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Abstract
Infectious diseases caused by bacteria still pose major diagnostic challenges in spite of the availability of various molecular
approaches. Irrespective of the type of infection, rapid identification of the causative pathogen with a high degree of sensitivity
and specificity is essential for initiating appropriate treatment. While existing methods like PCR possess high sensitivity, they are
incapable of identifying the viability status of the pathogen and those which can, like culturing, are inherently slow. To overcome
these limitations, we developed a diagnostic platform based on Raman microspectroscopy, capable of detecting biochemical
signatures from a single bacterium for identification as well as viability assessment. The study also establishes a decontamination
protocol for handling live pathogenic bacteria which does not affect identification and viability testing, showing applicability in
the analysis of sputum samples containing pathogenic mycobacterial strains. The minimal sample processing along with mul-
tivariate analysis of spectroscopic signatures provides an interface for automatic classification, allowing the prediction of
unknown samples by mapping signatures onto available datasets. Also, the novelty of the current work is the demonstration
of simultaneous identification and viability assessment at a single bacterial level for pathogenic bacteria.
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Introduction

Rapid and accurate diagnosis of the causative organism plays
a vital role in infectious disease epidemiology [1]; however,
one of the fundamental challenges in this area lies in the ac-
curate identification of the causative agent. The need is to have
a method that not only identifies pathogen signatures accurate-
ly but also provides the viability status of the pathogen, which
is imperative for understanding the pathogen’s response to
therapy and for deciding on a future therapeutic regimen.

Conventional diagnostic techniques like microbial staining
or culturing of the pathogen from clinical samples remain the
gold standard for detection of many pathogens including
Mycobacterium tuberculosis, the causative organism of tuber-
culosis (TB). Although these approaches are relatively inex-
pensive and simple, the major disadvantage is that they are
contingent on the bacterial load in the sample and the time
taken for identification may vary from days to weeks depend-
ing on the bacteria. For example, smear culturing requires at
least 104 bacilli per milliliter of sputum sample [2].
Furthermore, only live culturable bacteria can be detected
using standard growth-based techniques. Viable but non-
culturable bacteria (VBNCs) which are metabolically viable
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but not culturable due to the lack of knowledge of their pre-
ferred growth conditions or due to dormancy successfully
elude culturing tests, thereby resulting in false negatives and
making these techniques non-adaptable for point-of-care di-
agnostics. Recent advances in molecular biology have facili-
tated the development of polymerase chain reaction (PCR) [3,
4] and other nucleic acid-based amplification techniques such
as line amplification assay [5] and serology-based assays as
methods of choice for accurate and rapid prognosis without
the need for cultivation of the pathogen [6]. However, they are
fraught with either low sensitivity due to a paucity of organ-
isms in the sample or they provide false-positive results due to
contamination of the sample with environmental bacteria [2].
A further complication is introduced by the fact that DNA can
be isolated from both live and dead organisms and thus cannot
confirm the presence of live pathogens. Moreover, assays
which rely on detecting circulating antibodies against patho-
gen antigens have the major limitation of cross reactivity of
antibodies to antigens from closely related bacterial species
which can generate false-positive results [3]. Furthermore,
these assays do not provide information regarding the resis-
tance to the antimicrobial agents unless they have standard
mutations [7–9]. Skill intensiveness and multistep sample pro-
cessing designs of existing diagnostic technologies also re-
quire trained manpower, which may be a limitation at the
point of care in low-income countries.

Therefore, a technique which can specifically analyze bio-
chemical signatures of bacteria and distinguish live from dead
populations can aid in addressing these requirements. One of
the ways to fingerprint the complete biochemical composition
of an organism is to use vibrational microspectroscopic tech-
niques, namely infrared and Raman spectroscopy [10–14].
These techniques can capture bond-specific vibrations from
biochemical constituents of the cell. They can also achieve
spatial resolution for single bacterial or single colony bio-
chemical fingerprinting using a microscope along with a spec-
trograph. Infrared and Raman microspectroscopy along with
multivariate analysis has been employed previously in strain-
specific identification of bulk bacterial samples [15–17]. Due
to the challenges of infrared optics, analysis of a single bacte-
rium is arduous. In contrast, Raman microspectroscopy which
primarily operates in the visible spectrum can attain high spa-
tial resolution with the use of high magnification and high
numerical aperture (NA) objectives.

In this study, we have demonstrated simultaneous identifi-
cation and viability assessment of bacteria using tuberculosis
(TB)-causing bacteria, Mycobacterium tuberculosis, as the
model system. Towards this, primarily, a background-free
substrate is developed for Raman analysis of a single bacteri-
um. Secondly, an appropriate fixative agent suitable for
Raman analysis of bacteria, which makes them non-viable
without affecting their biochemical signatures, is described.
Further, viability assessment was demonstrated for bacteria

spiked in artificial sputum. Finally, a proof of concept show-
ing a concurrent methodology for species identification and
viability assessment using Raman microspectroscopy is pre-
sented. Though there are reports on single bacterial identifica-
tion of tuberculosis, the novelty of the work is the concurrent
approach for viability assessment for the pathogenic bacteria.
Furthermore, the method can be scaled to any number and
type of bacteria.

Materials and methods

Description of protocols regarding bacterial strains and cul-
ture, fixation, drug and artificial sputum treatment of bacteria,
and their biological viability assessment are given in the
Electronic Supplementary Material (ESM).

Substrate fabrication Fig. S1 (see ESM) depicts briefly the
protocol utilized for fabricating the substrate. 100 p-type sili-
con (Si) wafer was cleaned to remove any oxides or ions using
the standard RCA cleaning procedure, followed by deposition
of a layer of 200 nm aluminum using either thermal evapora-
tion or by sputter coating. The deposited aluminum was
annealed at 400 °C in a N2 atmosphere for 15 min. These
substrates were stored inside a desiccator until use. The bac-
teria were dry-casted on the substrate. Further, the substrate
was mounted on an aluminum holder which facilitates mount-
ing to the microscope stage.

Processing of bacterial samples for Raman spectroscopy The
cells were pelleted and washed with 1 ml of deionized water.
Washing was repeated twice for cultured bacteria and 5 times
for cells obtained from the sputum. After the last wash, the
pellet was resuspended in MilliQ water and from that
1.5 Microlitre was cast on the fabricated Raman substrate and
dried at room temperature before spectroscopic measurements.

Raman microspectroscopy analysis Raman measurements
were performed using a Renishaw InVia Raman
microspectroscope. Initial experiments on quartz substrate
were performed using 514 nm laser whose results are shown
in Fig. S2 (see ESM). Further experiments were performed
using the 633 nm on an upright microscope with a laser power
of ~ 10 mW. The Raman spectra of individual bacteria were
collected using a ×100 dry objective (0.8 NA). The same
objective was used to collect the backscattered light from the
sample. The scattered radiation was passed through a notch
filter, focused onto a monochromator with 1200 lines/mm
grating, and detected using a Peltier cooled CCD camera
(256 × 1048 pixels sensor). For spectroscopic evaluation of
the lower wavenumber region (500–1900 cm−1), the bacteria
were exposed for 15 s and the spectra were accumulated 5
times to get a good SNR. For the higher region (2800–
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3000 cm−1), 10 s exposure and 3 accumulations were done.
Each experiment has three biological replicates, and each bi-
ological replicate had a minimum of two technical replicates.
A minimum of fifty bacteria were sampled from each biolog-
ical replicate. In total, more than 2500 spectra were used for
simultaneous identification and viability assessment. Further,
for imaging experiments, more than a thousand spectra were
collected which depends on the size of the imaging area. After
data collection, the spectra were subjected to pre-processing
including cosmic ray removal, multipoint base line correction,
Savitzky-Golay smoothing, and vector normalization using
Renishaw wire 4.2, OriginPro 8.5 and Unscrambler 10 soft-
ware. Unlike univariate analysis where few wavenumbers are
picked for analysis, all the wavenumbers of a spectrum are
employed for the analysis. IBM SPSS 17.0 for canonical dis-
criminant analysis (CDA) and Unscrambler 10 was employed
for principal component-linear discriminant analysis (PC-
LDA) in which predictions of unknown samples were per-
formed. The CDA uses the leave-one-out-cross validation
(LOOCV) method to validate the model. In this method, one
sample is kept out as test data and the rest of the sample is
employed to build the training dataset. Then the test data is fed
to check whether it is being correctly identified in their respec-
tive class/cluster/group. Likewise, each sample is kept out of
the training set and evaluated. The outcome of these iterative
processes is a measure called accuracy which tells the robust-
ness of the model built. Accuracy is directly dependent on the
correct clustering of the test data to its appropriate group.

Results

Towards developing a rapid non-invasive diagnostic tool for
the identification of bacterial infections, we focused on diag-
nosing tuberculosis through Raman signatures. Tuberculosis
(TB) was taken as the case study to demonstrate the identifi-
cation potential, effect of decontamination, and viability as-
sessment using Ramanmicrospectroscopy. This was primarily
because TB accounts for the maximum number of deaths
caused by a single infectious agent and the high mortality is
due mainly to improper diagnosis, long therapeutic regimens,
and poor patient compliance. As Raman scattering is a weak
process, to achieve a good signal-to-noise ratio (SNR) from a
single bacterium, we first developed a background-free sub-
strate (Fig. 1a). Further, we deduced appropriate Raman mea-
surement parameters to record spectra from single bacteria
rapidly with high SNR (Fig. 1b). We typed several
Mycobacterium species belonging to theM. tuberculosis com-
plex (MTC) and non-tuberculousMycobacteria (NTM) group
alongside many common bacteria like Escherichia coli,
Bacillus subtilis, Klebsiella pneumoniae, etc. to build a spec-
troscopic database based on Raman spectral signatures (Fig.
1c). To extend the protocol to pathogenic bacteria, we

identified suitable chemical inactivation methods for
Mycobacteria which would have a minimal consequence on
Raman spectra (Fig. 1d). In addition, we were also able to
generate spectral signatures which can differentiate dead bac-
teria from live, by generating spectra from mycobacteria cells
treated with first-line drugs as against untreated live cells (Fig.
1e), thereby addressing one of the long-standing needs of clin-
ical microbiology, i.e., to discriminate between live and dead
bacteria in a clinical-like sample (Fig. 1f). Overall, our study
reports a reliable, rapid, and non-invasive diagnostic tool that
can be adapted as a point-of-care diagnostic testing in clinics,
especially for tuberculosis. Our approach is amenable to the
identification of live and dead bacteria, and to the best of our
knowledge, this is the only technique which can rapidly iden-
tify bacteria and assess their viability status as well.

Identification of appropriate substrate and laser
wavelength for Raman analysis of bacterial
populations

Substrate and choice of wavelength play a major role for
Raman scattering-based analysis of biological specimens as
they affect the signal-to-noise ratio. Quartz substrates are
widely employed in Raman spectroscopy but have a strong
background contribution in the fingerprint region (800 to
1800 cm−1) as shown in Fig. S2a (see ESM). Kerr et al. have
provided a detailed account of these issues and have identified
substrates which suit mammalian cells [18]. Several
background-free substrates like CaF2, MgF2, etc. are widely
used in Raman spectroscopy of biological samples like mam-
malian cells, tissue, and bulk bacteria. However, these sub-
strates do add background while employing for single bacte-
rial analysis as the volume that we are measuring is very small
compared to other biological samples mentioned before. So,
we developed a substrate for Raman imaging of a single bac-
terium. A detailed account of the steps we have taken to de-
velop a substrate is given in the ESM (Fig. S1). This substrate
was similar to aluminum-coated slides used previously for
identification of environmental bacteria [19].

Raman spectra from five different species of bacteria, name-
ly E. coli, B. subtilis, K. pneumoniae, Mycobacterium
smegmatis, andMycobacterium bovis, were recorded after drop
casting on the in-house fabricated substrate with both 514 nm
and 633 nm excitation light sources as shown in Fig. 2. The
sensitivity obtained from PC-LDA of Raman spectra with
514 nm and 633 nm was 100% and 99.63% respectively.
Both excitation sources provided high accuracy on prediction
using PC-LDAwhich is seen in the confusion matrix given in
Table S1 (see ESM). The confusionmatrix is a way to represent
the reliability of an experiment, wherein inaccurate or less spe-
cific readouts will result in higher values in wrongly classified
columns. Though both wavelength sources provided high ac-
curacy, further experiments were performed with a 633-nm

Rapid detection of bacterial infection and viability assessment with high specificity and sensitivity using... 2507



laser line because this wavelength shows considerably less pho-
totoxicity and lower background fluorescence [20]. Utilization
of this single bacterial Raman imaging platform, essential for
mixed culture analysis, is described in detail in ESM (Fig. S3).

Optimization of sample processing for Raman
spectroscopy for handling pathogenic bacteria

For bacterial samples obtained in clinical settings, decontam-
ination is an essential requirement for the safe handling of

pathogenic samples. Decontamination is generally achieved
by means of chemical treatment, but the choices are limited
when it is desirable to retain the integrity of biological struc-
tures, preserving molecules, cells, and tissues at a specific
stage for further composition analyses. This is classically ob-
tained by fixation, which also protects the biological compo-
nents from decay during harsh treatment protocols such as
dehydration, washing, and staining.

Multiple approaches of sample fixation and decontamina-
tion have been utilized for different applications, and agents

Fig. 2 Average Raman spectra
from a single bacterium from
different species. The spectra
were recorded using 514 nm
(bottom green trace) and 633 nm
(top red trace) lasers as excitation
light sources. The samples were
mounted as described in the
“Materials and methods” section,
and Raman signatures were col-
lected as described.
Representative spectra collected
from a single bacterium are
shown

Fig. 1 Overview of the study. The
steps involved in developing a
Raman-based single bacterial
identification and viability assay
are depicted. The process starts
from design of appropriate sub-
strate (a) which is free of back-
ground signal and which facili-
tates spotting of single bacteria.
Following the design of sub-
strates, optimal Raman spectro-
scopic measurement parameters
were framed for further analysis
(b). The primary step is to classify
a single bacterium based on the
Raman spectra (c), followed by
investigating the effect of fixa-
tives (d) and antibiotics (e) that
are used to eradicate mycobacte-
rium. Finally, the methodology to
identify viable pathogenic bacte-
ria is used to establish the Raman-
based viability assay to suit the
clinical setting (f)
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such as ethanol, paraformaldehyde (PFA), and sodium azide
(only to a limited degree) have been tested for Raman spec-
troscopy previously on various bacterial species [21].
However, both samples as well as downstream processing
determine the right fixative and decontaminating agent. We
tested various chemical agents to identify a suitable method
for detoxification as well as for preserving the cellular in-
tegrity of bacterial samples. The efficacy of various agents
was tested using M. smegmatis as a test bacterium on two
specific parameters, (i) loss of cell viability and (ii) reten-
tion of Raman signatures. The morphology ofM. smegmatis
was unaltered for all the three selected agents (Fig. 3a and
ESM Fig. S4), and the Raman spectra were recorded from
live, untreated, and unfixed cells and compared with treat-
ed and fixed M. smegmatis (Fig. 3b). As evident from the
spectra, there are no remarkable differences observed be-
tween the samples. Figure 3c depicts the difference spectra
obtained when the average Raman spectra of unfixed bac-
teria were subtracted from the fixed ones. Post subtraction,
the positive and negative values indicate the extent of
changes that have occurred in a bacterium due to the

treatments. Among the three agents, PFA showed the least
variation and glutaraldehyde treatment showed the most
changes in the composition in comparison to the live sam-
ples. While sodium azide-treated cells showed minimal
spectral changes, the viability assessment revealed that the
bacteria were not dead after this treatment (Fig. 3a), thereby
not meeting the integral requirement for further processing
steps. Thus, PFAwas selected as the fixative for processing
Mycobacterial samples for Raman spectroscopy. Suitability
of processing was further proved by CDA (Fig. 3d) wherein
the PFA-fixed cells clustered close to the unfixed ones. The
method was also suitable for recording the spectrum from
the pathogenic M. tuberculosis (red curve in Fig. 3e). The
spectra from fixed and decontaminated M. tuberculosis
were comparable to that of M. bovis, a close but non-
pathogenic relative which can be handled in BSL2 labora-
tory settings. The spectra also show that both the species
have very similar chemical composition based on Raman
analysis. Overall, we report the development of a complete
workflow for Raman analysis of pathogenic bacterial spe-
cies which does not interfere with their identification.

Fig. 3 Effect of various decontaminating agents on Raman analyses.
a Viability assessment for various decontamination agents using a plate-
based culturing assay and the white light image of treated M. smegmatis
cells under ×100 magnification to monitor any change in morphology
(if any). b Average Raman spectra from M. smegmatis cells treated with

various agents utilized for eradicating them and their comparison with
live cells. c Differences in Raman spectra of bacterium treated with var-
ious inactivating agents. Baseline spectra are from live bacteria. d CDA
for live and fixed bacterial cells. e Comparison of spectra collected from
fixed M. tuberculosis with that collected from fixed M. bovis
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Development of a Raman-based viability assessment
tool for bacterial cells

One of the main limitations of most microbial diagnostic tools
such as PCR, ELISA, and so on is their inability to provide
information about the viability of the sample. Culturing tech-
niques, which can distinguish live from dead bacteria, are
generally very slow and limit handling of biological samples
to only approved laboratories (BSL2 and above). Towards
investigating the applicability of Raman spectroscopy for
overcoming these limitations, we approached the problem in
two steps. First, to evaluate if the signatures of viability are
retained even after fixation and, second, if Raman
microspectroscopy can distinguish between live and dead bac-
terial cells (discussed in the next section).

Towards the first step,M. smegmatis cells were cultured in
the presence or absence of various antibiotics, typically used
for treating tuberculosis, viz. streptomycin, rifampicin, etham-
butol, and isoniazid. The cells were treated either with each
drug independently or with all together as done in the standard
treatment course. The bacterial cells were treated with indicat-
ed doses for 24 h before Raman analysis, where effects on
M. smegmatis are recorded.

As anticipated, in our experiments, we recorded complete
cell death when all the four antibiotics were utilized together,
but variable killing was recorded with individual antibiotics
by culturing of the treated bacterial cells (Fig. 4a). Figure 4b
shows average Raman spectra collected from treated and un-
treated M. smegmatis. Since each antibiotic targets different
biological pathways, the average Raman spectra show chang-
es in peak intensities, shape, and bandwidth for various spec-
tra.While we did not characterize the specific chemical chang-
es because of each antibiotic treatment, we focused on differ-
ences in signature to distinguish the live and the dead bacteria
(obtained by four antibiotic treatments).

Viability analysis clearly showed that only the bacteria
treated with the combination of the selected four antibiotics
were completely killed. We tested our ability to discriminate
live vs dead bacteria using CDA as shown in Fig. 4c. The
LOOCV accuracy was 83.4%. Low sensitivity of viability
assessment arises due to absence of segregation of clusters.
At the level of single bacterial analysis, it is difficult to be sure
that the sampled bacteria are affected by the antibiotic treat-
ment. Many bacteria in the culture may be resistant to antibi-
otics or may grow with a low rate. For example, the signature
of ethambutol-treated cells showed only an increase in carot-
enoid peaks and was similar for the most part to untreated or
live cells. Moreover, only the combinatorial therapy which
succeeded in killing all the cells clustered away from the live
ones. In addition, the streptomycin-treated cells cluster with
the dead bacteria and the centroids of both the cluster are
located close to each other. Further, the Raman spectra of the
streptomycin-treated cells alone and the combined treatment

of four antibiotics showed more comparable signatures. As
evident from the plate growth effect, streptomycin was the
strongest antibiotic, but by itself, it did not eradicate all the
bacteria. Concomitant to this, Raman spectral analysis re-
vealed that the bactericidal effect of streptomycin is higher
compared to that of the other antibiotics and the treated bac-
teria grouped closer with the dead ones. The rifampicin-
treated cells clustered between the live and the dead cells,
and the centroid was closer to the dead cell cluster. The
isoniazid-treated cells formed a completely different cluster
equidistant to both live and dead clusters, perhaps on account
of its completely different mechanism of action which needs
activation by bacterial catalase and by itself can be used for
treating latent bacteria. These findings provide a unique plat-
form to typing bacterial cells from patients and identify which
antibiotics they are responding to. This can be one experimen-
tal strategy which can be employed to identify drug resistance
in bacterial cells.

Finally, while comparing the live, dead, and fixed bacteria,
the CDA gave us a cross validation accuracy of 98% (Fig. 4d)
and the three groups clustered separately. Although both fix-
ation and killing of bacteria by antibiotics lead to loss of via-
bility, the modes of action are different resulting in two differ-
ent clusters, evident in Fig. 4d. Technically, fixed cells are
dead, evident from the plate assay. Interestingly, paraformal-
dehyde treatment-mediated fixation allows retention of the
biochemical signatures in the cells even though they differ
from the live and the dead groups. If we consider fixed as
dead, then Raman is able to identify different deactivating
procedures. While fixation leads to immediate arrest of cellu-
lar processes by cross linking the cellular ingredients, the
drug-induced killing is a slow process, in which cellular path-
ways are blocked and thus leading to degradation of intracel-
lular macromolecules, followed by death, which is reflected in
their biochemical signatures and composition. Further, we
performed ratiometric analysis of few peaks to appreciate the
differences between live, dead, and fixedM. smegmatis (ESM
Fig. S5) [12]. The ratios 811/825 corresponding to RNA/
protein and 2853/2932 corresponding to CH stretching vibra-
tions did not show any significant changes while comparing
the live, dead, and fixed M. smegmatis. The ratios 782/1003
(DNA/protein), 851/938 (protein/glycogen), 918/938 (both
peaks correspond to glycogen), 1283/1258 (peaks under the
amide III region), and 1519/1575 (carotenoids/DNA) showed
minimum or non-significant differences while comparing the
live and fixed M. smegmatis (compare green and blue bars).
Conversely, only the ratio 1083/1125 corresponding to phos-
phates and glycogen showed significant differences between
the live and fixed samples. However, while comparing the live
and fixed with the dead, we could observe mostly significant
differences (compare the green and blue bar with the red).
Further, the ratio 1450/1659 corresponding to lipid/protein
had significant difference while comparing the three against
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each other. Thus, most of the ratios remain similar for the live
and fixed samples, thereby reinforcing the fact that the fixation
through paraformaldehyde left the bacterium least affected
whereas the dead which has undergone treatment with four
antibiotics showed enormous differences. Overall, we report
successful development and implementation of a rapid
Raman-based viability assay for bacteria, essential for rapid
diagnosis of bacteria present in clinical specimens.

Raman prediction and analysis of pathogenic
bacterial samples in clinical material

Given that the ultimate objective of the study is to identify and
characterize bacterial samples from clinical specimens, we
next probed if the developed protocol based on Raman spec-
troscopy can be used for this. Towards this, mycobacterial
cells were resuspended in artificial sputum media (ASM)
and treated with the mucolytic agent N-acetyl cysteine
(NaLC) and NaOH as per the standard Petroff’s decontamina-
tion procedure. It is known that complex biological material
like sputum, which is mainly mucous, can hinder the Raman

analysis; thus, it was essential to remove the same [22]. After
this step, we fixed the sample with 4% PFA as described
above and recorded the Raman spectra.

Figure 5a is the CDA plot ofM. smegmatis in live and dead
states after fixation. The LOOCV clustering of live, dead (ob-
tained by treating with all four frontline drugs), and their fixed
counterparts yielded an accuracy of 91.2%. LOOCV of dis-
criminating the live and dead irrespective of fixation was
96.3% (confusion matrix shown in ESM Table S2). This
served as a training dataset for the prediction of live and dead
M. smegmatis samples spiked in artificial sputum. ASM
spiked bacteria fixed after NaLC treatment for removal of
sputum were subjected to Raman analysis, and the spectra
were predicted using PC-LDA on the training dataset.
Figure 5b shows the outcome of this, where the first bar rep-
resents the prediction percentage of live (fixed)M. smegmatis
spiked in ASM and 84% of the sample spectra were identified
correctly as live and 16% were classified as dead.

The second bar represents the prediction percentage of
dead (fixed) M. smegmatis spiked in ASM, and 82% were
appropriately predicted as dead. Figure 5c shows the CDA

Fig. 4 Raman-based viability assessment forM. smegmatis. a Plate assay
with various antibiotics or combination of antibiotics used to obtain
bactericidal effects. Cells were treated with the filter sterilized
antibiotics viz. isoniazid, ethambutol, rifampicin, and streptomycin with
concentrations of 32 mg/ml, 42 mg/ml, 20 mg/ml, and 10 mg/ml

respectively. All the abovementioned antibiotics together were used in
combination to completely kill bacterial cells. b Raman spectra of
M. smegmatis cells with and without treatment of antibiotics. c CDA of
the Raman spectra presented in b and d CDA of live, dead, and fixed
M. smegmatis
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plot along with the sputum spiked samples, where the discrim-
inant function 2 separates the live and dead with an accuracy
of 93.7% (confusion matrix shown in ESM Table S2). The
misclassifications observed between the live and the dead ba-
cilli underscore the power of Raman spectroscopy to pick up
natural variations in bacterial viability in a sample that has
undergone no decontamination. Similarly, while sampling
the dead, some bacteria would have escaped the complete
effect of antibiotics and may have entered a viable but not
culturable (VBNC) state and few of them are alive. Thus,
the sensitivity of Raman spectroscopy at the single bacterial
level surpasses all other existing methodologies.

A similar analysis was performed on pathogenic
mycobacteria (fixed M. tuberculosis H37Ra). The CDA
shows (Fig. 5d) an LOOCV accuracy of 97% in identifying
the live and dead state of the bacteria post treatment and pro-
cessing. The discrimination of live and dead irrespective of
processing yielded an accuracy of 95% (confusion matrix
shown in ESM Table S2). Overall, the workflow of develop-
ing a platform that facilitates species-wise identification of

bacterium regardless of their viability, fixation, and decontam-
ination treatments is presented in Fig. 5e. The figure shows
spectral analysis of M. smegmatis , M. bovis , and
M. tuberculosisH37Ra in live as well as in dead states isolated
from ASM. Following NaLC treatment and washes, the
Raman spectra grouped into three broad clusters representing
each species.Moreover, the centroids of live and dead bacteria
(both fixed) for a given species always lie close to each other.
Combined identification of the species and viability gave
LOOCVaccuracy of 94.6%,whereas the species identification
irrespective of the viability gave LOOCVaccuracy of 99.7%.
This accuracy is like that of the initial identification shown in
Table S1 (see ESM). CDA is a supervised classification model
which demands declaration of groups in the dataset prior to
classification. In Fig. 5e, the CDA model was built using a
dataset whose species category is known prior to building the
model. After the model was constructed, the sample points are
represented with both the species identity and viability status
to highlight that species identity is not lost in the process of
testing the viability. However, for clinical samples, the spectra

Fig. 5 Assessment of presence of viable pathogenic bacteria in biological
fluids. aCDA of live fixed/unfixed and dead fixed/unfixedM. smegmatis.
The cells were fixed using paraformaldehyde as per the protocol de-
scribed in the “Materials and methods” section. To kill the bacteria, they
were treated with all the four antibiotics as described in Fig. 4a. b
Prediction analysis of various M. smegmatis cells (as indicated) spiked
in ASM. cCDA of live and dead cells which are in fixed and unfixed state

and spiked in ASM. d CDA of the non-pathogenic strain of
M. tuberculosis H37Ra and their live/dead classification after spiking in
ASM. e CDA for species typing of pathogenic mycobacteria present in
biological fluids (ASM) towards their identification and their viability
assessment. The green oval corresponds to the live group and red corre-
sponds to the dead group (irrespective of fixation or ASM treatment)
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were first processed through a model containing the species
identity. Secondly, when viability is tested, it has the dataset of
the particular species containing only its viability information.
Thus, we present a method for bacterial species identification
using Ramanmicrospectroscopy wherein no effect of fixation,
sputum components, and antibiotic treatment on the basic
dataset is observed, but high sensitivity and specificity in sam-
ple identification are obtained.

Discussion

Raman-based bacterial identification has been reported previ-
ously, and the approach has also been used to identify and type
mycobacterial strains in bulk [23–25]. Until 2003, identifica-
tion of bacteria employed using Raman spectroscopy was
mostly performed on bulk systems [26, 27]. From 2004, with
the advent of confocal microscopy, high-magnification objec-
tives and availability of highly sensitivity detectors, single
bacterial identification and imaging through Raman have been
explored [28, 29]. Studies have reported single bacterial iden-
tification for medically and environmentally relevant bacteria
like anthrax [30], in urinary tract infection [31], in water path-
ogens [32, 33], in meat-associated pathogens [34], and in
many other samples [16, 35–37] using multivariate analysis
techniques. Raman spectroscopy along with supervised mul-
tivariate analysis techniques like support vector machine
(SVM) has also been employed to identify TB pathogens,
but no studies has reported use of Raman for identification
and viability assessment [38]. In our study, in addition to the

identification ofM. tuberculosis, we have studied the fixation
effects as well as assessed the viability status of the microor-
ganism. Further, the effect of antibiotics on bacteria, quanti-
fying the MIC and the effect of different growth conditions
have also been investigated [11, 39–43]. Apart from normal
Raman studies, surface-enhanced Raman spectroscopy
(SERS) which has enhanced sensitivity has also been
employed for the identification of bulk and single bacteria
including mycobacterial species and mycolates [44–49].
Investigations into antibiotic effects and the identification
of antibiotic-resistant bacterial species have also been probed
by SERS [50, 51]. Similarly, intracellular mycobacterial and
staphylococcus species were identified and imaged inside the
host cell using Raman microscopy [52, 53]. Fluorescence and
SERS have been employed to test the viability of Bacillus and
E. coli respectively [54, 55]. The effects of several fixation
methods have been investigated on various bacterial species
using Raman spectroscopy [21, 25, 56]. Overall, it is evident
that the responses of bacteria to different treatments vary and
consequently Raman spectra also vary. However, a unified
approach for detection, inactivation, and viability assessment
for a specific species of bacteria is yet to be explored as a
protocol which, in future, can be applied to all bacterial species.

The current study presents a comprehensive and robust work
flow for a Raman spectroscopy-based platform for bacterial
identification and viability assessment at the single-cell level,
which does not involve extensive sample processing. The study
presents a design which overcomes the sensitivity and specific-
ity limitations of microbiological procedures which are current-
ly employed for strain identification and typing. Given that it is

Table 1 Comparison of features of the Raman-based diagnostic tool with the existing techniques

Parameters Raman-based technique Existing techniques

Sample processing Only decontamination/fixation Involves labor-intensive and time-consuming steps, either for
extraction or for growth

Specificity Raman spectrum reflects biochemical composition of a
bacterium which is unique for each species. Even unknown
bacteria can be classified to their closest related group. The
limitation is defined only by the available database.

Though PCR serves as a gold standard for strain confirmation
for low bacterial loads, prior information on conserved
regions is required. Only the presence or absence of a
particular strain whose primers are known can be identified
irrespective of their viability status.

Sensitivity Sample with any bacterial load is acceptable. With the use of
high spatial resolution, a single bacterium can also be
analyzed.

Many techniques utilize bacterial culturing from a clinical
sample to increase their number for downstream analysis.
PCR can potentially detect single bacteria.

Automation/simplicity Needs minimum processing, only at the stages of
decontamination, fixation, and casting.

Require extensive processing and handling. Errors or
mishandling of sample scan lead to false negatives.

Running Cost As it does not use any expensive chemicals, the running cost
per sample is low. Although the spectrometer cost could be
high, it would be a one-time infrastructure investment and
not expected to have any recurrent cost component.

Running cost for PCR, microbiological, and other
ELISA-based techniques on a per sample basis is high, as it
requires expensive chemicals.

Speed Maximum ~ 2 h after the sample is received Ranges from 3 to 10 h for PCR and up to 21 days for culturing
for TB identification

Expandability As it detects the biochemical composition, the technique can be
extended to understand treatment prognosis and their effect
on the bacterium.

Culture tests and susceptibility analysis help frame the
appropriate treatment regimen. Bio-molecular profiling is
done by extraction of every component.
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critical to know the viability status of the bacterial cells which
are found in the biological samples, primarily to formulate ap-
propriate therapy, the technique of choice for this purpose is still
culturing, either in liquid in the form of growth indicator tubes
or on solid medium; it can be a limitation in a sample where
bacteria are viable but not culturable (VBNCs), a major imped-
iment in microbiological assessment platforms worldwide [57].
This issue has been very difficult to surmount, and we present
here an approach that can do so.

To summarize, we have (i) established Raman
microspectroscopy as a sensitive and specific technique for
the identification of various bacteria of MTC and NTM
clades, (ii) demonstrated the ease of handling and processing
of patient samples without changing any existing microbial
typing protocols, (iii) demonstrated the ability of this tech-
nique to identify mycobacterial and other strains in artificial
sputum, (iv) optimized the sample processing protocol for
handling pathogenic bacteria, (v) proven the suitability of as-
sessment of bacterial viability status at the single-cell level,
and (vi) presented a facile platform for POC diagnostics.

With our protocol, we were able to successfully differenti-
ate dead cells from the viable ones with a sensitivity of 98%,
and even there we speculate the reduction in sensitivity could
be due to the presence of VBNCs which otherwise are classi-
fied as dead, but Raman spectroscopy can potentially identify
them. This finding is open to additional investigation and
needs further characterization for various types of VBNCs,
an area where conventional characterization tools have failed.

Finally, we present a feature comparison table for a Raman-
based diagnostic tool for infectious diseases vis-à-vis the tech-
niques currently in use like staining, culturing, and molecular
tools (Table 1). While Raman spectroscopy is still in its infan-
cy, we believe that it has the potential to develop into a one-
step diagnostic tool capable of performing multiple analyses
from a single sample, enabling early point-of-care diagnosis
and prognosis tool of the disease followed by suitable antimi-
crobial therapy.
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