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Abstract

Fourier transform far-infrared (FT-FIR) was exploited to evaluate the flavonoids content of orange
extracts using Soxhlet extraction. The absorbance fingerprint spectra of hesperidin and naringin were
identified in the range of 0.5 - 7 THz. Pre-treatments such as normalization, standard normal variate
(SNV), multiplicative scatter correction (MSC), 1% and 2" derivation were employed to enhance the
robustness of the model performance. Partial least square regression model performed well to explain
the relationship between THz spectra and concentrations of hesperidin and naringin, with the
determination coefficients of prediction up to 0.99 (pre-treated by 1% deviation) for hesperidin and
0.97 for naringin, respectively. This study addressed the detection of hesperidin and naringin by using
terahertz spectroscopy, which could potentially simplify the procedures to detect the flavonoids of
orange extracts from waste orange peels.
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1. Introduction

Terahertz falls in the frequency range of 0.1-10 THz (1 THz = 10'? Hz) and the photon energy (4 meV
for 1 THz) is much lower than that of X-ray photons (100 eV — 100 keV), the radiation of which is
much safer for operator in comparison of X-ray based equipment. Moreover, it is an exceptional tool
to investigate numerous materials whose molecular or crystal structures are stabilized by the weak
interactions because the THz frequency associated with the low-frequency vibration and the vibration

modes of weak interactions (Ueno and Ajito, 2008). As an emerging and cutting-edge technology,



terahertz spectroscopy (THz) has been intensively employed to detect biology threats and defects (Liu

etal., 2007), residue detection (Suzuki et al., 2011; Qinetal., 2017), transgenic food (Liu and Li, 2014;

Liu et al., 2016), foreign body detection (OKk et al., 2014; Wang et al., 2019), dynamical changes in

seeds (Li et al., 2018; Nakajima et al., 2019) and adulteration (Liu 2016). However, the application of

terahertz spectroscopy in foodstuffs is still at infant stage in comparison with the sophisticated and

prevalent spectroscopic and imaging techniques like hyperspectral imaging (Cheng et al., 2016; Feng

et al., 2020a), Raman spectroscopy (Karacaglar et al., 2019), and NIR images (Huang et al., 2017).

This is because water is strong THz wave absorber, which is the major hurdle for comprehensive

application of THz in the food industry (Gowen et al., 2012, Feng and Otani, 2020). Hitherto, little

relevant study on identifying the feature spectra of flavonoids and the flavonoids extracts from waste

orange peels in the THz range.

Citrus fruit peels contain a large amount of biologically active compounds such as phenolic acids and

flavonoids could prevent various diseases (Toledo-Guillén et al., 2010; Gomez-Mejia et al., 2019;). In

Japan, approximately 400 thousand tons of fruits juice is annually consumed and around 2,000 ton of

oranges are treated each year in the JA (Japan Agricultural Cooperative) Foods Factory in Shizuoka

prefecture, which generates 1,000 ton of waste (Ishiwata et al., 2013). The amount of orange

production in Shizuoka prefecture is just about 11% among Japan, and approximately 10 times of

wasted could be produced. It is highly costly to deal with the waste to obey the Food Recycling Law

in Japan (Anon. 2006; 2007). The waste orange peels are either discarded directly to landfills as



fertilizer or used as an animal feed or sold as dried orange peels to China as one of the ingredients of

Chinese herbal medicine (Ishiwata et al., 2013). Flavonoids in orange peel possess properties of

antioxidant, anti-cancer, antimicrobial (Sawalha et al., 2009), and was reported to potentially inhibit

coronavirus (Bellavite and Donzelli, 2020; Jo et al., 2020; Li et al., 2020). If they can be extracted

from waste orange peels and fully utilised, it can not only maximise the reuse and reduce

environmental problem, but also exploit the value-added by-products and cut down industrial

economical costs (Feng et al., 2020b). Comprehensive researches have been studied to optimise the

extraction processing of flavonoids from citrus peels by using high-pressure processing (Ancos et al.,

2020), subcritical water (Kim and Lim, 2020), ultrasound (Wang and Wang, 2019), and by different

organic solvents using Soxhlet extraction (Park, et al., 2014; Feng et al., 2020b). Naringin and

hesperidin are the most abundant flavonoids in orange peel (Sawalha et al., 2009) and they are

commonly identified by high-performance liquid chromatographic (HPLC) system (Uchiyama et al.,

2008; Belboukhari et al., 2009). As the retention times (RT) for naringin and hesperidin were detected

approximately 5.66 min and 5.91 min via ultra-high performance liquid chromatography high-

resolution mass spectrometry (UHPLC-HRMS/MS) (Feng et al., 2020b), whose RT is very close due

to the similar molecule structure, there is a need to exploit the easy method to distinguish those

chemical components. Ueno and Ajito (2008) have pointed out that THz is an ideal and effective

method for identifying intermolecular interactions in chemical compounds and enable to detect weak

inter- and intramolecular vibrational modes. In addition, if the information for flavonoids contain in



orange peel can directly obtain via THz, it will save a lot of time and free from the tedious and

complicated extracting procedures. Since scarce information is available in literature on identifying

the naringin and hesperidin in the terahertz range, the determined fingerprint of those spectra could

update the terahertz database and so potentially be an alternative method to non-invasively detect the

flavonoids in the dried orange peels or orange extracts.

The primary objective of this work is thus to qualitatively identify the naringin and hesperidin

fingerprint spectra in the terahertz range. Following this, the quantitative models relating the terahertz

spectra data to the reference concentration of hesperidin and naringin are established via partial least

squares regression (PLSR). Subsequently, the THz spectra comparison between standard pure

hesperidin, naringin, orange powder, and flavonoids extracts from waste orange peels are conducted.

2. Materials and methods

2.1 Soxhlet extraction

Based on the previous optimal sample preparation method (Feng et al., 2020b), the peels of Valencia

sweet orange (Citrus sinensis) were dried at oven (45 °C) for 7 days and approximately 40.36 + 0.37g

finely blade-milled orange power was put into a cartridge (sealed with cotton) for Soxhlet extraction

using 250 ml of methanol or ethanol. The concentration of solvent (i. e. methanol and ethanol) were

80% (80 : 20, v/v) and 100%, respectively. A rotary evaporator was used to separate the extract from

solvent and the extract was put in a flow hood overnight to let the solvent evaporate completely and



so to obtain the crude extracts (Feng et al., 2020b). Afterwards, those crude extracts were washed by
distilled water as twice as their weights, filtered and dried stored in a desiccator (to obtain precipitate
extracts). The efficiencies of crude extract (Ec) and precipitation (Ep) were determined using the

following equation:

B = wo X 100% )
Ep= S X 100% @)

Where W¢, W, and W, were the weight of the crude, precipitated extract and the orange powder,

respectively. All the experiments were carried out in triplicates.

2.2 Tablets preparation

Orange powder was dried 9 days (45 °C) before making the tablets to eliminate the water content whilst
for flavonoids extracts, they were vacuum dried at 20 °C for 9 days before making tablets. The milled
standard hesperidin powder (Tokyo Chemical Industry Co. LTD, Tokyo, Japan), milled standard
naringin powder (Sigma-Aldrich, Saint Louis, USA), milled orange powder and milled flavonoids
extracts were screened by a sieve with a size of 45 um. Polyethylene (P. E.; Shamrock Technologies,
Newark, New Jersey, USA) was dried at 80 °C overnight and screened by a sieve with a size of 212
pm. The total volume for making the tablet was 0.20 + 0.05g. Standard hesperidin and naringin
matrices tablets were made in different concentrations, being mixed with P. E., ranging from 5% - 70%

(wt.). The tablet concentrations for orange powder was 50% (wt.). A hand press (SSP-10A, Shimadzu,



Japan) was used to compress the finely mixed powder to tablets under the load of 8 N. The average

diameter and thickness of pellets were 13.11 + 0.11 mm and 0.64 &= 0.01 mm, respectively.

2.3 Fourier transform far-infrared (FT-FIR) spectrometer

THz spectra were obtained by a FT-FIR (JASCO, FARIS) coupled with a superconducting bolometer
(QMC, QNbB/PTC). A high-pressure mercury lamp was used as the light source, and a wire-grid beam
splitter was used for the measurement with the resolution of 0.24 THz. A total of 200 scans were
accumulated in 3 min to obtain a single spectrum. The samples were horizontally placed on an optical
aperture with a diameter of 5.89 = 0.02 mm in the sample chamber of the spectrometer. The sample
chamber was purged by a continuous flow of nitrogen gas with rate of 30L/min, to reduce the
absorption of water vapor. Sample was left in the chamber for 2 min before measurement. The
frequency dependence of absorbance (A) was calculated according to the following equation:

A = - logio (IIZ(TO:)))) 3)
where I,(w) and I, (w) were the power spectra of the sample and reference, respectively. The
corrected absorbance of the sample tablets (Acorrected) mixed with P. E. can thus be obtained as follows:
Acorrected = A1 - (1-m) x Az 4
where Aq is the measured absorbance of sample tables and Az is the absorbance of 100% pure P. E.,

respectively. m is the concentration of the matrix’s tablets. All the measurements were conducted at



least in triplicate at room temperature (21-23 °C). The experiments were repeated in the Kyoto

University as well, to test its repeatability.

2.4 Regression model development and performance evaluation

Several spectra pre-treatments, including multiplicative scatter correction (MSC), normalisation,

standard normal variate (SNV), first and second derivative, were carried out to improve the

performance of the model before the multivariate analysis using Unscrambler software (version 11.0,

CAMO Software Inc., Trondheim, Norway). One third of the total measured samples were selected

for the prediction group and the rest two thirds was utilised as the calibration group.

A PLSR model was used to establish the calibration models in the full absorbance spectral range of
0.5 - 7 THz for data obtained from FT-FIR spectrometer. The PLSR model can be obtained by using

regression coefficients and weight values for corresponding frequencies:

PLSR = YL, FiR; + C (5)
where Fiand R; are the i"" frequency and the corresponding regression coefficient obtained from the

PLSR model. C stands for the constant of the PLSR model.

The evaluation of model performance is to ensure the predictive ability and model robustness. The

determination coefficients of prediction (Rp?), calibration (Rc?), and cross validation (Re/?); the root
mean square errors of prediction (RMSEP), calibration (RMSEC), and full cross validation (RMSECV)

were used for estimating the predictive capabilities of the model. It is commonly believed that a good



PLSR model possesses a high R? with a low RMSE along with a small absolute difference between

RMSEC and RMSECV.

3. Results and discussion

3.1 Spectral characteristics overview for standard hesperidin and naringin matrices tablets measured
with FT-FIR

Hesperidin, which is rich in the citrus fruits such as lemon and sweet orange, is effectively against
liver cancer, breast cancer (Lee et al., 2010), lung cancer (Al-Jasabi and Abdullah, 2013) and so on. It
can scavenge and inactivate the alkyl peroxyl radicals and superoxide radicals those are harmful in the
organism (Chen et al., 2010). Besides, the injuries due to free radicals can be avoided due to its high
chemical reactivity, such as inducing antioxidant enzymes, metal ions chelating, reducing in a-
tocopherol radicals, inhibiting oxidases, and increasing in antioxidant effects of low molecular
antioxidants (Chen et al., 2010; Roohbakhsh et al., 2015). Flavonoids have been comprehensively
exploited to skincare products due to its antioxidant, anti-ageing, anti-inflammatory, antimicrobial,
and anticancer properties (Feng et al., 2020b). Currently, flavonoids are reported to potentially inhibit
coronavirus (Jo etal., 2020, Li et al., 2020). Latest literature also shows that flavonoids (e. g. hesperidin
and rutin) possess a better binding affinity to main protease of COVID-19 than nelfinavir and so could
be regarded as the starting point for therapeutics against COVID-19 (Adem et al., 2020). Likewise,

hesperidin was reported to be the most suitable substance to bind to the “spike” of SARS-CoV-2 after



testing 1066 natural substances with potential antiviral effect as well as 78 antiviral drugs (Wu et al.
2020). As the invasion of SARS-CoV-2 is mediated by binding its spike glycoprotein with its receptor
(ACE2) on the host cell membranes, hesperidin will interrupt the binding of SARS-CoV-2 with ACE2
via superimposing the ACE2 and forming the receptor binding domain complex on the hesperidin
(Bellavite and Donzelli, 2020). Another hypothetical site is a lower energy is requested for binding
hesperidin with SARS-CoV-2 (compared with 1500 screened potential molecules), which prevents
this virus to bind with the host cell (Chen et al., 2020).

Figure 1 (a) and (b) illustrate the absorbance spectra measured with different concentrations of
hesperidin and naringin using FT-FIR, respectively. The absorption peaks of hesperidin were obtained
at 1.53, 1.85, 2.46, 3.36, 4.51, 5.35, 6.51, and 7.55, respectively. The absorbance spectra higher than
2.5 is unshown because absorbance higher than 2.5 is meaningless (i. e. no significant spectral
component). Stanisic et al. (2020) utilised the Fourier Transform-Infrared spectroscopy to detect the
absorption bands of hesperidin-copper complex, where the peaks were observed at 38.88 THz (1297
cm™), 38.22 THz (1275 cm™), 37.23 THz (1242 cmY), 36.15 THz (1206 cm™), 35.50 THz (1184 cm
1), 34.60 THz (1154 cm™), 33.94 THz (1132 cm™), 32.83 THz (1095 cm™®), 31.60 THz (1054 cm™),
31.09 THz (1037 cm™), and 30.25 THz (1009 cm™), respectively.

As a glycosylated flavone, naringin is commonly used as a flavouring in bakery products, beverages
and perfumery. It possesses a bitter taste, which could potentially replace caffeine or quinine for tonic

beverages (Feng et al., 2020b). Naringin is capable to prevent citrus from lipid peroxidation (Maleki



et al., 2019). As naringin presented the lowest binding energy (-9.8 Kcal/mol) with the spike protein

of the COVID-19, this shows the highest binding affinity with the spike protein of SARS-CoV-2 and

could potentially use for developing COVID-19 related therapies (Jain et al., 2020). As depicted in

Figure 1 (b), the absorption peaks of naringin were observed at 0.78, 1.50, 2.29, 3.79, 5.15, 6.48, and

8.36 THz, respectively. The standard tablets of hesperidin and naringin were made at Kyoto University

and obtained the same spectra peak, which indicates the experimental results are trustful and

reproduceable.

Hesperidin and naringin can be clearly distinguished using THz spectroscopy (Fig. 2). The perceptible

absorption peaks at 3.76, 4.40, and 5.18 THz can be observed from fingerprint spectra of naringin

whilst those peaks cannot be detected from the hesperidin THz spectrum. Likewise, the noticeable

absorption peaks at 3.36, 4.51, 5.35, and 8.19 THz can be obtained from fingerprint spectra of

hesperidin whereas they are indiscernible from the naringin THz spectrum. As aforementioned, the

retention times (RT) for naringin and hesperidin were very close (Feng et al., 2020b). This novel

technology could simplify the complex and time-consuming processing that occurred at HPLC

processing and could be more practically and efficiently appliable to pharmaceutical industry. Last but

not least, the identified hesperidin and naringin THz spectra peaks could update THz database.

3.2 Spectral characteristics overview for tablets made from orange peel powder and orange extracts

measured with FT-FIR



Average THz spectra of tablets made from dried orange powder, standard hesperidin and naringin were

shown in Figure 3 (a). The THz spectra of orange powder do not possess distinguished fingerprint peak

compared to that of standard hesperidin and naringin. Two possibilities: (1) Hesperidin and naringin

in the orange powder are both non-crystalline and/or (2) the amount of hesperidin and naringin is too

small to see their specific spectral features. Further investigation shows that the extracts from the

orange peels possessed a similar THz fingerprint of hesperidin regardless of the extraction solvents

[Fig. 3 (b) & (c)]. The vibration between molecules in orange peels may attribute to this phenomenon.

For example, amino acids have many peaks, but peptides and proteins have gradually obscured peaks.

Compared to the conventional detection method such as HPLC, this method is novel and more

advantageous as it is easy, rapid and robust, being free from the complex preparation and detection

procedures. As the efficiency of precipitate extract using 100% concentration of solvents is higher than

that of 80% (Table 1), the tablets that made from precipitate extract using 100% concentration of

solvents contain a higher concentration. For example, the concentrations of making the tablets using

100% and 80% methanol were 25.02% and 8.87%, respectively. The concentrations for making the

tablets using 100% and 80% ethanol were 37.43% and 6.36%, respectively. As a result, the

absorbances of tablets made using 100% extraction solvents [Fig. 3 (b)] were higher than that using

80% extraction solvents [Fig. 3 (c)].

3.3 Calibration models at selected frequencies



As a useful approach to mine the spectral data, chemometric analysis has been comprehensively
applied to Raman spectroscopy (Nunes et al., 2019), near infrared spectroscopy (Garcia-Martin 2015;
Garcia-Martin, et al. 2019a, 2019b), and hyperspectral imaging (Cheng and Sun, 2015; Cheng et al.,
2017; Feng et al., 2018), to explain the relationship between the measured parameters and spectra data.
Partial least square regression (PLSR), one of the most common chemometric analyses, has been
employed to analyse data with collinear variables in the independent (X) and dependent variables ()
(Feng and Makino, 2020). The relationship between THz spectra and corresponding tablets
concentration were developed by the PLSR model. The noise and redundancy data were removed in
order to improve the performance of the model. To this end, the ranges of 0.5 - 7 THz were selected
for hesperidin and naringin samples measured by FT-FIR, respectively. For hesperidin sample, the
model using the data acquired from FT-FIR overall could achieve a high R¢? (range from 0.91 - 0.99)
and Rp? (range from 0.89 - 0.99) (Table 2). For naringin sample, R¢? and Rp? can reach up to 0.99 and
0.97, respectively. As mentioned by Girolamo et al., (2009), R? value that falls in the range of 0.66 to
0.81 indicates approximate quantitative prediction ability of the model whilst the R? value between
0.82 and 0.90 implies a good prediction. Excellent prediction can be obtained if the R? value is over
0.91 (Girolamo et al., 2009). In this case, the model performed well when using the data obtained from
FT-FIR for both hesperidin and naringin samples. For the naringin sample, the model performances of
data with different pre-treatments were not greatly improved compared with the raw data. With regard

to hesperidin sample, the Ry? value of model derived from 1% Deviation improved from 0.98 to 0.99,



with the reduction of RMSEP from 3.52% to 2.97%. The improved performance may be due to the

removal of the background noise and baseline drift caused by 1% deviation (Shen et al., 2012). MSC is

a transformation method, which could compensate for additive and multiplicative effects (Helland et

al., 1995) whilst SNV is usually employed to remove variability in the reflectance spectra caused by

light scattering (Jia et al., 2017). Comparably, the imidacloprid concentration within the rice powder
was detected using THz-TDS in the range of 0.3 and 1.7 THz (Chen et al., 2015). The optimal
frequency range with different number of intervals has been selected by interval partial least squares

(iPLS) and the highest R? can reach up to 0.9963 with RMSECV of 0.35.

The innovative points for current study are shown as follows:

1. The fingerprint THz spectra of hesperidin and naringin were for the first time identified by using
FT-FIR, which could fill the absent THz database and providing the useful information for the
deeper investigation.

2. The relationship between concentration of hesperidin/naringin and THz absorbance spectra were
for the first time established by using partial least square regression model, with the high
coefficients of determination for calibration (up to 0.99) and prediction groups (up to 0.99) and
the low RMSEC (lower to 0.70%) and RMSEP (lower to 2.97%).

3. The extracts from waste orange peels by using Soxhlet Extraction were novelty detected by
terahertz spectroscopy, which potentially simplifies the complex and time-consuming

conventional analysis (such as HPLC).



4. Conclusions

The feature spectra of hesperidin and naringin were successfully detected by FT-FIR, which updates
the THz database for hesperidin and naringin. Multivariate regression method like PLSR has been
employed for elucidating the relationship between the concentration of the hesperidin/naringin and
THz spectra. The determination coefficient of prediction model for hesperidin concentration devised
by THz spectra (THz selected range: 0.5 - 7 THz) pre-treated with 1% derivation was 0.99 with the
RMSEP of 2.97. As for naringin, PLSR model with raw data achieved a higher Rp? result (Rp? = 0.97)
with a lower RMSEP (4.48) compared with other pretreatments. The orange extracts were for the first
time detected by terahertz spectroscopy and identified to contain hesperidin in an easier way. Terahertz
spectroscopy, as an emerging and non-invasive approach, can rapidly evaluate the hesperidin content
directly from the orange extracts, demonstrating its powerful and fast analysis in online and off-line

inspections.
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Table 1 The comparison of crude and precipitation efficiencies using different extraction solvents

Extraction solvents Crude extract efficiency (%) Precipitate extract efficiency (%)
100% Methanol 43.20 £8.93 0.81+0.62
80% Methanol 103.76 +9.86 0.03+0.01
100% Ethanol 135.28 + 55.64 0.16 £0.13

80% Ethanol 95.25+18.72 0.05+0.05




Table 2 Statistical parameter for predicting concentration of tablets made from standard hesperidin

and naringin based on selected frequency range using PLSR with different pre-treatments.

Terahertz . . o
Treatments Calibration group Prediction group Cross Validation

range

05-70 ) RMSEC ) RMSEP R.2 RMSECV

THz 0, ) 0,
Raw 0.97 3.73 0.98 3.52 0.98 3.62
Normalization ~ 0.93 6.19 0.89 9.05 0.90 7.74

Hesperidin 1% Deviation 0.98 2.89 0.99 2.97 0.99 2.85

2" Deviation 0.99 2.58 0.98 4.21 0.99 2.78
MSC 0.91 7.01 0.92 7.70 0.90 7.64
SNV 0.92 6.76 0.92 7.52 0.91 7.56

05-7
Raw 0.99 2.71 0.97 4.48 0.99 2.81

THz

Normalization 0.94 6.11 0.93 6.68 0.03 24.91

1% Deviation 0.99 0.70 0.92 7.21 0.96 5.10
Naringin

2" Deviation 0.99 1.22 0.82 10.68 0.93 6.64

MSC 0.90 7.81 0.94 6.32 0.91 7.41

SNV 0.91 7.59 0.94 6.17 0.92 7.23

Note: MSC: multiplicative scatter correction; SNV: standard normal variate; RMSEC: the root mean square error of
calibration; RMSEP: the root mean square error of prediction; RMSECV: the root mean square error of cross
validation.
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1 Figure 1. Absorbance spectra of standard hesperidin (a) and naringin (b) mixture in polyethylene that

2 measured using Fourier transform far-infrared spectrometer.

3 Note: FT-FIR: Fourier transform far-infrared spectrometer
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7  Note: FT-FIR: Fourier transform far-infrared spectrometer
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