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ABSTRACT: Rapid diagnostics that can accurately inform patients of disease risk
and protection are critical to mitigating the spread of the current COVID-19
pandemic and future infectious disease outbreaks. To be effective, such diagnostics
must rely on simple, cost-effective, and widely available equipment and should be
compatible with existing telehealth infrastructure to facilitate data access and remote
care. Commercial glucometers are an established detection technology that can
overcome the cost, time, and trained personnel requirements of current benchtop-
based antibody serology assays when paired with reporter molecules that catalyze
glucose conversion. To this end, we developed an enzymatic reporter that, when
bound to disease-specific patient antibodies, produces glucose in proportion to the
level of antibodies present in the patient sample. Although a straightforward
concept, the coupling of enzymatic reporters to secondary antibodies or antigens
often results in low yields, indeterminant stoichiometry, reduced target binding, and
poor catalytic efficiency. Our enzymatic reporter is a novel fusion protein that comprises an antihuman immunoglobulin G (IgG)
antibody genetically fused to two invertase molecules. The resulting fusion protein retains the binding affinity and catalytic activity of
the constituent proteins and serves as an accurate reporter for immunoassays. Using this fusion, we demonstrate quantitative
glucometer-based measurement of anti-SARS-CoV-2 spike protein antibodies in blinded clinical sample training sets. Our results
demonstrate the ability to detect SARS-CoV-2-specific IgGs in patient serum with precise agreement to benchmark commercial
immunoassays. Because our fusion protein binds all human IgG isotypes, it represents a versatile tool for detection of disease-specific
antibodies in a broad range of biomedical applications.

Glucometer-based Detection of anti-SARS-CoV-2 Antibodies

B INTRODUCTION

The coronavirus disease of 2019 (COVID-19) pandemic has
highlighted the importance of point-of-care, rapid diagnostic
assessments that can immediately inform patients of disease
risk to guide behavior and prevent disease spread.”” While
vaccination and prior infection provide some protection
against symptomatic reinfection with the causative virus,
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), the emergence of new variants and waning of

antibody detection tests and thus impede characterization of
immunity at the population scale, which is essential for making
informed policy decisions concerning public safety measures
and booster vaccinations.

The development of a rapid point-of-care diagnostic for
serum antibody quantification that is broadly deployable,
standardized, and does not require specialized technical skills
would provide the reliable, population-wide data required to
deepen epidemiological understanding of pandemics such as

immunity have rendered many susceptible to symptomatic
disease. It is still unclear what variables contribute to the
longevity, or the lack thereof, of immune protection, and the
current data suggests that the factors may be highly
individualized.”™> Nonetheless, a person’s level of SARS-
CoV-2-specific antibodies is correlated with protection against
symptomatic disease””®’ and can therefore serve as an
indicator of immune protection. Tests that measure levels of
SARS-CoV-2-specific antibodies are not widely available to the
general public, as the existing assays require highly skilled
technicians and specialized equipment, and the vast majority of
these assays must be performed in specially certified labs.* "
These obstacles severely limit the use of pathogen-specific
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COVID-19."" This knowledge would establish the level and
durability of vaccine protection, which will be vital in
constructing public health and vaccination recommendations
in the near- and long-term. Furthermore, a test that can be
used broadly and with consistent, accurate results would
provide information about key differences in infection- versus
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Figure 1. Schematic overview of the detection assay to quantify COVID-19-specific antibodies using a commercially available glucometer. A strip
coated with SARS-CoV-2 spike protein RBD is incubated with patient serum, and RBD-specific antibodies bind to the strip. The strip is rinsed to
remove any nonspecific antibodies and transferred to a solution containing Ab+Inv fusion protein, which binds to the patient antibody captured on
the strip. The strip is again rinsed, transferred to a solution of sucrose, and incubated. The amount of sucrose converted to glucose is measured
using a commercial glucometer and is proportional to the amount of the patient’s antibodies in the serum.

vaccine-induced immunity and how these differences may
impact the spread of disease. Finally, at an individual level, a
point-of-care antibody serology diagnostic would allow
patients to assess their personal degree of disease susceptibility,
empowering them to make informed decisions concerning
lifestyle and preventative care.

Benchmark commercial antibody detection assays achieve
high sensitivity by entrapping immunoglobulins (Igs) from
human samples between the target antigen and a detection
antibody, which is typically conjugated to a reporter enzyme.
The concentration of immunoglobulins in clinical specimens is
then determined spectrophotometrically by quantifying the
product of the enzymatic reaction, which is directly propor-
tional to the number of “sandwiched” immunoglobulins.
Although several enzyme reporters have been described in
the literature,'” current benchmark antibody assays use either
horseradish peroxidase (HRP) or alkaline phosphatase (AP).
These enzymes are easily isolated from plants (HRP)" or
animal tissues (AP)'* and achieve high catalytic rates (2600
and 850 s7/, respectively),'” leading to intense optical signal
outputs. Due to these favorable properties, HRP- and AP-
based enzyme-linked immunosorbent assays (ELISAs) remain
the standard approach for serological testing.'> Commercial
ELISA instrumentation is available in an array of formats and
scales, ranging from portable instruments (e.g., manufactured
by Samsung, Alere, and Eurolyser Diagnostica) to high-
throughput, multiplexed clinical analyzers (e.g., manufactured
by Luminex)."> However, the requirement for expensive high-
quality optical equipment to achieve accurate antibody
measurements often restricts the availability of such instru-
ments to specialized laboratories. Translation of ELISA
technology to the point of care has been demonstrated via
lateral flow assays; however, mainstream lateral flow platforms
are still essentially limited to qualitative results.'® Companies
and researchers in the field are workin% to democratize the
availability of portable ELISA detectors,'”'® but currently, the
steep cost complicates broad adoption, highlighting the critical
need to develop new, cost-effective diagnostic strategies that
allow for detection and quantitative measurement of antibody
titers at the point of care.

A rational strategy to achieve rapid, broadly deployable, and
easily executable monitoring of antibody titers lies in coupling

antibody assays with digital bioelectronic detectors, such as
personal glucometers, which are commercially available to the
population scale. Yi Lu and colleagues pioneered the concept
of using glucometers as modular diagnostic devices,"**°
highlighting the extensive clinical validation that over-the-
counter glucometers have undergone in diabetes treatment, as
well as their increasingly robust integration with mobile health
solutions. By conjugating a detection aptamer to a reporter
enzyme, Lu et al. coupled detection of several target molecules
to the production of glucose, rather than traditional
colorimetric or fluorogenic products utilized by ELISAs. The
concentration of glucose, as measured by the glucometer, was
thus directly proportional to the number of analyte molecules
present in the clinical sample. Several enzymes have been
proposed for this detection approach;'” however, the
biocatalyst invertase uniquely combines high catalytic rates
(~1540 5!, comparable to HRP and AP), thermal stability (up
to 80 °C), pH stability (pH = 3—6), and high specificity for the
substrate sucrose.”"”

Invertase-mediated conversion of sucrose has been inte-
grated into recent molecular diagnostics,”>~*’ but the coupling
of invertase and the detection molecule (e.g, antibody) has
proved difficult. Some studies have avoided direct attachment
by conjugating both the detection antibody and invertase to
the same nanoparticlem”24 or nanowire,”> whereas others have
used streptavidin as an intermediate and formed complexes of
the biotinylated antibody and biotinylated invertase.”® To
avoid the steric issues that likely interfere with efficient
chemical conjugation methods, invertase has been conjugated
to a small nucleic acid aptamer.”””® Just one group has
reported the direct, site-specific, enzyme-mediated conju§ation
of invertase to an antibody single-chain fragment (scFv),” and
though this method had the advantage of ensuring a consistent
ratio of invertase to the detection molecule, conjugation
efficiency was found to be very low.

Here, we designed a genetic fusion protein comprised of an
antibody against the Fc domain of human IgG (anti-hIgG) and
the enzyme invertase. Our fusion protein overcomes the issues
of inefficient and inconsistent chemical coupling of invertase to
detection molecules, which has previously hindered the
development of glucometer-based detection systems. Our
engineered antibody—enzyme fusion protein (denoted Ab
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Figure 2. Design and purification of antibody—invertase (Ab+Inv) fusion proteins. (A) Schematic of Ab+Inv fusion proteins containing an
antihuman IgG antibody. The C-terminus of the antibody light chain (LC) was tethered to the N-terminus of invertase via a flexible linker 15 or 25
amino acids in length (LC1S and LC2S, respectively) or the C-terminus of the heavy chain (HC) is tethered to the N-terminus of invertase via a
flexible linker 17 or 27 amino acids in length (HC17 and HC27, respectively). HC and LC variable and constant domains are labeled. (B) Ab+Inv
fusion proteins migrate at slightly larger molecular weights (MW) than expected by SDS-PAGE. The unfused antibody (Ab) and invertase (Inv)
alone run at the expected sizes under nonreducing (146 kDa for Ab and 62 kDa for Inv) and reducing (49 kDa for Ab HC, 24 kDa for Ab LC, and
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Figure 2. continued

62 kDa for Inv) conditions. Note that the samples for both SDS-PAGE gels were boiled to minimize the divergent migration of invertase and the
fusion proteins relative to their expected molecular weights (62 kDa for invertase and ~266 kDa for the Ab+Inv fusion proteins). The Ab+Inv
fusion proteins run somewhat larger than their expected MW (~266 kDa) under nonreducing conditions, as do the Inv-fused LC (~84 kDa) and
HC (~110 kDa) under reducing conditions. (C) Yield per liter of transfected cells for each Ab+Inv fusion protein is shown compared to the yield
of the unfused antibody (Ab). For LC1S, HC17, and HC27, the yield from the pooled peak 1 is shown in a lighter shade and the yield from the
pooled peak 2 is shown in the darker shade. Bar height reflects the total yield for both peaks. (D) Representative size-exclusion chromatography
(SEC) traces for the four Ab+Inv fusion proteins are shown. The separately pooled fractions that were tested for LC15, HC17, and HC27 (peak 1
and peak 2) are indicated.
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Figure 3. Ab+Inv fusion proteins bind hIgG with the same affinity as the unfused antibody. (A) Equilibrium BLI titrations of the soluble HP6017
antibody, Ab+Inv LC1S, LC2S, HC17, and HC27 against immobilized hlgG. Invertase (Inv) is included as a negative control. (B) Ky, derived from
the three-parameter curve fit of the equilibrium binding data in panel (A) is shown. (C) Association rate (k,,) generated from the kinetic BLI curve
fit of the data in Figure S2, assuming a 1:1 binding model, is shown.

adaptation as a precision diagnostic to detect a wide range of
diseases and medical conditions.

+Inv) was produced with high yields in a mammalian
expression system, and the resulting construct fully preserved

human IgG binding and catalytic activity relative to
B RESULTS

Design and Purification of Antihuman Antibody—
Invertase Fusion Proteins (Ab+Inv). We produced four
antihuman IgG—invertase fusion proteins (Ab+Inv, Figure
2A), which varied in the positioning and length of the peptide
linkers connecting the antibody to two molecules of invertase.
Fusion proteins were based on the antihuman IgG antibody

unmodified proteins. We validated that a strip-based assay
(Figure 1), which employed this fusion protein, was effective in
distinguishing between human samples that did or did not
contain SARS-CoV-2-specific antibodies, with comparable
sensitivity to gold-standard commercial ELISA-based detection
methods. Given the rapid, robust, and broadly deployable

nature of the system we developed, this platform promises to
promote the understanding and containment of the SARS-
CoV-2 virus. Furthermore, the versatile format allows for ready

HP6017, which binds the Fc domain of all human IgG
isotypes.”””' The four fusion proteins were produced via
transient transfection of human embryonic kidney (HEK)
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Figure 4. Ab+Inv fusion proteins exhibit equivalent catalytic activity to unfused invertase. (A) Ab+Inv fusion proteins or invertase (Inv) were
incubated with 250 mM sucrose for 6 to 24 min. Concentrations of 166 nM Ab+Inv fusion proteins and 330 nM for Inv were used to achieve a
molar equivalent amount of the enzyme, n = 1. (B) Various concentrations of unfused Ab, Ab+Inv fusion proteins, or Inv were incubated with 250
mM sucrose for 8 min. The concentration of the Ab+Inv fusion proteins is one-half of the invertase concentration shown on the x-axis, as each
fusion protein contains two copies of invertase, n = 2. (C) Unfused Ab, Ab+Inv fusion proteins, or Inv were incubated with various concentrations
of sucrose for 15 min. Concentrations of 166 nM Ab+Inv fusion proteins and 330 nM for Inv were used to achieve a molar equivalent amount of
the enzyme, n = 2. (D) Unfused Ab, Ab+Inv fusion proteins, or Inv were incubated with 250 mM sucrose for 15 min. Concentrations of 166 nM
Ab+Inv fusion proteins and 330 nM for Inv were used to achieve a molar equivalent amount of the enzyme, n = 3. The dotted lines in (A)—(D)
indicate the limit of detection for the glucometer (10 mg/dL). Error bars indicate standard deviation in all panels.

293F cells. The fusion proteins ran slightly larger than their
expected sizes (each ~266 kDa), which was consistent with the
observation that unboiled invertase runs larger than its
predicted molecular weight of 62 kDa (Figures 2B and
S1A—E). Accordingly, under reducing conditions, fusion
proteins comprising invertase and a single light chain (LC)
or heavy chain (HC) ran slightly larger than their predicted
molecular weights (84 kDa for LC fusion proteins and 110 kDa
for HC fusion proteins), whereas the unfused LC and HC ran
as expected (Figure 2B). All Ab+Inv fusion proteins expressed
robustly, with purified protein yields ranging from 2.8 to 4.5
mg/L of transfection, similar to the unfused antibody yield of
3.5 mg/L (Figure 2C). The four Ab+Inv fusion proteins
showed similar profiles by size-exclusion chromatography
(SEC), though the HC fusion proteins (HC17 and HC27)
exhibited a discernable shoulder extending to the left of the
main peak (denoted peak 1, Figure 2D). Moreover, earlier
fractions of LC1S, coinciding with peak 1, contained greater
amounts of aggregate (Figure SIB). Interestingly, a compar-
ison of the pooled peak 1 and peak 2 fractions from the HC
and LC1S fusion proteins revealed similar activity (Figure

S1F). Due to reduced aggregation, peak 2 of LC15, HC17, and
HC27 was used for all subsequent characterization.

Validation of Ab+Inv Binding to Human IgG. To
demonstrate that our Ab+Inv fusion proteins retained binding
to the target antigen (i.e., human IgG), biolayer interferometry
studies were performed. The four Ab+Inv fusion proteins
showed similar human IgG binding properties relative to what
was observed for the unfused antibody, with LC15 and LC25
showing a marginally higher affinity (Figure 3A,B, Table S1).
The Ab+Inv fusion proteins showed slightly lower maximal
binding levels (E,,) compared to the unfused antibody,
presumably due to steric effects resulting from the increased
size of the invertase fusion. Analysis of kinetic binding
parameters further revealed that LC15 and LC2S had
significantly higher association rates compared to both the
unfused antibody and the HC fusion proteins (Figures 3C, S2,
and Table S1). While the binding properties of all four Ab+Inv
fusion proteins were very similar, these data suggested that the
LC fusion proteins had slightly superior binding activity
compared to the HC fusion proteins.
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Figure 5. Glucometer-based immunoassay using Ab+Inv fusion protein detects the presence of SARS-CoV-2-targeted antibodies in patient
samples. (A) Schematic of the detection workflow for the glucometer-based strip immunoassay, which detects sucrose conversion by Ab+Inv fusion
protein LC1S in proportion to SARS-CoV-2 spike protein RBD-targeted antibodies in a test sample. (B) Platform shown in (A) was used to build
calibration curves in 10% serum, detecting glucose readouts for various concentrations of the spiked anti-SARS-CoV-2 spike protein RBD antibody.
The fitted single curve yields EC, = 35 nM, with n = 3. The limit of detection (LOD) is 1.2 + 0.2 nM. (C) This platform was used to measure
anti-SARS-CoV-2 antibody titers in patient samples with known seroconversion status (TS1), with n = 3. (D) Schematic of the detection workflow
for a benchmark spectrophotometric strip immunoassay, which detects tetramethylbenzidine (TMB) oxidation by horseradish peroxidase (HRP)-
labeled anti-hIgG antibodies in proportion to SARS-CoV-2 spike protein RBD-targeted antibodies in a test sample. (E) The strategy shown in (D)
was used to build calibration curves in 10% serum, detecting glucose readouts for various concentrations of spiked anti-SARS-CoV-2 spike protein
RBD antibodies. The fitted single curve yields ECs, = 2 nM, with n = 3. The LOD is 0.8 0.1 nM. (F) This strategy was used to measure anti-
SARS-CoV-2 antibody titers in patient samples with known seroconversion status (TS1), with n = 3. Discrimination between positive and negative
samples matched that of the glucometer-based assay. Error bars indicate standard deviation in all panels.

Validation of Ab+Inv Catalytic Activity. To determine specific antibodies via a strip-based assay that would be
whether our Ab+Inv fusion proteins preserved the catalytic amenable to point-of-care use (Figure 1). To build the assay,
activity of the component invertase enzyme, we implemented we designed plastic test strips (.stl file provided in the
glucose conversion assays using a commercial glucometer. We Supporting Information) that fit snugly inside 1.5 mL
compared the catalytic activity of the four Ab+Inv fusion microcentrifuge tubes. The strips were fabricated using a
proteins in solution by measuring the extent of glucose CO, laser cutter from 2 mm thick poly(methyl methacrylate)
production after incubating the proteins with specified sheets (example cuts shown in Figure S4). We coated the strips
concentrations of sucrose. The four Ab+Inv fusion proteins with established antifouling hydrogel technology to minimize
achieved nearly identical enzymatic activity to the unfused nonspecific protein binding from patient samples to the
invertase in time-course experiments (Figure 4A), enzyme surface.”> The hydrogel was then functionalized with the
titrations (Figure 4B), substrate (sucrose) titrations (Figure receptor-binding domain (RBD) of the SARS-CoV-2 spike
4C), and endpoint activity measurements (Figure 4D). protein via covalent coupling using carbodiimide chemistry.
Enzymatic activity was not affected by concurrent binding to We established the antigen loading and secondary antibody
hlgG, as was demonstrated by endpoint experiments concentration that provided the highest assay sensitivity via
performed with a 2X molar excess of hlgG (Figure S3). spectrophotometric tests in phosphate-buffered saline (PBS,
While the overall enzymatic activities for each of the four Ab Figure SSA—C), consisting of HRP-modified, ELISA-validated
+Inv fusion proteins were very similar, LC2S exhibited greater antispike antibodies and tetramethylbenzidine (TMB)/hydro-
variability for measurements near the middle of the dynamic gen peroxide solutions. The resulting antigen-loaded strips can
range for the enzyme titrations (Figure 4B). be stored in the buffer at 4 °C and are amenable for use in

Development and Deployment of an Anti-SARS-CoV- quantifying anti-SARS-CoV-2 antibodies in patient samples.

2 Antibody Detection Assay. To demonstrate the Our electrochemical immunoassay consisted of exposing the
diagnostic potential for our Ab+Inv fusion proteins, we sought test strips to a series of binding and washing steps to ultimately
to establish that they could accurately differentiate between produce a solution containing glucose in direct proportion to
patient samples that did or did not contain SARS-CoV-2- the number of anti-SARS-CoV-2 antibodies present in each

F https://doi.org/10.1021/jacs.2c02537
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Figure 6. Glucometer-based immunoassay using Ab+Inv fusion protein enables monitoring of anti-SARS-CoV-2 antibody titers in hospitalized
patients. A glucometer-based strip immunoassay was used to measure SARS-CoV-2 spike protein RBD-targeted antibody levels in samples from
hospitalized patients with COVID-19 (TS2), n = 1. The glucometer assay consistently determined the emergence of anti-SARS-CoV-2 antibody
responses at ~10 days post symptom onset, and responses plateaued at ~20 days post symptom onset in patients A, B, F, and G. Solid lines are

included for visual clarity to highlight IgG titer trends.

sample (Figures 1 and SA). Briefly, we first immersed the
RBD-modified strips in either control or infected patient
samples for 30 min to allow anti-SARS-CoV-2 spike protein
RBD antibodies to bind, followed by a wash step. We then
exposed the strips to Ab+Inv fusion protein solutions for 30
min so that the fusion protein would bind to the captured
antibody on the strip, also followed by a wash. In the third
step, we immersed the strips in 100 mM sucrose solution for
60 min to allow invertase to catalyze conversion to glucose,
after which we removed the strips and determined the resulting
glucose concentration using a commercial glucometer. The
exact measurement protocol varied slightly depending on
whether we performed control measurements using the
spectrophotometric HRP/TMB reporter system, or the
invertase/sucrose reporter system, as described in detail in
the SI Methods section.

We first established which of our four Ab+Inv fusion
proteins achieved the greatest sensitivity in strip-based
immunoassays. To do this, we incubated the strips with an
antispike antibody (13.6 nM), followed by exposure to
saturating concentrations (0.1 uM) of each of the four Ab
+Inv fusion proteins. Our results indicated that, under identical
assay conditions, the LC fusion proteins produced ~55% more
glucose than the HC fusion proteins (Figure S6). Because the
LCI1S fusion protein achieved the highest generation of
glucose, we selected this molecule for assay development.
Then, we optimized the concentration of LC1S5 for the strip
assay (Figure SSB) and subsequently built assay calibrations in
PBS to establish the dynamic range of our reporter relative to
spectrophotometric detection (Figure S7A,B). The detection
range of both methods compared well, allowing us to proceed
to clinical validation trials. For such trials, we accessed
confirmed negative and positive patient blood samples from
institutional biorepositories. We obtained two blinded training
sample sets: TS1 contained six confirmed negatives (from pre-
pandemic Johns Hopkins Hospital emergency department
patients) and six confirmed positives (from potential

convalescent plasma donors who had prior RT-PCR
confirmation of SARS-CoV-2 infection).”> TS2 consisted of
90 longitudinal samples (collected over time) from seven
hospitalized SARS-CoV-2 RT-PCR-confirmed patients with
known dates of symptom onset.”* The antibody titers of both
training sets were unknown to our study team until we
performed a crossed examination against commercial ELISA
measurements.

Using the LC1S5 fusion protein as the reporter, we sought to
determine whether our glucometer-based immunoassays
achieved similar discrimination of negative and positive
samples from training set TS1 relative to analogous
colorimetric assays. To develop the assay framework to test
this, we first comparatively evaluated the performance of the
LC15/sucrose (Figure SA) and HRP/TMB (Figure SD)
reporter systems built from strip-based assays using 10%
commercial SARS-CoV-2 negative patient sera spiked with
increasing concentrations of commercial anti-SARS-CoV-2
spike protein RBD IgGs. We observed strong assay responses
at this dilution of the patient serum samples (using the
spectrophotometric test, Figure S8); thus, a serum dilution of
10% was used for all subsequent assays. We used casein in all
of the strip-based assays involving human serum to prevent
nonspecific protein binding to the test strips, by incubating the
strips into a casein solution at a concentration of 5% (w/w) for
1 h after immobilizing the RBD. However, for glucometer-
based detection, casein was not added to human serum
samples. Although the addition of a 5% w/w concentration of
casein is common practice for ELISA-based detection to
reduce nonspecific background signal,**° we did not observe
background in our assay, even in the absence of casein (Figure
S9). Moreover, we observed a ~2-fold improvement in the
signal output of the glucometer-based assay when casein was
not present, thus motivating exclusion of this reagent in our
assay. We also optimized the strip incubation time with the
sucrose solution (Figure S10). Based on our findings,
incubation of the strips in serum without casein for binding
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Figure 7. Robust clinical agreement observed between glucometer-based and commercial spectrophotometric immunoassays. (A) Longitudinal
time course of SARS-CoV-2 spike protein RBD-targeted antibody levels in the hospitalized patient with COVID-19 (patient B from the TS2
cohort), as detected by the glucometer-based immunoassay using Ab+Inv fusion protein, with n = 1. (B) Longitudinal time-course of SARS-CoV-2
spike protein RBD-targeted antibody levels in the hospitalized patient with COVID-19 (patient B from the TS2 cohort), as detected by a
commercial spectrophotometric assay (Epitope Diagnostics), with n = 1. (C) To establish a seroconversion threshold for the glucometer-based
assay, we computed the average and standard deviation (gray shaded areas) of the glucose output generated by five confirmed SARS-CoV-2
negative samples, obtaining a seroconversion cutoff of 39 & 32 ng/mL. Extrapolating this threshold to all the data from the TS2 cohort, we were
able to accurately stratify by seroconversion status. The short horizontal lines represent the mean and + standard errors for the two groups. (D)
Agreement chart generated using the Bangdiwala method,*® comparing glucometer-based measurements with a commercial spectrophotometric
assay (Coronacheck). A 95% positive and a 96% negative percent agreement were observed.

to patient antibodies and in sucrose solution for 60 min during
detection was selected. The resulting dose—response curves
indicated that the HRP/TMB reporter assay achieved higher
sensitivity (EC5o ~ 2 nM, Figure SE) and the signal output
plateaued at lower concentrations of anti-SARS-CoV-2 spike
protein RBD IgG (~13.6 nM) compared to the LC15/sucrose
reporter system (ECsy ~ 35 nM, plateau at >150 nM, Figure
SB). Note that the assay readouts reflect two binding events
(the primary antibody binding to the spike protein and the
secondary antibody binding to the primary antibody), as well
as enzyme-mediated catalysis. The sensitivity differences
between the HRP/TMB reporter and LC15/sucrose reporter
systems were not unexpected, as the catalytic rate of HRP is
approximately two-fold faster than that of the invertase in
LC1S. Despite this discrepancy, when we challenged both
systems with TS1 samples, they exhibited the comparable
capacity to distinguish between all confirmed negative and
positive specimens (Figure SC vs F). Notably, the apparently
false-negative data obtained for patient 9 was later confirmed
to be a true negative via commercial ELISA assays (Epitope
Diagnostics (EDI) COVID-19), and the sample corresponds
to a convalescent patient with unusually low antibody titers.
We next examined whether the LC1S fusion protein would
enable accurate glucometer-based monitoring of immune

responses in longitudinal samples. To this end, we exposed
our test strips to samples from training set TS2 and compared
results against the clinically used EDI COVID-19 and
CoronaCheck immunoassays. Note that the EDI assay employs
the nucleocapsid of SARS-CoV-2 as the target antigen, whereas
the CoronaCheck assay, like our glucometer-based immuno-
assays, employs the RBD protein. Our glucometer-based
measurements showed an onset of anti-SARS-CoV-2 IgGs
~10 days after the first record of symptoms across patient
samples (Figure 6). In addition, for the three sample sets with
sufficient measurement points to identify a plateau in antibody
responses, we characterized such a plateau at ~20 days post
infection. This finding was in close agreement with results from
commercial antibody assays (Figures S11 and S12) and
demonstrated superior seroconversion resolution over, for
example, lateral flow immunoassays.‘%'37 Moreover, in a side-
by-side comparison of LC1S/sucrose (Figure 7A) and EDI
COVID-19 (Figure 7B) measurements using the same patient
samples (TS2), the resulting time-course profiles were similar.
These results highlight the potential value that our fusion
protein reporter and glucometer-based immunoassay have in
monitoring the development and maintenance of immunity
temporally, across populations, without the need for
spectrophotometric or other optical equipment.
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Two critical figures of merit for new immunoassays are the
positive (PPA) and negative percent agreements (NPA)
relative to benchmark commercial immunoassays. To
determine the PPA and NPA for our glucometer-based assay,
we first established a positive seroconversion threshold based
on the average response of our assay to confirmed negative
specimens (Figure 7C). Specifically, we measured the output
of our assay when challenged with four pre-pandemic samples
from hospitalized patients plus one commercial sample pooled
from 10 healthy donors. We established the seroconversion
threshold for our glucometer-based assay by computing the
mean and standard deviation of measurements from healthy
donor samples, 39 + 32 mg/dL (black line and shaded areas,
respectively, in Figure 7C), to set the background level, above
which all measurements were considered to be seroconversion
positive. Applying this cutoff to our measurements over all
longitudinal samples, we deemed 64% (49 samples) to be
positive and 36% (27 samples) to be negative. The accuracy of
this determination can be better demonstrated by directly
comparing glucometer-based immunoassay determinations
relative to CoronaCheck measurements. The resulting agree-
ment chart”® (Figure 7D) reported a PPA = 95% (20/21 X
100) and NPA = 96% (26/27 X 100), demonstrating again
that our glucometer-based immunoassays achieve similar
performance relative to benchmark spectrophotometric assays
currently in clinical use. We include side-by-side comparisons
of assay time (Table S2) and estimated cost per test (Table
S3) between our glucometer-based detection assay and two
commercial spectrophotometric kits to further illustrate the
competitive value of our technology.

B DISCUSSION

We report here a novel fusion protein comprising anti-hIgG
and two invertase molecules, which can be used as an
electrochemical reporter for rapid and robust glucometer-
based immunoassays. By virtue of being expressed as a single
protein from a eukaryotic cell line, our fusion protein
overcomes purification and heterogeneity challenges related
to the post-expression chemical coupling of enzymatic
reporters to detection antibodies. Specifically, we were able
to express four antihuman antibody—invertase fusion proteins
(Ab+Inv), all of which were successfully expressed in mg/L
yields (Figure 2) and retained the binding affinity and catalytic
activity of the respective unconjugated parent proteins (Figures
3 and 4). The Ab+Inv fusion protein that showed the best
functional activity, denoted LC15, enables the possibility to
perform immunoassays using widely available glucometers as
detectors, obviating the need for expensive and specialized
spectrophotometric or optical instrumentation and reducing
the level of technical skill required to perform the test. We note
that the dynamic range of the glucometer used in this study
(Nova Biomedical, 10—600 mg/dL) is comparable to that of
other commercially available glucometers that follow 2020
FDA guidelines;* thus, our reporter fusion protein can be
readily used across a range of glucometer brands. Moreover,
because LC1S binds to the Fc region of all human IgG
isotypes, the protein can be immediately used as a secondary
antibody reporter for a vast range of antibody assays, in a
similar fashion as the benchmark HRP/TMB system.

To illustrate the ability of LC1S to support accurate
antibody measurements in clinical specimens, we developed
a plastic-strip-based immunoassay that quantifies anti-SARS-
CoV-2 antibodies as a model case for our glucose-based

detection system. We then validated our platform by
performing glucometer-based antibody assays using two
different clinical blood sample training sets, one consisting of
pre-pandemic negative samples and samples from SARS-CoV-
2 positive patients and a second set consisting of longitudinal
samples from hospitalized, COVID-19-confirmed patients.
Based on studies using both training sets, our glucometer-
based immunoassays performed comparably against either an
identical HRP/TMB-based test performed in our lab (Figure
5) or commercial immunoassays that are currently in clinical
use (Figures 6 and 7). Our results demonstrate remarkable
accuracy and agreement with commercially available immuno-
assays. We also note that optimization of the anti-hIgG
antibody in LC15 through affinity maturation could further
improve the sensitivity and performance of our assay.
Additional optimization could entail engineering invertase to
have optimal activity at room temperature; the optimal
catalytic conditions for invertase are incompatible with our
assay, as it would be performed at the point of care. While the
performance of invertase in our assay was sufficient under
point-of-care conditions, catalytic optimization at room
temperature would enhance the sensitivity of the assay and
decrease the amount of time required for measurements. With
increased sensitivity, it is likely that our diagnostic will be
translatable for use with other types of patient samples, such as
nasopharyngeal swab*’ or saliva.

The Ab+Inv fusion protein LC1S represents an emerging
class of reporter proteins. While antibodies and other binding
molecules have previously been chemically conjugated to
invertase, to our knowledge, this is the first example wherein
invertase has been attached directly through genetic fusion.
Importantly, the yields observed for Ab+Inv LC15 were very
similar to the yield for the unfused antibody (Figure 2C),
indicating that the cost of large-scale production of the fusion
would be similar to that for the antibody alone. While LC15
did appear to have more aggregate in peak 1, this aggregate did
not impact binding or enzymatic activity, and these aggregates
could likely be eliminated through optimization of transfection
conditions. Encouragingly, LC1S eluted as a monodisperse
peak via SEC, suggesting that high-purity manufacturing with
limited attrition will be feasible. Moreover, as invertase is
genetically fused to the antibody, we have eliminated
additional chemical conjugation steps, which can be laborious
and inconsistent and require additional purification to remove
unconjugated protein, as well as quality confirmation.
Furthermore, chemical conjugation methods are inherently
stochastic, meaning that the number of invertase molecules
conjugated to the antibody will unavoidably vary, whereas in
our approach, the stoichiometry is fixed, which ensures high
consistency between batches.

More broadly, this study represents one of the first instances
in which a full-length antibody is genetically fused to an
enzyme for the purposes of detection. The vast majority of
previous work has generated scFv—enzyme fusion pro-
teins*' ™" or fragment antigen-binding (Fab)—enzyme fusion
proteins.””** scFvs and Fabs contain only one antigen-binding
site per molecule and thus do not benefit from the avidity
advantage afforded by the two binding sites in a full-length
antibody. To our knowledge, only one platform has been
developed to produce enzymes that are genetically fused to
full-length antibodies, specifically a fusion protein scaffold
linking an enzyme to IgM, yielding a highly multimeric
antibody—enzyme pentamer.”” While the pentameric structure
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of IgM provides a dramatic avidity enhancement, naturally
occurring IgMs generally have very low affinity compared to
IgGs and are notoriously difficult to produce.’”" As such, our
full-length IgG formulation leverages the multimeric avidity
advantage while avoiding losses in yield, making it an ideal
candidate for large-scale production.

The low technical requirements and low production cost for
our Ab+Inv fusion protein will allow the proposed glucometer-
based diagnostic platform to be employed for testing far
greater numbers of people on a global scale, including those
who do not have access to medical facilities with advanced
testing capabilities. It will also empower serial testing, which
combined with the number and diversity of people being
tested will provide needed high-quality data to impart a clear
and detailed understanding of the longevity of immune
protection that is provided from vaccination and natural
infection, as well as protection against emerging variants of
concern. Specifically, straightforward substitution of the RBD
with variant RBDs can test for antibodies that are protective
against emerging variants, and substitution of the RBD with
nucleocapsid (N) or membrane (M) proteins can inform
whether patients have been previously infected with the SARS-
CoV-2 virus. Moreover, replacing the SARS-CoV-2 RBD with
another antigen from another infectious disease, a cancer
diagnostic antigen, or a self-antigen associated with auto-
immune diseases would allow this diagnostic to be
implemented as a test for immunity to a large number of
medical conditions and for longitudinal monitoring of disease
control or progression. Altogether, the results of this study
combined with the modularity of this technology highlight the
potential value of our glucometer-based antibody detection
approach for population-scale monitoring of immune re-
sponses to address the COVID-19 pandemic and a host of
other biomedical applications. Further device development
efforts will focus on simplifying the detection scheme so that
the fusion protein and other reagents can be integrated into a
portable, user-friendly, point-of-need detection platform.
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