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ARTICLE INFO ABSTRACT

Keywords: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is responsible for coronavirus disease 2019
Apt{imel’ ) (COVID-19), which has sparked a significant global health crisis in recent years. Among its structural proteins,
g?);;;ig\ri/gelectrophorems the nucleocapsid protein (N protein) stands out as one of the most abundant. Despite being well-recognized as an

immunodominant antigen in host immune responses and a promising diagnostic biomarker, further insight into
this protein with novel analytical methods is crucial for understanding the disease mechanisms. This study fo-
cuses on the development of an aptamer affinity sorbent for the purification, preconcentration, separation,
characterization, and quantification of the N protein using on-line aptamer affinity solid-phase extraction
capillary electrophoresis-mass spectrometry (AA-SPE-CE-MS). Microcartridges packed with a sorbent composed
of magnetic bead (MB) particles modified with an aptamer against the N protein were utilized. A rigorous
optimization of several method parameters resulted in the use of a lab-made hydroxypropyl cellulose (HPC)-
coated capillary to prevent protein adsorption and a neutral background electrolyte (BGE) of 10 mM ammonium
acetate (pH 7.0) for the separation. The sample was loaded in the BGE, and the retained protein was subsequently
eluted with 1 M acetic acid (pH 2.3). The developed method demonstrated repeatability in terms of migration
times and peak areas, exhibited linearity between 2.5 and 25 pg mL ™}, and achieved a limit of detection (LOD) of
0.5 pug mL7}, providing a sensitivity enhancement of 500 times compared to CE-MS. It was finally applied to the
analysis of the N protein in human saliva, pointing out its potential for establishing accurate SARS-CoV-2
complementary analytical methods.

In-line solid-phase extraction
Mass spectrometry
N protein

(N) proteins [6]. Among them, the N protein, responsible for the packing
of the SARS-CoV-2 genomic RNA, has emerged as a promising COVID-19

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has
triggered a significant surge in COVID-19 cases worldwide, leading to a
global pandemic with millions of deaths [1-3]. To decrease both
infection and mortality rates, the development of reliable and rapid
diagnostic tools capable of detecting viral infections in their early stages
is crucial. Molecular techniques such as reverse transcription-
polymerase chain reaction (RT-PCR) are predominantly used for
COVID-19 diagnosis [4,5], targeting the genes of specific structural
proteins of the virus, including spike (S), envelope (E), and nucleocapsid
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diagnostic biomarker, primarily due to its abundant expression during
viral infection, with approximately 1,000 copies per viral particle [7-9].

While RT-PCR offers several advantages [4,5], including a wide
application range, high sensitivity, and strong specificity, its complex
pretreatment, lengthy processing time, and high cost have led to the
emergence of serological tests, primarily relying on ELISA and lateral
flow immunoassays, as the primary alternative to nucleic acid testing
[10,11]. These serological tests offer notable benefits, such as afford-
ability and ease of implementation at the point of care, facilitating the
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massive identification of individuals previously infected by SARS-CoV-2
[10,11]. Nevertheless, their reliance on antibodies immobilized on
sensing materials for non-selective detection poses a risk for the
appearance of both false negatives and false positives. False negatives in
antibody immunoassays can stem from multiple factors, including assay
formats, the choice of viral antigens and antibody types, diagnostic
testing windows, individual variability, and fluctuations in antibody
levels [12,13]. Conversely, false positives frequently occur due to anti-
body cross-reactivity with other viruses or autoimmune diseases
[12,13]. As an alternative, this work explores an innovative and direct
analytical approach for the purification, preconcentration, separation,
characterization, and quantification of the N protein using on-line
aptamer affinity solid-phase extraction capillary electrophoresis-mass
spectrometry (AA-SPE-CE-MS), an approach we previously described
for the analysis of a-synuclein (a-syn) in blood [14,15], as well as
concanavalin A (Con A) [16] and p-lactoglobulin (B-LG) [17] in food
matrices. In this valve-free AA-SPE-CE-MS setup, a microcartridge with
an AA sorbent against the protein of interest is integrated near the inlet
of the separation capillary, operating in a unidirectional configuration
[18,19]. This enables loading a large sample volume (typically
~50-100 pL) for selective clean-up and preconcentration, followed by
injection of a small eluent volume (typically ~25-50 nL) for subsequent
electrophoretic separation and selective detection by MS [18,19].

By combining the advantages of using AA-SPE sorbents and MS
detection, AA-SPE-CE-MS has the potential to overcome specific limi-
tations of the techniques currently employed for COVID-19 diagnosis
while providing further insight into protein biomarkers crucial for un-
derstanding the disease mechanisms. In this sense, aptamers, which are
single-stranded RNA or DNA oligonucleotides typically consisting of
fewer than 100 nucleotides, present several benefits over antibodies.
Aptamers are usually selected through SELEX (Systematic Evolution of
Ligands by EXponential enrichment), a method involving the screening
of large combinatorial libraries of oligonucleotides [20,21]. Once their
sequence is established, they can be chemically synthesized at a low cost
in an automated, rapid, and reproducible manner, bypassing challenges
associated with antibody production, such as dependence on animals or
cells and batch-to-batch variability [22]. Furthermore, aptamers offer
robustness, thermal stability, tolerance to wide ranges of pH and salt
concentrations, and the possibility to be chemically modified for
controlled immobilization [19,22]. Several studies have described the
development of aptasensors aiming to enhance sensitivity and accuracy
in the detection of the N protein [7,9,23-25]. However, these efforts are
hindered by the need for multistep sample preparation and, especially,
the lack of molecular mass (M) confirmation. In contrast, the use of on-
line MS detection, as in the presented AA-SPE-CE-MS method, enables a
reliable identification of the target compound, thereby reducing the
risks associated with false positives, false negatives, or inaccurate
quantifications.

In this work, an AA-SPE-CE-MS method was developed for the
analysis of the N protein using SPE microcartridges packed with mag-
netic bead (MB) particles modified with an appropriate aptamer. The
chosen aptamer, tNSP3, was previously selected for the N protein by
SELEX and characterized using other tecniques by Poolsup et al. [7]. A
rigorous optimization of several AA-SPE-CE-MS method conditions,
such as sample loading, washing, and eluent composition, was neces-
sary, as well as using lab-made hydroxypropyl cellulose (HPC)-coated
capillaries to prevent protein adsorption. These adjustments were
crucial due to the distinct properties of the N protein, particularly its M,
and isoelectric point (pI), in comparison to the proteins analyzed by AA-
SPE-CE-MS in our previous studies [14-17]. After developing an
appropriate procedure for sample clean-up to prevent microcartridge
saturation, the AA-SPE-CE-MS method proved to be effective in
analyzing the N protein in human saliva, underscoring its potential for
establishing accurate complementary analytical methods for COVID-19
research.
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2. Experimental section
2.1. Chemicals

All buffers and solutions were prepared with analytical reagent-
grade chemicals, unless otherwise indicated. Acetic acid (HAc, glacial,
100 %), ammonium hydroxide (25 % (v/v)), ammonium acetate
(NH4Ac, >99.9 %), formic acid (HFor, 99.0 %), hydrochloric acid (37 %
(v/v)), potassium chloride (99.0 %), potassium dihydrogen phosphate
(>99.0 %), potassium hydroxide (>95.0 %, pellets), sodium chloride
(>99.5 %), sodium hydrogen phosphate (>99.0 %), sodium hydroxide
(>99.0 %, pellets), LC-MS grade methanol (MeOH), hydroxypropyl
cellulose (HPC, 100,000 M,, >95.0 %), bovine serum albumin (BSA,
>98 %), and Tween® 20 (>99.0 %) were obtained from Merck
(Darmstadt, Germany). LC-MS grade propan-2-ol was supplied by
Scharlau (Barcelona, Spain). LC-MS grade water was provided by Fisher
Scientific (Loughborough, UK). Ethanol (100 %) was supplied by Pan-
reac AppliChem (Barcelona, Spain). The amino-modified single-
stranded DNA-aptamer against the N protein (tNSP3, 5/5AmMC6/
CAGCGTCACGTGTTGTTCCCCATTGTACTGATTCGTCGTGGCAT-3, 44-
mer, M; = 13,650) [7] was provided by Integrated DNA Technologies
(Coralville, IA, USA). Commercially available activated agarose-based
MBs (MAGicBeads ACT) of 45-165 um diameter were supplied by
MAGic BioProcessing (Uppsala, Sweden). Fused silica capillaries (75 and
250 pm inner diameter (i.d.) x 365 pm outer diameter (o0.d.)) were
obtained from Polymicro Technologies (Phoenix, AZ, USA).

2.2. Solutions and sheath liquid

For CE-MS analysis under acidic conditions, a 2 M HAc BGE (pH 2.2)
was utilized, while a 10 mM NH4Ac BGE (pH 7.0) was employed for CE-
MS under neutral conditions and AA-SPE-CE-MS. Protein elution in AA-
SPE-CE-MS was carried out with a 1 M HAc solution (pH 2.3). All so-
lutions were filtered through a 0.22 um nylon filter (Macherey-Nagel,
Diiren, Germany) prior to analysis. A sheath liquid composed of 60:40
(v/v) propan-2-ol:water with 0.25 % (v/v) HFor was delivered at a flow
rate of 3.3 uL min~! using a KD Scientific 100 series infusion pump
(Holliston, MA, USA). Prior to use, the sheath liquid underwent ultra-
sonic degassing for 10 min.

2.3. Protein standard solutions

Recombinant SARS-CoV-2 N protein with a His-tag (M, of 51,386), as
previously described by Poolsup et al. [7], was expressed in-house using
Escherichia coli (E. coli). A protein stock solution of 1,000 ug mL ™! was
prepared in water, aliquoted, and stored in a freezer at —20 °C. Prior to
analysis, low M, excipients were removed from the stock solution by
passing it through low-protein binding centrifugal filters of 30,000 M,
cut-off (MWCO) (Amicon® Ultra-0.5 centrifugal filters, Millipore, Bed-
ford, MA, USA), following a protocol outlined in a previous study [26].
Working standard solutions were freshly prepared by diluting with
proper volumes of water (for CE-MS) or the neutral BGE (for AA-SPE-CE-
MS).

2.4. Saliva samples

Saliva samples were collected from a healthy donor using the Spec-
iMAX™ Saliva Collection Kit (Fischer Scientific) following the manu-
facturer’s instructions. The study was approved by the Ethical and
Scientific Committees of UB. A precipitation with ice-cold ethanol was
used for sample clean-up prior to analysis by AA-SPE-CE-MS [27]. After
centrifugation at 12,000xg and 4 °C for 15 min to remove food debris
and cells, the resulting supernatant was spiked with the N protein stock
solution to a final concentration of 25 pg-mL ™. Two hundred microliters
of the spiked saliva were mixed with 800 pL of ice-cold ethanol and
vortexed thoroughly. The mixture was then subjected to overnight
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incubation at —20 °C. Following incubation, the mixture underwent
centrifugation at 15,000xg and 4 °C for 30 min. After that, the super-
natant was discarded, and the resulting pellet was air-dried at room
temperature for 30 min. Subsequently, the pellet was dissolved in 400 uL
of the neutral BGE and filtered through Amicon® Ultra-0.5 30,000
MWCO centrifugal filters [26] to a final volume of 200 pL.

2.5. Preparation of the AA sorbent

The activated MBs to couple the amino-modified single-stranded
DNA-aptamer were functionalized following procedures outlined in
previous studies [16,17,19]. Briefly, a 200 pL aliquot of the MBs solution
(20 pL of sedimented MBs) was vortexed, and the supernatant was
removed by magnetic separation. The MBs were then washed three
times with 200 pL of phosphate-buffered saline (PBS) containing 0.1 %
(v/v) Tween 20® (PBS-T). After removing the supernatant, the resulting
MBs were resuspended in the same volume of PBS-T. Following the
addition of 10 pL of activation buffer to the MBs suspension, the mixture
was incubated for 15 min at room temperature. The supernatant was
then removed, and the MBs were washed with 200 pL of PBS-T before
being resuspended in 150 pL of PBS-T. Subsequently, 50 pL of a 100 uM
aptamer solution in PBS was added to the MBs suspension, and the
mixture was incubated for 40 min at room temperature. Afterwards, the
supernatant was removed, and the aptamer-functionalized MBs (AA-
MBs) underwent three successive washes with 200 pL of PBS before
being resuspended in the same volume of PBS. To block residual reactive
groups on the AA-MBs, 200 pL of blocking buffer (5 % (m/v) BSA in PBS-
T) was added, and the mixture was incubated for 2 h at 37 °C. Finally,
the supernatant was removed, and the AA-MBs were washed three times
with 200 pL of PBS. The AA-MBs were either used immediately or stored
in PBS containing 20 % (v/v) ethanol at 4 °C when not in use.

2.6. CE-MS

CE-MS experiments were conducted using a 7100 CE coupled with an
orthogonal G1603A sheath-flow interface to a 6220 orthogonal accel-
eration time-of-flight (oa-TOF) LC/MS spectrometer (Agilent Technol-
ogies, Waldbronn, Germany). Control, data acquisition, and processing
for CE and TOF-MS were managed with ChemStation and MassHunter
software (Agilent Technologies). Mass spectrometer settings were as
follows: capillary voltage 4,000 V, drying gas temperature 300 °C,
drying gas flow rate 4 L min~?, nebulizer gas 7 psi, fragmentor voltage
325 V, skimmer voltage 80 V, and OCT 1 RF Vpp voltage 300 V. Data
were collected in profile at 1 spectrum-s™! within the range of
100-3,200 m/z, utilizing the high-resolution mode (4 GHz). Separations
were conducted at 25 °C using a capillary with dimensions of 72 cm total
length (Lt) x 75 um i.d. x 365 pm o.d. All capillaries flushes were at 930
mbar. For CE-MS analysis under acidic conditions, new capillaries were

Microcartridge (0.7 cm L)
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activated by flushing with 1 M NaOH (15 min), water (15 min), and the
acidic BGE (30 min). For CE-MS analysis under neutral conditions, HPC-
coated capillaries were prepared to prevent protein adsorption on the
inner capillary wall. The capillaries were coated as described in a pre-
vious study [28]. Briefly, a 5 % (m/v) HPC solution was prepared,
sonicated, heated (1 h at 40 °C), and stirred overnight at room tem-
perature to remove air bubbles. A 100 cm fused silica capillary was
flushed sequentially with MeOH (10 min), 1 M KOH (10 min), water (10
min), 1 M HCI (10 min), and 5 % (m/v) HPC solution (1 h). N, was
passed through the capillary at 1.5 bar using a Kitasato flask connected
to an N5 source for 60 min or until bubbles were visible at the outlet end.
If clogging occurred, the outlet end was cut (0.5 cm). After 10 min of
bubbling, the capillary was heated in a household oven at 140 °C for 60
min with continuous N; flow. After coating one end, the capillary was
reversed, flushed with fresh 5 % (m/v) HPC solution (1 h), and the
process was repeated for the other end. Finally, the capillary was cut to
the desired length (i.e, 72 cm Ly). HPC-coated capillaries were condi-
tioned by flushing with the neutral BGE for 15 min. With both CE-MS
conditions (acidic and neutral), samples were hydrodynamically injec-
ted at 50 mbar for 10 s (around 50 nL [29]). Separation was conducted
by applying a voltage of +25 kV (normal polarity, cathode in the outlet).
For CE-MS under neutral conditions, a 25-mbar pressure was applied
during the separation. The autosampler was maintained at 10 °C using
an external water bath (Minichiller 300, Peter Huber Kaltemaschi-
nenbau AG, Offenburg, Germany). Between runs, the capillary under-
went conditioning by flushing with water (2 min) and acidic BGE (2
min) (for CE-MS under acidic conditions with fused silica capillaries) or
with 1 M HAc (2 min), water (2 min), and neutral BGE (2 min) (for CE-
MS under neutral conditions with HPC-coated capillaries).

2.7. AA-SPE-CE-MS

Fritless particle-packed microcartridges for unidirectional AA-SPE-
CE-MS were prepared following procedures detailed in previous
studies [14-17,19]. Microcartridge preparation proved to be straight-
forward and reproducible due to the larger average size of the sorbent
particles compared to the i.d. of the separation capillary. As shown in
Fig. 1, the microcartridge (0.7 cm Ly x 250 um i.d. x 365 um o.d.
capillary) was vacuum-filled with the AA-MB-based sorbent and con-
nected with plastic sleeves between two HPC-coated capillary fragments
(7.5 cm Lt x 75 ym i.d. x 365 pm o.d. (inlet) and 52.5 cm Lt x 75 um i.
d. x 365 pum o.d. (outlet)). AA-SPE-CE-MS capillaries were conditioned
under the optimized conditions by flushing with the neutral BGE for 5
min. Samples (prepared in the neutral BGE) were loaded at 930 mbar for
10 min (around 65 pL [29]), followed by a 1-min flush with the neutral
BGE to eliminate non-retained molecules and fill the capillary before the
electrophoretic separation and detection. To prevent contaminants from
entering to the mass spectrometer during these steps, the nebulizer gas
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Fig. 1. Scheme of the fritless particle-packed microcartridge used for AA-SPE-CE-MS.
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and the ESI capillary voltage were switched off. Subsequently, both were
switched on, and a small volume of eluent consisting of 1 M HAc (pH
2.3) was injected at 50 mbar for 60 s (around 360 nL [29]). For a rapid
and repeatable protein elution, the small eluent plug was pushed with
the neutral BGE at 50 mbar for 100 s before applying the separation
voltage (425 kV) and a small pressure (25 mbar) to compensate for the
microcartridge counter-pressure. Between runs, the capillary was
flushed with water for 1 min, followed by eluent injection at 50 mbar for
1 min, and then flushed with water again for 1 min.

2.8. Quality parameters

The optimized CE-MS and AA-SPE-CE-MS methods were validated
using N protein standard solutions to assess repeatability, linearity, the
limit of detection (LOD), and microcartridge lifetime (in the case of AA-
SPE-CE-MS). Repeatability (n = 3) was evaluated at 500 g mL ™! for CE-
MS (acidic and neutral conditions) and at 25 pg mL~! for AA-SPE-CE-
MS, calculating the percent relative standard deviation (%RSD) of
migration times (tp) and peak areas obtained from the extracted ion
electropherograms (EIEs) of the N protein most abundant molecular ions
(charges from +35 to +65). Linearity was determined from the limit of
quantification (LOQ) to the limit of linearity (LOL), ensuring a coeffi-
cient of determination (R?) greater than 0.99 by analyzing standard
solutions in different concentration ranges (250-1,000 pug mL ™! for CE-
MS under acidic conditions, 350-1,000 pg mL~! for CE-MS under
neutral conditions, and 2.5-25 pg mL ! for AA-SPE-CE-MS). This set of
experiments allowed the experimental estimation of the LOD, defined as
the lowest concentration yielding a signal-to-noise ratio (S/N) higher
than 3. The microcartridge lifetime in AA-SPE-CE-MS was finally eval-
uated by repeatedly analyzing an N protein standard solution at a con-
centration of 10 pg mL ™}, until peak areas in the EIEs decreased more
than 25 % compared to the mean value of the first three analyses.

3. Results and discussion
3.1. CE-MS analysis: acidic conditions

In general, optimal results for intact protein analysis by CE-MS in
ESI+ are achieved using acidic volatile BGEs and sheath liquids. These
conditions effectively enhance protein ionization and sensitivity, as
previously described for the analysis of a-syn [14,15], Con A [16], and
B-LG [17] using aqueous BGEs with HAc and propan-2-ol:water sheath
liquids with HFor. In this work, various acidic conditions were evaluated
for the analysis of the N protein, including different BGEs (100 mM HAc
pH 2.9, 1 M HAc pH 2.3, and 2 M HAc pH 2.2) combined with sheath
liquids of 60:40 (v/v) propan-2-ol:water and 0.05 or 0.25 % (v/v) HFor.
The highest sensitivity for the N protein analysis was achieved using a
BGE of 2 M HAc (pH 2.2) and a sheath liquid of 60:40 (v/v) propan-2-ol:
water with 0.25 % (v/v) HFor, as in the analysis of Con A [16] and $-LG
[17]. Fig. 2-A illustrates the extracted ion electropherogram (EIE) (i),
mass spectrum (ii), and deconvoluted mass spectrum (iii) obtained for
the CE-MS analysis of a 1,000 pg mL ! N protein standard solution under
the optimized acidic conditions. As expected with a high M; protein, the
mass spectrum was very complex, presenting a wide cluster of highly
overlapped multiply-charged ions (with charges from +35 to +65)
(Fig. 2-A-ii). The only proteoform detected in the analyzed standard was
the free N protein (M; of 51,386), as the recombinant N protein
expressed in E. coli was not expected to undergo post-translational
modifications (PTMs) during bacterial expression. Minor peaks in the
deconvoluted mass spectrum of Fig. 2-A-iii were primarily attributed to
Na® + K" adducts [30], as previously observed in the analysis of a-syn
[14,15]. Under the optimized acidic conditions, the CE-MS method
demonstrated linearity within the N protein concentration range of
250-1,000 pg mL~! (R? > 0.99) and the LOD was 100 pg mLl,
Repeatability assessment at a concentration of 500 pg mL™! yielded
satisfactory %RSD values (n = 3) for both t;, and peak areas (0.2 % and
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14.1 %, respectively).
3.2. CE-MS analysis: Neutral conditions

Despite the promising results obtained with acidic CE-MS conditions,
we failed to detect the N protein using AA-SPE-CE-MS with an acidic
BGE and a 100 mM ammonia (pH 11.2) eluent, which were the opti-
mized conditions in previous methods for the analysis of a-syn [14,15],
Con A [16], and B-LG [17]. Under these conditions, the protein retention
on the AA sorbent was compatible with filling the capillary with the
acidic BGE, followed by a small plug of basic pH solution for the elution,
and subsequent separation and detection. At this point, upon comparing
the acidic pIs of a-syn (4.7), Con A (5.4), and p-LG (4.9) [19] with the
basic pI of the N protein (10.1) [31], we hypothesized that the aptamer-
protein interaction was strongly influenced by the pl. Therefore, the N
protein would be washed away during the washing and capillary filling
steps with the acidic BGE before the elution, separation, and detection.
The fact that the N protein was a larger protein than the rest (M; =
51,386 vs 14,459 for a-syn, 25,598 for Con A, and 18,364 and 18,277 for
B-LG A and B, respectively) was also probably influencing protein
retention. Both effects have been previously described in the literature
as potentially affecting the affinity of aptamers against proteins [32].

To address this issue, we developed an alternative CE-MS method
under neutral pH conditions, utilizing 10 mM NH4Ac pH 7.0 as a BGE
(the composition of the sheath liquid remained unchanged). Initially,
fused silica capillaries were employed. However, repeatability issues
and broad peaks were observed due to protein adsorption to the ionized
silanol groups of the inner wall of the fused silica capillary, which were
negatively charged to a large extent at pH 7.0. Protein adsorption in
fused silica capillaries may be particularly relevant at these pH values
for large proteins, especially if the pH remains below the protein pI, and
that was the case with the N protein. To prevent this phenomenon and
improve CE performance, a static, permanent coating of HPC polymer
was adopted [28]. This coating created a neutral hydrophilic surface on
the capillary inner wall, minimizing the electroosmotic flow (EOF) and
protein adsorption [28,33,34]. Fig. 2-B depicts the EIE (i), mass spec-
trum (ii), and deconvoluted mass spectrum (iii) obtained for the CE-MS
analysis of a 1,000 pg mL™' N protein standard solution under the
optimized neutral conditions using an HPC-coated capillary. The results
closely resembled those obtained under acidic conditions. As can be
observed, the N protein appeared at a similar t;;, (compare Fig. 2-A-i and
Fig. 2-B-i) due to the application of a 25-mbar pressure to counterbal-
ance the EOF suppression during the separation with HPC-coated cap-
illaries and the lower protein global positive charge at pH 7.0. In
addition, the mass spectrum (Fig. 2-B-ii) and the resulting deconvoluted
mass spectrum (Fig. 2-B-iii) displayed practically identical profiles to
those observed with the acidic BGE (Fig. 2-A-ii and —iii). This indicated
that the charge of the detected N protein molecular ions was not affected
by the increase in the pH of the BGE, even though the neutral pH
remained below its pl, due to the use of the acidic pH sheath liquid.
Under the optimized neutral conditions, the CE-MS method was linear
within the N protein concentration range of 350-1,000 pg mL~! (R? >
0.99), the LOD was 250 pg mL~' (2.5-fold higher than with acidic
conditions due to the lower protein ionization efficiency at neutral pH
conditions), and repeatability was similar to the acidic conditions (%
RSD (n = 3) at 500 pg mL ! were 0.7 % and 5.2 % for t;, and peak areas,
respectively).

3.3. AA-SPE-CE-MS analysis

The AA sorbent for AA-SPE-CE-MS was prepared using the aptamer
with high selectivity and affinity against the N protein (Kp in the range
of 0.6-3.5 nM), as previously described by Poolsup et al. [7]. Contrary to
our previous works [14-17,19], as explained before, a neutral BGE (10
mM NH4Ac pH 7.0) was selected to avoid protein release before the
elution, which, in this case, required an acidic eluent. This emphasizes
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pg mL~! N protein standard solution under (A) acidic conditions using a fused silica capillary and (B) neutral conditions using an HPC-coated capillary. Typical M,
errors in the deconvolution are ~20 ppm (Er = (Mr experimental — Mr theoretical)/Mr theoretical X 106)-

the importance of carefully considering the BGE and elution conditions
based on the target protein biomarker when developing AA-SPE-CE-MS
methods. In terms of eluent composition, various acidic volatile eluents
were tested to disrupt the aptamer-protein interaction (i.e., 100 mM HAc
pH 2.9, 1 M HAc pH 2.3, and 2 M HAc pH 2.2), with 1 M HAc pH 2.3
demonstrating the highest sensitivity and repeatability in t;, and peak
areas (see Supplementary Fig. S-1-A). To avoid aptamer denaturation
and prolong microcartridge lifetime, concentrations higher than 2 M

HAc in these aqueous eluents were not explored. The investigation into
volatile eluents was expanded to test hydroorganic mixtures containing
80 % (v/v) MeOH in the presence of 1 M HAc. The findings were com-
parable to those achieved with the aqueous eluents (see Supplementary
Fig. S-1-A). For this reason and to avoid a possible sorbent degradation
during the elution caused by the organic solvents, the aqueous solution
consisting of 1 M HAc pH 2.3 was chosen for subsequent experiments.
The volume of the eluent plug was investigated by injecting the eluent at
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50 mbar for 20, 40, and 60 s (around 120, 240, and 360 nL [29]). A
higher amount of the N protein was detected when injecting the eluent
at 40 and 60 s instead of 20 s, but the most repeatable results were at 60 s
(see Supplementary Fig. S-1-A). Longer elution times than 60 s were
discarded, as they lead to broader peaks and smaller preconcentration

factors. In all these experiments, to avoid carry over, the capillary was
washed between analyses with water, a small plug of eluent, and again
with water. Regarding sample loading, standard solutions were pre-
pared in the neutral BGE because lower peak areas were observed when
using water or PBS. The addition of 5 mM MgCl, was also explored,
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given its known potential to promote the binding between the aptamer
and the protein [7]. However, the results did not improve, and samples
were loaded in the neutral BGE. In subsequent experiments, the sample
loading time was investigated, introducing a 25 pg mL™! N protein
standard solution at 930 mbar from 2.5 to 15 min. As can be observed in
Supplementary Fig. S-1-B, the maximum peak area for the N protein was
observed with a loading time of 10 min (around 65 pL [29]). Prolonged
loading times resulted in decreased N protein peak areas as the sample
breakthrough volume was exceeded, causing the protein to be washed
away. Therefore, a loading time of 10 min was chosen to maximize
protein recovery. Under the optimized conditions, consecutive analyses
exhibited repeatability in both t,, and peak areas. At a concentration of
10 pg mL™!, the %RSDs (n = 3) were 0.4 % and 6.8 %, respectively,
mirroring values obtained by CE-MS. The method demonstrated satis-
factory linearity (R > 0.99) across the range of 2.5-25 pg mL ™}, and the
microcartridges exhibited a lifetime of approximately 25 analyses.
Interestingly, the LOD was 0.5 pg mL~!, representing a 500-fold
improvement compared to the CE-MS method. This preconcentration
factor was higher than those obtained in our previous works for the
analysis of a-syn, Con A, and B-LG by AA-SPE-CE-MS (500-fold vs. 100-
fold for a-syn [14] and Con A [16], and 200-fold for -LG [17]), pointing
out the excellent performance of the aptamer against the N protein
under the optimized conditions. Additionally, the achieved LOD (0.5 pg
mL™}, equivalent to around 9 nM) is comparable to the LOD previously
described by Poolsup et al. for the analysis of the N protein using the
same tNSP3 aptamer to establish a label-free aptamer-based biolayer
interferometry method [7]. As illustrated in Fig. 3, the AA-SPE-CE-MS
analysis of a 25 pg mL™! N protein standard closely resembled that
obtained with CE-MS under neutral conditions (Fig. 2-B). The mass
spectrum revealed the broad cluster of highly overlapped multiply-
charged ions (same charges, compare Fig. 2-B-ii and Fig. 3-B), while
the deconvoluted mass spectrum showcased the M; of the N protein
proteoform (M, of 51,386), with a higher intensity observed for the N
protein + Na® + K (compare Fig. 2-B-iii and Fig. 3-C) due to the spe-
cific conditions of the AA-SPE-CE-MS method.

3.4. Analysis of saliva samples

In the analysis of intact proteins within complex matrices, such as
biological fluids (e.g., blood, cerebrospinal fluid, saliva, etc.), AA sor-
bents, as other highly selective SPE sorbents where the affinity ligand is
immobilized in an inert solid support, may suffer from non-selective
retention of interferents and matrix effects [18,19]. This is especially
critical when working at the microscale, with microcartidges containing
a limited amount of AA sorbent. Therefore, overcoming this challenge
and ensuring an accurate AA extraction requires a sample clean-up
before AA-SPE-CE-MS. For the analysis of the N protein in human
saliva samples, different sample clean-up pretreatments were tested.
Initially, a dilute and shoot procedure was evaluated, diluting the saliva
samples at different ratios (1:2, 1:4, and 1:10 (v/v)) either with neutral
BGE or PBS. As the N protein was not detected under these conditions,
desalting with 30,000 and 50,000 MWCO centrifugal filters was also
explored. However, no satisfactory results were obtained, highlighting
the complexity of the sample matrix. Subsequently, a common method
to remove a-amylase, the most abundant protein in human saliva, was
employed by adding starch (1 g of starch per 10 mL of saliva) and then
removing the resulting insoluble complex by centrifugation [35].
However, the N protein remained undetected, likely due to interactions
with the starch-amylase complex, which were not disrupted even when
the pH of the solution was increased to 11.0 (pH > pI of the N protein).
Finally, the N protein was detected using a simple protein precipitation
method. This involved precipitating saliva proteins with ice-cold
ethanol, reconstituting the pellet in the neutral BGE, and desalting
using 30,000 MWCO centrifugal filters. Fig. 4 displays the EIEs (A) and
mass spectra (B) obtained by AA-SPE-CE-MS for a spiked saliva at 25 pg
mL ™}, a non-spiked saliva (i.e., saliva blank), and a 25 pg mL~! N protein
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standard solution. As depicted in the EIEs of Fig. 4-A, the N protein was
only detected in the spiked saliva sample and in the standard solution.
The repeatability of both t,, and peak areas in the spiked saliva sample
(%RSD (n = 3) of 3.0 % and 9.6 %, respectively) was slightly lower
compared to the values previously obtained with the standard solution
(Section 3.3). Additionally, a minor shift in t;,, along with differences in
peak area and shape compared to the standard, were observed. These
variations were likely due to the complexity of the saliva matrix, even
after the sample clean-up pretreatment applied. Non-specific retention
of certain matrix components on the AA sorbent, followed by their
subsequent elution, couldn’t be ruled out. Additionally, in unidirec-
tional AA-SPE-CE-MS, sample matrix components could modify the
inner capillary wall during sample loading. Fig. 4-B-i shows the mass
spectrum confirming the detection of the N protein in the spiked sample.
As can be observed, the mass spectrum and deconvoluted M; values in
the spiked saliva were practically identical to those obtained for the
standard solution (Fig. 4-B-ii), while the N protein was not detected in
the saliva blank. The N protein could be detected until 2.5 pg mL™!
(around 45 nM), confirming the potential of the proposed AA-SPE-CE-
MS method to directly purify, preconcentrate, separate, characterize,
and quantify the N protein in saliva samples from suspected COVID-19
patients. The concentration of N protein in these samples can vary
widely depending on factors such as the stage of infection, viral load,
and symptom severity [36]. The achieved LODs fall within the higher
range of N protein concentrations reported in saliva by various bio-
sensors and bioassays [36,37]. However, these methods lack the ability
to provide unequivocal identification and accurate quantification sup-
ported by M; and structural information.

4. Conclusions

We developed an AA-SPE-CE-MS method for the purification, pre-
concentration, separation, characterization, and quantification of the
SARS-CoV-2 N protein. The development of this methodology posed
great challenges, particularly due to the basic pl and high M, of the
protein. In contrast to our previous works with proteins having acidic pIs
and M, ranging from around 14,500 to 25,600 (i.e., a-syn, Con A, and
B-LG), a neutral BGE (10 mM NHy4Ac pH 7.0), an acidic eluent (1 M HAc
pH 2.3), and a lab-made HPC-coated capillary were employed. These
choices aimed to prevent protein release before the elution, and protein
adsorption on the inner capillary wall during separation, underscoring
the importance of carefully considering the properties of the target
protein when developing AA-SPE-CE-MS methods. Under the optimized
conditions with standards, microcartridge lifetime (around 25 analyses)
and repeatability (0.4 and 6.8 %RSD for t,, and peak areas) were satis-
factory, the method was linear between 2.5 and 25 pg mL™}, and the
LOD was 0.5 pg mL™! (500 times lower than by CE-MS, 250 pg mL™1).
For the analysis of human saliva samples, we established a clean-up
pretreatment involving protein precipitation with ice-cold ethanol,
reconstitution of the pellet in the neutral BGE, and desalting using
30,000 MWCO centrifugal filters before AA-SPE-CE-MS. Results were
satisfactory, enabling the unequivocal determination of the N protein at
low levels, thereby preventing false positives and negatives often
encountered in non-MS-based biosensors or bioassays. Beyond reliable
diagnostics, the M; and structural information provided by on-line MS
detection in AA-SPE-CE-MS could contribute to a deeper understanding
of the COVID-19 disease mechanisms and the evaluation of differential
behaviors among virus variants.
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