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Abstract

This study uses infrared spectrometry
coupled with data analysis techniques to
understand colitis-induced alterations in

©
B S

colitis patients and 28 healthy volunteers, e

the molecular components of serum sam-
ples. Using samples from 18 ulcerative os

we assessed features such as absorbance 0 0.5 1

values at wavenumbers of 1033 and 1076 cm ™ *

, and the ratios at 1121 versus
1020 cm ™' and 1629 versus 1737 cm ™ '. Through the deconvolution of the
amide I band, protein secondary structure analysis was performed. Colitis-
induced alterations are reflected as fluctuations in the vibrational modes, and
are used to identify associated spectral signatures. The results of the study
show statistically significant differences in five identifying spectral signatures.
Among them, the sensitivity and specificity of the spectral signature,
I121/11020, Were 100% and 86%, respectively. These findings resemble our ear-
lier proof-of-concept investigations in mouse models and provide preliminary

evidence that this could be a reliable diagnostic test for human patients.
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1 | INTRODUCTION

Clinically defined inflammatory bowel disease (IBD) [1],
ulcerative colitis (UC) and Crohn's disease (CD), affect
the quality of life through chronic, relapsing, immuno-
logically mediated gastrointestinal (GI) disorders [2].
The incidence and prevalence rates [3] of these diseases
with unknown etiology [4] have been increasing glob-
ally. Groundbreaking advances in the understanding of
these diseases [5] have been achieved using human and
animal models of intestinal inflammation, but we still
lack a reliable screening test with which primary care

human patients, inflammatory bowel diseases, serum samples, spectral signatures,

physicians can diagnose these illnesses, and start the
early administration of therapeutic strategies [6]. At pre-
sent, gold standard techniques such as colonoscopy, sig-
moidoscopy and small bowel follow-through are
recommended for colorectal and GI diseases [7], includ-
ing IBD. However, these gold-standard tests are expen-
sive and invasive, with associated risks, and are not
comfortable to use, affecting the compliance rate [8].
Studies have shown that the onset of IBD typically
occurs in the second and third decades of life [9], and
thereafter progresses to episodes of relapse and remis-
sion in the GI tract. In the absence of early detection,
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IBD can lead to life-threatening complications including
colitis-associated cancers (CACs). The colorectal cancer
(CRC) awareness foundation indicates that the risk of
CRC in those younger than 50 increases by 2% every
year. Therefore, we critically need to develop an afford-
able, sensitive, specific, user-friendly, robust, and rapid,
equipment-free, and deliverable (ASSURED) screening
test to end-users for IBD.

Blood and its component-based biomarkers [10]
have been previously studied in this context, and gene
panels have been used to predict and discriminate IBD
disease activity [11]. Analysis of gene panels in blood
could help expand our understanding of the underlying
involvement of these genes [11] and/or facilitate the
development of personalized medicine [12]. However,
gene expression analysis requires specific and often
complicated experimental protocols and data processing
techniques [10-12], and thus cannot currently be used
as a rapid, low-cost and easy early screening test.

This study explores the use of attenuated total
reflection Fourier transforms infrared (ATR-FTIR) spec-
troscopy [13] on serum samples from UC patients,
building on our earlier studies in mouse models
[14-17]. In ATR-FTIR spectroscopy, light is totally
reflected inside the ATR crystal [18] and creates an
evanescent wave that penetrates into the sample [19].
The penetration depth can be adjusted by using crystals
with different refractive indices and incident angles.
During decay, the loss of energy will occur at the same
frequency as the sample's absorption for soft biological
materials [20, 21]. Serum, which is the protein-rich
blood component that remains [22] after cells and
clotting factors are removed from a whole-blood sample
[23], is used in numerous diagnostic tests [24, 25].
Thus, ATR-FTIR spectroscopy of serum is simple, and
its use as a screening tool before colonoscopy could
offer a radical alterative to standard practices for IBD
diagnostics.

2 | MATERIALS AND METHODS

Human sera were purchased from Equitech-Bio, Inc.
(Kerrville, TX) and stored at -80°C until analysis. The
sample handling and measurement methods were car-
ried out in accordance with relevant guidelines and reg-
ulations. Instrumentation, measurements and analysis
also follow the standard protocols [13, 17]. In this study,
parameters like; effect of air drying of serum samples,
measurement-to-measurement and user-to-user repro-
ducibility are also evaluated to understand the feasibility
of technique in the clinical domain (Note S1:, Figure S1
for the effect of air drying and Figure S2 for

measurement-to-measurement and user-to-user repro-
ducibility). Similarly, the detailed information about the
samples are provided in Note S5 (Table S2 for UC
patients and Table S3 for Controls).

2.1 | FTIR spectrometer

All the spectral data were obtained with the use of a
Bruker Vertex-70 FTIR spectrometer having a KBr beam
splitter and Deuterated Tri-Glycine Sulfate (DTGS) detec-
tor. An MVP-Pro ATR accessory fitted with a diamond
crystal configured to have a single reflection was used.
Diamond has a smaller acceptance angle cone, allowing
an optical design to extract good spectra (Note S2:
Figure S3). Medium Blackman-Harris apodization func-
tion was employed with a resolution of 4cm™' and a
zero-filling factor of four to provide the best resolution
ability (maximum signal-to-noise ratio). The aperture size
is set to 2.5 mm for the optimization of the detector
response without saturation.

2.2 | Spectral measurements

The ATR crystal surface was first cleaned using sterile
phosphate buffered saline, and ethanol to get rid of
staining substances. A cleanliness test was then con-
ducted to ensure that the absorbance spectrum obtained
without a sample had no peaks in the signal higher than
the noise level. A background measurement was per-
formed prior to each spectral measurement by scanning
the cleaned crystal surface and then subtracting it from
the sample signal spectrum. In each measurement, 1 pl
of the sample was deposited and allowed to settle at room
temperature, before taking multiple scans to get high-
quality, reproducible spectra. Each sample was scanned
multiple times (within 400-4000 cm™') to get eight or
more, high-quality spectra. The last six reads of the
100 co-added scans for each sample (total 600 scans) were
averaged for further statistical analysis.

2.3 | Spepectral analysis

In the course of spectral analysis, using OPUS 6.5 soft-
ware, vector normalized second derivatives spectra and
the min-max normalized [13] absorbance data within
the region, 900-1800 cm~ ! were used. The Student's
t test (with two-tailed unequal variance) p values were
calculated to find prominent, discriminatory regions.
The spectral signatures are then identified and quanti-
fied by comparing absorbance values, ratios and by
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using spectral deconvolutins. The discriminating poten-
tial of identifying spectral signatures were further ana-
lyzed with statistical measures such as sensitivity,
specificity and the receiver operating characteristic
(ROC) curves [26]. The Youden index was used to find
the optimal cutoff values. These cutoff values are then
used to estimate the sensitivity, specificity, false positive
and false negative rates. Statistical measures [27] of the
discriminatory signatures reveals the usefulness of the
presented diagnostic regimen. The ROC curves are plot-
ted to find the area under the curve (AUC); for each of
these features.

3 | RESULTS AND DISCUSSION
3.1 | Discrimination of absorbance
values

Figure 1A shows average min-max normalized [13] infra-
red absorption spectra of sera covering the 900-
1800 cm ! region from control (n = 28) and UC patients
(n = 18). This region is comprised of biological functional
groups of lipids, proteins, nucleic acids and carbohy-
drates as assigned. The details of the normalized absorp-
tion spectra and corresponding quantified information
are provided in supporting information file (Figure S4
and Tables S2 and S3). The spectral difference (UC - Con-
trol), as shown by solid green line (—) of Figure. 1B, is
significantly higher than the difference obtained from the
multiple measurements of the same Control (— — dashed
lines) and UC («e+ dotted lines) samples. Figure. 1C
shows the p values for the absorbance. p values less than
the nominal significance level of 0.05 indicate the dis-
criminatory features of the spectrum. p values <0.025 are
also highlighted by a pink trace line (— —). The promi-
nent, discriminatory regions include C=0/C-N
stretching and N-H bends in amides, C=0 in stretching
lipids, RNA/DNA nucleotides and C-O vibrations of car-
bohydrates [28]. Because of the complexity of biological
systems, biomolecular and bonding vibration assign-
ments are tentative and are based on numerous studies
[29-31]. The spectral region, 1700-1750 cm L, is primar-
ily recognized by its C=0 stretching band in lipids [30,
31]. The amide I (1600-1700 cm ') vibration is known to
be sensitive to the secondary structure of proteins [15,
29], which mainly arises due to C=0 stretching vibration
with minor contributions from out-of-phase C-H
stretching vibrations, C-C-N deformation and N-H in-
plane bends. Spectral band around 1578 cm ™ is due to
C=N adenine [30] while the region 1136-1153 cm ™' is
due to the ring vibration mode of C-O-C including
C-0-H, C-0 and C-C stretch [32]. The spectral band
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FIGURE 1 Infrared absorption spectra of sera from control

and UC patients. (A) Averages min-max normalized absorbance
spectra of Control (n = 28) and UC patients' (n = 18) serum
samples. (B) The spectral response difference between UC and
control. Average absorbance values of UC condition are elevated at
carbohydrate and nucleic acids regions and fluctuating up and
down in Amides region. The difference between repeat
measurements of the same sample: Multiple Controls and Multiple
UCs (shown by the — — blue-dashed and «+ red-dotted lines,
respectively) are negligible compared with the difference spectra
between the average UC and average control (— green; UC-
Control). (C) p values comparison of absorbance values and values
<0.05 are used to highlight discriminatory features. The pink-
dotted line (— —) highlights p values <0.025

900-1091 cm ™! results from C-O, C-C stretch, C-H
bend, deoxyribose/ribose DNA, RNA, vs(PO,_) [32] of
carbohydrates and nucleic acids.

Studies have reported that higher levels of mannose
and glucose in IBD patients’ serum as compared to con-
trol subjects [33]. Mannose level elevation in one of the
glycoprotein fractions in the colonic mucus of UC
patients was confirmed using tissue evaluation [34]. The
colonic lesions, which are the characteristics of colitis
can facilitate the diffusion of mannose to the circulating
blood stream, thus manifesting mannose elevation in
serum. Colitis-associated lipid metabolic dysfunction and
the abnormal blood lipid profiles [35] and fluctuation in
nucleic acids [36] are also reported. Furthermore, sero-
logical markers [10] for UC diagnosis and the discrimina-
tion between UC types are investigated [37]. The
abnormalities in lipids, amino acids and energy metabo-
lisms in the serum samples of IBD patients are seen [38].
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Associations [39] between fatty acids and inflammatory [o Control ¢ UC |
cytokiI.les 91‘ the protein abundance‘ and the epigenetic 47 - (A) a-helix (B) B-sheet
alteration in the samples of UC patients have been also ® 3 21
established. As such, variations in these reported serolog- 8
ical markers [33-36] are most likely the primary reason * 19
for the UC induced changes in absorption frequencies of
functional groups of constituents reflected in spectral sig- s |39 1632 1630 162817
natures. The identifying spectral signatures presented in < 1662 1681 4650
this study. are .(a) absorbance at wavenumber 1033 cmi1 g (C) Ave <a> (D) Ave <B> 22
(I033), primarily due to the presence of glucose [14] in ]
. -1 £ (426 P HH
the medium; (b) absorbance at wavenumber 1076 cm : 20
(I1g76), representing the mannose level [14] as well as the 5 H
presence of phosphate [31]; (c) the ratio of absorbances at 41.6 18
wavenumber 1121 cm ™, associated with RNA presence, 1650.5 16515 1630.5 1629.5
to its value at 1020 cm ™', associated with DNA presence Wavenumber (cm-)
[40] (I3121/Th02); (d) the ratio of absorbances at E) 3‘1 F
wavenumber 1629 cm ™', indicating the presence of pro- mp= ’21‘5.04 g 1 AUC
tein, to 1737 cm ™", signaling the presence of lipids (I1¢20/ *@OVEDD TOOCO 2 0.8313
I,737); and (e) the alteration in protein secondary b
— 0 ——t—t
structures. 18 29 26 5 ;
Integral ratio (a/B) 1-Specificity
3.2 | . Protein secondary structure FIGURE 2 Plots of integral values of Gaussian function energy
analys1s bands representing a-helix, p-sheet protein secondary structures in

The amide I band [29], 1600-1700 cm !, has been used
for the analysis of protein secondary structures [15,
17, 29, 41, 42]. The amide I band [29], is deconvoluted
into six Gaussian function energy bands (GFEB) rep-
resenting the side chain (~1610cm '), p-sheet
(~1630 cm™ '), random coil (~1645cm '), a-helix
(~1652 cm ™), p-turn (~1682cm ') and p-sheet anti-
parallel (~1690 cm ') structures [15, 29, 42]. The minima
of the second derivative spectra are used to approximate
the position and the number of GFEB sufficient to fit the
experimental curve.

Figure 2 shows a plot of the integral values of GFEB
representing the a-helix and p-sheet protein secondary
structures. The integral values of the a-helix compo-
nents are less for UC cases, while the integral values of
the p-sheet components are higher in UC as in
Figure 2A,B. The average integral values of the a-helix
and p-sheet components are also shown in Figure 2C
and D, respectively. A significant difference between the
integral ratios of the a-helix and p-sheet structures can
be obtained between the control and UC groups
(Figure 2E). Similarly, Table 1 shows the quantified
information showing the average wavenumber position,
and the GFEBs representing a-helix and p-sheet protein
secondary structures. The average position of energy
band representing the a-helix structure has significantly
moved towards the higher wavenumber position in the
UC serum.

human sera. (A) Integral values of a-helix components. (B) The
integral values of B-sheet components. (C) Average of a-helix
integral values. p values for the integral area of a-helix is 0.05 and
for their mean position is 0.03. (D) Average integral values of
B-sheet. p values for the integral area of p-sheet is 9E-07 and their
mean position is 0.3. (E) Representation of integral ratios between
corresponding a-helix and p-sheet structures. Average values of
control and UC cases for the integral ratio of a-helix to p-sheet
(Integral [a/p]) shows a statistically significant difference. (F) The
ROC curve of the Integral (a/p) and the corresponding AUC

3.3 | Identifying spectral signatures
Histogram representation of ensemble averages and the
scatter plot of four spectral signatures, 1933, I1076, 11121/
Loyo and I1620/11737, are shown in Figures 3A, B, C and
D, respectively. The altered pattern between UC and
control groups can be seen by comparing the range of
data points and their average values in the identified
spectral signatures as tabulated with standard error in
the unshaded region of Table 2 (more detail are in
Tables S2 and S3).

3.4 | Sensitivity and specificity

Figure 2F shows the ROC curve of the integral ratio (/)
and the corresponding AUC. These AUC values for all
the identifying spectral signatures are within 0.76-0.95.
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TABLE 1

Features Types Integral + SE
a-helix Control 42.74 + 0.25 No (>0.05)
UucC 41.94 + 0.08
B-sheet Control 19.05 + 0.15 Yes (<0.03)
ucC 20.40 + 0.17
(A) o33
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FIGURE 3 Histogram representation of the averages of the

identified spectral markers [43]. Scatter plot of data representing
UC and Control samples shows the nature of variation. (A) Average
absorbance values at wavenumber position 1033 cm ™" (I;033).

(B) Average absorbance values at wavenumber position 1076 cm ™
(Iip76)- (C) Ratio of absorbance values (I3121/I1020) at wavenumber
1121 to 1020 cm ™. (D) Ratio of absorbances (I1420/11737) at
wavenumber position 1629 to 1737 cm ™. Student's ¢ test, two tailed
unequal variance p values are <0.05 in each of these identified
spectral signatures. p values are 0.001, 0.003, 2E-10 and 0.003 for
markers I1¢33, T1076, T1121/T1020 a0d L1620/ 11737, T€spectively

1

Similarly, features like optimal cutoff, AUC values, sensi-
tivity and specificity were calculated with the aid of ROC
curves are shown in the shaded region of Table 2. The
maximum values of sensitivity and specificity values of
each feature describe the differences between the UC ver-
sus the control groups

Difference (p values)
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Average integral values and average positions of energy bands reflecting a-helix and p-sheet protein secondary structures

Wavenumber + SE Difference (p values)

1650.81 + 0.07 Yes (<9E-07)

1651.05 + 0.32

1629.94 + 0.11 No (>0.3)

1630.12 + 0.11

4 | CONCLUSION

Infrared spectral signatures were identified in UC serum
samples. Identified spectral signatures include absor-
bance values (I;933 and I ), the ratio of absorbances
(I1121/T020, T1620/11737) and the ratio of protein secondary
structures (o/p). Interestingly, this study provides evi-
dence that the ATR-FTIR spectroscopy of human serum
samples resembles earlier findings using experimental
mouse models [14-17]. These mouse studies also showed
that the 1033, 076> T1121/T1020» T1629/11737 and o/p second-
ary structures indicate statistically significant changes in
the spectral signatures of colitis sera. The statistical mea-
sures used in the present study, such as p value calcula-
tions, sensitivity, specificity and ROC analysis of human
samples, support the validity of the technique.

ATR-FTIR spectroscopy of body-fluids has been
considered as an excellent technique to observe the bio-
molecular composition and their variations due to a
myriad of pathologies [18]. Potential application of this
technique, in the forensic sciences for the routine con-
firmatory screening of biological evidences is also
promising [44]. The challenging aspects of the tech-
nique for its clinical feasibility, such as “measurement
to measurement” and “user to user reproducibility”
during the spectral measurements are also discussed
(detailed discussion is presented in Note S1). The devel-
opment of fully automated, user-friendly tabletop
screening technique integrated with measurement and
data handling approaches as discussed [13, 17] will
enable the complex analysis process to the simple diag-
nostic decision.

Additional work is needed to further validate the
spectrometric assessment of serum for IBD diagnosis
and monitoring, with the goal of establishing a success-
ful clinical technique. Using the identified spectral sig-
natures, the required number of controls and UC cases
applicable in medical diagnostic trials [45] can also be
calculated (Table S1). Likewise, the impacts of parame-
ters such as age, disease stage, sex, IBD type (UC or
CD), and other comorbidities should be evaluated.
Given that infrared spectroscopy of serum samples is
simple, risk-free and cost-effective, we believe that this
technique will be attractive to most patients for whom
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TABLE 2 Quantified values of identifying discriminatory bands [43]
Types Loss Lozs Ta21/Thozo Lie29/Th737 Integral (o/f)
Control Range 0.244-0.328 0.325-0.405 1.482-1.611 21.124-34.066 1.973-2.547
Average + SE 0.274 + 0.004 0.349 + 0.004 1.510 + 0.011 28.804 + 0.642 2.250 + 0.030
ucC Range 0.257-0.375 0.329-0.416 1.231-1.444 22.261-48.055 1.896-2.469
Average + SE 0.303 + 0.007 0.373 + 0.006 1.362 + 0.015 33.373 + 1.519 2.061 + 0.033
Cut-off value 0.273 0.351 1.446 32.815 2.099
AUC 0.782 0.762 0.944 0.762 0.831
Sensitivity (%) 89 78 100 61 78
Specificity (%) 68 68 86 93 82
p value 0.001 0.003 2E-10 0.003 0.0001

Note: Statistical measures of discriminatory infrared spectral markers for UC using sera are shown in the unshaded region. The shaded region of the table
showing statistical analysis, where the optimal cut-off, and the corresponding sensitivity and specificity are calculated based on the Youden index.

routine IBD screening is recommended. Molecular map- ORCID
ping of infrared signatures is not expected to replace tra-  A- G. Unil Perera ‘¥ https://orcid.org/0000-0001-6927-
ditional colonoscopy techniques, but rather could 7268
potentially provide an additional level of information
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about UC patients. This is important because the early
diagnosis and treatment of IBD are crucial if we hope to
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human health.
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