Sensors & Actuators: B. Chemical 300 (2019) 126907

Contents lists available at ScienceDirect

SENSORS and »

Sensors and Actuators B: Chemical ACTUATORS

journal homepage: www.elsevier.com/locate/snb

Optofluidic label-free SERS platform for rapid bacteria detection in serum R

Check for
updates

Robert Hunter””", Ali Najafi Sohi®, Zohra Khatoon®, Vincent R. Berthiaume®, Emilio I. Alarcon®®,
Michel Godin™™', Hanan Anis®

2 Ottawa-Carleton Institute for Biomedical Engineering, University of Ottawa, Ottawa, Ontario, KIN 6N5, Canada

Y Department of Physics, University of Ottawa, Ottawa, Ontario, KIN 6N5, Canada

¢ Cardiac Surgery Research, University of Ottawa Heart Institute, Ottawa, Ontario, K1Y 4W7, Canada

4 Department of Chemical and Biological Engineering, University of Ottawa, Ottawa, Ontario, KIN 6N5, Canada

€ Department of Biochemistry, Microbiology, and Immunology, Faculty of Medicine, University of Ottawa, Ottawa, Ontario, KIN 6N5, Canada
f Department of Mechanical Engineering, University of Ottawa, Ottawa, Ontario, KIN 6N5, Canada

& School of Electrical Engineering and Computer Science, University of Ottawa, Ottawa, Ontario, KIN 6N5, Canada

ARTICLE INFO ABSTRACT

Keywords: The prevalence of hospital acquired infections and antibiotic resistant pathogens necessitates the development of
Surface enhanced Raman scattering bacteria sensing systems that do not require sample amplification via conventional cell culturing, which can be
Optofluidic prohibitively time-consuming. To meet this need, we designed an optofluidic Raman detection platform which

Label-free detection
Machine learning
Hospital acquired infection

utilized a microfluidic driven hollow-core photonic crystal fiber, which in combination with silver nanoparticles,
provides a large enhancement to the Raman signal. By confining both light and cells within this fiber, spectral
events generated by the flowing cells facilitates a novel method of cell counting to simultaneously quantify and
qualify infections. Counting is performed automatically by a genetically optimized support vector machine
learning algorithm that was previously developed by our group. The microfluidic system can be regenerated
multiple times, and allows for online detection of planktonic bacteria to levels as low as 4 CFU/mL in 15 min.
This compares favourably to other methods currently under development such as qPCR and biosensing tech-
niques. Furthermore, Raman spectral differences between bacteria allow for inherent multiplexed detection in
serum, by adding another layer to the learning algorithm. Further development of this device has promising
potential as a rapid point-of-care system for infection management in the clinic.

1. Introduction

Healthcare associated infections (HAI), also known as nosocomial
infections, are recognised as a global public health issue [1]. The in-
cidence of HAI ranges from 17 infections per 1000 patient-days in high
income countries, to over 40 in middle to low income countries [1].
This translates to around 6 million episodes of HAI in Europe and North
America every year. These infections are frequently caused by medical
devices, such as catheters, permanent implants, or ventilators, which
are inserted into patients during a variety of procedures. The use of
such devices may introduce components of the patient’s own micro-
biome into their bodies and cause infection [2]. Furthermore, due to the
increased use of antibiotics, the presence of antimicrobial resistant
pathogens may further complicate the infection [3]. Early diagnosis and
screening of antimicrobial resistant pathogens is important for making
informed treatment decisions [4]. However, standard microbial culture
analysis requires several hours, or even days to produce a reliable
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answer on the pathogen identity. Thus there is a present need to de-
velop more rapid analytical methods.

Some new technological approaches to bacterial screening, in-
cluding qPCR and biosensors, are increasingly gaining attention as
faster and more precise alternative tools. Rather than detecting the
bacteria itself, qPCR based techniques indirectly quantify the microbe
by using their nucleic acid, necessitating additional components such as
primers, probes, and DNA extraction solutions [5]. Others have re-
ported the use of biosensing techniques such as surface plasmon re-
sonance (SPR) [6-9], and electrical impedance spectroscopy (EIS)
[10-12]. Raman spectroscopy is another promising technique which
measures the inelastic scattering of light from molecular vibrational
modes in a sample [13]. This signal is rather weak, so surface enhanced
Raman spectroscopy (SERS) leverages the strong electric field in the
vicinity of metal nanostructures to enhance this scattering. The re-
sulting spectrum is a unique molecular fingerprint of the sample being
assayed, which can be used to detect, quantify, and discriminate
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biochemically distinct samples. SERS is frequently employed in the
analysis of liquids, thus this technique lends itself well to the devel-
opment of integrated optofluidic platforms, of which many have been
developed for various applications [14]. An important consideration
when designing an optofluidic SERS system for bacterial analysis is
whether to use a label-free approach, or to apply bio-recognition ele-
ments such as antibodies or aptamers [15]. Label-free techniques fa-
cilitate inherent multiplexing due to intrinsic differences in SERS
spectra from bacteria, however it becomes difficult to decompose the
spectrum if multiple bacteria are present. Conversely, labeled ap-
proaches allow for greater control of specificity, but limit the system to
bacteria that can be captured by the SERS substrate. Previously re-
ported SERS devices for bacteria detection using capture elements in-
clude bimetallic nanoparticles with aptamers and Raman reporter mo-
lecules for multiplexed bacteria detection [16], and aptamer coated
gold and magnetic nanoparticles for S. aureus and S. typhimurium de-
tection [17]. Examples of the label free approach include a microfluidic
system which mixes bacteria and silver nanoparticles for SERS detec-
tion [18], and SERS with vancomycin coated silver-gold nanoparticles
for detection of bacteria in blood [19]. In some applications it may be
necessary to concentrate the bacteria before SERS measurement. This
has been shown in the microfluidic dielectrophoresis enrichment
system developed by Wang et al to obtain SERS spectra of bacteria at
dilute concentrations [20].

Previously, our group has developed a system for acquiring Raman
spectra from a hollow-core photonic crystal fiber (HC-PCF) [21]. When
the fiber is filled with fluid, it is capable of simultaneously coupling
light and samples within a small space. This effectively increases the
depth of focus of the laser to the length of HC-PCF, thereby significantly
increasing the fluid/field overlap and amplifying the Raman signal
generated within. Yang et al. have previously utilized a HC-PCF en-
hanced SERS system to detect bacteria by capillary filling of the fiber
and subsequent acquisition of spectra [22]. However, we have pre-
viously found that filling by capillary action decreases the robustness of
a fiber enhanced Raman system because the filling can be inconsistent,
and one then needs to throw away an expensive fiber after the mea-
surement is complete [23]. Furthermore, relying on Raman spectra of
bulk fluid is not applicable in cases where the bacterial density is low.
This is because there is a chance that the fiber is filled with fluid con-
taining few or no bacteria, which severely hinders the limit of detec-
tion. It may be better therefore to count the cells as they actively flow
through the fiber in a method similar to flow cytometry, and then re-
storing the fiber with a cleaning solution. Fluorescence based flow cy-
tometry is an indispensable tool in cellular analysis, and Raman spectra
can be used in place of the fluorescent markers. For example, dye and
antibody conjugated nanoparticles have been used to detect cancer cells
in a SERS flow cytometer [24], and a microfluidic trap built over
plasmonic nano-dimers could acquire Raman spectra of single cells
flowing in blood plasma [25]. Counting of bacteria using antibody and
aptamer labelled SERS has been explored recently with promising re-
sults [26]. In this work, we seek to combine single cell counting of
bacterial SERS with the enhancement afforded by HC-PCF coupled
spectroscopy. Additionally, we employ simple nanoparticles and rely on
a powerful new machine learning algorithm to differentiate between
types of bacteria in a label-free system, which will increase the potential
breadth of applicability when compared to labelled methods. This re-
sults in a system that is capable of detecting 4 CFU/mL within only
minutes. This technology will be a breakthrough in the clinic by al-
lowing direct identification of bacterial infections in the operating
room, even at levels ordinarily undetectable, helping to considerably
improve the clinical outcome of hundreds of thousands of patients
globally.

2. Materials

Ethanol, silver nitrate salt, sodium citrate tribasic dihydrate,
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lysogeny broth (LB) medium, agarose, and rhodamine 6G (R6G) were
all purchased from Sigma-Aldrich. Fetal bovine serum (FBS) was ac-
quired from Gibco. The three bacteria species studied in this work
Pseudomonas aeruginosa (PA01), Staphylococcus aureus (ATCC 25923),
and Escherichia coli (CFT073) were acquired from ATCC and cultured
following the recommended guidelines. The polydimethyl-siloxane
(PDMS) with curing agent was Sylgard 184 purchased from Dow
Corning. Hollow core photonic crystal fiber used in this work was HC-
1550 from Thorlabs.

3. Methods
3.1. Synthesis and analysis of silver nanoparticles

Silver nanoparticles were prepared using the citrate reduction
method. Briefly, 50 mL of a 1.2mM solution of silver nitrate in deio-
nized water was brought to a boil while stirring at 700 rpm. Once a boil
was obtained, 10 mL of 1% w/v sodium citrate was added. This solution
was subsequently boiled for 1 h, followed by submersion into ice water
in order to stop the reaction. The result was a yellow-grey silver colloid
composed of approximately 3.3 x 10° particles/mL with a mean dia-
meter of "100 nm. This solution was stored away from ambient light at
4 °C. Under these conditions, the silver nanoparticles were found to be
stable for a period of several months. The nanoparticles were analysed
by means of transmission electron microscopy (TEM) imaging and
UV-vis absorption spectroscopy.

3.2. Fabrication of optofluidic device

The microfluidic device was 24 X 14 x 3.5 mm in size and made of
PDMS using replica molding. The master mold consisted of micro-
channel features made from SU8 photoresist spin coated over a 4-inch
silicon wafer. The microchannel was 12.6 mm in length and had a
100 x 60 pm? (width, height) rectangular cross section. The PDMS
used to produce the microchannel was mixed at base/curing agent ratio
of 10:1 (w/w) followed by degassing in a vacuum for 45min. and
curing at 70 °C for 2h. Two 0.75 mm holes were punched at the ends of
the microchannel for interfacing with polytetrafluoroethylene (PTFE)
tubing. Additionally, a 1.25 mm hole was punched in the middle of the
microchannel for interfacing with the optical fiber via a sleeve.
Following hole punching, the PDMS was permanently bonded to a
75 x 25 x 1.0 mm microscope glass slide (VWR VistaVision) using air
plasma at 50 W for 30 s. For completion of the bond, the device was left
at 70 °C overnight.

Following the fabrication of the microfluidic devices, the channels
were integrated with the HC-PCF to form the final optofluidic device.
All components were filled with ethanol during assembly in order to
guarantee that there were no bubbles present in the system. A piece of
HC-PCF was used to bridge the two microfluidic channels and affixed
with epoxy resin. Finally, the device is flushed with deionized water
and is ready to be integrated into the optical system.

3.3. Acquisition of fiber enhanced Raman spectra

The system used to acquire Raman spectra consists of a 785 nm
wavelength laser, whose power was controlled by a current/tempera-
ture regulator. This laser light is collimated by a gradient index (GRIN)
lens, reflected by an adjustable mirror through a bandpass filter centred
at 785 nm, and then reflected by a dichroic mirror into a 0.65 numerical
aperture (NA) plano-convex aspheric lens which is used to couple the
light into the optofluidic device. This device is mounted on a Thorlabs
compact 3-axis flexure stage via a custom 3D printed chassis. Khetani
et al. have shown that the bandgap of an HC-PCF blue-shifts when a
material of higher refractive index is introduced into the core and
cladding channels [23]. In this case, the bandgap which is normally
centred at 1550nm when filled with air (n = 1.0) is shifted to
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Fig. 1. Summary of the general performance results of the Raman optofluidic platform. (A) Drawing of the optofluidic system along with the microfluidic and HC-
PCF. The 785 nm laser source is represented by S, L1 is the GRIN lens, L2 and L3 are plano-convex lenses of NA = 0.65 and 0.3 respectively, M is an adjustable mirror,
BPF is the laser-line bandpass filter, DCM is a longpass dichroic mirror, P1-4 are pressure sources connected to the optofluidic platform that push fluid from reservoirs
through the system as described in Section 3.3. (B) Raman spectra of ethanol in cuvette and a 7 cm piece of HC-PCF. (C) Ratio of fiber intensity to cuvette intensity as
a function of fiber length, black line is an exponential best fit. (D) Relative standard deviation (SD) of the Raman spectrum measured from 12 fill/flush cycles (intra-
fiber deviation), and the deviation between four different fibers (inter-fiber deviation).

approximately 785 nm when the device is filled with water (n = 1.34).
The coupling into the HC-PCF was optimized by simultaneously ad-
justing the flexure stage and the adjustable mirror in order to obtain
single-mode coupling efficiencies between 40-50%. The Raman scat-
tered photons generated within the fiber are collected by the same as-
pheric lens. These Stokes shifted photons pass through the dichroic
mirror and are coupled into a multimode collection fiber via a 0.3 NA
plano-convex aspheric lens. This fiber leads into a Kaiser f/18i Spec-
trograph with a TE-cooled Andor CCD camera equipped with Andor
SOLIS software. Unless otherwise noted, the current delivered to the
laser was set to 70 mA resulting in "15 mW of power, and the integra-
tion time was 1s.

In order to fill the fiber, a 4-pressure system was used as shown in
Fig. 1A, wherein each pressure source is connected to a fluid reservoir.
In all experiments P1 was connected to the sample reservoir, P3 was
connected to the flushing reservoir, and P2 and P4 were connected to
waste reservoirs. Initially, P1 was increased to 70 kPa in order to charge
the microfluidic device with the analyte of interest. Subsequently P2
was set to equal P1 in order to the halt lateral flow, and both were
increased to 200 kPa to force the fluid through the HC-PCF. Finally, P3
was set to be 15kPa in order to continuously flush the analyte away
from the tip of the fiber, and P4 was left at atmospheric pressure. After
measurement, all pressures were dropped to atmospheric pressure, and
the fiber was then flushed. Flushing the fiber was performed identically
to the aforementioned filling process except P3 and P4 were set to high
pressure in order to fill the fiber in the reverse direction with the
flushing fluid. The flow of the flushing fluid was maintained for 5 min.
and the fluid itself was dependant on the analyte used, as will be dis-
cussed in later sections.

The samples containing bacteria in FBS were mixed in a 1:1 ratio
with the previously synthesized silver colloid. This solution was

allowed to incubate while the optofluidic platform was being flushed
after the previous measurement, which required 5 min. This solution
was pumped into the HC-PCF in accordance to the procedure outlined
above. The spectrograph was set to acquire one spectrum every second
for a period of 10 min. from the fiber.

3.4. Culture and counting of bacteria

Bacteria cultures for quantification were produced by taking 10 uL
of bacteria suspension and streaking this fluid onto a LB agar plate.
These plates where incubated at 37 °C for 16 h. Afterwards, a single
colony was taken with an inoculation loop and suspended in 2 mL of LB
medium, which was again incubated for 16 h. This procedure produced
bacteria samples containing “10° CFU/mL. This sample was then di-
luted in pure FBS to create the samples with low concentrations of
bacteria, which were then stored at 4°C and used within 24h for
Raman quantification. In order to quantify the samples against the
conventional counting method, 5 L of a 10°> CFU/mL solution of bac-
teria was plated onto LB agar plates and incubated at 37 °C for 16 h. The
colonies on each plate were then counted in order to get an estimate for
the number of CFU in each sample. Mixed samples were prepared in an
identical fashion, in that each bacterium was cultured and counted
separately. Subsequently, the individual preparing the samples added
an amount of each bacterium to FBS, the quantity of which was known
to the preparer but unknown to the operator of the optofluidic system.

3.5. Data analysis

Raman spectra were processed in MATLAB for all analyses. The
exact methodology used was dependant on the analyte from which the
spectra were obtained and the intended application of the data. In
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general, the pre-processing consisted of background subtraction using
the method developed by Kandjani et al, using a fifth order polynomial
to fit the background [27]. If the spectra were to be used for classifi-
cation analysis, they were then normalized by dividing by the highest
observed intensity. Furthermore, for bacteria samples, the SERS spec-
trum of the background matrix was also subtracted from the signal.

The classification analysis was performed by either projection to
latent structures discriminant analysis (PLS-DA) using built in MATLAB
functionality, or by genetic support vector machines (GA-SVM). The
GA-SVM algorithm is explained and analysed in detail in a previous
report by our group [28]. In short, a classical genetic algorithm is
combined with SVMs to facilitate the use of complex kernel functions
when analysing high dimensional datasets. SVMs essentially compare
data points on the basis of a kernel function x, which is some metric of
the similarity between two points. Using this kernel function, which
describes some feature space constructed from the data, the SVM seeks
an optimal separating hyperplane in said feature space. In this work, we
have explored the rational quadratic kernel (RQK) as the basis for the
GA-SVM models. This kernel, which approximates an infinite sum of
Gaussian kernels, is shown in Eq. (1):

(x; — xj)2 )70‘

xrox = 02| 1 +

(€))
where o, «, and | are kernel hyperparameters that must be selected to
generate a good model and x is the dataset containing all of the Raman
spectra wherein i and j represent two of said spectra [29]. These are
optimized by the genetic algorithm which compares SVM models using
a fitness function which rewards models that are simultaneously robust
and accurate. In order to extend the SVM from the usual binary clas-
sification case to the multi-class case the “one-against-one” multi-
binary classifier method was used.

When utilizing either PLS-DA or GA-SVM, models were trained
using 60% of the dataset for model generation and the remaining 40%
for validation. All reported results pertaining to the performance of
these analysis methods are from the validation sets, which were not
included in training the algorithm. The accuracy of prediction was then
used to compare the different algorithms. In order to quantify the
bacteria, a two-layer classifier was used. The first layer discriminates
bacteria spectra from the background serum spectra. The next layer
classifies the spectra into one of the three bacteria species studied in
this paper. This system was used to automatically count the number of
bacterial spectral events in a given time frame and then correlating this
to the density of cells in the sample. The limit of detection was then
calculated based on LOD = 303 wherein o3 is the standard deviation of
the blank sample.

4. Results and discussion

In order to be clinically applicable, a detection system must be re-
producible and accurate. We begin with optimizing the system using
simple fluids and dye molecules. We show that the fiber can be filled
with sample and subsequently flushed in a reproducible manner and
that the HC-PCF system plus the silver nanoparticles provides a greater
signal enhancement than either of these alone. Next, this system is
applied to the analysis of bacteria in FBS. By balancing the pressures
across the microfluidic chips, it is possible to force all of the sample
flow through the HC-PCF. Therefore, any bacteria which pass through
the system must pass through the laser light coupled into the fiber, and
generate Raman scattering therein. Taking advantage of this, we have
developed a novel method of counting the spectral events generated by
the bacteria as they pass through the fiber, and correlating the number
of counts to the density of bacteria in the sample. The aforementioned
GA-SVM is used to automate this counting, and is compared to simpler
linear methods. As an initial proof of concept, we have used clinically
relevant bacteria strains, namely S. aureus (SA), E. coli (EC), and P.
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aeruginosa (PAO1) to validate the system and analyse its ability to
perform multiplexed measurements.

4.1. Optofluidic Raman platform performance

The performance of the optofluidic system pictured in Fig. 1A was
first evaluated using ethanol to understand the effect of fiber length on
Raman enhancement and the fill/flush reproducibility of the system.
Fig. 1B shows the Raman spectrum of pure ethanol as measured from a
cuvette compared to that collected from a 7 cm piece of HC-PCF. In this
case we observe an approximately twelvefold enhancement caused by
the HC-PCF compared to the simple cuvette measurement. This ratio is
calculated based on the peak at 880 cm ™! where I is its intensity in
cuvette and I; is the intensity in the fiber. Fig. 1C illustrates how this
enhancement changes as a function of length. For this experiment, the
range of fiber length is limited to approximately 0.5 to 8 cm due to the
design of the chassis that supports the microfluidic system in front of
the coupling lens. As will be shown in later sections, this range was
more than sufficient for the present application. The fiber gain increases
in an exponential fashion as the length of the fiber increases. From the
regression shown in Fig. 1C, we expect that the enhancement continues
to level-off beyond lengths of 7 cm. This is likely caused by two factors.
Firstly, longer fibers are more difficult to fill perfectly bubble free,
therefore as the length increases the probability of bubble filled sections
decreasing the coupling efficiency also increases. Secondly, the
bandgap of the fiber is centred about the coupled wavelength of
785nm. Therefore, the Raman shifted photons are carried less effi-
ciently along the length of the fiber, and Raman photons generated at
the distal end are less likely to be guided along the entire length.

Fig. 1D examines both intra- and inter-fiber reproducibility. We
observe that the relative standard deviation between 12 fill/flush cycles
is less than 5-15% of the peak intensity. For four different fiber pieces,
we observe a relative inter-fiber deviation of approximately 7-15%.
The reproducibility of the system is acceptable for the current appli-
cation because the spectra are normalized before being processed by the
discriminant algorithms. In cases where the absolute magnitude of the
spectrum is important, it may be necessary to improve the reproduci-
bility. This may be achieved by automating the fiber cleaving and
coupling processes, as these are currently done manually. Overall, this
microfluidic system is an improvement over our previous optofluidic
sensor that used high performance liquid chromatography connections
[23]. The enhancement and the reproducibility are comparable to the
old system, but the dead fluid volume is decreased by an order of
magnitude, and the microchannels are far easier to manufacture.

4.2. SERS performance

Next we investigated the performance of a silver colloid as a SERS
substrate within the optofluidic system. Fig. 2A shows the Raman
spectrum of 100 uM R6 G dye in water in three different conditions. We
see that the spectrum of R6 G in the cuvette is weak and poorly re-
solved. The peak-baseline difference is on the order of 60 counts/s for
the strongest peak at 1345cm ™~ '. The addition of the silver colloid to
the solution of R6 G increases this peak intensity about 200 fold. Sub-
sequent injection of this solution through the optofluidic platform en-
hances the signal by an additional twofold, thus the total bulk en-
hancement of the optofluidic platform with SERS substrate is about 400
fold over a simple diffraction limited system. Fig. 2B shows a TEM
image of the silver nanoparticles. From the TEM images we find that the
colloid is composed primarily of mono and poly-disperse particles with
some nanoplates and rods. In this application, lasing at 785 nm was
used to excite Raman scattering due to the excellent penetrance of near
infra-red wavelengths into biological media [30] The silver nano-
particles synthesized here are quite large and poly-disperse, as shown
by the TEM image as well as the broad absorption spectrum in Fig. 2D.
These larger structures facilitate excitation of localized plasmon
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Fig. 2. Results of initial SERS validation for the optofluidic Raman platform. (A) Raman spectra of R6 G in cuvette (blue curve and blue y-axis), and SERS spectra of
R6 G in cuvette and HC-PCF (black y-axis). (B) TEM image of the silver nanoparticles on a copper grid. (C) Size distribution of silver nanoparticles. (D) UV Vis

absorption spectrum of the silver nanoparticles.

resonance modes at longer wavelengths. Interestingly we have found
that the twofold fiber enhancement is relatively independent of the
length of the fiber, and does not seem to increase as a function of the
length. If we apply the curve shown in Fig. 1C, we see that the effective
length of the fiber is only 1.5 cm. This is likely due to the absorption
and scattering by these relatively large silver nanoparticles which
greatly attenuate the propagation of the light along the fiber. For all
future SERS experiments, HC-PCF pieces around 3 cm in length were
used in order to have sufficient length to easily mount the fiber in the
optofluidic system.

During the initial SERS experiments, it was found that flushing the
system with deionized water alone did not regenerate the platform,
thereby greatly compromising the reusability of the system. By flushing
the system with methanol, into which R6 G is far more soluble than in
water, we found that it was possible to fully regenerate the system
between measurements. This highlighted the necessity of choosing a
flushing liquid that was capable of fully removing any analyte in the
HC-PCF to ensure complete system regeneration.

4.3. Mono-culture bacteria analysis in fetal bovine serum

After validating the reproducibility and the amplification of the
optofluidic detection platform, the device was used to analyse bacteria
present in FBS to simulate clinical samples. As noted earlier, three
different bacteria were used for an initial validation for the system,
namely PAO1, SA, and EC. Average post-processed SERS spectra for
each of these bacteria are shown in Fig. 3A, as well as the average
spectrum of the background, and the standard deviation of all the
spectra. These averages were taken from the training sets used to
generate the GA-SVM models, thus they contain spectra from the entire
span of three 10-min. measurements. We observe negligible deviation
of the FBS spectrum, illustrating that the spectral output from the op-
tofluidic platform is stable between and during measurements. As
bacteria cells pass through the fiber, a very strong SERS signal is gen-
erated over a short time-of-flight period as the cell passes through the
strong field region in the proximal 1.5 cm of the optical fiber. It was
hypothesized that the optofluidic platform could be used to count the
number of spectral events over a given time frame, and that this count
would correlate to the bacterial density in the sample.

In order to perform the counting automatically, it was necessary to
implement a classifier which could distinguish between the background
spectrum and the bacteria spectra. Furthermore, in order to create a
multiplexed system a second classifier layer would need to discriminate
between the types of bacteria based on their SERS spectrum. A

conventional method to construct classifiers when confronted with
large multivariate datasets is PLS-DA, which is a linear method related
to principal component analysis and Fischer discriminants. We have
compared this method to our GA-SVM algorithm, on the ability to ap-
propriately label the genus of a bacterial spectrum.

In order to train the algorithms, sets of spectra were acquired from
dense monocultures (10° CFU/mL) of each bacterium in order to gen-
erate a library of bacterial SERS spectra. Approximately 500 spectra
were acquired from three separate samples for each of the three bac-
teria to generate the total known set. We observed that GA-SVM sig-
nificantly outperforms PLS-DA in this application, achieving “92% ac-
curacy compared to “56% for PLS-DA (p < 10~®). Given that there are
three potential classes, the accuracy for a random guess for this problem
is approximately 33%. Therefore, there is evidently some information
that can be obtained from a linear discriminant, but only by allowing
for the non-linear solutions of the GA-SVM can a good model be ob-
tained. The full confusion matrix showing this model’s ability to dis-
tinguish bacteria spectra from the background and differentiate be-
tween species is shown in Table 1. Previous comparison between these
two algorithms on their classification ability showed only a small dif-
ference between them [28]. This was very likely due to the linear se-
parability of the test sets used in the past. In the present scenario, there
is a stochastic element to the SERS spectra, likely due to the non-spe-
cific binding of the silver nanoparticles to the bacteria. This can be seen
in the relative standard deviations of the bacterial spectra in Fig. 3A.
The relative deviation can be on the same order of magnitude as the
spectral components themselves. Particularly in the case of PAO1, some
peaks may be completely absent between spectral events. This causes a
large degree of within-class variance in the datasets, thus classification
and regression problems will be solved much better with a highly non-
linear tool like a kernelized SVM.

The GA-SVM was then used to perform automatic counting of
spectral events from samples with bacterial loads ranging from 0 to 100
CFU/mL. An event was defined as a change from the background
spectrum to a bacterial spectrum and back to the background. It should
be noted that the theoretical time of flight for a cell passing through the
fiber may be greater than one second. Assuming the cells are moving
with the maximum velocity at the center of the fiber, by the Darcy-
Weisbach equation the cells would be travelling at approximately
1.5 cm/s. For this reason, spectral events that occur consecutively are
counted as a single event. Fig. 3B-D show the calibration models ob-
tained for each bacterium using the number of events counted over a
period of 10 min. Using this system, the limit of detection for bacteria in
FBS ranges from 3.2 to 4.3 CFU/mL with good linearity (R* > 0.9). In
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Fig. 3. Summary of the detection performance of the device for monocultures of bacteria in fetal bovine serum (FBS). (A) Representative SERS spectra of P. aeruginosa
(PAO1), S. aureus (SA), and E. coli (EC), as well as FBS and the relative stnadard deviation (SD) of each spectrum. (B-D) PAO1, SA, and EC density in FBS as a function

of spectral events in a 10 min. window, respectively.

Table 1
Confusion matrix showing the results of the dual layer SVM used to count
bacterial spectral events.

Predicted
Matrix PAO1 EC SA
True Matrix 93.6% 0.0%
PAO1 6.4% 92.5% 6.7% 0.8%
EC 4.0% 90.5% 5.5%
SA 1.0% 1.4% 97.6%

Table 2
The measured vs. actual bacteria density in five blind samples.

Blind Sample PAO1 (CFU/mL)

actual / measured

SA (CFU/mL)
actual / measured

EC (CFU/mL)
actual / measured

A 10 / 16.64 10/7.77 10 / 13.68
B 0/-2.57 25 /19.59 50 / 43.23
C 0/-7.00 0/-1.09 0/4.82

D 25/ 4.82 25/ 29.94 25/ 35.85
E 25/15.16 100 / 103.81 50 / 91.99

order to regenerate the system between measurements, the system was
flushed with a 1.0% solution of Triton x100 followed by deionized
water.

4.4. Mixed culture bacteria analysis in fetal bovine serum

Having constructed the spectral databases, the calibration models,
and the associated GA-SVM classifiers, the performance of the opto-
fluidic SERS platform as a multiplexed system was analysed. To this
end, blind samples were generated whose bacterial type and density

were unknown to the operator of the detector. In this analysis, we as-
sume that each measured spectral event belongs to only one bacterial
set. This must be the case, because the GA-SVM models are built based
on samples containing a single type of bacteria. If the GA-SVM fails to
properly discriminate spectra in mixed samples, then this would in-
dicate that the spectra of bacterial mixtures are substantially different
from those shown in Fig. 3A. The results from this experiment are
summarized in Table 2. We observe an imperfect, but well correlated
(R? =0.96) match between the standard culture-based analysis and the
SERS detector. Overall, the strong correlation indicates that using
spectra from monoculture samples can be applied to the analysis of
mixed samples. The overall root mean squared error is 13.27 CFU/mL,
which is most pronounced in blind samples D and E where the load of
PAO1 is underestimated, and the load of EC is overestimated. This
would suggest that some PAO1 events are being misclassified as EC
events. Indeed, we observe in the confusion matrix shown in Table 1
that this was the most commonly observed misclassification. Ad-
ditionally, the SA concentrations are well estimated by the system,
which is in further agreement with the confusion matrix. As of now,
there is no inherent viability metric employed by this system, the true
CFU/mL is not actually measured but rather an effective CFU/mL.
Therefore, dead cells and cell fragments likely contribute to the count of
each bacteria type. In many cases it is likely that cell fragments of
different bacteria may have similar SERS spectra, hence the erroneous
classification that appears to be observed in samples with higher bac-
terial loads. It is well known that nano-silver has a bactericidal effect,
therefore this may increase the number of dead cells in the sample. It
has been shown that the minimum inhibitory concentration of citrate
capped silver nanoparticles for EC is approximately 50 uM of total
silver. In approximately 1 h, these particles reduce the number of viable
cells by one order of magnitude from a 10° CFU/mL starting culture
[31]. In this experiment about 60 UM of total silver is used, thus cell
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Comparison of different novel methods for bacteria sensing including surface plasmon resonance (SPR), electrical impedance spectroscopy (EIS), surface enhanced
Raman scattering (SERS), and quantitative polymerase chain reaction (QPCR) assays.

Transducing Element Limit of Detection Time Required Ref.
(CFU/mL)

HC-PCF enhanced SERS counting 3.2-4.3 15 min. This work
SPR with gold nanohole array 100 35 min. [6]
SPR with gold film, anti-fouling layer, and gold nanoparticle sandwich 17-7400 80 min. [7]
SPR with aptamer on gold coated silica nanoparticles 10,000 60 min. [8]
EIS on gold electrode with antibody 10 Not specified [10]
EIS on interdigitated gold electrodes with antibody-gold nanoparticles 100 5 min. [11]
EIS on lectin functionalized gold electrode 75 60 min. [12]
SERS with dielectrophoresis enrichment and functionalized gold nanorods 1 17 hrs [20]
SERS with aptamer conjugated silver nanoparticles 15 20 min. [26]
Duplex droplet digital PCR 4000 70 min. [34]
qPCR 10 120 min. [35]

death due to the particles is likely. However, the incubation time is very
short at 5 min, with an additional 10 for the measurement. In previous
work by our group, it was found that differences between states of
death in leukaemia cells could be distinguished using Raman spectro-
scopy [32]. Therefore, an additional classifier could potentially be ap-
plied using live/dead data in order to get a true CFU measurement,
which may improve results.

4.5. Comparison to other methods

A number of technologies are currently being explored to replace
standard culture methods. The time requirement and performance of
culture based analyses vary between different approaches and appli-
cations. For example, according to clinical practice guidelines for the
diagnosis of prosthetic joint infection, it is recommended to acquire at
least three samples for aerobic/anaerobic culture during surgery [33].
These samples may be incubated for up to 14 days in order to detect
pathogens, and this is followed by histopathological analysis. This
method achieves sensitivity and specificity on the order of 80% and
90% respectively, and theoretically even a single CFU can be isolated
after incubation. When possible, it is recommended that antimicrobial
treatment be withheld until this process is finished, since the appro-
priate treatment is dependent on the infecting pathogen. In order to
apply treatment as soon as possible, it is imperative that new technol-
ogies accelerate this process, ideally by removing the need to culture
samples.

Table 3 shows the detection limit and time requirements of different
methods reported in the literature. All of these new methods sig-
nificantly reduce the time requirement when compared to culturing,
but the detection limit varies significantly among these technologies.
Given that isolating one CFU can be considered a positive sample in
some applications, it is evident that improvements to these new tech-
nologies are still necessary. The fiber enhanced SERS counting method
examined in this work compares favourably to PCR, SPR, EIS, and other
SERS methods. Furthermore, this work utilizes silver nanoparticles
without any surface functionalization. The GA-SVM algorithm facil-
itates inherent multiplexing by virtue of the differences between bac-
terial SERS spectra. Multiplexing in other techniques requires addi-
tional primers, or other bio-recognition elements.

5. Conclusion

In summary, we have designed an optofluidic Raman platform
which utilized a hollow-core photonic crystal fiber filled via micro-
fluidics as the main transducing element. This system can be re-
generated repeatedly, by flushing the system with a fluid into which the
analyte of interest is soluble. Addition of silver nanoparticles into the
system provides a large bulk enhancement to the Raman scattered field
which facilitates measuring the spectra of biological molecules which

tend to have low Raman cross-sections. This system has been applied to
the multiplexed detection of bacteria in FBS, wherein a novel method of
forcing bacteria to flow through the hollow fiber and counting the
number of Raman events was developed. This counting was preformed
automatically using a powerful genetic SVM algorithm. This system
achieved a detection limit on the order of 4 CFU/mL while requiring
only minutes to perform a measurement. In Canada, this device would
be considered a relatively high risk diagnosis device (Class III) because
it is used to inform treatment decisions for potentially antibiotic re-
sistant transmissible pathogens. Therefore, more development is ne-
cessary before this this system can be used in clinics. This development
must include investigational clinical testing, comparing the results to
both culturing methods and qPCR, and improving the system perfor-
mance. The current LOD is acceptable for some forms of HAI, but others
require a still lower limit. For example, in severe bacteraemia cases, the
circulating levels of bacteria can be as low as 1 CFU/mL [36]. Ad-
ditionally, for applications in space-limited situations such as in a sur-
gical theater, the footprint of the system should be reduced, possibly by
the use of integrated optics. Following approval, this platform re-
presents an exciting path to a rapid point-of-care system, which will be
valuable to clinicians in a number of disciplines.
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