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Background: Clostridium difficile infection (CDI) is due to the effects of toxins, toxin A and
toxin B on the host. Severe CDI is associated with systemic signs of infection. Animal
models of CDI demonstrate a strong correlation between systemic toxemia and the
occurrence of severe disease. However, current technologies have low sensitivity to detect
C difficile toxemia in human subjects. Raman spectroscopy (RS) is an upcoming technology
that is used to detect bacteria and their toxins. We speculate that RS may be a sensitive
method to detect clinically relevant concentrations of C difficile toxins in serum.
Materials and methods: Serum samples were spiked with varying concentrations of toxin A,
toxin B, and both. RS was performed on an air-dried serum drop that was placed on a
mirror-polished stainless steel slide. Raman spectra were obtained, background corrected,
vector normalized, and analyzed by Partial Least Square Linear Discriminant Analysis and
Support Vector Machine for Classification. Model accuracy was measured by cross-
validation and bootstrap methods.
Results: Toxin-spiked sera of various concentrations (1 ng/mL, 1 pg/mL, and 0.1 pg/mL) were
distinguished from control serum 100% with cross-validation error rate ranging from 0% to
18% and bootstrap error rate ranging from 0% to 12% for various concentrations. The
sensitivity ranged from 87% to 100% and specificity ranged from 77% to 100% for various
concentrations of toxin-spiked serum.
Conclusions: We conclude that RS may be a sensitive method to detect clinically relevant
concentrations of C difficile toxins in serum and thus to help diagnose severe CDI in patients
in real-time at the point of care.
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Introduction

Clostridium difficile is the most common health care pathogen,
with approximately a half million new cases with more than
29,000 deaths attributed to Clostridium difficile infection (CDI)
each year.” Signs of severe CDI include hypotension and the
need for pressors, profound leukocytosis, mental status
changes, and worsening organ failure.” These systemic
manifestations of CDI have been attributed to Clostridium
pathogenic factors, principally toxin A (TcdA) and toxin B
(TedB), as well as the immunoinflammatory host response to
infection.””

Animal studies suggest that C difficile systemic toxemia
alone indicates severe disease.”’ Passive immunotherapy
with intravenous administration of immunoglobulin resulted
in remission of refractory C difficile colitis suggesting that
toxemia may occur in fulminant CDI in humans.® This gives us
the impetus to measure toxin levels in serum in severe CDI
patients. Reports of toxemia in humans are rare and this is
due to low levels of circulating toxins that are below the
detection limit of assays.®”

Cell cytotoxicity assay (CCAT) is the gold standard test for
laboratory diagnosis of toxemia in serum, due its high sensi-
tivity and specificity. However, this test is not performed by
many laboratories due to slow turnaround time (24-72 h),
requirement of cell culture facility, and technical
complexity.” This method was improved drastically by ul-
trasensitive rapid immunocytotoxicity assay (ICT) for detec-
tion of TcdA at doses as low as 1-10 pg/mL. This was achieved
by enhancing toxicity of TcdA on Fc gamma receptor I-
expressing cells by adding anti-TcdA monoclonal antibody.™
Turnaround time for ICT was brought down to approxi-
mately 3 h by using cryopreserved cells and measuring elec-
trical impedance as a measure of cytotoxicity using real-time
cell electronic sensing.'” However, this test is not sensitive to
TcdB at low concentrations (~ 10 pg/mL limit) and presence of
toxin-specific neutralizing antibodies in sera further
increased level of detection for both toxins.” A simple, rapid,
and relatively cheap diagnostic assay for detection of TcdA
and TcdB with high sensitivity and specificity is still lacking
and is desirable.”*

We propose a rapid, ultrasensitive Raman spectroscopy
(RS)-based diagnostic modality for detection of TcdA and TcdB
in serum. RS has been used as a diagnostic modality for in-
fectious disease and toxin detection.”'* RS is a noncontact,
nondestructive, reagent-less optical technique, which pro-
vides a unique spectroscopic fingerprint of a pathogen or toxin
that is being detected. RS is very sensitive to slight changes in
concentrations of toxins even at very low concentrations
making it an ideal platform for detection of C difficile toxins in
serum.

The RS-based diagnostic modality is cost-effective, rapid
(<30 min turnaround time), and ultrasensitive (as low as 0.1
pg/mL) and may be employed as a point-of-care testing
modality for continuous monitoring of patients and criti-
cally ill patients. This test will need verification in clinical
trials and comparison with other modalities such as CCAT
and ICT.

Materials and methods
Ethics statement

This study was approved by Institutional Review Boards of
Wayne State University and Detroit Medical Center. Serum
that was used in this study was obtained from healthy
volunteer who provided written informed consent.

Toxin-spiked serum preparation

Recombinant TcdA and TcdB were purchased from R&D Sys-
tems (Cat# 8619GT020) and diluted to 2 ng/mL stock solutions
in phosphate-buffered saline. Blood was collected using
venipuncture into BD vacutainer redtop tubes from a healthy
volunteer who provided a written consent. Blood was allowed
to clot by leaving it undisturbed at room temperature. The clot
was removed by centrifuging at 2000 x g for 10 min and was
aliquoted into 0.5 mL tubes and stored at —80°C until RS.
Toxins (TcdA alone, TcdB alone, or both TcdA and TcdB) were
spiked into serum at the levels of 1 ng/mL, 1 pg/mL, and 0.1 pg/
mL. Serum was used as negative control. Because of the
toxicity of TcdA and TcdB, the preparation, dilutions, and RS
were done in biosafety level II lab. Toxin-spiked serum sam-
ples were stored at —80°C until RS measurements were made.

Raman spectroscopy

RS probes molecular vibrations or rotations associated with
chemical bonds in a sample to obtain information on molec-
ular structure, composition, and intermolecular interactions.
With this technique, a sample is illuminated with mono-
chromatic light of a certain wavelength, typically from a laser.
Although light can interact with the sample via the process of
absorption, reflection, or scattering, it is the scattering event
that is exploited in RS. Light can be scattered from a sample at
the frequency of the incident light, termed Rayleigh (or elastic)
scattering.”® This occurs without a net energy transfer be-
tween the incident light and the sample. Light can also be
scattered at higher (anti-Stokes shift) or lower (Stokes shift)
frequencies than the incident light via an inelastic process
and involves a net energy transfer between the incident
photons and sample. An inelastic process, termed the Raman
Effect, occurs in approximately 1 in 10’ photon interactions
with matter and depends on a change in the polarizability of a
molecule as it vibrates or rotates.’**® By monitoring the in-
tensity profile of inelastically scattered light as a function of
frequency, the unique spectroscopic fingerprint of a sample
(pathogen or toxin) is obtained. By convention, the frequency
of scattered light is converted to Raman shifts, which is the
difference in frequency between the incident and scattered
light (usually in units of wave number). The wave numbers at
which Raman bands occur is characteristic of vibrational
modes of specific bond types in a molecule, with the intensity
directly proportional to the concentration of species that give
rise to the bands.'” Since each sample has a unique compo-
sition, the spectroscopic profile arising from Raman-active
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functional groups of nucleic acids, proteins, lipids, and car-
bohydrates allows for evaluation, characterization, and
discrimination between sample types. We employed this
technique to detect TcdA, TcdB, and TcdA and B levels in
serum in vitro.

Acquisition of Raman spectra

A total of 320 (53 for control and ~30 for each test group)
Raman spectra were obtained for serum (control) and toxin-
spiked serum of specific concentrations (1 ng/mL, 1 pg/mL,
and 0.1 pg/mL) for TcdA, TcdB, and TcdA and B. A drop (15 uL)
of serum or toxin-spiked serum was placed on a sterile mirror-
polished stainless steel substrate (alloy 304, Stainless Supply,
Monroe, NC) and was air-dried by gently blowing sterile air for
5 min. Raman spectra of air-dried serum samples were
recorded with an inVia Raman microscope (Renishaw, Glou-
cestershire, UK) equipped with a 785 nm excitation laser,
1200 L/mm grating, 576 x 400 pixel thermoelectric-cooled
charge coupled device, and WiRE 3.4 software (Renishaw
Inc., Hoffman Estates, IL). The laser light was focused onto the
sample through a 50X objective (Nikon LU Plan Fluor EPI).
Spectra were acquired using 100% laser power (corresponding
to 37 mW at the sample) over a spectral range of 100-
3200 cm ! with 5 accumulations at an integration time of 20 s.

Preprocessing of Raman spectra

After acquisition, raw spectra were preprocessed by applying
an in-house developed LabVIEW procedure for background
subtraction and normalization. IIR zero phase filter was used
to smooth the raw spectrum. For background subtraction,
we used a LabVIEW background removal program from
Donald J. Roth, which uses a low pass filter for background
subtraction to obtain the best result.”’>?* The cosmic spikes
were removed by cutting the peak with large second deriva-
tive value and the spectrum was normalized by unit vector
normalization.

Multivariate analysis

Each Raman spectrum contained 3100 spectral features or
Raman shifts that correspond to a certain biological molecule
in the sample. Using multivariate analysis methods, we set to
identify biologically relevant spectral features (biomarker
signature of the toxin) and their relative changes between
control and toxin-spiked serum to infer a biological relation-
ship. This relationship is used to detect TcdA, TedB, or both in
the serum.

Most popular multivariate methods are Linear Discrimi-
nant Analysis (LDA) and Support Vector Machine (SVM) for
classification. LDA was designed to maximize between-groups
variance relative to within-groups variance.”” This method
uses Mahalanobis distance to calculate the probability of a
new object belonging to a certain class (control or toxin-spiked
serum). This method cannot be applied to data sets where the
number of variables is higher than the number of observa-
tions. Such data sets are typical for Raman Spectral data (3100
variables and <500 observations). Therefore, a data dimension
reduction method such as Principle Component Analysis

(PCA) or Partial Least Squares (PLS) projection to latent struc-
tures is used before LDA.**%*

PCA is an unsupervised multivariate technique that de-
scribes major trends in the data based on the variation.” It
reduces the number of variables (Raman shifts) to a new set of
principle components that are linear combinations of the
original ones. PCA does not consider sample class member-
ship or groups, which is a disadvantage in some cases. PLS
method solves this problem by considering sample groups by
linking data with class membership and aims to maximize the
covariance between independent variables (sample readings)
and corresponding dependent variables or classes.”® However,
PLS aggressively separates experimental groups and for this
reason it is essential to use PCA as a practical indicator of PLS
model reliability.”

SVM is a popular supervised method, which plots each data
item as a point in n-dimensional space (where n is number of
features you have) with the value of each feature being the
value of a coordinate. Then, it optimally separates the data by
finding a hyperplane that differentiates the two classes. Next,
it projects the new sample into the same space and classifies it
based on which side of the margin it falls.”® Linear SVM allows
us to extract Variable ImPortance (VIP) score for each variable
revealing which variable that contributed most to the sepa-
ration of test and control samples in the model. A VIP score is
calculated from the absolute value of the t-statistic for each
model parameter in linear SVM. Both PLS-LDA and SVM
models’ performances were validated for accuracy using
cross-validation and bootstrap methods.””*®* Multivariate
analysis procedures were performed using the R statistical
programming language and Tanagra open source project
software.”>°

Results

We demonstrated the feasibility of RS to detect C difficile toxins
TcdA, TedB, and TcdA and B in serum at various concentra-
tions (1 ng/mL, 1 pg/mL, and 0.1 pg/mL). Figure 1 shows mean
Raman spectra for control serum, TcdA, TcdB, and TcdA and B
spiked serum at all concentrations.

Raman spectra from each toxin-spiked serum and control
serum were examined individually (e.g., TcdA 0.1 pg/mL serum
versus control serum) using multivariate analysis to identify
relevant biomarker signature for the toxin (Raman shifts). This
biomarker signature would allow us to distinguish toxin-spiked
serum from the control serum in the future analysis. Multi-
variate analysis revealed several spectral regions with spec-
troscopic differences enough to distinguish toxin-spiked serum
from control serum and they are shown in (Fig. 2).

Before performing PLS-LDA, we identified variance be-
tween control and each toxin-spiked serum of various con-
centrations using PCA (data not shown). PCA is used as a
practical indicator for PLS model reliability. PLS-LDA model
successfully separated each toxin-spiked serum from its
control serum 100% at every concentration tested. PLS-LDA
model accuracy was measured using cross-validation and
bootstrap methods and the error rates, sensitivity, and spec-
ificity were given in Supplemental Table 1. Using more than
one multivariate model for classification helps us to avoid
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Fig. 1 — Mean Raman spectra. Mean Raman spectra for control serum (black double line), toxin-spiked serum for TcdA
(brown), TcdB (blue), and TcdA and B (green) for 1 ng/ml (solid line), 1 pg/ml (dashed line) and 0.1 pg/ml (dotted line)
concentrations for Raman shift 300-3100 cm~* (excluding 1701-2799 cm ') were plotted on x-axis and their intensity in
arbitrary units on y-axis. (Color version of figure is available online.)

statistically unreliable conclusions. For this reason, we used VIP scores for each variable toward the classification. SVM for
SVM for classification. SVM is a superior method compared to classification successfully separated each toxin-spiked serum
PLS-LDA for classification and linear SVM allows us to extract from its control serum 100% at every concentration tested.
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Fig. 2 — Variable Importance: All mean Raman spectra from Fig. 1 were plotted to scale for Raman shift 300-3100 cm *

(excluding 1701-2799 cm™ ). VIP scores above 50% from SVM were plotted for TcdA (brown), TcdB (blue), and TcdA and B
(green) below all mean spectra. The VIP score of a variable is calculated from the absolute value of the t-statistic for each
model parameter used in SVM. Biological peak assignments for important Raman peaks identified through VIP scores were
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Table 1 — C-SVC model performance.

Toxin Conc. % Error % Sensitivity % Specificity
Cross validation 0.632 bootstrap
TcdA 1 ng/mL 18.75 12.19 87.7 77.3
1 pg/mL 11.25 8.41 90.6 85.2
0.1 pg/mL 0 0 100 100
TcdB 1 ng/mL 375 2.32 100 90
1 pg/mL 7.5 4.98 96 86.7
0.1 pg/mL 8.75 6.15 91 91.7
TcdA and B 1 ng/mL 15 9.88 87 80.1
1 pg/mL 25 2.03 93.4 100
0.1 pg/mL 0 0.09 100 100

Error rates, sensitivity, and specificity from cross-validation
and bootstrap methods were given in Table 1. SVM for clas-
sification performed better than PLS-LDA (Supplemental
Table 1).

Using the biomarker signature that was identified using
SVM, TcdB at 1 ng/mL concentration was clearly distinguished
from the control serum with 100% sensitivity and 90% speci-
ficity. As the concentration of the TcdB decreased, the sensi-
tivity and specificity slightly decreased. This trend was
opposite for TcdA and TcdA and B. At 0.1 pg/mL concentra-
tion, TcdA and TcdA and B were distinguished from control
serum with 87.7 % and 87% sensitivity and 77.3% and 80.1%
specificity, respectively. As the concentration of TcdA and
TcdA and B decreased, the sensitivity and specificity increased
to 100% (Table 1). TcdA and B followed the trend of TcdA
suggesting that TcdA signature is highly influencing the
detection of TcdA and B in serum.

Next, using the VIP scores from SVM, we identified Raman
shifts that contributed most to the classification model per-
formance. VIP scores that contributed more than 50% for the
distinguishing toxin-spiked serum from control serum were
plotted in Figure 2.

Overall, the Raman biomarker signature we identified in
this analysis, successfully and rapidly identified TcdA, TcdB,
and both in serum at 0.1 pg/mL concentrations with high
sensitivity and specificity.

Discussion

The Raman spectra are complex in nature and often contain
broad Raman shifts due to the superposition of contributions
from all the molecules present. In general, Raman spectral
features over the range of 400 to 800 cm ! are associated with
nucleic acids and nucleotide conformation; 800 to 1200 cm *
contain spectral contributions from nucleic acids, lipids (C-C,
C-0), proteins (C-N, C-C), and C-O-C stretching of carbohy-
drates (saccharides); 1200 to 1400 cm * result from Amide III
vibrations (C-N, N-H) with contributions from CH2/CH3 vi-
brations of proteins and lipids (phospholipids), as well as from
nucleic acids; and 2800-3100 cm * corresponds to CH, CH2,
and CH3 stretching vibration of lipids and proteins.*’

Using VIP scores from SVM, significant spectral differ-
ences between control and toxin-spiked serum were iden-
tified (Fig. 2). Spectral regions between 1000 and 1008 cm !,
which correspond to vibrations from phenylalanine were
significantly different between control serum and all toxin-
spiked serum (TcdA, TcdB, and TcdA and B). But spectral
features 1132 cm *and 1595 cm * that correspond to carbon
and carbon (C-C) vibrations from lipids and fatty acids and
region between 2800-3000 cm * that correspond to carbon
and hydrogen (C-H) vibrations from proteins and lipids were
specific for TcdA. Similarly, spectral regions 928-940 cm *
that correspond to vibrations from carbon-carbon (C-C)
stretching probably from proline and valine were specific to
TcdB. Spectral features of TedA significantly contributed to
TcdA and B model suggesting that TcdA signature is stron-
ger compared to TedB when both are present. Overall, these
spectral differences suggest underlying differences in pro-
teins and lipids in the serum from the toxin.

A limitation of this study is that we used toxin-spiked
serum for our analysis. In the future experiments, we will
use serum from severe CDI patients and to account for vari-
ability in serum from person to person, we will use larger
sample. Next, in case of TcdA and TcdA and B as the con-
centration of toxin decreased (1 ng-0.1 pg/ml), error rates
decreased (18.75% to 0% and 15% to 0%, respectively) sug-
gesting that it was easier to separate TcdA or TcdA and B
spiked serum from control serum at lower concentrations. We
expect it to be harder to separate toxin-spiked serum from
control serum at the lower concentrations of the toxin. This
was not the case for the TcdB and as the concentration
decreased (1 ng-0.1 pg/mL), as expected model performance
suffered (3.75%-8.75%). This unusual behavior might be
contributed by TcdA as this is only observed in case of TcdA
and TcdA and B spiked serum. Further studies are needed to
determine if this might be due to presence of any neutralizing
antibodies against TcdA in the serum. It is known that
neutralizing antibodies in the sera make it difficult to detect
TcdA and TedB in cell-based toxicity assays. We did not ac-
count for that in this study and in our future experiments, we
will determine the effect of neutralizing antibodies on the
model performance.

Despite these differences, TcdA, TedB, and TcdA and B
were detected in serum with relatively high sensitivity and
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specificity at lower concentrations (1 ng-0.1 pg/mL). Overall,
error rates can be decreased by increasing sample number and
employing better classification algorithms such as deep
learning that take advantage of large sample data. The turn-
around time for RS is less than 30 min. This can be further
decreased considerably by decreasing wavelength range to be
recorded during the RS to the important regions such as
phenylalanine and CH vibrations. These results suggest that
RS has great potential to detect C difficile toxins in serum at
very low concentrations.

Further evaluation of this technique will be done with
larger toxin-spiked serum sample and its control from severe
CDI patients and results will be validated with CCAT and ICT.

Conclusion

RS gives a molecular fingerprint of the sample and it does not
require any antibodies or labels. Currently, most diagnostic
modalities are either not sensitive enough or have long
turnaround time and require expertise to perform. RS is cost-
effective and has 30-min turnaround time that can be further
reduced on optimization to a few minutes. Because of these
advantages, RS has great potential to be a point-of-care
testing tool for rapid detection of C difficile toxins in serum
for critically ill CDI patients and continuous-monitoring
patients.
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