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ARTICLE INFO ABSTRACT

Established diagnostic regimens for inflammatory bowel diseases, such as colonoscopy, sigmoidoscopy, and
small bowel follow-through have high sensitivity, but adherence rates of the eligible population for the disease
screening is poor due to associated expenses, the risk of complications, time, and comfort issues. Thus, it is
critical to develop an Affordable, Sensitive, Specific, User-friendly, Rapid, Equipment-free, and Deliverable
(ASSURED) screening test that could increase the participation rate of the eligible group. In this study, we
present infrared spectroscopy of serum accompanied with data analysis to monitor longitudinal analysis of
molecular alteration in colitis mouse samples. Dextran Sodium Sulfate-induced colitis mouse model sera were
used to understand the disease aggravation by testing of the alteration of carbohydrates and the protein sec-
ondary structures reflected in the spectra. Samples derived from mouse models at days 0, 3, and 7 of chemical
administration were used for spectral measurements. Spectral data at Biomarker peaks show there is not any
specific alteration of serum sample composition at day 3 of the chemical feeding, but a significant alteration on
the marker can be seen at day 7. The results of this study will thus pave the way for the development of an
ASSURED prototype that can have clinical application.
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1. Introduction

Inflammatory Bowel Diseases (IBDs) are debilitating, and in the
absence of early detection, they can lead to life-threatening complica-
tions, including colorectal cancers [1]. Current methods of diagnosis
regarding IBDs [2] include colonoscopy, sigmoidoscopy, and small
bowel follow through, all of which are invasive, expensive, have asso-
ciated risks, and can cause great discomfort to patients. These compli-
cations result in a decreasing adherence rate of the eligible population
for IBD screenings. At present, millions of people within the United
States are suffering from these diseases [3] and the number increases
annually. Therefore, it is necessary to develop an assured screening
regimen for IBDs. Recent studies have reported [4-7] that the infrared
(IR) spectroscopy of serum samples with an appropriate data handling
framework can be used for rapid and reliable screening of experimental
colitis conditions. Spectral-markers representing mannose and protein
secondary structures within the sample medium were shown to change
due to colitis progression and then return to their base level after the
treatment [5]. Although a significant body of knowledge regarding the
identification of a unique speciral marker for colitis a major type of
IBD- has been accumulated, biomolecular structural alteration and its
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role in the daily progression of colitis is still not completely understood.
This understanding is always critical while developing a diagnostic
Tegimen.

In this paper, we report the longitudinal analysis of molecular al-
teration in the serum samples of mice, with Dextran Sodium Sulfate
(DSS) induced colitis by using Fourier transform infrared (FTIR) spec-
troscopy in attenuated total reflectance (ATR) sampling mode.
Attenuated total reflectance Fourier transform infrared (ATR-FTIR) [8]
spectroscopy is a rapid and reliable analytical technique which can be
used to extract snapshots of the morphology and composition of Bio-
molecules within the softer types of diagnostic mediums [9,10]. Fur-
thermore, the DSS mouse model provides us an inexpensive, simple and
reproducible model to study mucin in barrier integrity, alteration in
microbial balance and changes in the metabolome of human IBD [11].
Importantly, human IBD is a chronic intestinal inflammation disorder
with an unknown etiology. It has been found that genetic and epige-
netic factors also play an important role in the onset of disease and its
progression [1]. In our earlier works, we have also used genetically
modified IL10-/- mouse models of chronie colitis along with other types
of mouse models for intestinal as well as extra-intestinal inflammation.
Spectral markers presented in this draft are common to both DSS and
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Fig. 1. (A) Schematic diagram of the evanescent wave formed on the sample at
the internal reflection element surface. (B) Interaction of infrared signal in the
material of the medium.

IL10-/- mouse. In these earlier works, we have analyzed quantified
information of Lipocalin 2 (Len-2) levels in feces of IL10-/- mice and
Myeloperoxidase (MPO) activity of distal colon in DSS induced colitis to
monitor disease progression. MPO and human counter part of Len-2;
neutrophil gelatinase-associated lipocalin (NGAL) alteration has been
reported in human studies. This novel diagnostic strategy will generate
interest in the scientific community working in the same area.

In ATR-FTIR spectroscopy, light is totally reflected (Fig. 1A) inside
the prism of the high refractive index [12], and the reflected light from
the sample (Goos-Hanchen effect) [13] creates an evanescent wave,
penetrating the sample placed in contact with crystal [14]. The energy
of the evanescent wave first interacts with the sample medium, and the
incident wave is entirely reflected back into the system as shown in
Fig. 1(A). The output spectra represent a snapshot of molecular com-
ponents within the sample medium. Herein, the penetration depth
(Fig. 1B) of evanescent energy waves, d, = /27 (n?Sin? 6 — ny2)12
depends on the wavelength of incident radiation (4), the refractive
index of the crystal (m;), the angle of incidence (£), and the refractive
index of the sample (n;). It is noted that the evanescent wave decays
exponentially in relation to the distance from the interface [9], so the
penetration depth is only a fraction of incident IR wavelength. The
evanescent waves lose energy at frequencies identical to the sample’s
absorption because soft biological materials [15], such as the serum,
make intimate contact with the ATR element.

Blood serum, which includes proteins, electrolytes, antibodies, an-
tigens, hormones and exogenous substance, can also make an intimate
contact with the ATR element, i.e. the diamond crystal in our case.
ATR-FTIR spectra measurement offers better sample to sample re-
producibility, while significantly minimizing the chances of user to user
spectral variations when compared to other vibrational analytical
techniques for analyzing soft diagnostics mediums [16]. Thus, mon-
itoring longitudinal analysis of molecular alteration in the serum sam-
ples is a crucial step in anticipating the development of an ASSURED
portable prototype which offers facilities for bedside technology of-
fering a rapid and reliable screening of IBDs.

2. Materials and methods

The animal growth and sample preparation: Six C57BL/6 WT mice
were administered drinking water containing 3% DSS and were also fed
ad libitum for 7 days by our collaborators. Blood was collected from
these mice, at day 0 (before DSS treatment), day 3 and day 7 of DSS
chemical feeding. Serum was obtained by centrifugation of the col-
lected blood by using serum separator tubes. All studies were performed
in accordance with the Institutional Animal Care and Use Committee at
Georgia State University (Atlanta, GA), permit number: A17044.

Equipment setup and sample scanning: A Bruker Vertex 70 FTIR
spectrometer series with a KBr beam splitter, and a Deuterated Tri-
Glycine Sulfate (DTGS) pyroelectric detector were used. The MVP-Pro
ATR accessory from Harrick-Scientific with a diamond crystal
(1 mm X 1.5mm) as the internal reflection element, was configured to
have a single reflection, and used to obtain ATR absorbance spectra.
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Measurements were taken at resolution 4 em ™! and the IR light beam
intensity was controlled by passing it through an adjustable aperture set
to 2.5 mm.

Background measurements were performed prior to each spectral
measurement. Serum samples, one micro-liter were deposited on the
crystal surface were allowed to air dry at room temperature (—~ 8min)
and were scanned multiple times. It is noted that, when the sample is
stable on the crystal surface, obtained spectra are overlapping with
their previous spectra. The sample to sample reproducibility and user to
user stabilization was also verified in our study. In our measurements,
three reads of 100 co-added scans for each sample (total of 300 scans)
were averaged to get final spectral for analysis. To maintain the uni-
formity in each measurement all samples were measured in one sitting
(Each measurement takes —22 min.). The proposed portable setup ac-
companied with data analysis facility will not increase the chances of its
access for clinicians, but also reduces the time for spectral analysis.

Spectral analysis: All the spectra were max-min normalized (OPUS
7.2 software) by scaling the range 1800-900 cm ! so that the absor-
bance value at 1642 cm " was 2. Our analysis includes quantification
of absorbance values at different biomarker’s positions, which follows
discrimination of secondary structures by spectral deconvolution at
amide T (1600-1700 cm 1), where changes are not obvious from visual
inspection. During spectral deconvolution, confined spectra of the se-
lected region were first base line corrected, followed by determination
of second derivative spectra. These spectra were then fitted with
Gaussian band profiles by approximating the position and number of
bands from the second derivative spectra. In the fitting process position,
height, width and hence integral are allowed to vary such that simu-
lated curve best fits to the amide I region of the experimental curve.
Detail of spectral deconvolution of amide [ region, to analyze protein
secondary structure is described elsewhere [5,17]. Statistical analysis
was done by using quantified absorbance values at different Biomarker
positions and integral area of Gaussian function energy bands obtained
after spectral deconvolution and are representing protein secondary
structure.

3. Result and discussion

To monitor the temporal variation of molecular composition in the
serum along with the colitis aggravation, we examined samples at days
0, 3, and 7 of the chemical feeding. Six mice (S1, 52, 53, 54, S5, and S6)
were fed 3% DSS dissolved in drinking water. The serum samples were
tested for the disease progression using the spectral response analysis.
After analyzing the absorbance spectra within spectral range
1000-1140 cm ', we learned the concentration of carbohydrates such
as glucose and mannoses were elevated due to colitis as judged in
previous studies [4-7]. These studies have shown that the elevation of
the spectral band representing the mannose presence in the carbohy-
drate region [4], increased the presence of B-pleated sheet structures
and decreased the presence of a-helical structures [5] in the amide [
region (1600-1700 cm ).

Fig. 2(A) shows the average (n = 6) of max-min normalized spectra
of mice sera extracted from three different time periods before (days 0,
3, and 7 of chemical feedings) the DSS mouse model, with a Biomole-
cular assignment at different wavenumber regions. Our study is pri-
marily focused on testing the temporal variation in serum components
along with the colitis progression by analyzing identified unique spec-
tral markers of colitis (shaded regions in Fig. 2). The second derivative
curve of the absorbance spectra is shown in Fig. 2(B). Visual inspection
of each type of spectrum shows alteration of disease Biomarkers due to
colitis. This variation can be seen at day 7 of DSS feeding, but not at day
3. It is noted that the deviation of repeat measurements within the
control or colitis data in identifying spectral peaks is negligible com-
pared to disease associated deviations (not shown in the figure). The
sample to sample reproducibility and the user to user stabilization was
also verified in our study. Sample to sample reproducibility and user to
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Fig. 2. (A) Averaged (n = 6) ATR-FTIR spectra of serum sample derived from
DSS mice at day 0, day 3 and day 7 of the chemical feeding. (B) Secondary
curves of the absorbance spectra. Herein, shaded regions show two major re-
gions of interest.
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Fig. 3. Longitudinal analysis of serum samples of DSS induced colitis mice (A)
Normalized absorbance values in the range 1000-1140 cm ™. (B) The integral
ratio of Gaussian function energy bands representing a-helix and B-sheet sec-
ondary structures of proteins in serum samples extracted from six mice.

user stabilization are crucial features for any diagnostic regimen. Using
eight repeat measurements from a random sample, the absorbance
value of the mannose peak of normalized data is 0.44 ( £ 0.01) for the
control and 0.49 (( = 0.02) for colitis; a similar data trend in other
spectral peaks was obtained. There is a negligible variation between
these spectra compared to changes induced by colitis, therefore proving
the feasibility of this approach in clinical chemistry tests. Fig. 3(A)
shows the normalized absorbance spectra covering the carbohydrate
region. The ratio of the integral area taken by Gaussian function energy
bands representing a-helical and B-pleated protein secondary structures
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Table 1

Biomolecular assignments of major infrared spectral bands unique to colitis.
The statistical significance of colitis-associated alteration in these spectral
markers is also highlighted.
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Spectral Biomolecular p-value Explanation
region assignment comparison (Difference)
(em™ ") vibrations
Carbohydrate 1020 Glucose/DNA 2E-D4 Yes
(1000-1140) 1033 Glucose 2E-D4 Yes
1060 Fructose BE-07 Yes
1076 Mannose 1E-05 Yes
1108 Endocyclic 6E-04 Yes
C—-0-C vibration
1122 DNA, RNA, .62 No
Phospholipids
Amide I 1610 Side chain 0.86 No
(1600-1700) 1630 P pleated sheet 6E-D3 Yes
1648 Random coil 0.82 No
1652 a-helix 1E-03 Yes
1682 B (anti-| + turn)  0.78 No
2" derivative
caleulation Generate
Baceli Gaussian
ase |r.|e oscillators
correction

pee ::"'“g ' Curve fitting RMS |
spectra minimizing
Isolate data for

= 4 Numerical
given range B I integration ‘

! . | Main ll -

Read spectral | | program — Speciﬁcity]sensi't.
data from FTIR \// ivity calculation

Fig. 4. Structure of the software program showing 9 subroutines to perform
each specific task. Each of these specific programming tasks was individually
carried out in our preliminary work in order to get the final conclusion. In the
portable device development, all those will be automated into one program
which will be done at a single touch command.

for each individual mouse is shown in Fig. 3(B). Analysis of absorbance
at the Biomarker peaks of spectra at day 3 of DSS administration show
no specific changes, but at day 7, a statistically significant alteration on
marker position can be seen.

In the normalized data, absorbance values at identified unique
spectral position, representing mannose, 1076 cm ™! for the control
(day 0) condition are between 0.44 and 0.47 a.u., colitis (day 7) is
0.49-0.53 a.u., and that of intermediate (day 3) stage lies within the
range of control. The integral ratio of a-helix and B-sheet protein
structures also show a clear difference in the spectral data representing
day 0 with those representing day 7 of chemical administration, while
there is no significant difference in day 3 data. Biomolecular assign-
ments of major components in the regions of interest are tabulated as
follows. At the colitis stage (day 7), spectral bands associated with
Glucose, Fructose, Mannose, and Endocyclic C-0-C vibration, a-helical
structure of amide I, B pleated sheet structures of amide 1 show al-
teration with higher statistical significance (student’s t-test, two-tailed
unequal variance p-value < 0.05), while others remain identical in
control as tabulated below (see Table 1).

4. A prototype of the portable device

Our study is also directed toward designing and developing a pro-
totype of a portable tool for facilitating such measurements. As the first
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Fig. 5. Flow chart for the programming to study protein secondary structures.
Only the a-helix and B-sheet ratio analysis is shown in the flow chart. Similarly,
other biomarker analysis will also be in the program as needed to achieve the
needed confidence limit.

stage of the portable device development, we have studied the possible
use of commercially available small FTIR (Brucker ALPHA & Perkin
Elmer 2) with single or multi-reflection ATR setup. The communication
with the commercial software from the FTIR manufacturer will be
critical to develop a user friendly prototype, so accompanying software
can be developed to completely automate the process. Fully automating
the spectral measurements and analysis presented above is the second
step to check the feasibility of the proposed portable device.
Minimization of the instrumentation by integrating it with a simple
touchscreen (e.g. Windows tablet) will make it a user friendly desktop
unit. Spectral measurements and data analysis procedure will be au-
tomated into a single step so that a technician can deposit the sample
onto the sample holder and start the measurement with a simple click to
get the result and if needed the biochemical information.

The software program will include 9 subroutines as shown in Fig. 4
and each will do a specific task in the data extraction or analyzing
stage. Reading a spectral data file from the FTIR, extract data for a
suitable biomarker range depending on the user-selected disease,
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Fig. 6. Schematic of measurements and dala analysis tool permanently in-
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users Lo enter patient ID, select the disease followed by pressing “Start Scan” o
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Fig. 7. Anticipated portable device with the touch screen showing “Test
Report™. The test report can be printed as a hard copy or save the patient record
in the hospital database.
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normalizing and baseline correction of spectral data subroutines will
have simple loops, condition check, and basics mathematical calcula-
tions. The second derivative will be calculated by using divided dif-
ference formulas for discrete data. After finding the number of mini-
mums and their positions, the program will assign parameters for
Gaussian oscillators. The curve fitting subroutine will iteratively vary
the Gaussian curve parameters to minimize the RMS error between
experimental absorption curve and the corresponding summation of the
Gaussian curves. The Levenberg Marquardt algorithm will be used in
this subroutine. The standard numerical integration technique will be
used to find the area under each Gaussian oscillator. As an example, the
flow chart for protein secondary structure analysis is shown in Fig. 5.
Other biomarkers already identified and new ones to be identified in
the process can also be included in the program. For debugging and
troubleshooting reasons, it is important to be able to see the output at
each stage in addition to the final outcome. Also, this allows anyone
interested to see the important data at each stage of the process and to
try other changes.

A schematic of this anticipated portable prototype for the colitis
screening by using ATR-FTIR spectroscopy is shown in Fig. 6, where the
microprocessor (I) controls all the functions in the instrument, and the
software (spectral measurement and data analysis) will run on a mi-
croprocessor (II). The software package developed can be installed on
the Windows tablet PC attached to the portable FTIR. Herein, the
“Sample Scan” tab allows users to enter patient ID, select the disease,
followed by the user pressing “Start Scan” to initiate the program.
Pressing “Start Scan” after depositing a sample on the holder can au-
tomatically perform the full data analysis and will display laboratory
test report as seen in Fig. 7.

5. Conclusion

This study demonstrates the application of the IR spectroscopic
technique for monitoring colitis aggravation on days 0, 3, and 7 of
chemical administration on DSS mouse models of colitis. It also reveals
as a preliminary step in anticipating the validity of the test for humans
and the development of a portable prototype which can facilitate the
bedside IBD screening. Monitoring alteration in the unigque spectral
markers such as concentration of carbohydrates (glucose and mannose)
and the alpha helix to beta sheet ratio of the protein secondary struc-
ture reflected in the IR spectra of serum, for colitis during disease
progression and suppression will allow us to understand the feasibility
of the presented diagnostic regimen in the clinical domain. Also, the
DSS mouse started to behave differently at day 3 of the chemical
feeding, so present study using samples on days 0, 3, and 7 of chemical
administration, is the foundation for further research with large sample
size. Further work is in progress to investigate dose-dependent ag-
gravation, and disease progression of intermediate stages at day five
and its suppression after twelve days, after stopping the chemical
feeding. Herein, the DSS mouse model eliminates few challenges of the
human studies and allows us to conduct disease research on the con-
trolled environment, but there are several other challenging aspects to
translate these findings to humanistic studies. The change in spectral
markers along with disease progression and suppression needs to be
confirmed with the use of sample of the human patients. Thus, in our
future work, spectral markers will be further confirmed by using serum
samples from colitis patients. Once the unigue spectral markers are
identified and confirmed, an ASSURED portable prototype can be de-
veloped in which measurements and data analysis techniques can be
automated in the software, so that a technician will deposit the spe-
cimen onto the sample holder and start the measurement with a simple
click to get the result. This rapid, simple, cost-effective, and minimally
invasive technique would allow the assessment of disease status and
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personalized drug management in the future health care of IBD pa-
tients.
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