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ABSTRACT Bacterial infections affect more than 2 million people annually. Of these,
systemic infections caused by bacteria in critically ill patients may lead to life-
threatening conditions such as sepsis. We have developed a point-of-care (POC) de-
vice called Septiflo that can detect and stratify the Gram status of bloodstream bac-
terial infections in less than 10 min from a drop of human plasma. It works on the
principle of identifying pathogen-associated molecular patterns (PAMPs), such as li-
popolysaccharides (LPS) and lipoteichoic acid (LTA) that are released into the blood-
stream at the onset of Gram-negative and Gram-positive bacterial infections, respec-
tively. The biomarkers are captured on a membrane without a receptor, and the
Gram status specificity is conferred by the ligands attached to gold nanoparticles
(AuNPs) used as signal amplification probes. The ultrasensitive colorimetric results
are read by eye down to a 100-fg/ml detection limit without an instrument. No
cross-interference between the PAMPs is seen during Gram stratification. Septiflo re-
sults also display better performance than commercial enzyme-linked immunosor-
bent assays (ELISAs). Tests performed on 60 clinical samples from patients showed a
correlation accuracy of 70% against procalcitonin (PCT), an accepted surrogate bio-
marker for sepsis. A direct comparison with eubacterial PCR yielded up to 94% accu-
racy in 31 patients at a chosen cutoff level for LPS and LTA and area under the
curve (AUC) values of 0.927 and 0.885, respectively, though blood culture was nega-
tive for most samples. The high sensitivity, low cost, and simple bedside utility of
the assay may aid in better sepsis management apparently at the presymptomatic
stage, lowering empirical therapy, medical costs, antimicrobial resistance, and mor-
tality.

KEYWORDS gold nanoparticles, bloodstream bacterial infection, lipopolysaccharide,
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loodstream bacterial infections (BSls) are now the world’s leading cause of prema-
ture deaths in neonates and patients admitted to intensive care units (ICUs) or
emergency rooms (ER) and the third largest killer after cancer and cardiovascular
diseases (1). Conservative estimates suggest that they affect around 1% to 3% of the
total hospitalized population globally (2). A report based on 17 studies performed on
a total of 40,644 patients from South and Southeast Asia indicated that between 1990
and 2010, the most common community-acquired bloodstream bacterial pathogen
(found in 3,506 patients) was Salmonella enterica serotype Typhi, a Gram-negative
strain, accounting for 55% isolates (3). In another study comprising 181 neonatal BSls,
the majority (~59%) were diagnosed with Gram-positive bacteria (4). These data reflect
urgent needs for bacterial stratification and appropriately directed treatment.
The sources of community-acquired BSI are classified on the basis of routes of
pathogen entry as urinary (47.65%), gastrointestinal (25.99%), or respiratory (26.36%)

September 2018 Volume 56 Issue 9 e00408-18 Journal of Clinical Microbiology

Received 10 March 2018 Returned for
modification 30 March 2018 Accepted 12
June 2018

Accepted manuscript posted online 20
June 2018

Citation Jagtap P, Singh R, Deepika K, Sritharan
V, Gupta S. 2018. A flowthrough assay for rapid
bedside stratification of bloodstream bacterial
infection in critically ill patients: a pilot study. J
Clin Microbiol 56:e00408-18. https://doi.org/10
.1128/JCM.00408-18.

Editor Brad Fenwick, University of Tennessee
at Knoxville

Copyright © 2018 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Shalini Gupta,
shalinig@chemical.iitd.ac.in.

PJ.and RS. contributed equally to this article.

jem.asm.org 1


https://doi.org/10.1128/JCM.00408-18
https://doi.org/10.1128/JCM.00408-18
https://doi.org/10.1128/ASMCopyrightv2
mailto:shalinig@chemical.iitd.ac.in
https://crossmark.crossref.org/dialog/?doi=10.1128/JCM.00408-18&domain=pdf&date_stamp=2018-6-20
http://jcm.asm.org

Jagtap et al.

(5). When bacteria disseminate into the bloodstream, they release pathogen-associated
molecular patterns (PAMPs) as a result of bacterial death due to administered antibi-
otics or the host's immune response. PAMPs include endotoxin molecules such as
lipopolysaccharides (LPS) in Gram-negative bacteria and lipoteichoic acid (LTA) in
Gram-positive bacteria, bacterial DNA, peptidoglycans, lipoproteins, etc. Endotoxins,
especially LPS, may also invade the blood by translocation from the human gut (6, 7).
Once inside, these PAMPs can stimulate the innate immune response in the host,
leading to a cytokine-chemokine storm and resulting in a massive inflammatory
response. This critical medical condition is known as septicemia or in short sepsis. The
condition is characterized by clinical features such as hemodynamic instability, mental
confusion, tachypnea, and a rapid deterioration of systemic functions resulting in organ
failure. According to the latest definition recommended at the Washington Consensus
Conference 2016, sepsis 3.0 is a life-threatening organ dysfunction caused by a dys-
regulated host response to infection, while “suspected infection” is left undefined. The
clinical criterion for organ dysfunction is a sequential organ failure assessment (SOFA)
score of 2 or more. This inadequacy of current diagnostic procedures enables the
infection to spread, increasing the severity which can only be combated by timely and
evidence-based antimicrobial therapy (8, 9). Proper diagnosis not only improves out-
comes but also reduces the administration of broad-spectrum antibiotics and, hence,
antimicrobial resistance (10, 11). It is thus imperative to diagnose infection at an early
stage before it becomes unmanageable. Further, stratification of bacterial Gram status
at the onset of infection will add value to the antimicrobial treatment strategy.

There are currently several methods available for bacterial typing and species
identification which can only be employed after bacterial growth in blood culture,
staining, and isolation on solid culture media. Thus, conventional microbiology takes
several days to weeks to get the final results, which makes it less useful for rapidly
deteriorating conditions during sepsis (12, 13). Culture screening methods are generally
limited by their poor detection sensitivities because of low bacterial loads in the blood
(<100 CFU/ml) and decrease in bacterial viability due to empirical antibiotic therapy
(14). Nucleic acid-based methods such as eubacterial PCR, on the other hand, are highly
sensitive and less time consuming but involve a number of steps, expertise, and
sophisticated instruments and are typically prone to contamination. These issues
greatly limit their use in an ICU/ER space of a hospital setting (15).

In this study, we demonstrate a point-of-care (POC) approach that combines the
simplicity of culture methods and the sensitivity of PCR. Such a POC test for detecting
pathogen-derived molecules was reported for the first time by our group for identifying
Gram-negative bacterial endotoxin in blood samples (16). This test was designed with
a drug-gold nanoparticle (AuNP) bioconjugate, where polymyxin B sulfate was used as
an affinity ligand for LPS detection. Here, we report the results of a pilot study involving
our second-generation POC test devices called Septiflo, in which peptide-AuNP bio-
conjugates are used as affinity ligands for LPS and monoclonal antibodies (mAbs) for
LTA detection. We demonstrate that these devices are comparable in performance to
commercial enzyme-linked immunosorbent assays (ELISAs) and eubacterial PCR and, at
the same time, surpass them in their simplicity, affordability, and adoptability for use in
ICUs. Septiflo is an in vitro rapid card test that works on the facile principle of stratifying
bacterial infections on the basis of the Gram-specific bacterial biomarkers LPS and LTA.
Results can be visualized by the naked eye in less than 10 min, making it the fastest test
for distinguishing Gram-positive and Gram-negative bacterial infections in plasma. This
information can be of immense value in rapid decision making for the selection of
bacterial Gram-specific narrow-spectrum antibiotics, thus reducing drug resistance and
improving outcome. In the following sections, we discuss the preparation of nano-
bioconjugate probes, the developmental stages of the second-generation Septiflo
assay, and its performance benchmarking against conventional methods and clin-
ical validation.
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MATERIALS AND METHODS

Materials. Gold(lll) chloride trihydrate (HAuCl,-3H,0), sodium citrate dihydrate (C;HsNa;0,-2H,0),
bovine serum albumin (BSA), purified LPS (molecular weight [MW] 10 to 20 kDa) extracted from
Escherichia coli 055:B5, purified LTA extracted from Staphylococcus aureus, phosphate-buffered saline
(PBS), Purpald, and HEPES were from Sigma-Aldrich (India). This study also used mouse anti-LTA mAbs
(IBT Biosciences, USA), sushi peptides of purity >95% (HAEHKVKIGVEQKYGQFPQGTEVTYTCSGNYFLMC;
MW, 4,083 Da; Genemed Synthesis, USA), ortho-phthaldehyde ([OPA] SRL, India), pluronic acid ([PFgg]
Ranbaxy, India), tannic acid, sodium phosphate salts, sodium periodate, Tween 20, and carboxythiol-
polyethylene glycol (CT-PEG) linker (MW, 634.77 Da) from Fisher Scientific (India), PEG6-hydrazide
aromatic dialkane thiol linker (MW, 708.19 Da; SensoPath Technologies, USA), 30-kDa MW cutoff (MWCO)
centrifuge filters (Millipore India Pvt. Ltd.), absolute ethanol (EMSURE; Merck, Germany), and membranes
(CX-1, SCNM-I) and absorbent pads (type-AP080) (Advanced Micro Devices Pvt. Ltd., India). ELISA kits for
LPS (MBS725451; MyBiosource, USA) and LTA (E1405Ge; Wuhan ElAab Science, Antibodies Online Inc.,
USA) were used, as well as a QlIAamp DNA minikit (catalog no. 51304; Qiagen, India), deoxynucleoside
triphosphates ([dNTPs] Fermentas), Tag DNA polymerase and PCR buffer mix (New England BioLabs Inc.),
agarose, and BRAHMS procalcitonin (PCT) sensitive kit and reagents (Thermo Fisher Inc.). All other
standard reagents used were of analytical grade. All solutions were prepared using ultrapure deionized
Milli-Q water (~18.8 m() - cm resistivity, CDUFBIO01; Millipore, USA). Due to the known pyrogenicity and
toxicity of LPS and LTA, strict safety guidelines were followed in the laboratory while handling these
molecules (17).

Preparation and characterization of AuNPs. Citrate-capped AuNPs of approximately 15-nm diam-
eter were synthesized using the Turkevich method (18) and characterized by UV-visible spectroscopy
(UV-2600; Shimadzu), dynamic light scattering ([DLS] Zetasizer nano ZS90; Malvern Instruments Ltd.), and
transmission electron microscopy ([TEM] Tecnai G2). For TEM, a 4X diluted AuNP suspension was dried
on a carbon-coated copper TEM grid (CF200 CU; Electron Microscopy Sciences, USA) and imaged at 200
kV. The micrographs obtained at X44,000 magnification were analyzed using Image) software to
determine the average particle size from 100 particles. The procedure was repeated thrice, and the data
were plotted as the mean =+ 1 standard deviation (SD).

Preparation of AuNP-bioconjugate probes. LPS-specific sushi peptides were conjugated to the
AuNPs at a 1,000:1 molar ratio using thiol chemistry and then characterized via Fourier-transform infrared
(FTIR) spectroscopy (Nicolet, Protege 460) and OPA analysis as described earlier (19). The LTA-specific
antibodies were conjugated to the AuNPs using a protocol reported in the literature with slight
modifications to the procedure (20, 21). Briefly, 50 ul of 100 mM sodium phosphate buffer at pH 7.4 and
10 ul of 100 mM sodium periodate were added to 100 ul of a 1-mg/ml antibody solution to oxidize the
hydroxyls present in the Fc regions of the antibodies. At room temperature, the mixture was kept in a
rotary shaker (45 rpm) and incubated for 1 h, protected from light. The reaction was quenched by adding
500 wl of 10 mM PBS at pH 7.4, and the completion of the reaction was confirmed by mixing 10 ul of
the above antibody solution with 20 ul of freshly prepared 20-mg/ml Purpald solution prepared in 1 M
sodium hydroxide. The change in color to purple confirmed the successful oxidation of the hydroxyls to
aldehydes. The aldehyde-activated antibody was then mixed with 10 ul of a 10 mM hydrazide linker
solution in absolute ethanol (99% purity). The mixture was incubated for 1 h followed by the addition
of 1 ml of 40 mM HEPES buffer at pH 8.5. The entire volume was filtered using a 30-kDa MWCO centrifuge
filter at 14,490 rcf for 15 min to remove the excess linker. The filtered linker-conjugated antibodies were
finally resuspended in 40 mM HEPES buffer at pH 7.4 and kept at 4°C until further use.

The antibody-linker conjugates were mixed with 2 nM AuNPs at a 1:10 molar ratio and incubated for
1 h to assist in Au-thiol bond formation. Finally, the antibody-conjugated gold suspension was centri-
fuged at 7,245 rcf to remove any unconjugated antibodies. The pellet was resuspended in 40 mM HEPES
buffer at pH 7.4, and the conjugation was confirmed by UV-Vis spectroscopy, DLS, and Bradford assay
(22).

Preparation of spiked plasma samples. Master stocks of 1 mg/ml LTA and LPS were prepared in
Milli-Q (MQ) water. The solutions were vortexed for 30 min followed by a 10-min sonication and
preparation of aliquots of different concentrations in MQ water. A fixed 10% (vol/vol) LPS or LTA solution
was then spiked in human sera to obtain concentrations ranging from 100 fg/ml to 10 ng/ml. The spiked
solutions were stored at 4°C until further use. Before testing, the samples were again vortexed for 15 min
at room temperature.

Selection criteria for clinical samples. Blood plasma samples (n = 60) for Septiflo validation were
obtained from Global Hospitals Hyderabad, India, after obtaining the requisite approval from the
institutional ethical committee (protocol no. MDXBM:001, version 1, 29 October 2009) and informed
consent from the patients. The patients included (i) people who visited the outpatient department for
consultation and routine health check-up, (ii) patients from the inpatient wards who were suspected to
have infections, and (iii) patients who were admitted in the ICU following various surgical procedures and
monitored postsurgery. No other exclusion/inclusion criteria for sample collection were imposed. The
blood samples were collected in EDTA and tested for various hematological parameters such as
differential cell count (Sysmax-XN1000/100) and procalcitonin (Kryptor Compact). The toxic granules
were observed under Leishman’s stain of peripheral blood smears and blood culture using the Bactec-
9120/9050 system. Approximately half of these samples were also randomly chosen to perform eubac-
terial PCR (procedure described below).

Septiflo procedure. A typical Septiflo assay comprised a membrane kept on top of a set of absorbent
pads enclosed in custom-fitted plastic cassettes. The absorbent pads served as liquid reservoirs and
mechanical support for the thin membrane. The surface of the membrane was first treated with 50 ul of
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FIG 1 Schematic of the Septiflo bioassay developed for the rapid bedside detection and stratification of
bacterial infections in blood.

surfactant (PF68 for the Septiflo-N assay and Tween 20 for the Septiflo-P assay). After 2 min, 2 ul of test
sample containing LPS or LTA was drop casted in the middle of the membrane followed by the addition
of 50 ul of 1% (wt/vol) BSA. After 2 min, 50 ul of T nM AuNP suspension preconjugated to peptides/
antibodies was applied to the membrane followed by a second injection after 10 s. The appearance of
a pink spot against a white background indicated the presence of LPS/LTA in plasma. Finally, the
membrane was washed with 100 ul of MQ water to remove any unbound NPs. Cross-reactivity
experiments were performed with mixtures cospiked with various ratios of LPS and LTA. The entire assay
was performed under ambient conditions (relative humidity, 30% to 70%; temperature, 30 = 5°C). On the
basis of the Gram status, the assay for LPS detection was termed Septiflo-N and that for LTA was termed
Septiflo-P (Fig. 1).

Development of the color chart. Septiflo assays were performed in the range of 1 pg/ml to 10
ng/ml LPS/LTA concentrations. The color intensities of the spots were visualized by the naked eye and
calibrated by comparing with the colors generated in Excel (version 2013) by adjusting the red, green
and blue (RGB) values in a particular cell (see Fig. S1 in the supplemental material). The motivation was
to make the signal semiquantitative, such that a human eye was sufficient to assess the concentration
gradient. The concentrations were represented in terms of a score for Septiflo-N as “=" for <1 pg/ml, “+"
for 1 to 100 pg/ml, “++" for 100 to 500 pg/ml, “+++" for 500 to 1,000 pg/ml, and “++++" for >1
ng/ml and for Septiflo-P as “*" for <1 pg/ml, “+" for 1 to 100 pg/ml, “++" for 100 to 1,000 pg/ml, and
“4+++" for >1 ng/ml. The assays were performed on clinical plasma samples and given an appropriate
score by comparing against the color chart by at least four independent reviewers. Each sample was
tested thrice, and the final results were reported as an average of all the data points (i.e,, at least 12) =
1 standard deviation (SD).

ELISAs. Sandwich ELISAs for LPS were performed by adding 50 ul of spiked plasma samples (50 to
1,200 pg/ml) and standards (provided in the kit) to each microtiter plate well, precoated with mAbs
specific to LPS. Next, 100 ul of horseradish peroxidase (HRP)-conjugated polyclonal antibody was added
to each well to sandwich the LPS immobilized on the plate. After incubating for 30 min at 37°C, all the
unbound components were removed by washing with 200 wl of buffer. Next, 100 ul of substrate was
added to each well and incubated for 30 min at 37°C for the enzyme-substrate reaction to take place. The
reaction was terminated by adding 50 wl sulfuric acid, and the LPS concentration-dependent color
change was measured spectrophotometrically at a wavelength of 450 nm (SpectraMax i3x multimode
plate reader; Molecular Devices). A standard curve was plotted with ELISA standards, and the unknown
concentrations were interpolated from the curve.

LTA ELISA was also performed on spiked plasma samples (0.31 to 20 ng/ml) and ELISA standards. For
this, 50 ul of sample was added to each microtiter well precoated with LTA-specific antibodies followed
by the addition of 50 ul of biotin-labeled LTA. The plate was incubated for 1 h at 37°C. The unbound
entities were washed thrice using 400 ul of wash buffer each. Next, 100 ul of avidin-conjugated HRP was
added to each well and incubated for 45 min at 37°C. The washing step was repeated five times followed
by the addition of 90 ul of substrate for 15 to 30 min (protected from light). The enzyme substrate
reaction was terminated by adding 50 wl of the stop solution, and the color change was measured
spectrophotometrically at 450 nm. The concentration of LTA in samples was then determined by
comparing the optical density of samples to the standard curve.
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Bacterial DNA isolation from blood samples. A QIAamp DNA Minikit was used to isolate bacterial
DNA from peripheral blood samples collected in EDTA. The manufacturer’s instructions were followed
with some changes in the duration of lysis (56°C) and final elution buffer volume to account for the
unusually low number of bacteria in blood. Briefly, 200 ul of whole blood sample, 200 ul of lysis buffer
AL, and 25 ul of proteinase K were placed in a 1.5-ml microcentrifuge tube. The mixture was pulse-
vortexed for 15 s and incubated at 56°C for 20 min. Next, 200 ul of 100% ethanol was added, and the
mixture was again pulse-vortexed for 15 s followed by 5 min of incubation at room temperature. The
tube was briefly centrifuged to spin down the droplets from inside the lid, and the contents were
carefully transferred to the QlIAamp Minispin column (without wetting the rim) and centrifuged at 6,000
rcf for 1 min. The spin column was washed with the wash buffers AW1 and AW2 and finally with 200 ul
ethanol. The alcohol was drained out, and the column was air-dried by spinning at 6,000 rcf for 6 min.
Sixty microliters of the elution buffer AE was then added to the column and incubated at room
temperature (15 to 25°C) for 1 min. The eluted DNA after a final centrifugation step of 6,000 rcf for 1 min
was stored at —20°C for PCR analysis.

PCR for detecting eubacteria. A known protocol for Gram type-specific broad-range PCR identifi-
cation of 62 pathogenic bacteria was used to screen the blood samples (23). The PCR mixture contained
one universal 165 rRNA primer DG74 (AGGAGGTGATCCAACCGCA) for all bacteria, a reverse primer 143
(GAYGACGTCAARTCMTCATGC) for Gram-positive bacteria, and 68d (AYGACGTCAAGTCMTCATGG) for
Gram-negative bacteria. The PCR reagents were mixed in a 20-ul volume in individual 0.2-ml PCR tubes
and amplified (thermocycling conditions mentioned in Table S1). The amplified products were then
analyzed in 2% (wt/vol) agarose gel (see Fig. 7).

RESULTS AND DISCUSSION

Membranes make a superior choice for POC affinity scaffolds, as their surface
properties can be precisely engineered for receptorless immobilization of target mol-
ecules and their porosity can be modulated to control fluid flow. By receptorless, we
mean that the analytes can be trapped/bound on the membrane surface without the
aid of any ligands or receptor molecules such as antibodies. With some prior knowledge
of the membrane from our previous study (16), the second-generation Septiflo assay
was further optimized to enable both LPS and LTA (PAMPs released from the cell wall
of the two bacteria types) molecules to be captured on the same type of membrane
without the use of any specific receptors. The specificity for Gram status was conferred
by the ligand moieties attached to the colloidal probes used in the subsequent step;
sushi peptide was used against LPS (in Septiflo-N assay) and anti-LTA mAb was used to
target LTA (in Septiflow-P assay). The two assays were carried out simultaneously in
separate cassettes by injecting a drop of the same sample into each followed by the
addition of the respective AuNP suspension (Fig. 1). The result was a pink spot that was
easily visualized by the naked eye only if LPS/LTA was present in the sample above a
certain threshold. The pink color was imparted by the AuNPs that display a distinct
absorbance in the visible range (at 521 nm for 15-nm-diameter particles).

A variety of other parameters were also extensively optimized to identify the
operating conditions for best assay performance (see Table S2 in the supplemental
material). For instance, surfactants were seen to play a crucial role during the immo-
bilization process. Since both LPS and LTA molecules contain large lipophilic tails
favoring their hydrophobic immobilization on the membrane, the addition of surfactant
helped in the proper wettability of the injected solution, providing the optimum
hydrophilic-lipophilic balance for uniform adsorption of the endotoxins. Uneven patchy
spots were obtained in the absence of surfactant (see Fig. S2). Minimizing the nonspe-
cific interaction of the AuNPs with the membrane or plasma protein interface was also
an important design criterion for the successful execution of the bioassay. To address
this issue, the unoccupied sites on the nanobioconjugate surface were blocked with a
PEG-thiol linker which not only nullified any nonspecific signal but also provided more
stability to the NPs (see Fig. 2, Fig. S3, and reference 19 for a detailed characterization
of the AuNP probes). Any surface-based nonspecific binding was eliminated by block-
ing the membrane with BSA solution (24).

The performance of Septiflo using well-characterized AuNP probes was tested with
plasma/sera of critically ill subjects/patients suspected of carrying bacterial infection.
Among these, noninfectious cases formed our true control besides the healthy people
(without any medical condition) whose samples were used during the actual design
and optimization of the assay. The threshold values of LPS in peripheral blood are
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FIG 2 Detailed characterization of the AuNPs after synthesis and bioconjugation. (A) Typical UV-Vis graph
showing a peak at 521 nm characteristic of AuNPs. The subsequent red shifts in absorbance obtained
after sushi peptide and mAb conjugation indicated successful binding. (B) TEM illustrated spherical
particles with a narrow size distribution of 15 * 4 nm. (C) DLS showed an expected average particle size
of 30 £ 4 nm (hydrodynamic diameter), which increased systematically upon conjugation with the
smaller sushi peptide and a larger mAb. (D) Changes in the zeta-potential values were also suggestive
of successful conjugation.

reported to be around 100 to 120 pg/ml (16). Patients with endotoxin contents higher
than these levels are potentially at higher risk of developing sepsis or septic shock (16,
25). On the other hand, while the crucial role of LTA in sepsis is well established (26),
not much data exist on its blood levels and cutoff concentrations in cases of Gram-
positive infections (27). In reality, both Gram-positive and Gram-negative bacterial
infections may coexist (mixed infections) and are, in fact, quite common due to excess
amounts of gut-derived LPS released into the bloodstream in several clinical conditions
that alter the mucosal permeability of the intestines or due to sepsis-associated
intestinal hypoperfusion (28). It thus becomes imperative to develop a test that is not
only sensitive in the clinically relevant range but also selective toward LPS/LTA without
any cross-interference from other molecules and, more importantly, each other.

One of the first tasks required for determining the sensitivity of the assay was to
estimate the extent of endotoxin levels in the analyte. To do this in a semiquantitative
manner, we prepared color charts to map the spot intensity gradients obtained against
various LPS/LTA concentrations in spiked plasma samples (Fig. 3). The concentration
ranges for LPS and LTA in these color charts were selected on the basis of the severity
of clinical conditions imposed by them during sepsis (16). Although, in the literature,
these correlations are available only for LPS, we set the LTA levels to be similar to that
of LPS, considering that the two molecules are structurally similar and share the
inflammatory immune response pathways (29, 30). The antigenicity of LTA is, however,
expected to be lower (than LPS) (31) and may have important implications as discussed
later in this paper. The wide dynamic range of both Septiflo-N and Septiflo-P assays
varied over three orders of magnitude, but the Septiflo-N had a 10X lower detection
limit (LOD) of 100 fg/ml. These LODs are 10 to 100X better compared to those reported
in the literature. The two assay platforms were also independent and highly specific to
their respective bacterial component, as they showed minimal cross-reactivity across a
range of endotoxin concentrations (Fig. 4A and C). A “0” score here indicates a blank

September 2018 Volume 56 Issue 9 e00408-18

Journal of Clinical Microbiology

jcm.asm.org 6


http://jcm.asm.org

Rapid Assay for Bedside Bacterial Gram Stratification

A - ] -
] ) L
0 100 fg/mL 1 pg/mL 10 pg/mL 100 pg/mL 500 pg/mL 1 ng/mL
B
0 1pg/mL 10 pg/mL 100 pg/mL 1 ng/mL
C Color chart for Septiflo-N D Color chart for Septiflo-P
Color '-'IS 'e/"e'L Score Color LTAlevel Score
>1 ng/m ++++
++H
500 - 1000 pg/mL 4+ = LnG(mt ey
100 -500 pg/mL ++ 109 1000 pes k.
1-100 pg/mL + 1- 100 pg/mlL *
<1pg/mL + <1pg/mL i

FIG 3 Actual representative images of the Septiflo assay and their corresponding color chart for LPS (Septiflo-N)

(A and C) and for LTA (Septiflo-P) (B and D).

membrane with no spot. To establish the robustness of our assays for handling mixed
infections, a further cross-interference study was carried out in which LPS and LTA were
mixed together in different ratios and tested on both platforms. The outcomes of this
study again showed no change in signal due to competitive binding between the
molecules (Fig. 4B and D), establishing the full utility of our assay for stratifying bacterial
infections on the basis of Gram status.

Another unique aspect of our bioassay was its potential use right by a patient’s
bedside inside ICUs. To highlight this feature, we compared the performance of our
Septiflo devices with standard ELISAs available on the market. These ELISA kits are sold
only for research and development purposes, and there are no approved in vitro
diagnostic ELISA kits available for either LPS or LTA. The study comprised testing both
spiked LPS/LTA plasma samples and the standard solutions provided in the kit on either
platform, i.e., on Septiflo and ELISA. The LPS results in ELISAs showed overall increasing
trends for both solution types, but the absorbance values obtained for spiked plasma
samples were consistently lower (Fig. 5A). The Septiflo-N assay, on the other hand,
exceeded our expectations and showed remarkable overlap between the two sets of
data points (Fig. 5B). In the case of LTA, the performance of the ELISA kit was quite
inconsistent with the manufacturer’s claim. For instance, the ELISA results yielded
approximately the same values for concentrations that were 30-fold apart (Fig. 5C). On
the contrary, the results for Septiflo-P showed clear classification of LTA concentrations
in both solution types (Fig. 5D). These results were truly encouraging and reflected the
promising position of our device as an affordable and portable POC test for both urban
and rural health care settings alike. Although there are other methods such as the
endotoxin activity assay (EAA) or limulus amebocyte lysate (LAL) assay for detecting
endotoxin, they are either not direct or limited in their application toward complex
biological fluids, such as serum, plasma, and tissue homogenates. While EAA works on
the principle of chemiluminescence by measuring the host’s neutrophil respiratory
burst activity in response to endotoxin (32), LAL is a chromogenic LPS detection assay,
widely used in parenteral pharmaceutical preparations (33).

Next, a preliminary clinical validation of our assay was performed on 60 plasma
samples collected from a mixed set of critical care patients and controls. For this,
Septiflo results for LPS/LTA levels were plotted against two hematological parameters,
PCT and neutrophils. PCT is a U.S. FDA-approved surrogate biomarker for sepsis
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ment of LTA-spiked samples (zero score indicates no spot).

diagnosis, which is used worldwide either on automated instruments or in a rapid card
test format (34, 35). Its levels in normal individuals are reported to be less than 0.25
ng/ml but tend to elevate when inflammation and/or infection is involved (36). The
circulating LPS and LTA levels, on the other hand, can vary greatly in individuals
depending on demographics and the extent of physical activity undertaken by the
person leading to altered intestinal permeability (37-39). Deciding the cutoff levels for
LPS and LTA in the blood (to designate a blood sample as positive for infection) can
thus prove tricky. While a few studies claim the peripheral blood LPS threshold levels
to be around 100 pg/ml, others have found them to be lower than this (25, 40). In a
study conducted by Opal et al. on 253 volunteers, septic patients were examined within
24 h of the onset of sepsis against 33 healthy volunteers. It was found that the mean
average LPS value in healthy controls was 5 = 7 pg/ml (25). No such data exist for LTA
to date. Considering such variability in the literature and the absence of any concrete
and definitive knowledge of threshold levels for LPS/LTA in blood, we benchmarked the
performance of our Septiflo assay against PCT using two different baseline limits for
the analytes as 100 and 1 pg/ml. By doing this, we hoped to get additional insight into
the approximate range of concentrations of these biomarkers in nonseptic individuals
and establish our own cutoff levels.

The Septiflo-N and PCT values displayed a fairly good correlation. As the PCT values
increased, the clinical samples also showed higher levels of LPS (Fig. 6A). A quantitative
analysis of the data using a 100-pg/ml LPS threshold limit showed that of the 60
samples, 43 lay “in range,” whereas most others were accumulated at the periphery of
the PCT threshold limit of 0.25 ng/ml. Since the threshold limits of any biodiagnostic
system are not intrinsically sharp, this indicated that our assay was able to pick up most
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of the Gram-negative bacterial infections quite effectively. In fact, there was a visibly
sharper increase in the Septiflo scores compared to 0.25 ng/ml of PCT, indicating that
LPS was probably a more useful biomarker to predict infection at the subclinical stage
when the concentrations of host-derived biomarkers were still low (samples with PCT
concentrations of 0.25 ng/ml or below are considered noninfectious, subclinical if the
PCT levels range from 0.25 ng/ml to 0.5 ng/ml, and concentrations higher than >0.5
ng/ml denote the clinical range) (41). Until now, PCT is the most widely accepted and
the only U.S. FDA-approved biomarker for concluding the sepsis status of a patient.
Therefore, we used PCT as the rightful parameter for categorizing infectious versus
noninfectious cases in our study (see Table S3). The LTA scores, on the other hand, did
not correlate so well and remained in the normal range despite the high PCT values
(Fig. 6B). Interestingly, more than 60% of these cases tested positive for Gram-negative
infections, explaining the high levels of PCT and proving the Gram stratification
potential of Septiflo (see Fig. S11). There were also several cases of mixed infection
(~25%) based on our eubacterial PCR results, where the presence of Gram-positive
infection may have led to the LPS invasion via mucosal barrier permeability. The human
gut flora is rich with indigenous Gram-negative bacteria (E. coli, Klebsiella pneumoniae,
Enterobacter cloacae, etc.) that frequently start to translocate in cases of intestinal
inflammation or altered mucosal permeability, such as with the host’s immune defi-
ciencies, immunosuppression, obstructive jaundice, stress, regional hypoperfusion, mu-
cosal ischemia, etc. (7, 42, 43). Mixed infections have also been reported in several
sepsis cases where LPS was frequently present in blood circulation irrespective of
infection type (43-46).

To check if our hypothesis was indeed true, we replotted the PCT values against the
total infection. The score for total infection was defined as the higher of the two
Septiflo-N/P scores. For instance, a score of + obtained in Septiflo-P versus ++
obtained in Septiflo-N was reported as ++. By doing this analysis, we got an undeni-
ably good correlation between infection and PCT, as shown in Fig. S4A, proving that
Septiflo not only provides essential information regarding the patient’s infection status,
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it can also give important clues about the nature of the infection. The various perfor-
mance characteristics of the assay for 100 and 1 pg/ml limits are shown in Fig. S4B to
S6. The receiver operating characteristic (ROC) analyses showed a fair correlation
yielding area under the curve (AUC) values of 0.701 for Septiflo-N, 0.547 for Septiflo-P,
and 0.695 for mixed infection cases (see Fig. S12 for detailed ROC analysis). The data
obtained against neutrophil counts were more or less in agreement with our PCT data
(Fig. 6C and D), though the results were slightly more correlated in the case of PCT.
Most cases with high levels of PCT also tested positive for toxic granules (refer to Table
S3). It is important to note that no single parameter currently in use can independently
conclude or define the sepsis status, but a few biomarkers, including PCT, toxic
granules, and neutrophils, can collectively lead to a provisional diagnosis. The inclusion
of our assay in this list of biomarkers can add immense value even at the presymp-
tomatic stage when the concentration of host-derived biomarkers is relatively low (Fig.
6A and Fig. S4 support this proposition).

We also compared our Septiflo results with the laboratory gold standard culture
method, but most cultures yielded negative result even after 1 week of incubation
(Table S3). This was most likely because the patients were already undergoing antibiotic
therapy. So, we finally moved to the PCR method, which is by far the most sensitive,
reliable, and direct technique for bacterial DNA confirmation. For this, we chose a
protocol that was originally published in 1999 by Klausegger et al. and adopted it
without any modification (23). This protocol was reported to identify 62 different
human bacterial pathogens (type strains) with excellent sensitivity and specificity. This
protocol was also recommended by Diane U. Leong and Kay S. Greisen in the book
Diagnostic molecular microbiology-principles and applications (47) and appears to be
one of the best available for eubacterial PCRs. With this knowledge in mind, fresh blood
samples were analyzed for eubacteria by PCR, and the amplified DNA was visualized in
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AUC 0.88554 AUC 0.9271

FIG 7 Typical PCR gel images for Gram-positive (A) and Gram-negative (B) blood samples. Lanes 1 (A) and
6 (B), PCR positive controls; 2 to 5 (A), Gram-positive blood samples; 1 to 4 (B), Gram-negative blood
samples; 6 (A) and 5 (B), negative clinical blood samples; 7 (A and B), PCR negative controls; M (A and
B), molecular size ladder (100, 400, 850, 2,000, and 5,000 bp). Septiflo performance correlations with PCR
for two different threshold limits of LTA (C) and LPS (D) in blood.

an agarose gel. The appearance of bands of expected size in the gel confirmed the
presence of Gram-positive (Fig. 7A) or Gram-negative (Fig. 7B) bacterial DNA. By setting
the threshold limit for LPS/LTA at 100 pg/ml, a good correlation accuracy of >75% was
obtained as shown in Fig. 7C and D. When the threshold limit was reduced to 1 pg/ml,
the accuracy jumped to 94% and the sensitivity improved by at least 15%. The ROC
curves also gave high AUC values of 0.927 for Septiflo-N and 0.885 for Septiflo-P,
suggesting our assay’'s excellent diagnostic potential. These results also strongly
pointed to the possibility of lower cutoff levels of 1 pg/ml in plasma for these
biomarkers. This is also supported by the fact that unspiked plasma samples collected
from healthy volunteers (Fig. 3A and B, negative controls) consistently gave a clear
background. For detailed Septiflo performance classification models, refer to Fig. S7 to
S10 and S13 for AUC analyses against PCR data.

Conclusions. In summary, we have demonstrated the development of a bedside
bioassay called Septiflo that semiquantitatively detects and Gram specifies bacterial
infections in less than 10 min. The unique design features of the assay which make it
superior to the existing endotoxin detection approaches include its simplicity, rapid-
ness, low cost, receptorless capture of biomarkers, instrumentation-free signal output,
and sub-pg/ml-level sensitivity. The performance of the Septiflo assay for concentration
discrimination was found to be superior to both LPS and LTA ELISAs. While Septiflo
showed consistent results with both spiked plasma samples and the calibration stan-
dards provided in the ELISA kit, the LPS ELISA showed some deviation and the LTA
ELISA was completely unreliable for both solution types. The Septiflo assay was also
highly specific for the pathogenic component against which it was designed, such that
the presence of one biomarker did not affect the results of the other. This was
particularly useful for identifying cases of mixed infection. A preliminary clinical assay
validation was shown to cover ~80% of all bloodstream infections (48). An increasing
correlation was found with PCT with the exception of a sharp rise in Septiflo values
around the low PCT range of 0.1 to 0.2 ng/ml PCT. This hinted that our assay could be
useful for presymptomatic identification of infection from noninfectious inflammation,
where PCT is not sensitive or is less discriminatory (typically after 6 h). A comparative
study against PCR yielded remarkably good results for a relatively small sample
population size of 31.
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We are aware of the drawbacks of endpoint PCRs, as they can also pick up dead

bacteria and circulating DNA. However, this is not really a true limitation in our opinion,
as the detection of bacteria (dead or alive) or their components (above a certain
threshold) does indicate bloodstream infection, as blood is normally sterile. Also, the
genomic targets used in our PCR are located in rRNA, not far from a true bacterial
viability PCR, but in the future, quantitative PCR (qPCR) of genes involved in the
replication or metabolic activity of bacteria may also be performed to draw more
quantitative comparisons. The biggest limitation of the Septiflo platform presently is
that it can only pick up bacteria and not other pathogens, such as viruses, fungi, and
parasites that are also known to trigger infection/sepsis, though their collective impact
remains less than 25% (46). This is currently being addressed in our lab. Also, the
low-cost semiquantitative mode of colorimetric detection may in the future be up-
graded to an automated quantitative format by integrating the assay strips with an
optical reader to make the outcomes more objective.
Despite these limitations, we believe that Septiflo has tremendous potential as a
POC diagnostic device for early detection of BSls/septicemia and for ruling out nonin-
fectious inflammations at the preclinical stage. So far, our preliminary results suggest
that 1 pg/ml is a more realistic cutoff value than 100 pg/ml to qualify for bacterial
infection (subclinical stage), but more data are required to fully confirm this claim.
While the sushi peptide ligand used in Septiflo-N is already a part of the protein
sequence used in LAL assay, the Septiflo-P assay was limited to mAb-mediated detec-
tion due to the lack of availability of affinity ligands in the literature specific for LTA. In
the future, Septiflo may be used to screen molecules specific to LTA that may serve as
alternative ligands for specific targeting.
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