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1 | INTRODUCTION

Lyme disease (LD) is the most prevalent tick-borne ill-
ness in the United States (US). Numerous strains of
Borreliella burgdorferi sensu stricto (Bb) are responsible
for this debilitating illness in the US.! LD is a mul-
tisystemic disease with transient flu-like symptoms dur-
ing its early stage. When this early stage is overlooked,
LD patients develop a chronic disease, which is charac-
terized by a variety of severe clinical signs (e.g., arthritis,
carditis, peripheral neuropathy, and meningitis).”> Anti-
microbial treatment of chronic LD can be a real chal-
lenge. Bb may persist for many years®® despite a strong
anti-Bb immune response.”'? Since there is no LD

US, LD diagnostics is primarily based on validated two-tiered serological test-
ing, which overall exhibits low sensitivity among other drawbacks. In the pre-
sent study, a potential of Raman spectroscopy (RS) to detect Bb infection in
mice has been explored. For that, C3H mice were infected with wild-type Bb
strains, 297, B31, or B31-derived mutant, AvisE. Blood samples taken prior to
and post Bb infection were subjected to RS. The data demonstrated that RS did
not directly detect Bb spirochetes in blood, but rather sensed biochemical
changes associated with Bb infection. Despite Bb infection-associated blood
changes detectable by RS were very limited, the partial least square discrimi-
nant analysis showed that the average true positive rates were 86% for 297 and
89% for B31 and AVISE.

Borrelia burgdorferi, Lyme borreliosis, Raman spectroscopy, blood, specimens, diagnostic test

vaccine for humans,>™'® an effective treatment largely

depends on timely diagnosis.

To date, in the US, the only validated approach for
LD diagnosis is two-tiered serology.'® *° This assay con-
sists of an enzyme immunoassay (EIA) to detect IgM or
IgG anti-Bb serum antibodies, and western blot (WB),
which is only followed when a sample is positive or
equivocal by EIA. IgM testing is only recommended over
the first 30 days of LD, after which IgG tests (EIA and
WB) should be used.* Unfortunately, the two-tiered
serology has a number of drawbacks, including back-
ground seropositivity, cross-reactivity with non-Bb anti-
gens, and low sensitivity."®*** A recent study also
showed low diagnostic concordance between laboratories
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when different serological assays were used.” Lastly, the
serological assay cannot distinguish between active or
past Bb infection or reinfection, the caveat that requires a
reliable direct test to be developed.*®

The LD pathogen, its DNA or proteins can be directly
detected in biopsies of skin lesions termed erythema
migrans before anti-Bb antibodies are developed. To date,
however, none of the existing direct methods are more
reliable than the two-tiered serological system. Culture is
impractical for routine clinical use as it requires special-
ized media and Bb is a slow grower.”” Antigen-capture
assays have low sensitivity and poor specificity.® Simi-
larly, the sensitivity of PCR performed on most of
patients' tissues, especially blood and cerebrospinal fluid,
is very low.**** Together, there is clearly an urgent need
in development of reliable direct-detection method,
whose overall performance should surpass that of the
existing serological assay.

Raman spectroscopy (RS) is a powerful analytical tool
designed to detect subtle molecular vibrations of ana-
lyzed samples, which often results in their identifica-
tion.** RS is based on the phenomenon of inelastic light
scattering by molecules excited to higher vibrational or
rotational states. The RS application in the field of dis-
ease diagnostics is a rapidly developing field.** For
instance, Dionne'’s group demonstrated that 30 different
bacterial pathogens can be identified with 97% accuracy
by a combination of RS and deep learning approaches.>®
Several research groups have demonstrated that RS could
be applied to detect diseases via spectroscopic analysis of
body fluids. For example, Ryzhikova and coworkers were
able to detect metabolic changes in blood, which were
associated with Alzheimer's disease (AD).>” RS was dem-
onstrated to be pathology-specific and had the capacity to
differentiate between AD and other forms of dementia
with high accuracy. Moreover, Hobro and colleagues
found that Raman-based analysis of metabolic changes in
patients’ blood could be used to diagnose and also moni-
tor progression of malaria.*® Lastly, Khan and coworkers
showed that viral diseases could also be detected via spec-
troscopic analysis of blood.*

Recently, by using liquid chromatography coupled to
mass spectrometry (LC-MS), Molins and co-workers rev-
ealed metabolic changes in blood of patients, who had
early LD.* Specifically, the levels of 62 and 33 molecular
species significantly increased and decreased, respectively,
in blood of the LD patients compared to healthy individ-
uals (controls). A large number of those molecular species
were lipids or their derivatives, including cholesterol,
cholesteryl  acetate,  phospholipids,  sphingolipids,
diacylglycerol, and triglycerides.*® Concentration changes
were also noted for short peptides and other low-molecular
weight species (e.g., 4,8-dimethylnonanoyl carnitine and

trans-2,3,4-trimethoxycinnamate). Based on the above, it is
possible that some metabolic/biochemical changes associ-
ated with LD could be detected by RS. Therefore, the
objective of this study was to examine the capacity of RS to
detect Bb infection.

2 | MATERIALS AND METHODS

2.1 | Ethics statement

The mouse experimental procedures were approved by
the Institutional Animal Care and Use Committee of
Texas A&M University and performed in accordance
with Public Health Service (PHS) Policy on Humane Care
and Use of Laboratory Animals (2002), Guide for the
Care and Use of Agricultural Animals in Research and
Teaching (2010), and Guide for the Care and Use of Lab-
oratory Animals (2011).

2.2 | Bacteria and culture conditions
Fully infectious wild-type Bb strains, B31-A3 (B31)*' and
297,** were kind gifts from Patti Rosa and Scott Samuels
by way of Troy Bankhead. The B31-A3 Ip28-1Avis (AVISE)
mutant*® was kindly provided by Troy Bankhead. Spiro-
chetes were cultivated in liquid Barbour-Stoenner-Kelly
IT medium supplemented with 6% rabbit serum (BSK-II;
Gemini Bio-Products, CA, US) and incubated at 35°C
under 2.5% CO,. For animal tissue culture, BSK-II was
supplemented with  0.02mgml™'  phosphomycin,
0.05 mg ml~" rifampicin and 2.5 mg ml~' amphotericin B
to prevent bacterial and fungal contamination.

2.3 | Murine infection and blood
sampling

A total of 15 male C3H/HeJ (C3H) mice of 4-6 weeks of
age were obtained from the Jackson Laboratories (ME,
US). The mice were randomly split into three groups (five
animals per group) and, after a short adaption period, the
mice of groups A, B, and C were needle inoculated with
1.1 x 10* cells of 297, B31, and AVISE per animal, respec-
tively, as described.** C3H mice were chosen because
these immunocompetent animals develop Bb-induced
arthritis.*> The B31 (and its isogenic mutant, AvlsE) and
297 strains represent two out of the three major Bb clas-
ses, RST1 and RST2, respectively, which are encountered
in the US at a frequency of approximately a third of Bb
population.***” Each infection was verified by culturing
50 pl of blood harvested at day 7 postinfection (pi) via
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maxillary bleed, and other tissues sampled at days 28 pi
(ear pinnae) and 56 pi (bladder, ear pinnae, heart, and
tibiotarsal joints) as detailed.*® The presence of Bb spiro-
chetes in cultures was confirmed by dark-field microscopy.
At days 0, 3, 7, and weekly onwards until day 56 pi, 50 pl
of blood was collected from each animal via cheek bleed.
Individual blood samples were placed in sterile Eppendorf
tubes, which were then stored at —80°C until RS analysis.

2.4 | Raman spectroscopy

Fifty microliters of blood was applied to a foil-wrapped
microscope slide by spreading it over as a thin layer. Sam-
ples were dried under a fume hood for 1 h. Raman spec-
tra were acquired utilizing a home-built confocal Raman
microscope equipped with 785 nm continuous wave laser
(Necsel, NJ). By using a set of mirrors, the laser light was
brought to the inverted microscope (Nikon TE-2000 U),
passed through a 50/50 beam splitter, and focused on the
surface of dry blood via 20X Nikon objective (NA = 0.45).
Laser power at the objective was ~5.7 mW. The scattered
light was directed to an IsoPlane SCT 320 spectrograph

(Princeton Instruments, NJ, US), which was equipped
with a 600 groove/mm grating blazed at 750 nm. Prior to
entering the spectrograph, Rayleigh scattering was fil-
tered with a LP02-785RE-25 long-pass filter (Semrock,
NY). The spectrograph-dispersed light was sent to
PIXIS:400BR CCD (Princeton Instruments). A motorized
stage H117P2TE (Prior, MA) controlled by Prior Proscan
IT was used to move the sample relative to the incident
laser beam. The acquisition time was 10 s per spectrum.
Approximately 50 spectra were acquired per Bb strain/
mutant from spatially non-overlapping locations on the
foil per time point and replicate combination. A total of
5813 spectra were acquired and analyzed in the present
study.

2.5 | Statistical analysis

All statistical analysis was performed using MATLAB
(ANOVA) or MATLAB addon PLS_Toolbox (for PLS-DA,
Eigenvector Research, Inc., WA). All spectra were first
baseline corrected via the Automatic Weighted Least
Squares algorithm with a 6th order polynomial and then
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FIGURE 1

Averaged Raman spectra of blood samples taken from B. burgdorferi B31-infected C3H mice at selected time points

postinfection. Vibrational bands highlighted by red, blue, and yellow can be assigned to heme, protein, and aromatic vibrations, respectively.
The other versions of this figure with all the time points for each Bb strain/mutant can be found in Figures S9-S11. Vibrational band
assignments for Raman spectra of mouse blood are listed in Table 1. DO, D7, D21, D35, and D49 denote, respectively, days 0, 7, 21, 35, and

49 postinfection
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normalized to the total spectral area. Analysis of Vari-
ance (ANOVA) was conducted by utilizing the
preprocessed intensity values at the indicated Raman
shifts. All the reported differences were considered signif-
icant at the 0.05 level. Post-hoc testing was performed by
using the Tukey HSD test, which was utilized to generate
the 95% confidence intervals, Figures S1-S8. Prior to the
multivariate statistical analysis, spectra were processed
with previously described treatments and mean centered.

Partial least squares discriminant analysis (PLS-DA)
was used to differentiate mouse blood samples between
Bb strains/mutant and between different time points. As
a result, PLS-DA models were constructed for each time
point pairing, which resulted in a total of 45 binary
models per Bb strain/mutant. To differentiate between Bb
strains/mutant, the data were averaged by sets of 5 based
on the typical averaging size for the binary models. How-
ever, the results showed that the signal-to-noise ratio of
acquired spectra was insufficient to achieve reasonable
accuracy in the built models. The ratio was therefore
improved at the cost of sample size by implementing a
rolling average scheme. Raw spectra were averaged
together in sets of 1 (no averaging) to 6 spectra per mean.
These averaged spectra were then used to construct new
models. The best performing model (the highest true pos-
itive rate [TPR] and Matthews correlation coefficient
[MCC]) was retained and reported.

3 | RESULTS

In this preliminary, proof-of-concept study, the potential
of RS utility for the diagnosis of LD has been investi-
gated. For that, C3H mice were infected with 297, B31, or
B31-derived isogenic mutant, AvisE. Blood samples were
taken prior to Bb infection (DO), at days 3 (D3) and
7 (D7) pi, and weekly thereafter including day 56 (D56).
Raman spectra were collected from dried mouse blood
samples. Most of vibrational bands in the acquired
Raman spectra could be assigned to proteins and heme,
with some likely belonging to other biomolecules (e.g.,
sugars and carotenoids), Figures 1, S9-S11, and Table 1.
Although small changes were observed in the intensities
of nearly all vibrational bands, the spectra collected from
the preinfection blood (D0) were very similar to those of
the postinfection samples (D3-D56). The overall results
indicated that Bb infection-associated blood changes
detectable by RS were very limited.

To determine whether Raman spectra could differen-
tiate between various time points of Bb infection, PLS-
DA was used. It was found that the prediction accuracy
for binary differentiation of the spectra acquired from
blood samples, which represented different time points of

Bb infection, was predominantly high across the three Bb
strains/mutant, Tables 2-4. The average TPR was 89% for
B31 and AvIsE, and 86% for 297.

The lowest prediction accuracy was observed for B31
(53%) and 297 (64%) at D35. Additionally, it was found
that the prediction accuracy for 297 at D3 and D42; D7
and D49; and D14 and D56 was lower compared to those
identified for B31 and AVISE at the respective time points.
Together, this suggested that the biochemical profiles
associated with mouse B31- or 297-induced infection at
these time points were similar to those of healthy C3H
mice. Overall, the results indicated that biochemical pro-
files of animal blood were changing as Bb infection prog-
ressed in C3H mice.

To determine which bands were Bb strain/mutant-
specific, the unique spectra were assembled by taking the
difference in the averages for each strain/mutant from
each other at every time point, Figure S12. ANOVAs
were conducted on the preprocessed spectra at band

TABLE 1
mouse blood

Vibrational band assignments for Raman spectra of

Band

(cm™) Assignment

562 Fe-0, stretch (heme)*’

676 Pyrrole symmetric bending (Heme)°

719 C-C-O related to glycosidic ring skeletal
deformations®

752 Protein,®" Heme ring breathing®

962 Associated with alpha CH of porphyrin ring®?

1002 Phenylalanine ring breathing®®, CH; in-plane
rocking of polyenes™’

1126 C-C stretching®

1172 Trp, Phe®

1226 CH Bending (Heme)*

1249 meso CH of porphyrin ring®

1275 Lipids, Amide ITI%*

1308 meso CH of porphyrin ring®

1340 Trp, Adenine, Lipids®

1376 Pyrrole ring®

1447 CH,”

1462 CH,, CH5*

1516 c=c*

1562 Conjugated CC stretching (heme)>®

1579 C-C stretching®

1604 Aromatic ring>°

1622 Aromatic ring®®

1657 Amide I, C=C**

1681 Amide I** carboxylic acids
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TABLE 2 Prediction accuracy for B. burgdorferi 297
Day 0 3 7 14 21 28 35 42
0 n/a 1 0.785 0.92 0.935 0.86 0.64 0.98
3 1 n/a 0.89 0.9 0.91 0.91 0.895 0.67
7 0.785 0.89 n/a 0.985 0.81 0.91 0.765 0.935
14 0.92 0.9 0.985 n/a 0.91 0.905 0.9 0.915
21 0.935 0.91 0.81 0.91 n/a 0.89 0.84 0.885
28 0.86 0.91 0.91 0.905 0.89 n/a 0.77 0.865
35 0.64 0.895 0.765 0.9 0.84 0.77 n/a 0.9
42 0.98 0.67 0.935 0.915 0.885 0.865 0.9 n/a
49 0.77 0.895 0.655 0.805 0.875 0.785 0.735 0.87
56 0.97 0.845 0.955 0.68 0.875 0.855 0.91 0.85
TABLE 3 Prediction accuracy for B. burgdorferi B31
Day 0 3 7 14 21 28 35 42
0 n/a 0.867 0.902 0.91 0.9 0.835 0.535 0.92
3 0.867 n/a 1 0.84 0.83 0.91 0.885 0.91
7 0.902 1 n/a 0.9 0.725 0.92 0.93 0.98
14 0.91 0.84 0.9 n/a 0.9 0.845 0.875 0.855
21 0.9 0.83 0.725 0.9 n/a 0.94 0.905 0.935
28 0.835 0.91 0.92 0.845 0.94 n/a 0.82 0.91
35 0.535 0.885 0.93 0.875 0.905 0.82 n/a 0.9
42 0.92 0.91 0.98 0.855 0.935 0.91 0.9 n/a
49 0.97 0.945 0.955 0.91 0.96 0.91 0.92 0.8
56 1 1 1 0.94 0.985 0.99 0.965 0.867
TABLE 4 Prediction accuracy for the AvisE mutant
Day 0 3 7 14 21 28 35 42
0 n/a 0.84 0.685 0.81 0.875 0.76 0.925 0.955
3 0.84 n/a 0.775 0.855 0.89 0.895 0.975 0.965
7 0.685 0.775 n/a 0.895 0.765 0.78 0.98 1
14 0.81 0.855 0.895 n/a 0.945 0.8375 0.975 0.92
21 0.875 0.89 0.765 0.945 n/a 0.88 0.985 0.98
28 0.76 0.895 0.78 0.8375 0.88 n/a 0.98 0.985
35 0.925 0.975 0.98 0.975 0.985 0.98 n/a 0.77
42 0.955 0.965 1 0.92 0.98 0.985 0.77 n/a
49 0.91 0.96 0.905 0.85 0.965 0.96 0.906 0.82
56 0.84 0.945 0.97 0.86 1 0.985 0.77 0.7475

positions that appeared to vary across the Bb strains/

mutant, Figures S1-S8.

Based on the ANOVA results (Table 5), no single
band showed significant differences for all the time
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49
0.77
0.895
0.655
0.805
0.875
0.785
0.735
0.87
n/a

0.925

49
0.97
0.945
0.955
0.91
0.96
0.91
0.92
0.8
n/a

0.765

49
0.91
0.96
0.905
0.85
0.965
0.96
0.906
0.82
n/a

0.8
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56
0.97
0.845
0.955
0.68
0.875
0.855
0.91
0.85
0.925

n/a

56

0.94
0.985
0.99
0.965
0.867
0.765

n/a

56
0.84
0.945
0.97
0.86

0.985
0.77
0.7475
0.8

n/a

points. For example, at D56, 1251 and 1357 cm™" (pro-
tein) and 1600 cm™" (aromatic) could be used to differen-
tiate between all three Bb strains/mutant. At D42, such
confirmatory identification could be achieved by utilizing
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1357 cm ™" (protein) and 1627 cm ™" (aromatic) vibrations.
From the reported ANOVAs, the most frequently occur-
ring bands, 752 and 1516 cm™, were identified for 6 of
the 8 time points (Figures S1-S8). These two bands could
be assigned to heme ring breathing and carbon-carbon
double-bonds. Also, statistically significant differences
were observed for only some time points and only
between some strain/mutant comparisons. For example,
D14 blood of 297-infected mice was significantly different
from that of B31- or AvisE-infected mice. In contrast, for
D21 blood samples, the significant difference was
detected between the AvisE-infected mice and 297- or
B31-infected animals (Figures S2 and S3). The latter may
be partially explained by the fact that, as opposed to the
wild-type Bb strains, the AvISE mutant is consistently
cleared by an anti-Bb immune response of C3H mice by
D21 due to its lack of VISE antigenic variation
system.*>*

4 | DISCUSSION

The present study has investigated whether RS had the
capacity to detect Bb infection in C3H mice. The data
demonstrated that RS had a limited resolution in identifi-
cation of blood metabolites associated with Bb infection
of mice at the molecular species level. For some RS-
detectable vibrational bands, this limitation seemed to be
unavoidable. For example, all proteins had a vibrational
band around 1657 cm™" (amide I), which originates from
the peptide bond vibration.>* At the same time, this
vibration could be also derived from alkene groups of
unsaturated fatty acids.”® Despite, however, its failure to
define the molecular species, whose blood levels would
change over Bb infection, RS was still very sensitive at
detecting subtle changes in the blood biochemistry pro-
files of infected mice. The overall data showed that bio-
chemical changes in blood of Bb-infected C3H mice was
consistently detected (and often with high accuracy) as
early as at D3 pi and at much later time points of mouse
infection (e.g., D49, D56).*>>!

The current investigation has also examined whether
identification of Bb-induced infection was directly depen-
dent on the presence of Bb spirochetes in mouse blood.
The obtained experimental evidence strongly indicated
that this detection was not direct. First, vibrational bands
that could be assigned to Bb spirochetal components were
not identified in blood samples taken at any of the time
points, including D7 at which culture-detectable
spirochetemia is consistently high.*>' Second, RS
allowed B31- or 297-infected mice to be equally detected
both at the early stage of Bb infection (e.g., D3, D7), when
Bb was present in mouse blood; and later time points

(e.g., D21, D56), when spirochetes had already left the
blood and resided in other mouse tissues (e.g., bladder,
joints, heart) that often serve as protective niches for
Bb.*>°13% Lastly, RS consistently detected metabolic
changes in blood of AvisE-infected mice from D21
through D56, the time period, when live AVISE spiro-
chetes were no longer present in the mice due to their
antibody-mediated clearance.*>3>7

Despite the failure of RS to directly detect Bb spiro-
chetes in mouse blood, the average TPR was equally high
for all the strains/mutant tested, 89% for B31 and AVISE,
and 86% for 297. Moreover, the data also suggested that
pathogen-induced changes in the host metabolism were
Bb strain-specific. To prove the latter, however, future
research involving much more Bb strains as well as other
Borreliella genospecies are needed.

Finally, despite a limited number of samples ana-
lyzed, the overall results of this proof-of-concept study
are encouraging and warrant further exploration of RS
diagnostic utility for LD. Future investigation should be
expanded by including much more mouse blood samples
and also diagnostic specimens from human LD patients.
To obtain the latter, the Lyme Disease Biobank (LDB),
which is the unique biorepository of blood samples col-
lected from clinically characterized patients with and
without LD, could be conveniently used.’® Further study
should also address the specificity of LD-associated spec-
tra in regard to other human (tick-borne) infectious
agents, the critical question that will require a long-term
and well-funded investigation.
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