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A B S T R A C T   

Metabolites in the body fluid are becoming a rich source of disease biomarkers. Developing an effective and high 
throughput detection and analysis platform of metabolites is of great importance for potential biomarker dis
covery and validation. Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI- 
TOF-MS) has been successfully applied in rapid biomolecules detection in large scale. However, non-negligible 
background interference in low molecule-weight region still constitutes a main challenge even though various 
nanomaterials have been developed as an alternative to traditional organic matrix. In this work, a novel com
posite chip, silicon nanowires loaded with fluorinated ethylene propylene (FEP@SiNWs) was fabricated. It can 
serve as an excellent substrate for nanostructure-initiator mass spectrometry (NIMS) detection with ultra-low 
background noise in low molecular weight region (<500 Da). Ion desorption efficiency and internal energy 
transfer of FEP@SiNWs were studied using benzylpyridinium salt and tetraphenylboron salt as thermometer 
chemicals. The results indicated that a non-thermal desorption mechanism might be involved in the LDI process 
on FEP@SiNWs. Owing to the higher LDI efficiency and low background interference of this novel substrate, the 
metabolic fingerprint of complex bio-fluids, such as human saliva, can be sensitively and stably acquired. As a 
proof of concept, FEP@SiNWs chip was successfully used in the detection of salivary metabolites. With the 
assistance of multivariate analysis, 22 metabolic candidates (p < 0.05) which can discriminate type 2 diabetes 
mellitus (2-DM) and healthy volunteers were found and identified. The role of these feature metabolites in the 
metabolic pathway involved in 2-DM was confirmed by literature mining. This work demonstrates that 
FEP@SiNWs-based NIMS might be served as an efficient and high throughput platform for metabolic biomarker 
exploration and clinical diagnosis.   

1. Introduction 

Matrix-assisted laser desorption/ionization time-of-flight mass 
spectrometry (MALDI-TOF-MS) has been widely applied in the detection 
and analysis of biomolecules [1]. The use of organic matrix contributes 
to laser energy absorption and analytes ionization [2–4]. However, the 
background interference from fragments of organic matrix in the low 
molecule-weight (LMW) region (<500 Da) cannot be ignored, thereby 
limiting the application of MALDI-TOF-MS in metabolic analysis [5,6]. 
In recent years, various inorganic candidates including graphene-based 
nanomaterials [7], carbon nanotubes [8], metal nanoparticles [9–12] 

and nanostructured silicon materials have been developed [13–16]. 
These nanomaterials show great advantages in laser energy absorption 
and ion desorption process because of the large surface area, good 
thermal confinement and charge transfer ability [11,17]. However, 
background signal originated from cluster of inorganic nanomaterials 
still cannot be eliminated in LMW range [18]. To overcome this prob
lem, several works proposed that surface modification or coating suit
able molecules on nanomaterials can significantly prevent the 
generation of background noise in LMW range [19,20]. One of the most 
effective strategies is to load initiators on porous silicon (pSi) which acts 
as a substrate to capture laser energy. After laser irradiation, the pSi 
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surface is heated and initiators trapped in Si clathrates can be released to 
promote the generation of intact molecular ions while producing lower 
silicon background signals [21]. This technique has been named as 
nanostructure-initiator mass spectrometry (NIMS) [20]. Usually, silane 
compounds containing amino groups like APDMES and perfluorinated 
compounds like BisF17 were selected as initiators in negative or positive 
ionization mode, respectively [20,22,23]. Up to now, NIMS has been 
applied in tissue profiling, peptide and single cell analysis with high 
sensitivity and relatively low noise in LMW range. Using NIMS method, 
metabolic analysis in complex biological mixtures has been demon
strated [22–26]. However, non-negligible background signal from 
initiator fragments and substrates still could be found in LMW range 
when traditional NIMS materials were employed [18]. In addition, laser 
absorption efficiency and thermal confinement properties also play vital 
roles in the performance of NIMS approach. Therefore, attempt to seek 
more suitable NIMS substrates and initiators need to be achieved to 
further eliminate the background noise, so that metabolomics investi
gation on NIMS platform can be practically achieved [23]. 

Our previous work has demonstrated that vertical silicon nanowires 
(SiNWs) array has much higher laser absorption efficiency and better 
thermal confinement effect compared to pSi [27]. Accordingly, it only 
needs lower laser energy to desorb and ionize the analytes, thereby 
reducing extra background signal ionization [27]. In the present work, 
SiNWs array was firstly employed as NIMS substrate to host initiator to 
achieve a high signal to noise ratio in MS detection. In addition, per
fluoroethylene propylene copolymer (FEP, CAS: 25067-11-2) was 
selected as a novel initiator owing to its low viscosity, low vapor pres
sure and non-hydrolysis properties, which meet the requirements for an 
ideal initiator [24]. By coating FEP preparation on vertical SiNWs array 
(FEP@SiNWs), a novel NIMS chip with ultra-low background interfer
ence in LMW range was obtained. 

To demonstrate the feasibility of this novel NIMS substrate in 
metabolic analysis, human saliva samples were analyzed using FEP@
SiNWs. Owing to the ultra-low background noise of the FEP@SiNWs 
chip, salivary metabolic profile can be reliably acquired on the NIMS 
platform in a high throughput way. With the assistance of statistical 
analysis, 22 metabolic candidates which can discriminate type 2 dia
betes mellitus (2-DM) and healthy volunteers were selected and iden
tified. Besides, the role of feature metabolites in 2-DM metabolic 
pathway was discussed in detail. We believe the NIMS platform estab
lished in this work can be pervasively applied in high throughput 
detection of metabolites in various biological samples. 

2. Experimental section 

2.1. Materials and reagents 

Single-crystal silicon wafers (p type, <100>, 5–10 Ω cm) and silicon 
wafers (p type, <100>, 0.01–0.02 Ω cm) were purchased from Lijing 
Silicon Materials Co. (Quzhou, China). Hydrofluoric acid (HF, 40%), 
ethanol (EtOH) and acetonitrile (ACN) were purchased from Sinopharm 
Chemical Reagent Co. (Shanghai, China). Silver nitrate (AgNO3), lauric 
acid (C12:0), palmitic acid (C16:0), stearic acid (C18:0), arachidic acid 
(C20:0), teracosanoic acid (C24:0), γ-aminobutyric acid, malonic acid, 
oxalacetic acid, valine, succinic acid, imidazolepropionic acid, gluta
mine, phenylglyoxylic acid, nicotinic acid, taurine, pyroglutamine, 
pyroglutamic acid, creatine, aspartic acid, malic acid, adenine, guanine, 
3-hydroxyanthranilic acid, histidine, N-acetylproline, N-acetyltaurine, 
uric acid, cysteic acid, N-acetyl-L-glutamic acid and arginine standards 
were purchased from Aladdin Co. (Shanghai, China). Fluorinated 
ethylene propylene preparation (FEP preparation) was purchased from 
Jinhua Yonghe Fluorochemical Co. (Jinhua, China). 3-aminopropyldi
methylethoxysilane (APDMES) was purchased from Meryer Co. 
(Shanghai, China). 

Benzylpyridinium salt ([BP]+) was synthesized from the reaction of 
pyridine (≥99.9%, Aladdin) and benzyl chloride (≥99.9%, Aladdin). 
Benzyl chloride was mixed with 1 mL pyridine at a molar ratio of 1:20 
and heated in a water bath of 60 ◦C for 5 h. After the reaction, the excess 
pyridine was removed by vacuum evaporation. The synthetic product 
was redissolved in MeOH to prepare a 1 M [BP]+ solution, which was 
diluted by 50% MeOH to obtain a working solution of 0.1 mM. 

2.2. NIMS substrates fabrication 

Vertical SiNWs array was fabricated via the one-step metal assisted 
chemical etching (MACE) method [27]. Briefly, the p-type silicon wafer 
(5–10 Ω cm) was cut to 3 cm × 3 cm, then chips were immersed in 0.02 
M AgNO3 and 4.8 M HF mixed solution for 15 min. After etching, Ag 
catalyst was removed with dilute nitric acid (HNO3, 1:1 v/v). To guar
antee that Ag catalyst was totally dissolved, the dilute HNO3 washing 
time can’t be less than 1 h. 

Porous silicon was fabricated via the electrochemical etching pro
cedure. In brief, the p-type silicon wafer (0.01–0.02 Ω cm) was cut to 3 
cm × 3 cm and etched at 48 mA cm− 2 for 30 min in Teflon cell. The 
etching solution was 25% HF diluted in EtOH. 

For initiator loading, approximately 100 μL of FEP preparation or 
APDMES was added onto the SiNWs or porous silicon and soak the 
surface in initiator solution for 30 min, then the excess initiator was 

Fig. 1. Schematic workflow for the preparation and detection of saliva samples based on NIMS chip.  
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removed on spin coater to obtain uniform surface. 

2.3. Procedure for salivary metabolites detection 

A representative workflow for saliva sample detection is illustrated 
in Fig. 1, which include saliva sample collection, pretreatment, sample 
loading on NIMS chip, and mass spectrometric detection. In detail, saliva 
samples from 20 healthy volunteers and 20 patients diagnosed with 2- 
DM were collected in hospital of Zhejiang University between 8:30 a. 
m. and 10:30 a.m. The demographic information of 2-DM patients and 
healthy volunteers was provided in Table. S1 (ESI†). Before collection, 
all individuals were refrained from eating, drinking, smoking or oral 
cleaning procedure for at least 2 h. During the saliva collection pro
cedure, all the donors were asked to lower head 45◦ down and keep 
silent for 5 min, then approximately 3 mL of unstimulated saliva was 
collected in 50 mL centrifuge tube through passive drooling. Next, the 
collected samples were centrifuged at 8000 g for 10 min at 4 ◦C to 
remove insoluble residues, then the resulting supernatant mixed with 
ACN and ultrapure water (1:1:1 v/v/v) to precipitate protein. The 
mixture was thoroughly vortexed for 10 min and centrifuged at 8000 g 
for 10 min at 4 ◦C. Finally, the supernatant was stored in refrigerator at 
− 80 ◦C until use. The Ethical Committee of the Zhejiang University 
hospital approved the protocol and the methods were carried out in 
accordance with the approved guidelines. 

After pipetting 2 μL of saliva sample onto substrate, the chips were 
stuck onto plate and then inserted into the instrument for detection. 
Mass spectra were obtained using the ultrafleXtreme MALDI-TOF/TOF 
instrument (Bruker Daltonics Co.). The instrument was equipped with 
a 355 nm Nd:YAG laser beam. The pulsed ion extraction was set at 120 
ns and the laser parameter was set at 4_large. Final MS spectra were 
collected after adding 500 and 1000 times of laser shots for reflective 
and linear mode, respectively. All measurements were parallelly detec
ted for three times. Since the absolute energy of this instrument is hard 
to measure directly, we use relative percentage of total energy to 
calculate laser energy. The relative laser energy can be adjusted by 
changing the value of global attenuator offset、attenuator offset and 
attenuator range as shown in the following equation: 

E = ​ Global ​ attenuator ​ offset ​ + ​ Attenuator ​ offset ​

+ ​ Attenuator ​ range ​ × ​ percentage 

For the detection of benzylpyridinium salt, E was adjusted ranging 
from 55% to 71% in linear positive mode; For the detection of real saliva 

samples or analytes, E was set at 57% in reflective negative mode. 

2.4. Identification of the metabolites in saliva 

The metabolites detected in saliva were identified using MALDI- 
TOF/TOF tandem mass spectrometry and UPLC-MS/MS. In detail, me
tabolites were firstly identified by searching Human Metabolome 
Database (http://www.hmdb.ca/) using exact molecular weights (MS1- 
level) and main fragment peaks m/z (MS/MS) obtained from UPLC-MS/ 
MS. Then commercial standard reagents were employed to verify the 
identified metabolites by comparing the exact mass and fragment profile 
derived from saliva samples and standard sample on MALDI-TOF/TOF 
tandem mass spectrometry. The detailed experimental parameters of 
UPLC-MS analysis were provided in ESI†. 

2.5. Data handling and statistical analysis 

The mass spectra were analyzed to find potential biomarker candi
dates to discriminate between 2-DM patients and healthy volunteers. 
Mass spectra acquisition and processing were performed by FlexAnalysis 
(Bruker Daltonics Co.). ClinproTool (Bruker Daltonics Co.) was utilized 
for peak finding (S/N > 3). The mass spectra of each real saliva sample 
were normalized in MATLAB and then performed t-test to find feature 
peaks (p < 0.05). Here, we investigated two kinds of normalization 
methods, including normalization to intensity of the highest peak and 
normalization to MS “total useful signal” (MSTUs). MSTUs uses the total 
intensity of peaks that are present in all samples under study as the 
normalization factor [28]. Unsupervised PCA was achieved in MATLAB 
using the selected feature peaks and supervised OPLS-DA was performed 
by importing feature peak data including group information into SIMCA 
software. R2X, R2Y and Q2 act as a mirror reflecting the predictive 
credibility of the model. Perturbations of significantly differential me
tabolites in 2-DM patients were expressed as a fold-change pattern 
(Log2) by calculating the ratio of 2-DM’s relative intensity to the 
average value of health control (n = 20). To uncover the globally 
disturbed metabolic pathways in 2-DM patients, pathway analysis was 
realized based on the selected metabolites using MetaboAnalyst. 

Fig. 2. Cross-section views of (A) SiNWs and (D) FEP@SiNWs. Top views of (B, C) FEP@SiNWs before laser irradiation and (E, F) FEP@SiNWs after irradiation. (C, F) 
are the magnified images of (B, E), respectively. 
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Fig. 3. The S/N ratio of taurine at different etching time or different FEP concentration. (A) Etching process was varied from 5 to 30 min. (B) The FEP concentration 
was varied from 20 to 100 mg mL− 1 with fixed etching time. 

Fig. 4. The analytical performances of various substrates were compared in terms of background noise and standard fatty acids detection. (A)–(F) presented the 
background noise of different substrates in LWM region. (G) S/N ratio of standard fatty acids on SiNWs, FEP@SiNWs and APDMES@SiNWs substrate. (H) S/N ratio of 
standard fatty acids on FEP@pSi and APDMES@pSi substrate. 
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3. Results and discussion 

3.1. Characterization of SiNWs and FEP@SiNWs substrate 

The morphologies of the as-prepared SiNWs and FEP@SiNWs sub
strate were characterized by scanning electron microscopy (SEM) and 
the surface chemistry of the two samples was investigated by the X-ray 
photoelectron spectroscopy (XPS), respectively. According to the cross- 
section views of the SEM results, both SiNWs and FEP@SiNWs substrates 
displayed a well-aligned and vertical array structure (Fig. 2). After 
loading initiator, it can be clearly observed that FEP polymer particles 
have been successfully loaded onto the SiNWs (Fig. 2B–D). Besides, the 
amount of FEP polymer particles sharply decreased after UV laser irra
diation (Fig. 2E and F). From the survey spectra and detail spectra of XPS 
(Fig. S1, ESI†), the freshly etched SiNWs sample shows Si 2p, Si 2s, and a 
low-intensity C 1s peak, which is mainly due to adventitious carbon 
contamination. The Si 2p peak was observed at about 103.1 eV due to 
the oxidation of SiNWs by HNO3 in the process of washing out Ag 
catalyst. For FEP@SiNWs, an obvious C 1s peak at 286.4 eV and a high- 
intensity of F 1s peak at 685.7 eV were observed on the modified surface. 
The line positions of O 1s and Si 2p peak displayed no change compared 
to SiNWs, thereby verifying the successful physical adsorption of FEP 
onto SiNWs surface. 

3.2. Optimization of FEP@SiNWs performance 

To obtain a highly efficient NIMS substrate, the experimental pa
rameters for preparation of FEP@SiNWs chip were optimized by 
adjusting time for etching SiNWs and initiator concentration. NIMS 

performance was evaluated by standard taurine solution (1 mg mL− 1) 
under different experimental condition. The duration of the etching 
process was varied from 5 to 30 min, and FEP concentration was varied 
from 20 mg mL− 1 to 100 mg mL− 1. The results indicated that the highest 
S/N ratio was obtained at the sample etched with the 15 min and loaded 
with 75 mg mL− 1 of FEP (Fig. 3). It should be mentioned that NIMS 
performance would decrease if high amount of FEP was applied onto 
SiNWs. Because NIMS efficiency depends on absorption of laser energy 
by the SiNWs substrate, applying excess initiator may reduce the laser 
intensity at the silicon surface and consequently reduces the overall 
energy received on the NIMS substrate. 

3.3. Background reduction and signal enhancement effect of FEP@SiNWs 
for MALDI-TOF MS detection 

The appearance of background ions in laser desorption ionization 
(LDI) mass spectrometry was owing to the restructuring of nano
structured silicon and formation of surface ion [18,29]. The presence of 
initiator coating on the nanostructured silicon can significantly inhibit 
the generation of surface ions upon laser irradiation, because initiator 
can help transfer laser energy to sample molecules but rarely ionize, 
thereby generating mass spectra with lower background noise [18]. The 
type of initiator and hosting substrate play vital roles in reducing 
background noise in LMW region and improving S/N ratio for metabo
lites detection. To evaluate the NIMS efficiency, a mixed solution of 
standard fatty acids (C12:0, C16:0, C18:0, C20:0, C24:0) was employed 
to compare the performance of different NIMS substrate. For bare pSi 
and SiNWs, high background signal derived from cluster of silicon ions 
was observed in both substrate (Fig. 4A and B). Usually, APDMES has 

Fig. 5. The Determination of Ion-Desorption Efficiency and Internal Energy Transfer in the LDI process of FEP@SiNWs and SiNWs substrates at different laser energy. 
(A) The total intensity of TB ions desorbed from FEP@SiNWs and SiNWs substrates. (B) The total intensity of BP ions desorbed from FEP@SiNWs and SiNWs 
substrates. (C) The survival yield of BP ions. (D) The ln (kexp) of BP ions, ln (kexp) is positively related to average internal energy. 
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been regarded as the most effective initiator in negative mode [23]. 
However, after coating APDMES on pSi or SiNWs substrate, the back
ground signal can be still found even though the number of background 
signals significantly decreased (Fig. 4C and D). In contrast, FEP@pSi and 
FEP@SiNWs displayed ultra-low background noise in LMW range 
(Fig. 4E and F), indicating that FEP is an ideal initiator in NIMS tech
nology owing to its low viscosity, low vapor pressure and non-hydrolysis 

properties. In addition, the S/N ratio of standard fatty acids detected on 
FEP@SiNWs is significantly larger than that on FEP@pSi (Fig. 4G and 
H), because the SiNWs have much higher laser absorption efficiency and 
better thermal confinement compared to pSi, as indicated in our previ
ous work [27]. 

Fig. 6. (A, B) Distribution of relative standard deviation (RSD) of the signal intensities of peaks (S/N > 3) after different normalization methods. (C, D) The diluted 
saliva sample peak ratio distributions were presented using box plots after different normalization methods. 

Fig. 7. Distribution of RSD of the signal intensities within the same batch (A, C) or between different batches (B, D) of FEP@SiNWs or SiNWs substrates after 
normalized by MSTUs. Inter-batch stability was calculated after normalization using the average intensities of different batches. 
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3.4. Determination of ion-desorption efficiency and internal energy 
transfer 

To further investigate whether thermal-driven or phase-transition- 
driven desorption process dominants the overall LDI process, ion 
desorption efficiency and internal energy transfer of FEP@SiNWs were 
probed and correlated using benzylpyridinium salt [BP]+ and tetra
phenylboron salt [TB]‒ as the chemical thermometer [11,30,31]. The 
detailed definition and calculation of desorption efficiency, survive yield 
(SY), dissociation rate coefficients (kexp) and average internal energy are 
provided in ESI†. The desorption efficiency, SY and ln (kexp) of SiNWs 
and FEP@SiNWs were plotted against different UV laser energy, ln (kexp) 
is positively related to average internal energy. Compared with the 
behavior on bare SiNWs, both [BP]+ and [TB]‒ exhibit higher total in
tensity on FEP@SiNWs substrate (Fig. 5A and B), indicating the higher 
ion desorption efficiency of FEP@SiNWs chip in both positive and 
negative ion modes. However, the total ion intensity of [BP]+ (FEP@
SiNWs > SiNWs) and ln (kexp) (FEP@SiNWs < SiNWs) show an opposite 
trend (Fig. 5B–D). This phenomenon can’t be solely explained by ther
mal desorption mechanism, inferring that a non-thermal desorption 

mechanism might be involved in the LDI process. As shown in Fig. 2, the 
amount of FEP polymer particles loaded onto SiNWs sharply decreased 
after UV laser irradiation (Fig. 2C, F), indicating that phase transition of 
polymer particles could be involved in the desorption/ionization pro
cess. Based on the above findings, we can conclude that non-thermal 
desorption plays a significant role in the overall LDI process on FEP@
SiNWs substrate, and the phase transition of FEP particles might 
contribute to higher ion desorption efficiency. 

3.5. Comparing different normalization methods for acquiring salivary 
metabolites profiles 

Saliva volume and solute concentration are greatly affected by water 
consumption, diet and excretion. To minimize the impact of these fac
tors on downstream analysis, a standard sample collection as described 
in experimental section should be strictly followed. In addition, 
normalization procedures after acquiring metabolic profiles are also 
required. Two kinds of normalization methods including normalization 
to intensity of the highest peak signal (HSN) and normalization to MS 
“total useful signal” (MSTUs) were investigated in this study. The 

Fig. 8. (A, B) LDI mass spectra of saliva metabolite extract using FEP@SiNWs substrate. (A) m/z: 100–150 Da. (B) m/z: 150–300 Da. (C, D) Discrimination results 
among saliva samples including 2-DM (red, n = 20) and health (black, n = 20) groups. Unsupervised PCA and supervised OPLSDA was based on 22 selected peaks 
after normalization. (E) Changes in the relative intensity values of potential biomarker candidates in 2-DM patients. The ratio values were expressed as a fold-change 
pattern (Log2) by calculating the ratio of 2-DM’s relative intensity to average value of health control (n = 20). Each column represents a sample, and the data used 
was the average of three replicates for each saliva sample. 
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variance between replicated measurements and the correction effect to 
saliva dilution were combined to evaluate the performance of the 
different normalization methods. Here, a model saliva sample (1S) was 
prepared by mixing all collected saliva samples in equal volumes and a 
series of diluted saliva (0.75S, 0.5S, 0.25S, 0.125S) was prepared with 
water at different dilution ratios. The correction effects of normalization 
to saliva dilution were presented in a box-plot by calculating the peak 
ratios between diluted samples and original sample after normalization. 
The log ratios between the diluted saliva sample and 1S sample should 
be close to 0 for most metabolites under the reasonable assumption that 
there are little biological variations during the dilution process. To 
calculate the variance between replicated measurements, three different 
batches of optimized FEP@SiNWs were prepared, three FEP@SiNWs 
chips were applied in each batch and triplicates were done on each chip. 
Finally, 27 spectra were obtained and used for statistical analysis. Fig. 6 
indicated that normalization using MSTUs method is better than HSN for 
salivary metabolomic applications. 

3.6. In-batch and inter-batch stability of FEP@SiNWs chip 

Additionally, we examined the stability of in-batch and inter-batch 
detection to confirm the repeatability of FEP@SiNWs in MS signal 
(Fig. 7A and B). The model saliva sample was spotted on the FEP@
SiNWs substrate for non-targeted metabolic fingerprint analysis. After 
normalization with MSTUs, all peaks (S/N > 3) were utilized to measure 
the variations in-batch and inter-batch detection. As shown in Fig. 7, 
FEP@SiNWs displayed more excellent intra-batch (medium RSD =
8.5%) and inter-batch stability (medium RSD = 11.9%) than that on 
SiNWs owing to the significantly lower background noise. The small 
variation of in-batch and inter-batch detection on FEP@SiNWs guar
anteed the reliability of collective data. 

3.7. Salivary metabolic analysis of 2-DM and healthy control 

Saliva is an ideal biological sample because it is collected non- 
invasively and the risk of acquired infections is minimal [32]. The 
concentrations of endogenous metabolites in saliva directly reflect the 
metabolic status of human body, and further indicate whether human 
body suffers from metabolic diseases such as cancer, diabetes, gout, 
periodontal diseases and so on [32–36]. Therefore, saliva may serve as 
an excellent biofluid for disease diagnosis. 2-DM is a complex and 

systematic disease caused by genetic and environmental factors. 
Nowadays, the most common diagnostic methods for 2-DM are fasting 
plasma glucose (FPG) test, oral glucose tolerance test, and glycated test 
[37]. However, since the early symptoms of 2-DM are not obvious, it is 
necessary to develop a non-invasive screening technique that can be 
widely and persistently applied in personal healthcare. 

In the present work, saliva samples from 20 healthy volunteers and 
20 2-DM patients were collected and analyzed for non-targeted meta
bolic analysis, the representative MALDI-TOF mass spectra of saliva 
samples in the metabolic fingerprint region were provided (Fig. S2, 
ESI†). Using the FEP@SiNWs chip, the MS spectra of small molecules 
like amino acids and fatty acids in saliva can be unambiguously detected 
(Fig. 8A and B). Combining UPLC-MS/MS and MALDI-TOF/TOF tandem 
mass spectrometry, the metabolites detected in saliva were identified 
(Table. S2-4, ESI†). Through two-sided t-test by MATLAB software, 
setting p value < 0.05, 22 metabolites were selected as potential can
didates for distinguishing 2-DM patients from healthy volunteers 
(Table 1). To validate whether the selected feature metabolites can 
discriminate the 2-DM patients from the healthy control people, super
vised OPLS-DA or unsupervised PCA was employed. The results indi
cated that the 2-DM and healthy control can be successfully 
discriminated using the selected 22 metabolites found in saliva (Fig. 8C 
and D). Meanwhile, box plots were performed to display the perturba
tions of feature metabolites in 2-DM group (Figs. 8E and 9). The results 
show that adenine, guanine, aspartic acid, creatine, cysteic acid, histi
dine, 3-hydroxyanthranilic acid, malic acid, imidazolepropionic acid, 
malonic acid, N-Acetyl-L-glutamic acid, N-Acetylproline, N-Acetyltaur
ine, oxalacetic acid, phenylglyoxylic acid, pyroglutamic acid, pyro
glutamine, succinic acid, taurine and uric acid are up-regulated in 2-DM 
patients whereas stearic acid and nicotinic acid are down-regulated. The 
increase in the relative concentration of malic acid, oxalacetic acid and 
succinic acid was significantly correlated with the 2-DM phenotype and 
indicated an elevated activity of TCA cycle flux [38–41]. Previous 
studies have indicated an augmented purine metabolism in 2-DM sub
jects and associated increase in serum uric acid levels and urinary purine 
metabolites levels, this phenomenon revealed an adaptive mechanism 
that provides energy for cellular metabolic activities when the glucose 
oxidation is not adequate [42,43]. Serum analysis of Chinese hamsters 
with 2-DM also revealed that the level of stearic acid was slightly 
decreased [38]. Up-regulation of taurine was observed in urinary 
metabolomics of both 2-DM human and rodent models. The increased 
excretion of taurine may arise from altered renal reabsorption of taurine 
as a result of reduced GFR or possibly as a general stress response, 
particularly following damage to the liver [44]. In urine samples of 
2-DM subjects, aspartic acid and histidine were also found to be excreted 
at significantly higher levels than in urine samples of the healthy group 
[45]. Besides, imidazolepropionic acid is a product of histidine meta
bolism which may involve oxidation or transamination, and the increase 
might be directly related to the accumulation of histidine. 3-Hydroxyan
thranilic acid is an intermediate in the metabolism of tryptophan, and its 
increase may be correlated to the elevated tryptophan level [38,46]. 
N-Acetyl-L-glutamic acid is biosynthesized from glutamic acid and 
acetyl-CoA by the enzyme N-acetylglutamate synthase (NAGS), and 
glutamic acid is reported to be upregulated in 2-DM subjects [46,47]. 
Besides, the increase of N-Acetylproline and N-Acetyltaurine could be 
explained by the accumulation of proline and taurine observed in 2-DM 
models [44,48]. Untargeted serum metabolic profiling also revealed the 
higher malonic acid level in 2-DM patients, this phenomenon might be 
explained by the altered nucleotide metabolism [41]. The abnormal 
creatine level was also observed in 2-DM plasma metabolomics, which 
directly reflected the altered creatine metabolism [49,50]. Pyroglutamic 
acid and pyroglutamine were involved in glutathione metabolism, their 
increase may be related to the higher concentration of their precursors 
which have been observed in 2-DM model [47,51]. Although the ma
jority of these candidate biomarkers were implicated to known diabetic 
processes, several biomarkers (cysteic acid, phenylglyoxylic acid and 

Table 1 
Summary of p values of feature peaks that could be used to distinguish 2-DM 
patients from control subjects.  

No. Detected m/z Metabolites p value Trend 

1 167.981 Cysteic acid 2.63 × 10− 6 ↑ 
2 150.021 Guanine 5.06 × 10− 6 ↑ 
3 130.060 Creatine 7.05 × 10− 6 ↑ 
4 170.100 N-Acetyl-L-glutamic acid 1.52 × 10− 5 ↑ 
5 139.035 Imidazolepropionic acid 1.62 × 10− 5 ↑ 
6 152.025 3-Hydroxyanthranilic acid 2.37 × 10− 5 ↑ 
7 156.062 N-Acetylproline 2.69 × 10− 5 ↑ 
8 166.026 N-Acetyltaurine 6.24 × 10− 5 ↑ 
9 149.007 Phenylglyoxylic acid 6.29 × 10− 5 ↑ 
10 103.002 Malonic acid 7.45 × 10− 5 ↑ 
11 134.067 Adenine 2.88 × 10− 4 ↑ 
12 167.035 Uric acid 4.39 × 10− 4 ↑ 
13 128.035 Pyroglutamic acid 6.05 × 10− 4 ↑ 
14 133.029 Malic acid 3.23 × 10− 3 ↑ 
15 283.231 Stearic acid 5.26 × 10− 3 ↓ 
16 127.036 Pyroglutamine 6.76 × 10− 3 ↑ 
17 132.026 L-Aspartic acid 8.48 × 10− 3 ↑ 
18 124.003 Taurine 9.23 × 10− 3 ↑ 
19 122.006 Nicotinic acid 1.27 × 10− 2 ↓ 
20 154.056 L-Histidine 1.74 × 10− 2 ↑ 
21 130.969 Oxalacetic acid 3.91 × 10− 2 ↑ 
22 117.035 Succinic acid 4.76 × 10− 2 ↑  
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Fig. 9. Box plots of the levels of potential metabolic markers that could be used to distinguish 2-DM patients from control subjects. * represents p < 0.05, ** 
represents p < 0.01 and *** represents p < 0.001. 
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nicotinic acid) have not previously been suggested as possible bio
markers for diabetes. Meanwhile, the relevant metabolic pathways of 
the potential differential metabolites were provided through searches of 
HMDB (Table. S5, ESI†). The impact pathway analysis of 2-DM related 
metabolites using MetaboAnalyst also confirm the correlation between 
the selected metabolites and 2-DM disease (Fig. 10). 

4. Conclusion 

In summary, we developed a novel NIMS chip, FEP@SiNWs as an 
effective substrate for rapid salivary metabolic analysis with little 
background interference. The phase transition of initiator on the NIMS 
substrate was proved by SEM and the contribution of FEP to improve
ment of desorption efficiency was confirmed using [BP]+ and [TB]- as 
model molecules. We demonstrated that salivary metabolic analysis can 
be reliably performed on the FEP@SiNWs chip because of its lower 
background noise, high signal to noise ratio and good repeatability. 
With this newly developed NIMS platform, non-targeted metabolic 
analysis for saliva samples from 2-DM patients and healthy volunteers 
could be reliably analyzed in a high throughput way. With the assistance 
of statistical analysis, 22 biomarker candidates with the capability to 
discriminate 2-DM patients from healthy volunteers were sorted out and 
identified. This work may contribute to rapid non-invasive clinical 
diagnosis in large scale and health management. Our ongoing work has 
further indicated that metabolomics-based non-invasive screening of 
malignant tumor can also be achieved on this platform. 
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