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A B S T R A C T   

Homogeneous dispersion of plant food pigments is indispensable to study their characteristic fluorescence fea
tures for non-destructive rapid monitoring of food systems. However, it is highly challenging to obtain such 
optical grade homogenized stable dispersion of various plant pigments in aqueous media for tracing their precise 
fluorescence signatures. Herein, we demonstrate a unique strategy to disperse various pigments, such as chlo
rophylls, carotenoids and phenolic compounds by the high-speed shear-force mixing of fresh green and red bell 
peppers (Capsicum annuum) in an aqueous medium with followed centrifugation and filtration. An advanced 
FLuorescence Excitation-emission (FLE) mapping and optical absorption analysis from the optical grade aqueous 
bell peppers dispersion allow simultaneous probing of chlorophylls, phenolic compounds and carotenoids by 
their characteristic electronic transitions. The demonstrated sampling protocols and spectroscopic analysis will 
be highly beneficial to obtain advanced spectroscopic databases from different food materials for rapid food 
analysis and quality control.   

1. Introduction 

The growing population of the Earth leads to many challenges 
associated with providing people access to energy sources, clean water 
and air, safe food. Based on the statistical data reported by the Food and 
Agriculture Organization of the United Nations, every year one-third of 
the globally manufactured food (about 1.3 billion tonnes) was wasted, 
costing roughly $680 billion in industrialised countries and $310 billion 
in developing countries (FAO, 2011). The food industry has an enor
mous number of safety and quality control challenges concerning 
microbiological and chemical contamination along the farm-to-fork 
food production chain. Traditionally, sampling for food analysis in
cludes samples collection and preparation, enrichment, screening and 
confirmation of the pathogen. These stages involve knowledge-intensive 
processes such as extraction and separation, chromatography and 
analytical centrifugation, incubation and so on (Bae & Winemiller, 
2018; Nielson, 2017; Ridgway et al., 2007; Verhoeckx et al., 2015). At 
the same time, the food industry is dependent on a large variety of 
analytical equipment for specific types of analysis such as chemistry 
analysis, food microbiology analysis, food nutrition analysis, allergens 
analysis, natural toxin analysis, food shelf-life study, nanomaterials 

assisted analysis, etc (Corradini, 2018; Mustafa & Andreescu, 2020; 
Nielson, 2017; Sagoo et al., 2001; Wong & Lewis, 2017). 

Among all analytical methods, FLuorescence (FL) spectroscopy offers 
a great advantage in food analysis through the use of FL labels or the 
direct detection of luminescent substances present in food systems, 
which include pigments, proteins, vitamins, secondary metabolites, 
toxins and flavouring compounds (Christensen et al., 2006; Sikorska & 
Khmelinskii, 2016; Sikorska, Khmelinskii, & Sikorski, 2012). Impor
tantly, FL can use many parameters for sensing fluorophores such as 
changes in the intensity of FL bands and their spectral position, alter
ations in the intensity ratio of different bands and peaks, FL decay times, 
FL anisotropy, and variations in FL excitation wavelengths (Demchenko, 
2015). Until recently, FL analysis was carried out mainly by bulk labo
ratory spectrometers giving highly sensitive results with good spectral 
resolution in different spectral ranges. However, the rapid development 
of electronics and microprocessor technology, observed over the past 10 
years, made it possible to create miniature photoluminescence spec
trometers integrated with laptops, tablets and smartphones (Das et al., 
2016). Despite the limitations in the spectral resolution and sensitivity 
of the portable spectrometers, they can be effectively used for the ex
press analysis of water and food samples. This can be achieved by 
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transferring express data via fiber optic and/or mobile networks to 
specialized servers containing high-precision laboratory FL data. Sub
sequent analysis using machine-learning methods will give an almost 
instant response on the content of harmful substances in the sample 
analysed by the mobile spectrometer. 

While examining food samples, researchers typically explore the 
single wavelength excitation for FL spectra acquisition, which in turn 
required time-consuming sample preparation protocols with analytical 
chromatographic separation, chemical labelling, solid phase extraction 
and liquid–liquid extraction or other sample separation steps prior to the 
FL measurements (Sikorska & Khmelinskii, 2016; Sikorska, Khmelinskii, 
& Sikorski, 2012). Natural food samples contain a variety of complex 
chemical and biochemical (edible) fluorescence constituents, such as 
phenylalanine, tryptophan, vitamins, chlorophylls, etc (Christensen, 
2005). Two-dimensional (2D) FL Excitation-emission (FLE) spectral 
mapping, which allows a set of FL emission spectra over the range of 
excitation wavelengths to be recorded, is highly feasible to analyse such 
complex food systems. The FLE spectroscopy is capable to detect at a 
time a whole class of pigments (for example carotenoids and chloro
phylls) on one spectral map, because the spectral signatures of specific 
pigments will only appear in a certain range of excitation wavelengths. 

Fluorescence spectroscopy with chemometric analysis has been used 
to classify a variety of foods, like dairy products, eggs, fish, meat, honey, 
and wine (Sádecká & Tóthová, 2007. Recently, the FLE mapping method 
was used for the validation of the quality of the dark brown sugars that 
were obtained through different processing conditions (Chen et al., 
2021), and Rossi et al., 2021 used the FLE mapping method for the 
characterization of edible insect species. In this study, we have 
demonstrated a unique strategy for the optical grade dispersion of food 
pigments, namely chlorophylls, phenolic compounds, and carotenoids of 
fresh bell peppers (green and red) in aqueous media using shear force 
assisted mixing method (Paton, 2014) for Fluorescence detection 
without any chemical assistance. Their dispersion stability was 

monitored for the 15 days aged samples using FLE spectral changes. We 
have chosen the bell pepper as an object of research, as an excellent 
phytonutrients source offering a range of carotenoids, which includes 
α-carotene, β-carotene, lutein, cryptoxanthin, zeaxanthin, etc, which 
have antioxidant and retina protection function for both animal and 
humans (Ekwere Mercy & Udo David, 2018; Feng et al., 2017). It is 
important to note, the conventional methods for the extraction and 
identification of carotenoids are mostly based on organic solvents (Alwis 
et al., 2015; Arvayo-Enríquez et al., 2013; Butnariu, 2016; Guiffrida 
et al., 2011; Lee et al., 2019). However, these methods rely on long 
extraction times and the consumption of a large volume of organic sol
vents during the extraction process, which in turn raises concerns about 
health and environmental hazards. Recently, Nagarajan et al. (2020) 
demonstrated a hydrocolloidal complexation strategy for the green 
extraction of carotenoids from Tomato Pomace in water media. The bell 
pepper aqueous solution obtained by the shear force assisted mixing 
method in this study allows for measuring distinct FL excitation- 
emission spectra for the phenolic compounds, carotenoids, and chloro
phylls, simultaneously, from this analysis our study opens a new path for 
the green extraction of vegetable food pigments in water media. 

2. Materials and methods 

2.1. Extraction of optical grade bell pepper pigments 

The 2D FLE spectroscopy relies on the homogeneous dispersion of 
fluorophores in a liquid medium to obtain a reliable excitation-emission 
mapping. To achieve such dispersion, we employed here a strategy of 
shear-force mixing of food material in an aqueous medium and suc
cessfully achieved extraction and the consequent dispersion of carot
enoids, phenolic compounds and chlorophylls originated from the bell 
peppers (Capsicum annuum) as shown in Fig. 1. We preferred to use shear 
force mixing for the dispersion of various pigments of bell peppers, 

Fig. 1. Preparation of optical grade bell pepper aqueous solution a. Process flow for the preparation of green bell pepper (GBP) and red bell pepper (RBP) aqueous 
solution b. The Silverson L5M-A shear force mixer with axial flow work head and emulsor screens, which are used for the preparation of homogeneous optical quality 
bell pepper solution. c. Different stages in the extraction of GBP aqueous solution. 
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because it offers efficient disintegration of aqueous insoluble organic 
solid species, especially carotenoids, into homogeneous distribution by 
generating high shear force (Paton, 2014) that can be achieved with 
specially designed axial flow and emulsor screen workheads and the 
complete procedure detailed in the Extraction Method. 

2.1.1. Extraction method 
The green bell pepper (GBP) and red bell pepper (RBP) were pur

chased from a local market and were used to prepare an advanced 
protocol for the optical quality solution in aqueous media. Fig. 1a 
illustrate the overall process involved in the preparation of an optical 
quality aqueous solution of bell peppers and Fig. 1b reveals various 
stages involved in the preparation of optical quality GBP solution. At 
first, the bell pepper (142 g) was chopped into small pieces using a 
kitchen knife. By using an immersive kitchen hand blender (Turbo, 
Ikich, operated at 400 W), the chopped bell pepper pieces blended into a 
slurry consisting of small solid pepper bits and the fluids released due to 
blending. To the resulting slurry, 300 ml of deionized water added as an 
aqueous dispersive media also helps to make the solution compatible 
with the high-speed shear force mixer. We have used the Silverson L5M- 
A shear force mixer configured with an axial flow head and an emulsor 
screen head (Fig. 1c), which has proven to be potential for generating 
high shear by closely spaced rotor/stator setup (Silverson Machine, 
2022). At first, the mixer with the axial flow head was set at 3500 rpm 
for 60 min. While mixing, the high-speed rotation of the rotor blades 
connected with the precision-machined mixing workhead leads to 

powerful suction and drawing liquid and solids pulps of pepper upwards 
from the bottom of the container into the centre of the workhead. Then, 
the materials are driven towards the periphery of the workhead by the 
centrifugal force where they undergo vigorous milling. An intense hy
draulic shear due to high-speed rotors force materials out through the 
perforations in the stator and allows circulating into the main body of 
the mix. The process is continuous during the mixing period. The first 
choice of axial flow head was to expel aqueous pepper slurry vertically 
upwards to maintain heavy insoluble solids in liquid suspension for 
uniform distribution. In addition, it helps to disintegrate bigger solid 
pulp skins contained in the bell pepper solution. 

Once these larger pieces disintegrated, the second settings with the 
emulsor screen were 5000 rpm and a 60 min duration with the same 
solution applied from the previous settings (the mixer head was cleaned 
before the second setting was applied). The high shear-force with the 
emulsor head attached was used to generate high turbulence for the 
homogenization of pigment fluorophores in the aqueous medium. For 
the green bell pepper, the aqueous solution obtained from the high- 
speed shear mixer was then subjected to vacuum assisted filtration 
using the Whatman glass microfiber filters having a pore size 0.7 µm. 
This is followed by centrifugation (MiniSpin, Eppendorf) at 10,000 rpm 
for 30 min to remove the fine solid pulps and membrane fibres through 
sedimentation. The resulting transparent solution is centrifuged again 
with the same previous settings to further separate any remaining sub
stances. We used the same mixing protocol for the red bell pepper but 
the resulting solution required long centrifugation at 10,000 rpm for 1 hr 

Fig. 2. Optical absorption spectra of a. GBP and b. 
RBP aqueous solution. c & d. The energy state dia
gram revealing electronic transition of chl and car 
constituents, respectively. The absorption bands in 
blue-green range (400–550 nm) corresponds to S0→ 
S2 transition and the bands in red range (600–750 
nm) corresponds to S0→S1 electronic transition of chl- 
a in GBP. The only cars absorption (400–600 nm) 
observed for RBP corresponding to S0→S2 transition 
of β-carotene. e & f. The chemical structures of chlo
rophyll and β-carotene, respectively.   
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30 min, due to excessive low density fibrous particulates floating in the 
solution. The Whatman glass microfiber filters 0.7 µm pores used to 
remove any micro membranes and other non-sediment low dense par
ticulates suspended in the mixer. The pH value measured for the freshly 
prepared GBP aqueous solution was 6.7 and for the RBP aqueous solu
tion 4.9, respectively. All the extraction procedure were conducted in 
the laboratory atmosphere at a temperature of 19 ◦C and humidity of 65 
%, and the samples was stored at same conditions for 15 days to study 
the dispersion stability and changes in FLE spectral features. 

2.2. Spectroscopic characterization 

The optical absorption spectra of the aqueous bell pepper solution 
were measured with Lambda 1050 UV/VIS/NIR (Perkin Elmer) spec
trometer featured with PMT, InGaAs and PbS three-detector module for 
the measurement of 170–3300 nm range. The FLE maps were recorded 
with Nanolog (Horiba Jobin Yvon) spectrofluorometer, equipped with a 
silicon (visible range) and InGaAs (NIR range) detectors, which allow 
measurement of excitation in the range from 270 to 800 nm and emis
sion from 300 to 1600 nm. The InGaAs detector cooled with liquid ni
trogen prior to measuring in the NIR spectral range. The entrance/exit 
slit width of 2 nm (for visible range) and 30 nm (NIR range) with an 
excitation interval 5 nm used for the monochromators. Chemical 

constituents and elemental analysis for the dry solid products obtained 
from pepper solution were examined by X-ray photoelectron spectros
copy (XPS). The XPS measurement is limited to solid samples. Therefore, 
to make the dry solids of GBP and RBP, 10 ml of aqueous bell pepper 
solution obtained through a shear force-assisted mixing method was 
poured onto the Petri dish and allowed slow evaporation at a constant 
temperature of 50 ◦C for 24 h in a hotplate. Thus, the obtained well-dry 
solids of GBP and RBP were used for the XPS measurements using 
Thermofisher ESCALAB 250 electron spectrometer equipped with a 
hemispherical sector energy analyser. A monochromatic Al Kα X-ray 
source was used for analysis to enhance the resolution. XPS measure
ments were carried out at source excitation energy of 15 KeV and 
emission current of 6 mA; analyser pass energy of 50 eV with a step size 
of 0.1 eV and dwell time of 50 ms. 

3. Results and discussion 

3.1. Optical absorption and electronic transition analysis 

Different colours of fruits and vegetables are primarily occurred due 
to dominant pigment groups, such as chlorophylls (green), carotenoids 
(yellow-orange-red), phenolic compounds and anthocyanin (red-blue- 
purple), and betanin (red) (Rodriguez-Amaya, 2016). To reveal 

Fig. 3. a. Three-dimensional (3D) projection of FL spectrum obtained from the aqueous GBP solution. The top view of the projection shows FLE map with an intensity 
scale bars to reveal the dominant excitation-emission spots. Evolution of 3D FL emission spectra appeared inside the projection cage. The distribution of major 
pigments, such as phenol compds, cars and chls are indicated by the water lines on the FLE map. b. The FL spectra of phenol compds with dominated emission at λem =

400–465 nm (λex = 300–350 nm), c. phenol compds with evolution of cars appeared at λem = 400–550 nm (λex = 400–420 nm) and with predominant narrow chl-a 
emissions at λem = 675 nm (λex = 420 nm), and d. cars (λem = 500–550 nm) along with chl-a (λem = 630–750 nm) for the λex: 435–450 nm. 
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characteristic absorption and emission features of the bell pepper pig
ments in aqueous media, the optical absorption spectra (Fig. 2a and 2b) 
are split into two blue-green (between 400 and 550 nm) and red (be
tween 600 and 750 nm) spectral ranges. Typically, carotenoids (cars) 
exhibit characteristic absorption in the blue-green range and chlorophyll 
(chl) absorbs in both blue-green and red spectral ranges (Jhonson, 
2016). 

From Fig. 2a, the GBP aqueous solution shows sharp absorption 
peaks at wavelengths of 415 nm, 537 nm, 613 nm, and 670 nm, 
respectively. The formation of the majority of these absorption bands are 
well correlated to the electronic transition of the delocalized π-electrons 
of the chl species (Jhonson, 2016; Milenković et al., 2012). Based on the 
energy state diagram (Fig. 2c), chl has two excited states, (S1) and (S2) 
and the ground state (S0). The energy gap between the ground state (S0) 
and the first excited state (S1) spans the wavelengths ranging from 600 
nm to 750 nm and the energy gap between (S0) and the second excited 
state (S2) spans around 400 nm and 550 nm. As shown in Fig. 2a, a sharp 
absorption peak at 415 nm and a small spectral spike at 537 nm are 
ascribed to S0→S2 electronic transition and the sharp absorption at 670 
nm and a weak band at 613 nm are due to S0→S1 transition of the 
chlorophyll-a (chl-a) molecule. All spectral features of Fig. 2a are in good 
agreement with the electronic transitions (Fig. 2c) of a monomer of chl-a 
molecule (Brown, 1969; Croce et al., 2000; Frias et al., 2018; Milenković 
et al., 2012). The chemical structure of chl is represented by the com
bination of porphyrin head having a central magnesium ion (Mg2+) and 
a long hydrocarbon tail (Fig. 2e). The R-group attached to the porphyrin 
classifies a different class of chl molecules, such as chl-a (R = CH3), chl-b 
(R = CHO) and etc. The porphyrin head with conjugated π–electrons is 
primarily responsible for the above spectroscopic properties (Jhonson, 
2016; Milenković et al., 2012). Moreover, the formation of the absorp
tion band at 613 nm (Fig. 2a) reveals the aggregation of chl-a molecules 
in aqueous media (Frias et al., 2018). There are very weak absorption 
bands between 450 and 550 nm (Fig. 2a), can be related to the contri
bution of both chl and cars (Croce et al., 2000; Frias et al., 2018). 

From Fig. 2b, the RBP aqueous solution shows absorption features 
only in the range between 400 and 550 nm, which are well correlated 
with carotenoids. There is no absorption related to chlorophylls indi
cating the complete absence of chlorophylls in the RBP aqueous solu
tion. Carotenoids are derivatives of polyenes, in which conjugated 
π-bonds are responsible for the unique spectroscopic features (Jhonson, 
2016; Lichtenthaler, 1987). The absorption spectrum shown in Fig. 2b 
reveals two absorption maxima at 464 and 486 nm and one shoulder 
peak at 436 nm. The observed spectral shape and peak position of this 
absorption spectrum is closely correlated to the characteristic spectral 
features of β-carotene (Fig. 2f) (Alwis et al., 2015; Lichtenthaler, 1987; 
Rivera Vélez, 2016). Fig. 2d shows the energy state diagram of carot
enoids, in which the ground state S0(11A−

g ) and two excited states, such 

S1(21A−

g )
− and S2(11B+

u ) are involved in the electronic transition (Bon

darev, 1997; Lichtenthaler, 1987). The term symbols (11A−

g ) and (21B+

u )

are representing the symmetry of the orbital energy state that are typi
cally used to describe the allowed and forbidden electronic transition of 
carotenoids (Bondarev, 1997; Feng et al., 2017). The spectroscopically 
allowed S0→S2(11A−

g →11B+
u ) electronic transition is the origin of ab

sorption of cars in the blue-green range (400–550 nm), while the tran
sition between the ground state to the first excited state 
S0→S1(11A−

g →21A−
g ) is forbidden transition (Fig. 2d) (Bondarev, 1997). 

3.2. FL excitation emission features of aqueous bell pepper pigments 

FL spectroscopy offers great advantages over optical absorption 
spectroscopy because it can be detected against a low background, 
making use of this spectroscopy with high sensitivity, capable to detect 
extremely low concentrations of food pigments even down to parts per 
billion (Sikorska & Khmelinskii, 2016). As food systems contain a 

collection of various pigments, the resulting FL spectra will also have a 
multi-peak spectral feature with emission contribution from different 
pigments. A fine selection of the wavelength of the FL excitation will 
make it possible to dominate the emission of a specific pigment, which 
will lead to a redistribution of the FL emission maxima. Therefore, the FL 
Excitation emission (FLE) mapping of food samples is highly beneficial 
in the rapid detection and assigning of food fluorophores for fingerprint 
identification. However, it highly relies on the optically transparent 
homogeneous solution that can be able to provide bright and clear 
resonant emissions. 

3.2.1. Green bell pepper FLE mapping analysis 
Fig. 3a shows the three-dimensional (3D) projection of FL Excitation 

emission (FLE) mapping obtained from the GBP aqueous solution. The 
measurement was carried out in the excitation wavelengths ranging 
from 300 nm to 700 nm with an excitation increment 5 nm and the 
emission wavelengths ranging from 300 nm to 750 nm. The top view of 
the 3D projection is plotted by 2D FLE contour mapping with intensity 
scale bars to reveal the dominant excitation- emission spots with 
different emission centres covered by two distinct spectral ranges in the 
blue-green (λem: 400 nm–550 nm) and red regions (λem: 600 nm–750 
nm). Evolution of 3D FL spectra with different sets of FL emission for 
different groups of pigments dispersed in aqueous GBP in the overall 
range of excitation appears inside the projection cage. The major group 
of FL components present in GBP aqueous solution, such as phenolic 
compounds (phenol compds) with FL in the range 450–500 nm (λex =

300–400 nm), cars with FL 500–550 nm (λex = 400–450 nm) and chl 
with FL in the range 650–750 nm (λex = 400–420 nm) are represented by 
the water lines at Fig. 3a. The FL spectra extracted for the dominant 
excitation emission wavelengths are shown in Fig. 3b-3d, respectively. 
Fig. 3b shows the FL emission peaks at λem 440 nm (λex = 350 nm), 415 
nm (λex = 330 nm) and 400 nm (λex = 300 nm) respectively, which are 
typically reveal the presence of different phenol compds (Giampaoli et al., 
2020). From Fig. 3b-3c, FL emission shows increasing trends of intensity 
in the λex between 300 nm and 420 nm. The formation of intense broad 
FL emission peak λem 400–450 nm for the λex 300–350 nm can be closely 
correlated with the group of hydroxycinnamic acids (ferulic acid, cou
maric acid, and caffeic acid), which comes under the family of phenolic 
compounds (Lichtenthaler & Schweiger, 1998; Meyer et al., 2003). From 
Fig. 3c, the observed intense emission peak at the λem of 675 nm (λex =

400–450 nm) is in good agreement with the S1 → S0 electronic transition 
of the monomer chl-a species (Frias et al., 2018; Jhonson, 2016) as 
shown in Fig. 2c. The maximum intensity of FL for chl-a is observed at 
the λex of 420 nm (Fig. 3c). The formation of a weak shoulder peak at 
720 nm associated with the sharp FL emission peak of chl-a (Fig. 3c and 
3d) reveals its dimerization (Brody & Brody, 1962; Frias et al., 2018). 
The emissions at the λem of 515 nm (λex = 420–435 nm) and 525 nm (λex 
= 450 nm) (Fig. 3c and 3d) are well correlated with the FL emission of 
cars species and in particular with S2→S0(11B+

u →11A−
g ) electronic 

transition (Fig. 2d) (Kandori et al., 1994; Kleinegris et al., 2010). At the 
λex of 400 nm, the broad emission with multiple emission maxima of λem 
of 465 nm and 505 nm (Fig. 3c) indicated the contribution of both phenol 
compds and cars in the FL spectrum (Fatchurrahman et al., 2015; Klei
negris et al., 2010; Lichtenthaler & Schweiger, 1998). 

In overall consideration, the FL emission observed in the blue- green 
spectral range for GBP aqueous solution can be correlated to the col
lective FL emission of carotenoids (λem = 505–550 nm) (Cherry et al., 
1968; Kandori et al., 1994; Kleinegris et al., 2010) and phenolic com
pounds (λem = 400–465 nm) (Giampaoli et al., 2020; Lichtenthaler & 
Schweiger, 1998). The FL emission in the red range (λem = 600–750 nm) 
for the different excitation confirms the presence of chlorophylls and 
pheophytin in the GBP aqueous solution (Diaz et al., 2003; Frias et al., 
2018; Jhonson, 2016; Milenković et al., 2012). The clear distinct bright 
emission spots in FLE mapping and the evolution of intense luminesce in 
the projection cage clearly reveal the high optical quality of the aqueous 
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GBP solution obtained by the shear-force mixing process. 

3.2.2. Red bell pepper FLE mapping analysis 
The 3D projection of FL spectroscopic results obtained from the op

tical quality RBP aqueous solution is shown in Fig. 4a. The RBP shows 
dominant emission only in the blue-green spectral range (350–550 nm) 
with the complete absence of chl emission. Fig. 4b shows the FL spectra 
with the emission maxima λem shifted from 385 to 435 nm, when exci
tation wavelength λex increases from 300 to 350 nm. All these peaks are 
correlated to the phenolic compounds (Giampaoli et al., 2020; Lich
tenthaler & Schweiger, 1998; Meyer et al., 2003). Additionally, these 
spectra show an increase in the FL intensity by ~11 times with an in
crease in the excitation wavelength from 300 to 350 nm (Fig. 4b). The FL 
spectrum obtained with excitation of 350 nm shows the appearance of a 
spectral shoulder at about 515 nm (Fig. 4b), which indicates the 
contribution of cars (Kandori et al., 1994). A further increase in the 
excitation wavelength to 395 nm (Fig. 4c) leads to the registration of two 
peak spectra with maxima at about 448 and 515 nm, which are typically 
associated with ferulic acid and carotenoids (Kandori et al., 1994; 
Lichtenthaler & Schweiger, 1998; Wang et al., 2017), respectively. Be
sides, the FOODFLOUR library also associated PL in the range of 515 nm 
with the presence of vitamin B2 (Christensen, 2005). Fig. 4d demon
strates intense broadband PL with a maximum at about 530 nm upon 

excitation λex at 420–465 nm. What is very important, the spectra have 
features in the region of 550 and 600 nm (Fig. 4d), which indicates the 
influence of different carotenoids such as neoxanthin (Mimuro et al., 
1992) and vitamin B2 on the integral spectrum. 

There are distinct bright FL emission spots (Fig. 4a) in the range 
between 500 and 550 nm for the FL excitations between 400 nm and 
450 nm, which clearly indicates the existence of different carotenoids in 
RBP aqueous solution. The bright FL emission obtained in the range 
between 500 and 550 nm (Fig. 4a) is in good agreement with the S2→ 
S0(11B+

u →11A−
g ) electronic transition for carotenoids (Fig. 2d) (Bon

darev, 1997; Lichtenthaler, 1987). The formation of λem 530 nm is due to 
the electronic transitions in low-lying singlet S2 electronic states of the 
β-carotene (Kandori et al., 1994). Based on the literature reports, there is 
a strong relationship between FL emission wavelengths and the molec
ular structure of carotenoids (Mimuro et al., 1992). In our study, the FL 
emission for both GBP and RBP aqueous solution is occurred between 
500 nm and 550 nm, which due to S2(11B+

u )→S0(11A−
g ) transition of 

carotenoids. The overall FL emission spectra obtained at different sets of 
excitation ranges between 300 nm and 500 nm, which are given in 
Supporting Information (S1) for the GBP (Fig. S1a and S1b) and the RBP 
(Figs. S1c and S1d), reveal the emission of phenolic compounds, carot
enoids and chlorophyll for GBP and phenolic compounds and 

Fig. 4. a. The 3D projection of FL spectroscopic results obtained from the RBP aqueous solution. The FLE contour map top view with an intensity scale bars to reveal 
the excitation and emission features of different pigments. The RBP shows dominant emission only in blue-green spectral range (λem = 350 nm–550 nm) for phenol 
compds and cars with the complete absence of chl emission. The extracted FL spectra of: b. phenol compds with mild cars emission appeared at λem between 400 nm and 
550 nm (λex = 300–350 nm); c phenol compds at the λem = 448 nm and cars at the λem = 515 nm (λex = 395 nm); d. cars emission with λem between 500 nm–550 nm 
(λex = 400–465 nm). 
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carotenoids for RBP respectively. 

3.3. XPS and FTIR analysis-Microenvironment of aqueous bell pepper 
pigments 

Apart from pigments, there are other components, such as sugars 

(saccharides and carbohydrates), vitamins, organic species and minerals 
are present in bell peppers. During shear mixing, the soluble components 
of the above ingredients could act as a microenvironment in the 
extracted optical quality solution. In order to observe these components, 
we have further extended the characterization with X-ray photoelectron 
spectroscopy (XPS) and Fourier transform infrared (FT-IR) spectral 
analysis. For these analyses, the aqueous pepper solution was dried by 
evaporation at 50 ◦C. The well-dried evaporation products of GBP and 
RBP solids were used for the FT-IR and XPS analysis. The FT-IR spectra 
of GBP and RBP are shown in Supporting Information (Figs. S2a and S2b). 
There is no significant difference in the FT-IR spectrum of the GBP and 
RBP solid products that were obtained by the evaporation of optical 
quality pepper solution. Most of the functional groups associated with 
the FTIR bands in both GBP and RBP originated from dissolved sugars 
(carbohydrates, saccharides), phenolic compounds, amino acids, aro
matic phosphates and epoxy components. All FTIR bands of GBP and 
RBP with their corresponding functional groups are listed in the Sup
porting Information Table 1 (SI-Table 1). In addition, the presence of 
various organic functional groups/elements (micro-nutrients) with their 
relative atomic percentage obtained through XPS analysis from GBP and 
RBP samples are given in Table 1. Most of the organic functional groups 
obtained in the FT-IR well correlate with the XPS results. Consequently, 
the dissolved sugars, alkaloids and minerals are the microenvironments 

Table 1 
Elemental analysis of red and green pepper aqueous solution evaporated at 
50 ◦C.  

Red Bell Pepper Green Bell Pepper 

Elements Relative Atomic (%) Elements Relative Atomic (%) 

C–C/C–H  51.7 C–C/C–H  37.1 
C–O  18.6 C–O  23.9 
C––O  2.2 C––O  4.3 
O–C––O  3.1 O–C––O  2.4 
C–N  1.8 C–N  1.9 
O1s  19.7 O1s  27.8 
N  1.8 N  1.8 
K  0.4 K  0.4 
P  0.2 P  0.2 
Si  0.2 F  0.1 
F  0.2 S  0.1 
S  0.2 Mg2+ < 0.1  

Fig. 5. a. 3D projection of FL spectroscopic results obtained from the 15 days aged GBP aqueous solution. The FL emission related to phenol compds and cars in the 
blue-green range, the λem between 350 and 550 nm are dominated, while, the chl-a emission in red range, the λem between 600 nm and 750 nm, got significantly 
quenched. The FL spectra extracted for the dominant excitation-emissions of: b. phenol compds (λem = 400–500 nm for the λex = 300–350 nm); c & d cars (λem =

500–550 nm for the λex = 400–450 nm) and chl (λem = 600–750 nm for the λex = 400–450 nm), respectively. 
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for dispersed pigment fluorophores in the aqueous medium. Moreover, 
the absence of Mg2+ ion in red bell pepper clearly reveals the absence of 
chlorophyll, which is well consistent with the FLE mapping. 

3.4. FL stability of the aqueous bell pepper pigments 

To monitor the stability of the optical quality aqueous GBP and RBP 
solution, we have examined changes in fluorescence features of the 15 
days aged samples. Fig. 5a shows a 3D projection of FL spectroscopic 
mapping results obtained from the 15 days aged GBP aqueous solution 
and the results demonstrated at the same excitation conditions of fresh 
GBP aqueous solution. As shown in Fig. 5a, the FL resonant spot asso
ciated with chl-a constituent of the GBP aqueous solution is significantly 
quenched. The blue-green spectral fluorophores (phenolic and carot
enoid compounds) dominate FL emissions (Fig. 5b-5d). The FL intensity 
of chl-a observed at λem of 675 nm (λex = 420 nm) for 15 days aged GBP 
solution decreased more than twice (Fig. 5c) when compared to the fresh 
sample (Fig. 3c). At the same time, the FL emission intensity of both the 
phenol compd (λex = 350 nm, Fig. 5b) and cars (λex = 435–450 nm, 
Fig. 5d) increases about two times for aged GBP solution compared to 
fresh GBP solution (Fig. 3b and 3d). The cars broad FL band was 
observed at 490 nm (λex = 400 nm, Fig. 5c) for the aged GBP solution, 
while the fresh GBP solution, at the same excitation condition, shows FL 
with two emission bands associated with phenol compd (λem = 465 nm) 
and cars (λem = 505 nm) respectively (Fig. 3c). Furthermore, the FL 
intensities at 490 nm (λex = 400 nm) and 515 nm (λex = 420 nm) for the 
aged GBP (Fig. 5c) are increased two times as compared to the freshly 
prepared GBP aqueous solution. There are no de-metallized pheophytin 
(chl without Mg2+) emission spots in the aged sample, which are 
observed in the fresh GBP solution. From this study, the 15 days aged 
GBP aqueous solution showed a significant decrease in the FL emission 
intensity of chlorophylls, which indicates the chemical degradation of 
chlorophyll components, whereas, the FL emission intensity at blue- 
green region corresponding to the phenolic compounds and caroten
oids increased. The increase in FL intensity in the blue-green region of 
the aged GBP solution might be attributed to the formation of oxidative 
by-products of phenolic compounds and carotenoids and resonance 
energy transfer in the surrounding chemical environment. In contrast, 
the aged samples of RBP aqueous solution showed decreased FL in
tensity at the blue-green spectral region when compared to the fresh 
sample, indicating the different chemical environment in the RBP so
lution. The changes in fluorescence features of the 15 days aged RBP 
aqueous solution with results and discussion are shown in Supporting 
Information (S3, Figs. S3a-d). 

4. Conclusions 

In summary, we showed that the shear force-assisted mixing process 
following centrifugation and filtration offers an advanced sampling 
protocol for optical quality bell pepper aqueous solution achieved 
without the aid of any chemical assistance. The high optical quality of 
GBP and RBP solutions plays a vital role in fine fluorescence sensing of 
chlorophylls, phenolic compounds and carotenoids simultaneously in 
the complex environments through the 2D FLE spectroscopic analysis. 
The proposed sampling technique and the rapid spectroscopic detection 
can be extended to other food systems such as vegetables, fruits, meat 
and pulses. As demonstrated in the present work, the development of a 
food pigments data library, obtained through 2D FLE mapping for 
various fluorophores of the different food materials, would be highly 
beneficial in the sensing and rapid monitoring of food quality applica
tions, which in turn tremendously help to control global food waste. 
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Sádecká, J., & Tóthová, J. (2007). Fluorescence spectroscopy and chemometrics in the 
food classification − a review. Czech Journal of Food Sciences, 25(4), 159–173. 
https://doi.org/10.17221/687-CJFS 

Sagoo, S. K., Little, C. L., & Mitchell, R. T. (2001). The microbiological examination of 
ready-to-eat organic vegetables from retail establishments in the United Kingdom. 
Letters in Applied Microbiology, 33(6), 434–439. https://doi.org/10.1046/j.1472- 
765X.2001.01026.x 

Sikorska, E., Khmelinskii, I., & Sikorski, M. (2012). Analysis of olive oils by fluorescence 
spectroscopy: methods and applications. In Olive oil - Constituents, quality, health 
properties and bioconversions, Boskou, D. (Ed.) InTech, 4, 63-88. DOI: 10.5772/ 
30676. 

Sikorska, E., & Khmelinskii, I. (2016). Glowing colours of foods: Application of 
fluorescence and chemometrics in food studies. Spectroscopy Europe, 28(6), 10–13. 
https://www.spectroscopyeurope.com/article/glowing-colours-foods-application-f 
luorescence-and-chemometrics-food-studies. 

Silverson Machine-High Speed High Shear Mixers-Laboratory Mixers https://www. 
silverson.co.uk/. (last update April 10th, 2020). 

Verhoeckx, K. C. M., Vissers, Y. M., Baumert, J. L., Faludi, R., Feys, M., Flanagan, S., et al. 
(2015). Food processing and allergenicity. Food and Chemical Toxicology, 80, 
223–240. https://doi.org/10.1016/j.fct.2015.03.005 
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