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Shifted excitation Raman difference spectroscopy (SERDS) can be
used as an instrumental baseline correction technique to retrieve
Raman bands in highly fluorescent samples. Genipin (GE) cross-
linked equine pericardium (EP) was used as a model system since a
blue pigment is formed upon cross-linking, which results in a
strong fluorescent background in the Raman spectra. EP was
cross-linked with 0.25% GE solution for 0.5 h, 2 h, 4 h, 6 h, 12 h,
and 24 h, and compared with corresponding untreated EP. Raman
spectra were collected with three different excitation wavelengths.
For the assessment of the SERDS technique, the preprocessed SERDS
spectra of two excitation wavelengths (784 nm—-786 nm) were com-
pared with the mathematical baseline-corrected Raman spectra at
785 nm excitation using extended multiplicative signal correction,
rubberband, the sensitive nonlinear iterative peak and polynomial
fitting algorithms. Whereas each baseline correction gave poor
quality spectra beyond 6 h GE crosslinking with wave-like artefacts,
the SERDS technique resulted in difference spectra, that gave
superior reconstructed spectra with clear collagen and resonance
enhanced GE pigment bands with lower standard deviation. Key for
this progress was an advanced difference optimization approach that
is described here. Furthermore, the results of the SERDS technique
were independent of the intensity calibration because the system
transfer response was compensated by calculating the difference
spectrum. We conclude that this SERDS strategy can be transferred
to Raman studies on biological and non-biological samples with a
strong fluorescence background at 785 nm and also shorter exci-
tation wavelengths which benefit from more intense scattering inten-
sities and higher quantum efficiencies of CCD detectors.
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Introduction

A frequent problem in Raman spectroscopy of pristine biologi-
cal samples is that high auto-fluorescence is simultaneously
excited masking weaker Raman bands and making spectral
interpretation of measured data challenging."™ A good
example of a strong fluorescent biological sample is equine
pericardium (EP) after its cross-linking with Genipin (GE).?
The pericardium of animals, which consists primarily of type I
collagen and elastin,® is regularly used for tissue engineering
as a scaffold for vascular grafts, patches, aortic valves, and
wound healing procedures. To strengthen the pericardium
structure and enhance its durability, cross-linking protocols
have been developed. The cross-linking with GE is less cyto-
toxic compared to glutaraldehyde (GA)” and results in a strong
tissue scaffold without the risk of calcification which is the
main cause of graft failure of GA crosslinked scaffolds. The
reaction of GE with lysine or hydroxy-lysine residues of col-
lagen results in the formation of cross-links and leads to the
formation of a pigment,®'" which turns the sample from
white to a deep blue color leading to very strong background
contributions in the Raman spectra.

Several approaches exist to correct spectra with high spec-
tral backgrounds, which can be broadly classified into instru-
mental and computational methods.’” The instrumental
methods can be separated into time-gated,'*"* wavelength and
frequency modulated>™*® methods. Examples for compu-
tational baseline correction methods are the sensitive non-
linear iterative peak (SNIP) algorithm,"**° multiplicative signal
correction (MSC),*" extended multiplicative signal correction
(EMSC),>*** polynomial fitting,>* rubberband method>**° etc.

The instrumental method of shifted excitation Raman
difference spectroscopy (SERDS)?” can be regarded as a wave-
length modulated method, which has already been employed
for biological samples.”®*° In SERDS, two Raman spectra are
acquired at the same spatial position with two slightly shifted
excitation wavelengths. The shift in excitation wavelength
should be chosen according to the full width at half maximum
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(FWHM) of the expected Raman bands and is limited by the
transmission of the bandpass filter for laser clean-up in the
setup. The shift in excitation wavelength, which yielded the
best results for biological samples®® and the given Raman
setup, was 2 nm near 785 nm corresponding to 32 em™'. The
Raman bands follow this shift in excitation, whereas the auto-
fluorescence and other wavelength-independent background
contributions (such as ambient light) remain unaltered. Thus,
the difference spectrum resulting from the subtraction of the
two Raman spectra (SERDS spectrum) is ideally without fluo-
rescence (background-free) and shows a characteristic differ-
ence profile for the Raman bands, which approximately corres-
ponds to the 1% derivative of the Raman spectrum. For a better
interpretation of the background free data, a reconstruction of
a Raman spectrum is usually performed on the SERDS
spectrum.***

In this study, we aimed to explore the limits of the SERDS
method and other mathematical baseline correction algor-
ithms by treating EP for increasing GE cross-linking durations
which leads to Raman spectra with increasing fluorescence
backgrounds. The fluorescence background ranges from a very
subtle background for untreated EP to a very strong fluo-
rescence at longer GE cross-linking durations. The Raman data
at excitation wavelengths 784 and 786 nm were processed by
the SERDS approach. For comparison, Raman spectra at
785 nm excitation of these samples were also background cor-
rected using different computational correction algorithms
like EMSC, polynomial, rubberband, and SNIP. We have
already compared the results of the SERDS method with the
mathematical baseline correction method EMSC for moderate
background.*® However, this comparison did not include very
strong auto-fluorescing samples in the practical part.

Methods

Decellularized equine pericardium (EP) was obtained from
Auto Tissue (Berlin, Germany). The tissue was equally divided
into 24 small pieces with approximately 2.5 mm x 2.5 mm
dimensions each. EP was incubated with 0.25% GE prepared
in phosphate-buffered solution (PBS) at 37 °C for 0.5 h, 2 h,
4 h, 6 h, 12 h, and 24 h (n = 3 per time point). The time points
were selected to observe GE cross-linking EP for shorter dur-
ations (0.5 h, 2 h, and 4 h) and longer durations (6 h, 12 h,
and 24 h). An untreated EP at each of the time points
remained in PBS which served as a control (n = 1 per time
point). All cross-linked tissues were rinsed at room tempera-
ture with PBS. The samples were kept in PBS during the entire
spectroscopic measurements.

All Raman spectra were acquired using a Shamrock
(SR-3031i) spectrometer (grating: 300 grooves per mm blazed at
860 nm, slit width 160 pm) in combination with an open elec-
trode CCD detector (DV420A-OE) which was thermoelectrically
cooled to —60 °C (all from Andor, Belfast, UK). The tunable
excitation light source consisted of diode laser with an operat-
ing range of 765 nm-795 nm, a laser controller and an ampli-
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fier BoosTa pro (all from Toptica, Grifelfing, Germany), and
was coupled into a microscope cage system (Thorlabs, Newton,
NJ, USA). The laser light was focused through a 60x/NA 1.0
water immersion objective (Nikon, Tokyo, Japan). For each
sample 9 spectra per excitation wavelength were acquired in a
raster scan fashion using a motorized stage (Optiscan, Prior,
Rockland, MA, USA) with a step size of 20 pm to offset possible
inhomogeneities. At each spatial position of the Raman array,
three spectra with consecutive excitation wavelengths (784 nm/
85 mW, 785 nm/150 mW, and 786 nm/85 mW) were collected
with an exposure time of 3 s, 10 accumulations, and a dwell
time of 0.5 s between each accumulation. The instrument
control and Raman spectra acquisition were performed using
an in-house developed LabVIEW (National Instruments,
Austin, TX, USA) routine. For a schematic of the SERDS setup
see Fig. S1 in the ESL.{

All measured spectral data was processed using the statisti-
cal analysis software R* and the following R packages:
hyperSpec,’®  cbmodels,” Ramancal,”® pracma,” and
MALDIquant.’® Preprocessing of all measured Raman spectra
encompassed correcting cosmic spikes, calibrating the wave-
length axis using the spectra of 4-Acetaminophenol collected
at lex = 785 nm, and calibrating the intensity axis by calculat-
ing the system response function with the measured and
known reference spectrum of a white-light source calibration
lamp (Raman Calibration Accessory—HCA, Kaiser Optical
Systems, Inc., USA). An overview of the spectral processing
steps to generate the results in Fig. 1 is shown in Fig. S2 in
the ESL.}

Results

The improvement in the quality of Raman spectra, in particu-
lar for crosslinking above 6 h, demonstrates the progress of
the data processing and the importance of the method.
Typical collagen bands are labelled from 1 to 5, and GE bands
from 6 to 9 in Fig. 1.

All raw spectra show a low fluorescent background for the
early GE crosslinking time points and a high fluorescent back-
ground for longer GE crosslinking durations (Fig. S3-S6 in
ESIf). The fluorescence background, which was estimated
from the maxima of the mean spectra at the first excitation
wavelength 784 nm, was approximately 7000 counts for the
control sample and increased to 12000 (0.5 h), 60000 (2 h),
80000 (4 h), 100000 (6 h), 140000 (12 h) and 160 000 counts
(24 h) for GE-cross-linked samples. The increase in the fluo-
rescent background is consistent with the spectral changes
observed in Shaik et al.,® and can attributed to the increased
pigmentation of the samples upon GE cross-linking. The
photobleaching is evident from reduced maxima of the mean
spectra at the last excitation wavelength 786 nm which
decreased for the control sample to approximately 6000
counts, and for GE cross-linked samples to approximately 9500
(0.5 h), 30000 (2 h), 50000 (4 h), 70000 (6 h), and 100 000
(12 h, 24 h).
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Fig.1 Mean SNIP corrected Raman spectra of the different cross-
linking time points (a and b), mean difference optimized SERDS spectra
after SNIP correction (c and d), and mean reconstructed and SNIP cor-
rected Raman spectra of SERDS spectra in 1c and 1d (e and f). Raman
band positions of collagen (left) and genipin (right) are indicated by
numbers and dotted lines: 1 = 852 cm™* (Hydroxyproline); 2 = 938 cm™
(C-C, stretch); 3 = 1255 cm™ (Amide IIl); 4 = 1452 cm™ (CH, collagen);
5 = 1662 cm™ (Amide 1); 6 = 1147 cm™ and 7 = 1413 cm™ (in-plane
vibrations of ring system of GE cross-links); 8 = 1535 cm™ (5-ring of GE
cross-links); 9 = 1718 cm™ (C=0).

The SERDS method was assessed by comparing the base-
line corrected Raman spectra (Fig. 1a and b), the SERDS
spectra (Fig. 1c and d) and the SNIP baseline corrected, recon-
structed Raman spectra of the SERDS spectra (Fig. 1e and f).
The Raman spectra measured at an excitation wavelength of
785 nm were baseline corrected using different computational
baseline correction algorithms like EMSC, polynomial, rubber-
band, and SNIP. For simplicity, we only show the SNIP cor-
rected mean spectra in Fig. 1la and b. The mean Raman
spectra and their standard deviation of the other methods like
EMSC (Fig. S7t), rubberband (Fig. S7t), polynomial (Fig. S87),
and SNIP (Fig. S8t) can be found in the ESL.{

The SERDS spectra (Fig. 1c and d) were calculated by sub-
tracting the Raman spectra measured at different excitation
wavelengths (Aexi—dexo = 784.0 nm-786.0 nm), after the prepro-
cessed spectra of each wavelength were baseline corrected and
then difference optimized. The difference optimization was
applied for a better spectral overlap of the spectral pairs as
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explained below. The reconstructed spectra (Fig. 1e and f) were
generated by integrating the SERDS spectra and then baseline
correcting them with the SNIP method.

In Fig. 1a and b, the mean SNIP corrected Raman spectra of
shorter and longer cross-link durations are shown. In the
untreated control EP the typical type I collagen Raman bands
are present at 852 cm ' (Hydroxyproline), 938 cm™" (C-C,
stretch), 1255 ecm ™' (Amide III), 1452 cm™" (CH, collagen), and
1662 cm™ " (Amide I).° New Raman bands emerge at 1147 cm ™"
and 1413 cm™', which can be assigned to the in-plane
vibrations of the ring system of GE cross-links, at 1535 cm™"
(vibrations of the five membered ring of the GE cross-links)
and 1718 cm™" (C=0) upon GE cross-linking.” For clarity, col-
lagen bands are only labeled in Fig. 1a, ¢ and e, whereas GE
bands were only labeled in Fig. 1b, d and f. Of course, GE
bands are also evident in Fig. 1a, ¢ and e, collagen bands in
Fig. 1b, d and f. All emerging bands increase in intensity with
longer cross-link durations relative to the collagen related
bands. The quality of the baseline corrected Raman spectra
decreases with longer cross-linking duration due to the high
spectral background. This high spectral background results in
an increase of the shot noise in the spectra, which impairs dis-
crimination of the Raman bands, even in the baseline cor-
rected spectra. Especially for the long cross-linking time
points (12 h and 24 h) most Raman bands are hard to dis-
criminate. For all other investigated baseline correction
methods, similar results can be found (Fig. S7 and S8 in the
ESIT). Changes in collagen and GE crosslinking bands were
also observed in the mean SERDS spectra (Fig. 1c and d, mean
and standard deviation in Fig. S9t), but the exact band posi-
tions are difficult to determine in the 1* derivative-like signa-
tures. The successful background compensation is evident
from the almost symmetric difference features around the zero
line and the virtually absent slope. A progression from domi-
nating collagen difference features to GE cross-linked features
can be found in the SERDS spectra. Compared to the baseline
corrected Raman spectra, spectral features are more pro-
nounced in SERDS spectra, and structural changes can be
better discerned for the longer GE cross-link durations. To
determine the band positions from the SERDS signatures,
Raman spectra were reconstructed from the SERDS spectra by
integration and were afterwards baseline corrected using the
SNIP algorithm (Fig. 1e and f, mean and standard deviation
Fig. S91). Whereas this reconstruction compromised the spec-
tral resolution, the signal to noise ratio was improved. The
reconstructed mean Raman spectra showed the spectral
changes occurring during the cross-linking more clearly, the
spectra could be better interpreted, in particular for longer
time points, than for the baseline corrected Raman spectra,
and all main GE bands were identified that are poorly resolved
at 12 and 24 h crosslinking in Fig. 1b. The reason for this is a
better compensation of instrument inherent backgrounds with
the SERDS technique as further explained below.

Details of data processing for the generation of the SERDS
spectra shown in Fig. 1 are presented in the following para-
graphs focusing on the longer crosslinking durations (6 h,
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12 h, and 24 h). Since these samples show the most intense
background in Raman spectra, almost no collagen and GE
bands are resolved, and the progress of the SERDS approach is
most evident here.

By subtracting the preprocessed Raman spectra measured
with Aex, = 786 nm (RS2) from the preprocessed Raman spectra
acquired with Ay = 784 nm (RS1) the SERDS spectra (DS12)
were calculated. In Fig. 2a, the mean SERDS spectra of the
longer cross-linking durations are shown without any previous
normalization of the spectra. The difference intensities are
consistent with the photobleaching described above and
observed in Fig. S4 and S5.f It is evident from the intensity
scales that the residual background increases with increased
GE cross-linking duration. Photobleaching of the auto-fluo-
rescence background is caused by the long laser exposure
during the acquisition. To counter these photobleaching
effects and therefore reduce the residual background in the
SERDS spectra, an optimization or normalization has to be
performed on the Raman spectra before subtraction as
described in our previous work.*® The difference optimization
will be summarized next.

For each spectral pair, the subtrahend spectrum RS2 is mul-
tiplied with a factor k before subtraction from the minuend
spectrum RS1 resulting in the SERDS spectrum DS12. The area
under the curve (AUC) of the absolute values of the SERDS
spectrum DS12 is calculated. Factor k is iteratively adjusted
until the AUC reaches a minimum.

Even this simple difference optimization (Fig. 2b) step is
not sufficient to compensate these strong photobleaching
effects. In the difference optimized mean SERDS spectra, a
strong tilt in the spectra can be observed, since the spectra are
not aligned along the zero line, as it would be expected for a
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Fig. 2 Mean SERDS spectra (a) without normalization or optimization,
(b) with difference optimization, (c) with SNIP baseline correction before
difference calculation and (d) with SNIP baseline correction and sub-
sequent difference optimization before difference calculation for longer
cross-linking durations.
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background free SERDS spectrum. They show a varying offset,
which is positive for very low wavenumbers and decreases
towards higher wavenumbers of the fingerprint region until
the offset is negative. The reason for this is a higher auto-fluo-
rescence intensity in the lower wavenumbers. Therefore,
changes in background intensity due to photobleaching also
effects the lower wavenumber region stronger. Since the
simple difference optimization only uses one factor for the
whole spectrum to compensate for variations in background, it
cannot compensate a non-constant offset, that occurs during
photobleaching.

For this reason, a baseline correction was performed using
the SNIP algorithm before calculating the SERDS spectra from
the preprocessed but not difference optimized Raman spectra
(Fig. 2c). Since the SERDS spectra are mostly positive for
longer cross-linking times, which makes it hard to discern the
difference bands, the baseline corrected spectra were differ-
ence optimized after the baseline correction and then the
SERDS spectra were calculated (Fig. 2d). This procedure cor-
rected the SERDS spectra successfully for the residual offset.
Since the combination of a baseline correction and a sub-
sequent difference optimization before the calculation of the
SERDS spectra resulted in an optimal photobleaching correc-
tion, these preprocessing steps were performed to calculate the
SERDS spectra used for the assessment (Fig. 1c and d) and
also for the reconstruction step (Fig. 1e and f).

To demonstrate the effect of intensity calibration on SERDS
approach, the mean SNIP corrected Raman spectra with and
without intensity calibration were compared with the mean
difference optimized and SNIP corrected SERDS spectra with
and without intensity calibration (Fig. 3).

The fluorescence background was quite low in the Raman
spectra of control samples, and the SNIP baseline correction
gave excellent spectra without an intensity calibration (Fig. 3a).
However, the overall intensities of the raw Raman spectra
increased with cross-linking time and introduced a wave-like
artifact as spectral background after SNIP baseline correction
which makes the interpretation of the Raman spectra very
difficult and has frequently been observed in Raman publi-
cations.”® This background is an instrument inherent back-
ground which originates primarily from the optical filters used
in the setup. Etaloning effects can be neglected in the front
illuminated, open-electrode CCD detector used here, but may
occur in back illuminated CCD detectors.>® The mean SERDS
spectra after difference optimization and SNIP correction are
shown without intensity calibration of the Raman spectra in
Fig. 3b, and the wave-like artifact is absent here. Only for the
spectra of the 24 h cross-linking samples, the mean spectrum
is tilted by a small degree due to a decreasing positive offset
towards higher wavenumbers in the spectral region below
1100 cm™" and an increasing negative offset towards higher
wavenumbers above 1100 cm™'. If the Raman spectra are
intensity calibrated and then baseline corrected with the SNIP
algorithm, the wave-like artifact can also be removed (Fig. 3c).
However, Raman bands are hard to discern for the 12 h and
24 h cross-linking timepoints as already shown in Fig. 1b. An
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Fig. 3 The influence of intensity calibration on SNIP baseline corrected
and SERDS spectra of the cross-linked pericardium with different cross-
linking times; (a) SNIP corrected mean Raman spectra and (b) SNIP cor-
rected, difference optimized mean SERDS spectra without intensity cali-
bration; (c) SNIP corrected mean Raman spectra and (d) SNIP corrected,
difference optimized mean SERDS spectra with intensity calibration.

intensity calibration of the raw spectra further improves the
SERDS result (Fig. 3d) which is most significant for the 24 h
cross-linking timepoint. The mean SERDS spectra of all other
timepoints are quite similar without (Fig. 3b) and with
(Fig. 3d) intensity calibration. Overall, the intensity calibration
step is usually not necessary for the SERDS method, since con-
stant, instrument inherent background contributions are sup-
pressed by this difference method.

Discussion

Photobleaching is challenging for SERDS measurements of
samples with extremely high fluorescent backgrounds. Since a
simple difference optimization did not sufficiently suppress
the strong photobleaching effect, a baseline correction was
included during data processing. An even better way to com-
pensate for photobleaching is the accumulation of very short
measurement intervals (50 ms or less), where the excitation
wavelength is changed after each very short acquisition. Upon
multiple iterations, this acquisition technique distributes the
photobleaching more evenly among the spectra measured with
different excitation wavelengths and hence efficiently compen-
sates photobleaching.>®>* Since this was not feasible with the
used laser source, an advanced difference optimization
approach was incorporated in the preprocessing step to correct
a baseline before the difference optimization and calculation
of the difference spectra. Then, SERDS outperforms common
baseline correction methods offering a better correction and
spectral interpretation, in particular for very high back-
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grounds. Reconstruction of Raman spectra from the SERDS
spectra reduces the spectral resolution, but the spectral fea-
tures are more clearly visible. The dependency of the spectral
resolution on Raman-based cell classification was recently
studied.” The accuracy was found to be almost unchanged for
spectral resolutions between 8 and 48 cm™'. Consequently, the
diminished resolution does not seem to be relevant for cell
and tissue applications with relatively broad bands. Since two
Raman spectra are necessary for the calculation of the SERDS
spectra, the Raman spectra for the comparison with the
SERDS technique should have twice the integration time of the
SERDS spectra. This was partly compensated in this study by
almost twice laser intensities at 785 nm.

We demonstrated that an intensity calibration is not necess-
ary only for Raman spectra with low spectral background and
intense signals. However, for extremely high backgrounds the
system transfer function had a strong influence and virtually
masked all Raman bands in a wave-like pattern after baseline
correction. For SERDS, intensity calibration is not as important
since the system transfer function is an instrument inherent,
excitation wavelength-independent background contribution,
that is automatically suppressed by the SERDS approach.

We conclude, that SERDS can be used to study GE cross-
linked EP at higher cross-linking durations despite its intense
fluorescence. The here presented data processing will be used
in a forthcoming publication to determine the biochemical
signature of GE cross-linked EP, quantify GE cross-links and
correlate the biochemical changes derived from SERDS with
other optical modalities. Better quality spectra with higher
signal to noise ratios are expected to improve also the contrast
in Raman images. Furthermore, this SERDS strategy can be
transferred to Raman studies on biological and non-biological
samples with intense background at 785 nm and also shorter
excitation wavelengths which benefit from more intense scat-
tering intensities and higher quantum efficiencies of CCD
detectors.
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