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Abstract

Magnetic ionic liquids (MILs) have proven effective as capture reagents for foodborne bacterial pathogens; however, there
are currently no published studies regarding their use with foodborne, non-enveloped viruses. In this study, a protocol was
evaluated for capture and recovery of bacteriophage MS2, a human norovirus surrogate, and purified viral genomic single
stranded RNA (ssRNA) from an aqueous suspension using MILs. Transition metal-based MILs showed similar capture and
recovery efficiency for both targets. A rare earth metal-based MIL showed much greater capture efficiency than the transition
metal-based MILs, but displayed similar recovery. All tested MILs showed slightly higher capture and recovery efficiency
for free RNA in comparison to intact virus, though overall trends were similar, and most MILs could recover both targets at
as little as 10?2 PFU/mL intact MS2 or copies/mL purified RNA. A plaque assay confirmed that contact with MILs did not
significantly reduce viral infectivity. Adjusting MIL volume gave no significant changes in capture or recovery, likely due
to interplay between volume for the hydrophobic MIL and dispersion. Reducing the elution volume gave a slight increase
in recovery, indicating MILs could be used for target enrichment after further optimization. MILs could also capture MS2
from romaine lettuce rinsate at comparable or even higher levels than from pure suspension, though loss in recovery was
observed when the rinsate was prepared in an alkaline elution buffer. Overall, these results demonstrate the potential utility
of MILs as concentration reagents for foodborne viruses, particularly for in-field applications.
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Introduction of foodborne viral infections by some estimates [1] and

results in economic losses of over $2 billion each year [2,

Foodborne illness imposes substantial public health and
economic burdens in the USA, as around one in six Amer-
icans contract some form of foodborne illness each year.
Though there are many potential causative agents of food-
borne illness, most cases in the USA are caused by viral
pathogens, and of these, nearly all are due to human noro-
virus (HuNoV). This pathogen is responsible for over 90%
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3]. HuNoV is a non-enveloped virus with a positive-sense
single-stranded RNA (ssRNA) genome that has a low infec-
tious dose (as little as 1-10 virions) [4, 5] and shows recalci-
trance to many surface disinfectants [6—8], making it difficult
to control. To prevent and contain HuNoV outbreaks, rapid
and early detection of viruses in food and the environment
is needed. However, unlike foodborne bacterial pathogens,
which are routinely tested for in foods and have accepted lev-
els of a few to zero viable cells [9], there is no requirement
of routine testing for viral pathogens in foods. This is par-
tially because current virus detection methods lack sufficient
sensitivity and robustness for use with contaminated food
samples. Further, most foodborne pathogen testing requires
complex equipment that demands specialized training for
use and therefore takes place largely at centralized diag-
nostic laboratories. When accounting for shipping time and
potential testing backlogs, it can take days to obtain results,
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during which time potentially contaminated foods could be
widely distributed [10, 11]. Therefore, there is a need for
effective separation, concentration, and detection methods
for foodborne viruses that can be applied for in-field use in
food production facilities without sacrificing sensitivity and
specificity.

The “gold standard” method for detection of viral patho-
gens is RT-qPCR, due to its high sensitivity and specific-
ity [12]. However, this method has some limitations. PCR
amplification is vulnerable to inhibition from a variety of
components associated with food and clinical samples,
such as polysaccharides [13, 14] and heme proteins [14,
15], which can lead to false negative results. This is further
complicated by the fact that PCR reactions are performed on
microliter-scale assay volumes. Representative food or clini-
cal samples may be orders of magnitude larger, and target
pathogens may also be present at low levels and/or unevenly
distributed throughout the sample [16, 17]. When testing for
bacterial pathogens, these issues can often be mitigated by
using cultural enrichment to increase the target concentra-
tion to detectable levels while reducing the relative concen-
tration of PCR inhibitors. However, this is rarely feasible for
viral pathogens. Isothermal amplification methods are an
emerging alternative to PCR that can be adapted for in-field
usage, but these methods still require low input volumes,
necessitating target concentration or enrichment. To lower
the limit of detection for viruses and reduce the risk of false
negatives, target separation and concentration is essential.

There are a variety of currently established sample prepa-
ration methods for virus detection, but they each have their
own limitations. Nonspecific methods, such as polyethylene
glycol (PEG) precipitation, ultracentrifugation, and ultrafil-
tration, exploit physical characteristics of the virus such as
their small size and capsid protein characteristics in order to
separate them from the sample matrix [18]. PEG precipita-
tion is relatively simple, but requires long incubation times
and can co-concentrate matrix-associated proteins. Ultra-
centrifugation requires costly instrumentation and often
co-concentrates potential PCR inhibitors, and ultrafiltration
membranes are subject to clogging and fouling, particularly
when working with complex food matrices. All of these
existing approaches may require additional purification steps
and are not well-suited for in-field applications.

Target-specific methods, alternatively, rely on binding
ligands such as antibodies, aptamers, or antigens conjugated
to magnetic beads to capture the virus. These methods are
useful in that they can effectively separate target pathogens
from matrix-associated inhibitors and enable their physi-
cal enrichment into smaller sample volumes, which aids in
downstream detection. However, their high binding specifi-
cities can have drawbacks, especially when dealing with
foodborne viruses. HuNoV is a very diverse class of viruses
with many genogroups and genotypes that are infectious to
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humans, and certain ligands may display differential affin-
ity for different strains [19, 20]. Additionally, some noro-
virus genotypes exhibit a relatively high rate of antigenic
drift, meaning even ligands that effectively bind many major
HuNoV strains may have only a limited window of utility
[12].

Aside from the ligands themselves, there are other draw-
backs associated with magnetic bead-based sample prepa-
ration methods. The production of ligand-functionalized
magnetic beads is often costly, making them poor options
for high-throughput or large sample volume use. Addition-
ally, these beads require refrigerated storage and have finite
shelf lives, which limits their utility in low-resource set-
tings or on-site at farms and food production facilities. In
order for routine foodborne virus testing to become feasible,
there is a need for rapid target separation and concentration
methods that utilize inexpensive shelf-stable reagents and
minimize the need for specialized equipment. Such methods
should also enable effective capture of intact (infective) viral
pathogens, yet remain broadly reactive enough to account
for strain variation. This may be possible through the use
of magnetic ionic liquids (MILs), whose chemical, physi-
cal, and functional properties align with this exacting set of
assay requirements.

MILs, a subclass of ionic liquids, are hydrophobic and
magnetoactive molten salts with melting points below 100
°C. While MILs are a broad class of structurally diverse
compounds, they generally possess high temperature sta-
bilities and low vapor pressures, may be designed for bio-
compatibility, and are stable at room temperature over long
periods of time [21, 22]. They also have a paramagnetic
component, meaning they can be magnetically separated
from aqueous suspension. This magnetoactivity, combined
with additional cooperative density- and hydrophobicity-
based behaviors in aqueous suspension (e.g., post-capture
MIL droplet settling and self-aggregation), obviates the need
for centrifugation or similar equipment-intensive sample
manipulation steps. In short, MILs combine key advantages
of magnetic bead-based sample preparation methods, such
as speed and minimal equipment requirements, with the
physicochemical robustness and cost-effectiveness of non-
specific methods.

MILs have previously been used for capture and con-
centration of Salmonella Typhimurium from both simple
buffer systems and aqueous food matrices (almond milk,
cow’s milk, liquid egg product) [23, 24]. Despite this, it
was unknown whether MILs could also bind and concen-
trate viruses. Given the critical, yet unmet need for effective
concentration steps prior to detection of foodborne viruses
(all of which are non-enveloped), the purpose of this study
was to explore the capacity of MILs for capture and con-
centration of intact and infectious non-enveloped virus from
aqueous suspension. We also investigated the use of MILs
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for capture and concentration of free genomic viral sSRNA
from suspension, both for comparison with intact virus and
for evaluation of the potential utility of MILs for extraction
of genomic RNA from intact virus, a key preparation step for
nucleic acid-based endpoint detection. MILs have been used
in previous studies for capture of nucleic acids, including
DNA and microRNAs [25-27], and have even been shown
to give protection against nucleases in aqueous suspension
[28]. However, the ability of MILs to be used in extraction
of viral genomic RNA has not yet been reported. Access to
a single multitasking reagent capable of capture and concen-
tration of intact foodborne viruses or their sSRNA in suspen-
sion and of possibly protecting this RNA against degradation
by nucleases would represent a major food safety advance.

Materials and methods
MIL synthesis

The structures of the MIL formulations used in this study
are shown in Fig. 1. Each consisted of a phosphonium cation
and a hexafluoroacetyl-acetonate anion with a cobalt (II),
manganese (II), nickel (IT), or dysprosium (IIT) metal center
and was synthesized according to the method reported by
Pierson et al. [29] and detailed within the Supporting Infor-
mation. After synthesis, MILs were transferred into screw-
cap glass vials and kept in a desiccator at room temperature
for long-term storage.

Virus stock preparation

The non-enveloped virus target used was F-specific bac-
teriophage MS2 (ATCC 15597-B1), which is a commonly
used cultivable surrogate for HuNoV given its similar cap-
sid organization and properties [30-32]. MS2 stocks were
prepared using a method adapted from Su et al. [33], in
which phages were propagated in Escherichia coli C-3000

c13H27
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(ATCC 15597) cultured in tryptic soy broth supplemented
with 0.1% glucose, 2 mM calcium chloride, and 10 pM
thiamine. After propagation, cultures were centrifuged to
separate cell debris, aliquoted, and stored at —80 °C. Enu-
meration of virus titer was performed using the plaque-
count method.

MIL-based target capture and recovery

The MIL capture protocol was based on that reported by
Clark et al [23] and is outlined in Fig. 2. Briefly, a small
volume of MIL (usually 15 pL) was added to a 4-mL
screw-cap glass vial that had been degreased by washing
with acetone and sterilized by autoclaving. Then, 1 mL
of the target suspension, diluted into pH 7.4 phosphate-
buffered saline (PBS), was added to the vial, which was
then vortexed for 30 s to disperse the MIL droplets using
a Fisher Scientific Vortex Mixer on speed 8 (Fisher Scien-
tific, Hampton, NH). The vial then placed on a magnetic
rack for 10-15 min to separate the MILs. The supernatant
was removed, and 1 mL of nuclease-free water was added,
gently mixed, and discarded to remove any additional
unbound target. Then, 1 mL of ionically complex elution
media (Luria broth with 2X tryptone) was added, and the
vial was vortexed again for 2 min to release the bound tar-
get. The vial was placed on a magnetic rack for 10-15 min
to separate the MILs, and the supernatant was reserved
for analysis. When purified ssRNA was used, the sample
was diluted tenfold into nuclease-free water before RT-
gPCR quantification to reduce inhibition from the elution
media. When intact MS2 was used, sSRNA was extracted
using the Trizol method before RT-qPCR [34]. Parameters
adjusted in this study included target titer, MIL volume,
and elution media volume. Unless stated otherwise, the
input target titer was 10° PFU/mL for intact MS2 or 10°
copies/mL for ssRNA.

[Pges14] [ Y (hfacac),]

Fig. 1 MIL chemical structures. A Chemical structures for transition metal-based MILs where X = Co (II), Mn (II), or Ni (II). B Chemical struc-

tures for rare earth metal-based MILs where Y = Dy (III)
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RT-qPCR amplification of MS2 ssRNA was performed in
a Bio-Rad CFX96 Real Time System (Bio-Rad Systems,
Hercules, CA) using the 632F, 708R, and 650P primers
and probe targeting the assembly protein gene of MS2 first
reported by O’Connell et al. [35]. Reactions were carried
out using the NEB Luna Universal One-Step RT-qPCR kit
(New England Biolabs, Ipswich, MA) and consisted of a
10-min reverse transcription step at 55 “C, followed by 10
min at 95 “C for enzyme inactivation. Then, 45 cycles of
denaturation at 95 °C for 15 s and primer annealing/exten-
sion at 60 ‘C for 60 s occurred to amplify the target. Each
sample was tested in duplicate, and Ct values were averaged
and used to extrapolate target copy number by comparing to
a standard curve. In brief, tenfold serial dilutions of purified
MS2 ssRNA were prepared and assayed in triplicate using
the RT-qPCR conditions described. An average Ct value for
each dilution was calculated, and the lowest dilution that
gave PCR signal in every replicate was defined as one target
copy or 0 logl0 copies. By plotting average Ct value for
each dilution against log10 copies for each dilution, a linear
fit (R*>0.99) was obtained that could be used to calculate
ssSRNA copy number.

Calculation of capture and recovery

In each replicate, a no-MIL control vial was included
which contained a volume of nuclease-free water equal
to the volume of MIL added in the experimental vials and
subjected to the same experimental steps (e.g., initial dis-
persion, water wash and elution). To account for target
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was calculated as the log number of copies recovered in
the supernatant from the no-MIL control vial after the ini-
tial dispersion and separation step. Calculations for cap-
ture and recovery were derived from this using the fol-
lowing equations, where T, represents target copy number
found in the supernatant for the no-MIL control vial, T
represents target copy number found in the supernatant
for the experimental vials, and T represents target copy
number recovered from the experimental vials.

1) Percent capture: w x 100
1

2) Percent recovery: % x 100
I

3) Log capture: Log,o(T; — Tgyp)
4) Log recovery: Log,((Tr)

Infectivity testing

To examine the potential impacts of interaction with MILs
on MS2 infectivity, a double-layer plaque count method
was used to quantify infectious MS2 in post-elution sam-
ples [36]. Briefly, bottom agar plates were prepared by
pouring 12 mL of 1% tryptic soy agar supplemented with
0.1% glucose and 10 uM thiamine onto 100 X 15 mm petri
plates. Top agar consisted of 9 mL 0.5% tryptic soy agar
supplemented with 0.1% glucose, 2 mM calcium chloride,
and 10 pM thiamine. The top agar was seeded with 0.3 mL
of E. coli C-3000 grown to ODg, of ~0.6 and 0.7 mL of
MS2 suspension, poured onto the bottom agar surface, and
left to solidify. The plates were incubated overnight (~16
h) at 37 “C before plaques were counted.
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Lettuce rinsate testing

To determine if MILs could still function as capture rea-
gents in a more complex suspension, MIL-based capture and
concentration was performed on samples of intact MS2 in
romaine lettuce rinsate. To prepare rinsate, 25 g of washed
romaine lettuce (purchased from a local retailer) and 225
mL of virus elution buffer were combined in a filter stom-
acher bag and stomached on high speed for 60 s. Intact MS2
was diluted into the prepared lettuce rinsate to 10° PFU/
mL and MIL-based capture, and recovery was performed
as described above. This method was used as opposed to
artificial contamination of whole lettuce leaves in order to
minimize variability from factors such as virus degradation
during inoculation and efficiency of the viral elution buff-
ers. To test their effects on the MIL-based capture protocol,
three different viral elution buffers were used to prepare let-
tuce rinsate: PBS (pH 7.4), Tris-glycine (100 mM Tris, 50
mM glycine, pH 9.5), and Tris-glycine-beef extract (100 mM
Tris, 50 mM glycine, 1% w/v beef extract, pH 9.5).

Statistical analysis

Two-way analysis of variance (ANOVA) was performed in
GraphPad Prism version 9 (GraphPad Software, San Diego,
CA) followed by Tukey post hoc test for pairwise compari-
son of means. Differences were considered statistically sig-
nificant when p-value was <0.05.

Results and discussion

Capture and recovery of virus and ssRNA targets
using various MIL formulations

The MIL formulations evaluated in this study had all previ-
ously been tested for capture and concentration of bacterial
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Fig.3 MIL comparison. Separation of A intact virus and B purified
ssRNA from aqueous suspension was performed using different MIL
formulations to determine how the different metal centers and anion
structures impact capture and recovery for each target. Vertical axis

cells from aqueous suspension [23]. However, they had not
yet been evaluated with viruses or viral ssRNA. Therefore,
as an initial evaluation, each MIL formulation was evaluated
for capture and recovery of 10° PFU/mL of intact MS2 or
10° copies/mL of purified ssRNA from aqueous suspension,
and results were compared to see how the different formu-
lations performed (Fig. 3). Observed recovery rates were
comparable to those achieved with other bead-based meth-
ods such as immunomagnetic separation [37] and magnetic
silica beads [38, 39], which typically range from 0 to 10%
but can be higher depending on the matrix involved. Addi-
tionally, no detectable target was recovered in the no-MIL
control vials, indicating target recovery was entirely due to
the MILs themselves.

No significant differences in recovery were observed
between any of the tested MIL formulations for either tar-
get, but recoveries ranged slightly higher for purified ssSRNA
compared with intact MS2 (5.66 + 0.82 — 23.5 + 5.96%
versus 3.61 +0.43 — 7.33 + 3.13%, respectively). This may
have been due in part to protective effects against RNA
degradation. MILs have been previously reported to have
protective effects against RNases [40, 41], so it may be that
RNA degraded more quickly in the no-MIL control vial than
in the experimental vials, causing capture and recovery to
appear greater.

There were some notable differences in capture efficiency.
The Dy (III)-based MIL, which has a unique anion structure,
appeared to show much greater capture affinity for both tar-
gets than the transition metal-based MILs, removing 92.6 +
0.35% of intact MS2 and 97.9 + 1.20% of purified ssSRNA
from the suspension. However, it did not give correspond-
ingly strong recovery. Conversely, the Mn (II)-based MIL
gave no apparent capture in some replicates, meaning tar-
get titer in the supernatant after the initial binding step was
higher than the input titer. Since this phenomenon persisted
across different preparations of the Mn (II)-based MIL, it
seems unlikely this was due to nucleic acid contamination.

B MIL Comparison
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indicates recovered copy number as quantified by RT-qPCR after
nucleic acid extraction (intact MS2) or dilution (ssSRNA). Percentages
for capture and recovery for each condition are indicated above bars
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However, it may be that these MILs had some level of anti-
viral activity. To investigate this, a plaque assay was per-
formed on post-elution MS2 samples.

Previous studies that used these same MIL formulations
for capture and concentration of bacterial cells found that,
after plate counting, the Dy (III)- and Mn (II)-based MILs
gave no viable cells [23, 42]. However, when PCR was per-
formed on samples recovered by the Dy (III)-based MIL,
they still observed comparable signal to samples recovered
using the Co (IT)- and Ni (II)-based MILs [23]. One well-
known drawback of nucleic acid-based diagnostics is that
once a bacterial cell or viral particle is no longer viable,
its genetic material can linger in a suspension and on sur-
faces for long periods, making it difficult to discriminate
between infectious and non-infectious cells/particles in a
sample. Since all four MILs tested showed favorable recov-
ery with purified ssSRNA, there was a possibility that viral
capsid lysis occurred during the MIL binding, and free RNA
was recovered from intact MS2 suspensions. Therefore, to
evaluate potential effects on viral infectivity and capsid
integrity, titers of MS2 samples recovered by each of the
tested MIL formulations were quantified by a plaque count
assay, as described above (Table 1). Intact MS2 was recov-
ered by each MIL formulation at titers which correlated with

Table 1 Infectivity testing. MS2 plaque assay was performed on
post-elution suspensions to determine if the MILs could successfully
recover intact virus without damaging the capsid

MIL Recovered MS2 titer (PFU/ Standard deviation
ML)
Co (II) 1.78 x 103 6.60 x 10!
Mn (1) 3.98 x 10? 3.12 x 10?
Ni (ID) 1.38 x 103 3.25 x 10?
Dy (IIT) 2.10 x 103 1.67 x 10°
A MIL Volume Optimization
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Fig.4 MIL volume optimization. Separation of A intact MS2 and B
purified ssSRNA from aqueous suspension was performed using differ-
ent volumes of MIL (7.5, 15, or 30 pL) per 1 mL of target suspension
to determine if MIL volume was limiting target recovery efficiency.
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the recoveries determined by RT-qPCR. However, greater
variation in plaque counts was observed with the Mn (II)-
and Dy (III)-based MILs. Since the samples were frozen
at —80 °C prior to plaque assay enumeration, it is possible
that exposure to these MIL formulations made MS2 more
vulnerable to damage from freeze-thaw and cold storage.
However, none of the MILs appeared to markedly reduce
viral infectivity.

Since the discrepancy between recovery and capture for
the Dy (III)-based MIL was not apparently due to target deg-
radation, it is possible that the current elution protocol is
insufficient to effectively disrupt the binding between the
Dy (III)-based MIL and the target analyte. Further research
on alternative elution methods should be performed before
attempting to characterize the Dy (III)-based MIL. For this
reason, all subsequent experiments were performed using
only the transition metal-based MILs.

Effect of MIL volume and binding efficiency

In order to further optimize the capture protocol and ensure
that MIL volume was not a limiting factor in target binding,
different volumes of MIL relative to the initial suspension
volume were evaluated to determine if this had any impact
on target recovery (Fig. 4). No significant differences were
observed when 7.5, 15, or 30 pL of MIL was used per 1 mL
of target suspension for any of the transition metal-based
MILs when used with either intact MS2 or purified ssSRNA.
It could be that the major limiting factor was MIL droplet
formation, which was highly variable due to the nature of
the vortex dispersion method and the hydrophobic nature of
the MILs themselves [42]. Methods to enhance MIL disper-
sion would include either adjusting the physical dispersion
method or adding solutes to the target suspension to enhance
dispersion, which led to formation of smaller MIL droplets
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Vertical axis indicates recovered copy number as quantified by RT-
gqPCR after nucleic acid extraction (intact MS2) or dilution (ssRNA).
Percent recovery for each condition is indicated above the bars
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after vortex dispersion in previous studies by Hice et al. [42].
This was supported by observations in the present study; by
visual, macroscale observation, MIL dispersion appeared
to be much greater during target elution with the modified
Luria broth than it was in the initial binding step, when only
PBS was used. However, future optimization studies would
need to balance enhancement of instrumentally observed
MIL dispersion with potential impacts on target binding by
other buffer components. This would require extensive fur-
ther study, so for the purposes of this work, 15 pL was used
as the MIL volume for all future experiments both to allow
for potential improvements in recovery and to maintain con-
sistency and comparability with previous studies [24, 42].

Effect of target input titer and limit of recovery

Target input titers ranging from 10* to 10> PFU/mL or cop-
ies/mL were then tested to determine if reducing the input
titer increased recovery and to identify the limit of recovery
for the current protocol. Each of the transition metal-based
MILs recovered intact MS2 consistently down to 10° PFU/
mL, but at 10> PFU/mL the Co (II)- and Ni (II)-based MILs
could not always successfully recover the target, and the
Mn (II)-based MIL was unable to recover any MS2 with
a 10°> PFU/mL input titer. However, the calculated percent
recovery showed no significant (p > 0.05) changes between
each input titer for each of the MILs, ranging from 10.4 +
4.44 —19.1 + 18.0% for Co (II), 0.0 — 4.39 + 1.56% for Mn
(II), and 8.15 + 4.17 — 9.93 + 17.2% for Ni (II) (Fig. 5).
The higher standard deviations for Co (II) and Ni (II) were
observed at 10> PFU/mL, when target was only sometimes
successfully recovered. Similar results were obtained with
purified ssRNA; Co (II) and Ni (II) recovered a similar
copy number at all of the tested input titers, but the Mn
(II) displayed inconsistent results at 10° copies/mL, and
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*7 mc
— o 0
e L et
D, s KR B Mn
3 o o R .
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Fig.5 Titer optimization. Suspensions of A intact MS2 and B puri-
fied ssSRNA with decreasing titer were tested to evaluate the capture
potential and determine limit of detection for the MIL capture and
recovery protocol. The vertical axis indicates recovered copy number

no recovery in any of the replicates at 10> copies/mL was
observed. As with intact MS2, percent recovery for ssRNA
remained fairly consistent across the different input titers for
all MIL formulations. The consistent percent recovery was
unexpected, but it is possible that the reduced target titer
inhibited MIL dispersion. As mentioned above, MIL disper-
sion increases with increasing solute concentration, so in a
minimal target suspension, residual media in the target itself
may act as a solute and help to enhance MIL dispersion at
higher titers. This would likely not be an issue when testing
an actual food or clinical sample, as these would have many
other components that could facilitate MIL dispersion, but
it does underscore the need for future studies on methods
to enhance MIL dispersion in aqueous target suspension,
including the addition of other system components such as
solutes or surfactants.

Effect of elution volume and potential for target
enrichment

Reduced volumes of media were used in the elution step to
provide an estimate of the enrichment capacity of the current
protocol. No loss in MS2 recovery was observed when the
elution volume was reduced from 1.0 to 0.25 mL (Fig. 6). In
fact, a slight (though not statistically significant) increase in
both copy number and recovery efficiency was observed as
the elution volume decreased with intact MS2 as the target
analyte. Even greater enrichment was observed with purified
ssSRNA; both the Co (II)- and Ni (II)-based MILs displayed
significant increases in recovery when 0.25 mL was used as
the elution volume compared to 1.0 mL. The elution vol-
ume could not be easily reduced below 0.25 mL with the
current protocol due to the dimensions of the vials used,
but greater enrichment could likely be achieved with lower
input titer and higher volumes of initial suspension. Previous
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as quantified by RT-qPCR after nucleic acid extraction (intact MS2)
or dilution (ssRNA). Percent recovery for each condition is indicated
above the bars
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Fig.6 Enrichment test. MIL-bound suspensions of A intact MS2 and
B purified ssRNA were eluted into decreasing volumes of media (1.0,
0.5, and 0.25 mL) to estimate the enrichment capacity of the MIL-
based capture and recovery protocol. Vertical axis indicates recovered

studies achieved an enrichment factor over tenfold using the
same MIL formulations and a 2-mL initial suspension of 10*
PFU/mL bacterial cells, lending support to this idea [23].
Another study found that reducing elution volume from 1 to
0.2 mL helped reduce the limit of detection from 10* CFU/
mL of Salmonella Typhimurium to 10°> CFU/mL [24]. This
has significant implications for the practical use of MILs in
microbial testing. Larger initial suspension volumes should
be evaluated in future work, as one of the primary goals of
sample preparation is target enrichment. This is especially
relevant for viral pathogens, and particularly for foodborne
viruses, as pathogens are typically present at low levels in
food samples.

Capture and recovery from lettuce rinsate

Lastly, the MILs were evaluated for their ability to capture
and recover MS2 from a sample of lettuce rinsate prepared
in different viral elution buffers. For the lettuce rinsate pre-
pared in PBS, a slight increase in capture and recovery was
observed for the Mn (II)- and Ni (II)-based MILs compared
with the pure MS2 suspension (Fig. 7). Greater MIL disper-
sion was observed in all the lettuce rinsate samples com-
pared with the pure MS2 suspension, which likely contrib-
uted to this increased capture. Similar effects were observed
with the Tris-glycine-based elution buffers, with few sig-
nificant differences in capture efficiency observed compared
with the pure suspension. However, all MILs gave compara-
tively poor recovery efficiency (up to 3.37%) from lettuce
rinsate prepared in the Tris-glycine buffers, suggesting that
the higher-pH suspensions interfered with MS2 recovery
in some way. For comparison, a previous study by Summa
et al. observed 19% viral recovery when using a pH 9.5 Tris-
glycine-beef extract buffer and PEG precipitation to sepa-
rate and concentrate HuNoV from lettuce samples, though
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Elution Volume (mL)

copy number as quantified by RT-qPCR after nucleic acid extraction
(intact MS2) or dilution (ssRNA). Percent recovery for each condition
is indicated above the bars

it should be noted they achieved only 3% recovery when
using immunomagnetic separation [43]. It is possible that
neutralizing the pH of the lettuce rinsate would have helped
counteract this loss of recovery, but that would be difficult
to perform in an in-field setting, which is the intended even-
tual application for MILs. Therefore, care should be taken
when selecting an elution buffer to release viral particles
from food samples in preparation for MIL-based capture.
However, these results demonstrate that, with an appropriate
viral elution buffer, MILs can show highly favorable capture
and recovery efficiency even in complex suspensions with
significantly reduced time and equipment requirements com-
pared with existing sample preparation methods. Addition-
ally, since only 1 mL of eluate was processed in this study,
exploring methods for scale-up could be a fruitful area for
further study. These could include increasing input volume,
successive target binding steps, or reducing the relative vol-
ume of elution buffer to target sample.

As mentioned above, MILs are non-specific binding rea-
gents, which can be advantageous when targeting viruses
as genetically diverse as HuNoV, but can also present chal-
lenges when used with complex matrices. Food samples or
the slurries and dilutions prepared from them may contain
components that could compete for binding space on the
surfaces of MIL droplets or inhibit endpoint detection by
RT-PCR or other nucleic acid amplification methods. How-
ever, the results presented herein suggest that MILs may find
advantageous and highly relevant applications for analyses
of produce washes (leafy greens, fruit, vegetables), as well
as spent seed sprout irrigation water and similar lower-com-
plexity systems [44]. These are just some of the matrices in
which HuNoV and other viruses are of major concern, so
further study in other complex matrices will be necessary,
but this work shows promising initial results. Additionally,
favorable results in previous studies for MIL-based capture
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Fig.7 Lettuce rinsate test. Transition metal-based MILs were evalu-
ated for A capture and B recovery in lettuce rinsate samples prepared
in three different viral elution buffers: phosphate-buffered saline pH

and concentration of bacteria from liquid food matrices
suggest that similar outcomes may be possible with other
electrostatically charged analytes, such as viruses and viral
ssRNA [24].

Conclusions

Our results demonstrate the utility of hydrophobic MILs
as novel biocompatible target separation solvents for both
non-enveloped viruses and viral genomic ssRNA in aque-
ous suspension. Further study is needed for transition metal-
based MILs, particularly regarding the effects of suspen-
sion characteristics such as pH and solute concentrations on
MIL dispersion and target binding, as well as enrichment
capacity. Additionally, different elution methods should be
explored with rare earth metal-based MILs to determine if
target recovery closer to the observed capture efficiency can
be achieved.

In 2019, the National Academies of Sciences, Engineer-
ing and Medicine released a report entitled “A Research
Agenda for Transforming Separation Science.” The report
outlines an ambitious agenda for future research in sepa-
ration science, targets critical areas for greater focus, and
notes the vital importance of cross-disciplinary work
to strengthening national capabilities in separation sci-
ence. Key areas identified in the report that are primed
for collaborative exploration by analytical chemists and
microbiologists include development of approaches for
separating multicomponent mixtures, separation of dilute
analytes and leveraging multiple forces, or cooperative
binding mechanisms for improved separations. To date,
MILs have been used for separation of various chemical,
biomolecular, and microbiological analytes from clinical,
environmental, or food matrices. The present work further
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7.4 (PBS 7.4), Tris-glycine pH 9.5 (TG 9.5), and Tris-glycine-beef
extract pH 9.5 (TGBE 9.5). These were compared to results achieved
in pure PBS (PBS 7.4)

underlines the promise of MILs as broadly applicable
sample preparation reagents useful for analytes spanning
molecular, viral, and cellular scales and compatible with
multiple methods for downstream analysis (i.e., culture,
plaque assay, nucleic acid amplification) [45]. Given the
requirement for only a magnet and their potential to be
used both for particle capture followed by genomic nucleic
acid extraction, MILs could have promise for application
in in-field detection settings with minimal use of equip-
ment. Alternatively, this property also suggests that MILs
could also have value as a reagent in automated or semi-
automated workflows in settings where more equipment
and resources are available as well. For example, Hice
et al. suggested the use of a strong electromagnet, which
could be operated in the context of an automated multi-
well plate assay, for high-throughput manipulation of
MIL-target complexes prior to downstream analyses [46].
Overall, the present work provides a foundation for future
studies of MIL-based viral capture and concentration and
RNA extraction, gives further insight into some of the fac-
tors that could influence the binding between non-enveloped
viruses or viral genomic ssSRNA and MILs, and demonstrates
the capacity of MILs to separate and concentrate non-envel-
oped viral particles from a complex suspension. Further, cost
is a major consideration when evaluating testing methods
for foods. The authors estimate that MILs can currently be
generated for about $0.50-0.70 per milliliter, a value which
could be further reduced by evaluating the potential to recy-
cle MILs for reuse despite their already comparatively low
cost [46—48]. Though there remain many potential areas for
further study, this proof-of-concept work suggests that MILs
have potential to become a valuable technology for virus
capture, concentration, and detection in-field and in food
preparation settings, enabling faster and more cost-effective
microbial testing for food producers and processors.
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