2014 IEEE INTERNATIONAL WORKSHOP ON MACHINE LEARNING FOR SIGNAL PROCESSING, SEPT. 21-24, 2014, REIMS, FRANCE

IMPROVING THE ROBUSTNESS OF SURFACE ENHANCED RAMAN SPECTROSCOPY
BASED SENSORS BY BAYESIAN NON-NEGATIVE MATRIX FACTORIZATION

Tommy S. Alstrom®, Kasper B. Fr¢hlingb, Jan Larsen®, Mikkel N. Schmidt®, Michael Bache®, Michael S.
Schmidt®, Mogens H. Jakobsen®, Anja Boisen®

“Dept. of Informatics and Mathematical Modeling, Technical University of Denmark
Asmussens Allé 321, 2800 Kgs. Lyngby, Denmark

Dept. of Micro- and Nanotechnology, Technical University of Denmark
@rsteds Plads 345 East, DK-2800, Kgs. Lyngby, Denmark

ABSTRACT

Due to applications in areas such as diagnostics and envi-
ronmental safety, detection of molecules at very low con-
centrations has attracted recent attention. A powerful tool
for this is Surface Enhanced Raman Spectroscopy (SERS)
where substrates form localized areas of electromagnetic "hot
spots" where the signal-to-noise (SNR) ratio is greatly am-
plified. However, at low concentrations hot spots with target
molecules bound are rare. Furthermore, traditional detection
relies on having uncontaminated sensor readings which is
unrealistic in a real world detection setting. In this paper,
we propose a Bayesian Non-negative Matrix Factorization
(NMF) approach to identify locations of target molecules.
The proposed method is able to successfully analyze the
spectra and extract the target spectrum. A visualization of the
loadings of the basis vector is created and the results show a
clear SNR enhancement. Compared to traditional data pro-
cessing, the NMF approach enables a more reproducible and
sensitive sensor.

Index Terms— Biosensing, 17/3-Estradiol, Non-negative
Matrix Factorization (NMF), Surface Enhanced Raman Spec-
troscopy (SERS), Unsupervised Learning.

1. INTRODUCTION

Detection of biological and chemical species at very low con-
centrations have attracted a lot of attention from physicists,
chemists and engineers in the past years due to its direct
applications in e.g. diagnostics [1], prognostics [2] and envi-
ronmental safety [3]. Surface Enhanced Raman Spectroscopy
(SERS) [4, 5] is capable of single molecule detection [6-8],
which makes it a powerful tool for biochemical analysis.
SERS enables measurements of weak Raman signals through
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strong localized enhancement of electromagnetic fields ob-
served in nano gaps (hot spots) between metal surfaces [9].
The SERS setup is illustrated on fig. 1.

One concern regarding SERS is the statistical behavior of
the electromagnetic hot spot distribution [10]. Not only is it
required to find a hot spot, but there also need to be molecules
captured in a hot spot, something that is increasingly unlikely
as the concentration of the target molecules decreases. To
overcome this problem spectra from a larger area of a sub-
strate is captured, a procedure often refereed to as Raman
Mapping [11]. This increases the likelihood that spectra from
hot spots containing molecules are recorded. Fig. 2 shows a
typical Raman map and a typical Raman spectrum. In Raman
spectroscopy the presence of peaks coupled with their loca-
tion is used to determine what types of molecules are present
of the surface, if any.

Traditional analysis of Raman maps consists of choosing
one or two Raman shifts where the dominant peaks for the
molecule of interest are present [11]. The intensities at these
Raman shifts due to the presence of molecules are considered
to be heavy tail distributed whereas Raman maps for blank
substrates are considered to be normal distributed [7, 12].

Fig. 2 shows the traditional approach to data collected
over an area of a Raman substrate. The area on fig. 2 is col-
lected over a 30 um x 30 um area with a resolution of 1 pum.
The Raman map visualizes the recorded intensities at a spe-
cific Raman shift. Areas with high intensities are recorded
and it is these areas that are denoted as hot spots containing
molecules.

Non-negative Matrix Factorization (NMF) [13, 14] is a
popular unsupervised learning method used for discovery of
meaningful patterns in data. It has been applied in a large
range of areas, from image processing [14], decomposing sig-
nals from gas sensors [15] to reducing the noise in wind sig-
nals [16]. NMF has also proven as a successful tool for de-
composing Raman spectra gathered using ordinary Raman
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Fig. 1. A. The DXR™ Raman Microscope used to collect data. B. A side-view up of a Raman substrate depicting the nanopil-
lars, courtesy of Kaiyu Wu, DTU. C. Illustration of the principle behind the SERS substrates. The two left pillars have molecules
on them but in order to get the improved SNR the molecule needs to be captured in the hot spot as shown on the right. This is

achieved by leaning the pillars through solvent evaporation.
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Fig. 2. Illustration of an uncontaminated SERS measurement using a Raman map at 1166 cm™" (left) and an example spectrum
for Estradiol Glow (right). Hot spots containing molecules are readily identified on the Raman map as the red areas. On the
spectrum the peaks at 1166 cm™ and 1580 cm™! are considered the major discriminative.

spectroscopy [17,18].

In this paper, we propose a variant of NMF that is partic-
ularly suitable for handing SERS spectra. For Raman maps
a great deal of the data are empty spectra or spectra contami-
nated with other compounds. We show that NMF can demix
data from Raman maps and identify spectra that can be con-
sidered true in a physical sense. These results can then be
used to identify the presence of target molecules by setting a
threshold on the loadings matrix in the NMF model.

2. MATERIALS AND METHODS

2.1. Surface Enhanced Raman Spectroscopy

SERS has been widely studied for its use in biosensors
[11,19-22]. By creating localized electromagnetic hot spots
enhancement factors up to 10"? [9] have been demonstrated
compared to traditional Raman spectroscopy. SERS has ul-
tra high sensitivity combined with specific information of

molecular vibrations, which yields a very powerful tool for
biosensing. We use silver coated silicon nanopillars as a
SERS substrate [23] that have previously shown the capabil-
ity for biosensing [11].

2.1.1. Detection of 173-Estradiol

Increasing health risks posed by endocrine-disrupting chem-
icals (EDCs) have been a growing concern for the public
in later years. EDCs are compounds or molecules found in
the environment, food and consumer products that affects
hormone synthesis and control in humans and animals. Evi-
dence have been presented that points out the severe impact
EDCs have on reproduction capability (both male and fe-
male), metabolism, obesity and various types of cancer [3].
The female hormone 173-Estradiol (E2) is an EDC and its
presence in the environment is being watched closely by the
European Commission [24].

In this work we have focused our attention towards a la-
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Fig. 3. An example of a Raman map that has been locally contaminated (Red and Green spectra). The map shows the relative
intensities of the 1166 cm™' Raman shift. The distribution of intensities are heavy-tailed but not only due to presence of EG but

also due to other contaminants.

beled version of E2 due to the low Raman activity of pure E2.
Jena Bioscience GmbH have developed a fluorescent labeled
version called Estradiol Glow (EG) which has shown to yield
strong and reproducible SERS spectra.

2.1.2. Data acquisition

Each SERS mapping was acquired with Thermo Scientific
DXR Raman Microscope (fig. 1) using a 785 nm excita-
tion laser. A laser powered at 0.5 mW power was used in
conjunction with a 50x optical objective which yields an ap-
proximately 1 um diameter laser spot size. The acquisition
time was 1 s and each spot was sampled twice before a 6
order polynomial baseline correction was performed. Each
map consisted of spectra gathered in larger squares (up to 10*
points) with a I1x1 um grid. High concentration solutions con-
sists of 1 pM EG and low concentrations consists of 10 nM
EG.

2.2. Bayesian Non-negative Matrix Factorization

The non-negative matrix factorization model can be stated as
X = SL + E, where X € R°*¥ ig the data matrix that
contain the entire Raman map. X is factorized into two ma-
trices, the spectra matrix S € Rf *S and the loadings matrix
L e RiXN , that contain only non-negative real elements.
The residual matrix is denoted as E € R®*" and models the
measurement noise.

A Raman spectrum consists of one or more spectral com-
ponents (unless there are no molecules present, in which case
there is only noise). We would like the matrix S to con-
tain spectra that are easily interpretable, and each vector in S
should contain as “distinct” information as possible. Further,
a recorded spectrum is typically a combination of only a few

basis spectra hence the rows in loading matrix L should favor
sparse solutions. This calls for a model where both S and L
have sparse priors. Following [25], we consider exponential
priors on the elements in S and LL

D S
=11 H (Sa,s; (1)
d=1 s=1

and similarly for L, we have

o=

where £(z;\) = Aexp(—Az)u(z) is the exponential proba-
bility density function, and u(x) is the unit step function. We
assume that the product of SL is able to model the data such
that E is only measurement noise. We model the residuals in
E asi.i.d. normal distributed with zero mean and variance 2.
Thus, the likelihood function can be written as

s7n§ 6) (2)

n:jz

p(X]6) = H HN(an, (SL)y,.0?) @)

d=1n=1
where @ = {S,L,0?} denotes all parameters in the model
and N (23 1,0%) = (2m0%) V2 exp(—(z — )?/(20%)) is

the normal probability density function. In order to apply the
Bayesian framework, a prior distribution on the noise o2 is
also required. Here, an inverse gamma density with shape k
and scale 6 is chosen
2 —1(.2
p(c*) =G (U ;k,ﬁ) )
as it makes it more convenient to derive the posterior density
for the parameters.
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Fig. 4. Noise filtering using NMF. Left hand side is the loadings in L. drawn as Raman maps and right hand side is the

corresponding basis vector in S

Using Bayes rule, the posterior for the parameters 6 can
now be written as the product of eq. (1—4). This model has
been proposed in earlier work [25], where an effective Gibbs
sampler was derived which we use for inference.

In our experiments, we used a burn in period of 20 Gibbs
sweeps and then used 50 sweeps to generate 50 samples from
each component. The mean value from these samples were
used as the parameter estimates. Further, o and 3 were chosen
to 1 as we found this to yield a suitable sparsity. For the noise
o2 we chose a flat improper prior, K = 0 and 6 = 0, to let the

data dictate the inference regarding the noise.

2.2.1. Probing mode

For very low concentrations or even single molecule detection
the Raman spectrum of interest will only make up a minor
portion in the data. In order to cope with this scenario we have
the spectra of interest as fixed vectors in S as initial values

and then simply do not sample from these. This spectrum of
interest can for example be learned from high concentration
measurements.

3. RESULTS AND DISCUSSION

A typical "dirty" measurement is visualized on fig. 3. Utiliz-
ing the traditional data processing approach on this substrate
would lead to misleading results as some of the very high in-
tensities do not originate from EG. The large elevated area
on the red spectra is caused by fluorescence (another vibra-
tional phenomenon) that clearly interferes with Raman spec-
troscopy. It is probably seen because of insufficient washing
or cleaning of the substrate after treatment. Different salts
used in buffer solutions are auto-fluorescent, meaning that
they have a naturally high degree of fluorescence. Another
type of interference is seen in the green spectra, where clear
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Fig. 6. Demonstration of NMF at low concentrations. A. Raman map of 1166 cm™'. B. Loadings of the EG basis vector plotted
as Raman Map. C. The spectrum at a location that is identified as having EG present.
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Fig. 5. Illustration of the raw spectra that is identified to have
a loading of EG spectrum greater than two. The two main
EG Raman components are present if all spectra, and EG is
successfully identified.

peaks are easily distinguished. The spectra varies in shape
compared to the normally observed spectra (blue). This type
of interference is clearly caused by the Raman effect as seen
by the very distinct peaks. This can come from one of the
salts used in the buffer solution. As these are clearly located
in a hot spot their signature is greatly amplified as is the EG.

Using the proposed method on the data, two Raman spec-
tra are identified in S shown on figure fig. 4. Using the spec-
trum in S that is identified as an EG spectrum, the most dom-
inant area for 1166 cm™ has been correctly removed. In
addition the mixed area (green spectrum on fig. 3) has been
demixed into two distinct components, the EG spectrum and
the contaminants. The loadings for the basis vector in S can
now be used to identify where EG is likely to be present.

Plotting the spectra that have a loading great than 3 (fig. 5)
shows that the method correctly identifies spots where EG is
present. At high concentrations the proposed method success-
fully identifies a Raman spectrum as one of the basis vectors
in S. The method is applied on the data shown in fig. 2, and
one basis vector readily corresponds to a spectrum for EG.

At low concentrations, the NMF is not able to automat-
ically identify the EG spectrum as one of the basis vectors.
This is likely because the molecule is giving a weak signal as
well as being a rare occurrence. Using the basis vector iden-
tified as EG (shown on fig. 4) as initial value in S and not
sampling from the column that contains that basis vector, we
are able to successfully identify areas with EG. An example is
shown on fig. 6. Clearly the SNR is magnitudes lower com-
pared to the high concentration situation that had a SNR of
about 30.

4. CONCLUSIONS

A Bayesian NMF approach was used to analyze SERS data.
The method was able to effectively decouple signals and at
high concentrations it was able to identify the EG base spec-
trum as one of the basis vectors. This allows for more accurate
and robust data analysis when the SERS substrate is contam-
inated by unknown molecules.

A further advantage of using NMF for SERS data is that
the method is interpretable in the sense that the basis vectors
identified can be related to the expected physical effects.

Possible future work is to use the loading matrix in a clas-
sifier in order to make an identification of the molecules that
have bound with the substrate. Further, using a Bayesian
framework allows for further definitions of the prior and a
parametric prior that is physically explainable can by incor-
porated.
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