dilution ratio of the avi‐
din-linked alkaline phosphatase. This assay could detect 100 pg/mL ricin in phosphate-buf‐
fered saline (PBS), human urine and human serum. This sandwich assay could also be used
with a chemiluminescence detection reagent; however, the quantitation was limited to a
range of 0.1–1 ng/mL and was subject to greater variability compared to the colourimetric
assay. An ELISA using monoclonal antibodies (mAb) was performed to detect ricin in bio‐
logical fluids [19]. This method was also based on the sandwich format using an anti-ricin B
chain mAb to adsorb ricin from the solution and an anti-ricin A chain mAb conjugated to
peroxidase as the second antibody that is then used to form a sandwich. The peroxidase al‐
lows for colour development and measurement of optical density at 450 nm. The sensitivity
of this assay is 5 ng/mL and is lower than the sensitivity reported for the amplified and
chemiluminescent immunoassays [18]. The ELISA is still used to detect ricin, and a commer‐
cial ELISA kit specific for ricin detection can be obtained [20]. However, ELISA has several
disadvantages that prevent it from being the best method to detect of ricin. ELISAs consume
too much time because of the washing steps involved and they also have limited through‐
put. ELISAs may also underestimate the actual ricin content in situations where antigen con‐
centrations are high (hook effect) and specialised personnel are also required to perform the
ELISAs.
To reduce the time necessary to assay for ricin, a method based on a fiber-optic sensor was
developed [21, 22] and optimised [23]. A sandwich immunoassay scheme was used in which
an anti-ricin IgG was immobilised onto the surface of an optical fiber. The limits of detection
for ricin, as detected by laser-induced fluorescence, in a buffer solution and river water were
100 pg/mL and 1 ng/mL, respectively. The complete assay can be performed in 20 minutes.
The first immunochromatography assay to detect ricin was performed using antibody anti
A-Chain mAb with two distinct specificities. An anti-RTB mAb (1G7) was immobilised to a
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defined detection zone on a porous nitrocellulose membrane, whereas an anti-RTA mAb
(5E11) was conjugated to colloidal gold particles that worked as the detection agent [24]. The
ricin-containing mixture was added to the membrane and allowed to react with the mAb
5E11-coated particles. This mixture moved across the porous membrane by capillary action
until it reach the extremity containing the anti-RTB mAbs, which bound to the particles of
ricin that were attached to the gold-labelled anti-RTA mAbs. The detection limit of this as‐
say was 50 ng/mL ricin in phosphate-buffered saline (PBS). This sensitivity could be en‐
hanced further to 100 pg/mL with the use of a silver enhancer. The advantages of these gold
particles were their superior mobility, decreased aggregation and commercial availability.
An immunochromatography assay was also used to shown differences in ricin content
among different castor bean cultivars [25]. All the ricin isoforms were detected in the range
of 1 to 2.5 ng/ mL in buffer.
In addition to using a better antibody for improved sensitivity, there was also a develop‐
ment regarding the technology of the solid phase surface of the immunoassay. The conven‐
tional microplate was exchanged for magnetic micro beads. Immunomagnetic (IM) assays to
detect ricin were first used by Gatto-Menking et al. [26]. They used immunomagnetic elec‐
trochemiluminescence (IM-ECL) to detect ricin and other toxic agents, such as botulinus A,
cholera β subunit, ricin and staphylococcal enterotoxoid B. Antibody-conjugated magnetic
micro beads were used to capture the target toxins and ruthenium trisbipyridal chelate-la‐
belled antibodies were used as the reporter. High sensitivity levels were obtained for all the
tested toxins. All IM-ELC assays could be performed in a maximum combined incubation
and assay time of approximately 40 minutes, and the sensitivity to ricin was 5 pg/mL. Some
years later, an enhanced ECL assay had a detection limit of 0.5 pg/mL for ricin in PBS [27].
The same study demonstrated the detection of ricin by fluorogenic-chemiluninescence
(FCL), and the sensitivity was 1 ng/mL. Advantages of these micro beads were due to their
large surface area (Figure 2) that leads to enhanced sensitivity, to free moving microspheres
coated with antibody that accelerates the reaction rates and reduces the assay time, and to
easy detection using a simple magnetic field. Both the FCL and ECL had similar formats, ex‐
cept that the FCL used alkaline phosphatase as the label and detected the ricin through the
measurement of fluorescence, whereas the ECL used ruthenium-trisbipyridal as the label
and detected the ricin through photoemission. For a magnetoelastic surface sensor instead of
microspheres, the detection technology was a sandwich immunoassay on the sensor surface.
Biocatalytic precipitation was then used to cause a change in mass, which resulted in a
change in the resonance frequency that allowed for quantitation of ricin at a detection limit
of 5 ng/mL in aqueous media, such as water, blood or serum [28]. This magnetoelastic sen‐
sor had a sensitivity that was comparable to the ELISA; however, this assay had a much
lower cost, was disposable and had a relatively quick analysis time.
The search for an assay to detect several toxins simultaneously led to the use of array sys‐
tems. Three different toxins, ricin, SEB and Yersinia pestistoxin, were detected using a planar
array immunosensor equipped with a charge-coupled device (CCD) [29]. This was a dispos‐
able and simple sensor array coated with different antibodies that were detected through
the CCD. This planar array platform gave a detection limit of 25 ng/mL ricin, 5 ng/mL SEB
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and 15 ng/mL Y. pestis, based on a goat anti-ricin antibody in PBS containing 0.05% (v/v)
Tween-20. This detection method allowed for multiple sample analysis using a minimum
amount of sample and simultaneous analysis that was inclusive of the controls. An antibody
microarray biosensor for the rapid detection of both protein and bacterial analytes under
flow conditions was developed using a micrometer-sized spot [30]. Using a non-contact mi‐
croarray printer, biotinylated capture antibodies were immobilised at discrete locations on
the surface of an avidin-coated glass microscope slide. The slide was fitted with a six-chan‐
nel flow module that conducted analyte-containing solutions over the array of capture anti‐
body microspots. Detection of the bound analyte was subsequently achieved using
fluorescent tracer antibodies. The pattern of fluorescent complexes was interrogated using a
scanning confocal microscope equipped with a 635-nm laser. The assays were completed in
15 minutes, and ricin detection was demonstrated at levels of 10 ng/mL.The detection limits
for the other analytes were also relatively low. These assays were very fast compared to the
previously published methods for measuring antibody-antigen interactions using microar‐
rays (minutes versus hours). In addition, whereas other antibody microarray assays can de‐
tect specific proteins present in complex mixtures, this method could detect proteins and
bacteria simultaneously. Recent improvements in the microarrays to detect ricin and other
biological agents have been described. A method that used a bioanalytical platform that
combined the specificity of covalently immobilised capture probes with dedicated instru‐
mentation and immuno-based microarray analytics was able to detect ricin at 0.5 ng/mL in
PBS and 1-5 ng/mL in milk [31]. However, despite the high sensitivity compared with the
other array methods, this assay took approximately 90 minutes.

Figure 2. Comparative schematic of two immunoassays used to detect ricin. A) Sandwich ELISA. B) Microbeads immu‐
noassay. The recorder antibody can be linked to different labeler molecules, as Ruthenium, alkaline phosphatase or
horsehadish peroxidase.

Sano et al. [32] developed a method to detect antigens that combined the specificity of im‐
munological analysis with the exponential amplification of PCR. This immuno-polymerase
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chain reaction (IPCR) was an interesting method to monitor the presence of ricin in samples
[33]. A schematic representation of this method is shown in Figure 3.

Figure 3. Schematic representation of the IPCR detection of ricin using both direct and sandwich ELISA to capture and
report the toxin. The biotin-streptavidin interaction plays the bridge role between secondary antibody and the report‐
er DNA, which is amplified by PCR.

Ricin was dissolved at different concentrations in PBS, and detection was performed reveal‐
ing a detection limit of 10 fg/mL. The assay was then performed with ricin dissolved in hu‐
man serum revealing a detection limit of 0.5 fg/mL. The method has also been used for postintoxication evaluation of the biological half-life of ricin. IPCR analysis of sera from mice fed
ricin showed that the toxin was rapidly sequestered from the sera (30 minutes) with a halflife (t1/2α) of 4 minutes [34]. The time required to complete the entire IPCR process is 9 hours.
Compared with conventional immunological methods, IPCR requires a greater amount of
time because of the PCR itself and the post-PCR analysis. Moreover, the use of more expen‐
sive reagents and the increased reagent consumption make this technique less attractive
than conventional immunological methods. However, these limitations are counterbalanced
by greater sensitivity (8 million times greater than conventional ELISA), enabling a broader
range of applications.
In recent years, highly sophisticated mass-spectrometry (MS)-based methods for the detec‐
tion and quantification of ricin have been developed. It was shown that ricin could be un‐
equivocally identified by liquid chromatography-electrospray (LC-ES) MS/MS experiments
with reduced, cysteine-derivatised, trypsin-digested material [35]. It was also shown that
MALDI-MS could be used to detect intact ricin and to screen samples for ricin peptides. The
amount of crude sample required was a few milligrams containing less than 5% ricin. Ac‐
cording to the authors, the selection of a few marker peptides from the A and B chains can
be used as a method to improve the sensitivity and efficiency of this method. A method
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combining immunocapture and analysis by matrix-assisted laser desorption/ionisation timeof-flight mass spectrometry (MALDI-TOF MS) for ricin detection was also described [36]. Ri‐
cin samples were applied to magnetic spheres coated with a monoclonal anti-B-chain
antibody. After acidic elution, tryptic peptides of the A and B chains were obtained by accel‐
erated digestion with trypsin in the presence of acetonitrile. Three of the 20 peptides ob‐
tained were used for ricin detection by MALDI-TOF MS. This assay had a limit of detection
estimated at 50 ng/mL, and the result could be obtained in approximately 5 hours. These re‐
sults are not as exciting compared to other more sensitive and faster methodologies; howev‐
er, an interesting feature is that MS detection provides increased specificity because of the
simultaneous monitoring of several characteristic ricin-specific peptides. Furthermore, the
possible miniaturisation of MALDI-TOF technology suggests that the assay could be adapt‐
ed for use with a portable mass spectrometer. A recent study described the combination of a
multiplex-immunoaffinity purification approach followed by MALDI-based detection for
the simultaneous identification of different toxins, including ricin [37]. Selected antibodies
against each toxic agent allowed for the specific and simultaneous capture of these toxins.
The toxins were subsequently identified by MALDI-TOF MS following a tryptic digest, and
after an assay time of 8 hours, the ricin could be detected at a minimum of 200 ng/mL. The
time requirement and detection limit were not satisfactory for this assay; however, ricin
could be detected in complex matrices, such as milk and juice.
Aptamers are artiﬁcial nucleic acid ligands that can be generated against amino acids,
drugs, proteins and other molecules. They are isolated from complex libraries of synthet‐
ic nucleic acids by an iterative process of adsorption, recovery and reampliﬁcation. Be‐
cause of their high thermostability when compared with antibodies, aptamers have
potential applications in analytical devices, including biosensors, and as therapeutic
agents [38]. Assays for protein identification and quantitation were developed and ap‐
plied to ricin detection [39, 40]. A multiplex aptamer microarray was generated by print‐
ing an anti-ricin RNA aptamer onto either streptavidin (SA)- or neutravidin (NA)-coated
glass slides. The limit of detection in a sandwich assay format after optimisation studies
was 15 ng/mL in PBS. This assay was also used to detect other proteins and showed sat‐
isfactory results. Capillary electrophoresis (CE) has been shown to be a viable alternative
to traditional immunoassays when coupled with laser-induced fluorescence detection.
Haes et al. [41] demonstrated that capillary electrophoresis could be used to detect ricin
by monitoring its interaction with a fluorescently tagged aptamer under non-equilibrium
conditions. The quantitative response revealed a detection limit as low as 14 ng/mL. This
study also revealed that the presence of nucleases in the sample leads to a slight de‐
crease in the ability of the aptamer to detect ricin; however, it is still possible to detect
the toxin at very low concentrations. This assay can be performed in less than 10 mi‐
nutes, consumes minimum quantities of material, and generates a low amount of waste.
Liquid-crystal (LC) based sensors that can be used as rapid and effective detection technolo‐
gies have attracted a significant amount of attention in recent years [42], and their utility re‐
garding ricin detection has previously been demonstrated [43]. This method relied on the
use of LCs 5CB to amplify and report the presence of ricin captured by an affinity ligand.
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One merit of this approach is that the ricin can be imaged on chemically functionalised sur‐
faces and transduced into an optical signal. The optical signal caused by the orientational
transition of the LCs could easily be identified with polarised light microscopy. However,
despite the success of the LC-based sensor, which did not use complex instrumentations and
did not involve any labelling steps, the limit of detection of 10μg/mL was not as good com‐
pared to other methods. Similar to other assays, this interesting technology must be im‐
proved to become among the most sensitive methods for ricin detection.
Despite the many methods to detect the presence of ricin, the detection of the toxin in castor
cakes subjected to detoxification is not performed in a standard manner. Anandan et al. [44]
used different physical and chemical treatments to detoxify castor cakes, and the ricin con‐
tent was determined based on electrophoretic analysis. They reported that ricin bands did
not appear in SDS-PAGE samples of autoclaved (15 psi, 60 minutes) and lime treated (40
g/kg) castor cakes. Solid-state fermentation by Penicillium simplicissimum also reduced the ri‐
cin content when fermented castor waste samples, which were not the cake but an extremely
alkaline waste, were evaluated by electrophoresis [45]. However, this detection method has
many disadvantages compared to the described techniques. The first disadvantage is the
low sensitivity of the method. A lower ricin concentration that remains lethal cannot be de‐
tected; therefore, if electrophoresis is used as the detection method, another more sensitive
assay needs to be performed to validate the detoxification process. Another problem is relat‐
ed to the long assay time and specialised personnel required to perform these analyses and
the necessity of performing a Western blot assay to confirm the identity of ricin.
The greatest problem that affects not only electrophoresis, but also all the ricin detection
methods described in this chapter, is the inability to detect the biological activity of the tox‐
in. Each proposed assay can detect the presence of ricin at minimal concentrations and many
of these are able to do so in a very sensitive and specific way; however, they cannot deter‐
mine whether the toxin is biologically active. To validate the castor cake detoxification proc‐
esses, it is important to be able to detect the biological activity of ricin. This is because some
of the described toxin inactivation processes can be related to modifications in the active site
of the enzyme, and although ricin may be present in processed cake, it may be not active
and the product would be safe to use in animal feed.
2.1.2. Detection of ricin biological activity
The first method of detecting ricin activity was based on measuring the inhibition of protein
synthesis in a rabbit reticulocyte cell-free system mediated by toxic tryptic peptides from ri‐
cin [46]. The method was justified because of the long period of time required to observe in‐
toxication symptoms in animals. It was reported that similar to the native protein, toxic ricin
peptides could inhibit protein synthesis in a cell-free system. This information reinforces the
necessity for assaying ricin biological activity after subjecting the castor cake to detoxifica‐
tion processes.
The ability of the RIPs in inhibit protein synthesis can be monitored with in vitro translation
assays using the rabbit reticulocyte lysate system [47, 48]. One disadvantage of these assays
is the use of a multistep procedure to determine the RIP activity by measuring the incorpo‐
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ration of radioactive amino acids after the addition of mRNA or polysomes to the system.
Therefore, an in vitro transcription/translation single-step assay utilising the luciferase biolu‐
minescence detection system was described to characterise mistletoe lectin I (ML-I) and ricin
[48]. The in vitro translation assay couples the following reactions into one step: (1) DNA
consisting of a coding sequence is transcribed into messenger RNA; and (2) RNA is then
translated into proteins in a cell lysate (product of burst cells) that provides ribosomes and
other necessary components. When the translated protein is luciferase, the fluorescence acts
as a protein synthesis indicator, and the absence of fluorescence indicates that protein syn‐
thesis was inhibited (Figure 4). The inhibition of luciferase synthesis by ricin was achieved
when the toxin was used at a minimum concentration of 30.2 pM (~800 pg/mL). The RIP
specificity of this assay was proved using formycin 5’-monophosphate (FMP) as a specific
inhibitor of RIP activity. The limit of detection is comparable to those obtained with other
methodologies, and the assay also showed the toxic activity of ricin.

Figure 4. Translation and protein synthesis inhibition by ricin. The assays based on this activity detect the presence of
an specific reporter protein. In the presence of the protein can not be synthesized. The luciferase is the best described
example for this kind of assay.

The inhibition of protein synthesis was also the target of a method to detect ricin in a “wellin-well” device [49]. The miniaturised system presented a mechanism to supply nutrients
continuously and remove by-products, leading to higher protein expression yields and larg‐
er detection signals. This method showed a detection limit of 0.3 ng/mL ricin. The nestedwell device was also used for measuring the toxicity of ricin after physical or chemical
treatment. The good results obtained with inactivated ricin make this method a good choice
for use in castor cake detoxification processes.
The N-glycosidase activity removes an adenine residue from the α-sarcin/ricin loop of
rRNA. The removed adenine can be used as a positive indicator of biologically active ricin.
The most common method for quantifying free adenine in a variety of applications is the de‐
tection of fluorescent-derivatised adenine by HPLC [50]. To detect ricin activity based on
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rRNAdepurination, a high-throughput, enzyme-based colorimetric adenine quantification
assay was developed [51]. The key step of this assay is the conversion of adenine to AMP
and concurrent release of pyrophosphate from PRPP. Pyrophosphate is then cleaved to
phosphate by inorganic pyrophosphatase. To enhance the signal, the AMP formed is con‐
verted by 5’-nucleotidase to adenosine and inorganic phosphate, finally resulting in three
phosphates for each adenine. Inorganic phosphate was quantified by a modified procedure
with a commercially available kit. All four enzyme reactions of the assay, including colour
development, occur simultaneously in approximately 15 minutes inside the same reaction
tube, and the rate of adenine released by the commercially obtained RTA was determined to
be 43 pmol adenine/pmol RTA per hour.
Recently, several methods using electrochemiluminescence (ECL) to detect ricin activity
were also developed [52, 53]. First, a deadenylation assay using paramagnetic beads could
detect ricin in crude extracts [52, 54]. Synthetic biotinylated RNA substrates were cleaved by
the combined actions of the ricin holotoxin and a chemical agent, N,N’-dimethylethylenedi‐
amine. The annealing of the product with a ruthenylatedoligodeoxynucleotide resulted in
the capture of ruthenium chelate onto magnetic beads, enabling the electrochemilumines‐
cence (ECL)-based detection of RNA N-glycosidase activities of toxins. Compared to ECL
immunoassays [26], the ECL activity assay presented lower sensitivity, reaching a detection
limit of 100 pg/mL. The disadvantage of the ECL immunoassay compared to the ECL activi‐
ty assay is that the antibodies recognise surface features of the proteins (epitopes) that may
be unrelated to any enzymatic activity or other mechanism of toxicity. Therefore, it may be
possible for inactive protein toxins to cause positive signals in these immunoassays resulting
in an over-estimation of the threat. The plate-based assay unlike the bead-based assay, in‐
cluded wash steps that enabled the removal of food particles, thereby maximising the ma‐
trix effects and improving the limits of detection. The limits of detection for ricin in apple
juice, vegetable juice, and citrate buffer using the bead-based assay were 0.4, 1, and 0.1
μg/mL, respectively. By contrast, the limits of detection for ricin using the plate-based assay
were 0.04, 0.1, and 0.04 μg/mL in apple juice, vegetable juice, and citrate buffer, respectively.
These data suggest that the plate-based assay is the best method for detecting ricin activity
by ECL.
The ricin detection methods based on adenine liberation and direct infusion electron spray
ionisation mass spectrometry have been shown to provide rapid, selective, and sensitive de‐
tection of various peptides and small nucleic acids, and these methods should provide a sen‐
sitive method for the real-time analysis of RIP enzymatic activity by monitoring adenine
release. Therefore, high-performance liquid chromatography (HPLC) and selected ion moni‐
toring mass spectrometry (MS) were used to develop a quantitative assay for adenine re‐
lease from a synthetic RNA substrate by the ricin A chain [55]. The sensitivity of this MS
assay made it possible to measure RIP activity at approximately 0.6- to 600 ng/mL. A more
specific assay to detect ricin by MS was developed by Becher et al. [56] in which they used
an anti-B chain mAb immobilised on magnetic beads to capture the toxin. Ricin toxicity was
measured through quantification of the free adenine by HPLC-MS. The immunoaffinity step
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combined with enzymatic activity detection led to a specific assay for the entire functional
ricin protein with a lower limit of detection of 100 pg/mL.
When mass spectrometry was used to detect ricin activity, a combination of three techni‐
ques, all performed on the same sample, provided a sensitive and selective analysis of ricin
isolated from a food or clinical sample and measured the activity of the toxin [57]. First, ricin
was isolated from abundant proteins in a food or clinical sample, such as milk, apple juice,
serum or saliva through immunoaffinity capture on antibody-coated beads. Second, the ac‐
tivity of ricin was examined through interaction of the toxin with a DNA substrate that si‐
mulated the in vivo target of the toxin. The DNA substrate was analysed by MALDI-TOF
MS, allowing for sensitive and selective measurements of the depurination of the DNA sub‐
strate. Finally, in the third step, the ricin was subjected to tryptic digestion, and the resulting
tryptic fragments were analysed by liquid chromatography tandem mass spectrometry (LCMS/MS), allowing for direct examination of the composition of the ricin protein based on the
molecular weight change caused by the depurination activity. The limit of detection was ap‐
proximately 300 ng/mL.
The mass spectrometry based methods for detecting ricin activity through monitoring ade‐
nine liberation have some disadvantages that make them not suitable for use in the valida‐
tion of the detoxification processes of the castor cakes. These disadvantages include
complications regarding the handling of mass spectrometers and the interpretation of re‐
sults that requires highly specialised personnel. Another problem is that adenine liberation
may not be the most efficient method to detect biologically active ricin because depurination
activity is not a unique mechanism involved in ricin toxicity. It was previously shown that
non-cytotoxic RTA mutants could depurinate ribosomes in yeast cells without the occur‐
rence of cell death and apoptosis signals [58].
Toxicology assays to detect ricin based on the activity against animals could be the best way
to evaluate the efficiency of castor cake detoxification processes because of the desire to use
this by-product as animal feedstock. However, despite the ethical questions surrounding the
use of in vivo models, there are also economic and infrastructure problems. Housing live ani‐
mals to evaluate toxic activity requires physical space and maintenance. Therefore, an in vi‐
tro assay based on the cytotoxicity against Jurkat clone E6-1 cells was developed to detect
ricin in different beverages, such as orange juice, coffee and soda, and food matrices, such as
milk, milk baby formula and soy baby formula [59]. After incubating the cells in a 96-well
plate with ricin, the culture was maintained overnight at 37ºC and 5% CO2. Aliquots of each
treated well were collected and assayed for lactate dehydrogenase (LDH) activity with a col‐
orimetric assay. LDH was released from the cytosol upon cell damage and was positively
correlated with cell death. Ricin was detected in each assayed matrix with a sensitivity of
10-100 pg/mL. It was also shown that ricin cytotoxicity could be inhibited by the administra‐
tion of an anti-ricin neutralising antibody that works as a qualitative mechanism. Other cell
culture assays were also recently developed. Sehgal et al. [60] used Vero cells (Chlorocebus
sabaeus kidney cells) to evaluate the cytotoxicity of different ricin isoforms. They showed
that the isoforms R-I, R-II and R-III were detected at a minimum concentration of 20 mg/mL,
10 ng/mL and 2 ng/mL, respectively. Subsequently, they showed that the cytotoxicity of the
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three isoforms is time dependent and that the R-III isoform is more glycosylated than the
other two isoforms [61].
The possibility of using cell culture models to evaluate ricin toxicity by colorimetric assays,
such as the LDH assay, seem to be a good idea for use as a biological test to determine the
efficiency of the castor bean cake detoxification process. It was reported that solid-state fer‐
mentation (SSF) reduced the ricin levels in castor bean alkaline waste from Petrobras (the
national petroleum company of Brazil) during the biodiesel production process [45, 62]. This
was determined by molecular exclusion chromatography and electrophoresis. To verify the
biological activity of ricin after SSF at different time intervals, an in vitro assay using the
Vero cell line was performed [63]. Using this methodology, it was verified that after 24 and
48 hours of fermentation, the cell culture showed slight growth inhibition. The waste was
completely detoxified after only 72 hours of fungal growth. The cell incubation period with
the protein extract from the fermented waste was 24 hours, and cell death was determined
by cell counting with an optical microscope and measurement of LDH activity using a col‐
orimetric assay (Figure 5).

Figure 5. Cytotoxicity assay using Vero cells. The cell monolayer in a 24-well plate was incubated with ricin for 24
hours. An aliquot from each well was removed and mixed with the assay solution for LDH activity determination. The
formazan formed a salt that caused the solution to turn red. The cytotoxicity is measured based on the intensity of this
colouration.

When the cell counting and LDH assays were compared to determine the cytotoxicity of ri‐
cin against Vero cells, it was reported that both methods are efficient and detected ricin at a
minimum concentration of 10 ng/mL [64]. After adjusting the method to detect the purified
protein, they used the Vero cell cytotoxicity assay to evaluate the following two castor cake
detoxification processes: SSF using Aspergillus nigerand treatment with calcium compounds.
The results with the Vero cells showed that both treatments were efficient in eliminating ri‐
cin toxicity from the castor cake.
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3. Jatropha curcas toxins
Two main toxic components are present in the physic nut plant, the ribosome-inactivating
protein, curcin, and phorbol esters. Among these toxins, the phorbol esters are the most dan‐
gerous toxic components in J. curcasand limit the use of Jatropha cake in animal feed.
3.1. Curcin
Curcin (28.2 kDa) is a type 1 RIP that is found in Jatropha curcas seeds [65] and leaves [66].
Curcin is different from ricin in that it is a monomeric protein with N-glycosidase activity
but lacks a lectin chain [67]. Therefore, this protein is much less cytotoxic than ricin and oth‐
er type 2 RIPs because it cannot enter cells by binding to sugar residues. Despite the fact that
curcin is less toxic than phorbol esters, it has been reported to be toxic to some animals, in‐
cluding sheep, goats, chickens and calves and also to humans [68-72]. Because of the low
toxicity of curcin, there are not many detection methods specifically for this toxin. The most
common detection methods are the inhibition of translation in rabbit reticulocyte lysates and
the measurement of N-glycosidase activity [67]. Although there are few publications de‐
scribing the different methods to detect curcin, many of the assay methods for ricin could be
applied to other RIPs, including curcin.
3.2. Phorbol esters
Phorbol esters (PE) are polycyclic compounds in which two hydroxyl groups in neighbour‐
ing carbons are esterified to fatty acids, and these substances are present in many different
plants, including J. curcas [73]. The PE molecules are dependent on a tetracyclic diterpene
carbonic structure termed tigliane. The different hydroxylation points of tigliane determine
the different varieties of PE and their toxicity [74].
The PEs and their different derivatives are known for their tumour induction activity. They
activate protein kinase C (PKC), which plays a critical role in signal transduction pathways
and regulates cell proliferation [75]. By contrast, it was reported that some types of PEs
could induce apoptosis [76].
Several detoxification processes used to eliminate PEs from Jatropha cake have been previ‐
ously described [14], and some of the existing detection methods were used to confirm the
effectiveness of these processes.
3.2.1. Detection of phorbol esters
Many of the phorbol ester detection methods are related to using Jatropha cake as animal
feedstock, which are different from ricin containing cakes that can be used as bioterrorism
agents. Therefore, there are few techniques for PE detection compared to ricin detection
methods.
The determination of irritant activity caused by phorbol esters was first demonstrated by
Adolf et al. [77]. The irritant activity of PE isolated from different Jatropha species was as‐
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sayed in rat ears, and the irritant dose 50 for J. curcas PEs was 0.02 μg/ear. More than two
decades later, in vivo studies of PE toxicity are still performed in rats and mice [78, 79]. Jatro‐
pha cake subjected to alkali and heat treatments to reduce the PE level was used to feed rats,
and several clinical aspects and the mortality rate were compared with rats fed untreated
cake [78]. Using these rodents to detect PE toxicity was effective because even the treated
Jatropha cakes with low levels of PE (8.1 mg%) caused rat mortality after 11 days. The acute
toxicity of PE was determined in Swiss Hauschika mice by intragastric administration [79].
The LD5 and LD95 were 18.87 and 39.62 mg/kg body mass, respectively. These toxicity assays
efficiently detect PE toxicity; however, they are problematic because of maintaining and sac‐
rificing many animals due to the large quantities of residual cake that is generated.
The most commonly used method to detect and quantify PE from Jatropha curcas is reverse
phase - high-performance liquid chromatography (RP-HPLC). This method was standar‐
dised to detect PE in different provenances of J. curcas, and it was the first method to identi‐
fy the absence of PE in seeds from Papantla, Mexico [80, 81]. The protocol established in this
study has been optimized [82] to show the presence of PE. The limit of detection of PE by
RP-HPLC analysis is approximately 4 μg, as described by Devappa et al. [83]. RP-HPLC de‐
tection has been used by many researchers to determine the efficiency of Jatropha cake de‐
toxification processes, including hydrothermal processing techniques, solvent extraction,
solvent extraction plus treatment with NaHCO3, ionizing radiation, heating, bio-detoxifica‐
tion and surfactant solution extractions [84-88]. This technique can also be used to identify
different PE species present in J. curcas, and the difference in PE composition among Jatro‐
pha seeds from different regions, cultivars and assessments [83, 89-91]. HPLC was also used
to determine the PE content in oil extracted from the seeds [92-94].
Similar to ricin detection methods, the biological activity of phorbol esters must to be as‐
sayed to guarantee the efficiency of the Jatropha cake detoxification processes. Because Ja‐
tropha cake is used as feedstock, quality control of detoxification processes is often
performed using live animals, such as rats [77, 79]), sheep [95], pigs [96] and fish [97, 98].
With a few exceptions, this type of biological activity control is usually preceded by RPHPLC detection and quantification of PEs. Therefore, it remains necessary to continue using
RP-HPLC and sacrificing animals to detect the presence and biological activity of PEs be‐
cause toxicity evaluation using live animals is not the best method for use on a large scale.
Other biological tests have previously been described for assaying PE toxicity, and some of
these assays are very sensitive and simple to perform on a large scale.
Earlier reports regarding J. curcashave described molluscicidal activity of the seed extracts
against Oncomelania quadrasi [99] and of the root extracts against Bulinus truncatus [100].
However, the most well-established molluscicidal test using snails was described by Liu et
al. [101]. They tested several plant extracts, including J. curcas phorbol esters in methanol,
against three schistosome vector snails: Oncomelania hupensis, Biomphalaria glabrataand Buli‐
nus globosus. The 4-β-phorbol-13-decanoate was the most effective phorbol ester against the
snails. It killed both species (LC100) at a concentration of 10 mg/mL. One disadvantage of this
method is the requirement of a large volume of the test substances because the assay must to
be performed in 100 mL Petri dishes. However, the assay using snails continues to be used
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and is sometimes combined with HPLC detection and quantification steps. Another species
that was tested for PE toxicity was Physa fontinalis, which was sensitive to 0.1 mg/L (6.7%
mortality) PE-rich extract, and the LC100 was reported as 1 mg/mL [93, 102]). The variation in
PE sensitivity among the snails may be related to species-specific PE sensitivity and/or dif‐
ferent chemical properties of the PEs. In addition to testing for PE activity against host
snails, the susceptibility of the parasite Schistosoma mansoniwas also assayed [103]. This test
had the advantage of requiring a small volume of test substance. The PE-rich methanol ex‐
tract from J. curcas crude oil that was obtained by pressing the seeds was able to kill all the
cercarie (LC100) at a concentration of 25 mg/mL.
The efficacy of phorbol esters against insects has been shown recently. Termites (Odonto‐
termes obesus) were used as a target to test PE toxicity [104]. Because it was necessary to use
HPLC to isolate and quantify PE from J. curcas seeds, they tested different concentrations of
PE (500-5 mg/mL) over a period of 1 to 72 hours. The LC100 was determined after 72 hours of
treatment using 5 mg/mL of PE. However, to decrease the assay time, it was necessary to
use higher concentrations of PE. To obtain the LC100 after 12 hours of treatment, they used
500 mg/mL of PE. Another study using insects was recently performed by Devappa et al.
[105]. They tested a PE-enriched fraction (PEEF) against Spodoptera frugiperda and the mortal‐
ity was evaluated 24 hours after treatment with different concentrations of PEEF. A mini‐
mum mortality (20%) was reached using 0.5 mg/mL PEEF and a maximum of 80% mortality
was observed with 2 mg/mL PEEF. The sensitivity to PEs of both species (O. obesus and S.
frugiperda) is not very different, and this assay showed that PEs can be used as an insecticide
and that insects are good models for detecting the toxic activity of PEs.
Some crustaceans are widely used as toxicity indicators in bioassay systems. Phorbol ester
toxicity has previously been assayed to Artemia salina and Daphnia magna [83]. The advan‐
tages of using A. salina in toxicological assays were demonstrated by Ruebhart et al. [106].
These advantages include wide commercial availability of the cysts, easy storage, mainte‐
nance and hatching of the cysts, the assay is cost effective, simple, rapid and sensitive, less
test samples are required, the assays can be performed in 96-well microplates and meets the
ethical animal treatment guidelines of many countries. The best PE induced mortality rate
(72%) was observed using a concentration of 47 mg/mL [83]. Increasing the concentration
did not effectively improve the mortality rate because 6000 mg/mL of PE was needed to
reach 100% mortality. Different types of PEs were previously tested against A. salina [107]
and there was variation in the mortality rates to each PE. This reinforces the role of the PE
chemical structure and purity with regard to toxicity. The first toxicological assay of PEs
from J. curcas using Daphnia magna showed that these crustaceans are more sensitive to PEs
than A. salina [83]. The LC100 was only 3 mg/mL, and the lowest effective concentration,
which induced 26% mortality, was 0.5 mg/mL. Although snails were more sensitive to PEs
than crustaceans, the use of A. salina and D. magna is preferred for assaying a large number
of PE samples because the test can be performed in 96-well plates.
Similar to the molluscicidal, insecticidal and antiparasitic activity, PE toxicity against micro‐
organisms was also reported. It was demonstrated that phorbol esters from Sapium indicum
had antibacterial activity [108]. Six bacteria genera were recently tested for PE toxicity. The
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maximum concentration of PE-rich extract for each bacterium tested was 537 μg/mL for Ba‐
cillus subtillis, 250.7 μg/mL for Pseudomonas putida, 215 μg/mL for Proteus mirabilis, 394
μg/mL for Staphylococcus aureus, 215 μg/mL for Streptococcus pyogenes and 465.7 μg/mL for
Escherichia coli [83]. Compared with the other biological assays presented here, the use of
bacteria to detect the toxic activity of PEs is not very effective because the sensitivity is much
higher than those reported for D. magna. The use of PEs as an antibacterial agent was also
not as effective compared with the other compounds. The antifungal activity of J. curcasPEs
extracted from residual cake has previously been tested [83, 109]. The toxicity of the PE-rich
extract (from Jatropha cake) against Fusarium oxysporum, Pythiumaphani dermatum, Lasiodiplo‐
dia theobromae, Curvularia lunata, Fusariums emitectum, Colletotrichum capsici and Colletotri‐
chum gloeosporioides was assayed and the concentrations that inhibited 100% of mycelial
growth was 6, 3, 6, 5, 3, 4and 10 mg/L, respectively. Although a high concentration of PEs
was required to reach 100% inhibition, they used 500 μg/mL PEsand reported minimum my‐
celial growth inhibition values for each species [109]. Another PE-rich extract toxicity study
using fungi was recently reported [83]. In this study, it was demonstrated that of seven spe‐
cies of fungi, the most sensitive to PE toxicity were Botrytis cinerea, Fusarium oxysporum and
Fusarium moniliforme and 100% inhibition was achieved at a concentration of 114.6 μg/mL.
The other four species tested, Aspergillus niger, Aspergillus flavus, Curvularia lunata and Peni‐
cillium notatum, were less susceptible to PE toxicity and 100% inhibition was reached using
143.3 μg/mL. Antimicrobial tests using bacteria and fungi efficiently detect PE toxic activity
and could be used for quality control to determine the effectiveness of Jatropha cake detoxi‐
fication processes.
Because PEs are activators of protein kinase C (PKC), a biochemical assay to detect PEs
based on this property was described [110]. In this method, PKC is incubated with Mg-ATP
and a synthetic peptide which is labelled with a fluorescent dye. When a PKC activator is
present, the active enzyme phosphorylates the peptide. When the reaction mixture is sepa‐
rated by electrophoresis, the phosphorylated peptide becomes negatively charged and mi‐
grates to the positive pole. The fluorescently labelled peptide can then be quantified by
densitometric analysis. This assay was used by Wink et al. [110] to determine the activity of
PEs sequestered by Pachycoris klugii. The positive control (12-O-tetradecanoylphorbol-13acetate) was used at a concentration of ~6μg/mL and indicated that this activity assay is very
sensitive. Because of the high sensitivity and availability of commercial PKC activity assay
kits, this method could be used for the rapid and efficient detection of PEs in detoxified Ja‐
tropha cake.
Although many methods have been described to detect Jatropha curcas phorbol esters, these bi‐
ological tests are not specific to PEs. In contrast to ricin detection assays that can combine bio‐
logical assays with antibody recognition [59, 63, 64], PEs cannot be tested with this
methodology. The best method to test for PEs is to continue using HPLC analysis followed by
a biological test. The most well-established biological assay is the assay using snails, which has
previously been used as a quality control for Jatropha cake detoxification [83, 103]. Although
several of the in vitro assays, such as PKC activity and toxicity against microorganisms are
more sensitive, they were not used for this purpose, and additional studies are necessary.
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4. Conclusion
Currently, several processes to detoxify castor bean and Jatropha cakes have been devel‐
oped however, it is essential to choose a method that is universally accepted to validate such
processes of detoxification. The literature indicates that the method to be used to evaluate
the toxicity of castor cake is different from what should be used for jatropha cake.
Among the different methods that can be used to assess the presence of ricin some are more
suitable to control attacks bioterrorist. They are sensitive methods that detect the presence of
ricin, but need not evaluate the biological activity.
In this review, methods based on Vero cell viability are best suited to validate the processes
of castor cake detoxification. Vero cells, epithelial cell line isolated from African green mon‐
key are indicated since these cells maintain cell organelles characteristics and stable struc‐
ture when in contact with the cake detoxified. Evaluation procedures for Jatropha are still
under development. The detection of phorbol esters by reverse phase chromatography, as‐
sociated with toxicity tests on snails are recommended.
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