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Cardiovascular disease (CVD) is a global health problem and is thought to be responsible for almost half
of all deaths in the world. Nevertheless, currently available diagnostic methods for CVD are strongly de-
pended on clinical observation and monitoring, which commonly result in false diagnosis. Herein, an
attractive strategy of a metal-organic framework (MOF) nanofilm-based laser desorption/ionization mass
spectrometry (LDI-MS) was developed for enhancing serum metabolic profiling, which could provide pre-
cise diagnosis and molecular subtyping of CVD. The porous MOF nanofilm fabricated on indium-tin oxide
(ITO) glass possessed enhanced ionization efficiency and size-exclusion effect, which endowed it as sub-
strate with high sensitivity and selectivity for serum metabolites. Furthermore, the MOF nanofilm with
uniform surface and high orientation provided high-quality and high-reproducibility serum metabolic
profiles (SMPs) without any tedious pretreatment. Further analysis of extracted serum metabolic finger-
prints could successfully distinguish patients with CVD from healthy controls and also differentiate two
major subtypes of CVD. This work not only extends the application of MOF nanofilm as an attractive MS

probe, but also provide an alternative way for precise diagnosis of CVD in molecular level.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Cardiovascular disease (CVD), which consists of coronary heart
disease (CHD), stroke and other diseases of the heart such as ar-
rhythmia, heart failure (HF), and heart valve problems, is prevalent
worldwide and remains a leading cause of death [1-3]. Although
substantial progress has been made in the diagnosis and treatment
of CVD, precisely subtyping of CVD are strongly depended on clin-
ical observation and monitoring, which often lead to false diagno-
sis [4]. As a result, it is necessary to develop an approach for pre-
cise diagnosis of CVD. Considering that the variation of metabo-
lites in biofluids can reflect the current physiological and patho-
logical states, metabonomics is more conducive to precise diag-
nosis than genomics and proteomics [5-8]. More importantly, un-
derstanding the corresponding molecular basis behind the diver-
sity of cardiovascular phenotypes may contribute to the diagno-
sis, therapy and prognosis of CVD [9,10]. However, the inherent
low abundance of most metabolites in high-complexity biofluids
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hindered clinical use [11]. Therefore, developing an effective strat-
egy for high-throughput and precise diagnosis of CVD based on
metabolic profiles in biofluids should be enforced urgently.

Mass spectrometry (MS), characterized by high throughput,
sensitivity and resolution, has been increasingly applied in ana-
lyzing metabolites [12,13]. Especially, laser desorption/ionization
mass spectrometry (LDI-MS) based on nanomaterials is attrac-
tive in large-scale clinical diagnosis because of its minimal sam-
ple volume and ideal detection speed within seconds [7,14-18].
It has been well known that the background interference caused
by traditional organic matrixes in low mass region can be circum-
vented with appropriate nanomaterials as substrates [19-21]. Thus,
the nanomaterials-based LDI-MS is more suitable for the detec-
tion of small molecules. So far, a variety of nanomaterials, such
as carbon [22-24], silicon [25-27], metal and metal oxides [28,29],
metal-organic frameworks (MOFs) [30], covalent organic frame-
works (COFs) [31,32], and hybrid materials [33-36], have been ex-
ploited as substrates. Among them, MOFs are superior in (1) high
light absorption and fast energy transfer facilitating the desorp-
tion/ionization process; (2) large specific surface areas, tunable
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Fig. 1. (a) Synthetic route of MOF nanofilm coated ITO. (b) The SMPs by MOF
nanofilm-based LDI-MS for precise diagnosis of CVD.

pore size and modifiable pore surface helping to selectively ex-
tract metabolites from complex biofluids and thus improving de-
tection sensitivity [37-40]. Despite the improvement that has been
made in MOFs as substrates, the reported MOFs for LDI-MS so far
were mainly limited to the form of powders which cannot accu-
rately control the spatial distribution in the traditional spotting
and drying strategies, resulting in a degree of poor reproducibility
and loss of target information [29,41]. As an alternative, the film-
structured nanomaterials can solve the aforementioned problem by
reducing region-dependent differences to improve reproducibility
[41,42]. Therefore, further exploitation of MOF nanofilms that can
homogeneously distribute in space and possess oriented arranged
chromophores and pores are expected to play an important role in
improving the performance of LDI-MS toward precision diagnos-
tics.

Herein, a highly oriented MOF nanofilm was introduced
as a substrate for LDI-MS to construct a high-performance
metabolic analysis platform for precise diagnosis of CVD
(Fig. 1). The MOF nanofilm, Cu3(HHTP), (HHTP, 2,3,6,7,10,11-
hexahydroxytriphenylene), was fabricated by a layer-by-layer
liquid-phase epitaxial spray approach. The optimized MOF
nanofilm-based LDI-MS showed enhanced sensitivity, high se-
lectivity and excellent reproducibility, thus enabling selective
extraction of serum metabolic profiles (SMPs) without any tedious
pretreatment. Further combination with multivariate statistical
analysis, the precise diagnosis of CVD was achieved by SMPs,
which could distinguish CVD from healthy controls and differen-
tiate two different phenotypes of CVD (CHD and chronic heart
failure (CHF, a subgroup of HF)).

The Cu3(HHTP), nanofilm was fabricated by a layer-by-layer
spray method on -OH functionalized indium-tin oxide (ITO) glass
with some modifications based on the previous work [43]. The
scanning electron microscopy (SEM) and atomic force microscopy
(AFM) images of MOF nanofilm showed that the nanofilm was
dense and continuous (Figs. 2a and b, Figs. S1a-f in Supporting in-
formation). The thickness of nanofilm could be precisely controlled
through different growth cycles, denoted as Cus(HHTP),-Cx (x rep-
resented the growth cycles). Fig. 2c revealed the photograph of the
MOF nanofilm prepared after different growing cycles, and the cor-
responding thickness were of 10 nm, 20 nm, 28 nm, and 36 nm (Fig.
2d and Figs. S1g-i in Supporting information). The results demon-
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Fig. 2. (a) SEM image (inset: cross-section) of 28 nm MOF nanofilm. (b) Top view
AFM image of 28 nm MOF nanofilm. (c) MOF nanofilms with different growing cycle
(Control, C5 (10nm), C10 (20nm), C14 (28 nm) and C18 (36 nm)). (d) Cross-section
AFM image of 28 nm MOF nanofilm. (e) PXRD patterns of Cus(HHTP), powder. (f)
UV-visible spectra of different thickness MOF nanofilm.

strated that the thickness increment of each cycle was ~2nm,
which was matched well with previous work [43]. The powder X-
ray diffraction (PXRD) patterns in Fig. 2e exhibited typical peaks
assigned to Cuz(HHTP),, indicating the successful synthesis of this
MOF. Good optical properties are one of the preconditions for sub-
strates in LDI-MS [44]. As for Cu3(HHTP),, the organic bridging
ligand of HHTP possessed a fused benzene ring structure which
could strongly adsorb UV light and meanwhile, resist to photoly-
sis and avoid to produce undesired molecular fragment background
[43]. As shown in Fig. 2f, the maximum absorption wavelength of
the MOF nanofilm was close to 355 nm, which was well matched
with the wavelength of the laser used for LDI-MS (A =355 nm). The
photocurrent response of Cus(HHTP),-C14 was performed in Fig.
S2 (Supporting information), and the result indicated that the MOF
nanofilm-based LDI-MS had good sensitivity due to the fact that
the suppression of electron-hole recombination in substrate carri-
ers could improve the desorption/ionization efficiency [45].

To evaluate the feasibility of Cus(HHTP), nanofilm as sub-
strate, LDI-MS analysis were performed and compared by using
the MOF nanofilm, Cu3(HHTP), powder, commercially available
2,5-dihydroxybenzoic acid (DHB), and a-cyano-4-hydroxycinnamic
acid (CHCA) as matrixes, with and without glucose (Glu) as a
model analyte. As presented in Figs. S3a and b (Supporting infor-
mation), the matrix-related ions of DHB and CHCA in low-mass
range played a dominant role in the corresponding mass spectra,
and no background peaks were observed in the same mass ranges
while using Cu3(HHTP), powder and MOF nanofilm as substrates,
suggesting the feasibility of MOF nanofilm as substrate for metabo-
lite analysis. On the other hand, the [M+Na]* and [M+K]* ions of
Glu with enhanced MS responses was observed by using the MOF
nanofilm as substrate in comparison with Cu3(HHTP), powder (Fig.
S3b). The result could be attributed to the fact that the highly
oriented MOF nanofilm could facilitate photo-generated electron
and energy transfer, and thus enhance the efficiency of desorp-
tion/ionization process [46,47]. The above-mentioned results firmly
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Fig. 3. With Cu3(HHTP), powder as substrate, the intensities of 0.1 mg/mL Glu repeatedly acquired from (a) the same spot, (b) 9 different sample spots, and (c) 3 different
batches of Cu3(HHTP), powder, respectively. With MOF nanofilm as substrate, the intensities of 0.1 mg/mL Glu repeatedly acquired from (d) the same spot, (e) 9 different
sample spots, and (f) 3 different batches of MOF nanofilm (28 nm), respectively. Mass spectra of mixture with (g) DHB, (h) CHCA and (i) MOF nanofilm as matrixes (the

mixture contained His, Glu, Lys, Hyp, and Phe).

confirmed the potential of the MOF nanofilm as a substrate for
LDI-MS.

It was well known that the thickness of MOF nanofilm played
an important role in the detection sensitivity of LDI-MS. Herein,
the effect of MOF nanofilm with different thicknesses on the per-
formance of LDI-MS was further evaluated by using histidine (His)
and Glu as examples. It was observed from Fig. S4 (Supporting in-
formation), the MS signals of His and Glu were prominently en-
hanced with the increasing thickness of MOF nanofilm, among
which the MOF nanofilm with 28 and 36 nm performed better.
Therefore, the MOF nanofilm with the thickness of 28 nm was pref-
erentially selected considering the MS signal responses.

Reproducibility as an important factor was also examined to as-
sess the performance of the proposed MOF nanofilm-based LDI-MS
approach, where Glu was adopted as a model compound and the
results were shown in Fig. 3. As expected, the relative standard
deviations (RSDs) of shot-to-shot, spot-to-spot, and batch-to-batch
were 11.14%, 20.29%, and 24.56% (Figs. 3a-c), when Cuz(HHTP),
powder was used as substrate. In contrast, the reproducibility was
distinctly improved as the MOF nanofilm was used (Figs. 3d-f),
where the RSDs of shot-to-shot, spot-to-spot, and batch-to-batch
were 3.84%, 4.51%, and 6.50%, respectively. In addition, the MOF
nanofilm in current work exhibited high reproducibility compared
with the previously reported MOFs substrate [48-52], demonstrat-
ing the superiority of the MOF nanofilm in LDI-MS. Such excellent
reproducibility could be attributed to the uniform surface of the
MOF nanofilm (Fig. S5 in Supporting information), which was ben-
eficial to obtaining the high-quality and high-reproducibility of MS
signals.

Besides, the successful detection of five small molecules in-
cluding His, Glu, lysine (Lys), hydroxyproline (Hyp), and phenylala-
nine (Phe) proved the superiority of the MOF nanofilm for LDI-
MS. In contrast, only few compounds could be found by using DHB
and CHCA matrixes, respectively (Figs. 3g-i). Considering the high-
abundance salts and proteins in biofluids, analysis of the mixture
in a simulated biofluid environment with high salinity (0.5 mol/L
NaCl) and protein (5 mg/mL bovine serum albumin (BSA)) was per-
formed in Fig. S6 (Supporting information), and the result validated
that no information of the mixture was lost, implying the high
selectivity and sensitivity of the MOF nanofilm-based LDI-MS for

small metabolites in complex biofluids. This good result can be ex-
plained by the fact that the micropore (<2.0nm) of Cus(HHTP),
can selectively accommodate small metabolites and exclude large-
sized proteins in biofluids [16,46,53]. In addition, the limit of de-
tection (LOD) of Glu as low as 1ng/mL was obtained (Fig. S7 in
Supporting information), indicating the high sensitivity of the MOF
naofilm-based LDI-MS. Overall, the above-mentioned results firmly
confirmed that the microporous MOF nanofilm could be used for
metabolic detection of complex biofluids with desirable selectivity.
Encouraged by the good performance as mentioned above, the
optimized MOF nanofilm-based LDI-MS was further applied to ex-
tract SMPs of CVD. A total of 174 serum samples were collected
from 54 healthy individuals (control) and 120 CVD patients (66
CHF and 54 CHD), and no significant differences in age and sex
were observed among the three groups (Fig. 4a and Table S1 in
Supporting information). The typical SMPs of healthy control, CHF
patient and CHD patient were presented in Fig. 4b, where abun-
dant peaks with significant differences could be seen in all cases.
We first used the unsupervised principal component analysis
(PCA) to observe the overall distribution of serum metabolic vari-
ation after data processing, in which showed a satisfactory dis-
crimination result in Fig. S8 (Supporting information). Therefore,
we further applied the orthogonal partial least squares discrimi-
nant analysis (OPLS-DA) to establish the classification models. The
heatmap of SMP with 388 m/z features were shown in Fig. S9 (Sup-
porting information), and the healthy controls and CVD patients
were classified by OPLS-DA (RZY(cum)=0.980, Q%(cum)=0.949,
and AUC =0.999 with 95% confidence interval (CI) of 0.995-1) (Fig.
4c and Fig. S10 in Supporting information), validating that the
SMPs based on the MOF nanofilm could differentiate CVD pa-
tients from healthy controls. Besides, the results of 200 permu-
tations elucidated that the model was reliable (Fig. S11 in Sup-
porting information). Then, the m/z features of potential biomark-
ers were selected by combining S-plot (variable importance on
projection (VIP) value > 1) and t-test (P-value < 0.05) (Fig. 4d).
The top 20 m/z features with relatively high VIP values were
shown in Fig. S12 (Supporting information), and the differential
expression of CVD compared to healthy controls could be seen
from the heatmap. Furthermore, metabolites with significant differ-
ence between CVD patients and healthy controls were conducted
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Fig. 4. (a) Demographics of 174 clinical serum samples. (b) Typical mass spectra of healthy controls (green), CHF (blue) and CHD (red) patients, respectively. (c) OPLS-DA
score plots revealing the global metabolic difference in 54 healthy controls and 120 CVD patients. (d) S-plot of CVD vs. control. The red dots were the metabolite ions with
VIP value > 1. Results of biological information analysis of metabolites (e) enrichment overview and (f) pathway analysis. The colour and size of each circle were correlated
to the P value and pathway impact value. Pathways with impact values > 0 were considered to be differentially altered.

manually by m/z feature selection using the human metabolome
database (http://www.hmdb.ca/) (Table S2 in Supporting informa-
tion). Moreover, the potentially altered metabolic enrichment anal-
ysis and pathway analysis were implemented in MetaboAnalyst
(http://www.metaboanalyst.ca/), demonstrating the major contri-
butions of differential metabolites. As shown in Figs. 4e and f
and Tables S3 and S4 (Supporting information), six metabolite sets
were disturbed (P value < 0.05) including (1) arginine and pro-
line metabolism, (2) glycine and serine metabolism, (3) pentose
phosphate pathway, (4) urea cycle, (5) ammonia recycling, as well
as (6) malate-aspartate, and five metabolic pathways (impact > 0
and P value < 0.05) were found including (1) arginine biosynthe-
sis, (2) pentose phosphate pathway, (3) glycine, serine and threo-
nine metabolism, (4) arginine and proline metabolism, as well as
(5) D-glutamine and D-glutamate metabolism. As a result, it could
be concluded that the occurrence of CVD might be related to the
perturbations of amino acid.

With the development of precision medicine, disease classi-
fication has been recognized as the key to achieving personal-
ized treatment for patients. Consequently, two major CVD in-
cluding CHD and CHF were selected to preliminarily explore
the ability of the MOF nanofilm-based LDI-MS in identifying
CVD subtypes. Firstly, the three groups were successfully sep-
arated by OPLS-DA (Fig. S13 in Supporting information). Simi-
larly, as presented in Figs. 5a-c and Fig. S14 (Supporting in-
formation), the two phenotypes of CVD could be classified by
the differential variables, leading to clear group separations be-
tween CHF and control (RZY(cum)=0.982, Q%(cum)=0.944, and

AUC=0.971 with 95% confidence interval (CI) of 0.893-1), CHD
and control (R2Y(cum)=0.972, Q3(cum)=0.932, and AUC=0.998
with 95% confidence interval (CI) of 0.983-1), CHF and CHD
(R?Y(cum)=0.995, Q%*(cum)=0.888, and AUC=0.999 with 95%
confidence interval (CI) of 0.97-1). Subsequently, the reliability
for subtype classification was verified via the results of 200 per-
mutation tests, which was shown in Fig. S15 (Supporting infor-
mation). The S-plots of CHF, CHD vs. control, and CHF vs. CHD
(Figs. 5d-f) were executed and 20 featured peaks (according to
VIP value) were presented in Figs. 5g-i. Therefore, such a diagnos-
tic model of CVD based on SMPs could be applied to distinguish
not only healthy controls and CVD, but also CHF and CHD, validat-
ing the excellent performance of the MOF nanofilm-based LDI-MS
platform.

In summary, we presented a highly oriented MOF nanofilm-
based LDI-MS for direct metabolic analysis in biofluids and devel-
oped a high-quality and high-reproducibility analytical platform for
precise diagnosis and subtyping of CVD. Benefited from the highly
oriented, and microporous (<2.0nm) and uniform surface of MOF
nanofilm based LDI-MS platform with high-throughput and high
analytical speed, the established method enabled selective extrac-
tion of SMPs without enrichment or purification and generated ro-
bust and reliable MS data, which is conductive to large-scale clin-
ical application. Furthermore, coupling with multivariate statistical
analysis, the common experience of deviation in clinical detection
can be eliminated, so as to reduce false diagnosis. This work pro-
vides a new strategy for precise diagnosis of CVD, and also expands
the application of MOF nanofilm in clinical analysis.
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