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ABSTRACT Single multiplexed assays could replace the standard 2-tiered (STT) al-
gorithm recommended for the laboratory diagnosis of Lyme disease if they perform
with a specificity and a sensitivity superior or equal to those of the STT algorithm.
We used human serum rigorously characterized to be sera from patients with acute-
and convalescent-phase early Lyme disease, Lyme arthritis, and posttreatment Lyme
disease syndrome, as well as the necessary controls (n � 241 samples), to select the
best of 12 Borrelia burgdorferi proteins to improve our microfluidic assay (mChip-Ld).
We then evaluated its serodiagnostic performance in comparison to that of a first-
tier enzyme immunoassay and the STT algorithm. We observed that more antigens
became positive as Lyme disease progressed from early to late stages. We selected
three antigens (3Ag) to include in the mChip-Ld: VlsE and a proprietary synthetic 33-
mer peptide (PepVF) to capture sensitivity in all disease stages and OspC for early
Lyme disease. With the specificity set at 95%, the sensitivity of the mChip-Ld with
3Ag ranged from 80% (95% confidence interval [CI], 56% to 94%) and 85% (95% CI,
74% to 96%) for two panels of serum from patients with early Lyme disease and
was 100% (95% CI, 83% to 100%) for serum from patients with Lyme arthritis; the
STT algorithm detected early Lyme disease in the same two panels of serum from
patients with early Lyme disease with a sensitivity of 48.5% and 75% and Lyme ar-
thritis in serum from patients with Lyme arthritis with a sensitivity of 100%, and the
specificity was 97.5% to 100%. The mChip-Ld platform outperformed the STT algo-
rithm according to sensitivity. These results open the door for the development of a
single, rapid, multiplexed diagnostic test for point-of-care use that can be designed
to identify the Lyme disease stage.
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Lyme disease (LD), caused by Borrelia burgdorferi and transmitted by the bite of
infected Ixodes ticks, is the most common vector-borne disease in the United States

(1), with an estimated incidence of �300,000 cases per year (2, 3). Lyme disease
typically begins with erythema migrans (EM), an expanding skin lesion at the site of the
tick bite. If left untreated, spirochetes may disseminate from the site and patients may
present with neurologic, cardiac, and/or rheumatologic manifestations (4).
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For the laboratory support of Lyme disease diagnosis, the Centers for Disease
Control and Prevention (CDC) recommends a standard 2-tiered (STT) approach com-
prised of a first-tier enzyme immunoassay (EIA) that, if positive, should be followed by
a second-tier IgM/IgG immunoblot assay (5). The immunoblot assay is interpreted using
standardized criteria, and the IgM immunoblot assay results are used only for disease
of �30 days’ duration. While the STT approach has worked relatively well when used
as recommended, there is plenty of room for improvement. The STT approach requires
a complex laboratory infrastructure to perform and has a low sensitivity during early
infection, inter- and intralaboratory variability, a long turnaround time, and a high cost
because of the high cost for the immunoblot assay. There is also confusion regarding
interpretation of the immunoblot assay results (5). Over the last few decades, specific
B. burgdorferi epitopes have been mapped. Because only a yes-or-no result is needed
for routine cases of suspected Lyme disease, hope has been raised that the STT
approach can ultimately be replaced by a single test without the immunoblot assay.

Assays that improve upon the performance of current tests would be most helpful
for the laboratory support of Lyme disease diagnosis. While next-generation diagnostic
tests are suggested to be at hand (5–7), there remains a need to demonstrate that
known epitopes can adequately match the sensitivity and specificity of STT or whether
further comprehensive exploration of epitopes is required. Most importantly, it has not
been demonstrated that an effective single serodiagnostic test could be offered at
the point of care. Rapid assays and point-of-care diagnostic testing could be used in
some clinical settings, such as emergency rooms in areas of endemicity and doctors’
private practices (5, 8). Previously, we established a proof of principle for a new rapid
test, the mChip-Ld assay, which was developed for point-of-care use (9). Here, we report
on the performance of an improved mChip-Ld assay using panels of serum samples
from patients rigorously characterized to have confirmed early Lyme disease or Lyme
arthritis (a late Lyme disease manifestation) and control serum samples from healthy
individuals and individuals with look-alike diseases.

MATERIALS AND METHODS
Ethics statement for human serum panels. The involvement of human subjects falls under

exemption 4, as outlined in HHS regulations (10). A total of 241 deidentified human serum samples (Table
1) were used. The Institutional Review Board (IRB) of IntegReview Inc. (Ethical Review Board Number 2)
provided approval under approval number FWA00021769. Serum obtained from the National Institute of
Allergy and Infectious Diseases, National Institutes of Health (NIH), was collected with written informed
consent under IRB-approved protocols. Serum panels from the New York State Department of Health
(NYSDOH) were used for assay development under IRB approval number 03-037 of the New York State
Department of Health. Serum obtained from the Lyme Disease Biobank (LDB) was collected with
informed consent under Advarra IRB approval number Pro00012408.

Serum panels. The panels of serum tested are described in Table 1 and are described in more detail
below.

(i) Patients with early Lyme disease (NYSDOH panel). Serum (n � 59 samples) was obtained from
patients who presented with an erythematous skin lesion and a history of a recent tick bite or a summer
flu-like illness to clinics in parts of New York State where Lyme disease is endemic and who were
suspected of having Lyme disease. The samples subsequently tested positive by 2-tiered serology (the
STT algorithm) at the New York State Department of Health (NYSDOH). These samples were considered
to be from patients (i) suspected of having early Lyme disease (n � 20) and were C6 EIA positive plus
IgM/IgG immunoblotting positive (2-tiered algorithm positive for suspected early acute Lyme disease)
and (ii) suspected of being in convalescent phase (n � 39) and were C6 EIA positive plus IgG
immunoblotting positive (2-tiered algorithm positive for suspected convalescent early Lyme).

(ii) Patients with laboratory-confirmed early acute Lyme disease and healthy controls from
areas of endemicity (LDB panel). Serum (n � 40 samples) was obtained from patients with laboratory-
confirmed early Lyme disease from areas of endemicity (n � 20 patients with confirmed early acute Lyme
disease) and from healthy individuals from areas of endemicity (n � 20). The patients were from eastern
Long Island, NY, and Martha’s Vineyard, MA. LD inclusion criteria included presentation in an area of
endemicity, physician assessment of erythematous expanding rash (EM), and laboratory confirmation by
either 2-tiered serology, 2-EIA (whole-cell extract EIA and C6 peptide EIA), PCR, or culture and PCR.

(iii) Patients with late Lyme disease and PTLDS (NIH panel). Serum (n � 40 samples) was obtained
from patients suffering from Lyme arthritis (LA; n � 20) and posttreatment Lyme disease syndrome
(PTLDS; n � 20). All patients met the criteria for the diagnosis of Lyme disease (4, 11). Patients with Lyme
arthritis had joint swelling in conjunction with serologic evidence of the infection per CDC criteria (12).
Patients with PTLDS had Lyme disease, received a minimum of 1 course of recommended therapy (4),
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and had persistent or relapsing nonspecific symptoms that began within 6 months of treatment and that
were severe enough to cause a reduction in activities (4).

(iv) Patients with confirmed early and late Lyme disease and negative controls (CDC panel).
Samples (n � 82 samples) were obtained from patients in areas of endemicity and were clinically
characterized by specialized physicians, and the disease was confirmed by laboratory testing (13). The
clinical stages of Lyme disease were defined as follows: early acute-phase Lyme disease with EM, in which
the patient was at epidemiologic risk, had erythema migrans lesions �5 cm in diameter, and, when
possible, was positive by B. burgdorferi culture and/or PCR; early disseminated Lyme disease with
neuroborreliosis or Lyme carditis, in which the patient was at epidemiologic risk and had objective
clinical manifestations of neuroborreliosis (cranial nerve palsy, lymphocytic meningitis, or radiculopathy)
and/or carditis (some patients in this group had single or multiple EM lesions, and some were positive
for B. burgdorferi by culture and/or PCR); and late disseminated Lyme disease with arthritis, in which the
patient was at epidemiologic risk and had physician-diagnosed arthritis and a positive result by 2-tiered
serology. There were 33 samples clinically defined as being from patients with early Lyme disease (some
samples were EIA positive, some were positive by IgM blotting, some were positive by IgG blotting, and
some were positive by IgM/IgG blotting) and 8 samples clinically defined as being from patients with
early disseminated Lyme disease with neuroborreliosis/carditis and late Lyme arthritis. Negative controls
(n � 41) included serum from healthy individuals from areas of endemicity and nonendemicity (n � 11)
and individuals with syphilis (n � 6), infectious mononucleosis (n�5), fibromyalgia (n � 4), rheumatoid
arthritis (n � 4), multiple sclerosis (n � 6), and severe periodontitis (n � 5). This panel was kindly
provided by Martin Schriefer from NCID/CDC in 2013, and the investigators were blind to the contents
of the panel. The contents of the panel were revealed by Christopher Sexton in 2018 after acquisition of
the data.

(v) Healthy controls from areas of nonendemicity (BR panel). Serum (n � 20 samples) from
healthy individuals from an area of nonendemicity was purchased from a commercial source (BioRec-
lammation IVT [BR], MD).

Antigens. A synthetic peptide, which we denote PepVF (14), was commercially synthesized (Gen-
Script, Piscataway, NJ) and features an N-terminal 17-amino-acid sequence from the IR6 region of B.

TABLE 1 Serum panels, clinical and laboratory definitions, and assay development stagea

Provider (sample source and
characteristics) Clinical and laboratory definitions

No. of
samples

EIA screening for
12 B. burgdorferi
antigens

Comparative analysis
of 3Ag-EIA vs
3Ag-mChip-Ld

NYSDOH (patients with suspected early
Lyme disease, 2-tiered serology
positive)

C6 and IgM/IgG blotting positive (acute
phase, tick exposure, EM for �30 days)

20 X

C6 and IgG blotting positive
(convalescent phase, clinical signs for
�30 days)

39 X

BR (healthy controls from areas of
nonendemicity)

Healthy controls from areas of
nonendemicity

20 X

LDB (patients with lab-confirmed early
Lyme disease and healthy controls
from areas of endemicity)

Patients with 85% EM and positive by
2-tiered serology, 2-EIA, culture, or PCR

20 X X

Healthy controls from areas of endemicity 20 X

NIH
Patients with confirmed late Lyme

disease
Patients with Lyme arthritis 20 X X

Patients with PTLDS Patients with PTLDS 20 X

CDC (patients with confirmed early and
late Lyme disease and negative
controls)

Patients with early Lyme disease (EM,
acute and convalescent phases)

33 X

Patients with early disseminated disease
with neurologic disease/carditis and
Lyme arthritis

8 X

Healthy controls (from areas of
endemicity and nonendemicity) and
patients with look-alike diseases

41 X

aAbbreviations: C6, Immunetics C6 EIA; mChip-Ld, microfluidic rapid assay; EM, erythema migrans. A total of 241 serum samples were tested. For the
discovery/screening phase, we used serum from patients with early and late Lyme disease, confirmed Lyme disease (LDB and NIH panels), and suspected Lyme
disease with a positive 2-tiered serology (NYSDOH panel). For the comparative analysis, we tested only panels of serum samples from patients with confirmed Lyme
disease that are commonly used (early and late Lyme disease, but not PTLDS); the CDC panel was not used for screening, given that panels for which the
investigators are blind to the results are unsuitable for use in the discovery phase.
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burgdorferi B31 (15), a glycine linker, and a C-terminal 13-amino-acid proprietary sequence from an
internal, non-surface-exposed fragment of FlaB. Eleven genes from B. burgdorferi were cloned in pET28a
(GenScript, Piscataway, NJ). We expanded our search for B. burgdorferi antigens by analyzing five new
recombinant antigens (Hsp90, ErpB [16, 17], p45, p28, and FlaB), in addition to the best seven markers
previously used to establish the proof of principle of this technology (p93/100, BmpA, DbpA, DbpB,
recombinant OspC type K [rOspC-K], VlsE, and PepVF [9]). Unlike the first study, we purified recombinant
VlsE by affinity chromatography in-house. The following recombinant proteins were purified as described
previously (9): p93/100, Hsp90, ErpB/p58, p45, BmpA/p39, VlsE/p35, p28, OspC type K (p23), DbpA/p18,
DbpB/p17, and FlaBi (triple fragment of the same internal sequence used in PepVF). Quality control was
done by immunoblotting of polyvinylidene difluoride membranes using mouse-generated antigen-
specific polyclonal antibodies. (Approval for animal experimentation was obtained from The University
of Tennessee Health Science Center Institutional Animal Care and Use Committee [IACUC protocol
number 16-154].)

Serologic testing by EIA and on a microfluidic platform. Serologic testing by EIA was performed
as previously described for IgG detection (15). For the microfluidic cassettes, proteins were diluted using
1� EIA coating buffer (Bio-Rad) and spotted on the detection zones at the following concentrations:
100 �g ml�1 for pepVF, 20 �g ml�1 for rOspC-K, and 1 �g ml�1 for recombinant VlsE. Functionalized
cassettes had five detection zones, including an internal negative-control zone, an internal positive-
control zone spotted with 20 �g ml�1 rabbit anti-goat IgG antibody (Life Technologies), and three
antibody detection zones coated with antigen. Protein functionalization and serologic testing for IgM
plus IgG were done as described previously (9, 18–22). Serum samples were diluted 10 times in
StartingBlock blocking buffer (Thermo Fisher Scientific). Signal measurements were recorded by a
benchtop analyzer (Opko Diagnostics) by taking an initial intensity reading (I0) immediately after silver
entry into the channel and another intensity reading (I) after 4.5 min of silver development (9). The
optical density (OD) was calculated as OD � �log(I/I0).

Statistical analysis and multiplexed algorithm. For the EIA screening of 12 antigens, we deter-
mined the cutoff to be 3 standard deviations above the average OD at 450 nm (OD450) for all 12 antigens
tested against the panel of samples from healthy individuals from areas of nonendemicity. For the EIA
and the mChip-Ld microfluidic test with the three antigens (3Ag; VlsE and the proprietary synthetic
33-mer peptide [PepVF] to capture sensitivity in all disease stages and OspC for early Lyme disease)
(3Ag-EIA and 3Ag-mChip-Ld, respectively), the OD cutoff for each biomarker was determined with the
CDC panel by constructing a receiver operating characteristic (ROC) analysis with the area under the
curve (AUC) and selecting the OD cutoff value which resulted in the maximum sensitivity given a
minimum of 95% specificity.

Our multiplexed signal consisted of a linear sum of weighted ODs for each biomarker, similar to that
used in other previous studies with multiplexed markers (23, 24). To determine the optimal weight for
each biomarker, we performed ROC analysis for each of the 10,648 different permutations of weights on
the CDC panel data and chose the combination of weights that yielded the highest AUC value. We
selected the OD cutoff for this weighted multiplexed signal to be the OD value which resulted in the
maximum sensitivity given a minimum of 95% specificity. To gain insight into the rough contributions
of each biomarker, we also plotted, for a fixed relative weight of one biomarker, the mean AUC score
averaged over all combinations of weights for the other two biomarkers (see Fig. S1 in the supplemental
material). These steps were applied separately for the mChip and EIA data from the CDC panel to
determine the weights and cutoffs, with the same weightings then being used on the other panels.
Calculations were performed using GraphPad Prism (version 8) and Python (version 3.0) software.

RESULTS
Screening of diagnostic biomarkers for Lyme disease. Serum panels (n � 139

samples) classified as being from patients with suspected and confirmed early Lyme
with a positive 2-tiered serology (the NYSDOH and LDB panels), patients with Lyme
arthritis and PTLDS (the NIH panel), and healthy controls (the BR panel) were used to
determine the sensitivity and specificity of the best-in-class antigens by EIA (Fig. 1;
Table 1). The cutoff for this EIA screen was 3 standard deviations above the average
OD450 for all 12 antigens tested against the panel of samples from healthy individuals
from areas of nonendemicity (OD450, �0.22); thus, for this phase of test development,
we set the specificity of these markers at 100% (Fig. 1F). For the two panels of serum
from patients with early acute Lyme disease (the LDB and NYSDOH panels) (Fig. 1A and
B), three biomarkers showed considerable sensitivity: VlsE (79% for the LDB panel and
95% for the NYSDOH panel), OspC-K (47% for the LDB panel and 75% for the NYSDOH
panel), and PepVF (74% for the LDB panel and 95% for the NYSDOH panel). For the two
panels of serum from patients with early convalescent-phase Lyme disease (the NYS-
DOH panel), two biomarkers (BmpA, VlsE) detected �50% of the samples (Fig. 1C). For
the panel of serum from patients with Lyme arthritis, seven biomarkers (p93/100, ErpB,
BmpA, VlsE, p28, DbpB, and PepVF) detected �50% of the samples (Fig. 1D). For the
panel of serum from patients with PTLDS, three biomarkers (ErpB, VlsE, and OspC-K)
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detected �50% of the samples (Fig. 1E). The VlsE antigen stood out by detecting all
samples in the Lyme arthritis and PTLDS panels (100%) and detected early LD with a
�80% sensitivity (79% for the acute-phase serum samples from LDB, 95% for the
acute-phase serum samples from NYSDOH, and 72% for the convalescent-phase serum
samples from NYSDOH). OspC-K and PepVF were added for sensitivity in the early stage.
These three biomarkers (VlsE, OspC-K, and PepVF) were used to further improve the
mChip-Ld for Lyme disease serodiagnosis.

Diagnostic performance against three different panels of samples from pa-
tients with Lyme disease. The serum panels from LDB, NIH, and CDC (n � 142) were
used to evaluate the three biomarker leads by measuring their sensitivity and specificity
by EIA and mChip-Ld, and the results were subsequently compared to those obtained
with the STT algorithm. The serum from CDC was tested by a C6 EIA to identify the
positive and negative samples and was then used for the ROC analysis to determine
the antigen weights and the cutoff values for the three biomarker leads both on the
mChip-Ld platform and by EIA (multiplex algorithm). However, this panel was tested by
the 3Ag-EIA and the 3Ag-mChip-Ld by a different user who was blind to the results.
Panels of serum from patients with Lyme arthritis from LDB and NIH were then used to
further analyze the assay. The panel from NYSDOH was not used for comparative
analysis because it was not classified as containing samples from patients with con-
firmed Lyme disease.

By EIA, of the three antigens tested against the CDC panel, OspC-K had the lowest
diagnostic performance (AUC, 0.766) compared to that of PepVF (AUC, 0.849) and VlsE

FIG 1 EIA screening of B. burgdorferi biomarkers to select the best in class for the serodiagnosis of the Lyme disease stage. The plots show the specificity (Spec)
and the sensitivity (Sens) of the candidate antigens (p93/100, Hsp90, ErpB, p45, BmpA, VlsE, p28, OspC-K, DbpA, DbpB, PepVF, and FlaBi), obtained using IgG
EIA, characterized by clinical diagnosis. Sensitivity was determined using samples from patients with laboratory-confirmed (2-tiered serology, 2-EIA, PCR, or
culture and PCR) early acute Lyme disease (n � 19 samples; LDB panel) (A), suspected early acute Lyme disease positive by 2-tiered serology (n � 20; NYSDOH
panel) (B), suspected early convalescent-phase Lyme disease positive by 2-tiered serology (n � 39; NYSDOH panel) (C), Lyme arthritis (n � 20; NIH panel) (D),
and posttreatment Lyme disease syndrome (n � 20; NIH panel) (E) or healthy controls from areas of nonendemicity (n � 20) (F). (F) Specificity was determined
using serum from healthy individuals from an area of nonendemicity (n � 20; BR panel). The cutoff was 3 standard deviations above the average OD450 for all
12 antigens tested against the results for healthy controls from areas of nonendemicity (�OD450, 0.22). Green circles highlight the footprint of the antibody
response to B. burgdorferi antigens as Lyme disease progresses from the early to the late stage, large circles represent a sensitivity of �50% or greater, and
small circles represent a sensitivity of �25%.
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(AUC, 0.842) (Table 2). Combining the three antigens, we used a weighted sum of the
three OD signals using the multiplexed algorithm described above and assigned the
weights as follows: 1.75, 0.5, and 2.5 for PepVF, OspC-K, and VlsE, respectively. This
multiplexed combination (3Ag-EIA) achieved a sensitivity of 65.9% (95% confidence
interval [CI], 49.4% to 79.9%) and a specificity of 95.1% (95% CI, 83.5% to 99.4%) with
an AUC of 0.887 (Fig. 2A and Table 2). On the microfluidic mChip-Ld platform, we first
improved the assay parameters, such as the concentrations of spotted antigens, the
concentration and buffers for the secondary antibodies, and the washing conditions,
using a small subset of serum samples. Next, we tested the CDC panel. As the CDC
panel was the largest panel tested, we used results from this panel to obtain individual
cutoff OD signals for each of the three antigens using ROC curve analysis (Table 2).
Individually, OspC-K had the lowest diagnostic performance (AUC, 0.862) compared to
PepVF (AUC, 0.904) and VlsE (AUC, 0.883). This ranking is similar to the ranking obtained
with the EIA results. Using the weight identification strategy described, we obtained
weights of 1, 0.125, and 1.25 for PepVF, OspC-K, and VlsE, respectively. The multiplexed
combination on the mChip-Ld platform had an AUC of 0.941 and achieved an overall
sensitivity of 87.8% (95% CI, 73.8% to 95.9%) and a specificity of 100.0% (95% CI, 91.4%
to 100.0%) (Fig. 2B; Table 2).

Analysis of the multiplex combination against early and late Lyme disease. The
weights of the antigens and the multiplexing algorithm were then used to analyze the
3Ag-EIA and 3Ag-mChip-Ld assays using two additional panels of serum from patients
with Lyme disease: the LDB panel (which contained serum samples from patients with
early Lyme disease) and the NIH panel (which contained serum samples from patients
with late Lyme disease). With the panel of serum samples from patients with early Lyme
disease (the LDB panel), the multiplexed 3Ag-EIA achieved a sensitivity of 75.0% (95%
CI, 50.9% to 91.3%) and a specificity of 100% (95% CI, 83.2% to 100%) with an AUC of

TABLE 2 Diagnostic performance with three different panels: comparative analysis between 3Ag-EIA and 3Ag-mCHIP-Lda

Panel and diagnostic test Marker Cutoff Sensitivity (%) Specificity (%) AUC

CDC (confirmed early and late
Lyme disease)

EIA PepVF �0.2215 56.1 (39.8–71.5) 95.1 (83.5–99.4) 0.8492
OspC-K �0.2615 26.8 (14.2–42.9) 95.1 (83.5–99.4) 0.7662
VlsE �0.3110 53.7 (37.4–69.3) 95.1 (83.5–99.4) 0.8418
1.75 PepVF � 0.5 OspC-K � 2.5 VlsE �1.102 65.9 (49.4–79.9) 95.1 (83.5–99.4) 0.8870

mChip-Ld PepVF �0.026 75.6 (59.7–87.6) 95.1 (83.5–99.4) 0.9036
OspC-K �0.1165 65.9 (49.4–79.9) 95.1 (83.5–99.4) 0.8623
VlsE �0.0208 70.8 (54.6–83.9) 95.1 (83.5–99.4) 0.8834
1 PepVF � 0.125 OspC-K � 1.25 VlsE �0.0766 87.8 (73.8–95.9) 100.0 (91.4–100.0) 0.9414

LDB (laboratory-confirmed early
Lyme disease)

EIA PepVF �0.2215 75.0 (50.9–91.3) 100.0 (83.2–100.0) 0.9325
OspC-K �0.2615 30.0 (11.9–54.3) 90.0 (68.0–98.8) 0.7025
VlsE �0.3110 75.0 (50.9–91.3) 100.0 (83.2–100.0) 0.9038
1.75 PepVF � 0.5 OspC-K � 2.5 VlsE �1.102 75.0 (50.9–91.3) 100.0 (83.2–100.0) 0.9150

mChip-Ld PepVF �0.026 75.0 (50.9–91.3) 100.0 (83.2–100.0) 0.9025
OspC-K �0.1165 80.0 (56.3–94.3) 75.0 (50.9–91.3) 0.8325
VlsE �0.0208 80.0 (56.3–94.3) 90.0 (68.3–98.8) 0.8750
1 PepVF � 0.125 OspC-K � 1.25 VlsE �0.0766 80.0 (56.3–94.3) 100.0 (83.2–100.0) 0.8650

NIH panel (Lyme arthritis)
EIA PepVF �0.2215 70.0 (45.7–88.1) NA NA

OspC-K �0.2615 25.0 (8.7–49.1) NA NA
VlsE �0.3110 95.0 (75.1–99.9) NA NA
1.75 PepVF � 0.5 OspC-K � 2.5 VlsE �1.102 100.0 (83.2–100.0) NA NA

mChip-Ld PepVF �0.026 100.0 (83.2–100.0) NA NA
OspC-K �0.1165 85.0 (62.1–96.8) NA NA
VlsE �0.0208 95.0 (75.1–99.9) NA NA
1 PepVF � 0.125 OspC-K � 1.25 VlsE �0.0766 100.0 (83.2–100.0) NA NA

aAbbreviations: AUC, area under the curve; NA, not applicable. Values in parentheses are 95% confidence intervals.
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0.915 (Fig. 3A; Table 2); the 3Ag-mChip-Ld achieved a sensitivity of 80.0% (95% CI,
56.3% to 94.3%) and a specificity of 100% (95% CI, 83.2% to 100%) with an AUC of 0.865
(Fig. 3B; Table 2). Against the panel of serum samples from patients with Lyme arthritis
(the NIH panel), the multiplexed 3Ag-EIA achieved a sensitivity of 100% (95% CI, 83.2%
to 100%), which was the same as that of the multiplexed 3Ag-mChip-Ld (Table 2).

The CDC panel contained samples from patients spanning the range of Lyme
disease stages and was used to examine early versus early disseminated plus late Lyme
disease detection on both the 3Ag-EIA and 3Ag-mChip-Ld platforms. With samples
from patients with early Lyme disease, 3Ag-EIA had a sensitivity of 60.6% (95% CI, 42.1%
to 77.1%) and a specificity of 95.1% (95% CI, 83.5% to 99.4%), whereas 3Ag-mChip-Ld
had a sensitivity of 84.9% (95% CI, 68.1% to 94.9%) and a specificity of 100% (95% CI,
91.4% to 100.0%) (Fig. 4). With samples from patients with early disseminated and late
Lyme disease (n � 8), 3Ag-EIA had a sensitivity of 87.5% (95% CI, 47.4% to 99.7%) and
a specificity of 95.1% (95% CI, 83.5% to 99.4%) and 3Ag-mChip-Ld had a sensitivity of
100% (95% CI, 63.1% to 100%) and a specificity of 100% (95% CI, 91.4% to 100%) (Fig.
4). Using the same objective OD cutoff values and relative weights for each antigen, we
further confirmed the performance of both assays against the NIH panel of serum
samples from patients with Lyme arthritis. Both 3Ag-EIA and 3Ag-mChip-Ld achieved a
sensitivity of 100% (Table 2).

Comparison of 3Ag-EIA and 3Ag-mChip-Ld with the STT algorithm. When we
analyzed the performance of the three tests using the CDC panel, we observed a
marked improvement in the sensitivity of the 3Ag-mChip-Ld (87.8%) and the 3Ag-EIA
(65.9%) compared to the results of the 2-tiered test (58.5%). The specificities were
100%, 95.1%, and 97.5%, respectively (Table 3). The increased sensitivity of the 3Ag-
mChip-Ld reflects the detection of early Lyme disease in 8/13 patients with early Lyme
disease and late Lyme disease in 1/1 patient with late Lyme disease that tested negative

FIG 2 Performance of the 3Ag-EIA and 3Ag-mChip-Ld using a panel of serum samples for which the
investigators were blind to the results. The signal-to-cutoff plots show the sensitivity and the specificity
of the multiplexed capture antigen panel (PepVF, OspC-K, and VlsE) with both the EIA (A) and mChip-Ld
(B) testing formats. ROC curves are shown on the right with AUC values. The CDC panel was used. It
consisted of 41 samples from patients with Lyme disease and 41 samples from controls.
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or equivocal by EIA (Fig. 4) and the standard 2-tiered (STT) algorithm (Table 3).
Remarkably, 3Ag-mChip-Ld performed better than the STT algorithm, and the gain in
sensitivity was achieved in the early Lyme disease stage without incurring a loss of
specificity. We further confirmed the performance of the three assays against the panels
of serum from patients with early Lyme disease (the LDB panel) and Lyme arthritis (the
NIH panel) (Table 3). We observed an increase in the sensitivity of the 3Ag-mChip-Ld
(80%) versus that of the STT algorithm (75%) with the LDB panel of serum samples from
patients with early Lyme disease, whereas no difference was observed for the NIH panel
of serum samples from patients with late Lyme disease (all at 100%).

DISCUSSION

The development of assays for the laboratory diagnosis of early Lyme disease
remains a challenging unmet need. We improved our microfluidics assay (mChip-Ld) for
the rapid detection of B. burgdorferi antibody in serum from Lyme disease patients and
analyzed its diagnostic performance against that achieved with samples acquired from
three different sources: LDB, NIH, and CDC. The rapid mChip-Ld assay detected early
Lyme disease in samples from patients with early Lyme disease with a higher sensitivity
and a higher specificity than the STT algorithm.

Currently, CDC recommends the STT algorithm, a two-tiered testing approach com-
prised of a sensitive first-tier EIA that, if positive, is followed by a second-tier IgM/IgG
immunoblot assay if the disease has been present for �30 days or an IgG-only
immunoblot assay if the disease has been present for �30 days (25). CDC has updated
its recommendations for the serodiagnosis of Lyme disease by deeming those assays
that use a second EIA in lieu of the immunoblot assay to be an acceptable alternative
for the second tier of the STT algorithm (26). Quantifiable EIA-based methods can

FIG 3 Performance of the 3Ag-EIA and 3Ag-mChip-Ld using the LDB serum panel, consisting of samples
from patients with early acute Lyme disease and controls from areas of endemicity. The signal-to-cutoff
plots show the sensitivity and the specificity of the multiplexed antigen panel (PepVF, OspC-K, and VlsE)
with both the EIA (A) and the mChip-Ld (B) testing formats. ROC curves are shown on the right with AUC
values. The same diagnostic cutoff value from the CDC panel was used to analyze the performance of
both mChip-Ld and EIA with the LDB panel (n � 40). The LDB panel consisted of samples from patients
with early Lyme disease (n � 20) and healthy controls from areas of endemicity (n � 20).
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provide objective test results, in contrast to the operator-dependent subjective inter-
pretation of immunoblot assay results (5).

Our antigen discovery was done by an EIA screen of old and new B. burgdorferi
diagnostic candidates against four panels of serum: three panels consisting of serum

FIG 4 Antibody detection using 3Ag-EIA and 3Ag-mChip-Ld in early and late Lyme disease using a panel
of serum samples for which the investigators were blind to the results. Signal-to-cutoff plots of the EIA
and mChip-Ld testing formats show a breakdown of the sensitivity and the specificity for the detection
of early Lyme disease (n � 33) and early disseminated/late Lyme disease (n � 8). The CDC panel was
used. It consisted of 41 samples from patients with Lyme disease and 41 samples from controls.

TABLE 3 Sensitivity and specificity of the multiplex 3Ag-EIA, 3Ag-mCHIP-Ld, and STT algorithm for detection of B. burgdorferi antibody
per disease stagea

Panel

Sensitivity (%) Specificity (%)

3Ag-EIA 3Ag-mChip-Ld STT algorithm 3Ag-EIA 3Ag-mChip-Ld STT algorithm

CDC (early LD; n � 33) 60.6 (42.1–77.1) 84.9 (68.1–94.9) 48.5b NA NA NA
CDC (ED and Lyme arthritis; n � 8) 87.5 (47.4–99.7) 100 (63.1–100) 100b NA NA NA
LDB (early LD; n � 20) 75 (50.9–91.3) 80 (56.3–94.3) 75 NA NA NA
NIH (Lyme arthritis; n � 20) 100 (83.2–100) 100 (83.2–100) 100 NA NA NA
CDC (controls; n � 41) NA NA NA 95.1 (83.5 to 99.4) 100 (91.4 to 100) 97.5b

LDB (controls; n � 20) NA NA NA 100 (83.2 to 100) 100 (83.2 to 100) 100
aAbbreviations: AUC, area under the curve; ED, early disseminated Lyme disease; LD, Lyme disease; NA, not applicable; EIA, enzyme immunoassay; mChip-Ld,
microfluidic rapid assay; Ag, antigen; CDC, Centers for Disease Control and Prevention; LDB, Lyme Disease Biobank; NIH, National Institutes of Health. AUC values for
3Ag-EIA were as follows: 0.8625 for the CDC panel with samples from patients with early LD and controls, 0.9878 for the CDC panel with samples from patients with
early disseminated Lyme disease, Lyme arthritis, and controls, and 0.9150 for the LDB panel with samples from patents with early Lyme disease and controls. AUC
values for 3Ag-mChip-Ld were as follows: 0.9272 for the CDC panel with samples from patients with early LD and controls, 1.0000 for the CDC panel with samples
from patients with early disseminated Lyme disease, Lyme arthritis, and controls, and 0.8650 for the LDB panel with samples from patents with early Lyme disease
and controls. Values in parentheses are 95% confidence intervals.

bData were provided by the CDC.
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from patients in which early and late Lyme disease were confirmed (the LDB and NIH
panels) or suspected (the NYSDOH panel) with a positive 2-tiered serology and one
panel consisting of serum from negative controls (n � 139 samples) (Table 1 and Fig. 1),
providing further evidence that several known antigens (5, 27) can be used to develop
sensitive serologic assays for early and early disseminated/late Lyme disease. Our data
also show that more antigens become positive with the progression of Lyme disease
from the early to the late stage, from VlsE, OspC-K, and PepVF in the early acute phase
to p100, ErpB, BmpA, VlsE, p28, DbpA, DbpB, and PepVF in Lyme arthritis. Thus, our data
demonstrate the progression of the antibody response to specific antigens of B.
burgdorferi per disease stage, which is also seen in immunoblot assays (3 positive bands
for IgM, �5 positive bands for IgG). Interestingly, for PTLDS, a protein usually associated
with early infection, OspC (27, 28), detected PTLDS in 65% of the samples in the panel
of samples from patients with PTLDS. Another interesting observation is that ErpB,
which is associated with early disseminated and late Lyme disease (16), detected
positive samples in the panel of samples from patients with PTLDS with a 50%
sensitivity. The importance of these findings requires further study.

Our screening study identified three markers that performed with a considerably
high sensitivity for the detection of anti-B. burgdorferi antibody in serum from patients
with early Lyme disease: VlsE (79% and 95%), OspC-K (47% and 75%), and PepVF (74%
and 95%). Two of these markers (OspC-K and PepVF) were previously identified in our
proof-of-principle study in which we used a small (n � 35) but rigorously characterized
panel of serum samples from patients with Lyme disease from the CDC that mostly
included samples from patients with convalescent-phase and late Lyme disease (9). Inter-
estingly, subsequent to the proposed use of the PepVF sequence (14), independent
large-scale screening efforts identified the same VlsE (29) and FlaB (29, 30) epitopes
contained in PepVF. The observed sensitivity of the VlsE antigen for the detection of all
cases of Lyme disease may be explained by the association of an immune response toward
specific VlsE sequences during early and late stages of the disease (31). Furthermore,
anti-VlsE antibody was identified in the anti-Borrelia burgdorferi profiles of PTLDS patients
(32), which is also supported by the findings of our study.

Microfluidics offers practical advantages for miniaturizing laboratory-based tests,
including portability, multiplexing, speed, and performance (19, 33). Overall, the per-
formance of the mChip-Ld platform largely matched the performance of our laboratory-
based 3Ag-EIA IgG functionalized with the same antigens. The improved performance
seen in some cases (e.g., samples from patients with early-stage disease, especially
those in the CDC and LDB panels) could be due to the mChip-Ld platform detecting
IgM antibodies, which peak in the first 2 to 6 weeks after disease onset (34), in addition
to IgG, which was the only isotype detected in our EIAs. Traditionally, IgM detection
decreases the specificity of an assay (35) and an increase in sensitivity is counterbal-
anced by a decrease in specificity. Avoiding low specificity was the reason for our
exclusion of IgM detection in our antigen discovery phase using EIA. Our IgM/IgG
mChip-Ld results showed sensitivities of over 80% to 100% for the panels of serum samples
from patients with Lyme disease tested and specificities of 100% with an AUC of 0.865 to
0.941 for the two panels with both positive and negative specimens. These data show that
in the microfluidics platform, an increase in sensitivity was not followed by a decrease in
specificity, as we predicted for the combined IgM/IgG detection. One possible explanation
is that the optimization of parameters specific to an assay and antigen molecules (36) can
significantly alter the performance of the microfluidics assay. Here, additional improvement
of assay conditions, particularly in reducing the variability of the internal positive- and
negative-control signals through buffer modification, was carried out prior to the testing of
the specimen panels. Furthermore, for the multiplexed testing, while we previously
summed the three OD signals with equal weights (9), here, our final score consisted of a
sum of weighted quantitative measurements which were determined empirically (23, 24).
Such improvements in assay technology and the multiplexed algorithm contributed to an
increased overall sensitivity and specificity of the mChip-Ld. However, further testing in a
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clinical setting is necessary to confirm whether the mChip-Ld format can consistently
perform better than the 3Ag-EIA.

There is no commercially available rapid point-of-care diagnostic test for Lyme
disease (19, 37, 38). This work demonstrates an approach that could lead to an
objective, point-of-care test for Lyme disease (9) with a diagnostic performance that
matches that of current standard laboratory testing or the, in some cases, outperforms
current standard laboratory testing with the potential to be a stand-alone replacement
for the STT algorithm. The mChip-Ld performed with a sensitivity either similar to or
higher than that of the STT algorithm without losing specificity, which remained above
95%. More broadly, this study demonstrates the potential of the microfluidics technol-
ogy to deliver high performance for multiplexed assays in a portable format in an era
when immunodominant epitopes are increasingly being identified for a wide array of
infectious organisms.

Additional information. The cassettes and reagents are from Opko; all reasonable
requests for materials sharing will be considered.
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