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ABSTRACT: Ricin is a highly toxic protein largely existing in

castor beans, which could be used as a warfare agent due to its *, ;* N s @i FL turn-on 0”{ ?
unique properties. As a deadenylase, inactivation of ricin # . i:/ ¥ o 5 py N A 4N
means a loss of its toxic threat. Therefore, developing simple, ~ “Q e ) ‘ =@
accurate, and sensitive on-site detection of biologically active ¥y iBrokenlccationy
ricin in wide types of complex matrices is most valuable. Here, =~ AuNPS-5"-TTTTTT TTT ATA TAT ATA TAAICAT AAT TAG GTC »-QDs
antifouling polymer brush modified magnetic beads were SSIATATAIAY :TL STATIAATCCAG
prepared first and post modified with ricin monoclonal = s AT A © Aune

ibody (th C—H)-mAb.. . Fcientl P2 A FL quenched QD
antibody (the MB?DP H)-mAb,,) to efhciently capture A AAR
ricin from various foods and biological matrices. Active ricin =N p3 9 Flrestored QD

obtained in this manner were sequentially determined by a

new designed AuNP/QDs nanoassembly. In this double strand oligodeoxynucleotides (dsODN) linked core—satellite
nanoprobe, the fluorescence of satellite QDs was extensively quenched by AuNPs due to the dipole—metal interaction. Active
ricin can react with its specific depurination substrates which had been inserted in the dsODN linkers. This reaction would
trigger the separation of QDs from Au cores by cutting multiple adenines, and then result in the restoration of QDs
fluorescence. By coupling with the magnetic enrichment, this AuNP/QDs nanoprobe provided a qualitative result for active
ricin in the range from 10.0 to 100.0 ng mL ™" with the limit of detection as low as 7.46 ng mL™'. Compared with previously
proposed methods, this on-site detection strategy offered an easy to handle on-site test for trace amounts of active ricin in a
wide range of complex matrices.

Ricin is a highly lethal natural toxin found in the seed of the wide pH tolerance as well as good thermostability, ricin had

castor bean plant, Ricinus communis. Ricin belongs to type

II ribosome-inactivating proteins. It contains both a dead-
enylase A chain and a galactose receptor-binding B chain
linked by a disulfide bond in the protein structure. Active ricin
enters eukaryotic cells via the B chain mediated endocytosis
and subsequently the A chain depurinates a specific adenine
from 28S rRNA, which induces the failure of protein synthesis
and finally activates cell death pathway.'~> This biological
process is so efficient that a single active ricin can inactivate
1500 ribosomes/min." Therefore, the lethal dosage of ricin in
human is approximately S—10 ug kg™ (per kilogram of body
weight) through inhalation and 1—20 mg kg™' body weight
when ingested.”® Due to its easy accessibility, high lethality,

been listed in Schedule 1 chemicals by the Chemical Weapons
Convention (CWC) as the only protein biotoxin since 1997."°
Besides, the United States Centers for Disease Control and
Prevention had also identified ricin as a Category B agent,
indicating deliberately it to poison, sabotage, or contaminate
various environmental sources even foods.”’ Although its
production, possession, and use have been strictly regulated,
ricin still appeared in several terrorist attacks occurring in
London and Washington, DC in 2003, as well as in the White




Scheme 1. Overall Detecting Process of This Method for Active Ricin: (A) Synthesis of the MB@P(C—H)-mAb,;;,; (B)
Recovery of Ricin from Complex Samples under External Magnetic Field; and (C) Sensing Principle of the AuNP/QDs

Nanoprobe for Active Ricin
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House in 2013, respectively.”” Recently, the claims that ricin
could have been potentially used in attacking urban
populations were also disputed.'’ Therefore, unambiguous
identification of this biological agent in complex matrices is of
utmost importance in both food safety protection and
antibioterrorism.

Direct identification of ricin has been extensively inves-
tigated using reliable laboratory instruments, such as liquid
chromatography tandem mass spectrometry (LC-MS/MS) or
matrix assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOF/MS).'""* In the past decade,
rapid development of nanomaterials offered versatile building
blocks for constructing ricin specific nanobiosensors based on
antibody or aptamer recognition, which were detected by
electrochemical,’® surface plasmon resonance,’* surface-
enhanced Raman spectroscopy,>'® or fluorescence detec-
tion.'”'® These novel nanoprobes provided diversified
potential options for ricin recognition. However, their inherent
drawbacks of failing to determine active ricin limited their real
applications.

Actually, detecting biologically active ricin has more value in
timely assessing a ricin threat, because inactivation means a
loss of toxicity. Current analytical methods for active ricin are
based on detecting released adenines from the synthetic DNA/
RNA mimic of the toxin’s natural rRNA target by LC-MS,"”
MALDI-TOF/MS,*® or chemiluminescenece.”’ In addition,
some cell-based bioassays have also been developed for active
ricin analysis.””*’ In these assays, strong dependency on
laboratory facilities and operators” skills significantly restricted
them in on-field testing. Although some simple and sensitive
active ricin detecting strategies have been proposed based on
SERS™ or colorimetric detection,” they showed power-
lessness when they were used in complex food matrices. In
order to cooperate with rapid and proper medical treatments
or decontamination, it still needs considerable efforts in
constructing reliable on-field active ricin assays with excellent
matrix-adaptability to assess potentially hazardous situations in
various suspicious contaminated foods and biological samples.

Fluorescence assays relied on portable spectrometers or the
naked eye are acknowledged in their rapid, simple, and

sensitive signal feedbacks, which make them quite applicable in
on-field detection.”*™*° Over the past decade, quantum dots
(QDs) have received great attention due to their unique
fluorescent properties. Compared with organic fluorophores,
QDs offer the excellent advantages of flexible bioconjugation,
strong and stable luminescence, as well as adaptable assembly
capacity,”~** all of which facilitated their wide application in
biological labeling, chemical sensing, and bioimaging. Espe-
cially, incorporating QDs with gold nanoparticles (AuNPs) via
self-assembly has been demonstrated to be an effective
resolution for fabricating various target-specific nanosen-
sors.>473¢ Although the fluorescence signal is sensitive, its
susceptibility to interference would unavoidably detract from
the detection accuracy.”” Here, a sensitive and reliable on-site
detection strategy was proposed by integrating a ricin-specific
magnetic adsorbent with a fluorescence switch-on nanoprobe.
The overall working principles are illustrated in Scheme 1. On
the basis of a typical reversible addition—fragmentation chain
transfer (RFAT) polymerization, nonfouling polymer brushes
(P(C—H)) composed of both carboxy-functional zwitterionic
carboxybetaine methacrylamide (CBMAA) and nonionic
hydroxypropyl methacrylamide (HEMA) were grafted from
the MBs, and then postmodified with the ricin monoclonal
antibody (mAb,;,). The presence of the P(C—H) interface on
the MBs could well integrate fouling resistance with high
recognition element immobilization capacity, therefore it
showed an excellent capturing ability for trace amount of
ricin in complex matrices. Particularly, in the AuNP/QDs
nanoprobe, the ssODN-1 (P1) functionalized Au NPs (the P1-
AuNPs) and the ssODN-2 (P2) modified QDs (the P2-QDs)
were linked by hybridizing them with the third ssODN-3 (the
P3) which contained a specific ricin depurination substrate, i.e.,
poly(dA,,) to fabricate a core—satellite nanoassembly, thus the
fluorescence of QDs were quenched due to the dipole—metal
interaction. The active ricin was first enriched by a magnet, and
subsequently eluted and determined by the AuNP/QDs
nanoprobe based on its specific depurination reaction. In the
presence of active ricin, it would cut multiple adenines from
both the poly(dA,,) loops and the dsODN linkers between the
P1-AuNPs and the P3, and then triggered a dissociation of the



P2-QDs from the P1-AuNPs. As a consequence, the
concentration of active ricin could be simply determined by
monitoring FL enhancement. By integrating the MB@P(C—
H)-mAb,;, adsorbent with the AuNP/QDs nanoprobe,
interfering components were unable to disturb the fluorescence
signal. Owing to its convenience, high sensitivity, and
reliability, this assay could thereby be a promising option for
on-site detecting active ricin in various foods and biological
samples.

MATERIALS AND METHODS

Chemicals and Instruments. All of ODN were purchased
from Shanghai Sangon Biotechnology Co. Ltd. (Shanghai,
China) and purified through high-performance liquid
chromatography (HPLC). They were listed as follows: (1)
P1, the ssODN modified on the surface of AuNPs, i.e., 5’-SH-
C¢H,-TTT TTT TTT ATA TAT ATA-3', with a segmental
sequence hybridized with the P3 which was highlighted by
underlining and a poly(dT,) as a spacer sequence, respectively;
(2) P2, ie., the ssODN linked on the surface of QDs with a
segmental sequence as the capture strand to hybridize with the
P3 (the sequence was highlighted with italic) and a poly(dT)
as a spacer sequence, ie.,, S'-TAA CAT AAT TAG GTC TTT
TTT-C¢H;,—NH,-3'; (3) P3: the ssODN contained a special
active ricin depurination substrate (poly(dA;,)) which was
highlighted in bold, as well as two sequences which were
hybridized with the P1 (highlighted with underline) and the
P2 (highlighted with italic), respectively, ie, $'-GAC CTA
ATT ATG AAAAAAAAAAAA TTA TAT ATA TAT-3'. Intact
ricin with purity exceeding 95% by SDS-PAGE analysis was
extracted from castor beans following standard procedures.’
The water-soluble QDs (the ZnS-capped CdSe QDs, modified
with the thioglycolic acid) was the product of Wuhan Jayuan
Quantum Dots Co. Ltd. (Wuhan, P.R. China). Ricin alpha
monoclonal antibody (mAb,, RA999) which specifically
recognizes the ricin toxin RCA60 was the product of Thermo
Scientific (Catalog # MA1—74237). Bis(p-sulfonatophenyl)-
phenyl phosphine dehydrate dipotassium salt (BSPP) was
purchased from the Sigma-Aldrich. Deionized water purified by
a Milli-Q water purification system (Millipore, MA, U.S.A.)
was used throughout these experiments. The morphology of
nanoparticles were observed with a transmission electron
microscopy (TEM, JEM-2000EX, Japan). FT-IR spectra were
collected on a FT-IR spectrometer (Bruker Vertex 70). Powder
X-ray diffraction (XRD) patterns of the as-prepared MBs were
recorded using a Rigaku smart lab (Rigaku, Japan) with Cu Ko
radiation (4 = 1.5406 A). Zeta potentials and hydrodynamic
sizes were measured on a Malvern Nanosizer instrument
(Malvern Instruments, Ltd, UX.). A Physical Property
Measurement System (PPMS) device (Cryogenic, 12 T
Magnet) was used to measure magnetic properties of the
magnetic beads. Thermogravimetric analysis (TGA) was
performed on a TA Instruments device (Model TGA QS00)
from room temperature to 800 °C. The UV—vis absorption
spectroscopy were collected on a Shimadzu 3600 UV—vis—
NIR spectrometer, while the fluorescence spectra was collected
on a Shimadzu RF-5301PC.

Preparation of the Specific Magnetic Adsorbent for
Ricin. The water dispersible SiO, capped Fe;O, microbeads
(MBs) and the amino modified MBs (NH,-MBs) were
prepared according to the previously reported method.” The
monomers, ie., carboxy-functional zwitterion carboxybetaine
methacrylamide (CBMAA)*® and the silane functionalized

RAFT initiator, i.e., propyl-4-(trimethoxysilyl)benzyl carbon-
otrithioate (CTA) were synthesized according to the reported
methods.*' The detailed synthesis procedures of both CBMAA
and CTA are given in the Supporting Information, SI. The
copolymer brush grafted MBs (the MB@P(C—H)) were
synthesized via a RAFT polymerization (see the SI). Moreover,
the sole P(C—H) was also prepared for comparison (see the
SI). Finally, the ricin-specific MBs (the MB@P(C—H)-
mAb,;;,) were prepared by covalently linking the mAb,, on
the MB@P(C—H) via a typical EDC active amino-carboxyl
coupling procedures (see the SI).

Measuring the Adsorption Affinity of the MB@P(C—
H)-mAb,,., to Ricin. For extracting ricin, 10 mg of the MB@
P(C—H)-mAb,, was added to a series of standard solutions
(1.0 mL) with the ricin concentrations ranged from 10 to 50
ug mL™". After incubating 2 h, the equilibrium concentrations
of ricin in the supernatants were determined by the BCA
protein assay. In addition, the binding kinetic between ricin
and the MB@P(C—H)-mAb,,;, was examined by mixing 10
mg of the MB@P(C—H)-mAb,,, with 50 ug ricin in 1.0 mL
PBS buffer. At different incubating times from 20 to 120 min,
the concentrations of ricin in the supernatant were determined
by the BCA protein assay. The equilibrium adsorption amount
(Q) of the MB@P(C—H)-mAb,,,, was calculated based on the
equation below:

Q=(Cy— C) xVxm'x 10’ (mg/g)

Here, C, (,ug mL_l) represents the initial ricin concentration in
PBS buffer; C, (ug mL™") is the equilibrium concentration of
ricin in the supernatant; V (mL) is the volume of sample
solution; and m (g) is the mass of the MB@P(C—H)-mAb,,.

Construction of the AuNP/QDs Nanoprobe. AuNPs
with diameter of ca. 60 nm were synthesized based on the
seed-growth method.** According to this research, the
concentration of AuNP sol after 6 growth steps is nearly 1.9
x 10" (NP mL™"). For stabilizing AuNPs, BSPP (15 mg) was
added to the AuNP sol (100 mL) under stirring and then
reacted for another 10 h.*> The P1 modified AuNPs (the P1-
AuNPs) were obtained via the strong binding between Au and
thiol (the detail modifying process was described in the SI).**
Finally, the P1-AuNPs dispersed in buffer solution (10 mM
PBS, pH 7.4) were standardized to 10 nmol L. The P2
modified QDs (the P2-QDs) were prepared using the EDC/
sulfo-NHS cross-linking procedure as described in the SI. The
fabrication of the AuNP/QDs nanoprobe was carried out in
the hybridization buffer solution (10 mM PBS pH 7.4, S mM
MgCl,, 0.01% Tween 20). Typically, the P1-AuNPs, the P2-
QDs and the P3 were mixed at a molar ratio of 1:50:200. The
hybridization-assistant assembly was conducted first under 80
°C for 10 min and then at 37 °C for another 2 h, thus
obtaining the fluorescence-quenched AuNP/QDs nanoprobe.
The AuNP/QDs were purified by centrifuge and suspended in
10 mM PBS buffer for further use. In addition, AuNPs were
deposited on clear Si wafers by evaporating the aqueous phase,
providing films used to collect SERS signals.

Sensing Active Ricin Using the AuNP/QDs Nanop-
robe. The AuNP/QDs solution was standardized to 0.5 OD at
535 nm using the UV—vis spectroscopy. For quantitation, a
certain amount of ricin was dispersed in the TFA/DI water/
ethanol (1:50:49 (v/v/v) for 30 min and then added into the
AuNP/QDs nanoprobe solution (200 uL, 0.5 OD). After
incubation at 38 °C for 2 h, the fluorescence of these solutions
were measured. To monitor the depurination kinetic between
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active ricin and the AuNP/QDs nanoprobe, this sensing
solution contained active ricin (100 ng mL™") and the AuNP/
QDs nanoprobe (0.5 OD) underwent fluorescence tests every
20 min until the signal reached a stable value. After
determining the fluorescence intensity, all of these solutions
were ultrafiltered to obtain the nanoparticle-free filtrates. The
released adenines in the filtrates were also measured by LC-
ESI-TOF/MS (the detailed testing procedures are given in the
SI). The specificity of the AuNP/QDs nanoprobe to some
interfering proteins was tested individually using the same
method as that for detecting active ricin.

Selective Detection of Active Ricin from Various
Complex Matrices. Various complex food and biological
samples including orange juice, ham, sandwich, milk, coffee,
and human plasma serum were used to evaluate the
applicability of the proposed detection strategy, which were
all spiked with ricin (the sample preparation procedures are
given in the SI). Specifically, 10 mg of the MB@P(C—H)-
mAb,, were directly mixed with 1.0 mL of the ricin-spiked
samples. For ensuring a full recovery of ricin, a binding time of
1 h was used for capturing ricin in real samples, and the
supernatant was decanted by easy separation with a magnet.
After washing with PBST and PBS buffer, the elution solution
of TEA/DI water/ethanol (1:50:49 (v/v/v), 100 uL) was used
to fully elute ricin from the MB@P(C—H)-mAb,, for 30 min
at 25 °C. After removing the adsorbent, active ricin in the
supernatant was quantified using the AuNP/QDs nanoprobe
according to the above method. Simultaneously, the recovered
ricin was also determined by the proposed LC-MS/MS
method"™ as comparison (please see SI). The recoveries in
each sample were calculated by comparing the determined
concentrations with that of the added one.

RESULTS AND DISCUSSION

Fabrication and Characterization of the P(C—H)

grafted MBs. Challenges for nanomaterial-based sensing are
associated with severe interference in complex samples and
nonspecific fouling in the nanosensing interface. This effect
would lead to false negative results, thus creating difficulties in
target identification. Therefore, great attention has been
devoted to the integration of sample preparation with an
analysis step to provide fast and reliable assay. CBMAA, which
has been reported as a key monomer in fabricating an ultralow
fouling interface, was copolymerized randomly with a nonionic
HEMA monomer, which composed flexible three-dimensional
polymer brushes around MBs (the MB@P(C—H)). As
determined by XRD, the crystalline structure of the MB@
P(C—H) keeps the face-centered cubic spinel structure as that
of the Fe;O, NP and the Fe;0,@SiO, (MBs) precursor,
demonstrating that the chemical modifying process did not
change its crystalline structure (Figure S1). TEM images
(Figure 1A) confirm the well dispersity and uniform
morphology of the MB@P(C—H). By zooming in on one
particle, it can be easily distinguished that the MB@P(C—H)
presents the Fe;O, core of ~120 nm in diameter, and the
middle SiO, layer of ~10 nm as well as the outer P(C—H)
brushes of 15—20 nm in thickness (Figure 1B), respectively. As
measured by DLS, the average hydrodynamic diameter of the
MB@P(C—H) was 182 nm with the DPI of 0.24. With respect
to verifying the successful graft of P(C—H) chains on the MBs,
FT-IR studies provided important information (Figure 1C).
Here, the FT-IR spectra of the sole P(C—H) was given in
Figure 1C for comparison. It can be seen that both the MB@
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Figure 1. TEM image of the MB@P(C—H) (A) and a zoom-in image
of it (B). The arrows in B show different layers around the Fe;O,
core; (C) FT-IR spectra of the P(C—H) and the MB@P(C—H); and
(D) TGA analysis of the MBs before and after being grafted P(C—H)
polymer brushes.

P(C—H) and the sole P(C—H) share very similar FT-IR
spectra. Notably, there are strong peaks around 1100 cm™
assigned to the Si—O bond which confirms the presence of
SiO, both in the MBs and the MB@P(C—H). As for the MB@
P(C—H), the wide absorption band around 3405 cm™ was
attributed to the stretching vibration of —OH. Several bands
around 2940—2990 cm™ indicate the presence of the alkane
groups. The amide I and II bands locate at about 1653 and
1585 cm™!, respectively. The carboxyl stretching vibration of
the —COOH appears at 1721 cm™". In addition, the peak at
1386 cm ™' represents the C—O symmetric stretching band. All
of these bands indicated the success graft of the P(C—H) on
the MBs. It is shown that the MB@P(C—H) has a weight loss
of ~17% by TGA analysis, which is significantly higher than
that of the MBs with less than the 3% weight loss (Figure 1D).
Moreover, the saturation magnetization of the MB@P(C—H)
was measured as 34.5 emu g_l, and the magnetization curve
exhibits symmetry and passes accurately through the origin,
which ensures a facile separation and reusability of the MB@
P(C—H) from sample matrices.

For achieving selective capture, the mAb,,;, was covalently
linked on the MB@P(C—H) as a recognition element. It is
demonstrated that the amount of mAb,,;,, immobilized on the
MB@P(C—H) (each gram of the MB@P(C—H))-mAb,,
contained 28 mg mAb,,) is nearly three times higher than
that of the amino-MBs (each gram of the MBs contained 6.2
mg mAb,,). The MB@P(C—H)-mAb,, reached to the
saturated adsorption within 20 min, suggesting that the flexible
interface of the MB@P(C—H)-mAb,;, facilitated the recog-
nition and binding between mAb,, and ricin by decreasing
steric hindrance, thus achieving fast adsorption balance. It is
shown that compared with the reported method* which used
the TFA/DI water solution (1:99 volume ratio) to elute ricin,
the addition of ethanol in the eluent (TFA/DI water/ethanol
(1:50:49, volume ratio) shows better eluting efficiency (Table
S2 in SI). This difference might come from the special
chemical property of the P(C—H) layer on the adsorbent. As
shown in Table S2, the MB@P(C—H)-mAb,, could be
effectively applied in various tainted samples, and the
recoveries were calculated to be 66%—86% for 20 ng mL™"
and 77.0%—92% for SO ng mL™" ricin, respectively, according
to the LC-MS/MS measurements, which suggested the
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extraction procedures used in this assay were satisfied. It is also
shown that the MB@P(C—H)-mAb,;, was superior to the
dual-recognition affinity magnetic adsorbent (the MB@
P(ConA/Gal)) proposed by our group™ in the aspects of
both the matrix-adaptability and the recovery rates. It was
examined that the MB@P(C—H)-mAb,,, showed weak
nonspecific interaction with HSA (less than 84 ug g').
Benefiting from the presence of the fouling resistant P(C—H)
layer, protein interferences could be excluded. All of these
results demonstrated that the MB@P(C—H)-mAb,, ex-
hibited good fouling resistance, high ligand-loading capacity,
and high target recovery capacity due to the presence of the
P(C—H) interfaces as a scaffold for the mAb,,.

Design and Characterization of the AuNP/QDs
Nanoprobe. TEM image reveals that the P1-AuNPs exhibit
spherical shapes with the average diameter of ca. 60 nm
(Figure 2A). Zeta potentials and hydrodynamic diameters
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Figure 2. TEM image of the P1-AuNPs (A), the P2-QDs (B), and
that of the AuNP/QDs assemblies (C); UV—vis absorption spectra of
different modified AuNPs, QDs and that of the AuNP/QDs
nanoprobe (D); SERS spectra of the P1-AuNPs and that of AuNP/
QDs nanoprobe (E); and (F) fluorescent spectra of the QDs and the
AuNP/QDs nanoprobe.

changed from —18.7 mV and 63 nm for the bare AuNPs to
—26.5 mV and 68 nm for the P1-AuNPs. As for the P2-QDs,
they show spherical shapes with an average diameter of 6 nm
in TEM image (Figure 2B). Zeta potential and hydrodynamic
diameter before and after conjugation with P2 also showed
some changes from —23.7 mV and 10 nm for the bare QDs to
—25.4 mV and 14 nm for the P2-QDs. Both the bare QDs and
the P2-QDs have very similar absorption spectra, indicating the
bioconjugation of the P2 on the QDs did not change their
optical properties (Figure 2D). AuNPs and QDs can act as
ideal energy acceptors/donors in constructing fluorescence
resonance energy transfer (FRET) based nanosensors, due to
their excellent optical properties.”**’ In this work, ODN
hybridization was employed to fabricate the core—satellite
AuNP/QDs nanoassembly. For achieving an optimized double
strand ODN (dsODNs) linker, several dsODN linkers with
different lengths and base compositions (Table S3) were
designed to examine their depurination reaction with active
ricin. It is found that active ricin could cut adenines from these
dsODN substrates under pH 4.0, thus inducing the loss of
these dsODNs (Figure S2). Considered from both the stability
and the sensitivity of the AuNP/QDs nanoprobe, the linker
between the P1-AuNPs and the P3 was designed to have the
same sequence as that of the S2. In addition, it has been
verified that the poly(dA,,) was the most efficient substrate
according to our previous research.”* Therefore, the poly-
(dA,,) was chosen as the depurination substrate in this AuNP/

QDs nanoprobe. Active ricin could cut multiple adenines both
from the poly(dA,;,) loops and the dsODN linkers between the
P1—Au and the P3, finally inducing separation among QDs
and AuNPs (the broken site is shown in Scheme 1C).
However, the base-pairs between the P3 and the P2-QDs could
remain stable during the reaction process. Considered from
both the signal-to-noise ratio and the sensitivity of the AuNP/
QDs nanoprobe (Figure S3), the feeding molar ratio of the P1-
AuNPs, the P2-QDs and the P3 at 1:50:200 was selected in
this method. As illustrated in the TEM image (Figure 2C), a
number of the P2-QDs are assembled around the P1-AuNPs,
and present a core—satellite nanostructure. Simultaneously, the
QDs/AuNP nanoassemblies (Figure 1D) display the absorp-
tion peak around 543 nm, which show a slight red-shift of §
nm compared with that of the P1-AuNPs. SERS spectra of the
P1-AuNPs exhibit strong Raman features corresponding to
ssODN (Figure 2E), i.e., the C—N wagging at 1037 cm™, the
C—N stretching at 1320 cm™), and COO~ stretching mode at
1468 cm™, respectively, indicating the presence of ssODN in
their structures. All of these typical peaks also show up in the
SERS spectra of the AuNP/QDs. However, the SERS spectra
of the psychical mixture of the AuNPs and P1’ which had the
same sequence as P1 but did not modify the thiol group in the
5" end show a very weak SERS signal compared to that of the
P1-AuNPs, indicating that the ssODN could not efficiently
bind to the AuNPs without having a thiol group. In addition,
the zeta potential of the AuNP/QDs assembly was measured
to be —24.6 mV, and the hydrodynamic diameter of assemblies
increased to 96.3 nm. As shown in the Figure 2F, the FL
intensity of the physical mixture of the P2-QDs and the P1-
AuNPs was measured as 575, which show little change in signal
intensity comparing with the same amount P2-QDs solution.
After adding the P3, the FL intensity dropped down to 45,
suggesting that the fluorescence quenching was attributed to
hybridization induced dipole—metal interactions. All of this
evidence verified the successful preparation of the AuNP/QDs
nanoassembly via hybridization.

Detection of Active Ricin Using the AuNP/QDs
Probes. The core—satellite AuNP/QDs nanoprobe was
fabricated via ODN hybridization, while its nanostructure
could disassemble in the presence of active ricin. TEM images
(Figure 3A,B) reveal that more and more QD satellites detach
from the core AuNPs with the addition of active ricin. It is
deduced that the specific depurination of active ricin toward
their substrate sequence, ie. poly(dA;,) would make the
dsODN linker between the P1-AuNPs and the P3 loose even
breakage, thus liberating the QDs from the AuNP core, finally
resulting in a fluorescent signal restoration. For verifying this
hypothesis, the depurination between active ricin and the
AuNP/QDs nanoprobe was also monitored by detecting the
unique cleavage product of depurination, i.e., adenine. It was
found that the amounts of adenine were well dependent on the
concentrations of active ricin (Figure 3C). Moreover,
compared with the original ricin, the recovery of ricin scarify
parts of their activities due to having been treated with the
TFA/DI water/ethanol (1:50:49, volume ratio) eluent, which
was reflected by the decreased adenine when reacted with the
AuNP/QDs nanoprobe as shown in Figure 3C. Considering
the depurination reaction between active ricin and the AuNP/
QDs nanoprobe was both time and concentration dependent, a
reaction time of 2 h was selected in this assay, thus the FL
intensity could be dependent only on the concentration of
active ricin. Considering that the decrease of ricin activity after
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Figure 3. Performances of the AuNP/QDs nanoprobe in buffer
solution. TEM images of the AuNP/QDs after adding active ricin (A)
30 ng mL™" and (B) 80 ng mL™", respectively; (C) concentration of
the released adenine after depurination reaction between the AuNP/
QDs probes (0.5 OD) and different active ricin before (black line)
and after (red line) treated by the elution solutions; and (D) FL
spectra of the AuNP/QDs solution upon addition of different
concentrations of active ricin (from a to i: 0, 10, 15, 20, 30, 40, 60, 80,
and 100 ng mL™").

elution would cause deviation on quantitative detection, the
work curve was built using the ricin pretreated with the same
elution process to obtain a consistent activity with the recovery
ricin. As shown in Figure 3D, the AuNP/QDs solution displays
a gradual fluorescence restoration as a function of increasing
concentration of active ricin.

Plotting the increased amplitude of fluorescence at 575 nm
(Is75) against active ricin concentration yields a Langmuir-type
plot that is nonlinear past 100 ng mL ™" active ricin, which also
indicates that the probe would reach to saturation at higher
concentrations. A logarithmic correlation was observed in a
wide range of active ricin concentrations from 10 to 100 ng
mL™" (Figure 4A). The calibration curve was established as

300

active ricin: 20 ng mL"
other proteins: 500 ng mL’

600:

I575

200

O oo (O @ o ¢
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Figure 4. (A) I, plotted against the concentration of active ricin. All
error bars were obtained through the detection of six parallel samples.
(B) Dependence of Ig;s on different concentrations of interfering
proteins.

I;s= 634.8 X 1gC, e ricin—594.7. Here, C,.ive ricin T€Presents the
concentration of active ricin (ng mL™"). The limit of detection
(LOD) was calculated to be 7.46 ng mL™"' by including the
control signal with three times of the standard deviation. The
Is;s gave a relative standard deviation (RSD) of 5.4% by
measuring active ricin (50 ng mL™!, n = 6), demonstrating the
satisfactory reproducibility of the proposed assay. To estimate

the specificity of the method, the response of AuNP/QDs
nanoprobe to interferences was also examined. It was found
that common ions and organic matters did not induce a
fluorescent signal turn-on as that of active ricin (data not
shown). Some proteins also did not induce fluorescence signal
change, demonstrating the good specificity of the method
(Figure 4B). However, due to strong electrostatic interaction
between positively charged interfering proteins and the
negatively charged AuNP/QDs nanoprobe under the opti-
mized reaction condition (pH 4.0). It was found that high
concentration coexisted proteins (larger than S pg mL™')
could affect the accuracy of this method by forming the large
AuNP/QDs aggregates, which further emphasized the
necessary of integrating the specific magnetic adsorbent to
purify complex samples. Therefore, integrating the MB@P(C—
H)-mAb,, with the AuNP/QDs can greatly extend its
application in complex samples.

Analysis of Active Ricin in Spiked Samples. Ricin could
contaminate food or drink as it can remain stable even in harsh
ambient conditions. To test practical applications of the
proposed strategy, enrichment and subsequent detection of
active ricin in different foods and biological matrices were
conducted. It was found that the MB@P(C—H)-mAb,,
reached saturated adsorption within 20 min, and therefore a
binding time of 1 h was used for full capture of ricin in real
samples. It was examined that the coexisting TFA (0.1%) and
ethanol (4.9%) in the ammonium acetate buffer did not
interfere the detection of active ricin (Figure S4). As
demonstrated in Table 1, the determination of active ricin

Table 1. Determination of Active Ricin Spiked in Different
Matrices by the Proposed Detecting Strategy”

AuNPs/QDs nanop-

robe
spiked detected recovery LC-MS
sample (ngmL™") (ngmL7") (%) (ng mL™")

diluted human serum 20.0 12.4 62.0 14.6
50.0 38.4 76.8 43.1

100.0 76.8 76.8 85.4

orange juice 20.0 13.4 67.0 16.8
50.0 39.5 79.0 44.5

100.0 79.2 79.2 85.6

ham 20.0 11.6 58.0 132
50.0 34.3 68.6 39.3

100.0 75.6 75.6 80.8

sandwich 20.0 11.2 56.0 13.7
50.0 32.7 65.4 38.5

100.0 73.6 73.6 78.5

milk 20.0 11.8 59.0 15.7
50.0 37.3 74.6 42.3

100.0 78.1 78.1 80.2

coffee 20.0 13.8 69.0 15.4
50.0 39.6 79.2 45.2

100.0 80.4 80.4 87.5

“Data are mean value of 3 measurements.

based on the AuNP/QDs probe were basically coincident with
the values measured by the LC-MS/MS method, suggesting
the reliability of this newly proposed strategy. According to
previous research, the LDS50 for human ricin ingestion is
estimated at 3 mg kg™' or 105 mg for a 35 kg child. Taking

beverages as the example, a deadly oral ingestion of ricin is
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approximately 0.4 mg mL™' of 8 oz liquid. That means this
newly proposed method can be quantitatively detected for
active ricin in the linear range. Moreover, it also can be utilized
for simple “yes/no” detection in higher ricin concentration.
The AuNP/QDs nanoprobe could also quantatively respond to
active ricin even after storage in the PBS buffer for nearly four
months under 4 °C (Figure SS), demonstrating its well
stability. Compared with different reported active ricin assays
(Table S4), this new fluorescence turn-on testing method was
simple, sensitive, and accurate, all of these advantages make it
apply well to rapid active ricin screening in wide range of
complex samples.

CONCLUSIONS

In this work, a fluorescence switch-on assay of active ricin in
complex food stuffs was demonstrated by integrating highly
efficient immune-affinity magnetic adsorbent with the specific
AuNP/QDs nanoprobe. Benefiting from its flexible and
adaptive three-dimensional nanostructure, the MB@P(C—
H)-mAy,, exhibited increased affinity over both the
monolayer mAb,;,-MBs and the dual-recognition MB@
P(ConA/G). As an excellent functional magnetic adsorbent,
the proposed MB@P(C—H) with high ligand loading capacity
and fouling resistance characteristics make them -easily
fabricate into a wide range of specific adsorbents by
conjugating them with various recognition elements, and
then easily coupled with the downstream analysis techniques.
By integrating them with immune magnetic enrichment, the
newly designed AuNP/QDs nanoprobe could provide reliable,
low cost, simple, and rapid detection while retaining the top
features of the existing rapid on-field assays for active ricin.
This strategy holds considerable promise for the emergency
requirement of screening the ricin threat in a variety of
biodefense and food safety applications.
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