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A B S T R A C T   

Banana is one of most popular fruits globally due to health-promoting and disease-preventing effects, yet little is 
known about in situ metabolic changes across banana varieties. Here, we integrated gold nanoparticle (AuNP)- 
assisted laser desorption/ionization mass spectrometry imaging (LDI-MSI) and metabolomics to investigate the 
spatiotemporal distribution and levels of metabolites within Brazil and Dongguan banana pulps during post-
harvest senescence. Metabolomics results indicated that both postripening stages and banana varieties contribute 
to metabolite levels. Benefiting from improved ionization efficiency of small-molecule metabolites and less peak 
interference, we visualized the spatiotemporal distribution of sugars, amino acids (AAs) and monoamines within 
pulps using AuNP-assisted LDI-MSI for the first time, revealing that AAs and monoamines exclusively accumu-
lated in the middle region near the seed zone. Monosaccharides and di/trisaccharides were generally distributed 
across entire pulps but exhibited different accumulation patterns. These findings provide a guide for breeding 
new varieties and improving extraction efficiency of bioactive compounds.   

1. Introduction 

As one of the most important and popular tropical fruits worldwide, 
banana (Musa spp.) is widely accepted by consumers due to its high 
nutritional value (Qamar & Shaikh, 2018; Singh et al., 2016; Yun et al., 
2022), and has gained attention for its antioxidant and antimicrobial 
capacity attributed to ubiquitous polyamines and bioactive amines 
(Adão & Glória, 2005; Lima et al., 2008). Among these compounds, 
dopamine and noradrenaline afforded a higher antioxidant capacity 
than other natural antioxidants (Borges et al., 2019), which have sig-
nificant potential to contribute to the development of pharmaceutical 
formulations for some disease treatment (Breitel et al., 2021; Mondal 
et al., 2021; Pereira & Maraschin, 2015). In addition to bioactive 
amines, banana pulp also provides plenty of valuable nutraceuticals and 
bioactive compounds, such as carbohydrates, amino acids (AAs), ca-
rotenoids, polyphenols, and phytosterols (Maduwanthi & Marapana, 

2021; Mondal et al., 2021; Sidhu & Zafar, 2018; Singh et al., 2016). 
Given that the nutritional quality of bananas depends on the metabolic 
changes occurring during development and postharvest senescence, a 
systematic investigation of the dynamic alteration in metabolite profiles 
of banana pulp has been highly desired. 

There exist significant physicochemical and biochemical changes in 
various metabolites occur during ripening of banana fruits (Valérie 
Passo Tsamo et al., 2014). Conventional liquid chromatography mass 
spectrometry (LC-MS) and gas chromatography MS (GC–MS) has proven 
to be a robust tool for the detection of nonvolatile (Adão & Glória, 2005) 
and volatile metabolites (Boudhrioua et al., 2003), respectively, in ba-
nana peels and pulps. Specifically, Adão et al. demonstrated that the 
contents of starch, soluble sugars, and bioactive amines vary with each 
individual during the ripening of ‘Prata’ banana using LC-MS analysis 
(Adão & Glória, 2005). Borges et al., revealed that the levels of various 
bioactive amines, including tyramine, histamine, dopamine, serotonin, 
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spermidine, and spermine decreased in the pulps during fruit ripening 
processes (Borges et al., 2019). Alteration in levels and retention of 
provitamin A carotenoids during ripening of eight banana varieties have 
also been previously reported (Ekesa et al., 2015). Recently, to investi-
gate how lipid accumulation is regulated during banana ripening, Sun 
et al. generated a comprehensive atlas of lipidomic changes in Musa 
cavendish using targeted lipidomics (Sun et al., 2020). Using a different 
approach, nuclear magnetic resonance (NMR)-based metabolomics 
analysis, Yuan et al., revealed alterations in primary and secondary 
metabolites (e.g., AAs, carbohydrates, and phenolics) in banana fruits 
during postharvest senescence (Yuan et al., 2017). Unfortunately, the 
masking of stochastic average values by pulp homogenates and the 
resultant loss of spatial information in both MS- or NMR-based holistic 
metabolomics studies have hindered their further development. 

To circumvent these issues, MS imaging (MSI) techniques have been 
used as a label-free and non-specific detection tool to provide the 
spatiotemporal distribution information on a broad range of metabolites 
in biological tissues (Li et al., 2021; Yin et al., 2019). In recent years, 
several efforts have been made to develop matrix-assisted laser 
desorption/ionization (MALDI)-MSI technologies for mapping metabo-
lite abundances in various fruits and vegetables, such as strawberry and 
apple fruits (Horikawa et al., 2019), soybean root nodules (Samarah 
et al., 2021), and tomato fruits (Dong et al., 2020). In addition, Hölscher 
et al. used 1H NMR spectroscopy, laser desorption/ionization (LDI)-MSI, 
and Raman spectroscopy to identify and locate phenylphenalenones, a 
banana-specific type of phytoalexins, within the Musa spp. epidermis 
and roots infected by Radopholus similis (Hölscher et al., 2014). Recently, 
Wu et al. have proposed a gold nanoparticle (AuNP)-immersed paper 
imprinting MSI strategy for visualizing the spatial distribution of some 
endogenous compounds within banana corms (Wu et al., 2020). Despite 
these efforts, there are few studies in the literature reporting the unique 
spatiotemporal distribution of bioactive compounds within banana 
pulps, especially for different post-ripening stages. Meanwhile, the 
limited molecular coverage and quantitative capability of MSI still 
render it challenging to discover key differentially abundant and 
spatially distinct patterns of metabolites. To overcome these limitations, 
spatially resolved metabolomics, which was developed by integrating 
optimized MSI and metabolomics methods, has been proposed for the 
accurate determination of compositions, contents, and spatial distribu-
tion of endogenous and exogenous metabolites in biological tissues and 
single cells (Pareek et al., 2020; Sun et al., 2019). However, its potential 
for the investigation of alterations in metabolite contents and spatial 
patterns within banana pulps during postharvest senescence has yet to 
be explored. 

Here, we used integrated AuNP-assisted LDI-MSI and GC–MS-based 
metabolomics to compare the levels and spatiotemporal distribution of 
various metabolites within banana pulps between the Brazil and 
Dongguan varieties during the first 8-days of postharvest ripening. The 
combined results collectively suggest that there are higher levels of most 
AAs and monoamines in Brazil banana pulps than in Dongguan pulps, 
and the levels of individual compounds varied to a large extent as a 
function of post-ripening time. Moreover, AAs and monoamines were 
found to be co-localized with a tissue-specific distribution pattern 
accumulating in the middle region near the seed zone of banana pulps. 
Although mono-, di- and trisaccharides ubiquitously distributed in the 
whole pulp, the monosaccarides exhibited different accumulation pat-
terns from the higher-order sugars. 

2. Materials and methods 

2.1. Chemicals and materials 

Chloroauric acid (HAuCl4, ≥99.9% purity), sodium citrate (99% 
purity), gelatin from porcine skin, α-cyano-4-hydroxycinnamic acid 
(CHCA), 2,5-dihydroxybenzoic acid (DHB), D-(+)-xylose (99% purity), 
D-(+)-glucose (≥99.5% purity), sucrose (99% purity), D-(+)-raffinose 

pentahydrate (≥98% purity), γ-aminobutyric acid (GABA, ≥99% pu-
rity), L-serine (≥99% purity), L-alanine (≥98% purity), glycine (≥99% 
purity), L-proline (≥99% purity), L-valine (≥98% purity), L-threonine 
(≥98% purity), L-leucine (≥98% purity), L-proline (≥99% purity), L- 
lysine (≥98% purity), L-methionine (≥98% purity), L-phenylalanine 
(≥98% purity), L-histidine (≥99% purity), L-arginine (≥98% purity), L- 
tyrosine (≥98% purity), L-tryptophan (≥98% purity), methyl tert-butyl 
ether (MTBE), and N-methyl-N-(trimethylsilyl) trifluoroacetamide 
(≥98.5% purity) were purchased from Sigma Aldrich (St. Louis, MO, 
USA). Conductive indium tin oxide (ITO) coated glass slides were ob-
tained from Bruker (Bremen, Germany). 

2.2. Banana materials 

Two typical banana varieties, Brazil banana (Musa spp., AAA) and 
Dongguan banana (Musa spp., ABB), were selected for this study. The 
fruits of both varieties at different stages, namely 1 day, 2 days, 3 days, 4 
days, 5 days, 6 days, 7 days, and 8 days after postharvest treatment with 
ethylene to initiate ripening, were collected from the field of National 
Musa collections in Guangzhou, Guandong province, China. The pulp of 
fruits was separated from the peel, and cut into several slices, frozen in 
liquid nitrogen immediately, then stored at − 80 ℃ for further metab-
olomic and MSI analysis. Six biological replicates were collected for each 
banana genotype. 

2.3. Preparation of MALDI matrices, standard mixtures, and gold 
nanoparticles 

The MALDI matrices, DHB and CHCA, were dissolved in 70/30 (v/v) 
water/acetonitrile with 0.1% trifluoroacetate. And 10 mg/mL DHB and 
CHCA were adopted as the final concentration for LDI-MS experiments. 
All the analytes, including D-(+)-xylose, D-(+)-glucose, sucrose, D- 
(+)-raffinose pentahydrate, GABA, L-serine, L-alanine, glycine, L-proline, 
L-valine, L-threonine, L-leucine, L-proline, L-lysine, L-methionine, L- 
phenylalanine, L-histidine, L-arginine, L-tyrosine, and L-tryptophan, were 
dissolved in water/methanol (1:1, v/v) at a concentration of 10 mM. All 
stock solutions were kept at 4 ℃ before use. Mixed solutions of AAs and 
sugars were then prepared by mixing and diluting stock solutions to a 
final concentration of 1 mM for each analyte, respectively. Synthesis of 
the AuNP solution was performed according to the previous reports (Qin 
et al., 2021; Wu et al., 2020). Briefly, 1 g chloroauric acid (HAuCl4) was 
dissolved in 50 mL H2O as the stock solution. Then, 1 mL stock solution 
was diluted to 100 mL for preparing the HAuCl4 solution at a concen-
tration of 0.1 mg/mL. This HAuCl4 suspension was heated to boiling and 
quickly mixed with 2 mL 10 mg/mL sodium citrate with high-speed 
stirring. After refluxing at a constant temperature for 10 min, the solu-
tion was cooled to room temperature and stirred for 15 min. Finally, the 
as-prepared AuNP suspensions were ready for matrix spraying. In the 
AuNP-assisted LDI-MS analysis, 1 μL droplet of 0.1 mg/mL AuNP sus-
pension in aqueous solution and 1 μL droplet of 1 mM AA mixture so-
lution or sugar mixture solution were first mixed and then deposited on 
the surface of commercial stainless steel plate. A total of 2 μL volume of 
mixture solution was spotted for MS analysis. 

2.4. Metabolomics analysis using GC–MS 

Freeze-dried banana pulp samples were used for metabolomics 
analysis with six biological replicates for each sample. Fifty micrograms 
of banana pulp powder from each sample was extracted following the 
procedures described in a previous study (Heng et al., 2019). Briefly, 
banana pulps of two varieties were ground to powder under liquid ni-
trogen, and extracted ultrasonically with 1 mL pre-cooled extraction 
solvent (MTBE, 3:1) at − 20 ◦C for 5 min at 4 ◦C. Extracts were centri-
fuged at 23,128 g at 4 ℃ for 10 min. For phase separation, a volume of 
500 μL of mixture solvent (methanol/water = 1/3) was added to each 
tube and the samples were vortexed thoroughly for 1 min. Finally, a 
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fixed volume of 200 μL of the polar phase (located at the lower phase) 
after centrifugation was transferred into a 1.5 mL centrifuge tube that 
was dried in a SpeedVac concentrator without heating. A dried 150 μL 
aliquot from the polar phase was derivatized with N-methyl-N-(trime-
thylsilyl) trifluoroacetamide for primary metabolite profiling and then 
analyzed using GC–MS (7890A-5975C, Agilent, USA) as described pre-
viously (Chen et al., 2022). Quality control (QC) samples, in which small 
aliquots of each biological sample to be studied were pooled and thor-
oughly mixed, were embedded in the batch every 10 test samples during 
the GC–MS analysis to assess the performance of the system and also 
used for normalization as described previously (Dunn et al., 2011). 
GC–MS raw data were firstly evaluated and deconvoluted using Mass-
Hunter Qualitative Analysis B.06.00 software (Agilent Technologies 
Inc., Santa Clara, CA, USA). Then the peak integration and alignment 
were processed using MassHunter Quantitative Analysis B.07.01 soft-
ware (Agilent Technologies Inc., Santa Clara, CA, USA). Finally, the 
NIST mass spectral library and an in-house mass spectral database 
established using authentic standards were used together for metabolite 
identification (Yan et al., 2021). Their retention indices were compared 
with n-alkanes ranging from C7-C36 for identification of volatile and 
non-volatile silylated metabolites according to previous reports 
(Table S1) (Baky et al., 2022). Based on the normalized metabolomic 
data, the heat maps of detected metabolites was drawn using TBtools 
(v1.082, Guangzhou, China). In addition, multivariate statistical ana-
lyses were then performed using SIMCA software version 13.0.3 (Ume-
trics, Umea, Sweden), including principal component analysis (PCA), 
orthogonal projections to latent structures discriminant analysis (OPLS- 
DA), hierarchical cluster analysis (HCA), and one-way analysis of vari-
ance (ANOVA). 

2.5. MSI analysis using MALDI-TOFMS 

All banana pulps used for MSI analysis were processed in the same 
batch as those for used metabolomics. Of particular note, because the 
intact banana pulps were too large for analysis, a representative trian-
gular domain including the outer and center portions of flesh was cut for 
subsequent freezing sectioning and MSI analysis (red dotted box in 
Fig. S1). Each banana slice with different varieties and postripening 
stages used for MSI analysis was taken from the middle position of whole 
banana pulps. Briefly, banana pulps were first snap-frozen in liquid ni-
trogen and uniformly embedded with gelatin, which comes to a tem-
perature equilibrium in the freezing microtome (HM560, Leica 
Microsystems Inc., Wetzlar, Germany) for 20 min. Then, banana pulps 
were sectioned to a 25 μm thickness at − 20 ℃ and thaw-mounted onto 
ITO-coated glass slides (Bremen, Germany). The slides were placed in a 
vacuum desiccator for 30 min to remove the excess water content. 
Finally, the as-prepared AuNP matrix was sprayed uniformly using a 
high-performance ultrasonic sprayer (UAM4000, Hangzhou, China). 
Details of the spraying parameters can be found in Table S2. In this 
study, sodium citrate was adopted as the reducing agent and dispersant 
agent for the preparation and use of AuNP suspension to avoid excess 
background interferences and self-aggregation. Before spraying, the 
AuNP suspension was fully dispersed with ultrasound assistance so that 
the spraying process can be sustained for a relatively long time 
regardless of self-aggregation of AuNPs. 

All MSI measurements were performed on a MALDI time-of-flight 
(TOF) mass spectrometer (UltrafleXtreme, Bruker Daltonics, Bremen, 
Germany) instrument equipped with a 355 nm Nd: YAG laser and 1,000 
Hz repetition rate. MS calibration was accomplished using gold cluster 
ions (Aun

+) derived from AuNPs due to their simple isotope patterns, 
including Au+ (m/z 196.966), Au2

+ (m/z 393.932), Au3
+ (m/z 590.899), 

Au4
+ (m/z 787.866), and Au5

+ (m/z 984.832). Considering that banana 
pulps have the relatively large area, a “small” laser spot and a pixel size 
of ~ 80 μm were used to acquire the satisfactory acquisition time and 
imaging resolution, respectively. Mass spectra were acquired in the 
positive ion reflection mode with a mass range from 100 to 1,000 Da. 

Unless otherwise indicated, the mass spectrum at each pixel was aver-
aged across 200 laser shots. The laser energy was set at 85% for MSI 
experiments. The detailed parameters for the MS analysis were as fol-
lows: 20.00 kV for the ion source voltage, 11.00 kV for the lens voltage, 
and 20.84 kV for the reflector voltage. MSI data were processed using 
flexAnalysis 3.4 (Bruker Daltonics, Bremen, Germany) and flexImaging 
2.1 (Bruker Daltonics, Bremen, Germany). 

3. Results 

3.1. Metabolite profiling of Dongguan and Brazil banana pulps during 
postharvest senescence 

To investigate the global metabolic differences between Dongguan 
and Brazil banana pulps during the 8-day postharvest ripening stages, 
GC–MS-based metabolomics analysis was performed. A total of 116 
metabolites were detected in the banana pulp samples (Table S1 and 
Fig. S2). Among them, 65 metabolites were conclusively identified 
based on an in-house mass spectral database established using authentic 
standards, including 22 AAs, 12 sugars and sugar alcohols, 14 organic 
acids, seven tricarboxylic acid cycle (TCA)-related metabolites, four 
monoamines, and six other compounds (Fig. 1A). AA and sugar 
metabolism-related metabolites constituted the largest class of identi-
fied metabolites, representing about 35.38% and 21.54% proportion of 
identified compound numbers among the total components, respec-
tively. Furthermore, PCA was applied to examine intrinsic variation in 
the banana dataset (Fig. S3), and then OPLS-DA model was conducted to 
enhance the separation between the groups (Fig. 1B, Table S3). The 
OPLS-DA model performance for both Dongguan banana dataset and 
Brazil banana dataset was evaluated using permutation test repeated 
200 times (Fig. S4). As shown in Fig. 1B, the metabolome data of both 
Dongguan and Brazil banana pulps at different postharvest days could 
be clearly distinguished except for 1-day and 2-day Dongguan banana 
samples, suggesting that large metabolic differences exist between each 
postharvest ripening stage. The 1-day, 2-day, and 3-day samples from 
the Brazil banana variety were relatively dispersed, which indicated that 
the metabolic change during the early postharvest stages in Brazil ba-
nana pulps occurred faster than that in Dongguan banana pulps. 

3.2. Differential metabolites in Brazil and Dongguan banana pulps during 
postharvest senescence 

To further summarize the overall metabolic changes in Dongguan 
and Brazil banana pulps during ripening, heatmap analysis was per-
formed. The heatmap revealed changes in the relative levels of various 
metabolites, including sugars and sugar alcohols, AAs, monoamines, and 
organic acids (Fig. 2 and Table S4). The levels of most soluble sugars, 
such as glucose, fructose, sucrose, and raffinose, increased significantly 
as a function of time for both banana pulps. In sharp contrast, glycerol-3- 
phosphate (Gly3P) and glucose-6-phosphate (G6P) levels decreased with 
time. Interestingly, although the levels of most soluble sugars were quite 
comparable, the contents of some sugar metabolism-related metabolites, 
namely meso-erythritol, arabitol, mannitol, myo-inositol, and galactose, 
were higher in Dongguan banana pulps than in Brazil pulps. Higher 
levels of most AAs accumulated in the Brazil variety than the Dongguan 
sample. Notably, the levels of valine, leucine, isoleucine, glycine, serine, 
alanine, GABA, and tyrosine in Brazil banana pulps increased during the 
8 days of postharvest ripening stages, while the levels of aspartic acid, 
arginine, glutamine, phenylalanine, histidine, and methionine gradually 
decreased. 

In addition, the contents of some monoamine metabolism-related 
metabolites, such as norepinephrine, were higher in the pulp of Brazil 
banana than in that of Dongguan banana, suggesting that the activation 
of the monoamine metabolic pathway during postharvest ripening was 
variety dependent. Of particular note, the levels of tyrosine and 
norepinephrine in Brazil banana pulp increased as a function of time, 
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whereas the levels of tyramine and dopamine increased until 3 days 
postharvest ripening and then a significantly decreased when the pulp 
became overripe. In sharp contrast, the content of dopamine gradually 
increased in Dongguan banana pulps beginning at 3 days postharvest. In 
addition, the levels of several organic acids including glyceric acid, 
pipecolic acid, ferulic acid, and linoleic acid gradually decreased, 
whereas nicotinic acid, gluconic acid, and uric acid levels promoted as 
the ripening time increased for Brazil banana fruits. However, pyruvic 
acid, oxalacetic acid, citric acid, and malic acid in Dongguan banana 
pulps first increased and then decreased. Taken together, the results 
presented here indicate that these functional metabolites differed not 
only between different postharvest ripening stages but also between 
banana varieties. 

3.3. Improved sensitivity of metabolite detection in banana pulp using 
AuNP-assisted LDI-MS 

MALDI has several inherent disadvantages due to the use of organic 
matrices, such as severe background interference in low mass region (m/ 
z < 500 Da), which hinders chemical identification of small-molecule 
metabolites, and limited ionization efficiency of small molecules in 
some cases, especially for neutral AAs and carbohydrates (Wang et al., 
2020). To improve the molecular coverage and detection sensitivity of 
functional metabolites in banana pulps, a comparison between con-
ventional MALDI matrices (e.g., CHCA and DHB) and AuNPs for 16 AAs 
and four soluble sugars were investigated, respectively (Fig. 3 and 
Fig. S5). As shown in Fig. 3B-C, only nine AAs were detected with 
relatively low signal-to-noise ratio (SNR) using either CHCA or DHB due 
to low protonation efficiency and strong background interferences in the 
low m/z range. In contrast, all 16 AAs were detected with a high SNR 
using AuNP-assisted LDI-MS (Fig. 3A). In particular, the results revealed 
that most AA molecules can be detected as the ion forms of protonated, 
sodium or potassium adducts, suggesting that AuNPs could improve the 
ionization efficiency of AAs that were not prone to protonation. More-
over, because ripened banana is also rich in soluble sugars in addition to 
AAs, further proof-of-concept tests for AuNP-assisted LDI-MS detection 
were evaluated using a mixed standard solution of oligosaccharides, 
including xylose, glucose, sucrose, and raffinose (Fig. S5). Interestingly, 

all the sugar molecules could be detected with high SNRs using AuNP- 
assisted LDI-MS. In contrast, xylose was hard to be detected because 
of the strong background interference generated from the CHCA and 
DHB matrices. Taken together, AuNPs have great potential for MSI 
analysis of AAs and oligosaccharides in banana pulp because they show 
improved desorption/ionization efficiency and less spectral 
interferences. 

3.4. Spatial differentiation of soluble sugars in Dongguan and Brazil 
banana pulps during postharvest ripening 

We used AuNP-assisted LDI-MSI for mapping the spatial distribution 
and temporal accumulation processes of a broad range of metabolites 
within banana pulps. Fig. 4A displays the schematic workflow of AuNP- 
assisted LDI-MSI for banana pulps, including freezing sectioning, AuNP 
solution deposition, and pixel-by-pixel laser sampling. The dynamic 
spatiotemporal location of three soluble sugars (i.e., monosaccharides, 
disaccharides, and trisaccharides) within Dongguan and Brazil banana 
pulps, ranging from 1 day to 8 day after postharvest senescence, can be 
clearly seen in Fig. 4B-C. For the first two days of postharvest ripening, 
the content of monosaccharides and disaccharides were relatively low, 
and trisaccharides were barely detected in Dongguan banana pulps in 
the initial ripening period. Similarly, that the contents of the three kinds 
of soluble sugars in Brazil banana pulps were too low to visualize. In 
contrast, the contents of the three kinds of soluble sugars, especially 
monosaccharides and disaccharides, in both varieties increased begin-
ning at 3 days postharvest, and the levels were highest from days 6 to 7. 
This can be explained by an increase in the rate of amylohydrolysis, 
which was in accordance with the GC–MS quantification results of 
monosaccharides and disaccharides (Fig. 2). Of particular note, the three 
kinds of soluble sugars were not distributed evenly within the banana 
pulp. Monosaccharides were abundant in the intermediate micro-region 
for both banana varieties, while disaccharide and trisaccharide levels 
were higher in the whole pulps rather than the micro-region where 
monosaccharides accumulated. 

Fig. 1. (A) The classification and proportion of identified metabolites in banana pulps obtained using GC–MS, including sugars and sugar alcohols, amino acids, 
monoamines, organic acids, TCA intermediates. (B) OPLS-DA score plots of GC–MS data for Brazil banana and Dongguan banana samples from different postharvest 
ripening stages. 
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3.5. Spatial differentiation of AAs and monoamines in Dongguan and 
Brazil banana pulps during postharvest ripening 

In addition to determining the distribution of sugars, we further 
visualized the spatiotemporal distribution of a selected subset of func-
tional AAs, such as threonine, glutamine, and arginine. As shown in 
Fig. 5, AAs were detected with high SNRs within Dongguan and Brazil 
banana pulps, but the arginine content was hard to detect within 
Dongguan banana pulps beginning at 6 days postharvest using MSI, 
which is probably because the content of arginine is lower in Dongguan 
banana than in the Brazil variety. In addition, the tissue-specific distri-
bution patterns of AAs were more obvious compared with those of sol-
uble sugars. Specifically, all three AAs almost exclusively accumulated 
in the middle region near the seed zone. The spatiotemporal distribution 

of asparagine and histidine were also obtained (Fig. S6), indicating that 
these two AAs had a distribution patterns similar to those of the other 
AAs. And their contents were relatively lower in Dongguan banana pulps 
than in Brazil banana pulps, which is in agreement with the previous 
GC–MS results (Fig. 2). To better understand the basic roles of mono-
amines that accumulate within different micro-regions of banana pulp, 
we further visualized the differential distribution of monoamines in 
Dongguan and Brazil banana using AuNP-assisted LDI-MSI. Inspection of 
the images (Fig. S7) revealed that dopamine, L-DOPA, and noradrenaline 
were almost completely co-localized and were mainly located in the 
middle region near the seed zone, exhibiting distribution patterns 
similar to those of AAs. 

Fig. 2. Heatmaps of 65 identified metabolites in banana pulp showing the differences in Brazil and Dongguan banana varieties during 8 days postharvest ripening 
stages. The red color indicates a higher level of the detected metabolites using GC–MS, whereas the blue color indicates a lower level of them. “*” and “**” correspond 
to sample groups with significant differences of 0.01 ≤ p-value ≤ 0.05 and p-value ≤ 0.01 using ANOVA, respectively. 
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4. Discussion 

The onset of the ripening of banana pulps is accompanied by intricate 
and irreversible metabolic changes, such as degradation of chlorophyll, 
conversion of starch into soluble sugars, and accumulation of functional 
metabolites, which result in peel color change, pulp softening and 
sweetening, as well as development of characteristic aroma, respectively 
(Guo et al., 2018; Nascimento et al., 2019; Xiao et al., 2021). Thus, the 
development of quality attributes in bananas can be significantly 
affected by the levels and spatiotemporal distribution of these func-
tionally bioactive compounds across the post-ripening period. In the 
present study, we investigated the levels and spatiotemporal distribu-
tion of various functional metabolites within the pulps of two banana 
varieties (i.e., Brazil and Dongguan) during postharvest senescence. The 
targeted metabolomics results indicated that the levels of most soluble 
sugars increased significantly as a function of time for both banana va-
rieties. Moreover, higher levels of most AAs and monoamines can be 
observed in the Brazil banana pulp than in the Dongguan banana pulp. 
In addition, the spatiotemporal distribution of metabolites in both ba-
nana varieties was also visualized for the first time using AuNP-assisted 
LDI-MSI. Of particular note, although three soluble sugars were found to 
ubiquitously distribute across the whole banana pulp, monosaccharides 
display a different accumulation pattern from disaccharides and 

trisaccharides. Meanwhile, AAs and monoamines were found to almost 
exclusively accumulate in the middle region near the seed zone. 
Therefore, this spatially resolved metabolomics method allows for 
visualization of a spatial metabolic network closely related to the 
ripening process of banana fruit pulps at the metabolic level, providing a 
guide for breeding new varieties and improving the extraction efficiency 
of bioactive compounds. 

4.1. High amino acid and monoamine levels are correlated with banana 
pulp varieties and postharvest ripening stages 

AAs are important nutrients in banana fruits, and their metabolism 
frequently occurs during postharvest senescence. Our metabolomics 
results indicated that the levels of most AAs were higher in Brazil banana 
pulps than in Dongguan banana pulps, and the levels of the individual 
compounds as a function of post-ripening time varied to a large extent in 
Brazil banana pulps. Specifically, we found that the levels of amino acids 
derived from the glycolytic pathway, including valine, leucine, isoleu-
cine, glycine, serine, alanine, GABA, and tyrosine, significantly 
increased during the postharvest ripening process. In sharp contrast, the 
levels of TCA cycle-derived amino acids, including aspartic acid, argi-
nine, glutamine, phenylalanine, histidine, and methionine, gradually 
decreased during the postharvest ripening process. This unique content 

Fig. 3. Comparative LDI mass spectra of 16 amino acid mixtures obtained using (A) AuNPs, (B) CHCA, and (C) DHB matrices. The concentration of each analyte is 1 
mM. *denotes the background peaks derived from conventional matrices. 
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alteration of various amino acids might be explained that postharvest 
ripening stages could contribute to high rates of the glycolysis pathway 
and the TCA cycle. Our results and previous studies have revealed that 
sugar levels of banana fruits can be significantly enhanced along with 
postharvest days (Adão & Glória, 2005; Boudhrioua et al., 2003; Cam-
puzano et al., 2018; Yuan et al., 2017). Given sugars are the initial 
precursors of most amino acids derived from the glycolytic pathway, 
higher contents of sugars as a function of postharvest ripening stages 
contribute to the levels of most glycolysis-derived amino acids. In sharp 
contrast, TCA cycle can be remarkably promoted during postharvest 
ripening stages, resulting in the relatively low level of TCA cycle-derived 
amino acids. 

In addition to AA synthesis, decarboxylation of AAs or amination of 
aldehydes and ketones can contribute to the formation of bioactive 
amines. Thus, banana pulps or peels also exhibit a high content of 
various bioactive amines (e.g., serotonin, dopamine, and 

norepinephrine), and the levels of these amines can be dependent upon 
the banana variety (Singh et al., 2016). Several studies have revealed 
that the ubiquitous polyamines and bioactive amines within banana 
pulps are closely associated with antioxidant activity but their contents 
vary in different varieties and postharvest ripening stages (Adão & 
Glória, 2005; Lima et al., 2008). These findings are in agreement with 
our observation using GC–MS-based metabolomics that the levels of 
most monoamines were higher in Brazil banana pulps than in Dongguan 
pulps (Fig. 2). In addition, we found that the contents of most mono-
amines (e.g., tyramine, dopamine, and norepinephrine) in Brazil banana 
pulps decreased during postharvest senescence. These results were 
consistent with the finding of a recent study that the levels of various 
bioactive amines, including tyramine, histamine, dopamine, serotonin, 
spermidine, and spermine, decrease in the pulp during fruit ripening 
processes (Borges et al., 2019). Given that tyramine is closely associated 
with allergenic and intoxication processes, deeper insights into the 

Fig. 4. (A) Schematic workflow of AuNP-assisted LDI-MSI for banana pulps, including freezing sectioning, AuNP solution deposition, and pixel-by-pixel laser 
sampling. Part of the schematic workflow was created using BioRender (https://biorender.com/). The dynamic spatial distribution of monosaccharides ([M + K]+, 
m/z 219.0), disaccharides ([M + K]+, m/z 381.1), and trisaccharides ([M + K]+, m/z 543.1) within (B) Dongguan banana pulps and (C) Brazil banana pulps during 
postharvest senescence from day 1 to day 8. Scale bars, 5 mm. 
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differential expression of these monoamines during ripening of different 
banana varieties is of vital importance for quality evaluation in food 
(Singh et al., 2016). In contrast, the content of dopamine in Dongguan 
banana pulps was found to increase along with the number of post- 
ripening days, and the content was the highest point ranging from 
days 5 to 6. Considering that banana species have proven to be a good 
resource for the extraction of dopamine and its precursors, which can be 
developed as a promising pharmaceutical formulation for Parkinson’s 
disease treatment (Pereira & Maraschin, 2015), their metabolic profiles 
as a function of postharvest stages could prompt for further studies on 
extraction and utilization of bioactive compounds. Taken together, the 
results presented here suggest that the levels and dynamic variations in 
AAs and bioactive monoamine levels are not only affected by the post-
harvest ripening stage but also the variety of banana. 

4.2. Tissue-specific accumulation of amino acids, and monoamines in the 
middle region near the seed zone. 

To date, the alteration of metabolite levels during the postharvest 
stage of banana fruits has been widely investigated using targeted and 
untargeted metabolomics (Adão & Glória, 2005; Borges et al., 2019; 
Boudhrioua et al., 2003; Campuzano et al., 2018; Maduwanthi & Mar-
apana, 2021; Sun et al., 2020; Yuan et al., 2017). However, the spatio-
temporal distribution of these bioactive compounds within pulps has yet 
to be fully addressed. In the present study, we systematically investi-
gated the spatiotemporal distribution of soluble sugars, AAs, and 
monoamines among different banana variants and postharvest ripening 
stages using MSI for the first time. Our targeted metabolomics results 
indicated that the levels of most soluble sugars increased significantly as 

a function of time for both banana varieties except for Gly3P and G6P, 
which decreased along with the postharvest time (Fig. 2). This was in 
accordance with previous reports and our MSI data (Fig. 4B-C) that 
accumulation of sugars due to the degradation of starch occurred during 
fruit ripening processes (Borges et al., 2019; Marriott & Palmer, 1980; 
Yap et al., 2017). Fruit sweetness is one of the major factors in evalu-
ating fruit quality, which can be decided by the contents and locations of 
monosaccharides (e.g., glucose and fructose) and disaccharides (e.g., 
sucrose). These sugar species play a crucial role in the development and 
maturation processes of fruits, promoting the yield and quality of ba-
nana pulps. Interestingly, the MSI results revealed that three types of 
soluble sugars were not distributed evenly within the banana pulp. Of 
note here is the fact that monosaccharide and disaccharide exhibited the 
different accumulation patterns based on MSI results, suggesting that 
hydrolysis rate of soluble disaccharides to monosaccharides might be 
microregion-dependent in banana pulps. The hydrolysis rate is observed 
to be remarkably expedited in the middle region near the seed zone 
where the contents of monosaccharides and disaccharides were elevated 
and decreased, respectively. This phenomenon is similar to the tissue- 
specific accumulation patterns of AAs and bioactive amines. Thus, it 
requires further validation in a future study to clearly illustrate the 
microregion-specific hydrolysis involved in banana pulps during the 
postharvest ripening stages. 

Moreover, dopamine, L-DOPA, and noradrenaline displayed almost 
the same localization patterns as AAs and were mainly located in the 
middle region near the seed zone (Fig. S7). Previous studies have re-
ported that compared with whole banana pulps, the seed region has 
significantly higher antioxidant activity (Qamar & Shaikh, 2018), which 
is consistent with our MSI results. Given that biologically active amines 

Fig. 5. The dynamic spatial distribution of threonine ([M + K]+, m/z 158.0), glutamine ([M + K]+, m/z 185.0), and arginine ([M + K]+, m/z 213.1) within (A) 
Dongguan banana pulps and (B) Brazil banana pulps during postharvest senescences from day 1 to day 8. Monamines were consistently detected as a form of po-
tassium adduct [M + K]+ due to their high contents within banana pulps. Scale bars, 5 mm. 
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afford many health-promoting and disease-preventing effects, pin-
pointing their location within banana pulps facilitates the extraction and 
utilization of these bioactive compounds. Agudelo-Romero et al. re-
ported that some monoamines, which are involved in the control and 
regulation of responses to biotic and abiotic stress, are closely associated 
with the quality and postharvest useful lifespan of the banana pulp 
(Agudelo-Romero et al., 2013). Among these monoamines, spermidine 
and spermine have been found to play a crucial role in cellular growth 
and division, as well as fruit senescence (Borges et al., 2019). Compared 
with conventional metabolomics analysis, the spatiotemporal visuali-
zation strategy used here might provide more insights into the biosyn-
thesis and accumulation of various metabolites in banana pulps, leading 
to the improvement of the extraction of functional metabolites. Taken 
together, the integrated metabolomics and MSI results indicated that 
fine-tuned alterations and differential distribution in fruit metabolism 
during ripening contribute to the development of quality attributes in 
banana fruits. 

Interestingly, we found that the bioactive compounds were consis-
tently detected as a form of the potassium [M + K]+ rather than the 
sodium [M + Na]+ adducts using MSI, which might be due to the high 
contents of potassium within banana pulps (Aurore et al., 2009; Yap 
et al., 2017). In fact, several studies have revealed a strong positive 
correlation between potassium ion contents and the contents of total 
phenolics and non-structural carbohydrate (e.g., soluble sugars and 
starch), suggesting that potassium ions might contribute to carbohy-
drate translocation and the improved yield of total phenolics (Campu-
zano et al., 2018). 

Despite their label-free and untargeted nature, MSI methods still 
suffer from limited chemical coverage and quantitative capability. Un-
like homogenate extraction and chromatographic separation derived 
from LC–MS analyses, the desorption/ionization efficiency in laser- 
based sampling strongly depends on the matrix types, tissue-related 
matrix effects, and physicochemical properties of analytes (Wang 
et al., 2020). This explains why in most cases relative signal intensities 
obtained using MSI techniques do not represent the actual levels 
determined via LC–MS analyses. However, the overall trends in signal 
intensities of AAs in MS images agree with those acquired from banana 
extracts to a great extent. In addition, the chemical microenvironments 
of adjacent regions within the same tissue section can be chemically or 
morphologically different in some cases, resulting in varying matrix 
effects even within a single tissue section. Thus, further efforts are 
needed to achieve a higher detection sensitivity and a more precise 
quantification. 

5. Conclusion 

In summary, we demonstrated that the integration of AuNP-assisted 
LDI-MSI and untargeted metabolomics methods provides complemen-
tary information at the metabolic level, including how differential 
abundance and spatial distribution of metabolites within banana pulp 
variants at different stages of postharvest senescence. Specifically, 
metabolomics results demonstrated that both postharvest senescence 
and the banana variety can greatly influence the levels of AAs and 
monoamines. Moreover, MSI results revealed that the distribution of 
disaccharides within the banana pulp is co-localized as trisaccharides, 
whereas monosaccharides displayed a different accumulation pattern. 
Of particular note, Brazil banana pulps contains higher levels of most 
AAs and monoamines than Dongguan banana pulps, and these com-
pounds were found to almost exclusively accumulate in the middle re-
gion near the seed zone. These results suggest that the development of 
quality attributes in bananas during postharvest senescence might be 
attributed to tissue-specific metabolic changes. Taken together, 
considering that monoamines (e.g., dopamine) have a strong antioxi-
dant activity and anti-inflammatory effects, the ability to visualize the 
functional metabolites in pulps could provide a guide for breeding new 
varieties and improving the extraction efficiency of bioactive 

compounds. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

This work was jointly funded by the Key Realm R&D Program of 
Guangdong Province (No. 2020B0202090005), the Science and Tech-
nology Program of Guangdong Province (No.2021A0505030050), and 
the Special Fund for Scientific Innovation Strategy-Construction of High 
Level Academy of Agriculture Science (Nos. R2020PY-JX019 and 
R2021YJ-QG004). We would like to thank the Young Talent Support 
Project of Guangzhou Association for Science and Technology for 
support. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.fochx.2022.100371. 

References 
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