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Spices are usually ground for applications and the resulting particle size of the powders is an important product
attribute in view of the release of flavour. However, inhomogeneity of the original material may lead to vari-
ations in the physicochemical characteristics of the particles. This variation and its linkage to particle size may be
examined by particular imaging techniques. This study aimed to explore the potential of Fluorescence Lifetime
Imaging Microscopy (FLIM) to characterize spice powders according to particle size variations and correlation
with their pigment contents to reveal the chemical information contained within the FLIM data. Ginger powder
was used as a representative powder model. The FLIM profiles of the individual samples and populations
revealed that FLIM coupled with the phasor approach has the capacity to characterize spice powder according to
particle size. Meanwhile, Principal Component Analysis of pre-processed FLIM data revealed clustering of par-
ticle size groups. Further correlation analysis between the pigment compound contents and FLIM data of the
ginger powders indicated that FLIM reflected chemical information of ginger powder and was able to visualize
endogenous fluorophores. The current study revealed the potential of FLIM to characterize ginger powder par-
ticles. This approach may be extrapolated to other spice powder products. The new knowledge is a step further in
paving the way for the application of innovative techniques, already prevalent in other domains, to food quality
and authentication.

powder (Dhiman & Prabhakar, 2021; Gao et al., 2020). Hence, charac-
terizing the variations of spice products generated during food pro-

1. Introduction

Ginger is one of the most popular spice products because of its
refreshing woody aroma and pungent taste. The powdered form is one of
the most common physical forms of ginger products. The quality and
authentication of ginger powder are highly associated with the price of
ginger powder and the safety of the consumers. For powdered form
spice, the processing includes many steps, such as cutting, drying and
most importantly grinding (Ramesh et al., 2001). The processing pro-
cedure significantly affects the physicochemical properties of spice

cessing has always been an important topic to the food industry and food
scientists. According to previous studies, the compositional and
morphological differences caused by food processing can directly in-
fluence the fluorescence characteristics of the food product (Karoui &
Blecker, 2011; Wang et al., 2020). A previous study that used fluores-
cence spectroscopy to analyse ginger slices treated with different pre-
processing methods revealed the possibility of using fluorescence-
based methods to characterize the variations of ginger products
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caused by food processing (An et al., 2020). Therefore, it would be of
great interest to investigate the changes in fluorescence characteristics
of ginger powder caused by physicochemical variations generated dur-
ing processing.

The application of fluorescence-based techniques in food analysis
has been explored due to the advantage of their non-invasive and high-
sensitivity nature (Ahmad et al., 2017). A recent review by Sikorska and
Khmelinskii (2016) introduced the application of fluorescence and
chemometrics in food science, in which, the strong ability of fluores-
cence in food quality and authentication was discussed. Application
such as the quantitative determination of chemicals and discrimination
of food origin were included. The core concept of techniques based on
fluorescence is to exploit the different properties of the fluorescence
emission of auto-fluorescent molecules to study and analyse the bio-
logical structures and processes (Coling & Kachar, 1998). Various fluo-
rescence parameters can be used in this approach, such as intensity,
spectra and lifetime (Digman et al., 2008).

Fluorescence Lifetime Imaging Microscopy (FLIM) is a powerful
method that can produce spatially resolved images of fluorescence
lifetime to identify fluorophores or to investigate their local environ-
ment (Chang et al., 2007). It is added as a functionality to e.g. a confocal
or multiphoton microscope. The application of the fit-free phasor
approach allows to simplify the FLIM data analysis and provides a
graphical global view of the fluorescence decay occurring at each pixel
and/or in each image on a phasor plot (Stringari et al., 2011). The
purpose of the phasor approach is to characterize the variations in the
types and concentration of fluorescence compounds in samples using the
reciprocity principle (Malacrida et al., 2021). The phasor approach
converts a pixel with distinctive fluorescence decays (distinctive con-
centration distribution of fluorescence compounds in the pixel) into a
phasor point in the universal semicircle with the real part of the Fourier
transform of the fluorescence impulse response (g) and the imaginary
part of the Fourier transform of the fluorescence impulse response (s) as
coordinates (Digman et al., 2008). The universal semicircle in the phasor
plot is the geometrical representation of the relative modulation of the
emission (M) and angular delay (¢) (Malacrida et al., 2021). The fluo-
rescence lifetime decreases along the semicircle from left to right
(Geverts et al., 2014). The mathematical relationships between M, ¢, g
and s were defined by Weber (1981). The location of a phasor point,
which means the value of g and s of the point, is determined by the
distinctive concentration distribution of fluorescence compounds of the
pixel. Plotting together all phasor points converted from the pixels, a
phasor cloud of the sample is generated. By observing the distribution
tendency of the distribution of all phasor points which means the size
and shape of the phasor cloud, the variations of fluorescence compounds
in different samples can be characterized (Malacrida et al., 2021). Even
though FLIM coupled with the phasor approach has been widely applied
in other life science fields, there are very few studies to revealed the
potential application of FLIM in the food science domain (Chang et al.,
2007; Marcu, 2012). In this study, ginger was used as an example to
investigate the potential of using FLIM to characterize spice powder
variations. The particle size of ginger powder was introduced as a
starting point of variations generated during processing, since particle
size is one of the most important variables generated during the grinding
stage and is considered as an influential factor on ginger properties
(Archana et al., 2021; Han et al., 2023).

The aim of present study was to explore the possibility of using FLIM
to characterize ginger powder with different particle sizes. To achieve
this, the following approach was taken. Fifteen authentic/original
ginger powder samples were assigned to particle size groups based on
their particle size distributions. These 15 samples were then further
manually fractionated into smaller and larger-sized particle fractions to
limit other potential influential variables between groups. The reason to
classify the sample and conduct fractionation instead of pulverizing the
same batch of ginger samples into different particle sizes is due to the
fact that the grinding process in the laboratory is different from the
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grinding/processing in the industry. Additional variances might be
introduced and create an impact on the original characteristics of the
commercial samples. All ginger powder samples and their fractions were
subjected to FLIM. Like other spectroscopy-based techniques, the FLIM
profile reflects the chemical compositional information of the sample.
However, as yet, no study has systematically summarized the overall
fluorescence-exhibited compounds in ginger and their content. To
determine the relationship between the FLIM profile and the chemical
composition of ginger powder as well as the influence caused by particle
size on the FLIM profile, in our study, three pigment compounds (cur-
cumin, demethoxycurcumin and 1-dehydro-6-gingerdione) previously
reported in ginger were selected for quantitative analysis, in order to
reflect the chemical information of ginger powder back to its FLIM
profile (Yoko & Aya, 2014). This selection was based on the fact that
these three pigment compounds belong to the polyphenol group and the
derivatives which exhibit fluorescence and some studies have indicated
an influence of particle size on the colour of food powder samples (Nasef
et al., 2019; Vidot et al., 2019; Zhao et al., 2010). Therefore, all ginger
powder samples and their fractions were subjected to quantitative
analysis of the pigment compounds’ contents to reveal the relationship
between the fluorescence lifetime profile, particle size and pigments
content of the powders.

2. Materials and methods
2.1. Samples

Fifteen ginger powder samples, each sample originating from a
different batch were used in this study. The authentic/original samples
were acquired from two trustable European spice companies, one
company provided ten samples and the other provided five samples. All
samples were stored in plastic Ziplock® bags in a dark container in a
refrigerator at 4 °C before further analysis.

2.2. Chemicals

Methanol and acetonitrile (HPLC grade) were purchased from Actu-
All Chemicals b.v. (Oss, Netherlands). Formic acid (LC-MS grade) was
purchased from HiPerSolv. CHROMANORM® (Lutterworth, United
Kingdom). Milli-Q water was obtained by using a water purification
system (PURELAB flex 1, ELGA, Lane End, United Kingdom). Analytical
standards of curcumin and demethoxycurcumin were purchased from
Supelco (Amsterdam, Netherlands). The analytical standard of 1-dehy-
dro-6-gingerdione was purchased from ChemFaces (Wuhan, China).

2.3. Particle size measurement

The particle size distribution of all samples (15 original samples and
their fractions after sample fractionation) was analysed using a laser
diffraction analyser coupled with an Aero S dry dispersion accessory
(Mastersizer 3000, Malvern Instruments, Malvern, UK) based on the
Fraunhofer diffraction theory (Keck & Miiller, 2008). The settings of the
analyser were as follows: 3 mm hopper gap of the dispersion accessory,
two bar pressure and 100 % feed rate of the vibrational feeder. Three
parameters were used to characterize the particle size of ginger powder,
i.e., Dx 10, Dx 50 and Dx 90. The detailed explanations of three pa-
rameters are as follows: Dx 10 is the point at which 90 % of the sample
particles above this point and 10 % of the sample particles below this
point; Dx 50 is the point at which half of the sample particles above this
point and half of the sample particles below this point; Dx 90 is the point
at which 10 % of the sample particles above this point and 90 % of the
sample particles below this point (van Ruth et al., 2019). All samples
were measured in triplicate and values were averaged for each sample.
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2.4. Sample fractionation and coding

A hierarchical cluster analysis was conducted to classify the 15
original ginger powders into three different particle size groups using
the results of the particle size distribution of the samples acquired from
section 2.3. Three particle size groups were small, medium and large
particle size groups which were coded as Group [, II and III. The sample
fractionation was conducted by dividing each sample into two fractions
by sieving. The sizes of laboratory sieves were 75, 125 and 250 pm
which were decided by the particle size parameter, Dx 50, of the three
groups determined in section 2.3. By using Dx 50 as the dividing line, the
volumes of smaller and larger-sized particle fractions would be
approximately the same. The smaller-size particle fraction from Group I
was coded as Group A and larger-sized particle fraction was coded as
Group B. For Group II, smaller-sized particle fraction was coded as
Group C and larger-sized particle fraction was coded as Group D. While
the smaller-sized particle fraction from Group III was coded as Group E
and larger-sized particle fraction was coded as Group F. Ultimately,
Groups A, C and E represented small particle size fractions and Groups B,
D and F represented large particle size fractions. A total of 30 fractions
resulted from the sample fractionation. All samples and fractions (n =
45) were subjected to particle size measurement, FLIM and quantitative
analysis of pigment compounds. Appendix Fig. 1 shows the schematic
overview of the sample fractionation and sample coding.

2.5. Instrumentation and experimental procedure of FLIM

The fluorescence lifetime images of ginger powder samples were
acquired using a Leica SP8 Dive multiphoton confocal imaging micro-
scope (Leica Microsystems, Wetzlar, Germany). Before each measure-
ment, the sample was placed on a microscope cover glass (24 x 50 mm,
170 £ 5 pm) using a laboratory micro sampling spoon with one spoon
per sample. The samples were excited by an 80 MHz multiphoton
excitation laser source at 800 nm with a 10X, 0.3 N.A dry objective lens
(Leica Microsystems, Wetzlar, Germany). The image scan speed was 4
us/pixel with an image size of 512 x 512 pixels. Optimal lifetime images
were obtained by accumulating 60 images. Three areas were randomly
imaged for each sample which generated three FLIM images per sample.

2.6. The quantitative analysis of pigment compounds in ginger powder

2.6.1. Preparation of ginger extraction and standard solutions

The extraction of each ginger powder was performed by weighing
0.5 g of samples into a 15 mL centrifuge tube and then adding 3 mL
methanol. The mixture was fully vortexed and then ultrasonicated for
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60 min at room temperature (20 °C). After centrifuging at 2000 x g for 5
min at 20 °C, the supernatant was collected. The solid residue was added
to 3 mL methanol and repeated the extraction for two more times. The
collected supernatant from the three extractions was then dried under
Nitrogen in 15 mL centrifuge tubes and redissolved using methanol to
0.5 mL. The redissolved supernatants were filtered through a 0.2-ym
polytetrafluoroethylene (PTFE) membrane for further analysis. The
standard solution (10 pg/mL) of curcumin and demethoxycurcumin was
prepared by dissolving the two compounds together in methanol. The
standard solution (1000 pg/mL) of 1-dehydro-6-gingerdione was pre-
pared individually by dissolving the compound in methanol. The stan-
dard solutions were diluted to 1, 2, 3, 4 and 5 pg/mL (curcumin and
demethoxycurcumin standard solution) and 100, 200, 300, 400 and 500
pg/mL (1-dehydro-6-gingerdione) respectively and filtered (0.2-pm
PTFE membrane) for the calibration curves for quantitative analysis.

2.6.2. High-performance liquid chromatography - photodiode array
analysis

The quantitative analysis of pigment compounds in ginger powder
samples was performed on the Thermo Scientific™ - UltiMate™ 3000 LC
Systems (Thermo Fisher Scientific, Waltham, USA). The separations
were carried out on an InfinityLab Poroshell 120 Ec-C18 column (2.1 x
50 mm, 2.7 um) which was connected to a InfinityLab Poroshell 120 EC-
C18 guard column (2.1 x 5 mm, 2.7 ym) (Agilent Technologies, Santa
Clara, CA, USA). The column temperature was set at 40 °C during
analysis. A binary gradient elution system composed of (A) Milli-Q water
(0.2 % formic acid) and (B) acetonitrile (0.2 % formic acid) was applied
as follows: 0.0-1.0 min, 30 % B; 1.0-12.5 min, 30-50 % B; 12.5-12.6
min, 50-95 % B; 12.6-14.6 min, 95 % B; 14.6-14.7 min, 95-30 % B.
Three minutes equilibration followed each run. The injection volume of
each sample was 5 pL and the flow rate was 0.5 mL/min. A UV-visible
diode array was set from 220 to 550 nm for acquiring chromatograms
and the liquid chromatography profile at 420 nm for each sample were
used for quantification analysis. The data acquisition and processing
program were conducted using Chromeleon 7 software (Thermo Fisher
Scientific, New York, USA). All samples were measured in triplicate and
values were averaged for each sample.

2.7. Data processing and statistical analysis

Hierarchical cluster analysis with Ward’s method and three cluster
trees was conducted using the particle size distribution data of 15 ginger
powder samples in RStudio (R Foundation for Statistical Computing,
Vienna, Austria). Significance of differences in particle size distribution
(Dx 10, Dx 50 and Dx 90) between Group I, II and III were evaluated
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Fig. 1. Boxplots of the particle size distributions. (A) The three original ginger powder groups (Group I, II and III), (B) The six particle size fraction groups (Group A
and B (from Group I), C and D (from Group II), and E and F (from Group III)). Note: The middle “box” represents the 50% of data in the group. The line across the box,
is the median of the data set. The upper and lower whiskers represent the biggest and smallest particle size value in the group.
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using the Kruskal-Wallis non-parametric test followed by multiple
pairwise comparisons using the Steel-Dwass-Critchlow-Fligner proced-
ure (two-tailed). P < 0.05 was considered statistically significant. The
Kruskal-Wallis non-parametric test was chosen since the particle size
data was not normally distributed nor with equal variance. The deter-
mination of the data distribution and homogeneity of variance were
conducted by the Shaprio-Wilk test and Leven’s test in SPSS (IBM SPSS
Statistics 28.0.1, IBM, Armonk, NY, USA).

The FLIM image of each measurement was analysed using ImageJ, a
free public-domain software developed by the National Institutes of
Health (Gomez-Perez et al., 2016). The phasor plot of each measurement
was generated in ImageJ by transforming all pixels of the FLIM image
into phasor points in a universal circle as previously described by Mal-
acrida et al. (2021) using an adapter version of the time-gated phasor
plugin developed by Fereidouni (https://doi.org/10.1111/j.1
365-2818.2011.03533.x). A comparative analysis of the phasor distri-
bution of different groups was conducted by using the average g and s
values of the phasor distribution of each measurement calculated by
ImageJ and plotted together as a scatter plot in RStudio. In the scatter
plot, each point represented one measurement. Besides the phasor
approach, Principal Component Analysis (PCA), a common technique
for interpreting the structure of data, was applied to FLIM data using
RStudio. To facilitate PCA, the FLIM data were pre-processed using
ImageJ. The fluorescence lifetime of each measurement was trans-
formed into a histogram with a lifetime from 0 to 3 ns binned into 250
data segments as the X axis and the number of photons hit on the de-
tector at each data segment on the Y axis respectively.

All chromatographic data were processed and interpreted in Chro-
meleon 7. Calibration curves were generated by linear regression of
integrated peak areas and analytical standards of curcumin, deme-
thoxycurcumin and 1-dehydro-6-gingerdione with known concentra-
tions. With the linear regression equations of the calibration curves and
the peak areas, the concentrations of the three pigment compounds in
each sample were determined. Statistical analysis of the content of three
pigment compounds was conducted by GraphPad Prism 8.0.2 (Graph-
Pad Software, San Diego, CA, USA). The results of the content of three
pigment compounds in different groups were presented as mean +
standard deviation (SD). Significance of differences in pigment com-
pounds between Group I, II and III were evaluated using the Kruskal-
Wallis non-parametric test followed by multiple pairwise comparisons
using SPSS. P < 0.05 was considered statistically significant. The
Kruskal-Wallis non-parametric test was chosen because the pigment
concentrates results of samples were not normally distributed nor with
equal variance. The determination of the data distribution and homo-
geneity of variance were conducted by the Shaprio-Wilk test and Leven’s
test in SPSS.

Additionally, Pearson correlation coefficients (r) were conducted to
evaluate correlation between the fluorescence lifetime and the content
of pigment compounds in ginger by RStudio since the Pearson correla-
tion coefficient can provide insights into the degree and direction of
linear correlation between the variables.

3. Results and discussion

3.1. Particle size distribution of the original ginger powders and their
fractions

The overall distribution of particle size of the original 15 ginger
powder can be seen in Appendix Table Al. To classify the ginger powder
samples into different particle size groups, Dx 10, Dx 50 and Dx 90 of the
samples were used as parameters to conduct the hierarchical cluster
analysis (Fig. A.2). The cluster assigned samples numbered 1, 2, 3, 4 and
15 to Group I, samples numbered 10, 11, 12,13 and 14 to Group II, and
samples numbered 5, 6, 7, 8 and 9 to Group III. The particle size dis-
tribution of the three original groups (Group I, II and III) are visually
presented by boxplot in Fig. 1A. Except for the Dx 10 value of Group I
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and II, significant differences can be observed between all three groups
for Dx 10, Dx 50 and Dx 90 values. As described in Section 2.4, all
samples from the three original groups were separated into smaller and
larger-sized particle fractions and measured by particle size distribution
(Table A2). This sample fractionation generated six fraction groups, i.e.,
Group A and B (from Group I), Group C and D (from Group II) and Group
E and F (from Group III). The particle size distributions of six fraction
groups are shown in Fig. 1B. As can be seen from the Fig. 1B, this sample
fractionation led to a more distinctive particle size distribution
compared with the three original groups.

3.2. Three original groups: FLIM profiles and pigments content

In this section, the FLIM profiles and pigments content of three
original groups (Group I, Group II and Group III) were investigated.
Multiphoton excited fluorescence lifetime imaging microscopy and the
phasor approach were employed to generate the FLIM profiles of indi-
vidual samples and populations. Multiphoton excited fluorescence life-
time imaging microscopy is an imaging technique that provides spatially
resolved information about fluorescent molecules with deeper penetra-
tion into the samples due to the less photodamage and less light scat-
tering by using two photons of lower energy (Sanchez & Gratton, 2005).
PCA was conducted to compare the phasor approach with the traditional
food quality/authentication data interpretation method to provide an
understanding of the phasor approach. In addition, the distribution of
three pigment compounds (curcumin, demoxycurcumin and 1-hydro-6-
gingerdione) was analysed using HPLC.

3.2.1. FLIM profiles of the three original groups

The multiphoton excited fluorescence lifetime images allow a
straight-forward visualization of the particle size and the distribution of
fluorescent molecules in ginger samples. As can be seen from Fig. 2A,
similar to other common microscopy techniques, FLIM appears to be
able to distinguish the three groups based on particle size appeared on
the images (Strege et al., 2013). In addition, ginger powders in different
particle sizes present similar fluorescence lifetime (as can be seen from
the similar bright green false colour that corresponds to a fluorescence
lifetime around 1 ns), indicating the similarity in the types and con-
centrations of the fluorescence compounds in general, except samples
from Group III present bright blue dots in some areas (Fig. 2A).The
variation in the fluorescence lifetime image of Group III means a dif-
ference in the types and/or concentration distribution of fluorescence
compounds in Group III. The corresponding phasor plots further indi-
cated a greater difference between Group III and Group I, II. According
to the reciprocity principle on the phasor plot, the phasor positions of a
phasor point is related to the position of the original fluorescence
compounds contributing to the signal in each pixel and the relative
contribution (concentration) of these fluorescence compounds (Mala-
crida et al., 2021). Therefore, the differences in the shape and size of the
phasor clouds of samples indicate the variations in types and concen-
trations of fluorescence compounds in ginger. In this study, the phasor
clouds of the three groups showed different patterns in terms of size
and/or shape, especially for Group III. The phasor plots of the three
original groups not only confirmed and further enlarged the difference
in the types and/or concentration distribution of fluorescence com-
pounds in Group III compared with the other two groups but also further
indicated the difference between Group I and II which are not obvious in
the FLIM images. Compared with the original fluorescence lifetime
image, the phasor plot of individual samples provides a more straight-
forward way of visualizing the distribution of fluorescence compounds
in food powder.

A comparative analysis of phasor distribution of all samples in the
three original groups was conducted using the average g and s values of
each sample. The result of the comparative phasor plot can be seen in
Fig. 3A. The phasor distribution of the three original ginger powder
groups displays a tendency of separation. Greater variations can be
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Fig. 2. Fluorescence lifetime images and corresponding phasor plots of the three original groups. (A) Fluorescence lifetime images of the three original groups, (B)

Phasor plots of the three original groups.
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Fig. 3. (A) Comparative phasor distribution of the three original groups, (B) Principal Component Analysis (PCA) of the three original groups. Note: The dotted big

rectangle in part (A) represents the zoom-in of the phasor distribution of samples.

observed along the g axis between Group II and the two other groups and
the s axis between Group III and the two other groups (Fig. A.3A).
However, the three groups are not clearly separated from each other.
This could be because this comparative analysis was conducted using the
average g and s values of each sample. Compared with the phasor plot
generated using all pixels of each sample (Fig. 2B), detailed information
might be limited/eliminated after averaging. The PCA was conducted
using the pre-processed lifetime (data bin segments of the lifetime and
the numbers of the photons hit on the detector at each data segment) of
the samples to reduce dimensionality and visualize the structure of data
(Rodarmel & Shan, 2002). Compared with the average g and s values
used in the comparative analysis of phasor distribution, the dataset used
for PCA contained more information. Fig. 3B shows the result of PCA of
the three original groups. A separation can be observed between Group
IIT and the two other groups along PC2 (explaining 21.4 % of the vari-
ation). The PCA plot is in line with the individual phasor plots of samples
from the three groups in which a distinctive different size and shape of
phasor cloud in Group III can be found (Fig. 2B). To summarize the
information from Fig. 2 and Fig. 3, the results indicate that the FLIM
combined with the phasor approach has a strong ability to characterize
individual ginger powder samples at the particle level. In addition, pre-
processed fluorescence lifetime data combined with chemometrics

(PCA) showed a potential of discriminating spice powder with varia-
tions. Even though in PCA plot Group III was separated from Group I and
11, the distribution of Group I and II overlapped. This result also suggests
that the particle size might not be the only factor influencing the fluo-
rescence lifetime profile of ginger powder as there could be other con-
founding factors.

Particle size is a natural variable generated during ginger powder
production. Nevertheless, many other variables can also create consid-
erable impact on the fluorescence exhibited compounds in ginger
powder. For instance, the geographical origin of a food product has
proved to be one of the most important reasons caused compositional
differences of food products which could further affect the results of
excitation-emission fluorescence spectra (Dupuy et al., 2005; Hao et al.,
2021). Apart from the grinding step that has shown to cause variations
in particle size in this study, other steps of ginger powder production
may also potentially influence the FLIM profile, as each step introduces
alterations to the chemical properties to some extent (Draszanowska
etal., 2020; Sida et al., 2019). A study conducted on assessing the drying
methods of ginger indicated that drying conditions had an effect on
polyphenol content, where total polyphenol content decreased with
increasing microwave output power (Kubra et al., 2012). Polyphenols
are compounds that can exhibit fluorescence in food (Mekoue Nguela
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et al., 2019). In addition, the ginger peeling step (peeling or unpeeling)
could also influence the content polyphenols in ginger and might further
influence its FLIM profile (Liang et al., 2023). The study observed a
higher content of total polyphenol in unpeeled ginger compared with
peeled ginger. The impact from drying is not limited to the polyphenols
as the content of heat-sensitive vitamin Bs (i.e., pyridoxine, Riboflavin,
Niacin and Thiamin), which are endogenous fluorophores that exist in
ginger, might be also decreased or even destroyed by different drying
conditions (Croce & Bottiroli, 2014; Fulias et al., 2014; Maslanka et al.,
2018; Perry et al., 2012). Due to the heat-sensible nature, the cleaning
step (various forms of thermal blanching) also influence vitamin Bs, and
furthermore, the FLIM profile (Amoah et al., 2020).

3.2.2. Pigments content of the three original groups

The content of curcumin, demoxycurcumin and 1-dehydro-6-ginger-
dione which are the pigment compounds responsible for the yellow
colour of ginger, in the three original ginger powder groups (Group I,
Group II and Group III) are shown in Fig. 4A. The detailed results of each
sample can be found in Table A3. For the three original groups, the
contents of all three pigment compounds in Group III were significantly
lower than Group I and Group II. There is no significant difference
observed between Group I and Group II in terms of the three pigment
compounds, despite the mean value of curcumin and demoxycurcumin
in Group I were obviously higher than Group II in the figure. This is
because one sample (sample no. 1) in Group I has a distinctive higher
curcumin and demethoxycurcumin contents than other samples, see
Table A3. The results of quantitative analysis of pigment compounds in
the three original groups revealed the same information as the PCA plot
of fluorescence lifetime data of the three original groups, i.e., Group I
and II are similar while Group III is distinctive different from Group I and
II. Like the FLIM profiles, there are other factors also influencing the
variations in the pigment content in the three original ginger powder
groups. According to previous studies, potential influential factors that
contribute to the variation in pigment compounds in ginger could be
genetic variations, environmental conditions, maturation, etc (Poudel
et al., 2019; Tayyem et al., 2006; Vedashree et al., 2020; Verma et al.,
2019; Yoko & Aya, 2014).

To summarise the information from the FLIM profiles and pigments
content of the three original ginger powder groups, variations were
observed in ginger powder samples with different particle sizes, but
other underlying factors might also have had an influence. However,
based on the original three groups, it is difficult to determine the impact
of particle size and/or the extent of the impact. Therefore, in the next
section, to limit the variable to the particle size only, the FLIM profiles
and pigments content of the smaller and larger-sized particle fractions
from the same original groups will be discussed since the only under-
lying variable is particle size.

3.3. Six fraction groups: FLIM profiles and pigments content

3.3.1. FLIM profiles of the six fraction groups

Multiphoton excited fluorescence lifetime images and their corre-
sponding phasor transformations of the representatives of six fraction
groups are displayed in Fig. 5. As can be seen from the fluorescence
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lifetime image in Fig. 5A, the ginger fractions also present bright green
false colour as their corresponding original groups. Bright blue dots can
be observed in both Group E and F (originated from Group III). In
addition, fluorescence lifetime images exhibit a clear difference in par-
ticle size between the smaller and large-sized particle fractions from the
same original group. For the individual phasor plots of the fraction
samples, even though the size and shape of phasor clouds of the smaller
and larger-sized particle fractions from the same original group are
slightly different from each other, the differences from the original
groups’ perspective are more pronounced. The result indicated that the
influences from other underlying factors (e.g., geographical origin and
processing procedure) discussed in section 3.2.1 might be greater than
particle size.

The results of the comparative analysis conducted on the six fraction
groups are visually presented in Fig. 6. No clear grouping pattern be-
tween groups can be found from the phasor distribution of six fraction
groups as the samples in most of the groups overlapped. Greater varia-
tions can be observed in Group C between other groups along the gand s
axis (Fig. A.3B). This can also be seen from the more separated distri-
bution of samples from Group C in the phasor plot (Fig. 6A). Even
though there is no distinctive separation among the six fraction groups
in the PCA plot (Fig. 6B), the distribution of smaller and larger-sized
particle fractions from the same original group are clustered together.
Furthermore, most of the samples from Group E and F (Group III) are
clustered in the upper part of the plot and most of the samples from
Group A, B, C and D (Group I and Group II) are in the lower part. This
trend consistent with the PCA results of the three original groups
(Fig. 3B). Fig. 7 shows the results of comparative phasor distribution and
PCA of the smaller and larger-sized particle fractions from the same
group. Notably, both for the phasor distribution and PCA, the samples of
smaller and larger-sized particle fractions from the same original group,
such as Group A and B from Group I, are overlapped with each other.
Summarizing the results of Fig. 6 and Fig. 7, it is evident that the particle
size of ginger powder had no or limited effect on the FLIM profile of
ginger powder, implying that there was likely little or no change in the
types and/or concentration distribution of fluorescence compounds due
to particle size. For traditional spectroscopy techniques, the light scat-
tering caused by particle size difference of samples needs to be corrected
and/or compensated by data pre-processing (Hahn, 2009). However,
whether the data pre-processing can fully remove the light scattering
effect is still under debate (Rinnan, 2014; Thennadil & Martin, 2005;
Wan et al., 2020; Wang et al., 2011). Compared with common spec-
troscopy techniques, the FLIM profile can avoid the light scattering ef-
fect and can interpret food powder from the particle level by generating
a fluorescence lifetime image. In our previous study, an impact of par-
ticle size on high-resolution visual imaging and spectral imaging profiles
has been demonstrated which emphasizes the importance of considering
and evaluating internal sample variations before applying these tech-
niques (Han et al., 2023). This study proved the considerable potential
of utilizing FLIM to discern sample differences based on external vari-
ations, such as geographical origin, as the minimal influence caused by
internal variation (particle size).
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Fig. 4. Pigment compounds content in the three original groups and the six fraction groups. (A) Three original groups, (B) Six fraction groups.
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Fig. 5. Fluorescence lifetime images and corresponding phasor plots of the six fraction groups. (A) Fluorescence lifetime images of the six fraction groups, (B) Phasor

plots of the six fraction groups.

3.3.2. Pigment content of the six fraction groups

The contents of three pigment compounds in the six fraction groups
(Group A, B, C, D, E and F) are shown in Fig. 4B. For the six fraction
groups, no significant difference can be found in the smaller-sized par-
ticle fraction and larger-sized particle fraction from the same sample. In
addition, except for 1-dehydro-6-gingerdione in Group F, the pigment

compounds in Group E and F (Group III) were significantly lower than in
Group A-D (Group I and II). No significant difference can be found in all
three pigment compounds between Group A-D (Group I and II). The
result of fraction groups was in line with the original groups, which is
Group III differed from the other two by itself. The higher mean value of
curcumin and demethoxycurcumin in Group A and B can be attributed
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to the same underlying reason as observed in the original groups, i.e.,
the presence of distinctly higher curcumin and demethoxycurcumin
content in samples no. 1-S and 1-L (Table A4). The results of quantitative
analysis of pigment compounds for fraction groups suggest that the
particle size variations of ginger powder do not influence the concen-
trations of pigment compounds.

Even though the quantitative analysis of pigment compounds for
ginger powders showed similar results as the FLIM data, no study has
systematically summarized the overall fluorescence exhibited com-
pounds in ginger. In addition, the three pigment compounds are only
parts of the polyphenol groups, one cannot conclude that the three

pigment compounds can be totally responsible for the variations in FLIM
variations. However, it is possible to obtain an impression of the rela-
tionship between the pigment compounds and fluorescence lifetime by
correlation analysis which can further determine if the types and con-
centrations of pigment compounds have contribution to the variations in
FLIM variations. Therefore, in the next section, the correlation analysis
is described to reveal the relationship between pigment compounds and
fluorescence lifetime.
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3.4. The relationship between the fluorescence lifetime and pigment
compounds of ginger powder

The correlation analysis of fluorescence lifetime and pigment com-
pounds in ginger powder was conducted using the g, s values generated
by the phasor approach and concentration of the pigments. Fig. 8 shows
the result of the correlation analysis. The result suggested the concen-
tration of the three pigment compounds were highly correlated. How-
ever, only 1-dehydro-6-gingerdione was found positively correlated
with the s value and negatively correlated with the g value. No clear
correlation can be observed between the g s value and the other two
pigment compounds. The correlation between the fluorescence lifetime
and 1-dehydro-6-gingerdione revealed that 1-dehydro-6-gingerdione is
one of the fluorescence compounds that have a greater contribution to
ginger powder’s FLIM profile. 1-dehydro-6-gingerdione belongs to
hydroxycinnamic acid which has been proven to have fluorescence
exhibition properties in many studies (Rhodes et al., 2002; Stelzner
et al., 2019; Vidot et al., 2019). It needs to be mentioned that ideally, a
direct comparison with the reference compound would have been a
validation. However, it would require the addition of 1-dehydro-6-gin-
gerdione to ginger powder without further interfering compounds. It
would be extremely difficult to mimic the natural distribution of 1-dehy-
dro-6-gingerdione in ginger particles. Since no correlation can be
identified between the curcumin, demethoxycurcumin and fluorescence
lifetime, the variations of the phasor clouds were due to the presence of
other fluorescence exhibited compounds, such as gingerol, shaogal and
zingerone. Those compounds may also be present at high concentrations
and even be the underlying cause. Therefore, it would be of interest to
conduct a target analysis of all possible fluorescence exhibited com-
pounds in ginger to further validate the reliability of FLIM.

4. Conclusions

To investigate the potential of applying Fluorescence Lifetime Im-
aging Microscopy (FLIM) to characterize ginger powder with different
particle size, 15 powdered ginger and 30 smaller/larger-sized particle
fractions generated from the 15 original samples were subjected to FLIM
and pigment content analysis. The results indicated that FLIM possesses
the capability to reflect the pigment information of ginger powder
particles, while remaining unaffected by variations in particle size.
Nonetheless, it is essential to overcome specific boundaries to advance
future studies. Firstly, the phasor approach for comparative analysis of
the population needs to be improved since the application of the average
g and s values of each sample can only provide limited information on
the fluorescence properties of samples. Secondly, the practical applica-
tion of FLIM is inevitably hindered by the considerable experimental
costs, presenting challenges for the implementation within the food in-
dustry. However, this study has proven the potential of FLIM in the
characterization of spice powder and has demonstrated the prospects to
expand to other food powders and provide new perspective to food
quality analysis and/or authentication.
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