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Ricin is a naturally occurring, highly potent toxin native to castor bean plants that has recently been used as
a biological weapon in cases of bioterrorism and suicide attempts. Difficulties with direct detection arise
from large heterogeneities in ricin glycosylation, which leads to markedly different bioactivity, and the
fact that carefully developed and laborious sample preparation steps are required to maintain the activity
of the protein during analysis. Herein, we present an alternative, two-tiered approach to identify the

presence of ricin by detecting ricinoleic acid and ricinine, which are co-extracted with the protein. This
Received 13th April 2020 direct t tric-based techni tak littl > minut d det ined it itivit
Accepted 22nd April 2020 irect mass spectrometric-based technique takes as little as 2 minutes, and we determined its sensitivity
to be in the parts-per-trillion range. Our method is applicable to paper substrates from suspected

DOI: 10.1039/d0ra03317k contaminated envelopes and biofluids from at-risk patients. The fact that prior sample preparations are
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Introduction

In 2018, the New York Times reported multiple cases of suspi-
cious envelopes confirmed to contain ricin, that were addressed
to the White House and other government agencies.' Similar
cases have been described in recent years by major news outlets?
and it appears to be an increasing trend where ricin has been
used as a weapon for acts of bioterrorism® and in cases of
(attempted) suicide.>** Ricin is a naturally occurring, highly
potent toxin found in the castor bean plant Ricinus communis. It
is easy to cultivate from the plant's seeds and, due to its easy
dissemination and moderate morbidity rates, the Center for
Disease Control and Prevention (CDC) has listed it as a category
B agent.® Fatal exposure to the poison can arise from injection,
inhalation, and/or ingestion in quantities as low as 5 ug kg™ *.5°
Because these fatalities can occur in both humans and animals,
there is a need to detect its presence in various matrices,
including biological fluids,” seeds,® and fertilizers.**°

The toxicity of ricin is limited to the existence of both the
active forms of its A and B chains. Therefore, ideal detection
methods must determine the activities and the presence of both
chains in a short amount of time to enable the development and
implementation of effective and proper emergency response
plans.’ Popular techniques for determining the bioactivity of
ricin are based on the release of free adenine.'* While these
offer a means to correlate adenine release to catalytic activity,
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not needed in this procedure means that analysis can be performed in the field for emergency cases.

they often require tedious sample purification steps to maintain
the bioactivity of the protein and a minimization of the back-
ground noise that can interfer with the fluorescence detection
strategy typically employed. Similarly, immunological** and
cytotoxicity®*'® assays have been used to detect the protein from
a variety of matrices and, while warranting sensitivity levels on
the order of 100 pg mL ™"’ still require extensive sample prep-
aration and long analysis times (ranging from several hours*#**
to days®*'®). The key feature of ricin toxicity, which involves
rapid distribution to most organs in the body,'* makes thera-
peutic treatment particularly challenging if diagnoses are
delayed. An analytical procedure that transcends prolonged
sample treatments to afford results in real-time is a potential
solution to this problem. However, no such approach has been
developed for rapid determination of the presence of ricin.

To improve turnaround time, the detection of small organic
compounds as biomarkers for ricin poisoning is becoming
increasingly popular. In particular, the analysis of ricinine has
attracted much attention”*”*’#” since the only natural source
for this small alkaloid is from the castor bean.’® Hence, expo-
sure to castor beans, unpurified ricin, or any other castor bean-
based products (e.g., castor oil) should result in its presence.
While ricinine naturally exists in a 1 : 5 ratio with ricin,* rici-
nolein, the triglyceride form of ricinoleic acid, is the main (90%)
component of castor oil. Therefore, the simultaneous detection
of ricinine and ricinoleic acid can serve as strong indicators for
the presence of ricin in a sample (Scheme 1).

Mass spectrometry (MS) is one of the most common analytical
methods for detecting ricinine in complex mixtures,”*""
however, all reported methods utilize liquid chromatographic
(LC) separations prior to tandem MS (MS/MS) analysis. Although
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Scheme 1 Chemical structures of ricin (MW 65 750 Da) accompanied
by its small molecule biomarkers, ricinine (MW 164 Da) and ricinoleic
acid (MW 298 Da).

sensitive, sample preparation steps are required before subject-
ing the extracted sample to LC-MS/MS. Even though the biosyn-
thesis of both ricinine and ricinoleic acid in the castor bean plant
have been well characterized," the two compounds are rarely®
used together to infer the presence of ricin. In the present study,
we aimed to (1) develop a proof-of-concept, two-tiered approach
based on the multiplex detection of ricinine and ricinoleic acid in
a single run, (2) detect the two biomarkers directly from the
surface of suspected envelopes without prior extraction proce-
dures and (3) establish the analytical merits for ricinine in
different untreated biological fluids.

Experimental
Materials and methods

Chemicals and reagents. Standard solution (100 mg mL™") of
ricinine was obtained from Cerilliant (Round Rock, TX) and
human urine and human serum were purchased from Innova-
tive Research (Novi, MI). Ethyl acetate (99.9%, HPLC grade),
ricinoleic  acid = (=99%), ricinine-(methyl-d;), (3,3,3-
trifluoropropyl)-silane (99.9%, HPLC grade), methanol (99.9%,
HPLC grade), formic acid (95%, reagent grade), and acetic acid
(ACS reagent) were purchased from Sigma-Aldrich (St. Louis,
MO). 100% cotton spool thread was purchased from a local
store (JoAnn Fabrics, Columbus, OH) and Kimble 51 expansion
borosilicate glass melting point capillaries (O.D. 1.5 mm) were
purchased from Kimble Chase (Rockwood, TN). Whatman filter
paper (24 cm, grade 1) was purchased from Whatman (Little
Chalfont, England).

Cellulose material preparation

Thread (35 mm in length) was cut from the spool and placed in
a plastic desiccator with 0.5 mL of silanization reagent
(trichloro(3,3,3-trifluoropropyl)silane). Vacuum was pulled for 5
minutes, sealed, and then allowed to gas-phase react for 55
minutes, totalling a 60 minute treatment time. For paper strip
analysis, Whatman grade 1 filter paper was manually cut to
desired dimensions, 35 mm x 1 mm.
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Mass spectrometry

Mass spectra were acquired on a Thermo Fisher Scientific Fin-
nigan LTQ linear ion trap mass spectrometer (San Jose, CA,
U.S.A.). The tip of the thread was positioned parallel to the MS
inlet via a copper alligator clip, which was connected to an
external high-voltage supply (0-6 kV). The thread spray ioniza-
tion method generates ions without gas assistance so a close
interface distance (0.5-5 mm) between the tip and the MS inlet
was used to optimize signal intensity. MS parameters used were
as follows: 200 °C capillary temperature, 3 microscans, and 60%
S-lens voltage. Thermo Fisher Scientific Xcalibur 2.2 SP1 soft-
ware was applied for MS data collecting and processing.
Tandem MS with collision-induced dissociation (CID) was
utilized for analyte identification. 1.5 Th (mass/charge units) for
isolation window and 25 (manufacturer's unit) of normalized
collision energy was chosen for the CID tests.

Results and discussion
Qualitative studies using the two-tiered approach

Our two-tiered detection strategy is as illustrated in Fig. 1, where
ricinoleic acid is used in an initial screening test followed by the
detection of ricinine to confirm the existence of a ricin-
contaminated sample. Fig. 2 demonstrates the actual analyt-
ical procedure in which a novel strip-paper spray ionization was
used for contaminated envelope samples. For direct analysis of
biofluids (urine and serum), we used hydrophobic thread spray
ionization.”* Ricinoleic acid (MW 298.46 g mol ') was detected
in the negative-ion mode at m/z 297 while the ion signal m/z 165
from ricinine (MW 164.16 ¢ mol ") was recorded using positive-
ion mode. Both ions were subjected to collisional activation in
MS/MS experiments and the diagnostic fragments were used as
confirmation for the selected biomarkers. Although the detec-
tion of ricinoleic acid does not indicate eminent danger, it does
suggest the use of castor bean seed-related products, which
gives a good reason to test for the presence of ricinine in the
same sample. We can conduct this two-tiered approach in

Potential Ricin
Sample

Conventional | This Work

| |

No
Ricinoleic Acid —

Extensive Sample

Preparation
1 l Yes
Ricinine 2.
Ricin Bioactivity Poisonous
Yes

Time-to-Answer: Hours to Days e
2 Ricin Present

Indirect Sample, Direct Detection
Time-to-Answer: 2 minutes

Direct Sample, Indirect Detection

Fig. 1 Two-tiered approach to detect the presence of ricin using
selected small molecule biomarkers, ricinine and ricinoleic acid, in
different matrices.
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Fig. 2 Schematic illustrating the experimental procedures for the
ambient MS-based detection of ricin from paper substrates and bio-
fluid samples using strip-paper spray and thread spray ionization
methods.

under 2 minutes, indicating that the proposed methodology can
be automated and used to analyze numerous samples in a short
amount of time. Given the low molecular weights and structures
of the two biomarkers, and the fact that ionization occurs
without sample pre-treatment, we expect it will be straightfor-
ward to employ with portable mass spectrometers for in situ
detection in the field.

The two samples (contaminated envelopes and biofluids)
were selected based on two anticipated scenarios: (i) envelope
analysis would be needed for cases where ricin is sent via mail
and (ii) biological fluid analysis in cases where ingestion/
inhalation/injection had already occurred. For the former
scenario, a strip of filter paper was manually cut and placed
inside a glass capillary. To initiate MS analysis, the paper strip
was wetted with acidified ethyl acetate spray solvent (pH 5.5).
Gas-phase ions were generated upon the application of 5 kV
(direct current; DC) to the wet paper, which were subsequently
sampled by the mass spectrometer. For analysis of biofluids,
a single piece of hydrophobic thread was used to absorb 10 uL
samples by simply dipping the thread in the biofluids. After, the
biofluid-containing thread was placed in a glass capillary and
fitted in front of the mass spectrometer inlet. Application of 4
kV and acidified ethyl acetate enabled extraction of the analytes
and the subsequent release of charged droplets from the wet
thread allowing for analyte characterization by MS. The pH 5.5
solvent (achieved with acetic acid) was used as a compromise to
promote the protonation [M + H]" of ricinine molecules to
facilitate detection in the positive-ion mode while also not
severely hindering the deprotonation of ricinoleic acid when
detected in the negative-ion mode. Other optimization
experiments/parameters (e.g., spray solvent, organic acid type,
paper spray configuration) are discussed in detail in the ESI
Fig. 1-3.1

Collectively, the results show that both ricinoleic acid and
ricinine standards can be detected more effectively (10x) from
paper strips than when traditional paper spray substrates
(paper cut into triangles) were utilized. The increased ion yield
from this modified paper spray configuration is due to the
existence of a delayed extraction phenomenon where the
containment of the paper strip inside the glass capillary limits
solvent evaporation and offers both an extended analyte
extraction time (60 s) and online pre-concentration effect before
DC voltage is applied to ionize the extracted analyte. Such
extraction mechanism cannot be implemented with
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a traditional paper spray experiment because of the high surface
area of the planar paper triangle, which facilitates rapid solvent
evaporation. Consequently, the conventional experiment
requires the spray solvent and voltage to be applied simulta-
neously, which results in low extraction efficiency and limited
sensitivity. Positive identification of both ricinine and ricinoleic
acid present on untreated paper strips at 0.25 pug mL ™" levels
could be achieved when compared with uncontaminated paper
strips when using the optimized 60 s delayed extraction proce-
dure (ESI Fig. 471). Although hydrophobic thread spray gener-
ated lower background signal compared to strip-paper spray,
the two ambient ionization methods afforded comparable
sensitivity for both analytes when using neat samples (ESI

Fig. 57).

Quantification studies using ricinine via cellulose materials

In order to reduce false negative results, sensitive quantification
capabilities are vital for confirmatory tests. We chose to inves-
tigate the presence of ricinine in untreated human serum and
raw urine. On average, extracts from castor bean seeds are
found to contain 1% ricin (based on terrorist's handbook pro-
cedure®) suggesting that an estimated 0.2% of ricinine can be
co-extracted. Considering that only a fraction of this amount
can be inhaled or ingested in a terrorist attack, it is essential
that analytical methods for ricinine detection exert at least
parts-per-billion sensitivity levels. Representative product ion
spectra for ricinoleic acid and ricinine in 10 pL urine at 250 ng
mL ™" concentrations, recorded using hydrophobic thread spray
MS, are shown in Fig. 3A and B, respectively. Since the confir-
matory test of our method relies on ricinine detection, we
further characterized the analyte's signal in terms of limit of
detection (LOD) measurements based on the characteristic MS/
MS transition m/z 165 — 138. Calibration curves were subse-
quently constructed for a concentration range of 10-250 ng
mL ™" in raw urine and serum, Fig. 3C and D, respectively, after
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Fig.3 Representative tandem MS spectra of a urine sample containing
(A) ricinoleic acid (negative-ion mode) and (B) ricinine (positive-ion
mode). Analyte concentrations were 250 ng mL™! and were analyzed
with hydrophobic thread spray using acidified ethyl acetate (pH 5.5) as
the spray solvent. Calibration curves (10-250 ng mL™Y for ricinine,
with an internal standard concentration of 100 ng mL™%, in (C) raw
urine and (D) serum samples. Each concentration was analyzed in
replicates of 5, and spray voltage of 4 kV was used in all cases.
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comparison with signal (m/z 168 — 141) from the ricinine-
(methyl-d;) internal standard. Based on linear regression anal-
ysis, we determined the LODs for ricinine in urine and serum to
be 23 and 27 fg mL™" (parts-per-trillion), respectively. Relative
standard deviations less than 10% (shown by small error bars)
and high linearity (>0.99) were obtained for each biofluid
indicating high accuracy, exceptional precision and excellent
reproducibility. These high-quality analytical merits were ob-
tained without the need for sample preparation or offline pre-
concentration steps, something essential to chromatographic-
based methods. It will also not be surprising to encounter
high dosages of ricinine in biofluids, especially in the cases of
suicide attempts with crude extracts, making this method's
sensitivity suitable for analysis. To further evaluate the robust-
ness of our approach in a more complex mixture, we detected
ricinine and ricinoleic acid, in the presence of each other, after
spiking equal concentrations (0.25 ug mL " each) in raw urine.
The results (ESI Fig. 61) showed that both analytes can be
positively confirmed from the same complex sample in under 2
minutes with minimal matrix interferences.

Potential implications of the timescale for the approach
presented in the current report are greatest when considering
large-scale screening in an emergency. In this case, it is vital to
confirm the presence of the toxin in at-risk people in as short of
amount of time as possible. Given that ricin is slowly excreted
from the body (concentration levels of ~880 ng mL™" can be
reached between 24-48 h),*** and the fact that ricinine
concentrations in urine and serum after 6 h of exposure is in the
10-35 ng mL™ " range,’>’? we believe that our two-tiered meth-
odology will be suitable for analysis for an extended period of
time post-exposure. With our approach, raw urine samples
could be successfully analyzed at the point-of-care at a rate of
approximately 30 samples per hour, which would allow a large
number of patients to be diagnosed and treated (e.g., breathing
support, intravenous fluids, stomach pumping with activated
charcoal, etc.***) within the window of intervention (~4-8
hours®»**) when symptoms are beginning to occur. Urine anal-
ysis also presents a non-invasive sampling opportunity, which
can facilitate screening of large groups of people within
a community quickly. Our approach has also shown tremen-
dous sensitivity for more complex serum samples (Fig. 3D),
which is important for the analysis of samples collected several
hours after ricin exposure when the concentrations begin to
decrease. The comparable sensitivity in urine versus serum
samples is not surprising, and is attributed to the fact that the
organic ethyl acetate spray solvent extracts only the organic
components from the biofluid leaving behind aqueous-based
contaminants (e.g., inorganic salts, proteins, etc.) that typically
exert ion suppression in electrospray. In addition, the absence
of proteins and red blood cells in serum suggests that the
amount of detectable free analytes are comparable in both urine
and serum. Possible binding of analytes with proteins and/or
diffusion into haematids might present a challenge when
using untreated whole blood samples. Even for complex
samples like blood, we have observed part-per-trillion sensitiv-
ities for organic compounds such as cocaine and diazepam.?*?
The main advantage of the current two-tiered approach is the

17048 | RSC Adv, 2020, 10, 177045-17049

View Article Online

Paper

fact that it presents a highly efficient alternative to direct ricin
detection by transcending difficulties related to heterogeneity of
ricin glycosylation, that often leads to differential toxicity and
bioactivity,” as well as the challenges associated with sample
preparation.

Conclusions

In conclusion, we have presented a method for simple, fast, and
accurate testing for ricin poisoning, which uses substrate-based
ambient ionization mass spectrometry to analyze ricinine and
ricinoleic acid in a two-tiered sequential approach from a single
untreated sample. Compared with other methods including
liquid chromatography mass spectrometry, the strip paper and
thread spray ionization methods enable the analysis of a sample
without sample processing, which reduces the time needed for
analysis, as well as the variation induced in sample preparation
steps. The use of acetified ethyl acetate as a spray solvent
enabled the detection of both biomarkers in positive and
negative ion modes as well as the real-time extraction of ana-
Iytes from paper substrates and from complex biological fluids.
The reduced matrix effects derived from the use of this organic
solvent and the online pre-concentration effects associated with
the spray mechanism allowed for selective transfer of the ana-
lyte molecules and for detection limits of 23 and 27 part-per-
trillion in raw urine and serum, respectively, for ricinine anal-
ysis. The capacity to simply and quickly detect ricinine and
ricinoleic acid biomarkers on paper and in biofluids widens the
applicability of ricin detection in various settings, both in the
laboratory and in the field. The use of this two-tiered approach
also increases confidence in indirect ricin detection and would
aid in expediting the process for emergency cases.
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