High sensitivity detection of multiple tick borne infections in blood and urine
using nanoparticle entrapment and mass spectrometry
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Fig. 3. Analysis of B. microti surface/secreted antigens identified in hamster blood
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• Ticks may be co-infected with several pathogens, increasing the likelihood of cotransmitting several TBDs to humans causing increased disease severity.
• Lyme disease and babesiosis are the most common TBDs in the US. Approximately 30,000
cases of Lyme disease and 1,700 cases of babesiosis are reported annually to the CDC.
• The causal infectious agents Borrelia burgdorferi and Babesia microti use the same vector
host Ixodes scapularis for transmission.
• Human populations in babesiosis endemic zones are at risk of compromised transfusions
due to infection with B. microti, the most frequently reported parasite infection
transmitted by blood.
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Fig. 1. A, parasitemia was determined by light
microscopy examination of blood smears stained with
Giemsa. B, Parasite detection in blood was also
examined by PCR of the Babesia ITS1-5.8S rRNA-ITS2
region in chronically infected hamsters H4, H5, and H6.

Fig. 2. Detection of B. microti proteins in different bodily fluids of hamsters
A. Detection of proteins in whole blood, serum,
and urine during acute and chronic infection
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• There is little if any research on the multiplex detection of
TBDs using mass spectrometry (MS) in bodily fluids, likely
due to a lack of analytical sensitivity and masking of
pathogen proteins by highly abundant host proteins.
• Our group developed a nanotechnology approach based
on hydrogel affinity nanoparticles that obviates these
analytical and physiological roadblocks and increases
sensitivity of proteomic analysis several hundred fold.
• Affinity
nanoparticles
are
polymeric
networks
functionalized with high affinity chemical baits that
capture, concentrate, and preserve target proteins in
whole blood, serum, and urine.
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B. Most common proteins detected in whole blood
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Fig. 2. A, whole blood (WB), serum, and urine samples were collected after 22 days
post-infection (d.p.i) for acutely infected animals and 124 and 148 d.p.i. for hamsters
with chronic infection. B. microti proteins were identified by MS and categorized as
uncharacterized (i.e., matching to hypothetical genes), housekeeping, and seroreactive
antigens based on descriptions in PiroplasmaDB.org. Panels B and C depict the most
common parasite proteins detected in whole blood and urine, respectively.
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BMN1 family BMR1_03g00005
Peroxiredoxin Q/BCP/ antioxidant, AhpC/TSA family
Uncharacterized protein BMR1_01G02591
BmGPI10, BMN1 family, N1-21a orthologue
S1/P1 Nuclease
HSPA1_8, heat shock 70kDa protein 1/8
Calmodulin
40S ribosomal protein S12
Histone H2B
Small GTP-binding protein domain
BMN1-20 BMR1_01G03280

Function
Surface/secreted antigens
Surface/secreted antigens
Carbohydrate and energy
metabolism
Carbohydrate and energy
metabolism
Carbohydrate and energy
metabolism
Surface/secreted antigens
Redox homeostasis
Unknown
Surface/secreted antigens
DNA/RNA metabolism
Protein folding/chaperones
Signal transduction
Ribosomal
DNA/RNA metabolism
Cell signaling
Surface/secreted antigens

C. Most common proteins detected in urine
Description
Rab family protein
Profilin
Uncharacterized protein
Protein phosphatase
Peptidyl-prolyl cis-trans isomerase
26S proteasome regulatory subunit T1

Function
Trafficking
Motility and invasion
Unknown
Signal transduction
Protein folding/chaperones
Protein degradation
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Examples of B. burgdorferi proteins detected in urine
Protein ID
EOA79842.1
CAA59240.1
WP_002557337.1
AGJ81636.1
WP_002657586.1
Q5ZR29
O50616
Q6ASN6
A0A1L6VVD6
Q661Y3
Q65ZW3
A0A1L6VQP7
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Fig. 1. Parasitemia of hamsters infected with Babesia microti
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Fig. 3. A, Western blots were performed with rabbit
polyclonal antibodies raised against B. microti proteins
BmSA1, BMR1_3g00947, and BMR1_00985. B, infected
RBCs (arrows) were immunostained with rabbit polyclonal
antibodies (pAb) to the aforementioned proteins
followed by FITC-conjugated goat anti-rabbit antibodies.
Parasite nuclei were stained with DAPI. C, peptide-based
ELISAs were performed with sera from hamsters infected
for 85 days. Statistical analysis was performed by Oneway ANOVA followed by Tukey’s multiple comparison test.
*, P<0.002 compared to uninfected. Data represent
means+SEM from three experiments.

Fig. 4. Detection of multiple tick-borne pathogens in urine samples from human
patients with Lyme disease
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• Blood or urine samples were mixed with nanoparticles, incubated for 15 min at RT, separated by centrifugation, and
particles washed with buffers compatible with MS.
• Captured proteins were eluted, alkylated, and processed for enzymatic digestions in sequencing grade trypsin. Digestions
were stopped with trifluoroacetic acid and desalted in C-18 spin columns.
• Final eluates were dried, reconstituted in formic acid, and analyzed with a mass spectrometer.
• Tandem mass spectra were searched against curated databases of all known tick borne pathogens in NCBI using Proteome
DiscovererTM v 2.1 with SEQUEST and tryptic cleavage constraints.
• A subset of immunogenic B. microti proteins identified by MS were characterized by Western blots, IFA, and ELISA. Rabbit
polyclonal antibodies and peptides representing antigenic regions of these proteins were used in these assays.
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Experimental strategy. A) Hamsters are infected with B. microti GI
(ATCC® PRA-398TM). Blood, serum, and urine are collected. B) Urine
samples are collected from human subjects with different stages of
Lyme disease or other TBDs. C) Pathogen biomarkers are sequestered
using open meshwork core shell hydrogel nanoparticles while high
abundance proteins from the host are excluded. Chemical baits are not
specific for a single protein but capture a variety of proteins
simultaneously. The specificity of the analysis is provided by MS. D)
The fold enrichment of the target proteins is determined by the ratio of
the sample input fluid volume to the input volume of the assay. E) MS
is performed using a ThermoTM Orbitrap FusionTM mass spectrometer.
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A. Western blots of hamster RBC lysates

• Address the need for a highly sensitive, multiplex diagnostic test for TBDs by applying our
biomarker harvesting nanocage technology combined with MS.
• Determine what parasite proteins are shed in red blood cells, serum, and urine of a
hamster model of babesiosis and characterize such biomarkers by immunological assays.
• Examine the presence of Babesia infection among human patients affected by Lyme
disease and the presence of other TBD infectious agents in urine.

• Tick-borne diseases (TBD) are on the rise in the United States as urbanization continues in
previously unpopulated areas.
• Residents in areas endemic for TBDs are under a potentially serious health threat.

B. IFA of Infected Hamster Blood

Bright/pAb/DAPI

Objectives

Background

# 818

N = 815

Protein name
hypothetical protein BBUCA8_03747
outer surface protein C, partial
hypothetical protein
glyceraldehyde 3-phosphate dehydrogenase, partial
ATPase AAA
p31
Outer surface protein A
Oligopeptide ABC transporter
Porin
Flagellar protein
Probable lipid II flippase MurJ
Chemotaxis protein CheA

Examples of identified proteins in 15 patients with co-infections
Other Co-infections

Babesia microti
Protein ID
SJK86386.1
156084320
833491495
SJK86579.1
SJK86319.1
AAC47456.1
XP_012649089.1
XP_012650426.1
119369884
XP_012649391.1
XP_012648896.1
XP_012649539.1
SIO73672.1
XP_012647126.1
XP_012650341.1
XP_012647088.1

Protein name
small GTP-binding protein domain
lysyl-tRNA synthetase
PCI domain containing protein, putative
ubiquitin-conjugating enzyme
Rab family, other
heat shock protein 70
Actin
HECT-domain (ubiquitin-transferase)
beta-tubulin, partial
hypothetical protein BMR1_03g03900
NAD kinase 2 mitochondrial
adenosinetriphosphatase
hypothetical protein BmR1_04g06597
uncharacterized protein
uncharacterized protein
uncharacterized protein

Protein ID
WP_025443708.1
AGT27736.1
A1QZY3
A0A218PF04
W5T0W0
W5SI99
ABY72549.1
AHX58689.1
SCV66705.1
SBO33614.1
KDB57109.1
SCV61776.1
WP_011450469.1
WP_071303972.1
KEI34689.1
YP_169229.1
WP_034448090.1

Protein name
hypothetical protein [Borrelia miyamotoi]
hypothetical protein I871_04180 [Borrelia miyamotoi LB-2001]
Chemotaxis protein CheY [Borrelia turicatae]
VlpD13 [Borrelia turicatae]
Variable large protein OS Borrelia hermsii YBT
Flagellar motor switch protein FliN [Borrelia crocidurae]
diaminopimelate epimerase [Rickettsia rickettsii str. Iowa]
superoxide dismutase, partial [Ehrlichia sp. H7]
Ubiquinone biosynthesis O-methyltransferase [Anaplasma phagocytophilum]
hypothetical protein ANAPC3_01290 [Anaplasma phagocytophilum]
hypothetical protein P030_04685 [Anaplasma phagocytophilum str. CRT35]
Serine--tRNA ligase [Anaplasma phagocytophilum]
OmpA family protein [Anaplasma phagocytophilum]
alanine racemase [Francisella tularensis]
hypothetical protein FRA_48c13620 [Francisella sp. W12-1067]
DNA topoisomerase IV subunit B [Francisella tularensis subsp. tularensis SCHU S4]
type IV secretion system protein virB9 [Bartonella henselae]

Summary
• We detected parasite proteins in red blood cells, serum, and urine of B. microti-infected golden hamsters
using a novel nanoparticle MS approach. Three biomarkers were characterized by WB, IFA, and ELISA.
• Our method also detected previously unrecognized proteins from multiple tick borne pathogens in urine
samples from patients with persistent Lyme disease.
• Novel attributes of the technology include: 1) Rapid harvest of analytes, protection from degradation, and
exclusion of unwanted high abundance host proteins; 2) Presence of unique chemical baits immobilized
in the nanoparticle core with high affinity and a very low off-rate; 3) Absolute specificity for the target
amino acid sequence by using tandem MS and simultaneous investigation of peptides from different tick
borne pathogens; and 4) Adaptation to full automation for high throughput testing.
• Further adaptation of nanotechnology into immunochromatographic tests can provide a platform for a
one-step, rapid analysis of prospective carriers of multiple tick borne infections or for blood screening.
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