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Purpose: Crohn’s disease (CD) is a chronic recurrent intestinal inflammatory disease that requires repeated invasive examinations.
Convenient and noninvasive diagnostic tools for CD are lacking. Surface-enhanced Raman spectroscopy (SERS) can rapidly provide
specific metabolite information in various samples. Our previous study has showed urine Raman spectrum can distinguish CD patients
from healthy controls noninvasively. In this study, we further investigated the value of urine Raman spectra on identifying the disease
characterizations in patients with CD.

Patients and Methods: Urine samples were analyzed by SERS to acquire specific changes of the spectra from 100 active CD (aCD)
patients and 88 inactive CD (iCD) patients. The accuracy of classifier models yielded by SERS was assessed by principal component
analysis and support vector machine (PCA-SVM) to investigate spectral differences and disease characterizations.

Results: Given a panel of 16 specific Raman spectra, the classifier model was established to predict disease activity between patients
with aCD and iCD and achieved higher efficacy than fecal calprotectin (AUC value, 0.864 vs 0.596, P=0.02). After leave-one-patient-
out cross-validation, the classifier model still obtained 75.5% of accuracy. The correlation analysis showed it had negative correlation
with endoscopic results (r=—0.616, P<0.0001). We further established the classifier model in identifying disease location to dis-
criminate colonic-type from ileal-type CD with 63.6% of accuracy with the significantly increased intensity of 1643 cm™' band, and
the model to predict the spectra changes of before and after treatment in tumor necrosis factor inhibitor responders with 91.2% of
accuracy with a panel of 11 specific spectra. The metabolic changes of amino acids, proteins, lipids, and other compounds in urine
levels were noted by SERS in patients with CD.

Conclusion: The specific changes of urine Raman spectra can reflect changes in urine metabolism. It has the potential value on being
the promising diagnostic tool for disease characterizations in CD patients by a convenient and noninvasive way.
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Introduction
Crohn’s disease (CD), an inflammatory bowel disease (IBD), is characterized by chronic inflammation of any part of the
gastrointestinal tract and has a progressive and destructive course resulting in complications of stricture, fistula and
abscess formation.' Some patients often have no symptoms at the beginning of the disease, leading to diagnostic delay
and worse outcomes. More aggressive treatments with biologics or small molecule inhibitors have been used to improve
the current difficult situations. However, an inadequate response to medications such as tumor necrosis factor inhibitor
(TNFi) is an intractable problem.?

Endoscopy examination can provide an objective evidence for the evaluation and identification of disease activity,
location and efficacy in CD. However, some limitations cause poor compliance, for example, expensive, invasive, and
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bowel preparation is needed.> In recent years, many studies have been devoted to investigating simple, noninvasive,
accurate and economical biomarkers in serum, stool and urine.* C-reactive protein (CRP) is the most commonly used
serum marker to reflect systemic inflammation. However, it lacks bowel specificity and often does not consist with
endoscopic findings.® Other serum biomarkers, such as perinuclear antineutrophil cytoplasmic (pANCA), anti-
Saccharomyces cerevisiae antibodies (ASCA) and anti-glycoprotein 2 (antiGP2), have limitations of poor sensitivity,
low specificity, complexity and high cost. These disadvantages make them difficult to widely implement in clinical
practice.”® The value of novel biomarkers, including miRNAs and exosomes, is still under investigation.”'® Fecal
calprotectin (FCP) has been widely used for evaluation and monitoring intestinal disease activity.'' However, except for
complex sample preparation, the accuracy of FCP is also affected by many interference factors, including sample
collection time, detection method, and disease location of the small bowel.'? Recently, urine inflammatory markers
have been studied to detect disease activity and drug efficacy in patients with IBD by liquid chromatography tandem
mass spectrometry or ELISA."*'* However, complex detection methods make them hard to apply to clinical practice.

There are few studies about applying physical methods to evaluate the disease state of CD in a noninvasive way.
Raman spectroscopy (RS) is based on the unique and fingerprint-like spectra generated by different molecules, including
nucleic acids, proteins and lipids. The RS technique can provide useful diagnostic information to reflect conformational
changes in human tissue and cells. In the past years, this technique has been used to diagnose colorectal cancer by
detecting characteristic spectral changes in the postoperative biopsy of tumor tissue from 20 patients.'> D’Acunto et al
found RS imaging can not only be used to detect the characteristic spectral changes of tumor tissue in vitro to diagnose
malignancy, but also might grade the chondrogenic tumors according to the histopathological results.'® Furthermore, RS
has been applied to measure cancers in hollow organs (such as lung cancer and gastrointestinal cancer) in vivo with the
development of fiber-optic Raman probes in hollow organs.'’

Based on detection of plasma, stool samples and biopsy tissues, RS technique also has been performed in patients
with CD and ulcerative colitis (UC). In a study conducted on 77 CD patients and 45 healthy controls (HC), Morasso et al
found that RS revealed biochemical differences in plasma of CD patients through analyzing spectra differences.'® RS
was also used to detect proteic extract from fecal samples in pediatric patients with IBD (15 CD and 9 UC) and 19 HC.
This technique could probe the changes in the secondary structures of proteic extract and distinguish IBD from HC
subjects and CD from UC patients.'” Another research group measured colon tissue biopsies in vitro from 9 CD and 12
UC patients using Raman fiber-optic probes, and detected characteristic Raman features potentially to distinguish CD
from UC.?° However, these studies usually had small sample sizes, and sample collection was invasive and obtained in
an uneasy way. Urine sample has obvious advantages in being easy to acquire, noninvasive and economical. To date, few
studies have investigated the value of the urine RS technique in IBD patients. Moreover, as a spectral fingerprint with
high sensitivity, surface-enhanced Raman spectroscopy (SERS) drastically enhances the Raman signals by 10'3- to 10"-
fold with low laser Power and causes little damage to the molecules attached to the nanotextured metallic surface. Our
previous work indicated the SERS can well distinguish CD patients from HC, whether in active or inactive CD
patients.”!

In this study, we aimed to investigate the further application of Raman spectrum in patients with CD through SERS
technique in order to explore the noninvasive method on diagnosis of disease characteristics. Our results successfully
established the classified models with high accuracy based on principal component analysis and a support vector machine
(PCA-SVM) procedure. The CD patients with different disease activity, location of colonic and small bowel types, as
well as before and after treatment in TNFi responders, can be well distinguished by the predicted models given the
significant changes of Raman spectra. These findings indicated that a group of changed urine Raman spectra may be as
useful diagnostic tools for prediction of various disease characteristics in a noninvasive, convenient and economical way.

Materials and Methods

Patients
One hundred eighty-eight consecutive CD patients at the Department of Gastroenterology of the Shanghai Tenth People’s
Hospital affiliated with Tongji University (Shanghai, China) were recruited from June 2020 to March 2021. The inclusion
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criteria were as follows: (a) 16-80 years of age; (b) a confirmed diagnosis of CD based on evaluation of clinical,
endoscopic, radiological and histological features according to the European Crohn’s and Colitis Organization
guidelines;** and (c) complete clinical data. Patients with active CD (aCD) were defined as having a Crohn’s Disease
Activity Index (CDAI) score >150 and the presence of definite ulcers endoscopically. Patients with inactive CD (iCD)
were identified as having CDAI <150 and the absence of ulcers under endoscopy, which was mucosal healing (MH).
Exclusion criteria included the patients who had a few intestinal ulcers, although the CDAI was less than 150;
indeterminate enteritidis; other infectious diseases (sepsis and intestinal tuberculosis); autoimmune diseases (Bechet’s
disease) and malignancies; and serious cardiac, pulmonary, hepatic, renal or hematological diseases. All patients signed
informed consent to participate in the study. The study complied with the Helsinki Declaration, and the study protocol
was approved by the Institutional Ethics Committee of the Tenth People’s Hospital of Tongji University, Shanghai, China
(SHSY- IEC-4.1/21-3/01).

Urine Collection

Two milliliters of the first morning urine was collected from each subject and placed in a 5 mL sterile centrifuge tube at
4°C. One milliliter of urine was mixed with 2 mL of commercial silver colloid nanoparticles (Nanjing Xianfeng
Nanomaterial Technology Co., Ltd., Nanjing, China) for two hours, and the mixture was added to a cuvette for further
detection. The ultraviolet-visible light absorption spectrum of silver colloid nanoparticles is shown in Figure 1A. The
maximum absorption wavelength was 425 nm. Figure 1B shows a micrograph of silver colloid nanoparticles discrimi-
nated by transmission electron microscopy (TEM), which showed that the mean nanoparticle size was approximately
50 nm.

Surface-Enhanced Raman Spectra Acquisition and Analysis
A surface-enhanced Raman spectrometer developed by the School of Energy and Power Engineering at the University of
Shanghai for Science and Technology was employed to detect urine samples. The laser light source came from a diode
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Figure | (A) Ultraviolet—visible light absorption spectrum of silver colloid nanoparticles. (B) TEM micrograph of silver colloid nanoparticles. Average normalized Raman
spectra of urinary samples from patients with aCD and iCD in 460-960 cm ' region (C) and 10601660 cm ' region (D).
Abbreviations: TEM, transmission electron microscopy; aCD, active Crohn’s disease; iCD, inactive Crohn’s disease.
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laser (Tech) at 785 nm with 50 mw power. The incident light went through the collimator (Thorlabs) and bandpass filter
(Edmund) in front of the diode laser sequentially and then focused on the cuvette. The scattered light in the direction of
90° with the incident light was filtered by the lens set and edge filter (Edmund) to eliminate Rayleigh scattering,
transmitted through the spectrometer (IHR 320) and then received by a CCD detector (Horiba-Syncerity). The spectral
regions of 460 cm ' to 960 cm ' and 1060 cm ™' to 1660 cm ™' were acquired with 1200 grooves/mm grating, a 20-second
collecting time, two-time accumulation and a spectral resolution of 0.8 cm '. Anhydrous ethanol was tested for
calibration with the Raman spectrometer twice a day. Each sample was tested five times, the acquired spectra for each
sample were vector normalized by using OriginPro, Version 2019 (OriginLab Corporation, Northampton, MA, USA),
and the average data of the five spectra were regarded as the final representative spectrum of each sample. To minimize
measurement error, urine samples of CD patients were detected alternatively on the same day. A 4th-order polynomial fit
was applied to eliminate fluorescence background and noise.

Clinical Data Collection

Clinical data were collected from the recruited CD patients, including sex, age, smoking status, disease duration, CDAI,
the Montreal Classification, enteral nutrition, concomitant medications, TNFi treatment, CRP and FCP. To detect FCP
levels (FCP Assay Kit, Guangzhou Forreal Biotechnology Co., Ltd., Guangzhou, China), a 5-10 g morning fecal sample
was collected within 3 days before endoscopy from each patient (18 aCD and 20 iCD) and stored at —20°C. Patients with
FCP >250 pg/g or CRP >8.20 mg/L were considered to have active disease. Infliximab (IFX) was regularly administered
intravenously at a dose of 5 mg/kg body weight at 0, 2, and 6 weeks and then every 8 weeks. Adalimumab was injected
at doses of 160 mg loading dose, followed by 80 mg and then 40 mg subcutaneously every other week. After treatment
with IFX or adalimumab for at least 30 weeks, the responder was defined as a > 50% decrease in the SES-CD score
compared with that before treatment." Perianal disease (PD) in our study referred to perianal abscess and perianal fistula.

Statistical Data Analysis

Data analysis was performed using SPSS (IBM SPSS 23.0, SPSS Inc.) and R software (v. 3.5.1, R Foundation, Vienna).
Continuous variables are presented as the mean + standard deviation (mean + SD) or median and interquartile range
(IQR) in variables without a normal distribution, and statistical comparisons between groups were carried out by
nonparametric tests. Categorical variables were expressed as numbers with percentages, and comparisons between
groups were performed by the chi-square test. For the variable of every peak intensity, we first employed the Shapiro
Wilk and Kolmogorov—Smirnov tests in urine samples to verify the normal distribution of data; we considered data as
normal only if both tests accepted the null hypothesis of normal distribution. Then, parametric (¢-test) or nonparametric
(Wilcoxon test) tests were used to compare mean values between groups. Major peaks with different means or medians
between groups were identified on this basis, with a P value <0.05 considered statistically significant.

Principal component analysis (PCA)-support vector machine (SVM) was applied to analyze the multivariate data for
the automatic classification of the spectra using OriginPro, Version 2019. Through PCA, the complexity of the dataset
was reduced to 34—188 principal components (PCs). We used the first 15 PCs as training data to establish classification
models based on PCA-SVM to discriminate aCD from iCD patients. From the receiver operating characteristic (ROC)
curve, we obtained the optimal threshold (cut-off point) to classify aCD with iCD, and aCD patients with different
characteristics (isolated colonic and ileal-type; with and without PD and spectral changes before and after treatment in
TNFi responders). The cut-off values were determined by the greatest Youden index (Youden index=sensitivity+speci-
ficity-1). Leave-one-patient-out cross-validation was used to validate the prediction model. In determining the sample
size, a marginal error (d = 0.1) was considered at the 95% level of confidence, and the minimum of the area under the
curve (AUC) was 0.88.>* The minimal number of subjects in each category was 37. The AUC were compared by
Delong’s method (MedCalc16.8.4) between the PCA-SVM models and CRP or FCP to identify the predictive power, and
the sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), positive likelihood ratio (LR
+) and negative likelihood ratio (LR-) were calculated for the model and biomarkers. Correlations between the SERS
classified model and endoscopic disease activity were determined by Spearman analysis.
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Results

Patients Data and Disease Classifications

The urine samples of 188 patients with CD, including 100 aCD patients and 88 iCD patients received Raman spectroscopy
analysis to obtain the Raman fingerprints. The clinical characteristics of the two groups of CD patients are shown in Table 1.
Among all included patients, 71.8% of the patients (135/188) were male, with an average age of 33 (24-43) years. One
hundred and twelve patients (59.6%) were ileocolonic type, 45 were ileal-type, and 31 were colonic-type. The CD patients
with B1 behavior had 81 (43.1%), followed by those with the structuring type (80/188, 42.6%). The CRP level was higher in
patients with aCD than in iCD patients (20.24+25.6 vs 2.8+4.5 mg/L, P<0.001). The percentages of active smoking (16% vs
3.4%, P=0.001) and PD (27% vs 2.3%, P<0.001) were also higher in the aCD patients than that in the iCD patients.

Changes of Urine Raman Spectra to Predict Disease Activity

To identify spectral differences in active and inactive patients, urine Raman spectra of CD patients were acquired from
the 460960 cm ' (Figure 1C) and 1060-1660 cm ™' regions (Figure 1D). The intensity changes of the spectra between
100 aCD and 88 iCD patients were compared (Supplementary Table S1). There were a panel of 16 peaks with

significantly different intensities between aCD and iCD patients, including 11 bands with the stronger intensities (543,
559, 1350, 591, 1278, 1341, 606, 1298, 1324, 573 and 1497 cm ') and 5 with the weaker intensities (680, 642, 480, 889
and 516 cm ') after SERS detection (P<0.05, Figure 2). According to the metabolites corresponding to these bands,
cholesterol palmitate (543 cm ') increased remarkably in patients with aCD, while the level of the S-S disulfide stretch in

proteins (516 cm™') decreased most significantly (Supplementary Tables S2 and &).24’31

Given the 16 specific Raman peaks, the SERS classifier to discriminate aCD from iCD patients acquired an accuracy of 79.8%
with 0.856 of AUC value, 83% of sensitivity, 76.1% of specificity, and an F1-score of 81.4% by the PCA-SVM procedure
(Figure 3A and 3B, Supplementary Table S4). The predictive value of the SERS classified model after leave-one-out cross-
validation was 81% of sensitivity, 69.3% of specificity, 77.9% of F1-score, and 75.5% of accuracy (Supplementary Table S5). The
Spearman rank correlation analysis suggested it had negative correlation with endoscopic disease activity (=—0.616, P<0.0001).

Lower Raman canonical variable determined by the SERS classifier model indicated greater disease severity endoscopically, and
higher Raman canonical variable suggested less severity in the intestines.

To compare the diagnostic efficacy of SERS classifier with the common inflammatory biomarkers (CRP and PCP), we
calculated the corresponding AUC value, sensitivity, specificity, predictive values and likelihood ratios of each marker
(Table 2). The similar value in diagnostic efficiency was found between the SERS classifier (AUC 0.856, 95% CI 0.798—
0.903) and CRP (AUC 0.837, 95% CI 0.776-0.887) (P=0.63, Figure 3C, Table 2). However, the sensitivity of SERS
classifier (83%) was higher than CRP (67%), although its specificity (76.1%) was lower than CRP (88.6%). The classifier
model obtained a significantly higher diagnostic efficiency under ROC curves of discrimination than FCP detected in 18
aCD patients (AUC 0.864 vs 0.596, P=0.02, Figure 3D). The predictive values and likelihood ratios for the SERS
classifier also were better than those for FCP (Table 2). The PPV of SERS classifier (79.8%) was higher than that of FCP
(64.3%), but lower than CRP (87.0%). However, the NPV of the classifier model (79.8%) was higher than both of CRP
(70.3%) and FCP (62.5%). Therefore, the higher sensitivity and NPV of SERS classifier model indicate that it could be
a useful diagnostic tool to evaluate disease activity.

SERS Classifiers to Identify Disease Characteristics Based on Spectral Differences
Given the changes of Raman spectra, we further investigated the value of the SERS classifiers in distinguishing other
disease characteristics (Table 3 and Supplementary Table S6). Surprisingly, the SERS models also obtained the good

accuracy in distinguishing disease features. A specific band of 1643 cm ™' in colonic-type CD patients has significantly
stronger intensity than in ileal-type CD patients (P=0.011). After leave-one-patient-out cross-validation, the SERS
classifier could successfully discriminate these two locations of CD patients with a sensitivity of 64.7%, specificity of
63%, an accuracy of 63.6%, and AUC of 0.92 (Table 3, Figure 4A and 4B). The 1643 cm ™' band related to the strong
C-C stretch of lipids and the C-O stretch of the protein amide I band (P=0.011, Supplementary Table S2 and
Supplementary Figure S1).
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Table | Baseline Characteristics of the Patients with Active and Inactive Crohn’s Disease
Characteristic aCD (N=100) iCD (N=88) P value
Sex, n (%) 0.144
Male 67 (67) 68 (77.3)
Female 33 (33) 20 (22.7)
Age, years (median, IQR) 36 (27-51) 28 (23-36) <0.001
Smoking status, n (%) 0.001
Never 78 (78) 82 (93.2)
Former 6 (6) 3 (34)
Current 16 (16) 334
CDAI (meanzSD) 218.7£89.1 61.1£40.9 <0.001
2150, n (%) 94 (94) 86 (97.7)
<150, n (%) 6 (6) 2(23)
Disease duration, years (median, IQR) 3.8 (1-8) 3 (1-6) 0.518
>10 15 7
5-10 30 28
<5 55 53
Age at diagnosis, n (%) <0.001
Al (<I7 years) 8 (8) 18 (20.5)
A2 (17-40 years) 57 (57) 64 (72.7)
A3 (>40 years) 35 (35) 6 (6.8)
Disease location, n (%) 0.255
LI (ileal type) 27 (27) 18 (20.5)
L2 (colonic type) 17 (17) 14 (5.9)
L3 (ileocolonic type) 56 (56) 56 (63.6)
Disease behavior, n (%) 0.971
Bl (nonstricturing, nonpenetrating) 43 (43) 38 (43.2)
B2 (stricturing) 43 (43) 37 (42)
B3 (penetrating) 14 (14) 13 (14.8)
Perianal diseases, n (%) <0.001
Yes 27(27) 2 (2.3)
No 73(73) 86 (97.7)
CRP (mg/L, meantSD) 20.2+25.6 2.8+45 <0.001
282, n (%) 54 (54) 5(5.7)
<82, n (%) 46 (46) 83 (94.3)
FCP (ug/g, meanxSD) 527.6+430.5 443.61519.4 0.317
2250, n (%) 12 (12) 10 (11.4)
<250, n (%) 6 (6) 10 (11.4)
TNFi therapy, n (%) 0.0l
IFX 31(31) 54 (61.4)
ADA 2(2) 21(23.9)
Response to TNFi, n(%) <0.001
Yes 17 (17) 75 (85.2)
No 16 (16) 0 (0)
Enteral nutrition, n (%) 0.068
Yes 20 (20) 28 (31.8)
No 80 (80) 60 (68.2)
Abbreviations: aCD, active Crohn’s disease; iCD, inactive Crohn’s disease; IQR, interquartile range 25-75; CDAI, Crohn’s disease activity index;
CRP, C-reactive protein; FCP, fecal calprotectin; TNFi, tumor necrosis factor inhibitor.
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Figure 2 The significant changes of 16 spectra intensities between aCD and iCD patients. Data are shown as box and whisker plots. Each data point represents an individual
subject analyzed. Each box represents the median and upper and lower quartiles.
Abbreviations: aCD, active Crohn’s disease; iCD, inactive Crohn’s disease.

In 17 responders to TNFi, the SERS detected 11 spectra having the significant changes of intensities in urine samples
of before and after treatment of TNFi. The different changes of spectra included 5 bands with significant stronger
intensity (541, 594, 560, 1346 and 1275 cm ') and 6 with lower intensity (715, 673, 699, 641, 480 and 888 cm )
(P<0.05, Supplementary Figure S1). The higher intensity at the 541 cm ™' band assigning to cholesterol palmitate and the

lower intensity of 888 cm ' band belonging to carbohydrates were found in CD patients before TNFi treatment
(Supplementary Table S3). In view of this panel of 11 spectra, the SERS classifier to predict before or after treatment

obtained an accuracy of 91.2%, with a sensitivity of 82.4%, a specificity of 100%, and AUC of 1 after internal validation
(Table 3, Figure 4C and 4D).

To consider the patients with and without perianal disease, SERS analysis revealed 14 characteristic peaks with
markedly weaker intensity in aCD patients with PD compared with those without PD (P<0.05, Supplementary Figure
S2). By means of an ROC curve (AUC 0.902), the accuracy of the classifier with lower intensity obtained 75% with
a sensitivity of 76.7% and specificity of 70.4% after leave-one-patient-out cross-validation (Table 3, Figure 4E and 4F).

The corresponding components of these 11 peaks mainly resigned cholesterol, nucleic acids, amino acids and carbohy-

drates (Supplementary Table S2). In addition, a panel of 11 spectral peaks with significant changes of intensity also were

found among patients with different disease behaviors with structuring (B2), inflammatory (B1) or penetrating (B3)
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Figure 3 (A) The Raman canonical variable score obtained for aCD and iCD patients. Data are shown as box and whisker plots. Each data point represents an individual
subject analysed. Each box represents the median and upper and lower quartiles. (B) Receiver operating characteristic curves of the SERS classifier by PCA-SVM to
discriminate aCD from iCD patients. (C and D) Diagnostic efficiency of the classifier model and clinical biomarkers for disease activity measured by receiver operating
characteristic curves. (C) SERS classifier model [green curve] vs CRP [red curve]; (D) SERS classifier model [green curve] vs FCP [red curve].

Abbreviations: aCD, active Crohn’s disease; iCD, inactive Crohn’s disease; PCA, principal component analysis; SVM, support vector machine; SERS, surface-enhanced
Raman spectroscopy; CRP, C-reactive protein; FCP, fecal calprotectin.

behavior (Supplementary Figure S3). These peaks were mainly attributed to amino acids, nucleic acids, cholesterol and

lipids (Supplementary Table S2).

Discussion

In this study, we first applied urine SERS as a novel noninvasive method to identify disease characterizations based on
a machine-learning method. Given one or a panel of specific changes of spectra intensity, our results showed that the
diagnostic models based on Raman spectra could achieve the high accuracy in determining disease characterizations,
including disease activity, location (colonic- and ileal-type), before and after TNFi treatment and perianal disease.We

Table 2 Comparison of the Diagnostic Efficacy Among SERS Classifier, CRP and FCP for Identification of Disease Activity in CD
Patients

aCD vs iCD AUC (95% CI) Sensitivity (%) Specificity (%) PPV (%) NPV (%) Positive LR Negative LR
SERS classifier | 0.856 (0.798-0.903) 83 76.1 79.8 798 348 0.22
CRP 0.837 (0.776-0.887) 67 88.6 87.0 703 5.9 0.37
FCP 0.596 (0.425-0.752) 50 75.0 64.3 62.5 2.0 0.67

Abbreviations: SERS, surface-enhanced Raman spectroscopy; CRP, C-reactive protein; FCP, fecal calprotectin; aCD, active Crohn’s disease; iCD, inactive Crohn’s disease;
AUC, area under curve; PPV, positive predictive value; NPV, negative predictive value; LR, likelihood ratio.
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Table 3 Confusion Matrix of the Discriminant Models (PCA-SVM) After Leave One Out Cross Validation in aCD with Different
Characteristics

True True Total True True Total True True aCD | Total
lleal Colonic Before After aCD without
Type Type TNFi TNFi with PD | PD
Predicted 10 Il 21 Predicted 14 0 14 Predicted 8 56 64
ileal type before aCD with
TNFi PD
Predicted 17 6 23 Predicted 3 17 20 Predicted 19 17 36
colonic after aCD wihout
type TNFi PD
Total 27 17 44 Total 17 17 34 Total 27 73 100
Sensitivity 64.7% 82.4% 76.7%
Specificity 63.0% 100.0% 70.4%
Accuracy 63.6% 91.2% 75.0%
Precision 52.4% 100.0% 87.5%
Fl-score 57.9% 90.3% 81.8%
MCC 03 0.8 0.4

Abbreviations: TNFi, tumor necrosis factor inhibitor; aCD, active Crohn’s disease; PD, perianal disease.

indicate that the panel of urine Raman spectral changes can serve as noninvasive diagnostic tools for prediction of
different disease characteristics in a rapid, convenient and economic way.

Some serological antibodies have been reported to be helpful in the diagnosis of CD. The combination of ASCA
positivity and pANCA negativity showed good specificity for differentiating CD from ulcerative colitis (92.6%);
however, the sensitivity was only 62.6%.%% In addition, its relatively high cost also makes it difficult to widely use it
in clinical practice. Other serum biomarkers as diagnostic tools, such as anti-OmpC, anti-CBirl and anti-chitobioside
carbohydrate IgA antibodies (ACCAs), are also limited in use due to their high specificity but low sensitivity.>®

In recent years, RS as a cell and tissue diagnostic approach has been investigated to distinguish different IBD subtypes
based on intestinal biopsies or plasma analysis. Bielecki et al proposed a machine learning-based procedure and found
that RS was capable of distinguishing colon tissue morphology among 14 CD, 13 UC patients, and 11 healthy subjects
with an accuracy of 98.9%.>* Another study of plasma RS developed a classified model to distinguish 77 CD patients
from 45 HC patients with 83.6% accuracy, 80.0% sensitivity, and 85.7% specificity based on the PCA method followed
by linear discrimination analysis (LDA)."® Similarly, using the SERS technique to differentiate 28 UC plasma samples
from 35 healthy subjects, a study achieved an accuracy of 89%, a sensitivity of 86% and a specificity of 92%.%> Although
these results were based on small samples, they have already shown the potential value of RS in the diagnosis of IBD. In
our previous study, urine samples collected from 95 CD patients (including 58 aCD patients and 37 iCD patients) and 48
HC were measured by SERS, and the acquired specific spectra successfully differentiated CD patients from HC with an
AUC value of 0.93, accuracy of 89.5%, sensitivity of 89.5% and specificity of 89.6% based on PCA-SVM analysis.?!
The study indicated the value of urine Raman spectra combined with machine-learning analysis for identification of CD
patients from healthy populations. Even if the different disease periods, Raman spectral fingerprints also have an
excellent ability to distinguish CD and HC. Its accuracy for discrimination of active CD patients from healthy controls
is 90.6% with an AUC value of 0.95, and its efficacy in discriminating inactive CD patients from healthy subjects
achieves 83.5% of accuracy, 83.8% of sensitivity and 83.3% of specificity with an AUC of 0.89.%!
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Abbreviations: TNFi, tumor necrosis factor inhibitor; aCD, active Crohn’s disease; PCA, principal component analysis; SVM, support vector machine; PD, perianal disease.
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Based on the results of the previous work by our technical team, we further investigated the value of SERS in
identifying various disease characteristics in patients with CD. The Inflammatory biomarkers have also been widely used
to evaluate the disease activity of CD patients, but their accuracy is not satisfactory. A pooled analysis showed that CRP
had 92% specificity for predicting endoscopically active CD; however, it only achieved 49% of sensitivity,'* which was
similar to our result on CRP with 67% of sensitivity and 88.6% of specificity. FCP has been widely used to evaluate
disease activity in CD with sensitivity ranging from 81% to 87% and specificity from 67% to 81%.'? In this study, the
limited size of CD patients detected FCP. The result contributed to partially inconsistent results to distinguish aCD
patients from iCD patients with 50% of sensitivity and 75% of specificity. By our classified model based on the panel of
significant changes of spectra intensity, we compared its efficacy with FCP, and achieved the higher discriminant validity
with an AUC value of 86.4% than that of FCP with an AUC of 59.6%. Colonoscopy-coupled fiber optic probe-based
Raman spectroscopy of the colon identified active IBD from inactive patients with a sensitivity of 67.1% and specificity
of 74.5%.** Our study indicated that the Raman spectral panel could distinguish aCD from iCD patients successfully
(sensitivity of 83%, specificity of 76.1%, and an accuracy of 79.8%). The strong correlation between the SERS classifier
and endoscopy was observed as well. These data indicated our SERS classifier has a good performance to distinguish
disease activity similar to CRP, even higher than FCP and closely related with endoscopic findings. Moreover, cholesterol
palmitate (543 cm ') was obviously increased in aCD patients compared with iCD, which being consistent with the
results of obesity promoting bowel inflammation in mice.*® This indicated the diagnostic model based on Raman spectra
changes could be the novel and noninvasive diagnostic tool for predicting disease activity.

The disease location is usually detected by endoscopy and imaging. Few biomarkers have been studied in this field.
The pANCA is regarded as a characteristic of colonic-type CD, and ASCA is associated with the ileal type with low
sensitivity and specificity.>’ FCP usually has more accuracy in reflecting colonic active inflammation than in the ileum,
which limits its value in identifying small bowel inflammation.*® In this study, we found that a specific Raman peak at
1643 cm-1, which corresponds to the strong C-C stretch of lipids and the C-O stretch of the protein amide I band, has
a stronger intensity in predicting colonic-type active CD patients than the ileal-type, with 64.7% sensitivity and 63.6%
specificity. We speculate that the 1643 cm-1 band may become a specific spectrum biomarker for the colonic type
of CD.

There are few reliable biomarkers to predict treatment efficacy. IFX has been used for IBD treatment for more than 20
years worldwide. Many biomarkers have been performed to predict its efficacy on predicting efficacy, such as albumin,
serum cytokines, proteomic markers and mucosal markers.*> However, no ideal marks are widely used in clinical
applications due to low accuracy and complicated processes. In this study, we were surprised to find that the responders
to TNFi treatment had special spectral changes before and after therapy. The SERS classifier model obtained a high
accuracy of 91.2% with a sensitivity of 82.4% and specificity of 100%.

SERS reflects the vibrational fingerprint information of nucleic acids, proteins, lipids and other substances as a cell
and tissue diagnostic approach. Cholesterol palmitate (541 cm™') was also significantly increased in aCD patients before
TNFi treatment compared with posttreatment, which being consistent with the higher cholesterol palmitate (543 cm ') in
patients with aCD compared with iCD patients. This further indicated that a high-fat diet might be related to intestinal
inflammation.*® We further explored the role of SERS in recognizing CD patients with perianal disease. Interestingly, the
results showed that active CD patients with PD had a distinctly weaker intensity of 14 special peaks than those without
PD. The predictive model achieved an accuracy of 75% with a sensitivity of 76.7% and specificity of 70.4%. Until now,
no biomarkers have been investigated in distinguishing PD in CD patients. The SERS classifier may provide a promising
method to diagnose PD more simply and conveniently than ultrasound.

This is the first study to explore the value of specific changes of Raman spectra in identification of characterization of
CD patients with the largest sample sizes until now. At the same time, our results confirmed the diagnostic power of the
SERS classified model in differentiating disease activity after PCA-SVM procedure. The other disease characteristics
including location, before and after treatment and combination of perianal disease also were evaluated by SERS
classifiers. The limitations of this study were lack of other benign bowel diseases as controls, and the large-scale

prospective cohort validation study is needed, although we did the internal validation.
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Conclusion

In conclusion, the specific changes of urine Raman spectra could be a novel easy, rapid and noninvasive diagnostic tool
for identifying the disease characterizations based on the urine metabolic changes. Our SERS classifier achieved the
similar efficacy to CRP in assessment of disease activity. Furthermore, it gets the higher discriminant validity than FCP
and closely related with endoscopic findings. Although some disease characterizations, such as disease location and
changes related to treatment could be discriminated noninvasively by SERS classifiers, the larger sample size of the
researches are needed to evaluate its value in the future.
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