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Abstract. Differential-laser induced perturbation spectroscopy (DLIPS) is a new spectral analysis technique for
classification and identification, with key potential applications for analysis of complex biomolecular systems.
DLIPS takes advantage of the complex ultraviolet (UV) laser–material interactions based on difference spec-
troscopy by coupling low intensity UV laser perturbation with a traditional spectroscopy probe. Here, we quantify
the DLIPS performance using a Raman scattering probe in classification of basic constituents of collagenous
tissues, namely, the amino acids glycine, L-proline, and L-alanine, and the dipeptides glycine–glycine, glycine–
alanine and glycine–proline and compare the performance to a traditional Raman spectroscopy probe via sev-
eral multivariate analyses. We find that the DLIPS approach yields an ∼40% improvement in discrimination
among these tissue building blocks. The effects of the 193-nm perturbation laser are further examined by
assessing the photodestruction of targeted material molecular bonds. The DLIPS method with a Raman
probe holds promise for future tissue diagnosis, either as a stand-alone technique or as part of an orthogonal
biosensing scheme. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction
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1 Introduction
Raman spectroscopy, a noninvasive, molecular sensitive
spectroscopic tool with a significant amount of research done
to improve and test its performance for biosensing,1–4 has
been widely recognized and assessed, especially for early-
stage cancer investigation.2,5,6 The Raman spectrum can identify
different biological and tissue components both in vitro and
in vivo7 by assigning specific groups within the molecular
structures to their corresponding Raman vibrational bands.
Unfortunately, this method often fails inside molecularly rich
environments such as tissues consisting of varied components
due to overlap of Raman bands that mask the useful informa-
tion and hinder the ability for accurate and precise characteri-
zation.8–10 As noted in a recent review paper, vibrational
spectroscopic methods have been widely explored for analysis
of various pathologies and organ systems, but as yet, “none have
entered routine clinical practice.”2 A 2015 review article con-
cludes that if the combination of vibrational spectroscopy and
chemometric analysis is to be successfully transferred into
clinical practice more extensive studies are needed.11 Clearly,
new schemes and approaches to vibrational spectroscopy are
required for biological and tissue analysis.

Several methods such as surface-enhanced Raman scattering
and coherent anti-stokes Raman scattering, which seek to
increase Raman signal-to-noise ratios (SNR) and resolve addi-
tional peaks,3,12,13 are limited for in vivo applications since they

generally require injection of substrates, significant optical
complexity and operator expertise, and additionally they are
generally incompatible with fiber optic delivery.

Regarding biophotonic signal processing, mathematical
models are often constructed as linear combinations of multiple
chemical components representative of both healthy and dis-
eased tissue in an effort to provide a differential classifica-
tion.14,15 Still, the applicability outside of the training data
and closely related samples is often quite limited and clinically
unacceptable, as noted above. Other models based on multi-
variate statistics including principal component analysis
(PCA), hierarchical cluster analysis (HCA), partial least squares
(PLS),15–19 and support vector machines,14,20,21 which aid in
the interpretation of spectral data, have been used for further
discrimination of different sample types. These methods are
specifically used for data processing and their success is highly
dependent on the quality of the acquisition schemes and may not
be effective on all types of spectral noise or with poor signal
quality (i.e., low SNR).

We present here a method called differential laser-induced
perturbation spectroscopy (DLIPS) which combines low inten-
sity ultraviolet (UV) laser-material interactions (nondestructive)
with difference Raman spectroscopy for analysis of thin films of
biologically relevant materials, namely amino acids and dipep-
tides, which are considered basic constituents of collagenous
tissues. The analysis of the thin films of these biologically rel-
evant materials is a key step to understanding the optimal use of
DLIPS for future in vivo diagnostics. Wavelengths at the UV
range are well absorbed and photon energies generally exceed*Address all correspondence to: David W. Hahn, E-mail: dwhahn@ufl.edu
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all local bond energies.22 Low intensity 193-nm irradiation (i.e.,
well below sample ablation thresholds) results in peptide bond
cleavage for targeted collagen, destruction of molecular struc-
ture, and generally in linearity between laser-induced perturba-
tion with laser intensity.23 The coupling of 193-nm laser light
specifically into collagen was previously quantified in terms
of the absorption cross-section 24 and was later combined
with other traditional spectroscopic techniques as the basis
for the DLIPS approach for analysis of organic materials.25

Of significance, the DLIPS technique was recently implemented
using a 355-nm fluorescence probe for in vivo analysis of skin
cancer in an animal model, showing statistically improved dis-
crimination between normal and precancerous tissues as directly
compared to a traditional fluorescence probe.26 Here, we take a
step back from our earlier in vivomeasurements and focus on the
fundamental constitutive materials using a Raman probe to gain
additional insight into the DLIPS scheme in the context of
classification.

2 Materials and Methods

2.1 Sample Preparation

The goal of the current study is to investigate basic solutions of
molecules representative of collagenous tissues corresponding
to the fundamental building-block level; hence, solutions of
three basic amino acids and their related dipeptides were
selected. Amino acid solutions were created by separately dis-
solving the three amino acids L-proline (17.3 mM), purchased
from Fluka, and glycine (13.3 mM) and L-alanine (5.61 mM),
purchased from Sigma Aldrich, in ultra-purified deionized (DI)
water (Fisher Scientific). Dipeptide solutions were created by
separately dissolving (0.5 to 2 mg solute/ml of DI water) the
three dipeptides Gly–Gly (7.57 mM), Ala–Gly (3.42 mM),
and Gly–Pro (11.6 mM), purchased from Sigma Aldrich, in
DI water. To prepare thin films of samples, the solutions were
first stirred for 24 h and deposited onto 50-mm diameter UV-
grade quartz flats, then were recrystallized at 35°C, resulting
in dry thin films of the desired compounds. Microscopic exami-
nation of the resulting films revealed fractal-like structures
dispersed over the entire quartz surface. To minimize any
background fluorescence from the UV-grade flats, each was
thoroughly cleaned in acetone and photobleached with an
intense mercury lamp for a minimum of 40 min prior to solution
deposition.27

2.2 Experimental Setup

The DLIPS set-up was realized with two lasers, enabling UV
laser perturbation and Raman scattering without repositioning
the target, as depicted schematically in Fig. 1. A 488-nm
Ar-ion laser was used as the excitation source for all Raman
scattering measurements. A 488-nm laser line filter was placed
at the Ar-ion laser output to provide monochromatic output
by eliminating all other Ar-ion laser transitions. The Ar-ion
laser beam was directed to a 488-nm dichroic Raman beam
splitter (Semrock LPD01-488RU) and focused on the sample
with a spot size of ∼2 μm using a microscope objective lens
(M Plan Apo 50X/0.55, Mitutoyo) at a working distance of
∼15 mm. A kinematic mirror was employed to reflect the
image directly to a real-time CCD camera to ensure accurate
alignment and focus at the desired target spot. The Raman scat-
tered light was collected in backscatter by the same microscope

objective lens, collimated, and subsequently passed through
the dichroic beamsplitter where it was lens coupled into an
optical fiber bundle. A long-pass Raman edge filter (488 nm
RazorEdge, Semrock, LP02-488RU) was placed in front of
the fiber bundle to reject any 488-nm scattered laser light.
The fiber was coupled to a 0.3-m Czerny–Turner spectrometer,
dispersed using a 1200 g∕mm grating and recorded with a
thermoelectrically cooled CCD array detector (Pixis, Princeton
Instruments). Similar custom setups have been reported with
various excitation sources.15,17,28,29 The Ar-ion laser beam
power was controlled to prevent any damage to the target
film and was set to ∼0.6 or 1.1 mW, depending on the specific
sample. Film stability was assessed by subtracting consecutive
Raman spectra acquired for a given film and power setting,
reducing the power as necessary such that a difference of zero
was repeatedly realized between any two consecutive recorded
spectra.

To create the laser-induced perturbation effect for the DLIPS
scheme, a 193-nm ArF laser beam (X5 Excimer laser, GAM
Inc., 10.2 ns FWHM pulse width) was directed to the sample
holder, focused using a UV-grade planoconvex lens to a diam-
eter size of about 1.4 mm at the target, and projected onto the
sample spot surface with a 65 deg angle of incidence. The exci-
mer laser was operated at 50 Hz for all experiments using soft-
ware control to precisely deliver a preselected number of pulses
for each experiment. The centers of the Raman scattering and
excimer laser perturbation beams were concentrically superim-
posed at the same target spot. The large mismatch in Raman and
excimer beam focal diameters ensured that the entire Raman
probe volume is uniformly exposed to the 193-nm perturbation
beam.

The 193-nm excimer laser beam energy was set to
110 μJ∕pulse, providing the desired fluence of 3 mJ∕cm2 at
the target focal spot. This magnitude of excimer fluence is suf-
ficiently low to avoid any direct ablation of the samples as pre-
sented in previous reports of our laboratory,24,26 noting that
the typical ablation threshold of tissue and biological materials
for the 193-nm excimer laser is on the order of 50 mJ∕cm2.
It was necessary to deliver the excimer laser at near normal
incidence rather than through the microscope due to the micro-
scope objective incompatibility with the deep UV wavelength of
193 nm; however, the long working distance of 15 mm readily
allowed beam access of the excimer beam. Because the DLIPS
approach is based on “difference spectroscopy,” it is imperative
that the preperturbation and postperturbation Raman spectra be

Fig. 1 Schematic of the experimental setup. L1: 193-nm excimer
laser; L2: 488-nm Ar-Ion laser; UVM: ultraviolet mirror; M: mirror;
LLF: laser line filter; FB: fiber bundle; F: fiber; EF: edge filter; L:
lens; KM: kinematic mirror; CAM: camera; RBS: Raman beam splitter;
BD: beam dump; OL: objective lens; S: Czerny–Turner spectrometer;
UVL: ultraviolet lens; SH: sample holder, and C: computer.
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recorded from the exact same location; hence, the current static
system with fixed probe and perturbation beams aligned to
a common probe volume. As noted above, the zero difference
of any two consecutive Raman spectra validates the spectrum-
to-spectrum stability of a given sample spot in the absence of
any perturbation laser.

Raman data were collected from multiple spots spread over
multiple thin film samples and flats. The 488-nm excitation,
as described above, was collected and saved with Winspec/32
software (Princeton Instruments).The resulting Raman spectral
window ranged from 497 to 1608 cm−1. Various thin films
were analyzed for a particular amino acid or dipeptide, thereby
averaging over multiple films and substrates. For a given sample
spot, each final spectrum was an accumulation of 40 images,
with a per spectrum acquisition time of 3 s, for a total integration
time of 120 s.

2.3 Data Interpretation

The acquired Raman spectra before the perturbation step were
considered the “preperturbation” data, and the acquired Raman
spectra following excimer laser perturbation were considered
the “postperturbation” data for a given sample spot. Specifically,
after the preperturbation data were acquired for a given sample
site, the shutter of the Raman laser was closed and 800 shots of
the 193-nm perturbation beam were immediately delivered to
the sample. Following perturbation, a dark signal (i.e., back-
ground signal plus dark counts) was then collected while the
Raman laser shutter remained closed for the same total accumu-
lation time without moving the sample. The 120 s of dark signal
acquisition following perturbation ensured two items. First, that
the dark signal was recorded under identical conditions for each
sample spot, thereby accounting for any changes in surface
reflectivity or film transmission of ambient light. Second, it pro-
vided a fixed time period (i.e., repeatable) to ensure that any
transient optical effects immediately following 193-nm UV irra-
diation were dissipated before then acquiring the postperturba-
tion Raman signal. Earlier studies of probe beam transmission
through collagen solutions following 193-nm excimer laser per-
turbation revealed both transient perturbation to optical proper-
ties as well as permanent bond cleavage, with transient effects
decaying on the order of tens of seconds.30 Following dark sig-
nal collection, the Raman laser shutter was opened and postper-
turbation Raman data were collected and saved using identical
signal collection parameters. The DLIPS spectrum was finally
obtained by directly calculating

DLIPSðλÞ ¼ EmPOSTðλÞ − EmPREðλÞ
EmPREðλÞ − EmDARKðλÞ

; (1)

in which the numerator represents the absolute difference in
postperturbation, EmPOSTðλÞ, and preperturbation, EmPREðλÞ
spectra, noting that a negative signal represents a decrease in
signal intensity at a specific wavenumber following laser pertur-
bation, while a positive value likewise represents an increase in
signal, and where EmDARKðλÞ represents the dark Raman signal
as described above. The denominator represents the “absolute”
preperturbation Raman signal (i.e., dark-count subtracted),
which has the effect of normalizing the difference spectrum,
thereby generating a DLIPS signal indicative of the fractional
change in Raman spectral intensity at each wavenumber (i.e.,
each pixel). For example, a value of −0.2 for a given wavenum-
ber would correspond to a 20% decrease in Raman intensity

following excimer laser perturbation. The DLIPS spectra
were then normalized to the largest positive value. It is noted
that for the peptide and dipeptide films examined in the current
study, the observed preperturbation Raman vibrational peaks
generally revealed decreases or no changes, while as discussed
below, some new peaks were revealed following laser pertur-
bation. In addition, the observed background signal (i.e.,
continuum baseline), which is attributed to broadband fluores-
cence as expected for the current biomolecular samples with
488-nm excitation, was always observed to “increase” following
excimer laser perturbation. As a result, the overall DLIPS spec-
tra were always positive.

In summary, DLIPS data were collected and processed for a
total of 45 sample spots for each of the six sample types (L-ala-
nine, glycine, L-proline, Ala–Gly, Gly–Gly, Gly–Pro) in the
study. All of the calculations were conducted by Winspec/32
Software as described above prior to using any of the multivari-
ate analysis methods described at the following section.

2.4 Data Processing

All of the absolute Raman data, calculated as EmPREðλÞ −
EmDARKðλÞ, and the DLIPS data, per Eq. (1), were processed
in an identical manner as follows. Whole data were mean
centered, baseline corrected (using a cubic fit), divided by the
sample range and normalized to the most intense band. Finally,
spectra were smoothed by second-order Savitzky–Golay poly-
nomial filter using 11 points. These preprocessing spectral
methods have been widely used.16,18–21 For initial analysis of
the data, the Mahalanobis distance15 was estimated and the
data falling far away from this distance were considered as out-
liers. Approximately 10% of the whole dataset (from the original
270 Raman spectra and 270 DLIPS spectra) were dropped based
on the outlier test, which is attributed to poor Raman SNR due to
thin film regions, instabilities in laser power, film anomalies or
impurities, or for the case of DLIPS, slight sample movement/
misalignment between the preperturbation and postperturbation
Raman spectra, noting the rather high magnification (i.e., 50×).
The remaining data were then used for the multivariate analysis
with no further data omission.

Common multivariate analysis such as PCA, HCA, and
finally PLS methods were used to explore the effects of the
DLIPS scheme as compared to traditional Raman spectroscopy
and to evaluate the performance of the DLIPS method for spec-
tral classification. Particularly, in HCA, data clusters are formed
by linking naturally similar samples based on their multivariate
distances, and the resulting dendogram of HCA reveals these
groupings visually.19 For dendogram generation, samples
were linked and grouped together based on the similarities in
their structure, and the resulting tree-shaped structure shows
the sample relations where the branch lengths are proportional
to cluster distances. The similarity variable in HCA is a scale
which is a customary transformation of intersample distances
into a comprehensive value. It is inversely proportional with
the cluster distances. PCA and PLS models, which can boost
the performance of the interpretation of the data by magnifying
the natural changes between two different groups by highlight-
ing important variations inside the dataset, reduce the dimen-
sionality of the data into a few components covering most of
the variation information inside the data.31 The principal com-
ponents in PCA are forced to be orthogonal, whereas in PLS,
they do not have to be orthogonal.16,17 All the chemometric

Journal of Biomedical Optics 047006-3 April 2015 • Vol. 20(4)

Oztekin, Smith, and Hahn: Differential laser-induced perturbation Raman spectroscopy. . .



analysis in the current study was performed using Pirouette
(Infometrix, version 4.5).

3 Results and Discussion

3.1 Raman and DLIPS Spectra

The Raman and DLIPS spectra recorded from the amino acids
and dipeptides were rich in spectral features between the wave-
number range of about 500 to 1600 cm−1. The Raman shifts of
amino acids were compared with the literature, allowing iden-
tification of most prominent peaks as discussed below.32 For
illustration purposes, three representative spectra from a single
sample spot, namely the preperturbation and postperturbation
Raman spectra and the corresponding DLIPS spectrum, are
shown in Fig. 2 for a L-proline sample. As noted above, the
increase in background fluorescence, which has the effect of
a “positive offset” in the postperturbation Raman spectra, has
the effect of generating overall positive DLIPS spectra. Relative
decreases, as compared to the fluorescence background, in the
Raman vibrational peaks are, therefore, manifested as down-
ward peaks (i.e., less change than the baseline), which gives
the DLIPS spectra an overall inverse appearance with regard
to the traditional Raman spectra. This is readily observed in
Fig. 2, where vibrational bands appearing in the traditional
Raman spectra as positive peaks are seen as downward peaks
in the DLIPS spectrum.

In general, longer wavelengths (especially near IR) are com-
monly used to excite molecules for Raman systems for biologi-
cal applications;4 however, in order to increase the Raman
signal, shorter wavelengths are often selected, given the inverse

fourth-order dependence of Raman scattering cross-section on
wavelength.33 Since thin films were used in this study (i.e.,
low concentration of ∼0.1 mg∕cm2), 488-nm excitation was
selected to successfully resolve sufficient Raman peaks for
classification studies. For all six sample types examined in
this study, subtraction of two subsequent Raman spectra in
the absence of any excimer laser perturbation revealed no differ-
ence (i.e., zero counts), ensuring that the 488-nm beam power
was itself nondestructive (i.e., nonperturbative), and thereby
promoting stable Raman spectra for the sample films and impor-
tantly, that any differences recorded with the DLIPS scheme
were a result of only excimer laser perturbation.

Representative traditional Raman spectra (i.e., preperturba-
tion Raman spectra) and DLIPS spectra as averaged over all
sample spots for each sample type are plotted in Fig. 3.
Because both the DLIPS and Raman spectra are normalized
between 0 and 1, noting that the maximum peak is generally
different between the two spectral methods, they reveal similar
spectral features and appear rather like complementary plots,
as described above, although there exist key differences in the
relative intensity of similar bands, as readily observed in the
figures and discussed in detail below.

For quantitative analysis of the Raman and DLIPS spectra,
PCA was employed to detect any differences in relative peak
magnitudes by comparing loadings of the sample sets. The
three PCA loadings for the total Raman spectral dataset are
shown in Figs. 4(a)–4(c) and in Figs. 4(d)–4(f) for the DLIPS
spectral datasets, respectively. Accordingly, the most signifi-
cant vibrational bands identified through the loadings of the
PCA analysis of Raman and DLIPS datasets for classification,
including their relative intensity in the Raman or DLIPS spectra
were tabulated in Table 1 in detail. The vibrational bands ca.
835, 851, 853, 893, 918, 920, 927, 968, 1323, 1362, 1389,
1397, 1404, and 1471 cm−1 were more prominent in the
Raman spectra than in the DLIPS spectra, whereas the bands
ca. 641, 651, 652, 682, 725, 920, 981, 995, 1020, 1041,
1045, 1048, 1059, 1076, 1101, 1113, 1133, 1141, 1147, 1166,
1173, 1197, 1278, 1316, 1520, 1526, 1543, and 1553 cm−1

were more prominent in their respective DLIPS spectra, noting
that the band assignments for these shifts can be readily found
in the literature for the amino acids and dipeptides.34–41

The relative intensity differences as well as loading
differences of the DLIPS spectral bands as compared to the
Raman spectral bands are attributed to differences in the cou-
pling of the excimer laser into various amino acids and dipep-
tides. It should be highlighted that these intensity differences
between DLIPS and Raman spectral bands originated from
the perturbative role of the UV light on the molecular bonds
with DLIPS, as opposed to traditional vibrational response
with Raman. Based on earlier studies, the 193-nm radiation
is strongly coupled into and effectively photochemically cleaves
C─N peptide bonds.24,25 In general, the high photon energy of
193-nm excimer laser (6.4 eV) is capable of cleaving most
bonds in biological molecules; however, the current results
(Table 1) reveal a preference for C─N bond perturbation
over, for example, C─C and C─O bond perturbation. The effec-
tively cleaved molecular peaks observed in this study are domi-
nated by the many stretching or bending C─N vibrational
modes.37 In fact, it is a selective (i.e., preferential) bond pertur-
bation with the excimer laser that is key to the DLIPS scheme,
providing “additional” spectral information beyond simple
vibrational spectroscopy (e.g., Raman or FTIR).

Fig. 2 Representative Raman and differential-laser induced pertur-
bation spectroscopy (DLIPS) spectra of a single L-proline sample
spot. (a) Raman spectrum of L-proline acquired before perturbation.
(b) Raman spectrum of L-proline acquired after perturbation.
(c) Calculated normalized DLIPS spectrum of L-proline based on
Eq. (1). The Raman spectra have been baseline corrected.
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Additionally, as presented in Table 1, increased intensity of
several vibrational bands distinctive from C─N vibrations for
different samples was recognized in the DLIPS spectral data.
Two distinct cases were observed for these changes. First,
there were intensity changes at the particular vibrational bands
of NH2

þ and NH3
þ groups, as well as some smaller groups,

which are attached to the cleaved C─N bonds. It is suggested
that once 193-nm light effectively cleaved the C─N bonds, these
groups were liberated from their molecules at the sample
surface, which results in the recorded difference in their vibra-
tional modes. For the second case, an increase in intensity was
observed for different vibrational modes of COO− ions. This is

Fig. 4 Principal component analysis loadings for the various datasets: (a)–(c) are the three loadings of
traditional Raman dataset, and (d)–(f) three loadings of DLIPS dataset. A total of ∼70% of the variation in
the data were explained by three loading factors. Prominent loading wavenumbers are labeled for both
the Raman and DLIPS data sets, which correspond to vibrational peaks.

Fig. 3 Average Raman and DLIPS spectra of amino acids and dipeptides. (a) L-alanine. (b) Glycine.
(c) L-proline. (d) Ala–Gly. (e) Gly–Gly. (f) Gly–Pro. Black (lower) profiles denote average Raman spectra
and red (upper) profiles denote average DLIPS spectra for each sample.
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attributed to the electron deficiencies of carbon atoms inducing
hydrogen (H) migration from the carboxyl groups that were pre-
viously connected to the nitrogen atoms prior to perturbation.
The last effect was seen exclusively in amino acids in this
study rather than the dipeptides. Such mechanisms most likely
play a role in the overall increase in broadband fluorescence
observed in the postperturbation Raman spectra. In aggregate,
such photochemical mechanisms are hypothesized to account
for a portion of the additional spectral information realized
with DLIPS.

3.2 Raman and DLIPS Performance in
Classification

The resulting two-dimensional PCA scatter plots of all six sam-
ples using three principal components are shown in Fig. 5,
which together account for ∼70% of the total variance.
Visually, it is shown that groups of samples defined by their
DLIPS PCA data are more separated than the traditional
Raman spectroscopy data. Additionally, comparison of the fac-
tors of both DLIPS and Raman datasets reveals that the three
PCA factors of the DLIPS dataset are slightly lower than the
three factors of the PCA using the Raman dataset, which is
an another sign of the separation of these groups.

To quantify the PCA performance of the DLIPS and Raman
spectra for classification of the amino acids and dipeptides,
HCA analysis was employed to the six samples. From
Figs. 6(a) and 6(b), the HCA dendrograms of six sample
types constructed by the Raman data and the DLIPS data can
be seen, respectively. In this case, their features (vibrational
bands) in their respective spectra were the recognition elements,
and the similarity variable is shown at the top scale. The
similarity variable was taken at the significant node of the den-
drogram, the first node at which six different groups can be
distinguished from each other. The similarity variable was
0.315 for samples defined by their traditional Raman scattering
data, whereas the similarity variable was 0.201 for samples

Table 1 Significant Raman bands of amino acids (L-alanine, glycine,
and L-proline) and dipeptides (glycine–glycine, glycine–proline, and
glycine–alanine) that are affected by 193-nm irradiation.

Relative
shift (cm−1)

Biological
molecule

Band
assignment

Magnitude in
DLIPS compared
to magnitude
in Raman

652 AlaGly C─O out-of-plane
bending

More

851 AlaGly C─C stretching Less

920 AlaGly C─C stretching Less

1076 AlaGly C─N stretching More

1133 AlaGly C─N stretching More

1166 AlaGly CH2 torsion More

1278 AlaGly C─N stretching More

1389 AlaGly C─C stretching Less

1526 AlaGly C─N stretching More

651 Alanine COO− deformation More

853 Alanine C─C stretching Less

920 Alanine C─COO− stretching More

1020 Alanine C─N stretching More

1113 Alanine NH3
þ deformation More

1147 Alanine NH3
þ deformation More

1362 Alanine CH3 sym. deformation Less

1543 Alanine NH3
þ deformation More

893 Glycine C─C stretching Less

1041 Glycine C─N stretching More

1141 Glycine NH3
þ deformation More

1323 Glycine CH2 wagging Less

1520 Glycine NH3
þ bending More

725 GlyGly C─N stretching More

968 GlyGly CH2 rocking Less

1045 GlyGly C─N stretching More

1101 GlyGly C─N stretching More

1316 GlyGly C─N stretching More

1404 GlyGly CH2 deformation Less

927 GlyPro C─C stretching Less

981 GlyPro C─N stretching More

1059 GlyPro C─N stretching More

Table 1 (Continued).

Relative
shift (cm−1)

Biological
molecule

Band
assignment

Magnitude in
DLIPS compared
to magnitude
in Raman

1173 GlyPro NH3
þ rocking More

1397 GlyPro COO− sym. stretching Less

1471 GlyPro CH2 deformation Less

641 Proline COO− wagging More

682 Proline COO− deformation More

835 Proline C─C stretching Less

918 Proline C─C stretching Less

995 Proline C─N stretching More

1048 Proline C─N stretching More

1197 Proline NH2
þ deformation More

1553 Proline NH2
þ bending More
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defined by their DLIPS data, noting that a smaller similarity var-
iable corresponds to a more successful degree of classification.
This demonstrates that the groups of samples defined by their
DLIPS data are further away from each other than the groups of
samples defined by their Raman data, with the latter data yield-
ing >50% greater similarity variable. In this analysis, the sim-
ilarity variable is appropriate because all of the samples that are
marked with the predefined classes correctly fall into the same
HCA-defined classes at the point where all six different groups
could be realized (i.e., no single mismatching between prede-
fined and HCA-defined classes).

As noted above, PCA and HCA analysis revealed the DLIPS
method as a classification scheme for six biologically relevant
samples. In addition, a PLS regression model was developed to
further quantify the classification ability of the DLIPS and tradi-
tional Raman data sets.17,18,29 For PLS analysis, 10 factors were
used to build a model which together accounted for ∼99% of
the total variance. Since the purpose was to directly compare
the two datasets on PLS model quality, rather than dividing the
data set into two halves for model development and validation,
respectively, as is commonly done,15 the entire datasets were
used to evaluate the PLS model performance. The PLS models
were then used to classify the entire datasets. The predictions of
PLS models for both Raman and DLIPS spectral datasets are
shown in Figs. 6(c) and 6(d). The solid line represents the x ¼
y values, whereas the nodes are individual predictions of sam-
ples, where it is observed that samples described by the DLIPS
dataset were tighter. For quantification of the two models, the
matrix of residuals of the PLS models was used to calculate
error sum squares (ESS). The ESS was calculated as 8.03 for

the Raman dataset and was 5.33 for the DLIPS dataset.
Similar to the HCA analysis, the RSS value of the Raman data
was slightly more than 50% larger than that recorded for the
DLIPS data, corroborating the superior classification with the
DLIPS approach.

4 Conclusions
In this study, the comparison between the DLIPS method and
the traditional Raman spectroscopy method was demonstrated
using several common chemometric data analysis routines. It
is shown that the use of low-intensity UV laser light for pertur-
bation of the amino acid and dipeptide molecular structures, as
measured with a Raman probe, provides a new and superior
spectroscopy-based classification tool, as rooted in the observed
permanent UV-induced photochemistry, notably C─N chemis-
try. In view of earlier work with the DLIPS method using a fluo-
rescence probe for in vivo detection of precancerous tissue,26 the
use of DLIPS as a new probe for biological materials, including
tissue, is promising. The quantitative improvement of DLIPS
for classification analysis in biological applications using multi-
variate analyses suggests the potential of DLIPS as a stand-alone
diagnostic, or in combination with other schemes (i.e., Raman or
fluorescence) in an orthogonal sensing methodology. The use of
the DLIPS approach in such an orthogonal sensing scheme is
advantageous, as the use of the preperturbation spectra (e.g.,
the preperturbation Raman spectra in the current study) yield
the traditional spectral data at no additional cost. Moreover, the
nature of the DLIPS method may provide convenience for
clinical applications in vivo such as enabling a single-fiber
probe, useful to mitigate target movement via contact, to monitor

Fig. 5 The 2-D score plots of whole dataset: (a)–(c) Raman only dataset; (d)–(f) DLIPS dataset.
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abnormalities. Higher excimer laser repetition rates (e.g., 400 to
500 Hz) can also greatly increase the speed of such clinical
applications. Finally, we note that one is not exclusively limited
to the 193-nm perturbation wavelength; hence, the opportunity
exists for optimization of both perturbation wavelengths as well
as resonance probe wavelengths. Future research should explore
more complex biological samples, including additional animal
models, to further validate the DLIPS approach, either as a
stand-alone spectroscopy technique, or in conjunction with
Raman and fluorescence spectroscopy.
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