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Abstract: Green extraction is aimed at reducing energy consumption by using renewable plant sources
and environmentally friendly bio-solvents. Lime (Citrus aurantifolia) is a rich source of flavonoids (e.g.,
hesperidin) and limonoids (e.g., limonin). Manufacturing of lime products (e.g., lime juice) yields a
considerable amount of lime peel as food waste that should be comprehensively exploited. The aim
of this study was to develop a green and simple extraction method to acquire the highest yield of both
limonin and hesperidin from the lime peel. The study method included ethanolic-aqueous extraction
and variable factors, i.e., ethanol concentrations, pH values of solvent, and extraction temperature.
The response surface methodology was used to optimize extraction conditions. The concentrations of
limonin and hesperidin were determined by using UHPLC-MS/MS. Results showed that the yields of
limonin and hesperidin significantly depended on ethanol concentrations and extraction temperature,
while pH value had the least effect. The optimal extraction condition with the highest amounts
of limonin and hesperidin was 80% ethanol at pH 7, 50 ◦C, which yields 2.072 and 3.353 mg/g of
limonin and hesperidin, respectively. This study illustrates a green extraction process using food
waste, e.g., lime peel, as an energy-saving source and ethanol as a bio-solvent to achieve the highest
amount of double bioactive compounds.

Keywords: food waste; citrus; lime; green extraction; limonin; hesperidin; LC-MS/MS

1. Introduction

Plant extract is one of the main ingredients in functional food, dietary supplements
and herbal medicine. Production of plant extract usually requires growing a large amount
of plant as raw materials and utilizing toxic solvents for extraction. Thus, a green extraction
concept has been proposed as a desirable approach to save energy, reduce environmen-
tal problems, and promote sustainable development [1]. Chemat et al. proposed that
“green extraction is based on the discovery and design of extraction processes which will
reduce energy consumption, allow the use of alternative solvents and renewable natural
products, and ensure a safe and high-quality extract/product” [1]. To obtain limitless and
energy-saving plant sources for extraction, clean waste from the food industry can be a
good candidate.

Lime (Citrus aurantifolia) is a citrus fruit that has been cultivated around the world.
Its annual world production is approximately 20,050,000 metric tons [2]. The fruit is an
industrial drop that is sold in both fresh markets and the food industry. Nevertheless,
the commonly consumed part of the lime is the juice, which accounts for about 48% of
the total weight, while the rest (peel, seed, and dehydrated flesh: 52% of total weight) is
usually unused, thus becoming food waste [3]. To promote responsible consumption and
production, according to the sustainable development goals, such a significant amount of
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food waste from lime use should be managed and comprehensively exploited. Utilizing
food waste such as the lime peel not only reduces environmental problems but also adds
commercial value to limes [4].

Previous studies have shown that lime is a rich source of phytochemical compounds,
especially flavonoid and limonoid groups. These compounds can be found in all parts of the
lime, mostly abundant in the outer and inner layers of the peel (flavedo and albedo) [3,5,6].
The prominent phytochemical compounds that are reported to be found in waste products
from lime are limonin and hesperidin. Limonin is a natural tetracyclic triterpenoid com-
pound in the limonoid group. It is a secondary metabolite that is widely found in citrus
fruits [7]. Numerous studies have shown that limonin exhibits a wide spectrum of biologi-
cal and pharmacological activities, including anti-cancer [8–10], anti-inflammatory [10,11],
anti-oxidative [12], anti-viral [13], and liver-protective properties [14,15]. Hesperidin, or
vitamin P, is a flavanone glycoside found in all types of citrus fruits. It is one of the safest
and most valuable bioactive compounds, which possess a wide range of pharmacological
properties [16]. Hesperidin has exhibited anti-type II diabetic [16], anti-inflammatory [17],
anti-oxidative [17,18], anti-cancer [19,20], and cardioprotective properties [21,22], etc. These
findings suggest that limonin and hesperidin can provide health-promoting benefits. Nev-
ertheless, the traditional extraction methods for limonin and hesperidin usually require
organic solvents that are toxic and harmful to the environment (e.g., dichloromethane,
ethyl acetate, toluene, etc.) [23,24]. New extraction methods such as supercritical carbon
dioxide (SC-CO2) have been developed to solve this problem [25]. SC-CO2 extraction
reduces the organic solvent for extraction, resulting in a more environmentally friendly
process. Nevertheless, this process requires high costs, sophisticated devices, and special
expertise [24,25]. Thus, alternative extraction methods that use energy-saving plant sources
and environmentally friendly bio-solvents are necessary. The present study is aimed at
developing a green and simple extraction method to acquire the highest yield of both
limonin and hesperidin from lime peel. Factors affecting extraction efficiency were studied,
and the optimum green extraction method was proposed to maximize the use of food waste
for appreciable cost-effectiveness and environmental sustainability.

2. Results
2.1. Chromatograms and Mass Spectra of Limonin and Hesperidin

Chromatogram and mass spectra of limonin and hesperidin obtained from ultra-high
performance liquid chromatography and tandem mass spectrometry (UHPLC-MS/MS) are
shown in Figure 1. The precursor mass of limonin was m/z 471 (Figure 1A). The quantified
and confirmed product ions of limonin were m/z 425 and 367, respectively (Figure 1B).
The precursor mass of hesperidin was m/z 611 (Figure 1C). The quantified and confirmed
product ions of limonin were m/z 303 and 465, respectively (Figure 1D). The retention
times of limonin and hesperidin were 0.6 and 1.6 min, respectively. Calibration curves
showed good linearity with an average R2 of 0.9932 and 0.9912 for limonin and hesperidin,
respectively (Figure 1E,F). Intra-day precision for limonin and hesperidin was 0.26–8.33%
and 0.76–7.76% RSD, respectively. Inter-day precision for the analyses of limonin and
hesperidin was 0.43–9.58 and 0.46–10.75, respectively.

2.2. Effect of Extraction Factors on Limonin and Hesperidin Concentration

As shown in Figure 2, the yields of limonin and hesperidin concentrations were varied
upon ethanol concentrations and pH values. At pH 7 and 50 ◦C, extraction with 80%
ethanol showed the highest yields among all ethanol concentrations tested. However,
pH values of ethanol solutions also affected limonin and hesperidin concentration. The
concentration of limonin and hesperidin tended to decrease when the pH value increased
from 7 to 9 and from 7 to 11, respectively, for most ethanol concentrations, except for
those of 100% ethanol at pH 9. Furthermore, temperature is also another factor affecting
extraction efficiency. As shown in Figure 3, at pH 7 when the extraction temperature rises
from 50 to 60 ◦C and from 50 to 70 ◦C, respectively, the yields of limonin and hesperidin
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concentrations seemed to decrease in most conditions, except for those of hesperidin after
extraction with 100% ethanol (no changes upon temperature rise).
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Figure 1. Reference compounds analyzed by UHPLC-MS/MS. Precursor MS spectra of limonin (A) 
and hesperidin (B). Chromatograms for quantified (upper) and confirmed (lower) product ions of 
limonin (C) and hesperidin (D). Retention times are shown as a red number above the quantified 
peaks. Average calibration curves of limonin (E) and hesperidin (F) generated by the linear plots 
between areas under the curves of the quantitative product ions and the concentrations of standard 
solutions. R2 values were obtained from linear regression. 
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As shown in Figure 2, the yields of limonin and hesperidin concentrations were var-

ied upon ethanol concentrations and pH values. At pH 7 and 50 °C, extraction with 80% 
ethanol showed the highest yields among all ethanol concentrations tested. However, pH 
values of ethanol solutions also affected limonin and hesperidin concentration. The con-
centration of limonin and hesperidin tended to decrease when the pH value increased 

Figure 1. Reference compounds analyzed by UHPLC-MS/MS. Precursor MS spectra of limonin
(A) and hesperidin (B). Chromatograms for quantified (upper) and confirmed (lower) product ions
of limonin (C) and hesperidin (D). Retention times are shown as a red number above the quantified
peaks. Average calibration curves of limonin (E) and hesperidin (F) generated by the linear plots
between areas under the curves of the quantitative product ions and the concentrations of standard
solutions. R2 values were obtained from linear regression.
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As shown in Figures 2–3, regardless of pH or temperature, the use of mixed solvents 
(ethanol and DI water) provided higher yields of limonin and hesperidin than those of the 
pure solvent (100% ethanol). The highest concentrations of limonin and hesperidin were 
achieved by extraction with 70% and 80% ethanol (v/v), respectively. 

Figure 2. Effect of pH on extraction efficiency. Limonin (A) and hesperidin (B) concentrations in the
ethanolic-aqueous extracts of lime peel after extraction with 60% (•), 70% (�), 80% (N), and 100%
(H) ethanol in water with the specified pH values at 50 ◦C for 100 min. The statistical differences
were separately analyzed for limonin and hesperidin by using one-way ANOVA followed by Tukey’s
multiple comparisons test. * , **, *** and **** mean p < 0.05, <0.01, <0.001 and <0.0001, respectively,
compared with the concentrations of limonin or hesperidin at pH 7 of each specified condition.

As shown in Figures 2 and 3, regardless of pH or temperature, the use of mixed
solvents (ethanol and DI water) provided higher yields of limonin and hesperidin than
those of the pure solvent (100% ethanol). The highest concentrations of limonin and
hesperidin were achieved by extraction with 70% and 80% ethanol (v/v), respectively.

2.3. Optimization of Extraction Conditions

The results of this study showed that ethanol concentration, pH value of solvent, and
extraction temperature were key factors affecting the yields of limonin and hesperidin.
When analyzed with ANOVA, the interactions between these factors were found. There-
fore, response surface methodology (RSM) was used to demonstrate the relationship
between these factors and was used to identify the most influential factor. Figure 4A–C and
Figure 4D–F show the RSM models for limonin and hesperidin concentration, respectively.
The optimum values of the factors are shown within the warm tone color (maximum
within red) regions. The response surface analysis (RSA) using ANOVA showed that the
extraction yield of limonin depended most on ethanol concentration, followed by extraction
temperature. The extraction yield of hesperidin depended most on extraction temperature
followed by ethanol concentration. The pH value had the least effect on the extraction
yields of both limonin and hesperidin.

2.4. Yields of Limonin and Hesperidin in Ethanolic-Aqueous Extracts of Lime Peel

The extraction yield was calculated as mg of limonin or hesperidin per gram of dry
peel. As shown in Table 1, the condition yielding the highest amount of limonin was the
extraction with 70% ethanol at pH 7 and 60 ◦C, while the condition yielding the highest
amount of hesperidin was the extraction with 80% ethanol at pH 7 and 50 ◦C. For limonin,
the extraction yields of 70% and 80% ethanol were not significantly different. However,
for hesperidin, 80% ethanol provided a significantly better yield. Therefore, the optimal
extraction condition achieving the highest amounts of limonin and hesperidin was 80%
ethanol at pH 7, 50 ◦C.
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Table 1. Yields of limonin and hesperidin in lime peel ethanolic-aqueous extracts; each extraction
condition is at a solid-to-solvent ratio (SSR) of 0.01 g/mL.

Extraction Condition pH of Extract
(before Adjusting)

Limonin Yield
(mg/g Dry Peel)

Hesperidin Yield
(mg/g Dry Peel)%ETOH pH Temp.

60 7 50 4.15 2.086 ± 0.015 abc 2.373 ± 0.023 ef

60 7 60 4.12 1.838 ± 0.140 fghi 1.327 ± 0.379 hi

60 7 70 4.12 1.143 ± 0.167 nop 1.108 ± 0.172 ijk

60 9 50 3.98 1.731 ± 0.022 ij 2.142 ± 0.015 fg

60 9 60 4.08 1.749 ± 0.033 hij 1.196 ± 0.023 ij

60 9 70 4.01 1.540 ± 0.011 lm 0.605 ± 0.011 nop

60 11 50 4.25 2.095 ± 0.051 abc 0.330 ± 0.153 qrs

60 11 60 4.43 1.548 ± 0.031 lm 0.876 ± 0.010 klmn

60 11 70 4.20 1.577 ± 0.025 klm 0.665 ± 0.010 mnop

70 7 50 4.22 2.125 ± 0.036 ab 2.523 ± 0.058 de

70 7 60 4.27 2.191 ± 0.024 a 2.054 ± 0.243 g

70 7 70 4.29 1.984 ± 0.094 bcdef 0.958 ± 0.135 jkl

70 9 50 4.29 2.043 ± 0.049 abcd 2.191 ± 0.027 fg

70 9 60 4.28 1.796 ± 0.053 ghi 1.230 ± 0.085 ij

70 9 70 4.43 1.264 ± 0.002 n 0.588 ± 0.026 opq

70 11 50 4.45 1.996 ± 0.056 bcde 2.131 ± 0.032 fg

70 11 60 4.46 1.909 ± 0.072 defgh 0.801 ± 0.014 lmno

70 11 70 4.49 1.260 ± 0.013 n 0.590 ± 0.013 op

80 7 50 4.50 2.072 ± 0.173 abcd 3.353 ± 0.121 a

80 7 60 4.46 0.653 ± 0.013 r 0.370 ± 0.013 qr

80 7 70 3.60 0.716 ± 0.058 r 1.544 ± 0.055 h

80 9 50 5.44 1.944 ± 0.019 cdefg 2.748 ± 0.057 bcd

80 9 60 4.63 0.894 ± 0.002 q 0.824 ± 0.006 klmno

80 9 70 3.64 1.537 ± 0.041 lm 2.707 ± 0.111 cd

80 11 50 8.61 1.048 ± 0.046 p 2.906 ± 0.078 bc

80 11 60 10.48 0.173 ± 0.004 s 0.770 ± 0.011 lmno

80 11 70 9.42 1.607 ± 0.026 jkl 3.003 ± 0.038 b

100 7 50 5.03 1.417 ± 0.376 m 0.705 ± 0.041 lmno

100 7 60 5.10 1.052 ± 0.066 op 0.681 ± 0.048 lmno
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Table 1. Cont.

Extraction Condition pH of Extract
(before Adjusting)

Limonin Yield
(mg/g Dry Peel)

Hesperidin Yield
(mg/g Dry Peel)%ETOH pH Temp.

100 7 70 4.66 1.208 ± 0.025 no 0.708 ± 0.037 lmno

100 9 50 5.28 1.720 ± 0.059 ijk 2.000 ± 0.130 g

100 9 60 5.97 0.738 ± 0.056 r 0.341 ± 0.007 qrs

100 9 70 6.07 0.692 ± 0.027 r 0.371 ± 0.004 pqr

100 11 50 10.43 0.170 ± 0.004 s 0.081 ± 0.084 st

100 11 60 10.86 0.174 ± 0.003 s 0.218 ± 0.109 rst

100 11 70 10.84 0.173 ± 0.004 s 0.003 + 0.001 t

Table shows mean ± SD (n = 3). a–t Different superscript letters mean significant differences (p < 0.05) and same
letter mean significant differences (p ≥ 0.05), obtained from ANOVA with Ryan–Einot–Gabriel–Welsh F post hoc
test. Grey shade depicts highest yields.
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3. Discussion

A number of scientific evidence supports the use of plant extracts to promote good
health and wellbeing [26]. However, traditional methods for plant extraction are energy-
consuming and environmentally unfriendly [1]. In this study, we demonstrated a good
example of green extraction by utilizing food waste such as lime peel as a plant source and
by using ethanol–water as a bio-solvent to achieve the highest amount of double bioactive
compounds, i.e., limonin and hesperidin. LC-MS/MS was used to accurately determine
the amount of bioactive compounds in the extract. The findings of this work suggest that
ethanol concentration and extraction temperature were key factors affecting the extraction
yields of limonin and hesperidin, while pH value had the least effect. The optimal extraction
condition achieving the highest amounts of limonin and hesperidin was 80% ethanol at
pH 7, 50 ◦C, which yields 2.072 and 3.353 mg/g of limonin and hesperidin, respectively.

Previous studies mostly used toxic organic solvents such as dimethyl sulfoxide
(DMSO), dichloromethane, ethyl acetate, and toluene for plant extraction of limonin and
hesperidin [23,24]. Instead, less toxic solvents, i.e., ethanol and water, were chosen for
extraction in this study. In comparison with previous studies [12,27], the extraction yields
of limonin and hesperidin in this work are relatively lower. The yield ranges for limonin
and hesperidin in previous studies were 2.3–11.38 and 0.0–3.6 mg/g, respectively. The yield
ranges for limonin and hesperidin in this study were 0.170–2.191 and 0.003–3.353 mg/g.
Furthermore, the effect of pH on extraction yields, which was shown to be crucial in previ-
ous studies, plays a minor role according to our current study. One of the main reasons
of the discrepancy is the difference in detection methods. Previous works mostly used
high-performance liquid chromatography (HPLC) to detect limonin and hesperidin in
plant products, including in citrus fruits [28]. However, the limitation of HPLC is its inabil-
ity to separate compounds that have similar properties in interactions of the mobile and
stationary phases [28–30]. Analysis of bioactive compounds using HPLC usually produced
high yields, but they were not entirely specific. Therefore, HPLC mostly provides a rough
estimate of the whole class of compounds (e.g., limonoids or flavanone) rather than the
accurate determination of specific bioactive compounds (e.g., limonin and hesperidin). In
contrast, liquid chromatography–tandem mass spectrometry (LC-MS/MS) can determine
the existence and the amount of specific compounds based on mass-to-charge ratio of ions
and fragment ions that are produced during the ionization process [31]. In comparison
with HPLC, LC-MS/MS provides a more accurate separation and quantification of specific
bioactive compounds. Therefore, in this study, LC-MS/MS was chosen to specifically
determine the amounts of limonin and hesperidin.

In general, the efficiency of plant extraction mainly depends on type of solvent, dura-
tion, pH value, and temperature [32]. Therefore, in this study, we investigated the impact
of those factors. In the case of limonin, previous studies have reported that pH value had a
significant effect on limonin concentration through the activity of Limonin-D-ring-lactonase
(LDRLase) [24]. LDRLase is an enzyme found in citrus fruits that catalyzes the reversible
conversion between limonin and limonoate A-ring lactone (LARL). The activity of LDRLase
depends on pH value. In an alkaline condition (pH ≥ 8), LDRLase catalyzes a ring-opening
reaction through hydrolysis of the D-ring in limonin and converts it into LARL [33]. LC-
MS/MS is specific to limonin; therefore, the LARL form will not be detected at the same
measurement. This fact may explain why the yield of limonin decreases when extracted at
a higher pH. Nevertheless, according to our response surface methodology, pH value of
extraction solvent had the smallest effect on limonin concentration, compared to ethanol
concentration and extraction temperature. Likewise, pH value of extraction solvent had the
least effect on hesperidin concentration. Previous studies have shown that the solubility
of hesperidin significantly increased at higher pH. However, at a pH value greater than 9,
degradation of hesperidin could also occur [34]. Thus, increasing the pH did not result in a
significantly higher hesperidin concentration, when hesperidin was specifically determined
by LC-MS/MS.
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In this study, the extraction temperature and ethanol concentration were shown to
play an important role in the extraction efficiency of limonin and hesperidin from lime
peel. For ethanol concentration, we found that the use of mixed solvents (ethanol and
DI water) provided higher yields of limonin and hesperidin than those of pure ethanol.
Consistently, a previous report by Gertenbach demonstrated that the presence of water in
the solvent mixture causes the plant cells to swell, allowing easier diffusion of the solvent
into the plant cells [35]. For extraction temperature, we found that an increase in the
extraction temperature to higher than 50 ◦C actually reduced the yield of limonin and
hesperidin. Generally, the solubility of bioactive compounds is increased with a rise in
temperature; thus, heat is expected to increase extraction efficiency [36]. Nevertheless, the
effect of temperature on extraction also depends on the chemical properties of the extracted
compounds. In the case of limonin and hesperidin, previous studies reported that, as the
temperature rises, limonin can significantly degrade [37], and hesperidin can be converted
into its aglycone form (hesperetin) through chemical or enzymatic processes [34]. It was
also reported that hesperidin glycosylated form and hesperidin complex has high thermal
stability, but pure hesperidin has low thermal stability. These structural differences cannot
be detected with the HPLC technique [38], but they can be distinguished with LC-MS/MS.
In this study, we used LC-MS/MS to specifically determine only limonin and hesperidin.
Therefore, temperature-dependent degradation or conversion can result in a decrease in
limonin concentration when detected with LC-MS/MS. Future studies using LC-MS/MS
are warranted to characterize various forms of limonin and hesperidin derivatives in varied
extraction conditions. However, this study indicated that the pH values of extracts could be
different from those of the solvents, which is consistent with a previous study by Hosseini
that extracted from red cabbage, barberry, and eggplant peel. They reported that pH values
of the extract may change after extraction and were found to differ when extracted with
different solvents [39]. This may be the result of various extraction factors, such as types
and percentage of the extraction solvent, properties of the sample, solid-to-solvent ratio,
etc., that affect the extraction of acidic substances in the sample. Future investigation of
this point is worthwhile.

Considering the interaction between several factors affecting extraction efficiency, our
response surface methodology data is consistent with previous studies. Qin et al. showed
that extraction temperature had a profound effect on the limonin concentration in the extract
of pummelo seeds [12]. Another study, which extracted hesperidin from three types of
citrus peels (orange, lemon, and clementine), found that ethanol concentration significantly
affected hesperidin concentration in every sample, while the extraction temperature had a
significant effect on some samples [40]. The most influential factors on extraction efficiency
may vary depending on the species or part of the plant used for extraction. Furthermore,
other factors, e.g., solid-to-solvent ratio, time for extraction, level of shaking, etc., also
impact extraction yields. Therefore, to obtain consistently high yields of plant extract,
optimization of the extraction method and good quality control of the extraction condition
are absolutely required.

The strength of this work includes the detailed design of varied conditions for ethanol
concentration, temperature, and pH to elucidate the interactions among these extraction
factors. In addition, the use of LC-MS/MS allows for accurate and specific measurements
of the bioactive compounds. Nevertheless, the limitations of this work include the fact that
only temperatures of 50 ◦C and above and pH of 7 and above were tested. Furthermore,
the lime peel powder used for extraction was randomly collected from the same batch of
the industrial food waste. Future studies are warranted to compare the extraction yields of
limonin and hesperidin from various batches of food waste. Calculation of the coefficient
of variations (CV) is required to determine the consistency. Using industrial food waste,
such as lime peel, from a standardized lime juice factory not only saves energy in growing
new lime trees, but it also benefits from the good manufacturing practice (GMP) system to
control the consistency of raw materials, i.e., the source of lime. Another limitation of this
study is that we only used ethanol as an extraction solvent. The aim of this work was to
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develop a green extraction process. Therefore, ethanol was chosen based on its low cost,
solubility, and environmentally friendly properties. This study used ethanol for extraction
and LC-MS-MS for quantitation of extraction yields, while previous studies used more
harmful solvents for extraction and HPLC for analysis. Therefore, the extraction yields
obtained in this study cannot be fairly compared with previous works. Future studies
are warranted to compare the extraction yields of ethanol with other types of solvents in
parallel experiments and using similar analytical methods such as LC-MS/MS.

This study discovered an optimized green extraction method to achieve the highest
yields of limonin and hesperidin by using 80% ethanol in water to extract lime peel at
pH 7 and 50 ◦C. The limonin–hesperidin-rich ethanolic-aqueous extracts of lime peel are
expected to be highly effective owing to the dual bioactive compounds. Future in vitro
and in vivo studies are warranted to investigate its health benefits such as anti-cancer,
anti-inflammatory and anti-oxidative properties.

4. Materials and Methods
4.1. Chemicals and Raw Materials

Lime peel powder was obtained from Chiangmai Bioveggie Co., Ltd. (Chiang Mai,
Thailand). The powder was produced by vacuum drying fresh lime peel, which is the food
waste from the GMP-certified lime juice factory. Analytical standard of limonin (≥95.0%
purity) and hesperidin (≥97.0% purity) were purchased from Supelco, Inc. (Bellefonte,
PA, USA). HPLC-grade ethanol (≥99.8% purity), sodium hydroxide (≥98% purity), citric
acid (≥99.5% purity) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Phosphate-
buffered saline (pH 7.4) was purchased from Invitrogen Life Science Technologies, Thermo
Fisher Scientific, Inc. (Waltham, MA, USA).

4.2. Experimental Design

Based on the chemical properties of limonin [41] and hesperidin [34], three variables,
namely solvent dosage, pH of solvent, and temperature of extraction, were selected to vary
the extraction conditions. Other factors, including time for extraction, the level of shaker
and solid-to-solvent ratio, remained constant in all experiments. Ethanol was chosen as
the extraction solvent in this study because it was a relatively low-cost organic solvent that
classified as an environmentally friendly preferable green solvent and commonly used in
various industries [42]. Lime peel powder was extracted with 60%, 70%, 80% ethanol in
water, and 100% ethanol, and varied pH values of solvent at 7, 9, and 11. All extraction
experiments were performed with a solid-to-solvent ratio of 0.01 g/mL in a shaking water
bath (Memmert GmBH Co., Büchenbach, KG, Germany) at shaking speed level of 3.5 for
100 min. The extraction temperatures varied at 50, 60, or 70 ◦C. All conditions of extraction
were performed three times separately, and three independent samples were used for data
analysis. Response surface methodology was used to determine the optimum extraction
conditions to extract limonin and hesperidin by varying operating parameters according
to 3 × 3 factorials. Then, the concentrations of limonin and hesperidin were measured by
UHPLC-MS/MS.

4.3. UHPLC-MS/MS Analysis

Measurement of limonin and hesperidin was performed with a method adapted from
a previous study [43,44]. The extracts were collected and filtered through a 0.2 micron nylon
syringe filter. The extracts were adjusted pH values to 7.4 with sodium hydroxide or citric
acid solution. The final volumes were adjusted by using phosphate-buffered saline (pH 7.4)
prior to analysis. The samples were analyzed with ultra-high performance liquid chro-
matography (UHPLC)-tandem mass spectrometry by using Ultimate 3000 connected with
a TSQ Quantis Triple Quadrupole Mass Spectrometer (Thermo Scientific, Waltham, MA,
USA). UHPLC was performed by using Hypersil GOLD C18 column (1.9 µm particle size,
100 mm × 2.1 mm, ThermoScientific, Waltham, MA, USA). The column was maintained
at 40 ◦C. Gradient run at a flow rate of 0.3 mL/ min for 5.10 min was performed using
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two types of mobile phase, i.e., 0.1% formic acid in deionized water (A) and 0.1% formic
acid in methanol (B). The gradient program included: 0–1.3 min, 15–30% B; 1.30–2.50 min,
30–60% B; 2.50–5.10 min, 60–60% B. The injection volume was 1 µL. Tandem mass spectro-
metric analysis was performed in electron spray ionization with positive ion mode (ESI+)
at spray voltage of 3.5 kV, ion transfer tube temperature at 350 ◦C, vaporizer temperature at
400 ◦C, sheath gas, auxiliary gas and sweep gas at 60, 15 and 2 arbitrary units, respectively.
Mass spectrometer analyses of all samples were performed in selected reaction monitoring
(SRM) mode for simultaneous analysis of multiple masses. The mass-to-charge ratio (m/z)
of limonin precursor and quantified product mass were 471 and 425, respectively. The
collision energy of 20 V was used for the transition. The confirmation product mass for
limonin was m/z 367 with the collision energy of 19 V for the transition. For hesperidin, the
precursor and quantified product mass were m/z 611 and 303, respectively. The collision
energy of 20 V was used for the transition. The confirmation product mass for hesperidin
was m/z 465 with the collision energy of 12 V for the transition.

Standard curves were generated from standard solution of single compound (limonin
or hesperidin) at the concentrations of 5, 10, 25, 50, 100 µg/ mL in ethanol. The areas under
the curve (AUC) of MS chromatograms for the quantified product mass and the correspond-
ing concentrations of limonin and hesperidin were used to create linear standard curves.

4.4. Statistical Analysis

Statistical analyses were performed using PASW Statistics 18 (formerly SPSS Statistics)
or GraphPad prism V.9. Data were expressed as means ± SD of at least 3 independent
experiments (three separate extractions). One-way analysis of variance (ANOVA) with
Tukey’s multiple comparisons or Ryan–Einot–Gabriel–Welsh F (REGWF) post hoc test was
performed to compare the mean of each experimental condition. Multi-factorial ANOVA
was used to determine the interaction effect of independent variables. A p value < 0.05
indicated a statistically significant difference.

5. Conclusions

This study demonstrated that lime peel obtained as food waste from a lime juice factory
could be a potential renewable plant source for limonin and hesperidin—a rich extract.
Using LC-MS/MS for determination of the bioactive compounds together with response
surface methodology, we discovered that solvent concentration and extraction temperature
were crucial factors that influenced extraction yields. The optimum condition to obtain the
highest yields of limonin and hesperidin from lime peel was extraction with 80% ethanol
at a solid-to-solvent ratio of 0.01 g/mL and pH 7 at 50 ◦C for 100 min. This condition
provided the yields of limonin and hesperidin at 2.072 and 3.353 mg/g, respectively. The
method used ethanol and water as the extraction solvent, which is safer for extractors and
more environmentally friendly than other previously used organic solvents. Therefore, this
process offers a good alternative that may be applied for implementation on an industrial
scale as a green extraction process of limonin and hesperidin.

Author Contributions: Conceptualization, C.M. and D.T.; Data curation, P.P. and D.T.; Formal
analysis, P.P.; Investigation, P.P.; Methodology, P.P., C.M. and D.T.; Supervision, D.T.; Writing—
original draft, P.P.; Writing—review and editing, C.M. and D.T. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: The authors would like to thank Chiangmai Bioveggie Co., Ltd. for supporting
lime peel powder used in this study. P.P. received “The 60th Year Supreme Reign of His Majesty King
Bhumibol Adulyadej” scholarship, Faculty of Graduate Studies, Mahidol University.



Molecules 2022, 27, 820 11 of 12

Conflicts of Interest: The authors declare no conflict of interest or personal relationships with other
people or organizations that can inappropriately influence our work.

Sample Availability: Samples of the compounds are available from the authors upon a
reasonable request.

References
1. Chemat, F.; Vian, M.A.; Cravotto, G. Green extraction of natural products: Concept and principles. Int. J. Mol. Sci. 2012, 13,

8615–8627. [CrossRef] [PubMed]
2. Shahbandeh, M. Leading Fresh Lemon and Lime Producers Worldwide in 2020/2021. Available online: https://www.statista.

com/statistics/1045016/world-lemons-and-limes-major-producers/ (accessed on 18 November 2021).
3. Mahato, N.; Sinha, M.; Sharma, K.; Koteswararao, R.; Cho, M.H. Modern Extraction and Purification Techniques for Obtaining

High Purity Food-Grade Bioactive Compounds and Value-Added Co-Products from Citrus Wastes. Foods 2019, 8, 523. [CrossRef]
[PubMed]

4. Ledesma-Escobar, C.; Castro, M. Towards a comprehensive exploitation of citrus. Trends Food Sci. Technol. 2014, 39, 63–74.
[CrossRef]

5. Nogata, Y.; Sakamoto, K.; Shiratsuchi, H.; Ishii, T.; Yano, M.; Ohta, H. Flavonoid composition of fruit tissues of citrus species.
Biosci. Biotechnol. Biochem. 2006, 70, 178–192. [CrossRef] [PubMed]

6. Elgayed, S.; Elsayed, A.; ElGhonaimy, A.; Wahab, S. PLC characterization and potentiality of Citrus aurantium var. deliciosa fruits:
Peel and seeds on plant-parasitic nematodes. J. Med. Plant Res. 2017, 11, 284–295. [CrossRef]

7. Fan, S.; Zhang, C.; Luo, T.; Wang, J.; Tang, Y.; Chen, Z.; Yu, L. Limonin: A Review of Its Pharmacology, Toxicity, and Pharmacoki-
netics. Molecules 2019, 24, 3679. [CrossRef]

8. Bae, J.R.; Park, W.H.; Suh, D.H.; No, J.H.; Kim, Y.B.; Kim, K. Role of limonin in anticancer effects of Evodia rutaecarpa on ovarian
cancer cells. BMC Complement. Med. Ther. 2020, 20, 94. [CrossRef]

9. Yao, J.; Liu, J.; Zhao, W. By blocking hexokinase-2 phosphorylation, limonin suppresses tumor glycolysis and induces cell
apoptosis in hepatocellular carcinoma. Onco. Targets Ther. 2018, 11, 3793–3803. [CrossRef]

10. Shimizu, S.; Miyamoto, S.; Fujii, G.; Nakanishi, R.; Onuma, W.; Ozaki, Y.; Fujimoto, K.; Yano, T.; Mutoh, M. Suppression of
intestinal carcinogenesis in Apc-mutant mice by limonin. J. Clin. Biochem. Nutr. 2015, 57, 39–43. [CrossRef]

11. Kim, W.; Fan, Y.-Y.; Smith, R.; Patil, B.; Jayaprakasha, G.K.; McMurray, D.N.; Chapkin, R.S. Dietary curcumin and limonin
suppress CD4+ T-cell proliferation and interleukin-2 production in mice. J. Nutr. 2009, 139, 1042–1048. [CrossRef]

12. Qin, S.; Lv, C.; Wang, Q.; Zheng, Z.; Sun, X.; Tang, M.; Deng, F. Extraction, identification, and antioxidant property evaluation of
limonin from pummelo seeds. Animal Nutr. 2018, 4, 281–287. [CrossRef]

13. Balestrieri, E.; Pizzimenti, F.; Ferlazzo, A.; Giofrè, S.V.; Iannazzo, D.; Piperno, A.; Romeo, R.; Chiacchio, M.A.; Mastino, A.;
Macchi, B. Antiviral activity of seed extract from Citrus bergamia towards human retroviruses. Bioorg. Med. Chem. 2011, 19,
2084–2089. [CrossRef]

14. Iwata, H.; Tezuka, Y.; Kadota, S.; Hiratsuka, A.; Watabe, T. Mechanism-based inactivation of human liver microsomal CYP3A4 by
rutaecarpine and limonin from Evodia fruit extract. Drug Metab. Pharmacokinet. 2005, 20, 34–45. [CrossRef] [PubMed]

15. Mahmoud, M.F.; Gamal, S.; El-Fayoumi, H.M. Limonin attenuates hepatocellular injury following liver ischemia and reperfusion
in rats via toll-like receptor dependent pathway. Eur. J. Pharmacol. 2014, 740, 676–682. [CrossRef] [PubMed]

16. Srinivasan, S.; Vinothkumar, V.; Murali, R. Chapter 22-Antidiabetic Efficacy of Citrus Fruits with Special Allusion to Flavone
Glycosides. In Bioactive Food as Dietary Interventions for Diabetes, 2nd ed.; Watson, R.R., Preedy, V.R., Eds.; Academic Press:
Cambridge, MA, USA, 2019; pp. 335–346.

17. Parhiz, H.; Roohbakhsh, A.; Soltani, F.; Rezaee, R.; Iranshahi, M. Antioxidant and anti-inflammatory properties of the citrus
flavonoids hesperidin and hesperetin: An updated review of their molecular mechanisms and experimental models. Phytother.
Res. 2015, 29, 323–331. [CrossRef] [PubMed]

18. Estruel-Amades, S.; Massot-Cladera, M.; Garcia-Cerdà, P.; Pérez-Cano, F.J.; Franch, À.; Castell, M.; Camps-Bossacoma, M.
Protective Effect of Hesperidin on the Oxidative Stress Induced by an Exhausting Exercise in Intensively Trained Rats. Nutrients
2019, 11, 783. [CrossRef]

19. Banjerdpongchai, R.; Wudtiwai, B.; Khaw-On, P.; Rachakhom, W.; Duangnil, N.; Kongtawelert, P. Hesperidin from Citrus seed
induces human hepatocellular carcinoma HepG2 cell apoptosis via both mitochondrial and death receptor pathways. Tumour Biol
2016, 37, 227–237. [CrossRef]

20. Aggarwal, V.; Tuli, H.S.; Thakral, F.; Singhal, P.; Aggarwal, D.; Srivastava, S.; Pandey, A.; Sak, K.; Varol, M.; Khan, M.A.; et al.
Molecular mechanisms of action of hesperidin in cancer: Recent trends and advancements. Exp. Biol. Med. 2020, 245, 486–497.
[CrossRef] [PubMed]

21. Zanwar, A.A.; Badole, S.L.; Shende, P.S.; Hegde, M.V.; Bodhankar, S.L. Chapter 76-Cardiovascular Effects of Hesperidin: A
Flavanone Glycoside. In Polyphenols in Human Health and Disease; Watson, R.R., Preedy, V.R., Zibadi, S., Eds.; Academic Press: San
Diego, CA, USA, 2014; pp. 989–992.

http://doi.org/10.3390/ijms13078615
http://www.ncbi.nlm.nih.gov/pubmed/22942724
https://www.statista.com/statistics/1045016/world-lemons-and-limes-major-producers/
https://www.statista.com/statistics/1045016/world-lemons-and-limes-major-producers/
http://doi.org/10.3390/foods8110523
http://www.ncbi.nlm.nih.gov/pubmed/31652773
http://doi.org/10.1016/j.tifs.2014.07.002
http://doi.org/10.1271/bbb.70.178
http://www.ncbi.nlm.nih.gov/pubmed/16428836
http://doi.org/10.5897/JMPR2017.6361
http://doi.org/10.3390/molecules24203679
http://doi.org/10.1186/s12906-020-02890-y
http://doi.org/10.2147/OTT.S165220
http://doi.org/10.3164/jcbn.15-28
http://doi.org/10.3945/jn.108.102772
http://doi.org/10.1016/j.aninu.2018.05.005
http://doi.org/10.1016/j.bmc.2011.01.024
http://doi.org/10.2133/dmpk.20.34
http://www.ncbi.nlm.nih.gov/pubmed/15770073
http://doi.org/10.1016/j.ejphar.2014.06.010
http://www.ncbi.nlm.nih.gov/pubmed/24967531
http://doi.org/10.1002/ptr.5256
http://www.ncbi.nlm.nih.gov/pubmed/25394264
http://doi.org/10.3390/nu11040783
http://doi.org/10.1007/s13277-015-3774-7
http://doi.org/10.1177/1535370220903671
http://www.ncbi.nlm.nih.gov/pubmed/32050794


Molecules 2022, 27, 820 12 of 12

22. Mas-Capdevila, A.; Teichenne, J.; Domenech-Coca, C.; Caimari, A.; Del Bas, J.M.; Escoté, X.; Crescenti, A. Effect of Hesperidin on
Cardiovascular Disease Risk Factors: The Role of Intestinal Microbiota on Hesperidin Bioavailability. Nutrients 2020, 12, 1488.
[CrossRef]
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