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Disease diagnosis

Crohn’s disease (CD) as a big issue to public health needs an accurate diagnosis urgently that is the
common challenge among internal diseases. Herein, we design a mesoporous polydopamine with built-
in metal-organic frameworks (dubbed MMP-b-MOFs) to combine with high-throughput mass spectrom-
etry to extract serum peptide fingerprints from CD and healthy controls (HC). Benefitting by the size-
exclusion and strong hydrophilicity of MMP-b-MOFs, the extracted peptide fingerprints present extremely
high quality. CD and HC are explicitly discriminated with orthogonal partial least squares discriminant
analysis (OPLS-DA), the corresponding area under the curve (AUC) value is 1.000. Moreover, eight pep-
tides with clear identity are screened out and achieve the accurate diagnosis and subtype classification
of CD, with all AUC values up to 1.000. Moreover, the unsupervised model is also established to precisely
classify HC and CD based on these eight clearly identified peptides. This work brings great benefits for
clinical detection especially internal medicine.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Crohn’s disease (CD) is a progressive and destructive chronic in-
flammatory bowel disorder of the gastrointestinal tract with an in-
creasing incidence worldwide and unclear etiology [1], easily caus-
ing abdominal pain, diarrhea, and gastrointestinal bleeding [2,3].
In addition to clinical symptoms, the integration of radiology, en-
doscopy and histological biopsy is also demanded for CD detection,
which is accompanied by long-time consumption, high cost and
low acceptance among patients, leading to serious complications
[4]. Up to 50% of patients have undergone intestinal resection after
CD is diagnosed [5]. Thus, an early detection of CD is paramount
to guide therapy.

Peptidomics refers to determinate all endogenous peptides
expressed in a biological sample, which is a rather heterogeneous
entity including small-size proteins, fragments of protein degrada-
tion, peptide hormones and neuropeptides. Their expression levels
tend to vary from one moment to another, and can reflect valuable
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information of the particular physiological and pathological status.
Matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS), as a rapid and high-throughput
technique with high resolution and high sensitivity, has been
a common method for the detection of peptides, metabolites,
proteins, DNA or other molecules [6-9]. Up to date, much efforts
have been devoted to combine beads with MALDI-TOF MS to
reveal differential expression patterns by making a comparison
on peptidome between diseased samples and healthy samples,
aiming at discovery of biomarkers for diseases or indicators for
pathological events. For example, Zhang et al. revealed that the
simultaneous increase of inter-c-trypsin inhibitor (m/z 3272),
apolipoprotein A-II (28-94, m/z 7800) and apolipoprotein A-I (m/z
28,043) may indicate the early ovarian cancer [10]. Villanueva
et al. reported that fibrinopeptide A, bradykinin and their several
fragments, as well as other fragments from fibrinogen «-chain, C3,
C4a, inter-a-trypsin inhibitor, apolipoprotein A-I, apolipoprotein
A-1V, apolipoprotein E, clusterin, high-molecular-mass kininogen,
factor XIII and transthyretin may serve the prostate, bladder, or
breast cancers [11]. In addition, des-Ala-fibrinopeptide A (m/z
1466) and fibrinogen «-chain (175-200, m/z 2664) were reported
for liver and oral cancer, respectively [12,13]. Interestingly, we
found that these peptide fragments prefer to be hydrophilic. As a
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Fig. 1. (a) The synthesis scheme of MMP-b-MOFs. (b) Scheme of establishing a diagnostic model based on serum peptidome fingerprints for diagnosis and classification of

Crohn’s disease patients.

consequence, hydrophilic endogenous peptides may hold greater
potential in serving as biomarkers.

Mesoporous materials, which feature with large surface area
and ordered porous channels, have experienced flourishing devel-
opment in peptidomics research over the past decades [14,15].
Generally, mesoporous silica was intensively employed because of
its strong modifiability. However, an appropriate linker is required
to connect the functional groups and silica wall. Compared with
conventional silica, polydopamine (PDA), another intensively ap-
plied linker, is a better candidate for fabricating mesoporous ma-
terials, for it possesses abundant catechol and amine groups that
can endow itself with great hydrophilicity and facilitate modifi-
cation [16]. Moreover, it has been well known that PDA deriving
from the self-polymerization reaction of dopamine under a mild
condition can deposit on nearly all kinds of surfaces, which is a
huge advantage that can dramatically simplify the surface modifi-
cation process of materials. In recent years, mesoporous PDA has
been considerably explored and applied in numerous fields [17],
including electrocatalysis [18], adsorption [19], photothermal ther-
apy [20], sensors [21], drug delivery and tumor therapy [22]. More
recently, we tentatively fabricated the mesoporous PDA on mag-
netic nanoparticles for immobilization of metal ions and achieved
high-efficiency enrichment of phosphopeptides in human saliva
[23]. Inspired by the above, mesoporous PDA can be both an out-
standing structural scaffold and linker to contribute a great to pep-
tidomics research.

Metal organic frameworks (MOFs), as an emerging class of
porous materials, consist of metal ions and organic ligands, based
on which MOFs exhibit promising functional tunability and have
been widely used as adsorbents in peptidomics research [24-26].
Among various MOFs, UiO-66-NH, stands out by the exceptional
merits such as simple preparation, strong hydrophilicity and stabil-
ity [27-29]. In this study, we fabricated large mesoporous PDA on
magnetic nanoparticles to serve as structural scaffold and linker to
build in hydrophilic UiO-66-NH, (denoted as MMP-b-MOFs). The
UiO-66-NH; could be firmly coated on the pore wall, endowing
MMP-b-MOFs with excellent hydrophilicity and size-exclusion ef-
fect. By combining MMP-b-MOFs and MALDI-TOF MS, high-quality
serum peptide fingerprints were extracted from 50 CD and 50
healthy controls (HC). Based on these serum peptide fingerprints,
CD was distinguished from HC with area under the curve (AUC)
value of 1.000. Moreover, eight potential peptides were screened
out and realized the discrimination and subtype classification of
CD successfully, all of AUC values were up to 1.000. This excit-

ing result disclosed the wide prospective of peptides as molecular
markers for disease diagnosis and subtype classification, even the
prognosis monitoring.

The synthesis procedure and application of core-shell MMP-b-
MOFs in serum samples are illustrated in Figs. 1a and b. Briefly, a
vesicular structure was firstly constructed on the surface of mag-
netic nanoparticles by using triblock copolymer Pluronic F127 and
1,3,5-trimethyl benzene (TMB) as structure-directing agents, and
dopamine as functional monomer for in situ polymerization. Then
an acetone refluxing process was adopted to remove the structure-
directing agents to obtain MMP which was subsequently applied
to support the growth of hydrophilic MOFs through metal-oxygen
units. Afterwards, the obtained MMP-b-MOFs material was used to
pre-treat serum samples for disease detection. Transmission elec-
tron microscope (TEM) and field emission scanning electron mi-
croscope (FESEM) are initially employed to characterize the mor-
phology and structure of MMP-b-MOFs and MMP. From images in
Figs. 2a-d, it can be observed that both MMP-b-MOFs and MMP
present uniformly spherical morphology as well as the core-shell
structure. Compared to images of MMP, the mesoporous chan-
nels seem to be narrower, which are further tested by record-
ing nitrogen adsorption-desorption isotherms. As shown in Fig.
Sla (Supporting information), there are two main pore sizes in
MMP-b-MOFs, 3.80nm and 6.79nm, both of which are smaller
than MMP (12.84nm) [23]. This means the successful imbed-
ding of hydrophilic MOFs in the relatively large mesoporous chan-
nels of MMP, and the narrow pore size will be beneficial to
peptide adsorption and large protein exclusion. In addition, the
Brunauer-Emmett-Teller surface area of MMP-b-MOFs is evaluated
as 230.65 m?/g, which is larger than MMP (182.76 m?/g) [23]. This
should be attributed to the introduction of hydrophilic MOFs.

Furthermore, a series of characterizations are employed to
depict the successful introduction of hydrophilic MOFs. At first,
energy dispersive X-ray spectrum in Fig. S1b (Supporting infor-
mation) manifests the existence of Fe, Zr, O, C and N, which
is consistent with the results of element mappings in Fig. 2e.
Moreover, from Fig. 2e it can be deduced that MOFs evenly dis-
play on MMP. Also, Fourier transform infrared (FT-IR) spectra are
utilized to confirm and compare the composition of MMP and
MMP-b-MOFs (Fig. S1c in Supporting information). The absorption
bands at 576 cm~! is attributed to the Fe—O stretching vibration
[30]. Compared to the FTIR spectrum of Fe3;04, new peaks at
1352 and 1496 cm~! are respectively ascribed to C-N bending
vibration and aromatic C=C stretching vibration, which are derived
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Fig. 2. FESEM images of MMP (a) and MMP-b-MOFs (c), TEM images of MMP (b) and MMP-b-MOFs (d). Element mappings of MMP-b-MOFs (e).
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Fig. 3. (a) Gender and age distribution of 50 CD and 50 HC. (b) The representative serum peptide fingerprinting. (c) PCA analysis to distinguish CD from HC in all samples
based on 1526 peaks. OPLS-DA model between (d) all the samples and (e) discovery cohort. (f) Volcano plot of discovery cohort.

from polydopamine [31]. Compared to FTIR spectrum of Fe3Q4
and MMP, peaks in the range of 1500-1700 cm~! are originated
from asymmetrical and symmetrical stretching vibrations of the
carboxylate groups of the organic ligand in MOFs, and the peaks
at 600-800 cm~! are assigned to Zr-O bond [32]. All the above
results imply the successful modification of MMP-b-MOFs. Water
contact angles of Fe304, MMP precursor, MMP and MMP-b-MOFs
are respectively measured as 39.96°, 30.08°, 28.36° and 18.75°
(Fig. S1d in Supporting information), demonstrating the build-in
of MOFs enhances hydrophilicity. Finally, magnetic hysteresis loop
in Fig. Sle (Supporting information) reveals the magnetization
saturation value of MMP-b-MOFs is 47.12 emu/g, enabling rapid
separation with the help of exterior magnetic field.

In this work, 100 serum samples are collected including 50 CD
and 50 HC, the gender and age distribution of which are displayed
in Fig. 3a. Non-parametric Mann-Whitney U tests between CD and
HC prove there is no significant difference in gender and age (gen-
der: Z=-0.202, P=0.840; age: Z=-1.749, P=0.080, Tables S1 and
S2 in Supporting information). The representative spectra are pre-
sented in Fig. 3b.

Before enrichment, peptide signals are strongly suppressed,
while after enrichment by MMP-b-MOFs, clear serum peptide sig-
nals from CD or HC can be observed. Then specific peptide features
will be screened out by combining all serum peptide fingerprints
and machine learning algorithm for establishing robustly discrim-

ination model towards CD including diagnosis and subtype classi-
fication. The detailed workflow of producing specific peptide fea-
tures is displayed in Fig. S2 (Supporting information). Herein, af-
ter processing by MALDIquant, a total of 1526 features are deter-
mined. Based on all these features, principal component analysis
(PCA) that an unsupervised machine learning algorithm is imple-
mented to tentatively distinguish CD from HC. As viewed in Fig.
3c, these two groups cannot be separated. Subsequently, OPLS-
DA that a supervised machine learning algorithm is employed.
Delightfully, two groups cluster respectively (RZY(cum)=0.992,
Q%(cum)=0.938, Fig. 3d), indicating the feasibility of OPLS-DA. The
permutation test using 200 iterations was proceeded as shown in
Fig. S3a (Supporting information), R and Q? points corresponding
to analog values on the right are higher than points ascribed to
actual values on the left, and the intercept of blue regression line
(Q?) is less than zero, proving the OPLS-DA model based on pep-
tide features is reliable.

Inspired by the above results, all of 100 samples are randomly
divided into discovery cohort containing 40 CD and 40 HC, and val-
idation cohort containing 10 CD and 10 HC, for further analysis. We
apply OPLS-DA model to all features from the discovery cohort. As
expected, CD and HC can be distinctly separated (R2Y(cum) = 0.988,
Q%(cum)=0.926, Fig. 3e, the permutations plot is shown in Fig.
S3b (Supporting information), and the corresponding receiver op-
erating characteristic (ROC) curve is shown in Fig. S3c (Supporting
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Fig. 4. (a) Heat map of specific 8 peptide features in discovery cohort. (b) Confusion
matrix of the classification results of the validation cohort in the OPLS-DA model
using 8 selected features. PCA analysis based on 8 features to distinguish CD and
HC in (c) discovery cohort and (d) validation cohort.

information), from which the AUC value achieves up to 1.000,
indicating the perfect discrimination effect of peptide features
towards CD from HC.

Afterwards, all these features from discovery cohort are sub-
jected to multiple feature selection algorithms to be sorted, in-
cluding T-test of the expression level analysis, fold change analy-
sis, variable importance on projection (VIP) analysis. In detail, vol-
cano plot on fold change and discovery cohort and expression level
shows the up- or down- regulation of these features (Fig. 3f), fur-
ther combining with VIP values greater than 2, 8 specific features
are finally selected. As shown in Fig. 4a, the heat map of these 8
specific features in discovery cohort shows their great contribution
to distinguish CD from HC. The diagnosis efficiency of the 8 specific
features was then tested using the validation cohort. Surprisingly,
the confusion matrix of the classification results confirm CD and
HC can be correctly distinguished (Fig. 4b), suggesting the 8 spe-
cific features may serve as biomarkers in diagnosing CD clinically.
More surprisingly, based on the 8 specific features, CD and HC
can be clearly distinguished using PCA (Figs. 4c and d), for which
the first two principal components respectively explain 81.6% and
87.4% of variation in discovery cohort and validation cohort, with
95% confidence interval (CI), proving their high responsibility to-
wards difference between CD and HC. In short, all the above results
demonstrated remarkable diagnosis ability of the selected features.

Furthermore, we combine LC-MS/MS with Uniprot to determine
these specific peptide features using several CD and HC samples.
The detailed information is listed in Table S3 (Supporting infor-
mation). All these specific features are hydrophilic peptides, with
grand average of hydropathicity (GRAVY) value less than zero, in-
dicating the effective extraction of MMP-b-MOFS. Moreover, the
results show that these specific peptide features are respectively
identified as protein fragments of alpha-1-antichymotrypsin, clus-
terin, complement C3, alpha-1-antitrypsin, alpha-2-macroglobulin,
transthyretin, indicating the reasonability of these specific peptide
features in CD detection combining with previous reports [33,34].
For example, Derer et al. reported that the inappropriate activation
of the complement system is involved in pathogenetic mechanisms
of CD [35]. Complement C3 is a crucial protein in activating anti-
body production and secreting cytokines, and exerts crucial effects
in pathogen clearance. It presents obviously upregulated in this
work, which is corresponding to that complement C3 may serve as
a biomarker for directly evaluating the severity of CD [33]. Also,
researches pointed out that the imbalance between the produc-
tion and elimination of reactive oxygen species, namely oxidative
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stress, is a hallmark of inflammatory bowel disease [36]. The ele-
vated clusterin in CD was to protect tissues from oxidative stress
during pathological status and inflammatory response [34]. More-
over, alpha-2-macroglobulin, alpha-1-antichymotrypsin and alpha-
1-antitrypsin are general protease inhibitors [37], and proteases
were reported to take the main responsibility to maintain gastroin-
testinal homeostasis, its dysregulation normally advanced the in-
flammatory process [38].

Clinical manifestations of CD are varied because of the complex
pathogenic factors, precise classification will be of great signifi-
cance for picking appropriate therapy protocols. CD is clinically
categorized into four subtypes containing terminal ileum (L1),
colon (L2), ileocolon (L3), and upper gastrointestinal (L4) on the
grounds of the different disease sites. In this work, we attempt
to conduct subtype classification of CD by using those specific
peptide features. Given the sample number of L2 subtype and L4
subtype is not enough, only 22 CD with L1 subtype and 21 CD
with L3 subtype are applied to explore possibility of classifying CD
subtypes. Based on the 8 specific peptide features, the OPLS-DA
models are built among HC, L1 subtype and L3 subtype. As viewed
in Figs. S4a and b (Supporting information), L1 subtype and HC
(R?Y(cum)=0.936, Q%*(cum)=0.926), L3 subtype and HC
(R2Y(cum)=0.934, Q%*(cum)=0.923) can be effectively distin-
guished in the OPLS-DA models. The corresponding permutations
plots are shown in Figs. S3d and e (Supporting information),
manifesting the feasibility of classifying CD with different sub-
types. All of the classification models got AUC values as 1.000
(Figs. S4c and d in Supporting information). Moreover, as shown
in Fig. S4e (Supporting information), the L1 subtype, L3 sub-
type, and HC occupy different intervals in the OPLS-DA model
(R2Y(cum)=0.873, Q%(cum)=0.850). Similarly, the 3D scatter in
Fig. S4f (Supporting information) also expressed that the three
groups can be accurately classified. The 200 permutations in Fig.
S3f (Supporting information) indicate this method is reliable for
subtype classification. These results confirmed the rationality of
the selected features and veracity of the established models.

In conclusion, we successfully built the MOFs in mesoporous
polydopamine to obtain hydrophilic MMP-b-MOFs. Benefitting
from the ordered mesopores and great hydrophilicity, as well
as high-throughput MALDI-TOF MS, the serum peptide finger-
prints were rapidly acquired from CD and HC samples. Based on
these peptide finger-prints, OPLS-DA model achieved great diag-
nosis efficiency for CD from HC, with AUC value up to 1.000
(R?Y(cum) = 0.992, Q%(cum)=0.938). With multiple feature selec-
tion algorithms, 8 feature peaks (p-value {( 0.05, VIP ) 2, fold
change values > 2 or < 0.5) were selected as potential biomarkers
for CD detection and subtype classification. Based on the selected
8 features, CD serum samples can be well distinguished from HC.
Furthermore, subtype classification of CD was realized based on
these 8 peptide features (R?Y(cum)=0.873, Q%(cum)=0.850). All
the results expressed the 8 features could be good indicators of
CD, elucidating that our approach has great potential in high-
throughput disease screening.
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