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Preface to ”Chromatography-the Ultimate Analytical

Tool”

Since its early introduction by the Russian botanist Mikhail Semyonovich Tsvet, chromatography

has been undoubtedly the most powerful analytical tool in analytical chemistry.

Separation, qualitative analysis, and quantitative analysis can be achieved by choosing the

right conditions. Thus, numerous gas chromatographic, liquid chromatographic, and supercritical

fluid chromatographic methods have been developed and applied for most types of samples

and most kinds of analytes. Additionally, older varieties such as paper chromatography and

thin-layer chromatography were pioneer analytical techniques in many laboratories. Especially when

hyphenated to spectrometric techniques, chromatography also allows the identification of separated

analytes in a single run. Highly sophisticated equipment can answer all analytical problems very

quickly. Chromatographers cooperate with many scientific fields and give their lights to medical

doctors, veterinarians, food scientists, biologists, dentists, archaeologists, etc. In this Special Issue,

analytical chemists were invited to prove that chromatography-based separation techniques are the

ultimate analytical tool and their significant contribution is reflected in ten interesting articles.

Victoria Samanidou and Natasa Kalogiouri

Editors
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Abstract: Walnut byproducts have been shown to exert functional properties, but the literature on
their bioactive content is still scarce. Among walnut byproducts, walnut septum is a dry ligneous
diaphragm tissue that divides the two halves of the kernel, exhibiting nutritional and medicinal
properties. These functional properties are owing to its flavonoid content, and in order to explore the
flavonoid fraction, an ultrasound-assisted (UAE) protocol was combined with solid phase extraction
(SPE) and coupled to high-performance liquid chromatography with diode array detection (HPLC-
DAD) for the determination of flavonoids in Greek walnut septa membranes belonging to Chandler,
Vina, and Franquette varieties. The proposed UAE-SPE-HPLC-DAD method was validated and the
relative standard deviations (RSD%) of the within-day and between-day assays were lower than 6.2
and 8.5, respectively, showing good precision, and high accuracy ranging from 90.8 (apigenin) to
97.5% (catechin) for within-day assay, and from 88.5 (myricetin) to 96.2% (catechin) for between-day
assay. Overall, seven flavonoids were determined (catechin, rutin, myricetin, luteolin, quercetin,
apigenin, and kaempferol) suggesting that the walnut septum is a rich source of bioactive constituents.
The quantification results were further processed using ANOVA analysis to examine if there are
statistically significant differences between the concentration of each flavonoid and the variety of the
walnut septum.

Keywords: walnut septum; UAE; SPE; flavonoids; functional; HPLC-DAD

1. Introduction

The development of analytical methodologies to characterize natural ingredients and
produce high added value food products is a field of research that has attracted the interest
of the scientific community, industry, and consumers, as well. During the last decades,
there has been an increasing demand for foods that not only have high nutritional and
sensorial quality but also deliver health promoting benefits through certain ingredients,
namely “bioactive” or “functional” [1]. Moreover, emphasis is given on the valorization
of food byproducts that combine nutritional value, flavor, and health benefits, as well.
Towards this direction and in order to protect both public health and environment agri-food
byproducts, generated in large amounts worldwide, can be exploited as a promising source
of valuable compounds for novel food applications.

Walnuts (Juglans regia L.) are a valuable nutritional source with pleasant taste, con-
sumed on a global scale. Walnut has been cultivated since 1000 BC, and it has naturally
diverged to several cultivars, such as Chander, Vina, Franquette, Mellanaise, Lara, Marbot,
Hartley Mayette, Serr, Tulare, Sorento, etc. [2]. Apart from the nutritional benefits, walnuts
exert health-promoting properties, such as antioxidant, anti-inflammatory, antimicrobial,
antidiabetic, hepatoprotective, anticancer, and cardioprotective, among others [3,4]. These
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benefits are owing to the presence of phytonutrients, and specifically to the phenolic com-
pounds [5–7]. Even though the nutritional importance of the walnut is mainly related to
the kernel, walnut byproducts, such as walnut husks, leaves, etc. [8,9], have been shown
to exert functional properties, as well. Among walnut byproducts, walnut septum is a
dry ligneous diaphragm tissue that divides the two halves of the kernel. Traditionally, the
walnut septum has been used as a nutraceutical and medicinal material, and has been doc-
umented in the Chinese Pharmacopoeia [10]. The septum contains bioactive constituents,
and it has been shown to exhibit antitumor, antioxidant, and immunoenhancement effects
in vitro [11,12]. Phenolic compounds, and particularly flavonoids, are an important class
of bioactive constituents that might be related to the functional properties of the wal-
nut septum. Despite the fact that flavonoids are responsible for several pharmacological
activities [13], the literature on the flavonoid content of walnut septum is still scarce.

Thus, the phenolic fraction of this unexplored byproduct has to be assessed with ana-
lytical methodologies. The generic analytical procedure for the determination of flavonoids
in agricultural products involves first sample preparation, and then separation, detec-
tion, and quantification. Several traditional extraction techniques have been proposed
for the extraction of flavonoids from natural products, including percolation, maceration,
hydro-distillation, boiling, reflux, Soxhlet [14,15]. These techniques, however, present sev-
eral disadvantages such as a lot of labor and time, large amounts of organic solvents, low
selectivity, low extraction yield, and high cost [16]. For this reason, advanced green microex-
traction techniques are continually being developed to overcome these limitations. Green
extraction techniques involve ultrasound-assisted extraction (UAE), microwave assisted
extraction (MAE), supercritical fluid extraction (SFE), and solid phase extraction (SPE),
among others. The current state-of-the art on the green extraction of natural constituents
from food products has already been critically reviewed [4,17].

The main analytical technique used for the separation and determination of pheno-
lic compounds is traditionally liquid chromatography (LC) coupled to UV, diode array
detection (DAD), or mass spectrometric detectors (MS) [18–21]. The recent trends in ana-
lytical determination also involve the development of high-resolution mass spectrometric
(HRMS) techniques, which provide separation efficiency and high accuracy in identifica-
tions, as it has already been reviewed [4,15,22,23]. Among these techniques, HPLC-DAD is
a rapid analytical technique that enables the separation, identification, and quantification
of flavonoids, offering several advantages in terms of sensitivity, specificity, ruggedness,
and low cost of analysis. The accurate determination of the flavonoids and the further
quantification of such analytes that exist in trace levels in food matrices is a challenging
task. The further processing of the quantification results with statistical tools enhances
the conclusions derived from the experimental data, allowing the discovery of trends and
behaviors among the samples.

In this work, a green UAE-SPE-HPLC-DAD methodology was developed and vali-
dated for the determination of flavonoids in walnut septum belonging to different varieties
(Chandler, Vina, and Franquette) cultivated in Greece. The determined analytes were
quantified, and the results were further analyzed by one-way ANOVA to examine if there
are statistically significant differences between the analytes’ concentrations and the walnut
variety. To the best of our knowledge, this is the first report of assessing the flavonoid
profile of Greek walnut septa.

2. Results and Discussion

2.1. Method Development and Validation

An HPLC-DAD methodology was developed and validated to assess the flavonoid
profile of walnut septum and all the analytical parameters, including the calibration curves,
linear range, the determined coefficients (r2), accuracy and precision, limits of detection
(LODs), and limits of quantification (LOQs) are presented in Table 1. The analytical curves
presented an adequate fit when submitted to the lack-of-fit test (Fcalculated was less than
Ftabulated in all cases), with r2 above 0.99, proving that they can be used for the quantification
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of the flavonoids. The LOQs were found to range between 0.30 µg/g and 0.90 µg/g, while
the LODs were calculated over the range 0.10 µg/g to 0.30 µg/g. The RSD% of the within-
day (n = 6) and between-day assays (n = 3 × 3) were lower than 6.2, and 8.5, respectively,
showing adequate precision. The accuracy was assessed by means of relative percentage of
recovery (%R) at low, medium, and maximum concentration levels of 1, 5, and 10 µg/g, and
the results were acceptable, ranging from 90.8 (apigenin, at 10 µg/g concentration level)
to 97.5% (catechin, at 10 µg/g concentration level) for within-day assay (n = 6) (Table 2),
and from 88.5 (myricetin, at 1 µg/g concentration level) to 96.2% (catechin, at 5 µg/g
concentration level) for between-day assay (n = 3 × 3) (Table 3).

Table 1. HPLC-DAD method analytical parameters.

Compound
Calibration Equation

y = (a ± Sa) + (b ± Sb)x
(Linear Range: 1–10 µg/g)

r2
Fcalc Ftab

LOD
(µg/g)

LOQ
(µg/g)

catechin y = (1095 ± 1115) + (11808 ± 305)x 0.997 7.9 × 10−9 0.2334 0.31 0.94
rutin y = (389 ± 1200) + (19857± 204)x 0.995 1.9 × 10−9 0.2334 0.20 0.60

myricetin y = (989 ± 1450) + (20005 ± 424)x 0.993 5.6 × 10−9 0.2334 0.24 0.72
luteolin y = (1017 ± 1608) + (17008 ± 440)x 0.995 2.9 × 10−9 0.2334 0.20 0.60

quercetin y = (−1032 ± 1128) + (18404 ± 153)x 0.993 6.5 × 10−9 0.2334 0.20 0.60
apigenin y = (1732 ± 152) + (1745 ± 665)x 0.994 4.6 × 10−7 0.2334 0.29 0.87

kaempferol y = (1710 ± 54.3) + (19045 ± 685)x 0.996 1.7 × 10−9 0.2334 0.29 0.90

Ftab: Ftabulated, Fcalc: Fcalculated, LOD: limit of detection, LOQ: limit of quantitation.

Table 2. %Recoveries (%R, n = 6) for the evaluation of repeatability.

Compound
%R

Low Conc. Level
(1 µg/g)

%RSD
%R

Medium Conc.
Level (5 µg/g)

%RSD
%R

Maximum Conc.
Level (10 µg/g)

%RSD

catechin 97.1 5.3 96.4 6.2 97.5 5.3
rutin 93.5 5.1 92.5 4.5 98.4 2.5

myricetin 91.8 4.3 94.4 5.2 91.2 1.7
luteolin 94.2 3.8 95.6 4.6 93.6 3.9

quercetin 93.6 3.4 98.8 4.2 94.1 4.2
apigenin 94.4 5.4 91.7 6.1 90.8 5.1

kaempferol 92.1 2.8 93.5 3.2 93.5 2.9

Conc.: Concentration.

Table 3. %Recoveries (%R, n = 3 × 3) for the evaluation of intermediate precision.

Compound
%R

Low Conc. Level
(1 µg/g)

%RSD
%R

Medium Conc.
Level (5 µg/g)

%RSD
%R

Maximum Conc.
Level (10 µg/g)

%RSD

catechin 95.1 5.2 96.2 4.8 92.1 6.4
rutin 93.5 7.1 95.7 5.9 95.2 5.2

myricetin 88.5 6.2 93.4 6.5 94.4 6.1
luteolin 91.8 5.8 89.2 7.5 93.5 8.5

quercetin 94.5 7.8 90.3 8.1 92.3 6.9
apigenin 93.7 6.3 91.1 7.4 94.2 5.4

kaempferol 95.5 5.8 88.9 6.6 95.4 7.3

Conc.: Concentration.
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2.2. Walnut Septum Analysis

Twenty-four walnut septum membranes belonging to the varieties Chandler, Vina,
and Franquette were analyzed in triplicate and the flavonoids: catechin, rutin, myricetin,
luteolin, quercetin, apigenin, and kaempferol were determined. The chromatographic
identification results, including the retention times (Rts) of the analytes, and their respective
maximum absorption wavelengths (λ, nm) are presented in Table 4. Figure 1 illustrates
the chromatographic separation of the flavonoids in a walnut septum extract that was
monitored at 280 nm.

Table 4. Retention time and maximum absorption wavelength of the determined flavonoids.

Compound Chemical Structure Rt λ (nm)

catechin

λ

λ

5.8 278

rutin

λ

λ

10.1 353

myricetin

λ

λ

16.5 370

luteolin

λ

λ

21.1 356

4
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Table 4. Cont.

Compound Chemical Structure Rt λ (nm)

quercetin

λ

22.7 378

apigenin

λ

24.5 360

kaempferol

λ

26.1 360

Rt: retention time.

2.3. Quantitative Analysis of Flavonoids

The walnut septa were analyzed in triplicate (n = 3). The identified flavonoids (cat-
echin, rutin, myricetin, luteolin, quercetin, apigenin, and kaempferol) were quantified
on the basis of their maximum absorption wavelengths. The presence of the determined
flavonoids was linked to certain positive health effects and other bioactive functions that
have already been reported in the literature to highlight the potential functional activ-
ity of the analyzed byproduct [4]. Table 5 presents the quantification ranges and mean
values (±SD) of the determined flavonoids in the walnut septa belonging to Chandler,
Vina, and Franquette variety. Box and Whisker plots were constructed to graphically
illustrate the concentrations of the flavonoids and present the distributional characteristics
of each variety (Chandler, Vina, Franquette). The quantification results were further ana-
lyzed with ANOVA to examine if there are statistically significant differences between the
concentrations of the determined flavonoids and the varieties of the walnut septa.

5
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Figure 1. Characteristic chromatogram of a walnut septum extract; monitored at 280 nm.

2.3.1. Catechin

Catechin was the flavonoid detected in higher concentration in all the analyzed septa.
Specifically, the highest mean concentration was determined in Vina septa (47 µg/g), and
then Chandler (32 µg/g), and Franquette (31 µg/g) varieties followed (Figure 2). The
ANOVA analysis exhibited a statistically significant difference in catechin concentration
among all of the walnut septa of the different varieties with p = 0.04. The concentration
ranges indicate that the walnut septum is rich in catechin, and it could be effectively used
as a food additive to increase the antioxidant potential of food products, enrich feeds,
while it could also be used as a functional ingredient of novel functional food products,
including soft beverages, teas, infusions, etc. Several health properties have been associated

6
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with catechins, as they have proven to be promising protective agents against diabetes,
arterial hypertension and ischemic stroke, obesity, metabolic syndrome [24]. Moreover,
catechins demonstrate significant biological activities against oral cancer, breast cancer,
Alzheimer’s disease, Parkinson’s disease [24]. Furthermore, catechin displays unique fea-
tures responsible for several pharmacological and biological properties, as it possesses the
ability to block ROS-induced chain reactions, acting as a promising antioxidant [25]. It also
demonstrates significant antidiabetic function, via hepatoprotective, antineurodegenarative
effects, insulin-mimetic effects, hindering amyloid formation [24].

Table 5. Quantification results of the flavonoids determined in walnuts septa belong to Chandler, Vina, and Franquette
varieties (samples analyzed in triplicate, n = 3).

Variety Chandler Vina Franquette

Compound
Concentration
Range (µg/g)

Mean Value
(µg/g ± SD)

Concentration
Range (µg/g)

Mean Value
(µg/g ± SD)

Concentration
Range (µg/g)

Mean Value
(µg/g ± SD)

catechin 30–33 32 ± 5 41–53 47 ± 3 25–37 31 ± 1

rutin 1–3 2.4 ± 0.2 3–6 5 ± 2 3–6 4 ± 2

myricetin 1–6 3.8 ± 0.8 3–11 8 ± 2 5–9 7 ± 2

luteolin 1–4 2.6 ± 0.2 2–5 3.4 ± 0.9 1–3 2.4 ± 0.3

quercetin 5–14 9 ± 1 9–16 12 ± 4 4–8 6 ± 2

apigenin 1–6 4 ± 1 4–9 6 ± 2 2–10 5.5 ± 0.7

kaempferol 2–9 5 ± 3 2–8 6 ± 1 2–5 3.7 ± 0.9

μ μ μ μ μ μ

μ
μ μ

 

Figure 2. Box and Whisker plot for the concentration of catechin among walnut septa, belonging to the Chandler, Vina, and
Franquette varieties.

7



Molecules 2021, 26, 6418

2.3.2. Rutin

Rutin was determined over the range 1–3 µg/g in Chandler walnut septa, and over
the ranges 4–6 µg/g and 3–6 µg/g in Vina and Franquette walnut septa, respectively
(Figure 3). A statistically significant difference was observed for the concentration of rutin
among the septa of the different varieties (p = 0.002). Rutin possesses promising antioxidant
potential and exhibits significant biological properties, thus, playing an essential role in the
human body’s numerous physiological functions [26]. According to the literature, rutin
may provide a wide variety of therapeutic effects, such as antiallergic, antiviral, antihy-
pertensive, vasoactive, cytoprotective, anti-inflammatory, antiprotozoal, hypolipidemic,
antispasmodic, anticarcinogenic, antibacterial, and antiplatelet activities [27]. Furthermore,
rutin contributes to the strengthening of the blood vessels capillaries, due to its high radi-
cal scavenging capacity, thereby preventing fragility-associated hemorrhagic disorders in
humans [28].

μ
μ μ

 

μ μ μ
Τ

Figure 3. Box and Whisker plot for the concentration of rutin among walnut septa belonging to the Chandler, Vina, and
Franquette varieties.

2.3.3. Myricetin

The mean concentration values of myricetin were equal to 4 µg/g, 8 µg/g, and 7 µg/g
in Chander, Vina, and Franquette walnut septa, respectively (Figure 4). The ANOVA
analysis showed that there is significant statistically difference among the septa of the
different varieties (p = 0.002). Great scientific interest has been raised in myricetin, which
has been shown to exhibit antioxidant, anti-inflammatory, antiviral, and anticarcinogen
activities. It is functioning as an antineoplastic agent in human patients, since it has
demonstrated strong suppressive effects on the activities of several types of cancer cells (e.g.,
cancer cell invasion or metastasis), thus, regulating apoptosis, and inhibitory properties on
their proliferation [29–32].
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Figure 4. Box and Whisker plot for the concentration of myricetin among walnut septa belonging to the Chandler, Vina,
and Franquette varieties.

2.3.4. Luteolin

The mean concentration values of luteolin were equal to 3 µg/g, 3 µg/g, and 2 µg/g
in Chandler, Vina, and Franquette walnut septa, respectively (Figure 5). Statistically
significant differences were observed among the luteolin concentrations determined in
septa of the different varieties (p = 0.039). As for its biological action, luteolin is a naturally
occurring flavonoid with a yellow crystalline appearance, and scientific research has
indicated that it may display multiple cellular effects, hence, favorably affecting human
health. It may exhibit antioxidant properties, protecting cells from ROS induced damage
or act as an antineoplastic, anti-inflammatory, antimicrobial, or estrogenic regulatory
compound and prevent liver diseases [33].

2.3.5. Quercetin

Quercetin was determined at 9 µg/g, in Chandler walnut septa. The mean concen-
tration of quercetin was higher in walnut septa belonging to the Vina variety (12 µg/g),
and lower for those belonging to the Franquette variety (6 µg/g), as it is presented in
Figure 6. The ANOVA analysis showed that there is statistically significant difference
among the quercetin concentration and the analyzed varieties (p = 0.0008). According to
the literature, quercetin is responsible for the bitter flavor of foods, and in synergy with
myricetin and other phenolic compounds has been recently used as food additives to pro-
tect meat products against bacteria’s development [34]. It demonstrates several significant
health-promoting functions, including cardioprotective, anti-ulcer, antidiabetic, antioxidant
properties and chemopreventive potential [35]. It may also produce anti-inflammatory and
anti-allergy effects through the inhibition of the lipoxygenase and cyclooxygenase path-
ways, thereby reducing the production of pro-inflammatory or pro-oxidant mediators [35].
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Figure 5. Box and Whisker plot for the concentration of luteolin among walnut septa belonging to the Chandler, Vina, and
Franquette varieties.
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Figure 6. Box and Whisker plot for the concentration of quercetin among walnut septa belonging to the Chandler, Vina, and
Franquette varieties.
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2.3.6. Apigenin

Apigenin was determined at mean concentrations of 4 µg/g, 6 µg/g, and 5 µg/g
in Chandler, Vina, and Franquette walnut septa, respectively (Figure 7). The ANOVA
analysis showed that there was no statistically significant difference among the apigenin
concentrations in the analyzed septa of the different varieties (p = 0.147). Traditionally,
extracts, oils, and teas from plants with a high content of apigenin were used for its soothing
qualities as a sedative, mild analgesic and sleep medication [36], reinforcing the idea that
walnut septa could be used in infusion making. Moreover, in the food industry, apigenin
possesses a role as a flavoring or adjuvant agent, enhancing the human body’s response
to antigens [35]. It may yield antiproliferative and antimetastatic effects, suppressing the
formation and inducing malignant tumor cells [28]. Furthermore, it could prevent skin
or colon cancer and acts as an anti-inflammatory, antioxidant, antiallergic, antimicrobial,
antiviral, cardioprotective, and neuroprotective agent [28].

 

μ μ
μ

Figure 7. Box and Whisker plot for the concentration of apigenin among walnut septa belonging to the Chandler, Vina, and
Franquette varieties.

2.3.7. Kaempferol

The highest mean concentrations of kaempferol were observed in the Vina variety
(5 µg/g), while Chandler variety followed with 6 µg/g, and Franquette exhibited the
lowest mean concentration of 4 µg/g (Figure 8). No statistically significant difference was
observed for the concentration of kaempferol among the septa of the different varieties
(p = 0.06). As for its biological action, kaempferol is a natural dietary flavonoid, potentially
acting as chemopreventive agent [37], protecting against oxidative stress and inflammatory
chronic disorders.

11



Molecules 2021, 26, 6418

μ μ
μ

 

Figure 8. Box and Whisker plot for the concentration of kaempferol among walnut septa belonging to the Chandler, Vina,
and Franquette varieties.

2.4. Effect of the Variety on the Phenolic Content

The determination of the seven flavonoids clearly indicates that walnut septum is a
byproduct that is rich in flavonoids, and, thus, could be characterized as a “nutraceutical”
raw ingredient. This is also supported by the quantification ranges of each individual
flavonoid identified. This fruit septum of walnuts could be utilized as a substance for
medicinal purposes, while it could be also further exploited for the development of novel
functional foods and beverages, and for the enrichment of feeds, as well.

Except for the functional properties that have been attributed to each individual
analyte, and were discussed in detail in Section 2.3, the findings of this research also
demonstrated that the flavonoid content of the walnut septum is affected by the variety.
The sum of the individually quantified flavonoids showed that the walnut septum of the
Vina variety exhibited the highest flavonoid content (88 ± 15 µg/g). The flavonoid contents
of the septa belonging to Chandler variety, and the Franquette variety were approximately
similar, with calculated concentrations of 59 ± 12 µg/g, and 60 ± 9 µg/g, respectively. The
graph in Figure 9 presents the sum of the mean values of the individual concentrations of
the flavonoids determined in the walnut septa belonging to Chandler, Vina, and Franquette
varieties. Considering that the analyzed samples originated from the same geographical
origin (Thessaly, Greece), the variation in the concentration of the flavonoids could be
linked to the genetic fingerprint of each variety.
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Figure 9. Average flavonoid concentration of walnut septum belonging to Chandler, Vina, and Franquette varieties.

Furthermore, the ANOVA analysis showed that there is statistically significant dif-
ference between the concentrations of catechin, rutin, myricetin, luteolin, quercetin, and
the walnut variety. Furthermore, PCA analysis was employed to investigate the similari-
ties in the flavonoid content of the septa according to their variety, and the first two PCs
explained the 70% of variance. The PCA score plot and loading plot are presented in the
Supplementary Material in Figures S1 and S2, respectively. Even though several works
have already associated the bioactive content of the walnut kernel with the geographical
origin of walnuts [18,38], and the variety [39,40], these are the first reports relating the
flavonoid content of the walnut septum with the variety.

3. Materials and Methods

3.1. Chemicals and Reagents

Methanol (MeOH) and acetonitrile (ACN), HPLC grade, were acquired from Merck
(Darmstadt, Germany). Acetic acid 99% and trifluoroacetic acid (TFA) 99% were purchased
from Sigma-Aldrich (Steinheim, Germany). The LiChrolut RP-18 (C18, 3 mL, 500 mg) SPE
cartridges used were supplied by Merck (Darmstadt, Germany). Ultrapure water was
provided by a Milli-Q® purification system (Millipore, Bedford, MA, USA). The flavonoids
catechin 98%, rutin 98%, myricetin 98%, luteolin 98%, quercetin 98%, kaempferol 98%,
and apigenin 98% were supplied by Sigma-Aldrich (Steinheim, Germany). Stock standard
solutions at 1000 mg/L concentration level were prepared and stored in dark brown glass
bottles at −20 ◦C. Working standard solutions were prepared in MeOH after appropriate
dilution of the stock solutions every laboratory day, before analysis.

3.2. Instrumentation

A quaternary low-pressure gradient HPLC–DAD system by Shimadzu (Kyoto, Japan)
was used for analysis. The HPLC system consisted of: (a) an FCV-10ALVP mixing system,
(b) a Rheodyne 7725i injection valve (Rheodyne, Cotati, CA, USA), and a 20 µL loop for
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sample injection, (c) an LC- 10ADVP pump equipped with a Shimadzu SCL-10ALVP
System Controller, (d) an SPD-M10AVP photodiode array detector. Real time analysis
monitoring and post run processing were carried out using the software Lab Solutions-LC
solutions, supplied by Shimadzu. A glass vacuum filtration apparatus, acquired by Alltech
Associates (Deereld, IL, USA), and nylon 0.2 µm membrane Filters (Alltech Associates,
Chicago, IL, USA) were utilized for the filtration of the mobile phase, and a DGU-10B
de-gassing unit with helium was used for degassing. A vortexer purchased from FALC
Instruments (Treviglio (BG), Italy) was used for sample agitation. Centrifugation was
carried out using a HermLe centrifuge, model Z-230 (B. HermLe, Gosheim, Germany). An
ultrasonic bath (MRC: DC-150H) by MRC (Essex, UK) was used for sample preparation.
For evaporation, after SPE extraction, a ReactiVap 9-port evaporator model 18,780 by
Pierce (Rockford, IL, USA) was utilized. For sample filtration, prior to the injection in
the chromatographic system, Q-Max RR syringe filters (0.45 µm nylon membrane) were
purchased from Frisenette ApS (Knebel, Denmark).

3.3. Chromatographic Separation and Analysis

The chromatographic separation of the flavonoids was achieved on a C18 UniverSil
column (250 mm × 4.6 mm, 5 µm), supplied by Fortis Technologies Ltd. (Neston, UK). A
reverse-phase HPLC assay was carried out using a gradient system with 1 mL/min flow
rate, thermostated at 30 ◦C. The mobile phase consisted of (A) 1% acetic acid in water, and
(B) ACN. The gradient elution program begun with 80:20, v/v (A: B), gradually increasing
to 50:50, v/v (A: B), in the following 25 min, and then remaining constant for the next 5 min.
The initial conditions were restored for 10 min, prior to the next injection. The injection
volume was 20 µL of solution and the total run time was less than 25 min for each injection.
For peak identification, the Rts of the peaks of the real samples were compared with the
Rts of the standard compounds, along with the spectral information provided by the DAD
detector that operated over the range 280–400 nm. Peak monitoring and quantitation were
performed at the maximum wavelength of each analyte.

3.4. Sample Collection

Twenty-four walnut septa samples were created after crushing walnuts in the labo-
ratory using a wooden hammer, and carefully removing the walnut septa. Each walnut
septum sample was a bulk sample that consisted of ten walnut septa originating from the
same tree. In this way, eight bulk walnut septum samples were created in the laboratory for
each variety (Chandler, Vina, Franquette). All the walnut samples were collected during
the harvesting period of November 2020 from Kokkinogi, in Thessaly, Greece (40◦2′2.62”
N 22◦9′54.00” E).

3.5. Sample Preparation

The samples were homogenized in a porcelain mortar and stored at −20 ◦C until
analysis. For sample preparation, 50 mg of each homogenized bulk sample was weighted
in 2-mL Eppendorf tubes, and then, 0.5 mL of 0.05% TFA in methanol: water at 60:40 ratio
(v/v), was added [18]. The mixture was vortexed for 1 min and, then ultra-sound assisted
extraction took place in an ultrasonic bath for 10 min at 25 ◦C. Each sample was centrifuged
for 10 min at 10,000 rpm and, then, the supernatant was collected, according to Kalogiouri
et al. [18]. The extract was further diluted with water at a final volume of 2 mL. The diluent
was purified using a modified version of the SPE protocol proposed by Bajkacz et al. [41].
The LiChrolut RP-18 (C18, 3 mL, 500 mg) SPE cartridges were used for this purpose. First,
the C18 column was conditioned with 2 mL MeOH, followed by 2 mL of water. Then, the
diluted sample extract was passed through the sorbent at a flow rate of approximately
1 mL/min. The analytes were eluted with 3 mL MeOH and the eluates were evaporated to
dryness with nitrogen. The residues were dissolved in 1 mL MeOH, and filtered through
0.22 µm nylon syringe filters. Finally, 20 µL was injected into the chromatographic system.
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3.6. Method validation and Quantification

Linearity, selectivity, LODs and LOQs, within-day, and between-day accuracy and
precision were evaluated. Linearity was examined by testing the lack-of-fit of the calibration
calibration curves over the range 1–10 µg/g. The slopes, intercepts, and the determination
coefficients of each analyte were calculated using last square linear regression analysis.
LODs and LOQs were calculated by the equations:

LOD = 3.3 × Sa/b (1)

LOQ = 10 × Sa/b (2)

where, Sa is the standard error of the intercept α; and b is the slope of the calibration
curve [42]. Accuracy was evaluated after spiking a bulk sample at 1, 5, and 10 mg/kg
concentration level, and analysis was performed in triplicate. Accuracy was expressed
as relative recovery, and precision was expressed as relative standard deviation (RSD%).
Repeatability, expressed as within-day precision, was assessed in six replicates (n = 6), and
reproducibility, expressed as between-days precision, was assessed after analyzing the
spiked bulk samples within three consecutive days (n = 3 × 3). The analytes were quantified
using the corresponding calibration curves of the standards. For the quantification of the
analytes with high concentrations that exceeded beyond the linear range, such as catechin,
the extracts were further diluted with MeOH and re-injected in the chromatographic system
to ensure that their calculated concentration was within the linear range of the curves.

3.7. Chemometric Analysis

The quantification results were processed with one-way analysis of variance (ANOVA),
using the data analysis tool of Microsoft Excel (Microsoft, Redmond, WA, USA). ANOVA
was applied to examine potential statistically significant differences among the flavonoids’
concentrations and the different varieties of the walnut septa (Chandler, Vina, Franquette).
A p-value was used for a confidence level of 95% to evaluate the results. If the p-value
was calculated higher than 0.05, there was no statistically significant difference, and in
the cases that the p-value was lower than 0.05, there was statistically significant difference
among the samples. Principal Component Analysis (PCA) was employed to investigate
the interrelationships among the determined flavonoids and the samples belonging to
the different varieties (Chandler, Vina, and Franquette). PCA was created in R using the
MetaboAnalystR package [43].

4. Conclusions

A UAE-SPE-HPLC-DAD analytical method was developed and validated to determine
flavonoids in twenty-four walnut septa belonging to Chandler, Vina, and Franquette
varieties cultivated in Greece. Overall, seven flavonoids were determined (catechin, rutin,
myricetin, luteolin, quercetin, apigenin, and kaempferol), indicating that the walnut septum
is rich in flavonoids, and it could be further exploited and utilized in the pharmaceutical
industry, and in the food and feed industry, as well. The calculated concentrations of all
the individual flavonoids were further analyzed with ANOVA, and the results indicated
that there is statistically significant difference among the concentrations of catechin, rutin,
myricetin, luteolin, quercetin, and the variety of the analyzed septa, demonstrating that
the flavonoid content of the walnut byproduct is affected by the variety. PCA analysis was
employed to investigate the similarities in the flavonoid content of the septa according to
their variety, and the first two PCs explained the 70% of variance. Overall, the findings of
this work suggest that the walnut septum is a promising raw ingredient with functional
properties and several potential uses.
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Supplementary Materials: The following are available online. Figure S1: PCA 3D score plot in color
presenting pairwise correlation between PCs in the clustering between walnut septa belonging to
Chandler, Vina, and Franquette variety; Figure S2: PCA loading plot showing the projection of the
data set in PC1 × PC2 plane.
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Abstract: Reversed phase-high-pressure liquid chromatographic methodologies equipped with
UV detector (RP-HPLC-UV) were developed for the determination of phenolic compounds and
tocopherols in almonds. Nineteen samples of Texas almonds originating from USA and Greece
were analyzed and 7 phenolic acids, 7 flavonoids, and tocopherols (−α, −β + γ) were determined.
The analytical methodologies were validated and presented excellent linearity (r2 > 0.99), high
recoveries over the range between 83.1 (syringic acid) to 95.5% (ferulic acid) for within-day assay
(n = 6), and between 90.2 (diosmin) to 103.4% (rosmarinic acid) for between-day assay (n = 3 × 3),
for phenolic compounds, and between 95.1 and 100.4% for within-day assay (n = 6), and between
93.2–96.2% for between-day assay (n = 3 × 3) for tocopherols. The analytes were further quantified,
and the results were analyzed by principal component analysis (PCA), and agglomerative hierarchical
clustering (AHC) to investigate potential differences between the bioactive content of almonds and
the geographical origin. A decision tree (DT) was developed for the prediction of the geographical
origin of almonds proposing a characteristic marker with a concentration threshold, proving to be a
promising and reliable tool for the guarantee of the authenticity of the almonds.

Keywords: almonds; HPLC; authenticity; PCA; tocopherols; phenolics

1. Introduction

The current trend in nutrition is following the Mediterranean diet, as it is considered
one of the healthiest dietary patterns. Nuts are a highly nutritious food with unique
taste and beneficial health properties deriving from their unique molecular composition.
Popular tree nuts comprise almonds (Prunus amygdalus Batsch or P. dulcis), walnuts (Juglans
regia L.), hazelnuts (Corylus avellane L.), and pistachios (Pistachia vera L.), among others.
Almonds are one of the most popular and widely harvested culinary nuts in the world.
Apart from their unique taste and texture, they have been proven to possess a wide variety
of beneficial health properties deriving from their unique molecular composition. Thus,
they are now considered as an important component of a healthy and highly nutritious
diet [1–5].

Numerous studies have shown that various pharmacological activities can be at-
tributed to regular consumption of almonds. A meta-analysis observed a significant
reduction in LDL-C levels with almond consumption [6]. Additionally, a systematic review
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conducted by Kalita et al. [7] suggests that eating almonds leads to a significant reduction
in total cholesterol, LDL-C, and triglycerides levels, whilst the impact on HDL-C levels is
minor. In a randomized, controlled crossover study that took place over a time period of
six weeks, individuals that consumed 45 g of almonds per day showed reduced LDL-C
and non-HDL-C levels and, at the same time, maintained their HDL-C levels [8]. The
study also demonstrated that almond intake reduced abdominal fat which is of very high
significance, considering the fact that high amounts of abdominal fat are a major factor in
metabolic syndrome. Furthermore, studies suggest that apart from reducing the risk of
cardiovascular disease, almonds exhibit anti-inflammatory and anti-carcinogenic effects [9].
From these studies accrues the conclusion that almonds can be an effective diet tool in the
process of trying to decrease an individual’s cholesterol levels, hence reducing his risk of
coming across any type of cardiovascular disease.

The beneficial health effects are mainly owed to their favorable phytochemical compo-
sition. Almonds are rich in bioactive constituents, mainly in phenolics and tocopherols.
These compounds are defined as secondary plant metabolites and originate from carbo-
hydrates through the shikimate and phenyl propanoid pathways [2,10]. Their chemical
structure is characterized by one or more aromatic rings bearing at least one hydroxyl
group [2]. Tocopherols are one of two subgroups that comprise vitamin E, with the other
one being tocotrienols. Tocopherols are constituted by four derivatives: alpha, beta, gamma,
and delta [11–13]. It is suggested that phenolic compounds that are found in almond skins
act synergistically with vitamins C and E and protect the LDL particles from oxidation,
resulting in the overall enhancement of the individual’s antioxidant capacity [14].

Although polyphenols and tocopherols are ubiquitous in nuts, and particularly in
almonds, their content, distribution and bioavailability vary depending on genetics, lo-
cation, plant structure, pre- and post-harvest factors and climate conditions [15–17]. In
this context, the analysis of almonds’ phenolic content could provide useful information,
making the evaluation process of different almond cultivars produced in different countries
more accurate. The authentication process of various almond cultivars also contributes to
the assessment of overall almond quality. However, traditional methods of doing so de-
pend largely on environmental and production factors, making the differentiation between
cultivars, geographical origin, and type of farming a difficult task to tackle [15,18–22].
Hence, the need arises to develop specific analytical methodologies and protocols that are
applicable to a wide variety of nut types, with the end goal of differentiating them based
on their phenolic content.

The determination of small bioactive molecules from food matrices involves the exam-
ination of several distinct aspects of the analytical methodology. Separation of phenolic
compounds and tocopherols is mainly achieved with high pressure liquid chromatography
(HPLC) coupled to UV [12,23,24], photodiode array (DAD) [25,26], or mass spectrometric
(MS) detectors [27,28]. The most crucial step of the analytical methodology is sample
preparation. Several laborious and time-consuming protocols have been proposed, sug-
gesting the use of large volumes of organic solvents and Soxhlet-type apparatus [29,30].
The objective is to eliminate the use of organic solvents, minimize extraction times and
select techniques that are suitable for the rapid determination of bioactive constituents [23].
The further processing of the results with chemometric tools increases the extensiveness of
the analysis, enlightening the reliability of the conclusions derived from the experimental
data. Data mining and the development of chemometric models are widely used in food
authenticity studies for the investigation of several issues such as the discrimination of
botanical origin, geographical origin, farming type, etc. [31–33].

The objective of this research was to develop two rapid HPLC-UV methodologies for
the determination of the major phenolic compounds and tocopherols in almonds of the
Texas variety originating from Greece and the USA. The quantification results were further
analyzed with agglomerative hierarchical clustering (AHC) and principal component
analysis (PCA) to investigate similarities between samples of the same geographical origin.
A decision tree (DT) was developed for the classification of almonds, proving to be a
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promising and reliable tool for verifying the geographical origin on the basis of their
phenolic profile and bioactive content.

2. Results

2.1. Analytical Performance

2.1.1. RP-HPLC-UV Method for the Determination of Phenolic Compounds

The analytical parameters of the HPLC-UV methodology for the determination of
phenolic compounds, including the calibration curves, the linear range, the determination
coefficients, the limits of detection (LODs) and limits of quantification (LOQs), precision
and accuracy are summarized in Table S1. As it can be observed, the coefficients of
determination ranged between 0.991 and 0.999, showing good linearity for all the phenolic
analytes. The LOQs were found to range between 0.24 (rosmarinic acid) to 1.80 µg/g
(diosmin), while the LODs were calculated equal to 0.08 (rosmarinic acid) to −0.60 µg/g
(vanillin). The RSD% of the within-day (n = 6) and between-day assays (n = 3 × 3) was
lower than 6.1 and 10.3, respectively, presenting adequate precision. The accuracy was
assessed by means of relative percentage of recovery (%R) at three concentration levels
(0.5, 5, 10 µg/g) and ranged between 83.1 (syringic acid at 10 µg/g concentration level) to
95.5% (ferulic acid at 0.5 µg/g concentration level) for within-day assay (n = 6) (Table S2),
and between 90.2 (diosmin) to 103.4% (rosmarinic acid) for between-day assay (n = 3 × 3)
(Table S3).

2.1.2. RP-HPLC-UV for the Determination of Tocopherols

The analytical parameters of the RP-HPLC-UV methodology for the determination
of tocopherols are presented in Table S4. The LOQs were found to range between 0.36
(γ-tocopherol) to −0.99 µg/g (α-tocopherol), while the LODs were calculated equal to 0.12
(γ-tocopherol) to −0.33 µg/g (α-tocopherol). The RSD% of the within-day (n = 6) and
between-day assays (n = 3 × 3) was lower than 5.5 and 8.1, respectively, presenting adequate
precision. The accuracy was assessed by means of relative percentage of recovery at three
concentration levels (0.5, 5, 10 µg/g) and ranged between 95.1 and 100.4% for within-
day assay (n = 6) (Table S5), and between 93.2–96.2% for between-day assay (n = 3 × 3)
(Table S6).

2.2. Real Samples’ Application

2.2.1. Determination of Phenolic Compounds

Nineteen almond samples of the Texas variety from USA and Greece were analyzed.
In total, fourteen phenolic compounds were determined. Gallic acid, ferulic acid, sinapic
acid, rosmarinic acid, vanillic acid, p-coumaric, and caffeic acid were determined from the
class of phenolic acids. Diosmin, catechin, epicatechin, quercetin, luteolin, apigenin, and
kaempferol were determined from the class of flavonoids. A characteristic chromatogram,
of a spiked sample at 5 µg/g is presented in the Supplementary Materials Figure S1. The
retention times of the identified phenolic analytes are presented in Table S7. All samples
were analyzed in triplicate and the concentration ranges as well as the mean values (±SD)
are presented in Table 1.

The results are in accordance with Coric et al. [26] and Boiling [34]. Specifically,
vanillic acid ranged between 1.37 to 4.25 µg/g in Greek almonds and between 1.03 to
2.23 µg/g in American almonds, similarly to Coric et al. [26] who reported a range of
0.38–2.84 µg/g. Caffeic acid ranged between 1.18 to 1.85 µg/g in Greek almonds and
between 0.82 to 1.90 µg/g in American almonds, slightly higher concentrations compared to
Coric et al. [26] who reported concentrations up to 1.48 µg/g. Sinapic acid ranged between
1.25 to 4.48 µg/g in Greek almonds, and between 1.02 to 3.65 µg/g in American almonds,
correspondingly to Coric et al. [26] who reported concentrations up to 3.50 µg/g. Syringic
acid was not detected in any of the samples, while p-coumaric acid was detected below the
LOQ. Furthermore, rosmarinic acid ranged between 1.03 to 1.84 µg/g in Greek almonds
and between 2.51 to 4.19 µg/g in American almonds. The detected concentrations of
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rosmarinic acid are higher than those reported previously by Keser et al. [35]. Significantly
high concentrations up to 4.56 µg/g in Greek almonds and up to 1.81 µg/g in American
almonds were detected for gallic acid, as well, compared to the literature [26,34,36].

Table 1. Phenolic compounds’ quantification results in Greek and American almonds (samples analyzed in triplicate, n = 3).

Phenolic Compounds Greek Almonds American Almonds

Concentration Range
(µg/g)

Mean Value
(±SD, µg/g)

Concentration Range
(µg/g)

Mean Value
(±SD, µg/g)

apigenin 4.65–8.65 7.04 ± 1.35 LOQ–3.21 1.77 ± 0.13
caffeic acid 1.18–1.85 1.53 ± 0.12 0.82–1.90 1.35 ± 0.14

catechin 11.7–27.8 21.3 ± 1.35 14.5–25.2 20.2 ± 1.11
diosmin LOQ–29.0 3.91 ± 0.08 4.32–15.6 8.06 ± 0.54

epicatechin 3.21–6.01 5.13 ± 2.39 1.01–2.21 1.25 ± 0.08
ferulic acid 1.65–2.98 2.25 ± 0.23 LOQ–1.45 1.06 ± 0.09
gallic acid LOQ–4.56 3.40 ± 0.18 1.14–1.81 1.51 ± 0.12

kaempferol 2.19–3.21 2.55 ± 0.66 LOQ–2.87 1.30 ± 0.19
luteolin LOQ–0.65 0.59 ± 0.06 <LOQ –

p-coumaric acid <LOQ – <LOQ –
quercetin LOQ–0.68 0.53 ± 0.04 <LOQ –

rosmarinic acid 1.03–1.84 1.34 ± 0.25 2.51–4.19 3.56 ± 0.75
sinapic acid 1.25–4.48 3.26 ± 0.85 1.02–3.65 2.18 ± 0.63
syringic acid – – – –
vanillic acid 1.37–4.25 3.31 ± 0.31 1.03–2.23 1.36 ± 1.22

As far as flavonoids are concerned, catechin was the dominant phenolic compound
with similar mean values of 21.3 µg/g for Greek and 20.2 µg/g for American, respectively.
The second most abundant flavonoid was diosmin with a higher mean value of 8.06 µg/g
in American almonds, compared to Greek almonds (3.91 µg/g). Higher concentrations of
apigenin were detected in Greek almonds over the range 4.65 to 8.65 µg/g compared to
American almonds (up to 3.21 µg/g). The mean concentration of luteolin in Greek almonds
was found equal to 0.59 µg/g, while it was not detected in American almonds. Epicatechin
ranged between 3.21–6.01 µg/g in Greek almonds and between 1.02 to 1.21 µg/g in
American almonds. Kaempferol was detected in Greek almonds at a higher concentration
with a mean value of 2.53 µg/g compared to 1.30 µg/g that was detected in American
almonds, similarly to Coric et al. [26] who reported concentrations up to 2.63 µg/g. Finally,
quercetin was detected at a mean concentration of 0.53 µg/g in Greek almonds and was
not detected in American almonds, since according to the literature [28,34], the glucoside
is mainly dominant in almonds and not its aglycone form.

2.2.2. Determination of Tocopherols

The separation of tocopherols was achieved within 15 min. The gradient elution program
performed separation of α-tocopherol at (Rt = 9.2 min) and δ-tocopherol (Rt = 12.1 min), while
β + γ tocopherols co-eluted (Rt = 10.6 min) and were analyzed as a sum according to
Gliszczyńska-Świgło et al. [9]. A representative chromatogram of the 10 µg/g standard
solution mixture is shown in the Supplementary Materials Figure S2. The analysis of
tocopherols proved that almonds constitute a great source of α-tocopherol which ranged
between 502 to 802 µg/g and between 221 to 326 µg/g in American almonds. γ-Tocopherol
was measured as the sum of β- and γ-tocopherol, since these tocopherols are isomers and
co-elute in RP chromatographic systems. δ-Tocopherol was not detected in any of the
analyzed samples. All samples were analyzed in triplicate and quantification ranges and
the mean values (±SD) are presented in Table 2.
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Table 2. Tocopherols’ quantification results in Greek and American almonds (samples analyzed in triplicate, n = 3).

Tocopherol Greek Almonds American Almonds

Concentration
Range
(µg/g)

Mean Value
(±SD, µg/g)

Concentration
Range
(µg/g)

Mean Value
(±SD, µg/g)

α-tocopherol 502–802 643 ± 31 221–326 267 ± 18
sum of β- and γ-tocopherol 13.6–89.3 72.3 ± 5.7 61.2–81.2 68.2 ± 6.4

2.3. Chemometric Analysis

The quantification results of the determined phenolic compounds and tocopherols
(Sections 2.2.1 and 2.2.2) were further processed with chemometric tools to examine if the
samples can be classified according to their phenolic composition and tocopherol content.

2.3.1. PCA

PCA was applied in the analysis of nineteen different samples of almonds originating
from Greece and the USA. The data matrix consisted of sixteen features (quantification
results of phenolics and tocopherols) and was normalized using the auto-scaling function
of the MetaboAnalyst package [37]. Figure 1 presents the score plot and the clustering of
the almonds into two individual groups, according to the geographical origin. Almonds
originating from Greece are marked in red and almonds originating from the USA are
marked in green. The first two Principal Components (PCs) explained 66.8% of the variance,
presenting appropriate groups of samples of the same variety and geographical origin. The
PCA biplot in Figure S3 presents the influence of the variables in each PC.

’

Figure 1. PCA Score plot showing the pairwise correlation between PCs in the clustering between Greek and American
almonds.
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2.3.2. Agglomerative Hierarchical Clustering

Cluster analysis was employed to divide the matrix into homogeneous groups mea-
suring the distance between each pair of objects and without previous knowledge about
the structure of the groups. A tree diagram was built with AHC to identify the groups that
present high similarity. Each object is considered a singleton cluster (leaf) by the algorithm.
Subsequently, the pairs of clusters are merged until all of them end up into a large cluster
that contains all the objects [38], resulting in a tree-based representation, the so-called
dendrogram.

Figure 2 presents the dendrogram of the eleven Greek and eight American almonds’
clustering in two major groups according to the place of origin.

– – ’

– –

Figure 2. HCA dendrogram of Greek (G1–G11) and American (U1–U8) almonds’ clustering in two
major groups.

The heatmap in Figure 3 presents the data matrix showing pairwise correlations
between the Greek (G1–G11) and American almonds (U1–U8). Each one of the colored
cells corresponds to a concentration value; the samples are represented in the columns and
the compounds in the rows.
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Figure 3. Clustered image map acquired by HCA dendrogram showing pairwise correlation between almonds produced
in USA (U1–U8, in green color on the left-hand side of the heatmap) and Greece (G1–G11, in red color on the right-hand
of the heatmap). The red blocks of the heatmap indicate positive correlations, whereas the blue blocks indicate negative
correlations for the clustering of the samples. The lighter shades indicate smaller correlation values.

2.3.3. Decision Tree

The DT algorithm was built to develop a prediction model by splitting the data re-
peatedly into two discrete subsets according to the numerical value (i.e., concentration
threshold) of the selected explanatory variable. The model selects the most significant vari-
able that minimizes the model’s total error. The initial dataset was split into a training and
a test set. Twelve samples were used as training set and seven as test set. The developed DT
suggested that ferulic acid could be used as a characteristic marker for the discrimination
between Greek and American almonds and succeeded in classifying the samples with zero
error, resulting in two terminal nodes and setting the concentration threshold of 1.54 µg/g.
The developed DT was validated with a receiver operating characteristics (ROC) plot for
each class of almonds with 1-specificity and zero error (Figure S4).

According to Figure 4, almonds with calculated concentrations lower or equal to
1.54 µg/g were produced in the USA, while those with higher concentrations than 1.54 µg/g
were produced in Greece.
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Figure 4. Optimal decision tree diagram using predictive analysis for phenolic and tocopherol concentration of almond
samples originating from Greece and USA.

3. Materials and Methods

3.1. Chemicals and Standards

Acetonitrile (ACN) and 2-propanol (IPA), HPLC grade, were purchased by Panreac
—AppliChem (Darmstadt, Germany). Methanol (MeOH), HPLC grade, was acquired by
Carl Roth (Carlsruhe, Germany). Hexane reagent grade 99% and acetic acid 99% were
purchased by Sigma-Aldrich (Steinheim, Germany). Ultrapure water was provided by a
Milli-Q purification system (Millipore, Bedford, MA, USA).

Sinapic acid 95%, gallic acid 98%, ferulic acid 98%, rosmarinic acid 98%, catechin 98%,
epicatechin 97%, p-coumaric 98%, quercetin 98%, diosmin 97%, kaempferol 97%, vanillic
acid 97%, and caffeic acid 98% were purchased from Sigma-Aldrich (Steinheim, Germany).
Luteolin 98% was acquired from Santa Cruz Biotechnologies. Apigenin 97% was purchased
from Alfa Aesar (Karlsruhe, Germany). α-Tocopherol 96%, β-tocopherol 96%, γ-tocopherol
96%, and δ-tocopherol 96% were purchased by Sigma-Aldrich (Steinheim, Germany). Stock
standard solutions of each analyte (1000 mg/L) were solubilized in methanol and stored at
−20 ◦C in dark brown glass bottles.

3.2. Collection of Samples

Eleven Greek almond samples belonging to the variety Texas were acquired from
different producers, originating from different territories around Greece (Evia, Trikala,
Vergina, Katerini, Adendro, Elassona, Mouzaki, Aridaia, Veroia, Drama, Larissa), and eight
almond samples of the Texas variety originating from California and available in the Greek
market were acquired from eight different traders.

3.3. Instrumentation

The chromatographic analysis of the analytes was performed in an Agilent (Santa
Clara, CA, USA) 1220 Infinity HPLC-UV, using gradient elution methods. The HPLC
system consisted of the following: manual injector, column oven, degasser, and lastly, a UV
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Detector. In order to monitor the analysis, the Agilent Open Lab software and the package
Method and Run Control were used. For data processing, the Data Analysis software
package was used to identify and integrate the peaks. A glass vacuum-filtration apparatus,
produced by Alltech Associates (Deerfeld, IL, USA), in combination with cellulose nitrate
0.22 µm nylon filters (Whatman Laboratory Division, Maidstone, UK) were utilized for
the filtration of the aqueous and organic phase, respectively. QMax RR syringe filters
(0.22 µm nylon membrane) were purchased from Frisenette ApS (Knebel, Denmark) and
used for filtering the real samples prior to analysis. An ultrasonic bath (MRC: DC-150H) by
MRC (Essex, UK) was utilized to remove the template from the MIP as well as for sample
preparation. A vortex mixer from VELP Scientifica (Usmate Velate, Italy) was used for
the agitation of the samples. A centrifuge system 3–16PK by Sigma (Osterode am Harz,
Germany) was operated for centrifugation.

3.4. Chromatographic Conditions

A Nucleosil RP-18 analytical column (250 mm × 4.6 mm, 5 µm particle size), supplied
by Macherey–Nagel (Düren, Nordrhein-Westfalen, Germany) was used for the analysis
of polyphenols at 280 nm. The mobile phase consisted of a mixture of acetic acid in
ultrapure water 2% v/v (A) and acetic acid in ACN 0.5% v/v (B). The system operated
in a gradient mode at 28 ◦C. At the beginning of the analysis, the mixture was 100% A,
gradually dropping to 20% A at the 60 min mark. The flow rate was set at 1 mL/min.
Each chromatographic run lasted for 60 min. The peaks were identified by comparing the
retention time of the standard compound with the peaks detected in real samples.

A Kromasil RP-18 analytical column (125 mm × 4.6 mm, 5 µm particle size), purchased
from Macherey–Nagel, was used for the analysis of tocopherols at 295 nm. The mobile
phase consisted of a mixture of methanol (A) and ACN (B). The system operated in a
gradient mode at 28 ◦C. At the beginning of the analysis, the mixture was stable at 50%
A and at the 7 min mark, it gradually increased to 100% A until the 12 min mark. The
flow rate was set at 1 mL/min. Each chromatographic run lasted for 15 min. The peaks
were identified by comparing the retention time of the standard compound with the peaks
detected in real samples.

3.5. Sample Preparation

For the extraction of the phenolic compounds, a modified extraction protocol was
applied, as previously suggested by Kritikou et al. [39]. In brief, 0.5 g of each homogenized
sample was weighted in 2 mL Eppendorf tubes and 1 mL of MeoH: H2O (80:20, v/v) was
added. The samples were vortexed for 1 min and then they were centrifuged for 5 min at
8000 rpm. The extract was collected and filtered through 0.45 µm nylon filters and 20 µL
were injected in the chromatographic system. As for the extraction of tocopherols, 1 g of
homogenized samples were weighted in 15 mL falcon tubes and 10 mL of hexane were
added to extract the lipid fraction. The samples were vortexed for 1 min and they were
then placed in an ultra-sound bath at 40 ◦C for 10 min. In a further step, the falcon tubes
were centrifuged at 8000 rpm for 10 min. The organic layer was transferred and evaporated
in a rotary evaporator under vacuum. The almond oil product was collected and stored
in dark brown vials at −20 ◦C. Prior to analysis, 20 mg of oil was weighed and dissolved
in 500 µL 2-propanol, according to Martakos et al. [40]. The mixture was filtered through
nylon 0.45 µm syringe filters and an aliquot of 20 µL was injected into the HPLC system.

3.6. Method Validation

Method validation was performed for both methodologies to estimate selectivity,
linearity, LODs and limits of quantification (LOQs), within-day, and between-day accuracy
and precision, respectively. Linearity studies were performed in triplicate and covered
the working range of 0.5–20 µg/g which was selected for the phenolic compounds, and
the working range of 5–50 µg/g was selected for tocopherols. Linearity was assessed
by constructing calibration curves for each analyte using standard solutions. Eight point
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calibration curves were constructed by plotting the peak area versus concentration. LODs
and LOQs were calculated on the basis of the S/N of the analyte until an S/N ratio of 3:1
(LOD) and 10:1 (LOQ) was reached. [41].

Accuracy and precision were studied for both methods using a pool sample spiked at
three different concentrations: 0.5 µg/g—10 µg/g—20 µg/g for phenolics and,
5 µg/g—25 µg/g—50 µg/g for tocopherols, all analyzed in triplicate. Relative recoveries
(R%) were calculated by means of recovery percentage, by comparing the found and added
concentrations of the examined analytes (mean concentration found/concentration*100,
R%), expressing accuracy. The precision of the method was expressed in terms of relative
standard deviation (RSD%). Following this approach, within-day precision (repeatability)
was assessed in six replicates (n = 6), while between-day precision (reproducibility) were
assessed by performing triplicate analysis for spiked samples within three consecutive days
(n = 3 × 3) [41]. Five blank matrices were used to assess selectivity and no interferences
were observed in the same chromatographic window for both methodologies.

3.7. Chemometric Analysis

PCA was used as a mathematical tool to represent the variation in the dataset of
nineteen samples and sixteen features (phenolic compounds and tocopherols). PCA is an
unsupervised chemometric method used for exploratory data analysis [42]. PCA selects
the most important components to reduce data dimension and retain the variation of the
data with the Principal Components (PCs) which are linear combinations of the variables
of the dataset. The first PC explains the largest variance, the second PC presents the second
largest variance, and so on [43]. HCA was also used to represent and visualize the classes
of almonds, explore the similarities of the analyzed samples, and discover patterns among
them [44]. A DT was developed in an attempt to discover patterns in the quantitative
data and predict the geographical origin of the analyzed samples by assigning a numerical
value. PCA and HCA were created in R using the MetaboAnalyst package [37]. The DT
was created in Minitab 19 software (Minitab, PA, USA).

4. Conclusions

This work presents an innovative approach for assessing the bioactive content of
almonds with the development of two RP-HPLC-UV methodologies for the determination
of phenolic compounds and tocopherols, respectively. Nineteen samples of almonds
originating from USA and Greece were analyzed, and gallic acid, ferulic acid, sinapic acid,
caffeic acid, vanillic acid, p-coumaric acid, and rosmarinic acid were determined from
the class of phenolic acids. Catechin, epicatechin, diosmin, quercetin, apigenin, luteolin,
and kaempferol were determined from the class of flavonoids. Furthermore, from the
group of tocopherols, α-tocopherol and the sum of (β + γ)-tocopherols were determined as
well. The quantification results were further processed with chemometrics. PCA analysis
quantitatively showed the distribution of the almonds on the score plot and the clear
formation of two separate groups on the basis of their geographical origin (Greece or USA),
with the first two PCs explaining the 66.7% of variance. An HCA dendrogram was built, as
well, showing the clustering of two major groups according to the origin of production.
Finally, a DT was developed for the prediction of the country of origin suggesting ferulic
acid as a characteristic marker and proposing a concentration value of 1.54 µg/g.

The findings of this research have made progress towards the characterization of
almonds that belong to the Texas variety, showing that the geographical origin affects
the phenolic composition and tocopherol content, as well as showing that these bioactive
constituents could be used for the authentication of almonds that are commercially available
in the Greek market.

Supplementary Materials: The following are available online, Figure S1: Characteristic chro-
matogram of an almond sample spiked at 5 µg/g. Figure S2: Characteristic chromatogram of
a standard mixture of tocopherols at 10 µg/g. Figure S3: PCA biplot presenting the projection of the
data set in PC1 and PC2. The red vectors show the influence to each PC (atoc: α-tocopherol; bctoc: β
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+ γ-tocopherol). Figure S4: Prediction model performance characteristics. Table S1: Chromatographic
retention times of the phenolic compounds determined in almonds. Table S2: Recoveries (%R) for the
evaluation of repeatability. Table S3: Recoveries (%R) for the evaluation of intermediate precision.
Table S4: Recoveries (%R) for the evaluation of repeatability. Table S5: Recoveries (%R) for the
evaluation of repeatability. Table S6: Recoveries (%R) for the evaluation of intermediate precision.
Table S7. Chromatographic retention times of the phenolic compounds determined in almonds.
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Abstract: Development of high throughput robust methods is a prerequisite for a successful clinical
use of LC-MS/MS assays. In earlier studies, we reported that nLC-MS/MS measurement of the
O-glycoforms of HPX is an indicator of liver fibrosis. In this study, we show that a microflow
LC-MS/MS method using a single column setup for capture of the analytes, desalting, fast gradient
elution, and on-line mass spectrometry measurements, is robust, substantially faster, and even more
sensitive than our nLC setup. We demonstrate applicability of the workflow on the quantification of
the O-HPX glycoforms in unfractionated serum samples of control and liver disease patients. The
assay requires microliter volumes of serum samples, and the platform is amenable to one hundred
sample injections per day, providing a valuable tool for biomarker validation and screening studies.

Keywords: microflow LC-MS; mLC-MS/MS; liver fibrosis; hemopexin; biomarker

1. Introduction

Biomarker studies rely heavily on nano-flow liquid chromatography tandem mass
spectrometry (nLC-MS/MS) for both the discovery shotgun proteomics and the targeted
follow-up validation studies. In contrast to the small molecule analyte quantification,
where standard HPLC flow rates for LC-MS analysis are common, the nLC-MS/MS has
been favored for peptide quantification primarily because of the sensitivity of analyte
detection. However, nLC-MS methods remain technically challenging, time consuming,
and less robust [1], which limits their use in clinical laboratories or their applications to
large sample sets.

More recently, researchers have begun to explore capillary columns with a bore wider
than the conventional 75 µM ID nano-flow analytical columns [2–4]. This allows execu-
tion of the LC step of proteomic studies at a microflow rate, and at a substantially higher
throughput. The increased flow rate reduces the gradient time and increases the repro-
ducibility and robustness of the measurements [5]. However, in a conventional single
spray-tip setup, the higher flow rate diminishes ionization efficiency and lowers sensitivity
of detection below acceptable limits for the majority of the peptides in complex samples.
This has been addressed by the development of a multi-nozzle emitter that splits the flow
evenly into multiple smaller streams, which has been shown to enhance substantially
the ionization efficiency [6]. In combination with advances in the sensitivity of the mass
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spectrometers, the microflow LC-MS/MS (mLC-MS/MS) methods reach sensitivity of de-
tection comparable to that of nLC-MS/MS. Shotgun proteomics studies using mLC-MS/MS
have reported identification of close to 10,000 proteins in cell digests, and stability and
reproducibility over thousands of runs [5,7]. In these studies, the robustness of the method
in high-throughput bottom-up proteomic analyses has been demonstrated using complex
cell, tissue, and body fluid digests. The microflow method enabled avoidance of column
overloading, resulting in good peak shapes. This, in addition to negligible carryovers, is
critical for accurate quantification of compounds by the LC-MS/MS analyses. The method
has been adapted for protein biomarker studies using data independent analysis (DIA),
parallel reaction monitoring (PRM), and multiple reaction monitoring (MRM) [3,8–10].
However, we are not aware of any reports of the use of the mLC-MS/MS for the analysis of
O-glycopeptides.

In this study, we developed a mLC-MS/MS-PRM assay for the quantification of
site-specific mucin-type O-glycoforms of hemopexin, which we previously reported as a
promising candidate biomarker for the serologic monitoring of liver fibrosis [11,12]. We
have shown that the sialylated O-glycoforms of hemopexin (HPX) in serum of patients are
associated with advancing fibrosis in hepatitis C-associated liver disease [11]. This may
prove useful in the monitoring of the fibrotic liver disease, which affects a large segment of
the world’s population, and whose progression can be mitigated by timely lifestyle changes
and interventions [13,14]. Our newly optimized method allows for capture of the analytes,
desalting, and gradient elution using a one-column setup, directly in a tryptic digest of
unfractionated serum, which significantly reduces the time needed for sample preparation
and analysis. We used the method to quantify the HPX glycoforms in serum samples of
HCV-induced liver disease, and we demonstrate that the mLC-MS/MS-PRM assay offers
substantially higher throughput compared to our reported workflow [11], maintains higher
sensitivity of detection, and offers a high-throughput serologic assay (100 injections/day)
for an improved screening of these glycopeptide biomarker candidates.

2. Results and Discussion

Liver biopsy has been the gold standard in the diagnosis of fibrotic changes associated
with chronic liver diseases, and non-invasive methods such as liver imaging, ultrasound
elastography, and serologic monitoring provide additional options [13]. Serum protein
biomarkers, including glycosylation pattern of liver secreted proteins, represent an at-
tractive strategy for serologic monitoring of liver disease (reviewed in [15,16]). We have
characterized O-glycoforms of HPX by mass spectrometry [11,12,17] and demonstrated that
the relative abundance of the di- and mono-sialylated O-glycoforms increase significantly
with the progressing fibrotic liver disease of HCV etiology [11]. Building upon our earlier
studies, we aimed to develop a fast mLC-MS/MS assay to quantify the HPX glycoforms at
high throughput.

2.1. Microflow LC-MS/MS for the Quantification of O-HPX

We optimized a microflow (1.5 µL/min) LC-MS/MS workflow with 5× higher through-
put compared to the earlier nanoflow (0.3 µL/min) method. In a conventional metal/glass
needle emitter setup this would translate to a loss of sensitivity because of the dilution
of analytes. To circumvent this, we used a multi-nozzle emitter (8-nozzle, Newomics) [6],
which has been reported to achieve sensitivity close to routine nLC-MS/MS applications.

The sample trapping and desalting was achieved within 2 min at a 5 µL/min flow rate
using a 20 mm C18 trap column, followed by elution of the analytes at a 1.5 µL flow rate
in 3 min, column washing for 2 min, followed by a 6 min equilibration step (total 13 min;
for a schematic see Supplementary Figure S1). The time gap between each sample run is
negligible, thus making the analysis of approximately 100 samples per day feasible. The
analytes were measured by a scheduled PRM assay using an Orbitrap Fusion Lumos Mass
Spectrometer (Thermo Scientific, Dreieich, Germany).
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Measurement using serially diluted samples showed optimal sensitivity between
0.1 and 0.2 µg of injected serum protein sample (Figure 1). The retention time (RT) of the
analytes was highly reproducible (RSD 0.20%, Figure 2) which is suitable for automated
results processing. The S-HPX measurement (i.e., the ratio of disialo m/z 916.4/monosialo
m/z 843.6 analyte) [11] was shown to be consistent over 50 injections (RSD 8.91%, Figure 3),
demonstrating outstanding technical reproducibility of the label-free tandem mass spec-
trometry assay.

Figure 1. Peak area of tryptic monosialylated O-HPX glycopeptide in relation to the amount of serum
protein analyzed by mass spectrometry.

Figure 2. Retention time of a tryptic HPX O-glycopeptide on an Acclaim PepMap 100 C18 column.
The consistent elution time at 5.85 ± 0.12 min demonstrates excellent reproducibility.

2.2. Application of the Micro-Flow LC-MS/MS Assay to Serum Samples of Liver Disease Patients

We reported detectability of other O-glycoforms of HPX, including the Tn-antigen, in
our previous study; however, we were not able to quantify these analytes in the patient
samples [11]. In our current assay, we quantify the additional analytes because of enhanced
sensitivity of the current setup in spite of the introduction of faster flow rates (Supplemen-
tary Table S1). The inclusion list consisted of multiple O-glycoforms of the N-terminal HPX
tryptic peptide [HexNAc (m/z 973.5), HexNAc-Hex-Neu5Ac (m/z 843.6), HexNAc-Hex-
2Neu5Ac (m/z 916.4), 2HexNAc-2Hex-2Neu5Ac (m/z 1007.7), 2HexNAc-2Hex-3Neu5Ac
(m/z 1080.5), 2HexNAc-2Hex-4Neu5Ac (m/z 1153.2), HexNAc-Hex (m/z 770.9)]. Their elu-
tion profile shows that the analytes elute within a short window of 5.83–5.91 min (Figure 4).
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The enhanced detection of the O-HPX glycoforms in unfractionated serum samples using
this microflow method may be due to the combination of sample loading capacity and
excellent peak shape (Figure 5) obtained at the higher flow rate. With the assumption
that minor ionization differences of the glycoforms do not affect the overall results, we
calculated the ratios of multiple sialylated to respective monosialylated glycoforms. The
ratios of the sialylated O-HPX analytes (S-HPX) were calculated based on the peak areas of
the multiple sialylated structures to singly sialylated structures 916.4/843.6, 1080.5/1007.7,
and 1153.2/1007.7 using the transitions described previously [11].

Figure 3. Repeat measurement of S-HPX from one sample by mass spectrometry. Each dot represents
the ratio of the m/z 916.4 to the m/z 843.6 in one injection.

As a proof of applicability, we quantified S-HPX in serum samples of 15 HCV fibrotic
and 15 HCV cirrhotic patients (HALT-C trial participants), and compared the quantities
to 15 serum samples of healthy controls. The measurement was undertaken using a
fixed volume of serum samples and the measure is normalized by the ratio of the gly-
coforms of the same protein, as described previously [11]. Statistical analyses were per-
formed to find the association between the different analytes and the disease status. The
mean ratio and standard error of 916.4/843.6 in control, fibrotic, and cirrhotic groups was
7.905 ± 0.8562, 13.69 ± 2.942, and 29.99 ± 4.950; and that of 1080.5/1007.7 was 8.802 ± 0.8,
11.65 ± 1.558, and 21.59 ± 2.587; and that of 1153.2/1007.7 was 1.07 ± 1.131, 4.261 ± 1.979,
and 14.65 ± 3.49 respectively. One-way ANOVA analysis showed that the relative ratios
for the three analytes, 916.4/843.6 (p < 0.0001), 1080.5/1007.7 (p < 0.0001), and 1153.2/1007.7
(p = 0.0004) vary significantly between the control, fibrosis, and cirrhosis groups
(Figure 5). Thus, this study expands the number of meaningful analytes for the detection
of liver fibrosis. It confirms the results observed in our earlier study, that the S-HPX in-
creases progressively in fibrotic and cirrhotic participants compared to disease-free controls
(Figure 5). Further studies are needed to understand the mechanism and biological pro-
cesses controlling this outcome. Nevertheless, our results show that the mLC–MS/MS-PRM
assay has adequate analytical performance for direct quantification of the clinically relevant
S-HPX analyte in serum samples.

Overall, we demonstrate the utility of a 13 min mLC-MS/MS-PRM assay for the quan-
tification of the S-HPX glycoforms diagnostic of liver fibrosis of HCV etiology. The assay is
more sensitive compared to that of our earlier report, highly reproducible, and amenable to
100 sample injections per day. Target analyte carryover between the sample injections is
negligible (results not shown). In conjunction with a simple sample preparation method
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without an off-line desalting step, our workflow enables analysis of at least 30 samples per
day in triplicate, including necessary QC injections. These parameters would be applicable
in a clinical setting. A further increase in the throughput is feasible using a wider-bore capil-
lary column with a higher flow rate, thereby reducing the gradient run time. A multi-nozzle
emitter suitable for a flow rate up to 40 µL is commercially available and would support
such adjustments. Optimization of a high-flow high-sensitivity methodology would be a
focus for future studies.

Figure 4. The extracted ion chromatograms showing the elution of the sialylated O-HPX peptides.
The composition of the analytes is provided in the bottom right panel.
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Figure 5. Quantification of S-HPX in control (CTRL, n = 15) and progressing stages of liver disease,
liver fibrosis (FIB, n = 15), and cirrhosis (CIR, n = 15). S-HPX, the ratio of monosialylated glycopeptide
of the same structure (disialoT/monosialoT) increases significantly (p < 0.01) from the control,
to the fibrosis and cirrhosis groups. Ratio of (A) HexNAc-Hex-2Neu5Ac/HexNAc-Hex-Neu5Ac,
(B) 2HexNAc-2Hex-3Neu5Ac/2HexNAc-2Hex-2Neu5Ac, (C) 2HexNAc-2Hex-4Neu5Ac/2HexNAc-
2Hex-2Neu5Ac.

3. Materials and Methods

3.1. Materials

Ammonium bicarbonate, DL-dithiothreitol (DTT), iodoacetamide (IAA) (Sigma-Aldrich
St. Louis, MO, USA); sequencing grade trypsin (Promega, Madison, WI, USA)). LC/MS
grade Water, 0.1% formic acid in Acetonitrile, 0.1% formic acid in Water (Thermo Fisher
Scientific, Waltham, MA, USA). Acclaim PepMap 100 column (Thermo Fisher Scientific,
Waltham, MA, USA).
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3.2. Sample Processing

Serum samples were processed by trypsin digestion, without any enrichment step,
as described earlier [11]. Briefly, 2 µL of each serum sample was diluted to 140 µL with
25 mM ammonium bi-carbonate; the proteins were reduced by 5 mM DTT at 60 ◦C for
1 h, followed by alkylation with 15 mM iodoacetamide for 20 min at RT in the dark.
Residual iodoacetamide was reduced with 5 mM DTT for 20 min at RT. The proteins (20 µL
by volume from above) were digested with mass spectrometry grade trypsin (1 µg) at
37 ◦C O/N. Tryptic peptides were analyzed without further processing to ensure reliable
quantification of the glycoforms.

3.3. Micro-Flow LC-MS/MS-PRM

LC-MS/MS analysis was performed using an Ultimate 3000 RSLCnano chromatograph
and Orbitrap Fusion Lumos Mass Spectrometer platform (Thermo) with a multi-nozzle
emitter (NEWOMICS, Berkeley, CA, USA) used as the microflow sprayer. Glycopeptide
separation was achieved in microflow mode using an Acclaim PepMap 100 capillary column
75 µm ID × 20 mm length, packed with C18 5 µm, 300 Å (Thermo). Glycopeptides were
separated as follows: starting condition flow 5 µL, 2% ACN, 0.1% formic acid; 0–1 min flow
5 µL, 2% ACN, 0.1% formic acid; 1–2 min flow 1.5 µL, 2–5% ACN, 0.1% formic acid; 2–5 min
flow 1.5 µL, 5–98% ACN, 0.1% formic acid; 7–9 min flow 1.5 µL, 98% ACN, 0.1% formic acid;
followed by equilibration to starting conditions for an additional 4 min (Supplementary
Figure S1).

We used a Parallel Reaction Monitoring (PRM) workflow with one MS 1 full scan
(400–1800 m/z, resolution 120 K, max IT 50 ms) and scheduled MS/MS fragmentation
(Isolation window m/z 2.0, HCD fragmentation, resolution 30 K, scan range 200–1400,
RF Lens 55%) for the analysis of the sialylated O-HPX glycopeptide TPLPPTSAHGN-
VAEGETKPDPVTER (Table 1).

Table 1. Targeted PRM analysis of tryptic O-glycopeptide of HPX: analyte composition, MS data
collection parameters, and transitions used for quantitation is highlighted.

Compound m/z z
Collision

Energy (%)
Transitions Used for

Quantitation

HexNAc-Hex-Neu5Ac 843.6 4 20 905.8

HexNAc-Hex-2Neu5Ac 916.4 4 20 905.8

2HexNAc-2Hex-3Neu5Ac 1080.5 4 20 905.8

2HexNAc-2Hex-4Neu5Ac 1153.2 4 20 905.8

2HexNAc-2Hex-2Neu5Ac 1007.7 4 20 905.8

HexNAc 973.5 3 20 905.8

HexNAc-Hex 770.9 4 20 905.8

3.4. Study Population

Serum samples of participants in the HALT-C trial were obtained from the central
repository at the National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK)
as described previously [12]. In this study, O-HPX glycoforms comparison was performed
in 30 participants (15 HCV fibrotic and 15 HCV cirrhotic patients) and 15 disease-free
controls that donated blood samples at Georgetown University (GU) in line with approved
IRB protocols. Briefly, the HALT-C trial is a prospective randomized controlled trial of
1050 patients that evaluated the effect of long-term low-dose peginterferon alpha-2a in
patients who failed initial anti-HCV therapy with interferon [18]. Liver disease status of the
study participants was classified based on biopsy-evaluation into groups of fibrosis (Ishak
score 3–4) or cirrhosis (Ishak score 5–6). The two groups of liver disease samples, and the
controls, were frequency matched on age, gender, and race (Supplementary Table S2).
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3.5. Data Analysis

LC-MS/MS data were processed by Quant Browser (Thermo) with manual confir-
mation/integration. Peak areas were used for peptide and glycopeptide quantification
and data normalization. A specific Y-ion (e.g., loss of whole glycan) was used for the
quantification of the O-glycopeptides. The specific backbone fragments (y-ions) were used
for the confirmation of the correct O-glycopeptides signal. The details of the MS/MS
transitions used for the quantification of each glycoforms are listed in Table 1. Relative
intensity of multiple sialylated analyte was calculated by normalizing its peak area to the
peak area of monosialylated glycopeptide of the same structure (DisialoT/monosialoT,
etc.), as described previously [11].

Statistical analysis for the HCV dataset was performed using GraphPad Prism software
(v9.3.1). The ratio of three HPX-sialylated analytes 916.4, 1080.5, and 1153.2, to their
respective non-sialylated forms (843.6, 1007.7, and 1007.7), was used as the quantitative
measure for evaluation of the liver disease. The mean, standard error of mean, and the one-
way ANOVA test was performed to determine the correlation between different analytes
and disease status, and the data was visualized by nested Tukey plot.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/molecules27072213/s1, Figure S1: A schematic showing gradient conditions for LC-MS/MS
analysis, Table S1: Basic information on samples analyzed in this study, participant demography and
disease conditions are provided.
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Abstract: There has been no assessment of the greenness of the described analytical techniques for
the simultaneous determination (SMD) of caffeine and paracetamol. As a result, in comparison
to the greener normal-phase high-performance thin-layer chromatography (HPTLC) technique,
this research was conducted to develop a rapid, sensitive, and greener reversed-phase HPTLC
approach for the SMD of caffeine and paracetamol in commercial formulations. The greenness of
both techniques was calculated using the AGREE method. For the SMD of caffeine and paracetamol,
the greener normal-phase and reversed-phase HPTLC methods were linear in the 50–500 ng/band
and 25–800 ng/band ranges, respectively. For the SMD of caffeine and paracetamol, the greener
reversed-phase HPTLC approach was more sensitive, accurate, precise, and robust than the greener
normal-phase HPTLC technique. For the SMD of caffeine paracetamol in commercial PANEXT
and SAFEXT tablets, the greener reversed-phase HPTLC technique was superior to the greener
normal-phase HPTLC approach. The AGREE scores for the greener normal-phase and reversed-
phase HPTLC approaches were estimated as 0.81 and 0.83, respectively, indicated excellent greenness
profiles for both analytical approaches. The greener reversed-phase HPTLC approach is judged
superior to the greener normal-phase HPTLC approach based on numerous validation parameters
and pharmaceutical assays.

Keywords: caffeine; greener HPTLC; paracetamol; simultaneous determination; validation

1. Introduction

Paracetamol (Figure 1A) is the commonly administered anti-inflammatory and an-
tipyretic medicine, especially in case of pediatric and geriatric patients [1,2]. It is com-
mercially available in a wide range of dosage forms [2]. Caffeine (Figure 1B) is a pseudo-
alkaloidal drug that is commonly used in combination with paracetamol [3,4]. The combi-
nation of paracetamol and caffeine is the world’s most widely used combination [4]. As
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a result, the qualitative and quantitative standardization of caffeine and paracetamol in
commercially available formulations is necessary.
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Figure 1. Chemical structures of (A) paracetamol and (B) caffeine.

An extensive literature search revealed various analytical approaches for the simul-
taneous determination (SMD) of caffeine and paracetamol in commercial formulations
and biological fluids. For the SMD of caffeine and paracetamol in commercial formula-
tions, different spectrometry techniques involving various chemical procedures, such as
derivatization have been used [5–10]. For the SMD of caffeine and paracetamol in vari-
ous commercial dosage forms, several high-performance liquid chromatography (HPLC)
techniques have been used [4,11–19]. Caffeine and paracetamol were also quantified simul-
taneously in a human plasma sample using a HPLC method [19]. For the SMD of caffeine
and paracetamol in human plasma samples, a liquid-chromatography mass-spectrometry
(LC–MS) technique was also used [20]. For the SMD of caffeine and paracetamol in
their pure forms and formulations, certain high-performance thin-layer chromatography
(HPTLC) techniques have been used [21–23]. Various voltammetry-based approaches have
also been applied for the SMD of caffeine and paracetamol in their dosage forms [24–27].
Dual-mode gradient HPLC and HPTLC methods have also been used for the SMD of
caffeine and paracetamol in the presence of paracetamol impurities [28]. The electrospray
laser desorption ionization mass spectrometry technique was also utilized for the SMD of
caffeine and paracetamol in tablets [29]. An electrochemical cell-on-a-chip device fabricated
using 3D-printing technology was also used for the SMD of caffeine and paracetamol [30].
A genetic algorithm based on wavelength selection was also applied for the SMD of caffeine
and paracetamol [31]. Some other approaches, such as near-infrared spectrometry [32],
flow-injection spectrometry [33], micellar liquid chromatography [34], and micellar elec-
trokinetic capillary chromatography [35] approaches were also proposed for the SMD of
caffeine and paracetamol in their dosage forms. Published reports on the SMD of caffeine
and paracetamol suggested various analytical approaches for their analysis. However, the
greenness scale of any of the reported analytical approach was not estimated. In addition,
greener HPTLC approaches have not been utilized for the SMD of caffeine and paracetamol.
For the estimation of the greenness scale, different quantitative analytical methodologies
have been presented [36–40]. For the estimation of the greenness scale, only the “Analytical
Greenness (AGREE)” analytical approach considers all twelve green analytical chemistry
(GAC) principles [38]. As a result, the AGREE analytical methodology was applied for
the estimation of greenness scale of the greener normal-phase and reversed-phase HPTLC
approaches [38].

In comparison to the greener normal-phase HPTLC approach, the current study in-
tends to establish and validate a rapid, sensitive, and greener reversed-phase HPTLC
approach for the SMD of caffeine and paracetamol in commercial formulations. Follow-
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ing “The International Council for Harmonization (ICH)” Q2-R1 recommendations, the
greener normal-phase and reversed-phase HPTLC methods for the SMD of caffeine and
paracetamol were validated [41].

2. Results and Discussion

2.1. Method Development

For the development of a suitable band for the SMD of caffeine and paracetamol using
the greener normal-phase HPTLC technique, various amounts of ethyl acetate (EA) and
ethanol (E), including EA/E (50:50, v/v), EA/E (60:40, v/v), EA/E (70:30, v/v), EA/E (80:20,
v/v), EA/E (85:15, v/v), and EA/E (90:10, v/v) were studied as the greener mobile phases.

The greener mobile phases, such as EA/E (50:50, v/v), EA/E (60:40, v/v), EA/E
(70:30, v/v), EA/E (80:20, v/v), and EA/A (90:10, v/v) revealed poor chromatographic
peaks of caffeine and paracetamol with high asymmetry factor (As) for caffeine (As > 1.25)
and paracetamol (As > 1.30). When the greener mobile phase EA/E (85:15, v/v) was
evaluated, it was discovered that this greener mobile phase provided well-resolved and
intact chromatographic peaks for caffeine at a retardation factor of (Rf) = 0.40 ± 0.01 and for
paracetamol of Rf = 0.59 ± 0.02 (Figure 2). Caffeine and paracetamol were also predicted to
have As values of 1.06 and 1.08, respectively, which are very trustworthy. As a consequence,
the EA/E (85:15, v/v) was chosen as the final mobile phase for the SMD of caffeine and
paracetamol in commercial tablets utilizing the greener normal-phase HPTLC method.
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Figure 2. Normal-phase high-performance thin-layer chromatography (HPTLC) chromatogram of
standard caffeine and paracetamol.

For the development of a suitable band for the SMD of caffeine and paracetamol
using the greener reversed-phase HPTLC technique, various amounts of E and water (W),
including E/W (50:50, v/v), E/W (60:40, v/v), E/W (70:30, v/v), E/W (80:20, v/v), and
E/W (90:10, v/v) were studied as the greener mobile phases. All of the green mobile phases
investigated were created under chamber saturation conditions (Figure 3).

The greener mobile phases, such as E/W (60:40, v/v), E/W (70:30, v/v), E/W (80:20,
v/v), and E/W (90:10, v/v) revealed poor chromatographic peaks of caffeine and parac-
etamol with poor As for caffeine (As > 1.30) and paracetamol (As > 1.35). When the
greener mobile phase E/W (50:50, v/v) was evaluated, it was discovered that this greener
mobile phase provided well-resolved and intact chromatographic peaks of caffeine at
Rf = 0.43 ± 0.01 and of paracetamol at Rf = 0.57 ± 0.02 (Figure 4). Caffeine and paraceta-
mol were also predicted to have As values of 1.10 and 1.09, respectively, which are very
trustworthy. As a consequence, the E/W (50:50, v/v) was chosen as the final mobile
phase for the SMD of caffeine and paracetamol in commercial tablets utilizing the greener
reversed-phase HPTLC method. The maximum response was obtained at a wavelength of
260 nm for caffeine and paracetamol when the spectral bands for caffeine and paracetamol
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were recorded using densitometry mode. As a result, the whole SMD of caffeine and
paracetamol took place at 260 nm.
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Figure 3. Developed thin-layer chromatography (TLC) plate for standard caffeine, standard paraceta-
mol, commercial tablets PANEXT, and commercial tablets SAFEXT developed using ethanol (E)/water
(W) (50:50 v/v) as the greener mobile phase for the greener reversed-phase HPTLC method.
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Figure 4. Reversed-phase HPTLC chromatogram of standard caffeine and paracetamol.

2.2. Method Validation

The ICH-Q2-R1 guidelines were used to estimate various parameters for the SMD
of caffeine and paracetamol [41]. The results of the linear regression analysis of caffeine
and paracetamol calibration curves utilizing the greener normal-phase HPTLC technique
are summarized in Table 1. Caffeine and paracetamol calibration curves were linear in the
50–500 ng/band range for both drugs. Caffeine and paracetamol’s determination coeffi-
cients (R2) were found to be 0.9928 and 0.9970, respectively. Caffeine and paracetamol’s
regression coefficients (R) were found to be 0.9963 and 0.9984, respectively. The values of R2

and R were highly significant for both the compounds (p < 0.05). These findings suggested a
strong link between the concentration and measured response of caffeine and paracetamol.
All these findings indicated the reliability of the greener normal-phase HPTLC approach
for the SMD of caffeine and paracetamol.
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Table 1. Results of the linear regression analysis for the simultaneous determination (SMD) of caffeine
and paracetamol using the greener normal-phase high-performance thin-layer chromatography
(HPTLC) method (mean ± SD; n = 6).

Parameters Caffeine Paracetamol

linearity range (ng/band) 50–500 50–500
R2 0.9928 0.9970
R 0.9963 0.9984

slope ± SD 19.36 ± 0.96 18.05 ± 0.54
intercept ± SD 387.62 ± 4.38 95.66 ± 2.14

standard error of slope 0.39 0.22
standard error of intercept 1.78 0.87

95% confidence interval of slope 17.68–21.05 17.10–19.00
95% confidence interval of intercept 379.92–395.31 91.90–99.42

LOD ± SD (ng/band) 16.84 ± 0.27 17.05 ± 0.31
LOQ ± SD (ng/band) 50.52 ± 0.81 51.15 ± 0.93

R2: determination coefficient; R: regression coefficient; LOD: limit of detection; LOQ: limit of quantification.

The resulting data for the linear regression analysis of caffeine and paracetamol
calibration curves utilizing the greener reversed-phase HPTLC technique are summarized
in Table 2. Caffeine and paracetamol calibration curves were linear in the 25–800 ng/band
range for both drugs. Caffeine and paracetamol’s R2 were found to be 0.9976 and 0.9966,
respectively. Caffeine and paracetamol’s R were found to be 0.9987 and 0.9982, respectively.
The values of R2 and R were highly significant for both the compounds (p < 0.05). These
findings again suggested a strong link between the concentration and measured response
of caffeine and paracetamol. All these findings indicated the reliability of the greener
reversed-phase HPTLC technique for the SMD of caffeine and paracetamol. However, the
greener reversed-phase HPTLC technique was more linear than the greener normal-phase
HPTLC technique.

Table 2. Results for linear regression analysis for the SMD of caffeine and paracetamol using the
greener reversed-phase HPTLC method (mean ± SD; n = 6).

Parameters Caffeine Paracetamol

linearity range (ng/band) 25–800 25–800
R2 0.9976 0.9966
R 0.9987 0.9982

slope ± SD 20.54 ± 1.05 17.12 ± 0.47
intercept ± SD 833.46 ± 7.51 696.63 ± 6.21

standard error of slope 0.42 0.19
standard error of intercept 3.06 2.53

95% confidence interval of slope 18.70–22.38 16.29–17.94
95% confidence interval of intercept 820.26–846.65 685.71–707.54

LOD ± SD (ng/band) 8.52 ± 0.12 8.71 ± 0.13
LOQ ± SD (ng/band) 25.56 ± 0.36 26.13 ± 0.39

R2: determination coefficient; R: regression coefficient; LOD: limit of detection; LOQ: limit of quantification.

The parameters of the system appropriateness for the greener normal-phase HPTLC
methodology are summarized in Table 3. For the SMD of caffeine and paracetamol, the Rf,
As, and number of theoretical plates per meter (N/m) for the greener normal-phase HPTLC
technique were determined to be satisfactory. The parameters of the system appropriateness
for the greener reversed-phase HPTLC methodology are summarized in Table 4. For the
SMD of caffeine and paracetamol, the Rf, As, and N/m for the greener reversed-phase
HPTLC technique were also determined to be satisfactory.

47



Molecules 2022, 27, 405

Table 3. System suitability parameters in terms of retardation factor (Rf), asymmetry factor (As),
and a number of theoretical plates per meter (N/m) of caffeine and paracetamol for the greener
normal-phase HPTLC method (mean ± SD; n = 3).

Parameters Caffeine Paracetamol

Rf 0.40 ± 0.01 0.59 ± 0.02
As 1.06 ± 0.02 1.08 ± 0.03

N/m 5245 ± 5.81 4978 ± 5.19

Table 4. The Rf, As, and N/m values of caffeine and paracetamol for the greener reversed-phase
HPTLC method (mean ± SD; n = 3).

Parameters Caffeine Paracetamol

Rf 0.43 ± 0.01 0.57 ± 0.02
As 1.10 ± 0.03 1.09 ± 0.02

N/m 5182 ± 5.92 5367 ± 6.32

For assessing caffeine and paracetamol, the percent of recovery was utilized to estimate
the accuracy of the greener normal-phase and reversed-phase HPTLC techniques. The
accuracy evaluation results for the greener normal-phase HPTLC technique are summarized
in Table 5. Using the greener normal-phase HPTLC technique, the percent recoveries of
caffeine and paracetamol at three separate quality control (QC) samples were expected to
be 97.13–104.88 and 96.57–103.23 percent, respectively. The accuracy evaluation results for
the greener reversed-phase HPTLC technique are summarized in Table 6. Using the greener
reversed-phase HPTLC technique, the percent recoveries of caffeine and paracetamol at
three separate QC samples were expected to be 98.84–100.62 and 98.60–101.50 percent,
respectively. These results showed that both analytical techniques were accurate for the
SMD of caffeine and paracetamol. For the SMD of caffeine and paracetamol, however,
the greener reversed-phase HPTLC methodology was more accurate than the greener
normal-phase HPTLC methodology.

Table 5. Measurement of the accuracy of caffeine and paracetamol for the greener normal-phase
HPTLC method (mean ± SD; n = 6).

Conc. (ng/Band) Conc. Found (ng/Band) ± SD Recovery (%) CV (%)

Caffeine

100 97.13 ± 2.24 97.13 2.30
300 314.65 ± 4.87 104.88 1.54
500 492.31 ± 6.13 98.46 1.24

Paracetamol

100 103.23 ± 3.12 103.23 3.02
300 289.71 ± 7.12 96.57 2.45
500 514.41 ± 9.12 102.88 1.77

CV: coefficient of variance.

The precision of the greener normal-phase and reversed-phase HPTLC techniques
was investigated as intra/inter-assay precision and given as a percent of the coefficient of
variation (CV) for the SMD of caffeine and paracetamol. Table 7 summarizes the results
of intra/inter-day precisions for the SMD of caffeine and paracetamol using the greener
normal-phase HPTLC technique. The percent CVs of caffeine and paracetamol for the
intra-day variation were estimated as 1.30–2.39 and 1.91–3.42 percent, respectively. The
percent CVs of caffeine and paracetamol for inter-day variation were estimated as 1.51–2.55
and 1.86–3.56 percent, respectively. Table 8 summarizes the results of intra/inter-day
precisions for the SMD of caffeine and paracetamol using the greener reversed-phase
HPTLC technique. The percent CVs of caffeine and paracetamol for the intra-day variation
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were estimated as 0.40–0.85 and 0.52–0.96 percent, respectively. The percent CVs of caffeine
and paracetamol for inter-day variation were estimated as 0.42–0.78 and 0.55–1.03 percent,
respectively. These findings indicated that both the analytical approaches were precise
for the SMD of caffeine and paracetamol. However, the greener reversed-phase HPTLC
methodology was more precise than the greener normal-phase HPTLC methodology for
the SMD of caffeine and paracetamol.

Table 6. Measurement of the accuracy of caffeine and paracetamol for the greener reversed-phase
HPTLC method (mean ± SD; n = 6).

Conc. (ng/Band) Conc. Found (ng/Band) ± SD Recovery (%) CV (%)

Caffeine

50 50.31 ± 0.41 100.62 0.81
300 296.54 ± 1.45 98.84 0.48
800 795.61 ± 3.45 99.45 0.43

Paracetamol

50 49.18 ± 0.41 98.36 0.83
300 304.51 ± 1.64 101.50 0.53
800 807.54 ± 4.15 100.94 0.51

CV: coefficient of variance.

Table 7. Assessment of intra/inter-day precision of caffeine and paracetamol for the greener normal-
phase HPTLC method (mean ± SD; n = 6).

Conc.
(ng/Band)

Intraday Precision Interday Precision
Conc.

(ng/Band) ± SD
Standard Error CV (%)

Conc.
(ng/Band) ± SD

Standard Error CV (%)

Caffeine

100 96.54 ± 2.31 0.94 2.39 103.65 ± 2.65 1.08 2.55
300 292.97 ± 5.02 2.04 1.71 291.98 ± 5.61 2.29 1.92
500 512.45 ± 6.68 2.72 1.30 483.27 ± 7.31 2.98 1.51

Paracetamol

100 96.89 ± 3.32 1.35 3.42 95.61 ± 3.41 1.39 3.56
300 313.56 ± 7.52 3.07 2.39 286.51 ± 7.59 3.09 2.64
500 486.67 ± 9.32 3.80 1.91 516.41 ± 9.61 3.92 1.86

CV: coefficient of variance.

Table 8. Assessment of intra/inter-day precision of caffeine and paracetamol for the greener reversed-
phase HPTLC method (mean ± SD; n = 6).

Conc.
(ng/Band)

Intraday Precision Interday Precision
Conc.

(ng/Band) ± SD
Standard Error CV (%)

Conc.
(ng/Band) ± SD

Standard Error CV (%)

Caffeine

50 50.42 ± 0.43 0.17 0.85 49.61 ± 0.39 0.15 0.78
300 303.21 ± 1.51 0.61 0.49 297.54 ± 1.31 0.53 0.44
800 806.31 ± 3.61 1.47 0.40 797.61 ± 3.40 1.38 0.42

Paracetamol

50 49.54 ± 0.48 0.19 0.96 50.21 ± 0.52 0.21 1.03
300 305.61 ± 1.78 0.72 0.58 296.54 ± 1.81 0.73 0.61
800 794.65 ± 4.21 1.71 0.52 804.61 ± 4.47 1.82 0.55

CV: coefficient of variance.

By introducing slight deliberate modifications in the greener mobile phase compo-
nents, the durability of the greener normal-phase and reversed-phase HPTLC techniques
for the SMD of caffeine and paracetamol was examined. Table 9 summarizes the results
of robustness evaluation using the greener normal-phase HPTLC approach. The percent
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CVs for caffeine and paracetamol were estimated as 2.17–3.33 and 2.48–2.64 percent, re-
spectively. Caffeine and paracetamol Rf values were also estimated to be 0.39–0.41 and
0.58–0.60, respectively.

Table 9. Results of robustness analysis of caffeine and paracetamol for the greener normal-phase
HPTLC method (mean ± SD; n = 6).

Conc.
(ng/Band)

Mobile Phase Composition (Ethyl Acetate/Ethanol) Results
Original Used (ng/Band) ± SD % CV Rf

Caffeine

87:13 +2.0 294.98 ± 6.43 2.17 0.39
300 85:15 85:15 0.0 302.14 ± 6.87 2.27 0.40

83:17 −2.0 305.61 ± 7.13 2.33 0.41

Paracetamol

87:13 +2.0 287.21 ± 7.14 2.48 0.58
300 85:15 85:15 0.0 291.34 ± 7.72 2.64 0.59

83:17 −2.0 304.51 ± 8.02 2.63 0.60

CV: coefficient of variance; Rf: retardation factor.

Table 10 summarizes the results of robustness evaluation utilizing the greener reversed-
phase HPTLC methodology. The percent CVs for caffeine and paracetamol were estimated
as 0.91–0.94 and 0.95–1.04 percent, respectively. Caffeine and paracetamol Rf values were
also estimated to be 0.42–0.44 and 0.56–0.58, respectively. These results showed that both
analytical techniques were reliable for the SMD of caffeine and paracetamol. For the SMD
of caffeine and paracetamol, however, the greener reversed-phase HPTLC approach was
more robust than the greener normal-phase HPTLC approach.

Table 10. Results of robustness analysis of caffeine and paracetamol for the greener reversed-phase
HPTLC method (mean ± SD; n = 6).

Conc.
(ng/Band)

Mobile Phase Composition (Ethanol/Water) Results
Original Used (ng/Band) ± SD % CV Rf

Caffeine

52:48 +2.0 296.31 ± 2.71 0.91 0.42
300 50:50 50:50 0.0 303.54 ± 2.82 0.92 0.43

48:52 −2.0 306.87 ± 2.91 0.94 0.44

Paracetamol

52:48 +2.0 294.87 ± 2.81 0.95 0.56
300 50:50 50:50 0.0 303.21 ± 2.94 0.96 0.57

48:52 −2.0 307.81 ± 3.21 1.04 0.58

CV: coefficient of variance; Rf: retardation factor.

The “limit of detection (LOD) and limit of quantification (LOQ)” were used to evaluate
the sensitivity of the greener normal-phase and reversed-phase HPTLC methods for the
SMD of caffeine and paracetamol. The predicted values of “LOD and LOQ” for caffeine
and paracetamol utilizing the greener normal-phase HPTLC technique are summarized
in Table 1. Using the greener normal-phase HPTLC technique, the “LOD and LOQ” for
caffeine were estimated to be 16.84 ± 0.27 and 50.52 ± 0.81 ng/band, respectively. Using
the greener normal-phase HPTLC technique, the “LOD and LOQ” for paracetamol were
estimated to be 17.05 ± 0.31 and 51.15 ± 0.93 ng/band, respectively. The predicted values of
“LOD and LOQ” for caffeine and paracetamol utilizing the greener reversed-phase HPTLC
technique are summarized in Table 2. Utilizing the reversed-phase HPTLC technique, the
“LOD and LOQ” for caffeine were estimated to be 8.52 ± 0.12 and 25.56 ± 0.36 ng/band,
respectively. Using the greener reversed-phase HPTLC technique, the “LOD and LOQ”
for paracetamol were estimated to be 8.71 ± 0.13 and 26.13 ± 0.39 ng/band, respec-
tively. These data suggested that both analytical techniques were sensitive enough for
the SMD of caffeine and paracetamol. For the SMD of caffeine and paracetamol, how-

50



Molecules 2022, 27, 405

ever, the reversed-phase HPTLC methodology was more sensitive than the normal-phase
HPTLC methodology.

By comparing the Rf values and superimposed ultra-violet (UV)-absorption spectra
of caffeine and paracetamol in the commercial tablets PANEXT and SAFEXT with that of
standards caffeine and paracetamol, the specificity of the greener HPTLC approach for
the SMD of caffeine and paracetamol was assessed. The overlaid UV spectra of standards
caffeine and paracetamol, as well as caffeine and paracetamol in the commercial tablets
PANEXT and SAFEXT, are shown in Figure 5.
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Figure 5. Superimposed ultra-violet (UV) absorption spectra of standard caffeine and paracetamol
and caffeine and paracetamol in PANEXT and SAFEXT.

At a wavelength of 260 nm, the maximum densitometric responses of caffeine and
paracetamol in standards and the commercial tablets PANEXT and SAFEXT were recorded.
The specificity of the greener HPTLC technique for the SMD of caffeine and paracetamol
was demonstrated by the identical UV spectra, Rf data, and wavelengths of caffeine and
paracetamol in standards and the commercial tablets PANEXT and SAFEXT.

2.3. Application of Greener Normal-Phase and Reversed-Phase HPTLC Aapraches in the SMD of
Caffeine and Paracetamol in Commercial Tablets

For the SMD of caffeine and paracetamol in their commercial formulation, the greener
normal-phase and reversed-phase HPTLC techniques were used as an alternative to regular
analytical approaches. The chromatograms of caffeine and paracetamol from commercial
tablets were identified by comparing the TLC spots at Rf = 0.40 ± 0.01 for caffeine and
Rf = 0.59 ± 0.02 for paracetamol in comparison with those of standards for caffeine and
paracetamol using the greener normal-phase HPTLC approach. Figure 6 summarizes the
recorded chromatograms of caffeine and paracetamol in the commercial tablets PANEXT
(Figure 6A) and SAFEXT (Figure 6B), which showed identical peaks of caffeine and parac-
etamol to those of standards for caffeine and paracetamol in both the commercial tablets.

The chromatograms of caffeine and paracetamol from commercial tablets were identi-
fied by comparing their TLC spots at Rf = 0.43 ± 0.01 for caffeine and Rf = 0.57 ± 0.02 for
paracetamol with those of standards caffeine and paracetamol using the greener reversed-
phase HPTLC approach. Figure 7 summarizes the recorded chromatograms of caffeine and
paracetamol in the commercial tablets PANEXT (Figure 7A) and SAFEXT (Figure 7B), which
also showed identical peaks of caffeine and paracetamol to those of standards caffeine and
paracetamol in both commercial tablets.
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Figure 6. Normal-phase HPTLC chromatograms of caffeine and paracetamol in (A) commercial
tablets PANEXT and (B) commercial tablets SAFEXT.
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Figure 7. Reversed-phase HPTLC chromatograms of caffeine and paracetamol in (A) commercial
tablets PANEXT and (B) commercial tablets SAFEXT.

Using the greener normal-phase HPTLC technique, the percent assays of caffeine
in the commercial PANEXT and SAFEXT tablets were estimated to be 91.23 ± 1.14 and
92.45 ± 1.22 percent, respectively. Using the greener normal-phase HPTLC technique, the
percent assays of paracetamol in commercial PANEXT and SAFEXT tablets were estimated
to be 89.41 ± 1.04 and 91.13 ± 1.06 percent, respectively. Using the greener reversed-phase
HPTLC technique, the percent assays of caffeine in commercial PANEXT and SAFEXT
tablets were estimated to be 98.51 ± 1.42 and 101.12 ± 1.53 percent, respectively. Using the
greener reversed-phase HPTLC technique, the percent assays of paracetamol in commercial
PANEXT and SAFEXT tablets were estimated to be 99.42 ± 1.45 and 100.64 ± 1.49 percent,
respectively. The greener normal-phase and reversed-phase HPTLC methods were shown
to be suitable for the SMD of caffeine and paracetamol in commercial formulations. How-
ever, for the SMD of caffeine and paracetamol in commercial formulations, the reversed-
phase HPTLC methodology was more reliable than the normal-phase HPTLC methodology.

2.4. Greenness Estimation Using AGREE

Various quantitative approaches are available for the greenness estimation of analytical
approaches [36–40]. However, only AGREE applies all twelve GAC principles for greenness
estimation [38]. As a result, the greenness of the greener normal-phase and reversed-
phase HPTLC approaches was estimated by “AGREE: The Analytical Greenness Calculator
(version 0.5, Gdansk University of Technology, Gdansk, Poland, 2020)”. The typical diagram
for the AGREE scale of the greener normal-phase and reversed-phase HPTLC techniques
is shown in Figure 8. The AGREE scale was estimated to be 0.81 and 0.83 for the greener
normal-phase and reversed-phase HPTLC methods, respectively. These findings indicated
the excellent greenness nature of the greener normal-phase and reversed-phase HPTLC
approaches for the SMD of caffeine and paracetamol in their commercial formulations.
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Figure 8. “Analytical GREEnness (AGREE)” scale for (A) greener normal-phase HPTLC and
(B) greener reversed-phase HPTLC methods.

3. Materials and Methods

3.1. Materials

The standards of caffeine and paracetamol were provided by “Sigma Aldrich (St. Louis,
MO, USA)”. HPLC-grades E and EA were provided by “E-Merck (Darmstadt, Germany)”.
The W was obtained from the Milli-Q unit in the laboratory. The commercial tablets
PANEXT and SAFEXT were obtained from the pharmacy shop in “Al-Kharj, Saudi Arabia”.
All other solvents utilized were of analytical grades.

3.2. Instrumentation and Analytical Procedures

The “HPTLC CAMAG TLC system (CAMAG, Muttenz, Switzerland)” was used for
the SMD of caffeine and paracetamol in their standards and commercial tablets. The sample
solutions were spotted as 6-mm bands utilizing a “CAMAG Automatic TLC Sampler 4
(ATS4) Sample Applicator (CAMAG, Geneva, Switzerland)”. The “CAMAG microliter
Syringe (Hamilton, Bonaduz, Switzerland)” was linked with sample applicator. The
application rate for the SMD of caffeine and paracetamol was fixed at 150 nL/s. Under linear
ascending mode, the TLC plates were developed in a “CAMAG automated developing
chamber 2 (ADC2) (CAMAG, Muttenz, Switzerland)” at a distance of 80 mm. For 30 min
at 22 ◦C, the development chamber was saturated with vapors of greener mobile phases.
Caffeine and paracetamol were detected using a wavelength of 260 nm. The slit size
(band length × width) and scanning rate were both set at 4 mm × 0.45 mm and 20 mm/s,
respectively. Three or six replicates were used for each estimation. The software used was
“WinCAT’s (version 1.4.3.6336, CAMAG, Muttenz, Switzerland)”.

The greener normal-phase and reversed-phase HPTLC methodologies used the same
instrumentation and analytical procedures as the normal-phase and reversed-phase HPTLC
approaches. The TLC plates and the greener mobile phase components were found to
be the most significant differences between the two procedures. In the greener normal-
phase HPTLC technique, the TLC plates were glass plates (plate size: 10 cm × 20 cm)
pre-coated with normal-phase silica gel (particle size: 5 µm) 60F254S plates, but in the
greener reversed-phase HPTLC approach, the TLC plates were glass plates (plate size:
10 cm × 20 cm) pre-coated with reversed-phase silica gel (particle size: 5 µm) 60F254S
plates. In both cases, the polymer-binder plate was not used. In the greener normal-phase
HPTLC approach, the greener mobile phase was EA/E (85:15, v/v); however, in the greener
reversed-phase HPTLC approach, the greener mobile phase was E/W (50:50, v/v).

53



Molecules 2022, 27, 405

3.3. Calibration Curves and QC Sample for Caffeine and Paracetamol

Caffeine and paracetamol stock solutions were made individually by dispensing the
requisite amounts of both molecules in the specified amount of respective mobile phase,
resulting in a final stock solution of 100 µg/mL for both compounds. The concentrations
in the 50–500 ng/band range for caffeine and paracetamol were generated using the
greener normal-phase HPTLC methodology and the 25–800 ng/band range for caffeine and
paracetamol using the greener reversed-phase HPTLC methodology by diluting variable
volumes of caffeine or paracetamol stock solution with the respective mobile phase. For
the normal-phase HPTLC methodology, 200 µL of each concentration of caffeine and
paracetamol were put to normal-phase TLC plates and reversed-phase TLC plates for the
reversed-phase HPTLC methodology. Using both analytical techniques, the spot area of
each concentration of caffeine and paracetamol was measured. Caffeine and paracetamol
calibration curves were created by graphing the concentrations of both drugs against the
observed spot area in six repeats (n = 6). For the determination of various validation
parameters, three distinct QC samples were prepared freshly.

3.4. Processing of Samples for the SMD of Caffeine and Paracetamol in Commercial Tablets

Ten commercial tablets (each containing 65 mg of caffeine and 500 mg of paracetamol)
were weighed and the average weights were computed for the SMD of caffeine and parac-
etamol in PANEXT and SAFEXT. Each brand’s tablets were coarsely crushed and powdered.
A portion of each brand’s powder was dissolved in 100 mL of the relevant mobile phase.
For the greener normal-phase and reversed-phase HPTLC methods, 1 mL of this solution
of each brand of tablet was diluted again using 10 mL of the corresponding mobile phase.
The prepared solutions of PANEXT and SAFEXT commercial tablets were filtered and
sonicated for around ten minutes to remove any undissolved excipients. Using the greener
normal-phase and reversed-phase HPTLC methods, the generated solutions were used to
determine caffeine and paracetamol in commercial tablets PANEXT and SAFEXT.

3.5. Analytical Method Validation

Utilizing the ICH-Q2-R1 recommendations, the normal-phase and reversed-phase
HPTLC techniques for the SMD of caffeine and paracetamol were validated for various
parameters [41]. By graphing the concentrations of caffeine and paracetamol against their
measured spot area, the linearity range for caffeine and paracetamol was discovered. The
normal-phase HPTLC approach’s linearity for caffeine and paracetamol was evaluated in
the 50–500 ng/band range (n = 6). For the reversed-phase HPTLC method, the linearity for
caffeine and paracetamol was evaluated in the 25–800 ng/band range (n = 6).

The calculation of Rf, As, and N/m was used to evaluate the parameters for the system
acceptability for the greener normal-phase and reversed-phase HPTLC techniques for the
SMD of caffeine and paracetamol. For both analytical approaches, the Rf, As, and N/m
data were computed utilizing their reported equations [39].

The percent recovery was utilized to examine the accuracy of the normal-phase and
reversed-phase HPTLC methods for the SMD of caffeine and paracetamol. For caffeine
and paracetamol, the accuracy of the greener normal-phase HPTLC technique was tested
at three QC levels: lower QC (LQC; 100 ng/band), middle QC (MQC; 300 ng/band), and
high QC (HQC; 500 ng/band). For caffeine and paracetamol, the accuracy of the greener
reversed-phase HPTLC technique was tested at three QC levels: LQC (50 ng/band), MQC
(300 ng/band), and HQC (800 ng/band). Using both analytical techniques, the percent of
recovery for caffeine and paracetamol (n = 6) was assessed at each QC level.

Intra/inter-assay precision was measured for the greener normal-phase and reversed-
phase HPTLC methods for caffeine and paracetamol. Quantitation of newly prepared
caffeine and paracetamol solutions at LQC, MQC, and HQC on the same day for both
analytical techniques (n = 6), was used to examine intra-assay variation for caffeine and
paracetamol. Quantitation of freshly prepared solutions at LQC, MQC, and HQC on three
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consecutive days for both analytical techniques (n = 6) was used to investigate inter-assay
variation for caffeine and paracetamol.

For both analytical techniques, the robustness for caffeine and paracetamol was eval-
uated by making some slight purposeful modification in the mobile phase composition.
The greener mobile phase EA/E (85:15, v/v) for caffeine and paracetamol was altered to
EA/E (87:13, v/v) and EA/E (83:17, v/v) for the greener normal-phase HPTLC technique,
and the variations in chromatographic response and Rf values were recorded (n = 6). The
greener mobile phase E/W (50:50, v/v) for caffeine and paracetamol was altered to E/W
(52:48, v/v) and E/W (48:52, v/v) for the greener reversed-phase HPTLC technique, and
the variations in chromatographic response and Rf values were recorded (n = 6).

By using a “standard deviation” technique, the sensitivity of the greener normal-phase
and reversed-phase HPTLC approaches for caffeine and paracetamol was examined as
“LOD and LOQ”. Caffeine and paracetamol “LOD and LOQ” were computed using their
published equations for both analytical procedures (n = 6) [41].

The Rf values and UV spectra of caffeine and paracetamol in commercial tablets
PANEXT and SAFEXT were compared with those of standards caffeine and paracetamol to
determine the specificity of the greener normal-phase and reversed-phase HPTLC methods
for caffeine and paracetamol.

3.6. Application of Greener Normal-Phase and Reversed-Phase HPTLC Approaches in the SMD of
Caffeine and Paracetamol in Commercial Tablets

For the normal-phase HPTLC technique, the obtained solutions of the commercial
tablets PANEXT and SAFEXT were put on normal-phase TLC plates and on reversed-phase
TLC plates for the reversed-phase HPTLC technique. For all analytical techniques, the
chromatographic responses were documented using the identical experimental circum-
stances employed for the SMD of standards caffeine and paracetamol (n = 3). For both
analytical procedures, the quantities of caffeine and paracetamol in commercial tablets
were approximated using the calibration curves for caffeine and paracetamol.

3.7. Greenness Estimation Using AGREE

The AGREE technique [38] was utilized to assess the greenness scale for the normal-
phase and reversed-phase HPTLC procedures for the SMD of caffeine and paracetamol. The
AGREE scales (0.0–1.0) for the greener normal-phase and reversed-phase HPTLC approaches
was estimated utilizing “AGREE: The Analytical Greenness Calculator (version 0.5, Gdansk
University of Technology, Gdansk, Poland, 2020)” for both the analytical approaches.

4. Conclusions

The literature lacks greener analytical techniques for the SMD of caffeine and parac-
etamol. As a result, compared to the greener normal-phase HPTLC approach, this research
was carried out to develop and validate the rapid, sensitive, and greener reversed-phase
HPTLC approach for the SMD of caffeine and paracetamol in their commercial tablets.
For the SMD of caffeine and paracetamol, the greener reversed-phase HPTLC approach is
more linear, accurate, precise, robust, and sensitive than the greener normal-phase HPTLC
approach. The quantities of caffeine and paracetamol in commercial tablets PANEXT and
SAFEXT were found to be significantly higher using the reversed-phase HPTLC method-
ology compared with the normal-phase HPTLC methodology. The AGREE estimation
showed the excellent green properties of both the analytical approaches. For the SMD of
caffeine and paracetamol in commercial formulations, the greener reversed-phase HPTLC
approach has been presented superior to the greener normal-phase HPTLC approach based
on different validation criteria and pharmaceutical assays.
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Abstract: Quantitative and qualitative analyses of cell protein composition using liquid chromatog-
raphy/tandem mass spectrometry are now standard techniques in biological and clinical research.
However, the quantitative analysis of protein–protein interactions (PPIs) in cells is also important
since these interactions are the bases of many processes, such as the cell cycle and signaling pathways.
This paper describes the application of Skyline software for the identification and quantification of
the biotinylated form of the biotin acceptor peptide (BAP) tag, which is a marker of in vivo PPIs.
The tag was used in the Proximity Utilizing Biotinylation (PUB) method, which is based on the
co-expression of BAP-X and BirA-Y in mammalian cells, where X or Y are interacting proteins of
interest. A high level of biotinylation was detected in the model experiments where X and Y were
pluripotency transcription factors Sox2 and Oct4, or heterochromatin protein HP1γ. MRM data
processed by Skyline were normalized and recalculated. Ratios of biotinylation levels in experiment
versus controls were 86 ± 6 (3 h biotinylation time) and 71 ± 5 (9 h biotinylation time) for BAP-Sox2
+ BirA-Oct4 and 32 ± 3 (4 h biotinylation time) for BAP-HP1γ + BirA-HP1γ experiments. Skyline can
also be applied for the analysis and identification of PPIs from shotgun proteomics data downloaded
from publicly available datasets and repositories.

Keywords: biotin acceptor peptide (BAP); biotin ligase BirA; liquid chromatography tandem mass
spectrometry (LC-MS/MS); multiple reaction monitoring (MRM); protein–protein interactions (PPIs);
proximity utilizing biotinylation (PUB); proteomics

1. Introduction

Wide practical application of liquid chromatography in combination with mass spec-
trometry has been observed recently in proteomics [1,2] and metabolomics [3,4] as a routine
method for the qualitative and quantitative analysis of biological samples. For example,
when optimizing expression, performing quality control, or studying pharmacokinetics
of recombinant proteins, it is crucial that the best conditions for production or analysis of
the drug products are found [5,6]. Another important task is to obtain information about
changes in the expression of marker proteins under different physiological conditions of
the cell [7]. Examples of this include: differences in protein composition in a healthy/cancer
cell or differences under the influence of external factors such as temperature, chemical
agents, or radiation provide valuable information about metabolic and signaling pathways,
mechanisms of stress response. In all these cases, the results are obtained as chromatograms
in the multiple reaction monitoring (MRM) method, where many peptides derived from
target proteins can be identified by retention time and mass spectra of fragment ions
(or MS/MS spectra), and the relative amount of each peptide between samples can be
determined by comparison of the peak areas [8–10].

However, information on protein composition is not sufficient to fully understand
the mechanism of cell function. The quantification of protein–protein interactions (PPIs)
in vivo can be a useful extension in research since more than 80% of proteins do not
function separately, but rather interact and participate in the formation of stable or transient
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complexes [11]. These protein–protein interactions play an important role in almost all
vital processes in cells, such as DNA replication, gene transcription and translation, signal
transduction, cell-cycle control and proliferation, and cell–cell communication [12].

Methods based on a combination of affinity purification (AP) or tandem affinity
purification (TAP) and mass spectrometry (MS/MS) have now become standard for the
identification of protein partners [13–16]. However, these methods have the serious draw-
back of a large number of false-positive identifications [17]. In addition, the cell lysis
procedure can lead to the destruction of weak protein–protein interactions, which can also
lead to false-negative results. For example, the list of Oct4-interacting proteins identified
by co-immunoprecipitation (Co-IP) did not include one of the most studied Oct4 partners,
namely Sox2 [18].

Enzymatically catalyzed proximity labeling is an alternative to immunoprecipitation
and biochemical fractionation for the proteomic analysis of macromolecular complexes and
protein interaction networks [19]. In this method, ligation enzymes are expressed in cells
as conjugates with proteins of interest. For example, proximity-dependent biotinylation
methods are based on the use of mutant biotin ligases, BioID [20] or TurboID [21]. These
BirA mutants prematurely release the highly reactive yet labile biotinoyl-AMP inside of a
living cell, which readily reacts with lysine’s primary amino groups of proximal proteins.

On the other hand, the proximity utilizing biotinylation (PUB) method is based on
the use of humanized wild-type biotin ligase BirA fusions. The wild-type BirA uses biotin
and ATP to generate biotinoyl-AMP [22,23]. Wild-type BirA holds on to the reactive biotin
molecule until it is covalently attached to a very specific substrate called biotin acceptor
peptide (BAP) [24]. Thus, biotinylation is a result of the direct contact of BirA and BAP parts
of recombinant proteins which occurs in cases of protein–protein interaction or random
collision in vivo.

Both methods are based on similar principles; this is the in vivo creation of a perma-
nent covalent mark on one of the proteins of interest or partners interacting with them,
which allows us to bypass the limitations imposed by the extraction and purification stages.
Ultimately, results will be obtained with much fewer false-positive and false-negative
protein identifications compared to traditional methods such as IP-MS/MS or TAP. The
result is the facilitation of the bioinformatic part of data analysis.

The aim of this work was to use the Skyline program to process the results of ex-
periments on the quantitative analysis of PPI using the proximity utilizing biotinylation
(PUB) method.

2. Results and Discussion

2.1. Overview of the Method and Experimental Workflow of the PUB Protocol

The principle of the PUB method is based on using enzyme/substrate pair reac-
tions [25–28], where two proteins to be tested for their interaction in vivo are co-expressed
in mammalian cells, one as fused to the BAP, and the other fused to an enzyme BirA, which
is an Escherichia coli protein biotin ligase [29]. When the two proteins are in proximity to
each other, for example, when an interaction of X and Y occurs in vivo, a more efficient
biotinylation of the BAP is to be expected (Figure 1A). The biotinylation status of the BAP
fusion protein can be further monitored by Western blot, mass spectrometry, or confocal
microscopy (Figure 1B,C). HEK293T, HeLa, or MRC-5 fetal lung fibroblast cell lines can
be used for the transient or stable expression of recombinant proteins in the PUB method.
Usually, one control experiment is performed in a parallel dish or a 6-well plate, using
cells in which non-interacting proteins or other pair proteins are expressed for comparison
(BirA-X and BAP-Z). Depending on the proteins of interest chosen for the experiment,
biotin is added to the medium from 5 min to 9 h before harvesting the cells. The sequence
of the BAP peptide was modified and compared to commonly used peptides, such as
Avitag [30,31], in order to reduce the level of background biotinylation [28]. Additionally,
7His-tag was added upstream of the sequence to provide the option to purify both labeled
and nonlabeled BAP fusion proteins from cell lysates.
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Figure 1. Principle of PUB method in living cell and workflow for quantification of PPI. In vivo interaction (A) of proteins X
and Y results in site-specific biotinylation of the biotin acceptor peptide (BAP) by wild-type humanized biotin ligase (BirA).
Biotinylated protein can be detected by WB, for example, Streptavidin-HRP, IF confocal microscopy (B) or LC-MS/MS (C).
X or Y–HP1(α,β,γ), Tap54(α,β), Sox2, Oct4, or other proteins. Biotinylation levels of BAP peptides obtained after processing
the results of sample analyses using Skyline (C) are recalculated in Microsoft Excel (D). P—propionylated form of BAP1070:
GHHHHHHHGLTRILEAQK(Prop)IVRGG, B—biotinylated form of BAP1070: GHHHHHHHGLTRILEAQK(Biot)IVRGG,
the sequence corresponding to the peptide on the chromatogram after trypsin digest is marked in bold. The relative
ionization coefficient of tryptic peptides derived from propionylated and biotinylated BAP (E).

The experimental workflow for the LC-MS/MS analysis of samples includes addi-
tional steps, such as the purification of Ni agarose beads, propionylation, and on-gel (or
on-bead) tryptic digest (Figure 1C). Propionylation was used to protect the nonbiotinylated
BAP peptide from tryptic cleavage on the target lysine. This modification resulted in the
production of modified and nonmodified peptides of comparable sizes, facilitating the
interpretation of results. After analysis on Skyline (Figure 1D), data were exported as
CSV files and processed using Microsoft Excel for the calculation of biotinylation levels
(Supplementary datas S1 and S2). First, the total amount of BAP was calculated by the
addition of the total area of propionylated BAP to the total area of recalculated biotiny-
lated BAP. For the recalculation of the biotinylated BAP, the relative ionization coefficient
k = 11.9 was used (Figure 1E), which was estimated earlier in SILAC experiments [28]. The
ionization efficiency depends on the chemical structure of a molecule and would thus be
different for propionyl and biotin residues. Therefore, a direct comparison between total
ion chromatograms (TIC) of the biotinylated and propionylated BAP in LC-MS/MS data is
not possible. After this step, the areas were normalized, and normalization coefficients of
the total amounts of BAP were calculated for each sample. These normalization coefficients
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were then used to recalculate the biotinylation levels and for the estimation of means and
standard deviations.

The total amount of BAP was calculated using the formula ABAP = k × AbBAP + ApBAP,
where AbBAP corresponds to the peak area of total ion chromatograms (TIC) of biotinylated,
and ApBAP to propionylated BAP, and k is the relative ionization coefficient between the
biotinylated and propionylated BAP peptides (Figure 1D). The chromatographic elution
peaks of the fragments for the four most intensive ions, y7, y6, y5, and y4, in extracted
ion chromatograms (EIC) were integrated and summed to give the peak area of TIC. In
the control (BAP-Y + BirA-Z) and in the experiment (BAP-Y + BirA-X), as well as in the
replicates, the expression levels of recombinant BAP-Y proteins may differ. Variations in
the total amount of BAP-Y can also appear during a sample preparation. Thus, direct
comparison of the biotinylation levels AbBAP between samples is not correct. Therefore, the
total amount of BAP-Y, including its biotinylated and propionylated forms in all samples,
was normalized and the normalization coefficients were determined (Supplementary
data S2, Table S1).

The Skyline is an application for targeted proteomics and quantitative data analysis in
the frame of the Windows operation system [32]. Its interface facilitates the improvement
of mass spectrometer methods and the analysis of data from targeted MRM experiments.
Skyline imports the native output files from instruments manufactured from different
vendors smoothly, connecting mass spectrometer output back to the experimental design
document. A rich choice of graphics displays provide powerful tools for inspecting and
monitoring data integrity as data are acquired, helping instrument operators to identify
problems early. It is open-source and freely available for commercial and academic use [9,33].
In addition, its output data format (csv.files) allows the performance of post-processing
analysis in Microsoft Excel to recalculate biotinylation levels.

This software was successfully used to identify and quantify the target BAP peptides
from all MRM data (Supplementary data S1, Figures S1 and S2). Since the amino acid
sequence of the BAP1070 peptide is artificially generated and is absent in the NCBI and
Swissprot databases, the sequence of this peptide was added to a client-made database,
BAP1070, using the Database manager (Figure 2A). This allowed the DAT file to be gener-
ated and the spectral libraries to be created in Skyline.

α β γ α β

 

Figure 2. Creation of BAP1070 file. (A) Screenshots of the database manager page with BAP1070 file, (B) Mascot search
results and exporting the DAT file.
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Prior to importing raw data into Skyline, a spectral library containing the product ion
spectra of the BAP target peptides was constructed using the DAT file. The spectral library
consisted of MS/MS spectra of biotinylated and propionylated forms of BAP1070 peptide.
A spectral library allowed for the direct comparison of BAP target peptide product ion
spectra from the MRM analyses to the corresponding product ion “library match”. Product
ion transitions used to confirm the identity of each target peptide in the MRM analyses
were automatically picked based on the four most abundant y-type product ion intensities
observed in the “library match” spectrum.

2.1.1. Creation of MRM Method and LC-MS/MS Analysis of the Samples

The vendors’ default method (Bruker Company) was used for the creation of the
MRM method, as described earlier [34]. Precursor ions: m/z 563.2 (ILEAQK(Prop)IVR)
propionylated form of BAP, and m/z 648.8 (ILEAQK(Biot)IVR) biotinylated form of BAP.

2.1.2. Creation of BAP1070 Database on Mascot Search Server Using Database Manager

Before analysis on Skyline, the raw LC-MS/MS data were processed to a special
format—DAT file. First, the raw data were analyzed on Bruker DataAnalysis software
to generate an MGF file. Then, the BAP1070 database was created containing a sequence
of this peptide in the Database manager (Figure 2A), which is a browser-based utility for
updating and configuring local copies of sequence databases. Analysis of an MGF file
against the BAP1070 database in the Mascot search engine, including propionylation and
biotinylation modifications, yielded a report where results could also be exported as a DAT
file (Figure 2B).

2.1.3. MRM Analysis and Post-Processing of Data

All MRM data were analyzed in Skyline 19.1.0.193. A spectral library was constructed
from the peptide identifications from a DAT file exported from the Mascot result page.
The four product ions extracted by Skyline were determined based on the ranking of the
top four most intense y-ions from the corresponding library spectrum for each peptide.
Dot-product (dotp) scores were calculated based on the correlation of the measured product
ion peak intensities with the peak intensities observed in the library spectrum for that same
peptide [33]. Raw LC-MS/MS data and processed files were uploaded to the Panorama
repository [35].

2.2. DNA Dependent Interaction of Sox2 and Oct4

After processing and recalculating Skyline results, quantitative data on biotinylation
levels were obtained (Figure 3A,B). The samples from experiments with the co-expression
of BAP-Sox2 and BirA-Oct4 in HEK293T cells showed a high level of biotinylation (86 ± 6
and 71 ± 5 for different biotinylation times). This is due to the presence of DNA binding
domains, HMG present in Sox2 and POU in Oct4, which recognize Utf1 or other motifs [36]
and result in close contact between target BAP and biotin ligase BirA. Contrary to Sox2,
GFP lacks DNA binding domains, and in a control experiment with the coexpression of
BAP-GFP and BirA-Oct4, very low biotinylation levels were observed (sample 0–9 on
Figure 3A). Recombinant proteins BAP-GFP and BAP-Sox2 from HEK293T cell nuclear
lysates were purified on Ni sepharose beads and propionylated before trypsin digest, as
described earlier [34].
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Figure 3. Skyline graphical representation of chromatograms from PUB experiments. Total ion chromatograms of propiony-
lated (P in green circle) and biotinylated (B in red circle) BAP peptides for two examples of experimental PPIs (B,D) obtained
using different instrument platforms (A–B, C–D). Four most intense fragment ions, y7, y6, y5 and y4, were chosen for area
calculation of biotinylated BAP peptide in extracted ion chromatograms. Left side are controls BAP-GFP + BirA-Oct4 (A)
and BAP-HP1γ + BirA-Tap54α (C) and right side of the figure represents experiments with interacting proteins—BAP-Sox2
+ BirA-Oct4 (B) and BAP-HP1γ + BirA-HP1γ (D). The average ratios of biotinylation levels were obtained from three
experiments after recalculation and normalization.
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2.3. Protein Oligomerization HP1γ-HP1γ

Heterochromatin protein HP1γ was chosen as another example of protein–protein
interactions. The proteins of this family contain a chromo shadow domain (CSD), which
allows them to form dimers and oligomers [37,38]. The formation of these oligomeric
structures is critical for the organization of heterochromatin in the cell nucleus [39]. In the
experiment, BAP-HP1γ and BirA-HP1γ protein pairs were expressed. Another protein,
TAP54α, participates in the formation of hexamers with ATPase activity and is a component
of histone acetyltransferase complexes [40,41]. Since Tap54α is not a protein that interacts
with HP1γ, we chose a model where other protein pairs, BAP-HP1γ and BirA-Tap54α,
were expressed in a separate dish as a control. The difference in the biotinylation level of
the experiment (BAP-HP1γ + BirA-HP1γ) versus control (BAP-HP1γ + BirA-Tap54α) after
processing the raw mass spectrometer data with Skyline was also significant and was 32 ± 3
(Figure 3C,D). The raw data were obtained on an Agilent nanoHPLC-Chip-3D6340 Iontrap
instrument and converted to mzML format [42] using ProteoWizard software [43,44].

2.4. Analysis of Shotgun Proteomics Data (Mutant Biotin Ligase BioID Application)

The Skyline program was mainly developed for the analysis of MRM results in
targeted proteomics [32]. However, this application can also be used to analyze the results
of Shotgun proteomics where an instrument is operated in data-dependent acquisition
(DDA) mode. For validation, the raw data from the results of the BioID mutant biotin ligase
experiments, published recently by Go et al. [45] and publicly available in the Massive
repository, were downloaded. Go et al. identified 35,902 interactions with 4424 unique
high-confidence proximity interactors for 192 BioID fused bait proteins from different
cellular compartments. The MGF file was used to obtain the DAT file, as described earlier
in Section 2.1.2, which was used in Skyline to build the spectral library. Since these results
were obtained on a different instrument platform (Eksigent NanoLC-Ultra 2D plus HPLC
system-Orbitrap Elite) and under different modes of operation, the parameters in the
Peptide setting and Transition settings tabs were changed, as described in the experimental
part from paper [45]. An example of interacting (or proximal) proteins of mitochondrial
Pyruvate Dehydrogenase E1 Subunit Alpha 1 (PDHA1) fused with BioID is shown in
Figure 4.

2.5. Perspectives of Enzymatically Catalyzed Labeling for Biological Research

Methods based on the use of wild-type biotin ligase BirA and their mutant versions,
BioID or TurboID, have a similar principle: the creation of a permanent covalent label on
the partner protein in vivo. This facilitates subsequent steps in protocols and especially
easy and efficient purification of biotinylated proteins from cell lysates using commercially
available reagents and kits.

In addition, these methods can be complementary to each other. For example, while
the use of BioID or TurboID allows the identification of proximal or partner proteins in
cells, the PUB method can be used to quantitatively compare the identified protein–protein
proximity.

The MRM method, where the output results are presented as coupled data of chro-
matographic parameters and mass spectra for each peptide, is now widely used to study
the mechanisms of external influences (temperature, radiation, or chemical reagents) on
the expression of various proteins in a cell. By analogy, the PUB method can be used to
study the influence of various external factors on protein–protein interactions in a living
cell, which can extend a given research area and provide additional information about cell
organization and function.

Thus, the use of modern bioinformatics programs such as Skyline in combination with
PUB, BioID, and TurboID methods will facilitate the analyses of large amounts of data to
solve various problems of cell and molecular biology.
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Figure 4. Results of analysis of data from paper Go et al. [45] using Skyline program. All peptides are grouped into lists
from interacting or proximal proteins on the left side, the total ion chromatogram (TIC) in the center and MS/MS spectra
are shown in the right part of this figure. Example of ATP synthase (inset on left side) as a protein, proximal to PDHA1.

3. Materials and Methods

Cell culture, transient transfection, and sample preparation steps were described
earlier [28,34].

The peptide mixtures were analyzed using two LC-MS/MS systems:

1. Nanoflow HPLC system (Thermo Dionex Ultimate 3000, ThermoScientific) with Ac-
claim PepMap100 C18 pre-column, 5 mm × 300 µm; 5 µm particles (Thermo Scientific,
#160454) and Acclaim Pep-Map RSLC column 15 cm × 75µm, 2 µm particles (Thermo
Scientific, #164534) coupled via CaptiveSpray to the QTOF Impact II mass spectrom-
eter (Bruker). Raw LC-MS/MS data were interpreted with the Bruker Compass
DataAnalysis (version 4.3) software. The separation gradient was 48 min from 2% to
50% acetonitrile. Flow rates—300 nL/min.

2. Nano-HPLC (Agilent Technologies 1200) was coupled to an ion-trap mass spectrome-
ter (Bruker 6300 series) equipped with a nanoelectrospray source via protein HPLC
Chip (Agilent Technologies, G4240-62001) with 40 nL trap 75 um × 43 mm 5 um
300SB-C18-ZX and analytical column packed with ZORBAX 300SB-C18, 5 µm par-
ticle size. The separation gradient was 7 min from 5% to 90% acetonitrile. Flow
rates—300 nL/min.

The LC-MS/MS instruments were set to monitor transitions of biotinylated (m/z 648.8,
collision energy 33.0 eV) and propionylated (m/z 563.2, collision energy 27.0 eV) forms of
BAP peptide in samples.

3.1. Data Preparation and Creation of MGF File Using DataAnalysis

For preliminary analysis of data and generation of peak lists, DataAnalysis (DA 4.1)
software was used. Retention-time information was changed to seconds.

The MGF file was generated from raw data by clicking the following tabs on the
menu: Find/Compounds MS(n)→Deconvolute/Mass spectra → File/Export/Compounds.
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Subsequent database searches were performed using Mascot search engine. Then, the
results were imported as the DAT file which were used to build a spectral library in Skyline.

3.2. Creation of BAP1070 Fasta Database on Mascot Search Server

In MS Notepad text editor, the aminoacid sequence of BAP1070 was pasted with the
description line as follows:

>BAP1070
GHHHHHHHGLTRILEAQKIVRGG
This file was saved as BAP1070_fasta.txt
On mascot server http://mascot-server/mascot/index.html (Configuration last up-

dated Thu Apr 15 10:36:27 2021), the BAP1070 database was created using the following
steps: Home subpage → MascotUtilities → ConfigurationEditor → Database Manager
→ Fasta → Create new. Configuration details for BAP1070: Database name—BAP1070,
Database type—aminoacid, Accession parse rule— > [ˆ] *\(.*\), Description parse rule >
[ˆ] *\(.*\), Taxonomy source—none, Sequence report source—FASTA file, Full-text report
source—None, Number of threads—automatic, Use memory mapping?—Yes, Lock to
memory?—No.

Analysis of data, including Building a Spectral Library in Skyline, Configuring Tran-
sition Settings, Populating the Skyline Peptide Tree, Importing Raw Data into Skyline
and Subsequent Filtering, and data processing and calculation of biotinylation levels are
described in Supplementary data S1, Figures S1 and S2.

4. Conclusions

In this study, the Skyline program was used for the first time to analyze results
obtained by using a proximity utilizing biotinylation method based on expression in
mammalian target cells BAP-X and wild-type BirA-Y protein conjugates (first example:
X-Sox2, Y-Oct4, versus control X-GFP, Y-Oct4 and second: example X, Y-HP1γ versus
control X-HP1γ, Y- Tap54α). Peak areas of biotinylated BAP were used for the estimation
of PPI, while peak areas of propionylated BAP on MRM chromatograms were used for the
recalculation and normalization of data between different samples. This program allowed
for fast processing of raw data, the calculation of peak areas, and provided the output file
in CSV format, which is convenient for subsequent analysis on Microsoft Excel.

Skyline was also used to analyze data on protein–protein interactions and proximities
obtained by using mutant biotin ligase BioID [45]. These raw data were downloaded from
the MassIVE Repository database and were sourced from another LC-MS/MS instrument
platform, demonstrating that the Skyline program is not “instrument or vendor-oriented”.

Overall, the Skyline program offers an advantage in that it provides a good graphic rep-
resentation of data and reduces analysis time. This protocol could be applicable, not only to
BAP, but also to other synthetic peptides which are absent in NCBI or SwissProt databases.

Supplementary Materials: The following are available online, Figure S1: Extracted ion chromatograms
(EICs) of the top four ranked y-ions, Figure S2: Relative quantification diagrams for biotinylated
and propionylated forms of BAP after processing on Skyline Table S1: Calculation of corrected
biotinylation levels.
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Abstract: High performance liquid chromatography (HPLC) for catechins and related compounds in
Miang (traditional Lanna fermented tea leaf) was developed to overcome the matrices during the
fermentation process. We investigated a variety of columns and elution conditions to determine
seven catechins, namely (+)-catechin, (−)-gallocatechin, (−)-epigallocatechin, (−)-epicatechin, (−)-
epigallocatechin gallate, (−)-gallocatechin gallate, (−)-epicatechin gallate, as well as gallic acid
and caffeine, resulting in the development of reproducible systems for analyses that overcome
sample matrices. Among the three reversed-phase columns, column C (deactivated, with extra
dense bonding, double endcapped monomeric C18, high-purity silica at 3.0 mm × 250 mm and a
5 µm particle size) significantly improved the separation between Miang catechins in the presence
of acid in the mobile phase within a shorter analysis time. The validation method showed effective
linearity, precision, accuracy, and limits of detection and quantitation. The validated system was
adequate for the qualitative and quantitative measurement of seven active catechins, including gallic
acid and caffeine in Miang, during the fermentation process and standardization of Miang extracts.
The latter contain catechins and related compounds that are further developed into natural active
pharmaceutical ingredients (natural APIs) for cosmeceutical and nutraceutical products.

Keywords: HPLC; method validation; Miang; catechins; caffeine; gallic acid

1. Introduction

Tea (Camellia sinensis, family Theaceae) is the most frequently consumed beverage
worldwide and a rich natural source of polyphenols, flavonoids, and alkaloids. Numer-
ous studies have identified the characteristic constituents of tea leaves into two main
groups: catechins and alkaloids. The active catechins are (+)-catechin (C), (−)-epicatechin
(EC), (−)-gallocatechin (GC), (−)-epigallocatechin (EGC), (−)-catechin gallate (CG), (−)-
gallocatechin gallate (GCG), (−)-epicatechin gallate (ECG), and (−)-epigallocatechin gallate
(EGCG), whereas the major active alkaloid is caffeine (Caf.). EGCG is the major component
of unfermented green tea, accounting for approximately 10–50% of tea catechins overall [1].
In fermented green tea, the major component is GC, with less EGCG content [2]. One of
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the most intriguing properties of tea catechins is protection against cancer, diabetes, hyper-
tension, dyslipidemia, and cardiovascular diseases [3–6]. Several studies have reported
that the antioxidant activity is higher in green tea due to higher amounts of EGCG and
EGC [7–9]. In addition, tea contains caffeine, which stimulates the central nervous system
and induces short-term increases in blood pressure [10].

In Northern Thailand, two varieties of tea are cultivated, namely Assam tea (Camellia
sinensis var. assamica) and Chinese tea (Camellia sinensis var. sinensis). Assam tea leaves are
larger than those of the Chinese variety. In 2007, 77% of fresh tea leaves produced in Thai-
land were processed into dried tea, and 23% produced Miang (traditional Lanna fermented
tea leaf) [11]. In Northern Thailand, every generation has inherited Miang production,
which is known as a typical fermented tea produced from the Assam variety. After harvest-
ing fresh tea leaves, the tea leaves are steamed, bunched, and fermented via endo-oxidation
from 13 days to 4 months [12]. The color of Miang ranges from yellow-green to dark
green. According to local wisdom, traditional Miang production is categorized into two
processes: the filamentous fungi growth-based process or two-step fermentation process
and the non-filamentous fungi-based fermentation process [13]. Miang’s taste ranges from
tart to sour. As a caffeine source, Miang is often eaten as a snack during the workday to
increase alertness. As a unique product exclusive to the northern provinces of Thailand, it
is also used in local ceremonial events, i.e., Chiang Rai, Chiang Mai, Nan, Lampang, Phare,
Phayao, and Mae Hong Son. However, some are exported to Laos, Myanmar, and Southern
China [13,14]. Miang contains high amounts of bioactive compounds, including EC, C,
GC, EGCG, ECG, and EGC [15]. During the fermentation period, the phytochemicals and
nutritional compounds of steamed tea leaves are used by enzymes derived from various
micro-organisms linked to catalytic biotransformation processes that produce metabolites,
including polyphenolic compounds, organic acids, amino acids, and health-related bioac-
tive metabolites [16–18]. Miang plays a key role as a natural anti-oxidative agent in the
body; therefore, consuming Miang has many health benefits. Owing to increasing interest
in the quality of Miang products, there is a strong demand for efficient quality control
measures to ensure the proper content of active catechins and related compounds.

Extensive studies on determining catechins and caffeine in several types of tea have
been reported using high-performance liquid chromatography (HPLC) and capillary elec-
trophoresis (CE) [19–27]. Although these methods demonstrate the separation and detec-
tion of tea catechins, they have notable limitations regarding sample matrices and their
complexity. For example, Kanpiengjai et al. [14] and Chaikaew et al. [28] reported that
tannin-tolerant lactic acid bacteria and tannin-tolerant yeasts produce health-benefiting
compounds, including phenolic compounds, organic acids, and volatile acids during the
fermentation process. These compounds become the interfere matrix. Therefore, a new
method must be developed to overcome them. Furthermore, few data have been reported
on determining individual catechin and caffeine in Miang. Individual catechin amounts
in Miang tea were reported by Sirisa-Ard et al. [15]. The amount of catechin and catechin
derivatives was analyzed by HPLC equipped with a UV detector for wavelengths between
280 and 210 nm. A reversed-phase C18 column (4.6 mm × 250 mm; Waters, Ireland) with
a column temperature between 25 and 30 ◦C was used. The linear gradient of elution
was followed by 0–100% of mobile phase A (86% v/v phosphoric acid (0.2% v/v) in 12%
acetonitrile and 1.5% v/v tetrahydrofuran) for 30 min and gradually increased mobile
phase B (73.5% v/v phosphoric acid (0.2% v/v) in 25% acetonitrile and 1.5% v/v tetrahydro-
furan) from 0–100% for 10 min and holding for 20 min with a flow rate of 1 mL/min. The
results showed that GC, EGC, C, EC, EGCG, and ECG amounts in Miang tea (B02D) were
9.65, 0.84, 16.13, 61.60, 6.46, and 1.93 mg/g in dry samples, respectively. The number of
active ingredients in Miang was also determined using the HPLC method [29,30]. However,
long-term analysis was required in the previous reports because the optimum condition
lacked investigation. There have been no reports of using HPLC to separate and detect
individual catechins, GA, and Caf.to simultaneously overcome the matrix interference
of the compounds during Assam tea fermentation (Miang). Small amounts of catechin
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(1.34–8.71 mg/g) were found in all Miang samples, whereas relatively high EGCG contents
(range from 18.50 to 37.24 mg/g) varied among treatments with total phenolic compounds
at around 26.24–48.76 mg/g [26].

The total phenolic content, flavonoid content, proanthocyanidin content, and antioxi-
dant activities were reported for three different maturities of Camellia sinensis var. assamica
leaves from Northern Thailand using various extracting solvents. The results revealed
that the highest yields were for shoot tea with hot DI water extraction [27]. Sampanvej-
sobha et al. reported that the amount of total catechins (0.767–3.543% dry weight), caffeine
(0.747–1.428% dry weight), tannins (0.963–1.831% dry weight), theanine (1.993–3.686% dry
weight), and other ions in astringent Miang collected from markets in Chiang Mai, Chiang
Rai, and the Phare provinces [12]. Huang et al. [31] studied the microbial transformation
of traditional pickled tea fermented under anaerobic conditions. Based on the analysis of
changes in the chemical components and sensory quality of pickled tea, properly control-
ling the fermentation time is a key step for obtaining the desired quality. After 7 days of
submerged fermentation, the pickled tea improved sensory quality, and its taste was less
bitter and astringent [31].

In this study, we developed an HPLC system for catechins and related compounds
-determination and standardization in Miang extracts. The study involved comparing
three HPLC columns for separating catechin, their derivatives, GA, and Caf. in Miang.
To obtain accurate data and an efficient HPLC routine method, our research concerning
Miang analyzed the linearity, accuracy, precision, limit of detection (LOD), and limit of
quantitation (LOQ) of the validated HPLC method.

2. Results and Discussion

2.1. Comparative Separation of Columns

The comparative separation of columns was performed according to the various
matrices produced during the biotransformation of Miang. The study began with an
attempt to reproduce several separations of catechins, GA, and Caf. using three HPLC
columns for determining and standardizing the amount of compounds of interest in Miang
samples. Chromatographic conditions using three columns of C18 were optimized for
specificity, resolution, and analysis time at room temperature. Methanol or acetonitrile
mixed with either phosphoric acid or acetic acid were studied for their use in mobile
phases. The conditions of each column were modified from previous works. Oboh et al.
used column A to separate catechin, GA, and Caf., but must be modified to separate the
individual catechins [32]. Under various gradient elution systems, the initial effort was
performed on column A (deactivated, non-endcapped monomeric C18 column and silica
purity were not provided). As shown in Figure 1, six compounds of interest were separated
completely within 29 min, and the gradient elution shown in Table 1 GCG, EC, and Caf.
were coeluted. Additionally, ECG showed significant peak tailing; according to a previous
study, this was likely caused by unfavorable interaction of the basic compound with
accessible acidic silanols [23]. An occurring peak fronting in some compounds including
GA, GC, EGC, and C may cause by the concentrations or volume injected were overloading
of column.

Column B (deactivated, endcapped monomeric C18, high-purity silica) was tested
using methanol in the presence and absence of ethyl acetate mixed with either phosphoric
acid or acetic acid as mobile phases modified from a previous report [33]. The separation
was performed with ethyl acetate added to the mobile phase gave sharper peak shapes (C,
EGCG, and GCG) than those with ethyl acetate absent [34–36]. Furthermore, acetic acid has
the same effect on the separation, but is not as effective as phosphoric acid. The amount
of phosphoric acid in the mobile phase was used in the range of 0.05–0.10% to improve
the peak shapes of GA, EGCG, and GCG. Therefore, the separation of seven catechins (GC,
EGC, C, EC, EGCG, GCG, and ECG), GA, and Caf. was achieved within 84 min under
suitable isocratic condition, as shown in Figure 2 and Table 1.
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Figure 1. Chromatographic separation of seven catechins containing gallic acid and caffeine in a standard mixture using
column A under a suitable gradient elution (see Table 1).

Table 1. The HPLC conditions of three columns used for separating catechins and related compounds.

Column Condition

(1) Column A
Deactivated, non-endcapped monomeric C18

4.6 mm × 250 mm, 5 µm particle size with no silica
purity provided

MeOH: 0.05% HOAc in H2O

Mobile phase
Gradient elution

Time (min) % of MeOH
0 3
1 3

21 50
26 55
40 95

Wavelength 270 nm
Flow rate 0.5 mL/min

(2) Column B
Deactivated, endcapped monomeric C18,

High-purity silica, 3.0 mm × 250 mm, 5 µm particle
size and a 2 µm filter attached to both ends of column

Mobile phase
Isocratic elution

A: 1% ethyl acetate in MeOH
B: 0.1% H3PO4 in H2O

A:B = 15:85 (v/v)
Wavelength 270 nm

Flow rate 0.45 mL/min

(3) Column C
Deactivated, extra dense bonding, double

endcapped monomeric C18, high-purity silica,
3.0 mm × 250 mm, 5 µm particle size, and 10%

carbon loading

Mobile phase
Gradient elution

A: (90:10 MeOH-ACN) + 0.1% HOAc
B: 0.1% HOAc in H2O

Time (min) %A
0 10
2 10

25 21
28 25
30 100
35 10

- 40 10
Wavelength 210 nm

Flow rate 1.0 mL/min

74



Molecules 2021, 26, 6052

Molecules 2021, 26, x FOR PEER REVIEW 5 of 12 
 

 

improve the peak shapes of GA, EGCG, and GCG. Therefore, the separation of seven cat- 154 
echins (GC, EGC, C, EC, EGCG, GCG, and ECG), GA, and Caf. was achieved within 84 155 
min under suitable isocratic condition, as shown in Figure 2 and Table 1. 156 

 157 
Figure 2. Chromatographic separation of seven catechins containing gallic acid and caffeine in a 158 
standard mixture using column B under a suitable isocratic elution (see Table 1). 159 

In most published studies, the mobile phase containing water, acids (trifluoroacetic 160 
acid, phosphoric acid, and acetic acid), and either methanol or acetonitrile has been used 161 
for catechin analysis of green tea and dried tea leaves [7,22,23,34,35]. Column C and the 162 
mobile phase, which comprised a mixture of an eluent A (acetonitrile + 0.1% acetic acid) 163 
and B (0.1% acetic acid in water), were employed under various gradient elution systems 164 
to shorten the analysis time and improve separation between the seven catechins, GA, and 165 
Caf. Among nine compounds of interest, the separation between catechin and caffeine 166 
was poor (Rs < 1.0) under the gradient elution system illustrated in Table 1. Adding the 167 
volume fraction of methanol into the eluent A (MeOH-ACN mixture) was varied from 0% 168 
to 100% in 10% increments. The volume ratio 90:10 MeOH-ACN for eluent A was the only 169 
combination that resulted in the separation of all nine compounds within 30 min, as 170 
shown in Figure 3 and Table 1. According to the principle of separation in reversed-phase 171 
chromatography, the obtained separate order was GA, GC, EGC, C, Caf., EC, EGCG, GCG, 172 
and ECG. Regarding the log P-value, logarithms of the partition coefficient are used be- 173 
tween solute concentrations in immiscible binary phase solvents, namely water and oc- 174 
tanol, which measure the lipophilicity or hydrophobicity of each compound. The hydro- 175 
phobic compounds, observed from the high log P-values, were distributed into then sta- 176 
tionary phase and eluted slowly. By contrast, the hydrophilic compounds, observed from 177 
the low values of log P, distributed efficiently into the mobile phase, resulting in quick 178 
processing. The log P-values of GA, GC, EGC, C, Caf., EC, EGCG, GCG, and ECG were 179 
1.13, 1.49, 1.49, 1.80, −0.55, 1.80, 3.08, 3.08, and 3.88, respectively, as shown in Table 2, 180 
which correspond to the sequence in this study [37]. Moreover, the functional and size of 181 
the molecules shown in Figure 4 are involved causing the separation sequence as illus- 182 
trated in Figure 3. A resolution >1.0 was achieved for all neighboring peaks; this is con- 183 
sidered acceptable for analytical purposes as it indicates a 98% separation between two 184 
neighboring peaks. Although the baseline shifted due to the change in the mobile phase, 185 
it did not affect the detection of individual peaks. The detection wavelength was selected 186 
at 210 nm because nearly all compounds of interest exhibited maximum absorbance com- 187 
pared with 230 and 270 nm [7,22,23].  188 

Figure 2. Chromatographic separation of seven catechins containing gallic acid and caffeine in a standard mixture using
column B under a suitable isocratic elution (see Table 1).

In most published studies, the mobile phase containing water, acids (trifluoroacetic
acid, phosphoric acid, and acetic acid), and either methanol or acetonitrile has been used
for catechin analysis of green tea and dried tea leaves [7,22,23,34,35]. Column C and the
mobile phase, which comprised a mixture of an eluent A (acetonitrile + 0.1% acetic acid)
and B (0.1% acetic acid in water), were employed under various gradient elution systems
to shorten the analysis time and improve separation between the seven catechins, GA, and
Caf. Among nine compounds of interest, the separation between catechin and caffeine
was poor (Rs < 1.0) under the gradient elution system illustrated in Table 1. Adding the
volume fraction of methanol into the eluent A (MeOH-ACN mixture) was varied from
0% to 100% in 10% increments. The volume ratio 90:10 MeOH-ACN for eluent A was the
only combination that resulted in the separation of all nine compounds within 30 min,
as shown in Figure 3 and Table 1. According to the principle of separation in reversed-
phase chromatography, the obtained separate order was GA, GC, EGC, C, Caf., EC, EGCG,
GCG, and ECG. Regarding the log P-value, logarithms of the partition coefficient are
used between solute concentrations in immiscible binary phase solvents, namely water
and octanol, which measure the lipophilicity or hydrophobicity of each compound. The
hydrophobic compounds, observed from the high log P-values, were distributed into then
stationary phase and eluted slowly. By contrast, the hydrophilic compounds, observed
from the low values of log P, distributed efficiently into the mobile phase, resulting in quick
processing. The log P-values of GA, GC, EGC, C, Caf., EC, EGCG, GCG, and ECG were 1.13,
1.49, 1.49, 1.80, −0.55, 1.80, 3.08, 3.08, and 3.88, respectively, as shown in Table 2, which
correspond to the sequence in this study [37]. Moreover, the functional and size of the
molecules shown in Figure 4 are involved causing the separation sequence as illustrated
in Figure 3. A resolution >1.0 was achieved for all neighboring peaks; this is considered
acceptable for analytical purposes as it indicates a 98% separation between two neighboring
peaks. Although the baseline shifted due to the change in the mobile phase, it did not
affect the detection of individual peaks. The detection wavelength was selected at 210 nm
because nearly all compounds of interest exhibited maximum absorbance compared with
230 and 270 nm [7,22,23].
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Table 2. Performance characteristics of column C during method validation and evaluation.

Compounds
Molecular

Weight
Log P

Precision (% RSD)
Linear
Range
(mg/L)

Correlation
Coefficient

LOD
(mg/L)

LOQ
(mg/L)

Retention Time Peak Area

Intraday Interday Intraday Interday

GA 170.12 0.70 1.02 1.25 0.69 0.87 2–20 0.9993 0.58 2.01
GC 306.27 1.49 0.89 1.07 0.77 0.92 2–15 0.9998 0.52 1.77

EGC 306.27 1.49 0.86 1.26 0.86 1.06 2–15 0.9994 0.64 2.09
C 290.27 1.80 1.05 1.28 0.82 0.98 2–20 0.9997 0.49 1.59

Caf. 194.19 −0.55 0.49 0.97 0.49 0.88 2–20 0.9998 0.23 0.67
EC 290.27 1.80 0.77 0.93 0.87 1.33 2–20 0.9995 0.68 2.18

EGCG 458.37 3.08 1.02 1.13 0.79 1.07 2–15 0.9994 0.58 1.86
GCG 458.37 3.08 0.65 0.88 0.95 1.17 2–20 0.9997 0.62 2.13
ECG 442.37 3.88 0.58 0.70 0.48 1.29 2–20 0.9997 0.33 1.07

Among the three columns, column B and column C are used in high-purity and
inert silica support, further deactivating the C18 chains through endcapping. Our results
demonstrated that both columns separated all nine compounds under suitable conditions.
In addition to double end-capping via the extra dense bonding of column C, these columns
provided a higher quality chromatography than the tested columns.

2.2. Method Validation

As illustrated in Figures 2 and 3, both columns separated all nine compounds success-
fully. As shown in Table 2, some analytical parameters such as linearity, limit of detection
(LOD), limit of quantitation (LOQ), and precision were examined to evaluate the method’s
performance. The calibration curves of columns C and B were linear in the ranges between
2–20 and 5–35 mg/L, showing correlation coefficients (R2) of more than 0.9993 and 0.9970
for each compound, respectively. LOD and LOQ were determined as 3 and 10 standard
deviations from the blank signal (n = 7), respectively. The values of LOD and LOQ ranged
between 0.23–0.68 and 0.67–2.18 mg/L using column C, between 0.10–2.45 mg/L and
0.23–8.19 mg/L using column B, indicating this method’s sufficient sensitivity.
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For column C, intraday and interday precisions of retention time expressed as RSD
were less than 2%, whereas precisions using column B were less than 3.0%. Considering
the peak area, the RSD values of both precisions for all nine compounds using column C
were less than 2%. The RSD values of intraday precision for column B were less than 2%,
whereas interday precision was less than 4%

As shown in Table 2, the performance of column C for the separation of all target
compounds was superior to that of column B. The method’s accuracy was determined by
investigating recovery studies of nine compounds using column C. Assays were performed
on three Miang extracts in three replicates at each concentration. The recovery of spiked
Miang extract, in terms of method accuracy, was within the range of 85–106%, and RSD
values were less than 8%, as shown in Table 3. The result was satisfactory for the intended
purpose and adequate for routine analysis.

Table 3. Mean recoveries of catechins and related compounds from the Miang extracts.

Compounds
Miang Extract-1 Miang Extract-2 Miang Extract-3

Recovery (%) % RSD Recovery (%) % RSD Recovery (%) % RSD

GA 87–106 7 90–101 6 85–101 6
GC 85–101 6 85–98 4 85–97 5

EGC 89–101 5 85–97 7 88–102 6
C 88–102 5 93–102 5 95–105 5

Caf. 90–102 5 92–102 6 92–102 5
EC 86–96 4 89–98 5 91–102 6

EGCG 87–101 5 87–97 5 85–101 5
GCG 88–102 5 85–98 6 88–102 6
ECG 90–101 6 88–101 5 86–95 4

Mean value of three replicates for two concentrations (5LOQ and 10LOQ; n = 6).
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2.3. Quantitative Analysis in Miang Extracts

In Miang extract, sample matrices may cause a bias by increasing or decreasing the
peak signal attributed to the measurement. Various extracts of Miang samples were an-
alyzed by the validated method with column C to confirm the method’s suitability in
determining and standardizing catechins and related compounds. The resulting chro-
matogram in Figure 3 was compared to a mixed standard. The contents of individual
compounds in Miang extracts are shown in Table 4. A total of 75% ethanolic solvent
exhibited the highest extractability of total catechins (at 60 ◦C for C, 70 ◦C for EGC and
EGCG, and 80 ◦C for EC, GC, GCG, and ECG whereas 50% ethanolic solvent showed the
highest extractability for GA at 80 ◦C, and Caf. at 60 ◦C. Note that the individual catechins,
GA, and Caf. were stable at the obtained optimal extraction temperature below 90 ◦C, as
confirmed from the results of previous studies [38]. Previous extraction kinetic studies
found that some of the compound contents, including EGC, EC, and Caf., decrease when
the extraction temperature increases to 90 ◦C. The results correspond with those of Liang
et al. [39], who reported that 75% ethanol is the highest extractability of total catechins for
fresh tea leaves. The individual catechin contents obtained from this optimal extraction,
including EGC, C, ECG and EGCG, were higher than previous studies. Nonetheless, only
GC and ECG showed lower extractability [15].

Table 4. Amount of catechins and related compounds in Miang extracts.

Compounds - S1T1 S1T2 S1T3 S2T1 S2T2 S2T3 S3T1 S3T2 S3T3

GA
Mean 0.64 1.58 0.86 1.70 1.96 0.80 2.85 1.40 3.23
%RSD 1.52 3.78 4.58 3.33 3.59 3.79 2.20 4.08 2.89

GC
Mean 3.52 3.47 4.23 2.61 1.64 1.35 3.62 1.98 1.18
%RSD 2.21 1.75 2.15 3.67 3.40 1.52 2.82 4.29 4.58

EGC
Mean 8.90 19.41 9.51 4.75 1.04 1.76 4.71 4.07 4.41
%RSD 3.38 1.09 1.47 1.49 4.24 3.45 1.95 1.48 4.35

C
Mean 45.05 18.19 16.75 8.16 5.44 6.21 8.49 8.16 9.46
%RSD 1.10 2.04 3.58 2.63 4.25 3.76 2.64 2.63 2.93

Caf.
Mean 13.68 23.89 5.69 35.63 25.84 26.20 41.82 40.81 30.69
%RSD 3.53 1.76 3.76 1.20 2.21 1.19 1.27 1.85 1.59

EC
Mean 2.91 13.04 15.62 1.14 0.82 3.23 7.78 3.55 10.48
%RSD 4.67 4.61 4.41 4.14 3.08 3.96 3.96 3.93 4.79

EGCG
Mean 4.36 12.89 10.69 8.76 3.58 4.92 5.86 11.22 7.26
%RSD 4.53 2.47 2.96 2.55 2.25 2.80 3.42 2.22 2.85

GCG
Mean 1.07 1.03 2.80 1.08 0.84 0.99 2.03 1.34 2.10
%RSD 5.17 2.33 4.93 5.09 4.29 2.22 3.66 4.25 3.72

ECG
Mean 0.72 ND 1.62 ND ND 0.39 0.52 0.81 0.86
%RSD 2.76 - 5.12 - - 3.74 3.83 4.44 4.28

Mean = average amount of each compound in mg/g of the Miang extract; mean value of three replicates and three injections for each
replicate. ND = not detected (below LOD value). Extraction solvents 75% ethanol (S1), deionized water (S2), and 50% ethanol (S3) at 60, 70,
and 80 ◦C (T1, T2, and T3), respectively).

3. Materials and Methods

3.1. Chemicals and Reagents

Standards for catechins and related compounds were used in this work. Catechins and
other related compounds were purchased from Sigma-Aldrich (St Louis, Missouri, MO,
USA): (+)-catechin (C), (−)-gallocatechin (GC), (−)-epigallocatechin (EGC), (−)-epicatechin
(EC), (−)-epigallocatechin gallate (EGCG), (−)-gallocatechin gallate (GCG), (−)-epicatechin
gallate (ECG), gallic acid (GA), and caffeine (Caf.). HPLC-grade acetonitrile and methanol,
including ethyl acetate, were supplied by Merck (Darmstadt, Germany). Analytical-grade
acetic acid (Sigma-Aldrich) and orthophosphoric acid (BDH, Poole, U.K.) were also pur-
chased. HPLC-grade water (18 MΩ) was prepared using a Millipore Milli-Q purification
system (Millipore Corp. Bedford, MA, USA) and used to prepare all solutions.
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3.2. Instrumentation

An HP 1200 series liquid chromatography system (Agilent Technologies, Santa Clara,
CA, USA) comprising a vacuum degasser, quaternary pump, auto-sampler, thermostated
column compartment, and diode array detector was used. The three reversed-phase LC
columns used were column A (4.6 mm × 250 mm, 5 µm particle size; Vertical Chromatog-
raphy Co., Ltd., Nonthaburi, Thailand), column B (3.0 mm × 250 mm, 5 µm particle size,
Wako Pure Chemical Industries, Ltd., Japan), and column C (3.0 mm × 150 mm, 5 µm
particle size, Agilent Technologies, Santa Clara, CA, USA) and all columns were equipped
with a specific C18 guard column. Isocratic and gradient elution systems were developed
using different mobile phases to separate seven tea catechins, GA, and Caf. at flow rates of
0.45, 0.50, and 1.0 mL/min. The detection of analytes was performed by UV detection at
210 and 270 nm.

3.3. Sample Extraction

The Miang samples were produced by a non-filamentous fungi-based fermentation
process and collected from Chiang Dao district, Chiang Mai, Thailand, in October 2018.
Prior to the HPLC analysis, they were extracted by three different solvents including 75%
ethanol (S1), deionized water (S2), and 50% ethanol (S3) at 60, 70, and 80 ◦C (T1, T2,
and T3), respectively) for 1 h. The duration of each extraction was chosen according to
previous studies [38,39] that reported the highest efficiency of all compound extractions
at 40 and 10 min and stability at 80 and 65 min by water and ethanol solvent. Then, the
extracted solution was evaporated under reduced pressure and dried with a vacuum dryer.
Subsequently, the Miang extracts dissolved and were filtered through a 0.45 µm membrane
filter and 10–80 µL of extracts were analyzed directly by HPLC under suitable conditions.
Each extract was analyzed for individual catechins, GA, and Caf. content in three replicates.

3.4. Method Validation

Our method was validated according to EURACHEM guidelines [40]. At the concen-
tration corresponding to the middle of the calibration range; the standard mixture of nine
compounds was injected with ten replicates for the suitability of the system’s test measure-
ments. The intraday precision (repeatability) and interday precision (within laboratory
reproducibility, measurements were performed on three different days) were monitored.
We determined the following validation parameters: range, linearity, limit of detection
(LOD) and quantitation (LOQ), and accuracy. Linearity was assessed using mixed standard
solutions at five concentration levels of each compound. The selected Miang extracts were
spiked with a mixed standard solution at 5 and 10 times the LOQ used for determining the
method accuracy, or relative spiked recovery.

4. Conclusions

We found that the monomeric C18 column is preferable to non-endcapped and non-
deactivated columns due to their complexity and sample matrices; the qualitative and
quantitative analysis of catechins and related compounds in Miang samples were successful
using endcapped and deactivated columns. Moreover, the presence of acid in the mobile
phase is essential for complete separation, especially for GA and GC. The mobile phase
was column-dependent in the presence and absence of ethyl acetate for catechin analysis.
The proposed HPLC method using column C (3.0 mm × 150 mm, 5 µm particle size)
allowed for an accurate quantitation of catechins, GA, and Caf. in Miang extracts without
interference from other components and performed a single separation in 30 min. The
method we developed provides a shorter analysis time compared with previous methods,
and effectively overcomes the interference of other metric compounds in Miang. Therefore,
our method serves as an important reference for the quality control and standardization of
Miang production, especially since the amounts of active compounds in Miang are prone to
variation from environmental factors and manufacturing conditions.
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Abstract: We evaluated mycophenolic acid (MPA) limited sampling strategies (LSSs) established
using multiple linear regression (MLR) in children with nephrotic syndrome treated with mycophe-
nolate mofetil (MMF). MLR-LSS is an easy-to-determine approach of therapeutic drug monitoring
(TDM). We assessed the practicability of different LSSs for the estimation of MPA exposure as well as
the optimal time points for MPA TDM. The literature search returned 29 studies dated 1998–2020.
We applied 53 LSSs (n = 48 for MPA, n = 5 for free MPA [fMPA]) to predict the area under the time-
concentration curve (AUCpred) in 24 children with nephrotic syndrome, for whom we previously
determined MPA and fMPA concentrations, and compare the results with the determined AUC
(AUCtotal). Nine equations met the requirements for bias and precision ±15%. The MPA AUC in
children with nephrotic syndrome was predicted the best by four time-point LSSs developed for
renal transplant recipients. Out of five LSSs evaluated for fMPA, none fulfilled the ±15% criteria
for bias and precision probably due to very high percentage of bound MPA (99.64%). MPA LSS for
children with nephrotic syndrome should include blood samples collected 1 h, 2 h and near the
second MPA maximum concentration. MPA concentrations determined with the high performance
liquid chromatography after multiplying by 1.175 may be used in LSSs based on MPA concentrations
determined with the immunoassay technique. MPA LSS may facilitate TDM in the case of MMF,
however, more studies on fMPA LSS are required for children with nephrotic syndrome.

Keywords: mycophenolate mofetil; mycophenolic acid; pediatric patients; limited sampling strategy;
multiple linear regression; therapeutic drug monitoring

1. Introduction

Mycophenolate mofetil (MMF) is an immunosuppressive drug administered in the
prophylaxis against acute rejection after solid organ transplantation as well as in autoim-
mune diseases [1], nephrotic syndrome [2,3], and atopic dermatitis [4]. The MMF active
moiety, mycophenolic acid (MPA), is characterized by complex and variable pharmacoki-
netics and high serum albumin binding (97–99%) [1,5]. MPA pharmacokinetics in renal
transplant recipients are widely described in the literature [1,6–10], however, although the
pharmacokinetics are assumed to be different, there are few studies concerning children
with nephrotic syndrome treated with MMF [11–14]. In our previous study [11], we ob-
served that the target values of the pharmacokinetic parameters, such as the concentration
before the next dose (C0) and the area under the concentration—time curve from 0 to 12 h
(AUCtotal), in children with nephrotic syndrome treated with MMF should be higher than
those recommended after renal transplantation [1]. Similar observations were described by
other authors [12,15].

MPA therapeutic drug monitoring (TDM) is frequently recommended, mainly to
avoid underexposure [1,16]. TDM was shown to be favorable not only in renal transplant
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recipients [6], but also in patients with lupus nephritis [17] and steroid-dependent nephrotic
syndrome [12,13]. One method of TDM is the limited sampling strategy (LSS), which
allows us to predict AUCtotal on the basis of only few blood samples [6] instead of the time-
consuming, expensive, and uncomfortable to patients method of collecting 8 to 15 blood
samples over 12 h for a full pharmacokinetic profile [18]. LSS may be calculated using the
Bayesian approach or multiple linear regression (MLR) analysis, which uses an equation
derived from stepwise regression analysis based on concentrations measured at pre-defined
times after dosing [16,19]. MLR is easier to use than Bayesian analysis, although one
important limitation of the MLR approach is the reliance of the equations on the accuracy
of the exact times of blood sample collection [7,16]. MLR LSSs have been proposed for MPA
in many groups of patients [8,9,20,21]. Whereas many authors emphasize that each LSS
should be applied to the same group of patients as it was established [22], Ting et al. [20]
observed that the application of LSSs established for lung transplant recipients to the heart
transplant population yielded satisfactory prediction results, Gellermann et al. [15] applied
the LSSs established for children after renal transplantation and adult heart transplant
recipients to evaluate AUC in children with nephrotic syndrome, and Katsuno et al. [17]
used the LSS established for renal transplant recipients to predict AUC in patients with
lupus nephritis. Additionally, Tong et al. [23] applied the LSS established with the high
performance liquid chromatography (HPLC) method to evaluate the AUC for patients
for whom the enzyme multiplied immunoassay technique (EMIT) was used for MPA
determination, while Neuberger et al. [24] applied an MPA LSS established after the
administration of another MPA formulation, enteric-coated mycophenolic sodium (EC-
MPS), in MMF treated patients.

Due to the small number of studies on MPA pharmacokinetics in children with
nephrotic syndrome, in this study we evaluated MLR-based LSSs found in the literature in
children with nephrotic syndrome treated with MMF. The evaluation aimed to assess the
practicability of different LSSs for the estimation of MPA exposure as well as to find the
optimal time points for MPA TDM.

2. Results

2.1. MPA and fMPA Pharmacokinetics

The MPA and free MPA (fMPA) concentrations versus time in 24 children with
nephrotic syndrome treated with MMF are presented in Figure 1. The results of MPA
and fMPA maximum concentration (Cmax), time to reach Cmax (tmax), and AUCtotal values
are presented in Table 1. MPA C0 was above 2.0 µg/mL and above 3.0 µg/mL in 67%
(n = 16) and 42% (n = 10) of children, respectively. MPA Cmax was observed 1 h after MMF
administration in 79% of children. Out of 24 children, 63% (n = 15) had MPA AUCtotal
within the 30–60 µg·h/mL range. For 21% (n = 5) of children, MPA AUCtotal was above
60 µg·h/mL. Mean MPA binding to plasma protein was 99.65%, with only 0.35% of fMPA.

Table 1. Plasma concentrations and exposure of MPA and fMPA in children with nephrotic syndrome.

Parameter Mean ± SD Range

MPA
Cmax (µg/mL) 18.20 ± 9.34 4.96–44.22

tmax (h) 1 ± 1 1–3
AUCtotal (µg·h/mL) 53.14 ± 17.77 22.27–94.54

fMPA
Cmax (µg/mL) 0.0660 ± 0.0081 0.1605–0.0409

AUCtotal (µg·h/mL) 0.1837 ± 0.0867 0.0551–0.3806
MPA, mycophenolic acid; fMPA, free mycophenolic acid; AUCtotal, area under the time–concentration curve from
0 to 12 h; SD, standard deviation.
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Figure 1. The concentration (+SD) versus time graphs for: (a) MPA and (b) fMPA for 24 children included in the study.
Orange curves indicate the maximum and minimum concentrations at each time-point.

2.2. The Evaluation of MLR LSSs in Children with Nephrotic Syndrome

The search of the literature returned 29 studies meeting the requirements concerning
MLR LSSs for MPA and fMPA, dated 1998–2020. We applied 48 MPA LSSs [8,9,14,21,22,25–48]
and five fMPA LSSs [35,36,42] found in the literature to calculate the predicted area under
the (0–12 h) time–concentration curve (AUCpred) in children with nephrotic syndrome
treated with MMF, and compared the results with AUCtotal. In the majority of studies,
calcineurin inhibitors (CsA or tacrolimus (Tac)) were co-administered with MMF. In two
studies, only MMF was administered and in one other study, only 8% of patients received
CsA concomitantly. The majority of studies concerned patients after solid organ trans-
plantation. We found seven studies including pediatric patients after renal transplantation
(n = 4), with nephrotic syndrome (n = 2), and with lupus erythematosus (n = 1). In order to
better describe the results, we divided the LSSs according to the methods of MPA determi-
nation and subdivided according to the indications for MMF treatment (Tables 2 and 3).
The LSSs for fMPA are presented separately (Table 4).
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Table 2. Predictive performance of MLR-based HPLC–MPA LSSs available in the literature for estimation of MPA AUCpred in children with nephrotic syndrome treated with MMF.

No Equation
Indication for MMF

Treatment

Drugs
Co-Administered Reference

%MPE %MAE
r2 % of AUCpred within

±15% of AUCtotal(95% CI) (95% CI)

1 AUCpred = 9.328 + 1.311 × C1 + 1.455 × C2 + 2.901 × C4 adult renal Tx Tac [43] −0.55 11.68
0.807 67(−6.89–5.78) (7.83–15.53)

2 AUCpred = 15.94 + 1.77 × C2 + 2.34 × C4 + 4.76 × C9 adult renal Tx Tac, steroids [41]
−5.08 15.74

0.619 50(−13.08–2.92) (10.97–20.51)

3 AUCpred = 20.38 + 0.26 × C0 + 2.06 × C2 + 3.82 × C4 adult renal Tx Tac, steroids [41] −4.19 17.23
0.465 46(−13.17–4.78) (11.87–22.58)

4
AUCpred = 9.02 + 3.77 × C0 + 1.33 × C1 + 1.68 × C3 + 2.96 ×

C6
adult renal Tx CsA, steroids [37]

12.91 18.00
0.773 54(5.53–20.30) (12.97–23.03)

5 AUCpred = 6.02 + 5.61 × C0 + 1.28 × C1 + 0.9 × C2 + 2.54 × C4 adult renal Tx CsA, steroids [48]
13.43 18.35

0.723 50(1.59–25.28) (9.55–27.14)

6 AUCpred = 3.504 + 1.098 × C1 + 0.670 × C2 + 5.659 × C4 adult renal Tx CsA, steroids [36]
−14.12 19.95

0.684 33(−21.65–[−6.58]) (15.50–24.40)

7 AUCpred = 15.19 + 6.92 × C0 + 1.08 × C1 + 0.72 × C2 adult renal Tx CsA, steroids [48]
16.28 24.56

0.527 42(4.44–28.13) (15.76–33.36)

8 AUCpred = −0.247 + 11.73 × C6 + 2.92 × C2 adult renal Tx CsA, steroids [39] 3.04 26.45
0.487 46(−11.63–17.71) (17.13–35.76)

9 AUCpred = 9.57 × C6 + 27.238 adult renal Tx no data [38]
9.88 28.31

0.265 29(−4.88–24.63) (18.99–37.62)

10 AUCpred = 10.403 + 0.841 × C2 + 1.105 × C3 + 0.447 × C4 adult renal Tx CsA, steroids [36] −54.94 54.94
0.372 0(−59.83–[−50.05]) (50.05–59.83)

11 AUCpred = 10.229 + 0.925 × C1 + 1.750 × C2 + 4.586 × C6 adult liver Tx Tac, steroids [29]
0.49 12.57

0.823 63(−6.08–7.05) (8.85–16.28)

12 AUCpred = 17.930 + 1.992 × C2 + 4.136 × C6 adult liver Tx Tac, steroids [29] −12.17 18.22
0.565 50(−20.08–[−4.25]) (12.89–23.54)

13 AUCpred = 1.783 + 1.248 × C1 + 0.888 × C2 + 8.027 × C4 adult islet Tx Tac [22] 4.18 17.47
0.648 50(−6.31–14.68) (9.94–24.99)

14 AUCpred = 2.778 + 1.413 × C1 + 0.963 × C3 + 7.511 × C4 adult islet Tx Tac [22]
4.04 17.93

0.619 50(−6.34–14.41) (10.80–25.06)
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Table 2. Cont.

No Equation
Indication for MMF

Treatment

Drugs
Co-Administered Reference

%MPE %MAE
r2 % of AUCpred within

±15% of AUCtotal(95% CI) (95% CI)

15 AUCpred = 1.547 + 1.417 × C1 + 9.448 × C4 adult islet Tx Tac [22]
5.48 21.29

0.557 50(−7.15–18.10) (12.31–30.28)

16 AUCpred = 1.410 − 0.259 × C0 + 1.443 × C1 + 9.622 × C4 adult islet Tx Tac [22] 5.60 21.86
0.551 50(−4.78–15.97) (14.73–28.99)

17
logAUCpred = 1.024 + 0.192 × logC0 + 0.213 × logC1 + 0.355 ×

logC2
adult lung Tx CsA, steroids [44]

−14.11 17.79
0.718 42(−20.76–[−7.45]) (13.05–22.53)

18 logAUCpred = 1.14 + 0.241 × logC0 + 0.406 × logC2 adult lung Tx CsA, steroids [44] −25.96 28.88
0.427 21(−34.21–[−17.72]) (22.70–35.07)

19
AUCpred = 4.43 + 2.76 × C0 + 0.51 × C1 + 1.97 × C2 + 4.27 ×

C6
adult HSCT CsA [42]

−8.34 15.79
0.708 54(−15.19–[−1.50]) (12.13–19.45)

20 AUCpred = 1.2039 × AUC1–4 + 8.9727 adult HSCT CsA [34]
−31.85 31.85

0.841 4(−35.91–[−27.80]) (27.80–35.91)

21 AUCpred = 0.10 + 11.15 × C0 + 0.42 × C1 + 2.80 × C2 adult heart Tx CsA, steroids [45]
15.24 31.94

0.366 33(−1.66–32.14) (20.15–43.72)

22 AUCpred = −0.51 + 11.47 × C0 + 3.24 × C2 adult heart Tx CsA, steroids [45]
8.19 35.54

0.264 25(−10.63–27.02) (24.06–47.02)

23
AUCpred = 13.81 + 0.68 × C1 + 1.08 × C2 + 2.21 × C3

+ 4.62 × C0

children systemiclupus
erythematosus none [21]

9.82 16.26
0.738 50(1.38–18.25) (9.95–22.57)

AUCpred, predicted area under the time(0–12 h)–concentration curve; AUCtotal, determined area under the concentration—time curve from 0 to 12 h; CI, confidence interval; CsA, cyclosporine; HPLC, high
performance liquid chromatography; HSCT, hematopoietic stem cell transplantation; LSSs, limited sampling strategies; MMF, mycophenolate mofetil; MLR, multiple linear regression; MPA, mycophenolic acid;
%MAE, percentage of mean absolute relative prediction error; %MPE, mean relative prediction error; Tac, tacrolimus; Tx, transplantation.
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Table 3. The predictive performance of MLR-based EMIT/PETINIA-MPA LSSs available in the literature for estimation of MPA AUCpred in children with nephrotic syndrome treated
with MMF.

No Equation
Indication for MMF

Treatment
Drugs

Co-Administered
Reference

%MPE %MAE
r2 % of AUCpred within

±15% of AUCtotal(95% CI) (95% CI)

1 AUCpred = 10.6 + 1.1 × C1 + 1.1 × C2 + 2.0 × C4 + 3.9 × C6 adult renal Tx Tac, steroids [30] 1 2.90 11.56
0.860 67(−2.92–8.73) (8.30–14.82)

2 AUCpred = 7.4 + 2.3 × C0 + 1.2 × C1 + 2.3 × C3 + 4.4 × C6 adult renal Tx Tac, steroids [30] 1 7.32 12.21
0.829 71(1.50–13.14) (8.20–16.22)

3 AUCpred = 3.8 + 3.5 × C0 + 1.2 × C1 + 1.9 × C3 + 5.4 × C6 adult renal Tx Tac, steroids [30] 1 9.85 15.90
0.742 63(2.24–17.47) (10.51–21.28)

4 AUCpred = 4.42 + 1.74 × C1 + 2.99 × C4 + 5.43 × C9 adult renal Tx CsA [40] 8.16 15.92
0.826 58(0.88–15.43) (11.67–20.18)

5 AUCpred = 17.3 + 4.4 × C0 + 1.1 × C1 + 2.9 × C4 adult renal Tx Tac, steroids [27] 9.13 18.63
0.638 50(0.09–18.17) (12.91–24.35)

6 AUCpred = 23.37 + 4.21 × C0 + 3.60 × C4 adult renal Tx Tac [47] −12.35 21.82
0.198 46(−22.77–[−1.92]) (14.85–28.78)

7 AUCpred = 4.38 + 2.14 × C1 + 7.19 × C9 adult renal Tx CsA [40]
11.62 22.50

0.722 42(0.49–22.75) (15.10–29.91)

8 AUCpred = 20.30 + 5.80 × C0 + 3.06 × C4 adult renal Tx Tac [47]
−12.12 23.57

0.160 42(−25.13–0.88) (18.18–28.96)

9 AUCpred = 8.149 + 1.442 × C2 + 1.056 × C4 + 7.133 × C6 adult renal Tx Tac, steroids [26]
−20.52 25.56

0.501 25(−29.19–[−11.85]) (19.90–31.21)

10 AUCpred = 22.93 + 4.63 × C0 + 5.60 × C6 adult renal Tx Tac [47] −1.86 27.50
0.208 17(−14.87–11.14) (22.11–32.89)

11 AUCpred = 14.9 + 1.3 × C1 + 3 × C4 + 3.7 × C6 adult renal Tx Tac, steroids [27] 96.25 98.30
0.549 4(71.31–121.19) (74.90–121.71)

12
AUCpred = 5.92 + 1.10 × C1 + 1.01 × C2 + 1.77 × C4 + 4.80

× C6
adult liver Tx Tac, steroids [28]

−3.29 11.84
0.829 67(−9.47–2.88) (8.09–15.59)

13 AUCpred = 8.144 + 2.880 × C3 adult liver Tx Tac, steroids [31] −62.44 62.44
0.134 0(−68.53–[−56.35]) (56.35–68.53)

14
AUCpred = 8.22 + 3.16 × C0 + 0.99 × C1 + 1.33 × C2 + 4.18

× C4
children renal Tx CsA [32]

7.93 12.58
0.799 67(1.47–14.39) (7.68–17.48)

15
AUCpred = 8.217 + 3.163 × C0+ 0.994 × C1 + 1.334 × C2 +

4.183 × C4
children renal Tx CsA [8] 8.14 12.65

0.799 67(1.68–14.61) (7.71–17.58)
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Table 3. Cont.

No Equation
Indication for MMF

Treatment

Drugs
Co-Administered Reference

%MPE %MAE
r2 % of AUCpred within

±15% of AUCtotal(95% CI) (95% CI)

16 AUCpred = 7.73 + 0.94 × C1 + 2.55 × C2 + 5.48 × C6 children renal Tx CsA [32]
8.94 14.67

0.829 58(2.19–15.68) (10.17–19.18)

17 AUCpred = 10.75 + 0.98 × C1 + 2.38 × C2 + 4.86 × C6 children renal Tx CsA [33] 10.08 14.76
0.842 50(3.46–16.66) (10.10–19.42)

18 AUCpred = 12.62 + 7.78 × C0 + 0.9 × C1 + 1.3 × C2 children renal Tx CsA [9]
13.81 23.20

0.515 50(2.00–25.62) (14.55–31.85)

19 AUCpred = 13.73 + 9.024 × C0 + 1.779 × C2 children renal Tx CsA [9] 0.31 28.79
0.203 21(−14.71–15.34) (20.33–37.25)

20 AUCpred = 15.1 + 9.68 × C0 + 1.28 × C1 children renal Tx CsA [9]
23.57 33.21

0.374 29(8.22–38.91) (21.65–44.77)

21 AUCpred = 12.3 + 4.7 × C0 + 1.2 × C1 + 2.7 × C3 + 1.8 × C6
adult autoimmune

disease
CsA [46] 18.85 20.15

0.811 50(11.45–26.25) (13.42–26.88)

22 AUCpred = 17.5 + 7.1 × C0 + 1.0 × C1 + 2.6 × C3
adult autoimmune

disease
CsA [46]

24.84 27.45
0.607 33(13.36–36.02) (17.47–37.43)

23 AUCpred = 38.3 + 11.7 × C0
adult autoimmune

disease
CsA [46]

35.64 47.39
0.051 21(13.52–57.76) (29.84–64.94)

24 AUCpred = 21.971 + 2.6059 × C2 children INS CsA [14] 1 −24.57 26.14
0.455 33(−32.54–[−16.59]) (19.16–33.12)

25 AUCpred = 8.7 + 4.63 × C0 + 1.90 × C1 + 1.52 × C2 children NS none [25] 24.21 29.03
0.718 17(14.28–34.13) (21.90–36.15)

AUCpred, predicted area under the (0–12 h) time–concentration curve; AUCtotal, determined area under the concentration—time curve from 0 to 12 h; CI, confidence interval; CsA, cyclosporine; EMIT, enzyme
multiplied immunoassay technique; INS, idiopathic nephrotic syndrome; LSSs, limited sampling strategies; MMF, mycophenolate mofetil; MLR, multiple linear regression; MPA, mycophenolic acid; %MAE,
percentage of mean absolute relative prediction error; %MPE, mean relative prediction error; NS, nephrotic syndrome; PETINIA, particle enhanced turbidimetric inhibition immunoassay; Tac, tacrolimus; Tx,
transplantation. 1 MPA determined with particle enhanced turbidimetric inhibition immunoassay (PETINIA).
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Table 4. The predictive performance of MLR-based HPLC-fMPA LSSs available in the literature for the estimation of fMPA AUCpred in children with nephrotic syndrome treated
with MMF.

No Equation
Indication for MMF

Treatment
Drugs

Co-Administered
Reference

%MPE %MAE
r2

% of AUCpred within
±15% of AUCtotal(95% CI) (95% CI)

1
fMPA AUCpred = 34.2 + 1.12 × C1 + 1.29 × C2 + 2.28 × C4

+ 3.95 × C6
liver Tx Tac, steroids [35]

13.68 18.53
0.871 38(6.44–20.91) (13.71–23.35)

2
fMPA AUCpred = 63.92 + 2.01 × C0 + 0.67 × C1 + 2.05 ×

C2 + 4.26 × C6
HSCT CsA [42]

−14.45 22.17
0.725 33(−23.61–[−5.28]) (16.56–27.77)

3
fMPA AUCpred = 136.826 + 0.76 × C1 + 0.84 × C2 + 3.914

× C4
renal Tx CsA, steroids [36]

52.65 54.69
0.768 21(29.91–75.39) (32.86–76.52)

4 fMPA AUCpred = 178.167 + 0.954 × C2 + 4.001 × C4 renal Tx CsA, steroids [36] 59.46 63.35
0.564 43(28.68–90.25) (34.04–92.65)

5
fMPA AUCpred = 180.543 + 0.956 × C2 − 0.223 × C3 +

4.342 × C4
renal Tx CsA, steroids [36] 61.48 64.84

0.560 25(30.43–92.54) (35.08–94.60)

AUCpred, predicted area under the (0–12 h) time–concentration curve; AUCtotal, determined area under the concentration—time curve from 0 to 12 h; CI, confidence interval; CsA, cyclosporine; fMPA, free
mycophenolic acid; LSSs, limited sampling strategies; HSCT, hematopoietic stem cell transplantation; MMF, mycophenolate mofetil; MLR, multiple linear regression; %MAE, percentage of mean absolute relative
prediction error; %MPE, mean relative prediction error; Tac, tacrolimus; Tx, transplantation.
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The predictive performances for the estimation of MPA AUCpred using the 23 MPA
MLR LSSs available in the literature in which MPA was determined based on HPLC method
are presented in Table 2. Only two out of 23 equations (9%) met the requirements of ±15%
for %MPE and 15% for %MAE. If the acceptable %MPE and %MAE were extended to
±20%, 13 equations (57%) would fulfill the criteria. For two of the 23 LSSs (9%), AUCpred

was within ±15% of AUCtotal for more than 60% of children, concomitantly with r2 above
0.800. These LSSs included C1-C2-C4 and C1-C2-C6, both of which were established for Tac
co-administration. High r2 was found in the Gota et al. [34] equation, concomitantly with
low predictive performance. A number of 11 LSSs (48%) gave an AUCpred within ±15% of
the AUCtotal for less than 50% of children.

The predictive performances of 25 MPA MLR LSSs in which MPA was determined
based on EMIT or particle enhanced turbidimetric inhibition immunoassay (PETINIA) are
presented in Table 3. Seven of 25 LSSs (28%) met the requirements of ±15% for %MPE and
15% for %MAE. If the acceptable %MPE and %MAE were extended to ±20%, ten equations
(40%) would fulfill the criteria. For three of 25 LSSs (12%), the AUCpred was within ±15%
of the AUCtotal for more than 60% of children, concomitantly with r2 above 0.800. These
LSSs included C1-C2-C4-C6 (two LSSs) and C0-C1-C3-C6, all of which were established
for Tac co-administration. In 13 of 25 LSSs (52%), the AUCpred was within ±15% of the
AUCtotal in less than 50% of children.

We found five MLR LSSs for fMPA in three studies which we applied to calculate the
fMPA AUCpred for children with nephrotic syndrome. The predictive performance of the
fMPA MLR LSSs is presented in Table 4. In all three studies, MPA was determined with the
HPLC method. None of the equations fulfilled the criteria for %MPE and %MAE. There
was one four time point equation (C1-C2-C4-C6), which was established for patients after
liver transplantation and co-treated with Tac, which met the requirements of ±20% for
%MPE and %MAE, and demonstrated an r2 above 0.800.

2.3. Comparison of the Best Matched MLR LSSs

Nine LSSs with %MPE and %MAE ±15%, and r2 ≥ 0.799 were considered the best.
These equations were established for adult renal transplant recipients (n = 3), adult liver
transplant recipients (n = 2), and pediatric renal transplant recipients (n = 4). For these
equations, the graphs describing the correlations between the AUCtotal and the AUCpred
were drawn (Figure 2), and Bland–Altman (Figure 3) tests were performed. For the majority
of equations, the Bland–Altman test showed only one or two values exceeding the fixed
range of the mean ± 1.96 SD, which confirmed the agreement between the AUCtotal and
the AUCpred.

Figure 2. Cont.
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Figure 2. Correlations between the MPA AUCtotal and the MPA AUCpred calculated for children with nephrotic syndrome
using MLR LSS equations found in the literature that fulfilled the criteria for %MPE and %MAE ±15%; (a) AUCpred = 7.4 +
2.3 × C0 + 1.2 × C1 + 2.3 × C3 + 4.4 × C6 [30]; (b) AUCpred = 9.328 + 1.311 × C1 + 1.455 × C2 + 2.901 × C4 [43]; (c) AUCpred

= 10.6 + 1.1 × C1 + 1.1 × C2 + 2.0 × C4 + 3.9 × C6 [30]; (d) AUCpred = 5.92 + 1.10 × C1 + 1.01 × C2 + 1.77 × C4 + 4.80 ×

C6 [28]; (e) AUCpred = 8.22 + 3.16 × C0 + 0.99 × C1 + 1.33 × C2 + 4.18 × C4 [32]; (f) AUCpred = 8.217 + 3.163 × C0 + 0.994 ×

C1 + 1.334 × C2 + 4.183 × C4 [8]; (g) AUCpred = 10.229 + 0.925 × C1 + 1.750 × C2 + 4.586 × C6 [29]; (h) AUCpred = 7.73 +
0.94 × C1 + 2.55 × C2 + 5.48 × C6 [32]; (i) AUCpred = 10.75 + 0.98 × C1 + 2.38 × C2 + 4.86 × C6 [33].
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Figure 3. Cont.
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Figure 3. Bland–Altman analyses testing agreement between the MPA AUCtotal and the MPA AUCpred calculated for
children with nephrotic syndrome using the MLR LSS equations found in the literature that fulfilled the criteria for %MPE
and %MAE ± 15%; (a) AUCpred = 7.4 + 2.3 × C0 + 1.2 × C1 + 2.3 × C3 + 4.4 × C6 [30]; (b) AUCpred = 9.328 + 1.311 × C1 +
1.455 × C2 + 2.901 × C4 [43]; (c) AUCpred = 10.6 + 1.1 × C1 + 1.1 × C2 + 2.0 × C4 + 3.9 × C6 [30]; (d) AUCpred = 5.92 + 1.10
× C1 + 1.01 × C2 + 1.77 × C4 + 4.80 × C6 [28]; (e) AUCpred = 8.22 + 3.16 × C0 + 0.99 × C1 + 1.33 × C2 + 4.18 × C4 [32];
(f) AUCpred = 8.217 + 3.163 × C0 + 0.994 × C1 + 1.334 × C2 + 4.183 × C4 [8]; (g) AUCpred = 10.229 + 0.925 × C1 + 1.750 ×

C2 + 4.586 × C6 [29]; (h) AUCpred = 7.73 + 0.94 × C1 + 2.55 × C2 + 5.48 × C6 [32]; (i) AUCpred = 10.75 + 0.98 × C1 + 2.38 ×

C2 + 4.86 × C6 [33].

3. Discussion

Estimating LSS is the approach of TDM applied for many drugs, e.g., MPA, lev-
ofloxacin, and etoposide [49–51]. We recently established and compared LSS for MPA in
children with nephrotic syndrome using two different approaches [52]. In the present study,
we used the MPA LSSs found in the literature in the attempt to assess their practicability
for the estimation of MPA exposure and to find the optimal time points for MPA TDM in
children with nephrotic syndrome. We verified the LSSs established for different indica-
tions, as in the literature we found studies in which LSS developed for one population was
used to evaluate LSS in other population [20,24].

The novelty of our study is that we converted MPA concentrations determined with
HPLC to evaluate the MPA LSSs established for EMIT or PETINIA. As MPA concen-
trations are 15–20% higher when established with EMIT or PETINIA due to MPA cross
reaction with the MPA metabolite acyl-glucuronide [16,53], we multiplied the HPLC
determined concentration by 1.175. Tong et al. [23] used MPA LSSs established for
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adult heart transplant recipients with the HPLC method to predict the AUC in chil-
dren with nephrotic syndrome for whom MPA concentrations were determined with
EMIT without any adjustment. Our results of predictive performance for both HPLC and
EMIT/PETINIA did not differ significantly, and therefore we concluded that this approach
may enable using LSSs established with EMIT or PETINIA to predict the MPA AUC based
on HPLC-determined concentrations.

Nine MPA LSSs fulfilled the criteria of the best predictive performance. Because MMF
is mainly administered as an acute rejection prophylaxis after renal transplantation and
most of the studies concerned adults, five out of nine the best MLR LSSs were established
for adults [28–30,43]. Four LSSs considered as the best were established for pediatric
patients [8,32,33]. Among these four LSSs, although two equations were very similar, they
were published in two different articles, and we therefore evaluated both of them [8,32].
Seven of nine LSSs included renal transplant recipients, both adult (n = 3) [30,43] and pedi-
atric (n = 4) [8,32,33]. Two of nine the best LSSs included liver transplant recipients [28,29].
Surprisingly, the LSSs established for children with nephrotic syndrome [14,25] or lupus
erythematosus [21] performed poorly as they did not fulfill the criteria: the values of r2 were
below 0.800, and ≤50% of the AUCpred values were within ±15% of the AUCtotal. These
poor results may be explained by one time point equation in the Hibino et al. study [14]
and the relatively high intercept.

In our opinion, in the case of MPA, accurate and precise LSSs should consist of at
least three time points. Among the best LSSs, four and five LSSs included four and three
time points, respectively. The predictive performance for one and two time point LSSs
were unsatisfactory. If the criteria were extended to ±20% for %MPE and %MAE, only
one two-time-point equation would have fulfilled the criteria. However, the percentage
of AUCpred within ±15% of AUCtotal was rather poor for this equation (50%). Moreover,
equations with only one time-point performed poorly with respect to the percentage of the
AUCpred within ±15% of the AUCtotal (≤33%). Interestingly, for one LSS, which included
AUC1–4 instead of concentration at defined time points [34], r2 was >0.800, while the
predictive performance and the percentage of the AUCpred within ±15% of the AUCtotal
were unsatisfactory. Moreover, the LSSs which included logarithmic concentrations did
not perform well [44].

The inclusion of particular time points may be of significant importance as they reflect
MPA pharmacokinetics. In our study, eight of the nine (89%) best-matched equations
included C1 and C2, and six equations included C6. Those three time points coincide
with the MPA Cmax (1–2 h after dosing) and the second maximum concentration (Cmax2;
6–12 h after MMF administration) [10]. This evidence suggests that the MPA Cmax and
Cmax2 influence its AUC the most, and the blood samples should be collected at least in
three time points near Cmax and Cmax2 to precisely predict the AUC. According to the
literature, for children with nephrotic syndrome C2 or time points up to 2 h after MMF
administration should be included in the MPA LSS [14,25]. The inclusion of C6 makes using
LSS cumbersome. However, according to the literature, better predictive performance was
observed for LSSs which included time points in the latter half of the dosing interval [16].
Out of the nine best matched equations, only 3 (33%) included C0. This observation is in
accordance with the literature data, as MPA C0 correlates poorly with AUCtotal [6].

We evaluated the MLR LSSs found in the literature regardless the drugs co-administered
with MMF. Five of nine the best LSSs were established for MMF- and Tac-treated patients.
According to the literature, Tac does not influence MPA clearance [3], and in patients with
autoimmune disease MPA clearance is likely to be in close agreement with estimates from
renal allograft recipients co-treated with Tac [54]. On the other hand, MPA concentrations
are lower if co-administered with CsA [10]. CsA inhibits MPA enterohepatic recirculation,
causing a decrease in MPA exposition, and therefore blood sampling does not require
including time-points around the MPA Cmax2 when MMF is co-administered with CsA [16].
Among the LSSs applied in this study, only in three studies with MLR LSSs [21,25,46]
did the patients not receive concomitant medications (in one study only 8% of patients
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received CsA [46]). Surprisingly, in our study, for these LSSs the predictive performance fell
beyond ±15% range. The equation from the Prabha et al. [21] study would have fulfilled
the extended criteria (±20%). One equation, which included C6, from the de Winter et al.
study [46], was characterized by the r2 being >0.800, however, it did not fulfill even the
extended criteria, therefore, we confirmed that choosing model equations based only on
their r2 values may be misleading [55].

Out of five LSSs developed for fMPA [35,36,42], none fulfilled the criteria when used
to evaluate the fMPA AUCpred in children with nephrotic syndrome. One equation would
fulfill the criteria extended to ±20%, but the percentage of the AUCpred within ±15% of the
AUCtotal for this formula was poor (38%). The obtained results may indicate differences
in MPA protein binding in children with nephrotic syndrome. According to the literature,
MPA is bound to plasma proteins in 97% to 99% [29,56]. In our previous study [11],
similarly as in this study, the median fMPA fraction was 0.36%, which gives very high
percentage of bound MPA (99.64%).

The limitation of our study is the fact that we were unable to apply the LSSs with time
points 0.5, 0.75, or 1.5 h after MMF administration as blood sampling was not so frequent
in the children included in the study.

4. Materials and Methods

4.1. Ethical Considerations

The study was approved by the Bioethical Committee at Poznan University of Medical
Sciences and it is in accordance with the 1964 Declaration of Helsinki and its later amend-
ments. Informed consent was obtained from the parents or guardians prior to initiating
the study.

4.2. Children’s Characteristics

Our study included 24 children, aged 3–18 years, with nephrotic syndrome treated
with MMF and steroids in the Department of Pediatric Nephrology and Hypertension,
Poznan University of Medical Sciences, Poland. MMF was administered orally twice a day
at the same dose. On the day of blood collection, 18 children were in remission whereas six
children had trace proteinuria. MMF was given under fasting conditions, 30 min before
breakfast. The exclusion criteria were cyclosporine (CsA) co-administration, MMF dosing
at unequal morning and evening doses, administration of MMF shorter than 1 month and
too low number of blood samples. Blood samples were collected into EDTA tubes before
MMF administration (C0) and subsequently 1 h (C1), 2 h (C2), 3 h (C3), 4 h (C4), 6 h (C6),
9 h (C9), and 12 h (C12) after its administration. The samples were centrifuged to obtain
plasma, then immediately frozen and kept at −20 ◦C until analysis. The demographic and
biochemical characteristics of the children are presented in Table 5.

4.3. Analytical Methods

MPA and fMPA concentrations were determined in the Department of Physical Phar-
macy and Pharmacokinetics at Poznan University of Medical Sciences, Poland.

MPA plasma concentrations were determined using the HPLC method with ultraviolet
detection. The analytical method for MPA determination was described elsewhere [11,57].
The calibration curve was linear, and within the range 0.25–40.0 µg/mL. The mean between-
day coefficient of variation and average accuracy were 2.7% (range 0.5–6.1%) and 98.8%
(range 93.8–103.0%), respectively [11].

Free MPA (fMPA) was determined using the HPLC method with fluorescence detec-
tion described previously [5,11]. The calibration curve was linear, and within the range of
0.0025–1.0 µg/mL. The mean between-day coefficient of variation and average accuracy
were 6.5% (range 1.4–12.7%) and 99.9% (range 94.3–107.6%), respectively [11].
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Table 5. Demographic and biochemical characteristics of the study group.

Parameter Mean ± SD Range

24 children 10 boys/14 girls
age 11 ± 4 3–18

body weight 36.9 ± 14.7 17.7–66.5
body surface (m2) 1.20 ± 0.32 0.70–1.85

MMF daily dose (mg) Number of children
500/600/700/800/1000/1200/1500/2000 2/1/1/1/10/1/7/1

MMF daily dose (mg/m2) 933 ± 218 505–1250
duration of MMF treatment (months) 12 ± 7 2–29

Protein concentration (g/dL) 6.60 ± 0.53 5.52–7.54
Glomerular filtration rate (mL/min/1.73 m2) 133 ± 23 101–183

Creatinine concentration (mg/dL) 0.45 ± 0.13 0.25–0.72
Leukocytes count (109/L) 6.75 ± 2.34 3.46–13.88

Erythrocytes count (1012/L) 4.65 ± 0.31 4.07–5.54
Hemoglobin (g/dL) 13.0 ± 1.1 11.1–15.5

Hematocrit (%) 37.8 ± 2.8 33.6–44.3
Alanine aminotransferase (U/L) 13 ± 4 5–25

Aspartate aminotransferase (U/L) 26 ± 6 17–45
MMF, mycophenolate mofetil; SD, standard deviation.

4.4. The Literature Data Search

We comprehensively searched the literature in December 2020 using the PUBMED
database using the combination of ‘mycophenolic acid’ or ‘mycophenolate mofetil’ and
the terms: ‘limited sampling strategy’, ‘limited sampling strategies’, ‘limited sampling’,
‘optimal sampling’, ‘sparse sampling’, and ‘minimal sampling’. We included English
written studies determining LSS based on MLR calculations for adult and pediatric pa-
tients receiving MMF after solid organ transplantation or with autoimmune diseases, and
identified those LSSs which covered the same blood sampling times as in our study. We
included LSSs which were established based on HPLC and EMIT MPA determinations.
We excluded articles describing LSS for EC-MPS as there is an evident difference in MPA
pharmacokinetics for the two formulations MMF and EC-MPS (unpredictable absorption
profile after EC-MPS administration) [58]. We also excluded studies using previously
established LSSs, those with Bayesian estimators and with different than twice daily MMF
dosing schedules.

4.5. Pharmacokinetic Calculations and Statistical Analyses

For children with nephrotic syndrome, firstly, we calculated the MPA AUCtotal using
the linear trapezoidal rule. Secondly, based on the results of the literature data search, we
calculated the AUCpred for these children using the MLR formulae found in the literature.
We applied LSSs established using MPA concentrations determined with HPLC, EMIT,
and PETINIA to evaluate LSS usefulness. Due to the 15–20% higher MPA concentrations
established with EMIT [16] and the similar magnitude of the MPA overestimation found
for PETINIA when compared with EMIT [53], we multiplied the MPA concentration deter-
mined in the children included in this study with the HPLC method by 1.175, and applied
the re-calculated AUCtotal to the evaluation of the LSSs based on EMIT or PETINIA MPA
determination. The multiplier of 1.175 was achieved by assuming that MPA concentrations
established with EMIT are on average 17.5% higher than those determined with HPLC.

To assess the predictive performance of LSSs available in the literature, we calculated
r2 as well as the bias and precision for AUCpred as the mean relative prediction error
(%MPE) and the percentage of the mean absolute relative prediction error (%MAE), respec-
tively, both with 95% confidence intervals. According to the literature, precision and bias
±15% were considered acceptable [22,59,60], although some authors defined the clinical
acceptance as ±20% [18] or even as ±33% [61]. Although it does not translate into clinical
practice, lower percentages of precision and bias result in more accurate calculations. We
also calculated the percentage of the AUCpred within ±15% of the AUCtotal for each equa-
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tion to analyze the agreement between the AUCpred and the AUCtotal. The equations used
in the analysis were as follows [51,62]:

%MPE =
1
N

Σ
(AUCpred − AUCtotal)

AUCtotal
× 100 (1)

MAE =
1
N

Σ

∣

∣

∣
AUCpred − AUCtotal

∣

∣

∣

AUCtotal
× 100 (2)

Statistical analyses were performed using STATISTICA 13.0 software (StatSoft, Inc.,
Tulsa, OK, USA). For the best matched MLR LSSs, the Bland–Altman method was used to
assess the agreement between the AUCpred and the AUCtotal. To compare the HPLC and
EMIT/PETINIA predictive performance results, the Mann–Whitney test was applied.

5. Conclusions

We concluded that the optimal MPA LSS for children with nephrotic syndrome should
include C1, C2, and C6, as these time points coincide with MPA Cmax and Cmax2. MPA LSSs
established using MPA concentrations determined with EMIT or PETINIA may be used in
LSSs based on HPLC-determined MPA concentrations after multiplying the latter by 1.175.
The MLR LSS which predicted MPA AUC the best in children with nephrotic syndrome
was developed for MMF-treated renal transplant recipients. MPA binding with plasma
protein is high in children with nephrotic syndrome, which suggests there are different
fMPA pharmacokinetics in this group of patients than in renal, liver, and hematopoietic
stem cell recipients treated with MMF. MPA LSSs may facilitate TDM in the case of MMF,
however, more studies of fMPA LSS are required for children with nephrotic syndrome.
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Abstract: Cerebrospinal fluid is a key biological fluid for the investigation of new potential biomark-
ers of central nervous system diseases. Gas chromatography coupled to mass-selective detectors
can be used for this investigation at the stages of metabolic profiling and method development.
Different sample preparation conditions, including extraction and derivatization, can be applied for
the analysis of the most of low-molecular-weight compounds of the cerebrospinal fluid, including
metabolites of tryptophan, arachidonic acid, glucose; amino, polyunsaturated fatty and other organic
acids; neuroactive steroids; drugs; and toxic metabolites. The literature data analysis revealed the
absence of fully validated methods for cerebrospinal fluid analysis, and it presents opportunities for
scientists to develop and validate analytical protocols using modern sample preparation techniques,
such as microextraction by packed sorbent, dispersive liquid–liquid microextraction, and other
potentially applicable techniques.

Keywords: metabolomics; targeted analysis; nontargeted analysis; sample preparation; derivatiza-
tion; validation; biomarkers

1. Introduction

Modern differential diagnostics of a wide variety of diseases and pathologies is not
complete without analyzing the composition of biological fluids of the body. The most
available and studied fluids are blood and urine. Less studied, as well as less available, is
cerebrospinal fluid (CSF). CSF performs a number of important physiological functions in
the brain and spinal cord, providing metabolic processes between the blood and the brain.
Chemical compounds of different structures can penetrate from the blood through the
blood–brain barrier (BBB) into the CSF, and then into the brain cells, subsequently affecting
the functioning of the central nervous system (CNS) [1].

The routine laboratory study of the CSF composition is usually aimed at the diagnosis
of acute infectious diseases of the CNS such as meningitis and encephalitis. The current
interest in the study of the CSF composition is due to the rapidly increasing number of
neurodegenerative, mental, and other slowly progressive—and in most cases, incurable—
diseases. Despite the advances in science and medicine, treatment of these diseases is
directed at reducing the symptoms, but not at eliminating the cause of the disease, since
the etiologies of most of the common diseases, such as multiple sclerosis [2–7], Parkinson’s
disease [8], Alzheimer’s disease [9–14], and others, remain not fully understood.

One of the modern concepts in the medical community is the concept of “microbiota–
gut–brain” connection. Previously, it was thought that the brain affects the functioning of
the body “unidirectionally”, but recent research studies clearly indicate that the composi-
tion and function of the gut microbiota have an equal impact on the brain and the CNS.
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Numerous studies have shown that the composition of the microbiota in healthy volun-
teers differs from that in patients with various mental, neurodegenerative, and chronic
diseases [15,16]. The gut microbiota synthesize and utilize a large number of biologically
active substances, including fatty acids, amino acids, neurotransmitters, and others that
can penetrate the BBB; thus, the microbiota are becoming a new potential target for the
monitoring and treatment of various CNS diseases [17–19].

The main fact that limits the active study of the composition of the CSF is its inac-
cessibility. A lumbar puncture is required to obtain the CSF that carries the risk of side
complications [20]. The most common one is a postdural puncture syndrome, which is
accompanied by headaches and symptoms of meningism, as well as less common com-
plications (spinal or epidural bleeding, adhesive arachnoiditis, and trauma to the spinal
cord) [21]. The technique of lumbar puncture requires professionalism and experience
from the specialist who performs it; this determines its nonprevalence along with the
above-mentioned side effects. Lumbar puncture for diagnosis of subarachnoid hemor-
rhage, hydrocephalus, or infectious diseases of the CNS is frequently carried out in cases
in which computed tomography or magnetic resonance imaging is not possible (with the
exception of meningitis) [20].

During the diagnostic lumbar puncture, the volume of the sampled CSF is 2.0–5.0 mL
(protocol approved by the regional guidelines approved by the Ministry of Health of the
Russian Federation, 4 March 2004, #4.2.1887-04). Subsequent routine analysis includes the
determination of cytosis, microbiological studies, and biochemical analysis (determination
of the level of glucose, chlorides, etc.). Since the total volume of the CSF in an adult
is 125–150 mL, any actions aimed at the additional CSF collection or procedure must
be justified and approved by the local ethics committee of the institution. For scientific
purposes, carrying the CSF analysis out in the residual volume of the sample after clinical
and laboratory studies, which is usually about 0.5–1 mL, is highly desirable. Despite all
mentioned limitations, the investigation of the CSF composition—in particular, of that
of the healthy donors—is an important and crucial issue for the discovering of the new
biomarkers.

The limited available sample volume requires the use of modern efficient sample
preparation techniques and sensitive analytical methods for the determination of metabo-
lites, most often at the trace level. Such methods are chromatographic ones, namely gas
(GC) and high-performance liquid chromatography (HPLC) in combination with different
mass-selective (MS) detectors (single quadrupole (Q), time-of-flight (TOF), including high
resolution equipment and tandem MS/MS or Q-TOF) [22].

Nontargeted metabolic profiling analysis is the initial stage in the search for metabo-
lites that distinguish patients with pathology from patients of the control group/healthy
volunteers. The most common task is to identify as many chromatographic peaks in the
sample as possible using the total ion current mode [8,10,23,24]. The subsequent steps
should be directed at clearly establishing the formulas of the most promising markers, and
statistically processing the quantitative data, which will answer the question of whether
the found metabolite or several metabolites are promising biomarkers [25–27]. An impor-
tant stage is the validation of the method for determining the target components, which
currently needs to be carried out in accordance with the Food and Drug Administration
(FDA) or the European Medicines Agency (EMA) guidelines [28]. Since the volume of bio-
logical samples for full validation is about 40–50 mL (for plasma samples), CSF validation
requirements can be reduced because of its specificity. However, validation for the CSF
metabolites is justified for several compounds simultaneously.

Based on the information provided, the following requirements for the CSF analysis
method can be formulated:

- the use of the minimum (less than 0.5 mL) volume of the CSF for one analysis;
- the quantitative analysis of several target components at the trace level in one analysis.
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Gas chromatography is the most common method for the analysis of volatile com-
pounds in biological samples. Correctly selected sample preparation conditions lead to the
quantitative determination of different classes of chemical compounds in one chromato-
graphic analysis, which meets the above requirements. When comparing the capabilities
of GC and HPLC, the lower cost of the GC equipment and the simpler selection of the
parameters of the analysis are worth noting. Despite the wider possibilities of the HPLC
in the analysis of nonvolatile high-molecular-weight compounds, gas chromatography is
the “gold standard” for the tasks of metabolomics—in particular, the determination of low-
molecular-weight compounds [29]. Thus, the aim of this review was to analyze the original
articles published since 2000 on the study of the CSF composition using GC–MS and to
describe the most promising modern methods of sample preparation, which are potentially
suitable for studying CSF composition. The PubMed, Science Direct, and Google Scholar
database platforms were used for the search. The keywords “cerebrospinal fluid” and “gas
chromatography–mass spectrometry” or “GC–MS” were used in combination in the search
list.

2. The Human Cerebrospinal Fluid Metabolome

A large-scale study of the CSF composition (Table 1) was carried out by a group
of scientists who are the creators of the Human Metabolome Database. The main pub-
lication describing the result of their research provided a link to the created resource
www.csfmetabolome.ca (accessed on 11 June 2021). From a total of 308 metabolites de-
tected, 53 were identified using nuclear magnetic resonance (NMR) spectroscopy, 41 using
GC–MS, and 17 using LC–MS [22]. Later work by the same authors described 476 metabo-
lites [30]. At the time of preparing the present review, there were 445 metabolites in the
metabolite catalog, 443 of which were listed as qualitatively and quantitatively measured.
The main classes of low molecular weight metabolites found in CSF are the compounds that
can be determined by GC–MS, namely amino acids, fatty acids, including short-chain ones,
steroids and their derivatives, hydroxy acids, dicarboxylic acids, and nucleosides. More-
over, most of the identified compounds are neurotransmitters or their metabolites [22]. As
noted by the authors, despite the greater number of compounds determined by the NMR,
the potential remains with GC–MS when using selective methods of sample preparation
and derivatization, as well as when using TOF mass spectrometry.
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Table 1. The CSF metabolic profiling using GC–MS methods (CSF volume, samples preparation, and type of capillary column).

Aim GC–MS Method, Capillary
Column

CSF Sampling Compounds Sample Volume Sample Preparation Reference

Presenting a catalog of detectable metabolites
(including their concentrations and disease

associations) that can be found in human CSF.
This catalog was assembled using a combination
of both experimental (NMR, GC–MS, LC–FTMS)

and literature-based research.

GC–MS: DB-5 column Patients screened for
meningitis (n = 50).

41 metabolites: amino acids,
fatty acids, steroids,
carbohydrates, et al.

200 µL

CSF + 800 µL 8:1 HPLC-grade MeOH-deionized
water + vortexing + centrifugation + 200 µL of

the supernatant was evaporated to dryness + 40
µL methoxyamine hydrochloride + incubation

90 min at 30 ◦C + 40 µL MSTFA + 20 µL proline
IS + incubation at 30 ◦C for 45 min.

[22]

Update of the CSF metabolome database.
Determination of metabolites using different

methods, including NMR, GC–MS, LC–FTMS,
direct flow injection–MS/MS and ICP–MS.

GC–MS: DB-5 column Patients screened for
meningitis (n = 7). The same as in [22] 200 µL The same as in [22]. [30]

Analysis of protein and metabolite abundances in
CSF by multiple analytical platforms. Integration

of metabolomics and proteomics to present
biological variations in metabolite and protein
abundances and compare these with technical
variations with the currently used analytical

methods.

GC–MS: 30 m × 0.25 mm ×
0.25 µm, HP5-MS

Subjects (n = 9), the validation
sample set (n = 28), and the

experimental sample sets (n =
36 for proteomics and n = 42 for

metabolomics).

93 metabolites: amino acids,
organic acids, nucleosides, fatty
acids, mono- and disaccharides,

et al.

60–100 µL

60 µL CSF + 250 µL MeOH + centrifugation.
100 µL CSF samples from the validation sample

set + 400 µL MeOH + drying under N2 +
derivatization with MSTFA in pyridine. The

final volume was 45 µL for the original sample
set and 135 µL for the validation sample set.

[31]

To conduct a global metabolomics analysis to
provide an overview of the postprandial

alterations in CSF and plasma metabolites and to
facilitate the application of CSF for biomarker

screening (using metabolomics).

GC–MS/MS: 30 m × 0.25 mm
× 0.25 µm, DB-5MS-DG.

Healthy subjects (n = 9). CSF
collected both preprandial and

postprandial CSF. The
postprandial time was set at 1.5
h (n = 3), 3 h (n = 3), and 6 h (n

= 3).

150 metabolites: amino acids,
fatty acids, indoles,
carbohydrates, et al.

500 µL
CSF + 9 volumes MeOH + centrifugation + IS +

drying under N2 + oximation and
trimethylsilylation.

[32]

Study on the effects of preanalytical factors on the
porcine CSF proteome and metabolome using a

variety of techniques comprising LC–MS, GC–MS,
and MALDI-FT-ICP-MS.

GC–MS: 30 mm × 0.25 mm ×
0.25 µm, HP5-MS. Conventional pigs (n = 5). 49 metabolites: amino acids,

sugars, hydroxy acids, et al. 100 µL
Lyophilization + derivatization with

ethoxyamine hydrochloride in pyridine +
derivatization with MSTFA.

[33]

Characterization of the metabolites present in CSF
and comparison of metabolite levels in

patient-matched setting to those found in serum.

GC × GC–TOFMS: 10 m × 0.18
mm × 0.18 µm, Rxi-5ms; 1.5 m
× 0.1 mm × 0.1 µm. BPX-50.

Healthy subjects (n = 53). 1280 metabolites, quantitatively
determined 21 compounds 25 µL

25 µL CSF + 10 µL IS + 400 µL MeOH +
vortexing + centrifugation + 30 min at –20 ◦C +

drying under N2 + derivatization 25 µL
O-methylhydroxylamine hydrochloride +

incubation 60 min, 45 ◦C + 25 µL MSTFA +
incubation 60 min at 45 ◦C + hexane.

[34]

A GC–MS-based metabolomic analysis of CSF
samples from glioma patients.

GC–MS: 30 m × 0.25 mm × 1.0
µm, DB-5, 30 m × 0.25 mm ×

0.25 µm, CP-SIL 8 CB low
bleed/MS.

Patients with intracranial glial
tumors (n = 32).

45 metabolites, quantitatively
determined 16 compounds. 50 µL

50 µL CSF + 250 µL MeOH–water–chloroform
(2.5:1:1) + IS + vortexing + centrifugation + 250
µL of supernatant + 200 µL distilled water +

vortexing + centrifugation + 250 µL of
supernatant was lyophilized + 40 µL 20 mg/mL
methoxyamine hydrochloride in pyridine + 20

µL MSTFA + centrifugation.

[23]

Exploring potential biomarkers and improving
understanding of biochemical features of
CSF-mediated autoimmune inflammatory

diseases of the CNS.

GC–TOFMS: RTX-5Sil MS.

Patients suspected to have
inflammatory demyelinating

diseases (n = 145), control
subjects without medical or
neurological illness (n = 12)

962 metabolic signatures,
quantitatively determined 85:

sugars and sugar alcohols
(24%), amino acids (28%), fatty

acids (15%), organic acids
(15%), amines (2%) et al.

100 µL

100 µL CSF on ice at 4 ◦C + 650 µL
MeOH–isopropanol–water, 3:3:2, v/v/v +

centrifugation + 700 µL of supernatant + drying
+ storage at –80 ◦C until derivatization + 5 µL

40 mg/mL methoxyamine hydrochloride in
pyridine + incubation 90 min at 200 rpm, 30 ◦C

+ 2 µL IS + 45 µL MSTFA+1% TMCS +
incubation 1 h at 200 rpm, 37 ◦C.

[26]
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Table 1. Cont.

Aim GC–MS Method, Capillary
Column

CSF Sampling Compounds Sample Volume Sample Preparation Reference

CSF metabolome study in a group of patients with
different clinical and genetic subtypes of

amyotrophic lateral sclerosis using GC–TOFMS.

GC–TOFMS: 10 m × 0.18 mm
× 0.18 µm DB 5-MS.

amyotrophic lateral sclerosis
patients (n = 78), healthy

subjects (for control)
120 peaks, 40 identified. 100 µL

100 µL CSF + 900 µL IS and MeOH–water, 1:9 +
11 IS + beadmill for 1 min (90 Hz), 2 h on ice +

centrifugation + 200 µL evaporized + storage at
–80 ◦C + 30 µL (15 µg/µL)

methylhydroxylamine hydrochloride 98% in
pyridine + vortexing + heating 70 ◦C, 1 h + 16 h

at room temperature + 30 µL MSTFA+1%
TMCS, room temperature, 1 h + 30 µL heptane.

[25]

A detailed analytical evaluation of
GC–APCI–TOFMS. In addition to the detailed

examination of the analytical performance
(repeatability, reproducibility, linearity, and

detection limits), the applicability of this
technique for metabolic profiling of CSF was

demonstrated.

GC–APCI–TOFMS 30 m × 0.25
mm × 0.25 µm HP-5-MS. Human CSF 300 compounds, 21 identified 250 µL

250 µL CSF + 600 µL MeOH + centrifugation +
evaporation + 100 µL methoxyamine:pyridine

mixture, 40 ◦C, 60 min +100 µL BSTFA or
MSTFA containing 1% TMCS, 40 ◦C, 30 min + 2

h equilibration.

[35]

GC–MS/MS-based metabolome analysis of the
CSF in pediatric patients with and without

epilepsy.
GC–MS/MS

Patients with epilepsy (n = 34),
patients without epilepsy (n =

30)
180 metabolites 50 µL (from

reference)

(From reference): 50 µL serum + 250 µL
MeOH–water–chloroform (2.5:1:1) + shaking, 30

min at 37 ◦C + centrifugation + 225 µL
supernatant + 200 µL distilled water +

centrifugation + 250 µL + 40 µL 20 mg/mL
methoxyamine hydrochloride in pyridine +

shaking + 20 µL MSTFA + incubation 30 min,
1200 rpm at 37 ◦C + centrifugation.

[36]

Testing the hypothesis that fatty acid metabolism
in Alzheimer’s disease or mild cognitive

impairment is altered compared to cognitively
healthy study participants, and that details of the

changes could be revealed by study of the
brain-derived nanoparticles and supernatant fluid

fractions of CSF.

GC–MS: 30 m × 0.25 mm ×
0.50 µm, Phenomenex Zebron

ZB-1MS.

Total participants (n = 139):
cognitively healthy (n = 70),

mild cognitive impairment (n =
40), Alzheimer’s disease (n =

29).

20 fatty acids (6 saturated, 6
monounsaturated, 8

polyunsaturated fatty acids)
1 mL

1 mL CSF + 100 ng IS + formic acid (0.9%, 3
drops) + lipid extraction + 0.5 mL

chloroform:MeOH solution (1:1, v/v), 0.5
mg/mL butylated hydroxytoluene + vortexing

+ storage –40 ◦C + PFBBr in MeCN solution
(1:19 v/v, 50 µL) and diisopropyl ether in

MeCN solution (1:9 v/v, 50 µL), 20 min at 45 ◦C
+ drying under N2 + 1 mL hexane.

[10]

Investigation of CSF and plasma metabolomic
profiles for prediction of Parkinson’s disease

progression.
GC–MS

Participants with relatively
mild Parkinsonism. Donors (n
= 49) were randomly selected
placebo-treated participants.

383 biochemicals No data
No exact information, except references to the

earlier publications. Brief information describes
extraction and derivatization with BSTFA.

[8]

Investigation of the metabolomics profile of
patients affected by relapsing–remitting multiple

sclerosis and primary progressive multiple
sclerosis, in order to find potential biomarkers to

distinguish between the two forms.

GC–MS: 30 m × 0.25 mm ×
0.25 µm, TG-5MS.

Patients (relapsing–remitting
multiple sclerosis n = 22,

primary progressive multiple
sclerosis n = 12)

Different classes of compounds
(data most discussed in this
article were obtained from

LC–MS and flow injection–MS
analysis).

200 µL

200 µL + lyophilization + drying + 50 µL
methoxyamine in pyridine (10 mg/mL), 70 ◦C +
100 µL MSTFA, room temperature, 1 h + 100 µL

hexane.

[24]

107



Molecules 2021, 26, 3597

Table 1. Cont.

Aim GC–MS Method, Capillary
Column

CSF Sampling Compounds Sample Volume Sample Preparation Reference

Comprehensive analysis of the absorbed
constituents in the plasma and CSF of rabbits after

intranasal administration of Asari Radix et
Rhizoma by headspace solid-phase

microextraction–GC–MS and HPLC–atmospheric
pressure chemical ionization–ion trap-time of

flight-multistage mass spectrometry
(HPLC–APCI–ion-trap-TOF-MSn).

GC–MS: 30 m × 0.25 mm ×
0.25 µm, Rxi-5MS. Rabbits (n = 15) 25 metabolites 500 µL

500 µL CSF in 10 mL headspace vial + 0.10 g
NaCl + polydimethylsiloxane/divinylbenzene
fiber was exposed to the headspace at 70 ◦C, 40

min + fiber was withdrawn into the needle +
desorption at 250 ◦C for 3 min into the GC

injection port.

[37]

Investigation of CSF metabolomics in an acute
experimental autoimmune encephalomyelitis rat

model using targeted LC–MS and GC–MS.

GC–MS: 30 m × 0.25 mm ×
0.25 µm, HP5-MS. Rats (n = 84) 14 amino acids and related

compounds 30 µL
30 µL CSF + 250 µL MeOH + centrifugation +
drying under N2 + derivatization with MSTFA

in pyridine. The end volume was 45 µL.
[2]

A nontargeted metabolomic analysis using
GC–MS was conducted to identify differentially

expressed metabolites between naturally
occurring depressive and control macaques.

GC–MS: 30 m × 0.25 mm ×
0.25 µm, HP-5MS.

Naturally occurring depressive
female macaques (n = 10) and

age- and gender-matched
healthy controls (n = 12)

663 variables, 37 metabolites 15 µL

~15 µL CSF + 10 µL IS + vortexing + 90 µL
MeOH + centrifugation + 95 µL of supernatant

+ drying under N2 + 30 µL methoxamine
hydrochloride (20 mg/mL pyridine) +

incubation 37 ◦C, 90 min + 30 µL of BSTFA + 1%
TMCS 70 ◦C, 60 min + cooling to room

temperature.

[38]

Report on an analytical method that can be used
for metabolomics studies when only a limited

amount of sample volume is available.

GC–MS: 30 m × 0.25 mm ×
0.25 µm, HP-5MS.

Rats (n = 60, total number of
CSF samples n = 90)

93 metabolites, 73 identified:
fatty acids, amino acids,
tricarboxylic cycle acids,
carbohydrates, polyols,

purine/pyrimidine bases, et al.

10 µL

10 µL CSF + 40 µL MeOH + centrifugation 10
min, 11,800 rpm + drying under N2 + 10 µL
ethoxyamine·HCl (c = 56 mg/mL (0.58M) in
pyridine), 90 min, 40 ◦C + 20 µL MSTFA, 50

min, 40 ◦C. The final volume was 50 µL.

[39]

Presentation of an analytical method using in-liner
silylation coupled to GC–MS that is suitable for

metabolic profiling in ultrasmall sample volumes
of 2 µL down to 10 nL.

GC–TOFMS: 30 m × 0.25 mm
× 0.25 µm HP5-MS.

Mouse and human CSF
samples.

342 peaks, 52 identified in
human CSF: amino acids,
organic acids, fatty acids,

sugars, et al.

2 µL
The microvials containing the dried sample

were placed inside the PTV injection liner + 1
µL IS + 3 µL MSTFA.

[40]

Application of untargeted metabolomics using
GC–TOFMS to the CSF of aneurysmal

subarachnoid hemorrhage patients to determine
global metabolic changes and metabolite
predictors of long-term outcome that are

independent of vasospasm status.

GC–MS: 30 m × 0.25 mm ×
0.25 µm, Rtx-5Sil MS.

Patients with aneurysmal
subarachnoid hemorrhage (n =

15).
97 metabolites 5 µL

5 µL of CSF + 1.0 mL MeCN, isopropanol, and
water in proportion 3:3:2 + vortexing +

centrifugation + drying + 450 µL degassed 50%
MeCN + centrifugation + derivatization.

[41]
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The authors also noted the presence of biological variability in the concentration
of metabolites between individuals in average ±50%, and in some cases ±100%. This
phenomenon should be considered by researchers who study potential biomarkers in the
CSF [22]. A large-scale metabolomic–proteomic investigation was directed to the study
of the biological variability of the concentrations of the CSF metabolites using normal
human CSF from patients undergoing routine, non-neurological surgical procedures. As
a result of the metabolomic study, which included nontargeted GC–MS analysis, 93 of
108 detected metabolites were identified, including amino acids, organic and fatty acids,
nucleosides, mono- and disaccharides, the biological variability of which was 15–85% (ana-
lytical variability less than 20%) [31]. Another study was devoted to the characterization
of postprandial effects on the CSF metabolic profile of healthy volunteers (n = 9), which
was performed using GC–MS/MS. Individual plots of postprandial samples of 150 CSF
hydrophilic metabolites were positioned similar to the corresponding plots of preprandial
samples. The postprandial effects had a far lower impact compared with interindividual
variations [32]. Thus, biological interindividual variations appear to have more significant
impact on the CSF metabolite profile than food intake.

Important results were obtained describing different effects of preanalytical factors on
stability of the proteomic and metabolomics profiles of the CSF. These factors were a 30/120
min delayed storage after the CSF collection at room temperature as the potential delays
in the clinic, storage at 4 ◦C as the time that samples remain in the cooled autosampler,
and repeated freeze–thaw cycles. The delayed storage factor led to the increased levels
of 49 metabolites, which were analyzed using nontargeted GC–MS, and explained by
metabolic processes that occurred because of the remaining white blood cells. The author’s
recommendations are to remove white blood cells by the CSF centrifugation immediately
after collection, use liquid nitrogen for the snap-freeze of the supernatant for storage at
−80◦C, and avoid freeze/thaw cycles. Samples should not be left in the autosampler for
more than 24 h [33].

The chemical composition of low-molecular-weight CSF metabolites justifies its study
using GC–MS in case of compliance with the necessary requirements for sampling, storage,
and selection of appropriate and sensitive methods of sample preparation, which will
provide quantitative determination of the target components at the required level, taking
their potential biological variability among individuals into account.

3. Metabolic Profiling of the Cerebrospinal Fluid Using Advanced
GC–MS Technologies

Different groups of authors have made attempts for the metabolic profiling of the
CSF using more sensitive types of MS detectors than those described in Section 2 (Table 1).
The most abundant types of mass analyzers are scanning single and triple-quadrupoles
(MS/MS) and time-of-flight (TOF). TOF analyzers are more suitable for metabolic profiling
because of their high speed, resolving power, sensitivity, and high quality of identifica-
tion achieved by retention time, combination of accurate mass, and isotopic distribution.
At the same time, the sample preparation approach for the metabolic profiling remains
nonselective and includes liquid–liquid extraction (most often using methanol for protein
precipitation and as extraction solvent) and widespread two-step derivatization using
oxymation (the first step) and silylation (the second step) with different types of reagents
to form the volatile derivatives. The most abundant type of the capillary column for the
GC is a 30 m × 0.32 mm × 0.25 µm column with a phase of 5% phenyl/95% dimethyl
polysiloxane crosslinked polymer, which is characterized by low bleed of the stationary
phase, resistance to active compounds, and high temperature stability. This column is
suitable for the determination of a wide range of compounds and produced as HP-5MS,
TR-5MS, and under other trade names. However, more specific types of columns are
also applied.

Application of two-dimensional GC–TOFMS led to the identification of 91 metabolites
out of over 1200 detected. Sensitivity was achieved using cryogenic modulation, which
concentrated analyte fractions transferred from the first (a 10 m × 0.18 mm I.D. Rxi-5ms
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column with film thickness of 0.18 µm) to the second column (a 1.5 m × 0.1 mm i.d.
BPX-50 column with film thickness of 0.1 µm) [34]. The method was based on two types
of capillary columns and two types of mass-selective detectors (DB-5 column (30 mm
× 0.25 mm i.d., film thickness 1.0 µm) and GCMS-QP2010 Plus; a fused silica capillary
column CP-SIL 8 CB low bleed/MS (30 m × 0.25 mm i.d., film thickness 0.25 µm) and
GCMS-QP 2010 Ultra) for targeted and nontargeted analysis led to the detection of 61
metabolites, where 45 metabolites were identified with a nontargeted semiquantitative
analysis. Sixteen metabolites involved in the tricarboxylic acid cycle, glycolysis, and amino
acids were identified quantitatively: succinic acid, fumaric acid, malic acid, aconitic acid,
isocitric acid, citric acid, alanine, valine, leucine, isoleucine, proline, serine, threonine,
methionine, phenylalanine, and tyrosine [23].

Two groups of authors explored a similar multicomponent biomarker approach [25,26]
using classical two-step derivatization and GC–TOFMS metabolite profiling coupled to a
multiplex bioinformatics approach. The first research resulted in 40 identified compounds
of 120 peaks; the second resulted in 85 structurally identified and quantified compounds
of 962 metabolic signatures. The identified metabolites in the second publication were
classified as sugars and sugar alcohols (24%), amino acids (28%), fatty acids (15%), organic
acids (15%), and amines (2%) [26].

Careful attention should be paid to the results of the study, in which metabolic profiling
was performed using not common configuration of GC with an orthogonal-accelerated
TOFMS with atmospheric pressure chemical ionization interface. A distinctive feature of
the chemical ionization (CI) is a softer ionization at the energy not exceeding 5 eV, compared
to the electron ionization at 70 eV commonly used in GC–MS systems, which provides less
fragmentation of the precursor ion. Evaluation of the analytical parameters (repeatability,
reproducibility, linearity, and detection limits) using model solutions led to the successful
determination of the 25 different compounds (valine, alanine, sarcosine, leucine, proline,
isoleucine, benzoic acid, glycine, serine, threonine, methionine, aspartic acid, glutamic
acid, phenylalanine, Phenyl-Gly, hippuric acid, caffeine, theophylline, lysine, tyrosine,
4-methyldopamine, dopamine, uric acid, 5-hydroxyindole-3-acetic, and nortriptyline).
The applicability of this technique for the CSF metabolic profiling was demonstrated and
resulted in 21 identified compounds from more than 300 detected [35].

Tandem GC–MS/MS was applied for the metabolic analysis in pediatric patients
and revealed 180 metabolite derivatives in the CSF samples. The main metabolites
were 2-ketoglutaric acid, pyridoxamine, tyrosine, 2-propyl-5-hydroxypentanoic acid, 1,5-
anhydroglucitol, 2-aminobutiric acid, 2-ketoisocaproic acid, 4-hydroxyproline, acetyl-
glycine, methionine, N-acetylserine, and serine [36]. Fatty acid analysis was performed
using GC–MS/MS and resulted in identification of 20 compounds (6 saturated, 6 monoun-
saturated, and 8 polyunsaturated fatty acids) [10].

Metabolomic research studies are also in demand—specifically, studies in animals.
A highly sensitive headspace solid-phase microextraction–GC–MS technique was suc-
cessfully put into practice for the detection of 25 volatile constituents in rabbit CSF after
intranasal administration of Asari Radix et Rhizoma frequently used in traditional Chi-
nese medicine [37]. Numerous amino acids and related compounds (glycine, L-alanine,
L-asparagine, L-glutamic acid, L-glutamine, L-isoleucine, L-leucine, L-lysine, L-methionine,
L-phenylalanine, L-proline, L-serine, L-threonine, and O-phosphoethanolamine) were de-
tected using GC–MS in the rat CSF [2]. GC–MS metabolomics profiling for the macaque
CSF samples produced 663 variables across the two different groups of animals with de-
pression, which were used in the subsequent multivariate analysis. In total, 37 metabolites
responsible for discriminating these two groups were identified (propanoic acid, acetic
acid, hydroxylamine, propanedioic acid, butanoic acid, proline, methanamine, glycine,
isothiourea, nonanoic acid, carbamic acid, threonine, β-alanine, threitol, erythronic acid,
L-aspartic acid, xylitol, ribitol, 2-keto-D-gluconic acid, 1,4-butanediamine, D-fructose, my-
oinositol, glucaric acid, hexadecanoic acid, scyllitol, gulose, heptadecanoic acid, linolelaidic
acid, trans-9-octadecenoic acid, oleic acid, octadecanoic acid, N-acetyl-D-glucosamine,
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D-glycero-D-galactoheptitol, galactitol, 5-phenylvaleric acid, benzeneacetic acid, and 1H-
indole-2-carboxylic acid) [38].

Most of the described investigations required from 25–50 µL [2,23,34,36] to
100–500 µL [25,26,37] of the CSF (even 1 mL [10]). After different steps of sample prepa-
ration, especially during derivatization and subsequent dilution with organic solvent,
the final volume of the mixture is usually 100–200 µL. As the volume of CSF is usually
limited, especially in cases of experimental rat or mouse models of diseases, approaches
requiring extremely small amounts of the CSF and sample for the GC–MS analysis are of
great interest.

Three investigations appeared to be promising in solving these issues. The analysis
with modified vial design and sample workup procedure became applicable to small vol-
ume of the CSF (10 µL), and 50 µL of the final mixture was used for GC–MS analysis. The
modified vial design reduced the required volume of the insert from 500 to 200 µL, and the
smaller amount of derivatizing agent resulted in a reduction to 50 µL of the total volume
of the mixture for the analysis. This approach had similar number of metabolites as in the
analysis of >100 µL of the CSF, i.e., 73 identified compounds from 93 detected peaks, and
was successfully applied for the metabolic profiling of the rat CSF [39]. Application of non-
targeted metabolomics using 5 µL of the CSF for GC–TOFMS seemed to be interesting for
investigation, as it resulted in 97 metabolites (including phenylalanine, leucine, threonine,
valine, tryptophan, serine, glycerol, 1,5-anhydroglucitol, methionine, β-mannosylglycerate,
asparagine, tyrosine, lysine, glutamine, isoleucine, proline, 2-hydroxyglutarate, tryptophan,
glycine, proline, isoleucine, and alanine) being identified. Unfortunately, there was no
complete information about sample preparation, particularly on derivatization and total
sample volume for the analysis [41]. An analytical method based on in-liner silylation in
the programmed temperature vaporizer (PTV) injector at 70 ◦C coupled to GC–TOFMS
used only 0.01–2 µL of the CSF and was subsequently applied for metabolic profiling of
the human and mouse CSF. A total of 342 peaks were found in both human and mouse
profiles and 52 metabolites were identified in the human CSF (amino acids, organic acids,
fatty acids, sugars, and others) [40]. The described methods for 0.01–2 and 10 µL of CSF
demonstrated promising results and could be recommended for the metabolomics studies,
although the method for 0.01–2 µL of CSF requires more expensive equipment (PTV injector
and TOFMS) compared to those for 10 µL (GC–MS).

Metabolic profiling resulted in most cases in a number of compounds or groups of
compounds that successfully distinguished the compared groups of patients or patients and
healthy donors. These compounds are candidate biomarkers for a various type of diseases,
including inflammatory demyelinating, neurodegenerative, oncological, infectious, mental,
genetic, vascular, and epilepsies (Table 2).

Table 2. Candidate low-molecular-weight biomarkers, discovered using GC–MS methods, for different types of diseases.

Disease Classification Diagnosis Candidate Biomarkers Reference

Inflammatory demyelinating

Multiple sclerosis

5 amino acids, O-phosphoethanolamin [2]

sorbitol, fructose [3]

homocysteine [4]

N-acetylaspartic acid [5]

2 metabolites of arachidonic acid [6]

quinolinic acid, picolinic acid [7]

3 neuroactive steroids [42]

4 endocannabinoids [43]

Neuromyelitis optica
spectrum disorder and
idiopathic transverse

myelitis data

2 monoglycerides, salicylaldehyde, 4 organic
acids, inosine, threose, butane-2,3-diol,

hypoxanthine, glutamine
[26]
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Table 2. Cont.

Disease Classification Diagnosis Candidate Biomarkers Reference

Neurodegenerative

Amyotrophic lateral sclerosis amino acids, organic acids [25]

Alzheimer’s disease

2 steroids [9]

fatty acids [10]

8,12-iso-iPF2α-VI [11]

total isoprostane iPF2α-VI [12]

polyunsaturated fatty acids [13]

F2-IsoPs [14]

Multiple system atrophy 7 polyamines [44]
eicosapentaenoic acid [45]

Oncological
Glioma citric and iso-citric acid [23]

Leukemia 5-hydroxytryptamine, 5-hydroxyindole acetic
acid [46]

Infectious

Meningitis

5 amino acids [47]

prostaglandins, thromboxane B2 [48]

muramic acid [49]

quinolinic acid, picolinic acid [50]

Malaria
[51]

HIV-associated impaired
prospective memory quinolinic acid [52]

Subacute sclerosing
panencephalitis quinolinic acid [53]

Mental

Mood disorders
sorbitol [54]

fatty acids, amino acids [38]

Major depressive disorder nervonic acid [55]

Post-traumatic stress disorder
allopregnanolone, pregnanolone [56]

allopregnanolone, pregnanolone [57]

Diagnosis of suicidal behavior
5-hydroxyindolacetic acid [58]

homovanillic acid [59]

5-hydroxyindolacetic acid, homovanillic acid [60]

Genetic

Pyruvate carboxylase
deficiency

free-gamma-aminobutyric acid, glutamine, C5
ketone bodies [61]

Combined sepiapterin
reductase and

methylmalonyl-CoA
epimerase deficiency

2 polyunsaturated fatty acids [62]

Guanidinoacetate
methyltransferase (GAMT)

and creatine transporter
deficiency

guanidinoacetate [63]

Vascular Aneurysmal subarachnoid
hemorrhage free amino acids [41]

Epilepsies Epilepsy 2-ketoglutaric acid, pyridoxamine, tyrosine,
1,5-anhydro-glucitol [36]
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4. Quantitative Analysis of Different Groups of the Cerebrospinal Fluid Metabolites
Using GC–MS

As mentioned in the Introduction section, after metabolic profiling and various sta-
tistical and bioinformatics approaches, it is necessary to develop a selective method for
the detection of a specific compound or group of related compounds. At this stage, mod-
ifications of sample preparation techniques are required to reduce the matrix effect and
coextraction of nontargeted compounds.

Validation of the developed analytical methods for the quantitative evaluation of
the potential biomarkers in a biological matrix is critical for the successful conduct of
nonclinical and clinical studies, and it ensures that the obtained data are reliable. Validation
includes the evaluation of a number of parameters, such as linearity, lower limit of detec-
tion and quantitation (LLOD and LLOQ), selectivity and specificity, sensitivity, accuracy,
precision, recovery, and stability of the analyte in the matrix. However, full validation
requires a large amount of the biological matrix. In the case of rare matrices, the validation
can be performed on a pooled sample from several persons or a model solution that has
a chemical composition similar to that of the matrix. We did not manage to find fully
validated methods for the determination of the analytes in the CSF, which were performed
according to the FDA or EMA guidelines. Several methods, such as recovery, LOQ and
LOD values, and linearity will be discussed in this section (Table 3). However, most of the
published methods do not provide enough validation data, and they will be mentioned
in passing.
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Table 3. The analytical methods for the determination of the low-molecular-weight compounds in the CSF using GC–MS methods.

Compounds
GC–MS Method,

Capillary Column
CSF Sampling Sample Volume Sample Preparation Method Validation Concentration Reference

Glycine, sarcosine, L-forms:
alanine, valine, leucine,

isoleucine, serine, threonine,
methionine, aspartic acid,

proline, cysteine, glutamic acid,
phenylalanine, asparagine,

lysine.

GC–MS: 30 m × 0.25 mm
× 0.25 µm Rtx-5MS.

Artificial CSF, patients (n
= 16). 200 µL

200 µL CSF + 800 µL MeOH at
–10 ◦C + vortexing +

centrifugation + 200 µL
supernatant + evaporation to
dryness at room temperature

under N2 + 15 µL methoxyamine
in pyridine (20 mg/mL) + 35 µL

BSTFA+TMCS (99:1 v/v) +
vortexing + derivatization under
microwave irradiation, 210 W, 3

min.

Recovery: 88–129%. LOD:
0.01–4.24 µM. LOQ: 0.02–7.07
µM. Intraday (RSD): 4.1–15.6%.
Interday (RSD): 6.4–18.7%. Lin.

0.1–133.0 µM (R2 = 0.99 for
amino acids except cysteine).

Median (n = 16), µM:
6.9/4.9/19.9/9.3/6.7/
4.2/7.9/7.6/10.4/6.2/

375.0/1046.7/13.0/4.8/
1.1/10.4.

[64]

5-hydroxyindole ethanol
(5-HTOL), 5-hydroxyindole

acetic acid (5-HIAA),
5-hydroxytryptophan (5-HTP),
5-hydroxytryptamine (5-HT).

GC–MS: 30 m × 0.25 mm
× 0.25 µm, DB-5.

Children with acute
lymphoblastic leukemia
without chemotherapy

(n = 36), control group (n
= 24)

3 mL

3 mL CSF + SPE + washing +
elution 1 mL MeOH + 0.5%

formic acid + drying under N2 +
70 µL BSTFA+1% TMCS + 30 µL

pyridine + 2.5 µL MeOH +
incubating for 1 h at 95 ◦C.

Matrix effect: 92.3–106.2% (no
significant ME). Lin. 0.5–200.0
µg/L (5-HTOL, 5-HIAA, R2 ≥

0.9924) and 2.0–800.0 µg/L
(5-HTP, 5-HT, R2 ≥ 0.9918).

LOD: 0.1–0.4 µg/L. LOQ: 0.5
(5-HTOL, 5-HIAA) and 2.0

(5-HTP, 5-HT) µg/L. Intraday
recovery: 94.6–105.6% (CV

1.4–4.5%). Interday recovery:
93.0–106.9% (CV 1.8–4.5%).

Children with acute
lymphoblastic leukemia

without chemother-
apy4.3/61.0/5.3/3.

Control group:
4.5/88.9/5.8/6.5

[46]

Indole-3-carboxylic (3ICA),
indole-3-acetic (3IAA),

indole-3-propionic (3IPA),
indole-3-lactic (3ILA),

5-hydroxyindole-3-acetic
(5-HIAA) acids.

GC–MS: 30 m × 0.25 mm
× 0.25 µm, TR-5ms.

CSF (n = 3) samples of
different patients with

CNS diseases.
40 µL

40 µL CSF + 40 µL distilled
water + MEPS + elution with

diethyl ether + drying + 40 µL
BSTFA/MTBSTFA + incubation
30 min at 90 ◦C + cooling 30 min

at 4 ◦C + 350 µL of hexane.

Recovery: 40–80% (for pooled
CSF). LOD: 0.2–0.4 µM. LOQ:
0.4–0.5 µM. Precision (RSD):
<20%. Accuracy (the relative

error, RE): <±20% (at the LOQ
concentrations). Lin.: 0.4–7 µM

(R2 ≥ 0.9949).

3IAA, µM: 0.42 ± 0.08;
0.6 ± 0.1; 0.43 ± 0.03 [65]

Quinolinic, picolinic, nicotinic
acids.

GC–ECNI-MS: 30 m ×
0.25 mm, HP–5MS (i)
0.25 µm or (ii) 1.0 µm
stationary-phase film

thickness.

Human CSF samples,
artificial CSF 20–50 µL

CSF + evaporation to dryness +
100 µL trifluoroacetic anhydride

+ 100 µL hexafluoroisopropanol +
heating at 60 ◦C for 30 min +
dissolving in 1 mL toluene +

washing with 1 mL 5% NaHCO3
+ 1 mL water + ~500 mg

anhydrous Na2SO4.

On-column LOQ: < 1 fmol
(S/N 10:1). Lin.: 0–5 pmol on
column. Slope: for nicotinic

acid 5.8; for picolinicacid 25.8
(R2 > 0.996). Precision (RSD):

0.5–4.3%. Accuracy:
94.0–105.5%. Interday

precision: 1.0–8.9%. Interday
accuracy: 96.7%–104.0%.

Nicotinic acid: 2.0
(prehidrolysis) and 56.2
(after hydrolysis) µM.

[66]

114



Molecules 2021, 26, 3597

Table 3. Cont.

Compounds
GC–MS Method,

Capillary Column
CSF Sampling Sample Volume Sample Preparation Method Validation Concentration Reference

Benzoic (BA), phenylpropionic
(PhPA), phenyllactic (PhLA),
4-hydroxybenzoic (p-HBA),

4-hydroxyphenylacetic
(p-HPhAA),

4-hydroxyphenylpropionic
(p-HPhPA), homovanillic

(HVA), 4-hydroxyphenyllactic
(p-HPhLA).

GC–MS: 30 m × 0.25 mm
× 0.25 µm, TR-5ms.

CSF samples (n = 138)
from neurosurgical

patients (n = 84), pooled
CSF for validation.

40 µL (MEPS)
200 µL (LLE).

MEPS: 40 µL CSF + 40 µL
distilled water + MEPS + elution
with diethyl ether + drying + 40
µL BSTFA, 30 min at 90 ◦C +

cooling 30 min at 4 ◦C + 350 µL
of hexane. LLE: 200 µL CSF + 800
µL distilled water + 0.3–0.5 g

solid NaCl + 15 µL concentrated
sulfuric acid + diethyl ether +

extraction 2 × 1 mL +
evaporation at 40 ◦C +

derivatization as for MEPS.

Recovery: 40–90%. LOD:
0.1–0.3 µM. LOQ: 0.4–0.7 µM.
Precision (the reproducibility,
RSD): <20%. Accuracy (the

relative error, RE): <±20%. Lin.:
over 0.4–10 µM (R2 ≥ 0.99).

Median
(BA/PhPA/PhLA/p-

HBA/p-
HPhAA/HVA/p-

HPhLA), µM:
0.7/<LOQ/0.1/nd/<LOQ/

0.3/0.7/2.5.

[67]

Guanidinoacetate, creatine Stable isotope dilution
GC–MS: SGE BPX-70.

GAMT-deficient patients
(n = 8) and

SLC6A8-deficient
patients (n = 8)

100 µL

100 µL CSF + 50 µL NaHCO3 +
50 µL hexafluoroacetylacetone +
500 µL toluene + heating 2 h to
80 ◦C + 300 µL toluene phase +

drying under N2 + 10 µL
triethylamine + 100 µL 7% PFBBr
in MeCN (v/v), 15 min + 200 µL

0.5N HCl + 1 mL hexane +
extraction.

Linearity: 0.5–10 nmol and
0.05–0.5 nmol LOD (S/N = 5):

0.01 and 0.0012 µM. LOQ (S/N
= 10): 0.02 and 0.0024 µM.

Intra-assay (n = 10): 0.25 ± 0.02
(CV 6.0%) and 57 ± 3 (CV 6.0%)
µM. Interassay (n = 5): 0.25 ±
0.01(CV 4.0%) and 62 ± 3.7(CV

6.0%) µM

Control (n = 25):
0.036—0.22 µM and

24–66 µM GAMT
deficient: 14–15 µM and

not detected SLC6A8
deficient creatine levels:

56–62 µM.

[63]

Gamma-hydroxybutyric acid
(GHB)

GC–MS: 30 m × 0.25 mm
× 0.25 µm, VF-5 ms.

From autopsy cases (n =
21) 50 µL

50 µL CSF + IS + 200 µL 0.1M
HCl + 1 mL ethyl acetate +

centrifugation + evaporation to
dryness at 20 ◦C, 2 mbar in a
vacuum centrifuge + 50 µL

MeCN + 25 µL BSTFA+1% TMCS
+ mixing.

Inter- and intraday accuracy:
≥91%. Imprecision: ≤9%.
LOD: 0.5 mg/L. LOQ: 0.6

mg/L. Cal. curve: 1.0 mg/L, 10
mg/L, 40 mg/L, 80 mg/L and

100 mg/L.

Range concentrations
after immediate

analysis/after storage
for 14 days at 4 ◦C/20

◦C, mg/L: 1.1–10.4/0.6–
13.2/<0.5–21.6.

[68]

Gamma-aminobutyric acid
(GABA)

Isotope-dilution
GC–ECNI-MS: 25 m ×

0.32 mm, CPSil 88.

CSF samples of a patient
before and during

Vigabatrin treatment,
control samples.

50, 500 µL

Free GABA: 500 µL CSF + 800 µL
1M phosphate buffer, pH 11.5 +

50 µL methylchloroformate + 150
µL 6 M HCl + 4 mL ethyl acetate
+ drying under N2 at 40 ◦C + 100
µL 7% PFBBr in MeCN + 10 µL

triethylamine + 150 µL 0.5 M HCl
+ 1 mL hexane + drying under N2

at 40 ◦C + 50 µL hexane. Total
GABA: 50 µL CSF + 450 µL water
+ 250 µL 20% sulphosalicylic acid

+ hydrolysis 24 h at 110 ◦C.

LOD: <0.005 µM. Free GABA.
Intra-assay: 0.188 ± 0.004 µM
(1.9% SD). Interassay: 0.177 ±

0.013 µM (7.3% SD). Total
GABA. Intra-assay: 3.00 ± 0.05
µM (1.8% SD). Interassay: 3.57

± 0.33 µM (9.2% SD).

Free/total GABA, µM.
Control:

0.029–0.127/4.72–11.8.
Before therapy:

0.153/13.2. During
therapy: 0.274/24.1.

[69]
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Table 3. Cont.

Compounds
GC–MS Method,

Capillary Column
CSF Sampling Sample Volume Sample Preparation Method Validation Concentration Reference

Pipecolic acid
Isotope-dilution

GC–ECNI-MS: 30 m ×
0.25 mm, DB-19.

Pediatric CSF samples 500 µL

CSF/aqueous standard solution +
1.0 mL 1 M potassium

phosphate–sodium carbonate
buffer, pH 11.5 + 50 µL methyl
chloroformate + 0.15 mL 6 M

HCl, pH 2 + 4 mL ethyl acetate +
drying under N2 + 5 µL PFBBr +

10 µL triethylamine in 50 µL
MeCN + 1 mL hexane + washing
with 0.5 mL 100 mM HCl + 50 µL

hexane.

Lin. 0.05–5 nmol (R > 0.999).
LOD: 1.6E-6 nmol of PA (~0.5

nM). Recovery (CV):
97.3%–101.2% (4.0%–7.2%)

Patients: 0.93–4.53 µM.
Control: 0.010–0.120 µM. [70]

Androsterone,
dihydrotestosterone,

testosterone, allopregnanolone,
isopregnanolone,

pregnenolone.

GC–ECNI-MS: 15 m ×
0.25 mm × 0.05 µm, HP

5890.
Normal volunteers,
cisternal monkey. 1–2 mL

1–2 mL CSF + 100 mg C18 SPE +
50 µL 0.2%

carboxymethoxylamine
hemihydrochloride in pyridine +

incubation 45 min at 60 ◦C +
drying in N2+ 100 µL 1.25%
pentafluorobenzyl bromide +

2.5% di-isopropylethylamine in
MeCN + drying in N2 + 100 µL
50% BSTFA in MeCN + drying +

5 µL hexane.

Recovery: 78.2–99.5%.
Reproducibility (RSD):

4.6–35.0%. Lin.: 10–1000 pg/ml
(R2 > 0.996). Two-month

variation <10%.

Human/monkey CSF,
pg/mL:

androsterone—52.8/24.7;
testosterone—158.3/73.7;

allopregnanolone—
44.1/6.3;

pregnenolone—
52.8/16.7.

[71]

Pregnenolone,
dehydroepiandrosterone,

progesterone, androstenedione,
testosterone, allopregnanolone,
isopregnanolone, androsterone,
epiandrosterone, 7α-hydroxy-

dehydroepiandrosterone,
7β-Hydroxy-

dehydroepiandrosterone,
5-androstene-3β,7α,17β-triol,
5-androstene-3β,7β,17β-triol,
16α-hydroxy-pregnenolone,

16α-hydroxy-
dehydroepiandrosterone,

16α-hydroxy-progesterone.

GC–MS: 15 m × 0.25 mm
× 0.1 µm, RESTEK Rxi.

Patients that underwent
an endoscopic third

ventriculostomy because
of obstructive

hydrocephalus (n = 15).

1 mL

1 mL CSF + 3 mL of diethyl ether
+ drying at 37 ◦C + 1 mL
MeOH-water (4:1) + 1 mL

pentane + drying of the polar
phase 2 h in the vacuum

centrifuge at 60 ◦C + 50 µL
methoxylamine-hydrochloride

solution in pyridine (2%) +
incubation 1 h at 60 ◦C + drying

in the N2 + 50 µL Sylon B +
incubating 1 h at 90 ◦C + drying

in the N2 + 20 µL isooctane.

Lin.: 10–1000 pg Slope:
0.96–1.33. R: >0.995. CV:

1.0–5.1%. LOD: 0.04–11.3 pM.
Recovery: 75–104%.

Median, nM:
0.060/0.078/0.235/0.208/
0.231/0.008/0.040/0.005/
0.004/0.300/0.037/0.007/
0.012/0.001/0.006/0.072.

[72]

Indomethacin
GC–NICI-MS: 30 m ×
0.25 mm × 0.25 µm,

HP-5MS.
Children (n = 31). 250 µL

250 µL CSF + acidification + C18
SPE + evaporation + 200 µL

PFBBr (3.5% v/v, in MeCN) + 50
µL di-isopropylethylamine +

extraction (water and toluene).

LOQ: 0.1 ng/sample. Accuracy:
98–122%. Recovery: 85–87%.
Intraday (RSD, n = 3): 3–34%.

Lin.: 0.1–5 ng/sample.

0.2–5.0 ng/mL (median,
1.4 ng/mL) [73]
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Table 3. Cont.

Compounds
GC–MS Method,

Capillary Column
CSF Sampling Sample Volume Sample Preparation Method Validation Concentration Reference

Scyllo-Inositol (Elnd005) GC–MS Healthy adults (n = 8). No data

Extraction from human CSF
diluted 1:1 with blank human
plasma by protein precipita-

tion/derivatization/LLE.

LLOQ: 0.4 µg/mL. Linearity
0.4–80 µg/mL. Precision for

QC samples: 1.7–2.3%.
Accuracy at all concentrations:

0.5% to +3.0%.

Prior to administration
of ELND005 1.4–1.5

µg/mL.
[74]

6-monoacetyl morphine,
morphine, codeine

GC–MS: 30 m × 0.25 mm
× 0.25 µm, HP-5.

Deceased individuals (n
= 25). 3 mL

3 mL CSF + 18 mL 0.1M
phosphate buffer, pH 6.0 + SPE +

100 µL toluene + analysis of
codeine + toluene evaporation +
50 µL BSTFA + 1% TMCS 10 min

at 70 ◦C.

Linearity: to 1.7 mg/L. LOQ:
0.002 mg/L for morphine and
0.001 mg/L for codeine and

6-monoacetyl morphine.
Precision: 0.115–0.121 mg/L

(CV 4.4–7.2%).

0.001–0.406/0.01–
0.38/<0.01–0.04

mg/L
[75]

Diethylene glycol, ethylene
glycol, glycolic, oxalic,

diglycolic, hydroxyethoxy
acetic acids.

GC–NICI-MS: 30 m ×
0.25 mm ID × 0.50 µm,

ZB-5 ms.
Control CSF 250 µL

250 µL CSF + 1.0 mL water + 100
µL 5 N NaOH + 500 µL toluene +

50 µL PFBCl

LOQ: 0.05–1.0 µg/mL. Lin.: for
diethylene glycol and ethylene
glycol 0.02–2 (R2 0.9984–0.9989)

µg/mL; for other 0.05–51
(0.9990), 0.5–25 (0.9907),

0.5–100 (0.9985), 1–100 (0.9922)
µg/mL. Accuracy: ≤15%.

No data [76]
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4.1. Amino Acids

The presence and levels of free amino acids in the CSF can be indicators of neurological
diseases [4,47,64,77]. Silylation is commonly used for the amino acids and an alternative
derivatization using a microwave-assisted derivatization was described [64]. A 200 µL
aliquot of the artificial CSF (contains 127 µM NaCl, 2 µM KCl, 1.2 µM KH2PO4, 26 µM
NaHCO3, 2 µM MgSO4, 2 µM CaCl2, 10 µM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) and 10 mM glucose and bubbled with a carbogenic mixture (95% v/v O2
and 5% v/v CO2)) was used for the validation of this method for 16 amino acids (glycine,
sarcosine, L-forms: alanine, valine, leucine, isoleucine, serine, threonine, methionine,
aspartic acid, proline, cysteine, glutamic acid, phenylalanine, asparagine, and lysine)
according to the Eurachem guidelines. Arginine and histidine were not analyzed because
of the thermal instability of their derivatives. The evaluated analytical parameters, such as
LOD 0.01–4.24 µM, LOQ 0.02–7.07 µM, intraday and interday precision values, recoveries,
and linearity allowed the authors to determine all 16 amino acids in the human CSF samples
(n = 16) at the level higher than LOD values, which indicated that the developed analytical
method is applicable to solving the task of the quantitative determination of free amino
acids in the CSF.

4.2. Tryptophan Metabolites

Tryptophan is one of the most important amino acid for CNS function. Its metabolism
occurs in two main ways: the indole and kynurenine pathways. The indole metabolism is
divided into the serotonin (5-hydroxytryptamine, 5-HT) via 5-hydroxytryptophan (5-HTP)
and the microbial pathways. 5-Hydroxyindole-3-acetic acid (5-HIAA) or 5-hydroxyindole-
3-ethanol (5-HTOL) appears as a result of the serotonin metabolism. The microbial pathway
leads to the formation of metabolites containing an indole ring, for example, tryptamine
and several indole-containing acids (indole-3-acetic (3IAA), indole-3-propanoic (3IPA),
indole-3-carboxylic (3ICA), and indole-3-lactic (3ILA) acids).

5-HT is a neurotransmitter, and its related indole derivatives from serotonin pathway
are involved in physiological and pathological responses, which are associated with many
neurological diseases [46,58–60]. A method for detecting 5-HTOL, 5-HIAA, 5-HTP and
5-HT using solid-phase extraction (SPE) with Cleanert PEP-2 column was developed.
This method required 3 mL of CSF, which seemed to be too much in the case of children,
who were the participants of the study. However, many important analytical parameters
(without reference to the FDA or EMA guidelines) were evaluated (matrix effect, linearity,
LOD 0.1–0.4 µg/L and LOQ 0.5–2.0 µg/L, intraday and interday precision values, recovery,
and coefficient of variation); these allowed the authors to obtain the statistically significant
data about the changes in the concentration of the target compounds between children
with acute lymphoblastic leukemia and the control group [46].

In contrast to the described method with classical SPE, a modern microextraction by
packed sorbent (MEPS) with C18 was applied for the determination of the indole-containing
acids (5-HIAA, 3IAA, 3IPA, 3ICA, and 3ILA) using only 40 µL of the CSF. The pooled
CSF samples were used for the validation and the following parameters were evaluated
(according to the FDA guidelines): linearity, recovery, LOD 0.2–0.4 µM and LOQ 0.4–0.5
µM, accuracy, precision, selectivity, and carryover effects. Despite the satisfactory results,
only 3 IAA was detected in CSF samples of the patients with the CNS diseases [65].

Several studies describe an importance of the changes in the concentration of the
kynurenine pathway metabolites, particularly pyridine-containing quinolinic, picolinic,
and nicotinic acids, which are involved in the inflammatory and apoptotic processes asso-
ciated with the CNS neuronal cell damage and death [50–53,66]. These metabolites were
detected in the CSF after derivatization with trifluoroacetic anhydride and hexafluoroiso-
propanol, and electron-capture negative-ion chemical ionization (ECNI) GC–MS. One of
these studies describes an almost fully validated method (LOQ less than 1 fmol for each of
the analytes, linearity, precision, and accuracy) using for the concurrent quantification of
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quinolinic, picolinic, and nicotinic acids in 20–50 µL of model solutions and an artificial
CSF [66].

4.3. Organic Acids

Phenyl-containing acids (benzoic, 3-phenylpropionic, 3-phenyllactic, 4-hydroxybenzoic,
2-(4-hydroxyphenyl)acetic, homovanillic, and 3-(4-hydroxyphenyl)lactic acids), which are
mostly microbial metabolites of the tyrosine and phenylalanine, were detected in the CSF
samples (n = 138) from neurosurgical patients (n = 84) with different CNS pathology using
MEPS and traditional liquid–liquid extraction (LLE). The validation (linearity, recovery,
LOD 0.1–0.3 µM and LOQ 0.4–0.7 µM, accuracy, precision, selectivity, and carryover effects)
according to FDA guidelines was performed for both MEPS and LLE, demonstrating the
equal possibilities of these sample preparation techniques. Similar results were achieved
using 40 µL of the CSF sample for MEPS instead of 200 µL for LLE [67].

The detection of creatine, an N-containing acid, and its precursor guanidinoacetate is
crucial in cases of creatine deficiency syndromes, a group of inherited metabolic disorders
that are caused by abnormalities in creatine biosynthesis and/or transport [78]. A sample
preparation technique included LLE from 100 µL of the CSF and derivatization with
subsequent stable isotope dilution (SID) GC–MS. This method provides LOD and LOQ
0.0012 and 0.0024 µM for creatine, and 0.01 and 0.02 µM for guanidinoacetate, respectively.
Linearity, interassay, and intra-assay variability were also evaluated. The reference values
for creatine and guanidinoacetate were revealed and ranged from 17 to 78 µM and 0.02 to
0.56 for µM, respectively [63].

Gamma-hydroxybutyric acid (GHB) is a naturally occurring neurotransmitter and a
precursor to gamma-aminobutyric acid (GABA), glutamate, and glycine in certain brain
areas. The postmortem examination of the influence of temperature and time storage
to in vivo production of GHB was evaluated using traditional LLE and silylation. The
validation was performed using 50 µL of the CSF and resulted in LOD 0.5 mg/L, LOQ
0.6 mg/L, and interday and intraday accuracy ≥91%. GHB concentration changes were
affected both during postmortem interval in the dead body and during in vitro storage [68].

GABA is the chief inhibitory neurotransmitter and plays an important role in various
neurological and mental disorders, in which both elevated and decreased concentrations in
CSF may occur. A sensitive, selective, and accurate SID GC-ECNI-MS method for the deter-
mination of free and total GABA was developed using 500 µL of the CSF, derivatization in
aqueous solution with methylchloroformate, extraction with ethyl acetate, and derivatiza-
tion of the dried residue with pentafluorobenzylbromide in acetonitrile and triethylamine
(for free GABA). Total GABA determination included hydrolysis with sulphosalicylic acid
during 24 h. The following analytical parameters were evaluated: LOD <0.005 µM and
interassay and intra-assay variability for both free and total GABA. The applicability of the
method was successfully demonstrated for the determination of free and total GABA in
patients suffering from succinic semialdehyde dehydrogenase deficiency before and during
specific treatment [69]. This method was used for the evaluation of free GABA in the CSF
samples in a patient with pyruvate carboxylase deficiency [61] and for the determination
of the pipecolic acid [70], a carboxylic acid of piperidine and one of the biomarkers of the
pyridoxine dependent epilepsy [79].

Different polyunsaturated fatty acids are the components of neuronal and glial
membrane phospholipids and participate in the development of Parkinson’s [45] and
Alzheimer’s diseases [13]. Although the determination of these compounds includes
traditional LLE and silylation, there are no validated methods for the CSF [13,45,62]. Fur-
thermore, there are no validated methods for the determination of the nervonic acid, a
candidate biomarker for depressive and manic symptoms [55], and N-acetylaspartic acid, a
neuron-specific marker that is identified in multiple sclerosis [5].
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4.4. Neuroactive Steroids

Neuroactive steroids are steroids synthesized de novo in the CNS and play a central
role in neuronal processes [80]. Allopregnanolone and related neurosteroids (androsterone,
dihydrotestosterone, testosterone, isopregnanolone, and pregnenolone) were detected as
carboxymethoxime, pentafluorobenzyl, and trimethylsilyl derivatives using GC–ECNI-
MS. The sample preparation included SPE with C18 sorbent from 1–2 mL of the CSF.
Linearity, LOD 0.2–1.2 µg/L, recovery, and reproducibility were evaluated. This method
was successfully applied for the analysis of the human and monkey CSF [56]. Another
study was devoted to the evaluation of the correlations between peripheral and CSF
steroids using a wide spectrum of bioactive steroids, their precursors and metabolites.
Unconjugated steroids (pregnenolone, dehydroepiandrosterone, progesterone, androstene-
dione, testosterone, allopregnanolone, isopregnanolone, androsterone, epiandrosterone, 7α-
hydroxy-dehydroepiandrosterone, 7β-Hydroxy-dehydroepiandrosterone, 5-androstene-3β,
7α, 17β-triol, 5-androstene-3β, 7β, 17β-triol, 16α-hydroxy-pregnenolone, 16α-hydroxy-
dehydroepiandrosterone, and 16α-hydroxy-progesterone) were extracted from 1 mL of the
CSF and derivatized in a common two-step procedure. LOD from 0.04 (for 5-androstene-
3β, 7β, 17β-triol) to 11.3 pM (for androstenedione) were measured together with other
analytical parameters. Significant correlations between some steroids in serum and CSF
were revealed, particularly between the 7α/β-hydroxy-metabolites of dehydroepiandros-
terone and androstenediol [72]. Another study applied similar sample preparation for
the detection of free dehydroepiandrosterone and its 7-hydroxylated derivatives: 7α-
hydroxy-dehydroepiandrosterone, 7β-hydroxy-dehydroepiandrosterone, 5-androstene-
3β, 7α, 17β-triol, and 5-androstene-3β, 7β, 17β-triol [81]. Different neuroactive steroids
were evaluated using GC–MS preceded by HPLC purification in Alzheimer’s disease [9],
relapsing–remitting multiple sclerosis [42], and post-traumatic stress disorder [56].

4.5. Arachidonic Acid Metabolites

F2-isoprostanes (F2-IsoPs) and F4-neuroprotanes (F4-NPs) are compounds formed
in vivo from the nonenzymatic free-radical-catalyzed peroxidation of essential fatty acids,
primarily arachidonic and docosahexaenoic acids, respectively. Since CNS is characterized
by a high level of polyunsaturated fatty acids and significant oxygen demand, consid-
ering its weak antioxidant defenses, it is also rather liable to oxidative damage caused
by reactive oxygen or nitrogen species. Imbalance between free radicals and antioxi-
dants, so-called “oxidative stress”, plays a crucial role in neurodegenerative disorders.
F2-IsoPs and F4-NPs, being products of lipid peroxidation, can be biomarkers of oxidative
stress and neurodegenerative diseases. The literature indicates that levels of F2-IsoPs
and F4-NPs in CSF and brain tissue are elevated in case of such disorders as Alzheimer’s
disease [11,14,82–84] and equine neuroaxonal dystrophy [85]. For sensitive quantification
of these compounds, which are present in the CSF samples in low concentrations, GC–MS
methods are applied [86], and their validation is required not only for urine and serum [87],
but for CSF as well.

Prostanoids, which include prostaglandins and thromboxanes, are the metabolites
of the enzymatic pathways of arachidonic acid. These compounds have similar chemical
structures but different biological and therapeutic effects. Simultaneous assay of these
compounds in the CSF was developed, which included extraction with octadecyl silica gel
and two-step purification with silicic acid gel chromatography [48]. Some representatives
of this class of compounds were elevated in patients with multiple sclerosis [6].

The validated analytical procedures for different metabolites of arachidonic acid are re-
quired because of the high demand in their evaluation in different neurodegenerative disorders.

4.6. Glucose Metabolites

Abnormalities in carbohydrate metabolism are of interest in mood disorders studies,
as a possible relationship between diabetes and major depression has been shown. Glucose,
which serves as an energy source for cells, is conversed to fructose via the polyol pathway
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with sorbitol being an intermediate compound formed during this two-step process. The
CSF sorbitol levels were investigated in patients with bipolar and unipolar mood disor-
der, and sorbitol concentrations were higher in the CSF of depressed subjects compared
to normal controls [54]. Sorbitol levels along with fructose levels, both being glucose
metabolites, were found to be elevated in the CSF of multiple sclerosis patients as well,
while concentrations of myoinositol that is not produced via the polyol pathway did not
differ significantly from its concentrations in the CSF of control subjects [3]. No validation
data were demonstrated; thus, the development of the validated analytical method for the
determination of the glucose metabolites is required.

4.7. Drugs and Toxic Metabolites

Indomethacin is a nonsteroidal anti-inflammatory drug, mainly known for its ability
to inhibit cyclooxygenase, which is responsible for the prostaglandins production catalysis.
Indomethacin is often prescribed to treat inflammation and pain caused by rheumatic and
orthopedic diseases or surgery. To determine its concentrations in 250 µL of CSF, a SPE
sample preparation technique was applied followed by derivatization with pentafluoroben-
zylbromide and GC–NICI–MS. The method provides moderate analytical characteristics
(recoveries, accuracy, intraday precision) with LOQ 0.1 ng/sample. The CSF indomethacin
levels in healthy children were found to be 0.2 and 5.0 ng/mL after administering it
intravenously [73].

GC–MS was also used for determination of another drug: ELND005 (scyllo-inositol),
an endogenous inositol stereoisomer. This drug could be used for Alzheimer’ disease
treatment, and its pharmacokinetic behavior in the CSF after oral administration was of
interest. A traditional combination of protein precipitation, LLE, and derivatization was
used for sample treatment, and validation resulted in LLOQ 0.4 µg/mL (linearity, precision,
and accuracy were also evaluated) [74].

Analysis of the CSF could also be beneficial for toxicology studies. For instance,
morphine can be found in human biological samples and tissues due to the ingestion of
heroin or codeine, since these compounds are both metabolized to morphine, or because of
exposure to morphine itself. To distinguish whether it was heroine or morphine adminis-
tering, determination of 6-monoacetylmorphine is often used. However, it converses to
morphine rather rapidly, and its concentrations in blood may be lower than the LOD of
the method used for 6-monoacetylmorphine determination. Several studies suggested that
6-monoacetylmorphine persists in the CSF and some other human biological samples when
compared to blood. 6-Monoacetylmorphine, free morphine, and free codeine levels were
investigated in the CSF samples in 25 heroin deaths. The sample pretreatment procedure
included such steps as SPE and derivatization and was combined with GC–MS analysis.
The method’s LOQ for 6-monoacetylmorphine was 0.001 mg/L; linearity and precision
were evaluated. 6-Monoacetylmorphine levels were 6.6 times higher on average in the CSF
samples than in blood [75].

Analysis of the diethylene glycol and its potential metabolites (ethylene glycol, glycolic
acid, oxalic acid, diglycolic acid, and hydroxyethoxy acetic acid) is required because
of the human poisoning during misformulation into pharmaceutical products. Sample
preparation for acid metabolites from 100 µL of the CSF included traditional LLE and
silylation. Sample preparation for diethylene and ethylene glycol from 250 µL of the CSF
included extraction and derivatization with pentafluorobenzoyl chloride with the following
analysis by GC–NICI–MS. The LOQ values were 0.05–1.0 µg/mL; accuracy and linearity
were evaluated [76].

Different low-molecular-weight compounds are required to be detected in the CSF
for the diagnosis of the CNS diseases. The literature data analysis revealed the absence of
fully validated methods, and it presents opportunities for scientists to develop and validate
analytical protocols using modern sample preparation techniques.
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5. Miniaturization in Sample Preparation Techniques for the GC–MS Analysis

A small sample volume is one of the main criteria for the analysis of CSF. There are
interesting approaches to sample preparation of biological fluids for GC–MS analysis,
which use the principle of miniaturization.

The method of homogenous liquid–liquid microextraction (HLLME), compared to the
classical LLE using significant volumes of organic solvents, is based on the extraction of
polar organic compounds from aqueous matrices, including biofluids, with small volumes
(microliters) of water-miscible organic solvents. For the phase separation, the salting-out
effect is often used, followed by centrifugation. The volumes of biological fluids are usually
up to hundreds of microliters and the volumes of polar solvents are often several times
less; the weighed portion of the salting-out agent is tenths of a gram. The achievable LOD
of analytes are nanograms and tenths of nanograms per milliliter [88]. The method could
be combined with HPLC–MS [89], but a combination with GC–MS is also possible. To
determine volatile analytes without derivatization, it is necessary to dry the extract by
adding anhydrous sodium sulfate. Analytes can be derivatized both directly in the extract
(addition of chloroformates) and in the dried extract (silylation in acetonitrile).

Dispersive liquid–liquid microextraction (DLLME) is based on the extraction of an-
alytes with a microemulsion followed by the phase separation. Usually, the volume of a
mixture of an extracting solvent and a dispersing solvent is hundreds of times less than the
volume of the analyzed solution. Analytes are extracted quantitatively at high preconcen-
tration factors. Extraction equilibrium is established in minutes [90]. Various methods of
dispersion have been proposed and various extracting solvents have been studied for a
large number of different matrices, including biological ones [91,92]. The DLLME method
is applicable for the analysis of small volumes of analyzed solutions and could be combined
with derivatization procedure for polar and/or nonvolatile analytes with small volumes of
reagents. Different derivatizing agents are used, e.g., for analysis of human urine, ethyl
chloroformate in pyridine was utilized to convert 20 amino acids into their volatile car-
bamate esters, which were further analyzed using GC–MS. The derivatization process
was carried out simultaneously with DLLME using trichloroethylene and acetonitrile as
extracting and dispersing solvent, respectively. The range of LOD was 0.4–3.7 µg/L [93].

An interesting solution is to combine the capabilities of DLLME and injector port
silylation technique for the determination of polar analytes in biological matrices. Aliquots
of the extract and derivatizing reagent are injected simultaneously or sequentially into a
heated GC–MS injector. A gas phase reaction occurs between the silylating reagent and
polar analytes at the injector temperature. This approach reduces the derivatization time
(less than a minute), the possibility of derivatives decomposition, and the amount of toxic
reagent and solvents used for the process is smaller [94].

QuEChERS (the name is formed from “quick, easy, cheap, effective, rugged, and safe”)
is a two-step process involving liquid extraction (usually using acetonitrile) and dispersive
SPE (dSPE) using (more commonly) primary secondary amines, C18, and/or graphitized
carbon black sorbents to eliminate significantly interfering matrix components (for example,
humic acids, lipids, etc.). QuEChERS, originally developed for the extraction of acidic
and basic pesticides from food [95], is also used for analysis of blood plasma samples. A
method for the simultaneous extraction of acidic, basic, neutral, and amphiphilic analytes
from blood plasma using a micro version of QuEChERS (micro-QuEChERS) is proposed.
It reduces the volumes of samples (200 µL of plasma compared to 1.5 mL required in the
nonmicro version) and reagents by 8 times. The method allowed for the extraction of
analytes from blood plasma with high (65 to 80%) recoveries and low matrix effect. The
developed approach is considered to be a fast and clean alternative to “dilute and shoot”
approaches or the protein precipitation procedure, which are used for high-throughput
clinical diagnostics (including analysis of the CSF samples), coupled with HPLC–MS.
However, it is of interest to study a possible combination of micro-QuEChERS with GC–
MS [96].
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Micro-QuEChERS was used to analyze 148 avian blood samples collected in an envi-
ronmental field study of the impact of rodenticides (applied for the treatment of common
vole plague) on the wildlife. The volume of each sample was 250 µL. In combination with
GC–MS/MS, this method detected the desired analytes at the level of 1.5 ng/mL [97].
Although micro-QuEChERS is not yet widely used for sample preparation of biological
matrices [95–98], the ability to vary components for the extraction and extracts purification
procedures applying dSPE, reduce the cost and time of analysis, and analyze relatively
small sample volumes (even smaller than those described in the publications above)
presents broad prospects for the analysis of biological fluids, including CSF [96–98].

Solid-phase microextraction (SPME) is a solvent-free sample preparation technique [99].
This method is widely used for analyzing the vapor phase of various biological fluids in
order to determine volatile organic compounds and to extract analytes directly from the
liquid phase [100–102]. Substances are absorbed by a polymer film or solid sorbent cover-
ing a piece of fiber (a piece of fused silica capillary). The capillary is placed inside a needle
connected to a syringe-like device. During sorption and desorption, the capillary moves
out of the needle. The metabolomic composition of the circulating blood of laboratory mice
was investigated [100], and for selective recovery of hydrophilic and hydrophobic analytes
with respect to high molecular weight matrix components, an SPME fiber coated with
mixed-mode polymers (phenylboronic acid and polystyrenedivinylbenzene) was used.
The fiber was placed in an injection needle, and it absorbed the metabolites directly from
the bloodstream. The vapor phase over saliva samples (sample volume 500 µL) was inves-
tigated. The LOD for the 20 detected volatile metabolites ranged from 0.008 to 1 µM [101].
The vapor phase over urine samples was studied in order to identify biomarkers of cancer;
82 metabolites were found, and the sample volume was 4 mL [102]. The SPME capabilities
allow the researchers to vary the volumes of the studied samples, depending on the aims
of the research.

Stir bar sorptive extraction was also developed as another solvent-free sample pretreat-
ment technique, and it is actively used for isolation of low-molecular-weight components
of different polarity from biological fluids [103–105]. The device used for stir bar sorptive
extraction is a glass tube with a metal rod inside (magnetic stirrer), often coated with
polydimethylsiloxane. The main difference between stir bar sorptive extraction and SPME
is the larger amount of stationary phase covering the surface of the mixer (up to 25 µL)
compared to the capillary cut (0.5 µL), which increases the extraction efficiency. Desorption
of analytes is carried out either by solvent re-extraction or thermal desorption. For polar
components in biological matrices, it is possible to combine simultaneous deconjugation
and extraction of analytes (in situ deconjugation) or derivatization and extraction (in situ
derivatization) followed by thermal desorption into the GC injector. Derivatization could
also be carried out after extraction (postextraction derivatization), both during thermal
desorption of analytes and after their re-extraction. Sample volumes are typically on the
order of 1 mL, with LOD being attainable from ng/mL to pg/mL.

A method of amino acids microextraction from biological fluids (including CSF), based
on a combination of hollow fiber SPME and extraction with stir bar sorptive extraction—
hollow fiber–stir bar sorptive extraction—was proposed [106]. Hollow polymer fibers are
obtained using the coaxial electrospinning technology when an electrostatic field acts on an
electrically charged jet of a polymer solution or its melt. It is also possible to obtain a hollow
fiber membrane with specified properties (average pore diameter, membrane thickness),
providing a semipermeable barrier (analytes pass through the pores of the membrane, the
matrix components remain in solution). For the first time, the hollow fiber membrane was
used as a SPME fiber coating for the extraction of BTEX (benzene, toluene, ethylbenzene,
and xylenes) from aqueous matrices, and was based on a polypropylene coated copper
wire [107].

To extract amino acids, hollow polyvinylidene fluoride fiber was used. A piece of
polyvinylidene fluoride hollow fiber was sealed on the one side, and a steel rod was
placed inside the fiber. A dispersion system of 0.1 g of silica microspheres in ethanol was
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introduced into the fiber. After removal (including evaporation) of ethanol, the fiber was
sealed on the other side. Before use, the resulting hollow fiber–stir bar sorptive extraction
device was washed with acetone and dried. An aliquot of the biological fluid was mixed
with ethanol in a 3:1 ratio in order to reduce the surface tension of the sample to facilitate the
penetration of analytes into the membrane micropores. A hollow fiber–stir bar was placed
in a vial with the sample and extraction was performed while stirring under the influence
of a magnetic field for a chosen time. During this time, amino acids selectively with respect
to biological macromolecules penetrated from the solution of biological fluid through the
pores of the membrane and were absorbed on the surface of silica microspheres due to the
formation of hydrogen bonds. Next, the hollow fiber–stir bar was removed from the sample
vial, dried until moisture was completely evaporated, placed in another vial, and 0.1 mL
of BSTFA and 0.9 µL of a nonpolar solvent were added to extract amino acid derivatives,
which should have been formed as a result of silylation. BSTFA molecules also penetrated
the pores of the membrane and interacted with amino acid molecules. Derivatization was
carried out in a microwave field. The resulting derivatives were extracted with a nonpolar
solvent and analyzed using GC–MS. Before the next extraction, the hollow fiber–stir bar
was conditioned in distilled water and acetone. The LOD of the studied amino acids ranged
from 3 × 10−4 to 6 × 10−3 µg/mL. Recoveries from the rat CSF samples ranged from 71.8
to 101.2%. The resulting extraction device could be used 30 times without loss of analyte
sensitivity [106]. Due to the miniaturization of the device, it can be used for small volumes
of biological fluids. One of the advantages of this method is that there is no need in sample
cleanup.

One of the perspective sample preparation techniques is a MEPS [108] that is also
aimed at miniaturizing SPE. The method is based on the use of a small amount of sorbent
(1–4 mg) and multiple passage of the test sample through this sorbent layer located in
the extension of the syringe needle. The method requires small amounts of sample (tens,
hundreds of microliters), and solvent volumes (up to tens of microliters) which eluate
analytes. This technique minimizes the dead volume as well. The syringe is placed in an
automatic dispenser, and the speed and number of cycles of passing the sample through
the sorbent could be programmed. It is also possible to connect the dispenser to an HPLC
or GC system. A large number of needles with sorbents, which are common for classical
SPE (C18, C8, silica gel), have been developed and are commercially available. A method
for the determination of low-molecular-weight metabolites using a hand-operated device
with hypercrosslinked polystyrene was described [109]. MEPS has found wide application
in analytical chemistry, including the field of biological fluids analysis [110–113]—in par-
ticular, for the determination of low-molecular-weight microbial metabolites in the CSF
(see Section 4) [65,67].

The CSF samples are characterized not only by low levels of the analytes of interest, but
also by small sample volumes available for analysis. Miniaturization of classic extraction
methods, such as LLE and SPE which are often used for analysis of biological fluids,
coupled with GC–MS presents new perspectives in the metabolic analysis of the CSF.

6. Conclusions

GC–MS plays an important role in the development of the metabolic analysis of bio-
logical fluid samples. High separation efficiency and detection sensitivity, stable retention
times, and reproducible mass spectra of analytes make it possible to analyze multicompo-
nent mixtures of low-molecular-weight organic compounds of complex composition and
to perform nontargeted and targeted analysis. Sample preparation based on the selective
extraction of analytes with respect to interfering matrix components is often required to
detect a wide range of components by this method. The complexity of the CSF analysis is
caused not only by the low content of the target analytes, but also by the small volume of
samples available for analysis. The miniaturization of the traditional LLE and SPE methods
in combination with various options for the derivatization of polar analytes presents new
possibilities in the metabolic analysis of the CSF using GC–MS.
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Abbreviations

APCI atmospheric pressure chemical ionization
BA benzoic acid
BBB blood-brain barrier
BSTFA N, O-bis(trimethylsilyl)trifluoroacetamide
CI chemical ionization
CNS central nervous system
CSF cerebrospinal fluid
CV coefficient of variation
DLLME dispersive liquid–liquid microextraction
dSPE dispersive solid-phase extraction
ECNI electron-capture negative-ion chemical ionization
EMA European Medicines Agency
FDA Food and Drug Administration
FTMS Fourier transform mass spectrometry
F2-IsoPs F2-isoprostanes
F4-NPs F4-neuroprotanes
GABA gamma-aminobutyric acid
GAMT guanidinoacetate methyltransferase
GC gas chromatography
GHB gamma-hydroxybutyric acid
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HIV human immunodeficiency virus
HLLME homogenous liquid–liquid microextraction
HPLC high-performance liquid chromatography
5-HT 5-hydroxytryptamine
5-HTP 5-hydroxytryptophan
HVA homovanillic acid
5-HIAA 5-hydroxyindole-3-acetic acid
5-HTOL 5-hydroxyindole-3-ethanol
ICP inductively coupled plasma
IS internal standard
3IAA indole-3-acetic acid
3ICA indole-3-carboxylic acid
3ILA indole-3-lactic acid
3IPA indole-3-propionic acid
LC liquid chromatography
LLE Liquid–liquid extraction
LLOD lower limit of detection
LLOQ lower limit of quantitation

125



Molecules 2021, 26, 3597

LOD limit of detection
LOQ limit of quantitation
MALDI matrix-assisted laser desorption/ionization
ME matrix effect
MEPS microextraction by packed sorbent
MS mass spectrometry
MS/MS tandem mass spectrometry
MSn multistage mass spectrometry
MSTFA N-methyl-N-(trimethylsilyl)trifluoroacetamide
MTBSTFA N-(tert-butyldimethylsilyl)-N-methyltrifluoroacetamide
NMR nuclear magnetic resonance
PFBBr 2,3,4,5,6-pentafluorobenzyl bromide
PFBCl 2,3,4,5,6-pentafluorobenzoyl chloride
p-HBA 4-hydroxybenzoic acid
PhLA phenyllactic acid
PhPA phenylpropionic acid
p-HPhAA 4-hydroxyphenylacetic acid
p-HphLA 4-hydroxyphenyllactic acid
p-HphPA 4-hydroxyphenylpropionic acid
PTV programmed temperature vaporizer
Q single quardupole
QuEChERS “quick, easy, cheap, effective, rugged, and safe”
RE relative error
RSD relative standard deviation
SID stable isotope dilution
SPE solid-phase extraction
SPME solid-phase microextraction
TBDMS tert-butyldimethylsilyl
TMCS trimethylchlorosilane
TOF time-of-flight
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Abstract: In this day and age, the expectation of cosmetic products to effectively slow down skin
photoaging is constantly increasing. However, the detrimental effects of UVB on the skin are not
easy to tackle as UVB dysregulates a wide range of molecular changes on the cellular level. In our
research, irradiated keratinocyte cells not only experienced a compromise in their redox system, but
processes from RNA translation to protein synthesis and folding were also affected. Aside from
this, proteins involved in various other processes like DNA repair and maintenance, glycolysis,
cell growth, proliferation, and migration were affected while the cells approached imminent cell
death. Additionally, the collagen degradation pathway was also activated by UVB irradiation
through the upregulation of inflammatory and collagen degrading markers. Nevertheless, with the
treatment of Swietenia macrophylla (S. macrophylla) seed extract and fractions, the dysregulation of
many genes and proteins by UVB was reversed. The reversal effects were particularly promising with
the S. macrophylla hexane fraction (SMHF) and S. macrophylla ethyl acetate fraction (SMEAF). SMHF
was able to oppose the detrimental effects of UVB in several different processes such as the redox
system, DNA repair and maintenance, RNA transcription to translation, protein maintenance and
synthesis, cell growth, migration and proliferation, and cell glycolysis, while SMEAF successfully
suppressed markers related to skin inflammation, collagen degradation, and cell apoptosis. Thus,
in summary, our research not only provided a deeper insight into the molecular changes within
irradiated keratinocytes, but also serves as a model platform for future cosmetic research to build
upon. Subsequently, both SMHF and SMEAF also displayed potential photoprotective properties
that warrant further fractionation and in vivo clinical trials to investigate and obtain potential novel
bioactive compounds against photoaging.
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1. Introduction

The existence of ultraviolet radiation (UVR) in our lives is very much like a double-
edged sword. On one hand, we cannot live without it, however, excessive exposure could
also lead to our demise. This is especially true for UVB, the reasons being that through
it, our bodies produce the much-needed vitamin D, however, conversely, among the two
types of UVR in our atmosphere, it is the one that causes the most harm to our skin, with
photodamage ranging from sunburns to skin carcinogenesis [1]. Another benefit of UVB,
or more precisely narrowband UVB with an emission peak of 311 nm, is its wide use
in phototherapy treatments against skin diseases such as psoriasis, mycosis fungoides,
vitiligo, etc. It has been witnessed that UVB phototherapy often improved skin conditions
of diseased skin, giving temporary periods of respite to the patients [2–4]. Nevertheless,
regardless of its benefits, overexposure to UVB is more often than not the case for the
general population. This is often showcased in the appearance of irregular pigmentation,
fine lines, wrinkles, poor texture, sagging skin, etc., on our skin after prolonged exposure,
which are key signs of skin photoaging [5]. Although there are ‘intrinsic’ factors like the
natural generation of reactive oxygen species (ROS) and reactive nitrogen species (RNS)
in our skin and ‘extrinsic’ factors such as lifestyles changes and environmental pollution
that causes skin aging, it is still undeniable that the exposure of UVB plays a part in skin
aging [6–8].

There are three categories of UVR based on their wavelengths: UVA, UVB, and UVC.
Among the three kinds of UVR, only UVA and UVB can penetrate through the ozone,
with UVA (320–400 nm) having a 95% penetration level and UVB (290–320 nm) with a
maximum penetration level of 5% through the ozone layer [9]. Despite the wavelength of
UVB being much shorter than UVA and therefore, mostly absorbed through the epidermal
layer, its detrimental effect is not limited to the epidermal layer [10]. Direct penetration
of UVB not only form cyclobutene pyrimidine dimers (CPD) and pyrimidine-pyrimidone
(6–4) photoproducts in the DNA, but also incites the production of ROS and RNS in the
skin [11–13]. This then increases the oxidative stress levels in the skin, which quickly de-
pletes the skin’s antioxidant defense, and initiates a cascade of pro-inflammatory and other
intracellular signals like matrix metalloproteases (MMP) and melanogenic cytokines by
keratinocyte cells [14–16]. Ultimately, this leads to the formation of unwanted irregular pig-
mentation through the activation of the tyrosinase family, and the degradation of our skin’s
extracellular matrixes, reducing the elasticity of the skin and forming wrinkles [15–17].
Thus, in this study, the impact of UVB on keratinocytes was investigated. The purpose
of this was to not only produce a wider view, and therefore better understanding of the
molecular changes and pathway influenced by UVB, but also to aid in the advancement of
cosmetic products that can better counteract the photodamaging effects of UVB. To achieve
this, the Nanoflow-Ultra High-Performance Liquid Chromatography-Tandem Mass Spec-
trometry (LC-MS/MS) platform was utilized in the proteomics analysis of this study. The
LC-MS/MS is a high throughput platform that is capable of accurately measuring fold
changes and identifying a large range of proteins and peptides with the aid of bioinformat-
ics in a relatively short time while remaining cost-effective. Another benefit of LC-MS/MS
is its ability to separate and distinguish structurally or chemically similar peptides and
proteins from each other [18].

Furthermore, this research also evaluated the capabilities of S. macrophylla seed extract
as a photoprotective agent. S. macrophylla is a timber tree from the Meliaceae family that can
be found in the tropics of Central America, Southeast Asia, and Mexico [19–21]. Besides
being well prized for its mahogany wood, its seeds, containing flavonoids, alkaloids,
and saponins, are often used in traditional medicine to treat sicknesses such as diabetes,
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hypertension, and even physical pain [22,23]. To prove its medicinal claim, many studies
had been conducted, and through them, it has been reported that the seed possesses anti-
cancer, neuroprotection, anti-hyperglycemic, anti-inflammation, antioxidant, and anti-viral
properties [21,23–28]. Recently, it was discovered that one of the limonoid compounds,
swietenine, isolated from the seed were responsible for the seed’s antioxidant and anti-
inflammatory activity on LPSEc stimulated RAW264.7 murine macrophage. Not only was
the compound able to significantly inhibit the production of nitric oxide, but it also engaged
the nuclear factor erythroid 2 (NRF2)/heme oxygenase-1 (HO-1) antioxidant pathway
while downregulating the production of pro-inflammatory markers like interleukin (IL)-1β,
tumor necrosis factor (TNF)-α, interferon gamma (IFN-γ), IL-6, cyclooxygenase (COX-2),
and nuclear factor-κB (NF-κB) [28]. On the other hand, its wound healing ability has
also been evaluated by Nilugal et al. [29]. In their study, the application of S. macrophylla
ethanolic seed extract ointment was seen to significantly speed up the healing process of the
excised wounds on the rats [29]. Thus, based on these claims, especially those regarding its
antioxidant, wound healing, and anti-inflammatory properties, it would prove interesting
to investigate if the seed extract and fractions can act as a photoprotective reagent against
UVB and therefore be a potential active ingredient in the formulation of photoprotective
cosmetics given the reasons that those aforementioned properties are inherently important
in counteracting UVB-induced photodamage.

2. Results and Discussion

2.1. Cytotoxicity Assessment of S. macrophylla Extract and Fractions

HaCaT cells were treated with various concentrations (0–100 µg/mL) of the extract
and fractions for 24 h. According to the data obtained, S. macrophylla crude extract (SMCE)
begins to induce a dose-dependent decrease in cell viability starting from the concentration
of 12.5 µg/mL with cell viability of 87.5 ± 3% (p ≤ 0.01). The cell viability then continues
to decrease to 74.83 ± 4.94% (p ≤ 0.001), 51.77 ± 3.96% (p ≤ 0.001), and 44.36 ± 3.36%
(p ≤ 0.001) when treated with 25, 50, and 100 µg/mL SMCE, respectively. On the other
hand, after fractionation, SMHF did not induce any significant decrease in cell viability,
even at concentrations as high as 100 µg/mL. As for SMEAF, cell viability was signifi-
cantly decreased dose-dependently instead at concentrations of 25, 50, and 100 µg/mL
to 82.04 ± 5.4% (p ≤ 0.001), 49.93 ± 3.63% (p ≤ 0.001), 35.25 ± 7.76% (p ≤ 0.001), respec-
tively. Finally, S. macrophylla water fraction (SMWF) became cytotoxic toward HaCaT at
100 µg/mL with cell viability of 80.7 ± 6.15% (p ≤ 0.001) compared to the untreated control
cells. Among the four samples, SMCE had the highest cytotoxicity against HaCaT, but the
cytotoxicity levels were reduced after fractionation. This demonstrates that synergistic
cytotoxic compounds were most likely separated during fractionation, and therefore, the
fractions had reduced cytotoxic levels compared to the crude extract itself. Following the
data obtained, the concentration 6.25 µg/mL for SMCE, 100 µg/mL for SMHF, 12.5 µg/mL
for SMEAF, and 50 µg/mL for SMWF were chosen as the non-cytotoxic concentration to
treat the cells in the upcoming experiments.

2.2. The Dynamic Proteomics and Genomic Dysregulation in Keratinocyte Cells Effectuated by
UVB and Its Attenuation by S. macrophylla

2.2.1. Analysis of UVB-Induced Protein Modifications and the Reversal Effect
of S. macrophylla

To ascertain the effect of UVB irradiation, with or without the treatment of S. macro-
phylla, on the protein expression changes in HaCaT cells, a high throughput proteomics
analysis using LC-MS/MS was conducted. For the controls, untreated HaCaT cells were
either unexposed or exposed with 50 mJ/cm2 UVB to obtain the unexposed (non-UVB) and
exposed (UVB) controls, respectively. Protein samples were then collected at the 24 h time
point. Similarly, cells treated with S. macrophylla extract and fractions were also irradiated
with 50 mJ/cm2 UVB and their protein samples were individually collected at the 24 h
time point. After processing and identifying individual proteins with the Uniprot database,
a comparison of protein expression (in ratio) was obtained via PEAKS Q, based on the
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area under the curve. Five heatmaps (Figure 1A–E) depicting the comparison between the
two untreated (non-UVB and UVB) controls and the difference between the UVB control
and S. macrophylla treated cells were also obtained from PEAKS Q. Next, to truly compare
amongst the data obtained, a compiled list of significant (p ≤ 0.05) differentially expressed
proteins, from the controls and S. macrophylla treated cells, were drawn up in Table 1.
Additional detailed data of each protein can subsequently be found in Supplementary
Materials Table S1. In Table 1, proteins obtained from both non-UVB and UVB controls
were first compared to determine the protein expression changes induced by UVB. This
is then followed by the changes seen in the treated cells compared to the UVB control.
Proteins of similar Uniprot ID or name were directly compared across all groups for a
clear comparison. When there are no significant changes seen in the protein ratio between
the two comparing groups, the label N/S (not significant) will be assigned. In total, 151
proteins were identified to be differentially expressed among the controls and treated
cells. From these differentially expressed proteins, it can be seen that UVB exposure has
detrimental effects on a wide range of molecular functions such as DNA maintenance and
repair, RNA synthesis, protein synthesis and processing (biogenesis, folding, stabilizing,
proteostasis, etc.), cell growth, glycolysis process, etc., which ultimately determines the
survival of the cells. When treated with SMCE, only four proteins within the HaCaT cells
(60 S ribosomal protein L18, fumarate hydratase, annexin A3, and filamin B β) showed
significant changes in expression in comparison to the UVB control. Other than fumarate
hydratase, the three other proteins were instead significantly decreased in their expression
levels. In contrast, SMHF showed the most attenuation in the differentially expressed pro-
teins compared to the UVB control. Of all the proteins, only three proteins, 60 S ribosomal
protein L18, neuroblast differentiation-associated protein AHNAK (AHNAK), and peroxire-
doxin (PRDX)-3, were downregulated by SMHF. Aside from that, SMEAF induced changes
in only 16 proteins in which seven of them were upregulated and nine were downregulated
in comparison to the UVB control. The proteins that were upregulated were histone H2A
type 1-A, histone H1.2, keratin type I cytoskeletal 14, exportin-2, nucleolar and coiled-body
phosphoprotein 1 (NOLC1), and protein kinase C substrate 80 K–H isoform. Vice versa,
PRDX-3, protein disulfide-isomerase (PDI) A3, annexin A3, polyubiquitin-C, HNRPCL1
protein, fascin, cathepsin D, prothymosin alpha, and GTP-binding nuclear protein Ran
were downregulated by SMEAF. Finally, SMWF displayed significant downregulation of all
proteins except the receptor of activated protein C kinase 1 (RACK-1) was upregulated. To
elucidate the impact of S. macrophylla extract and fractions on UVB irradiated HaCaT cells,
the functions of each protein were further studied and classified accordingly. An overview
of the proteins affected by UVB and treatment is depicted in Figures 2 and 3 based on the
data obtained. Figure 2 depicts the changes in protein expression occurring in various
systems such as the redox system, DNA maintenance and repair, RNA transcription to
protein processing, and the glycolysis process. On the other hand, Figure 3 covers proteins
involved in cell growth, proliferation, and migration.
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Table 1. A proteomic study of molecular changes within HaCaT cells after UVB irradiation and treatment with S. macrophylla extract and fractions.

No. Name of Protein (Uniprot ID)

Comparison Ratio of
Untreated Controls

Comparison Ratio of UVB Control vs. S. macrophylla Treatment + UVB Samples

Non-UVB: UVB UVB: SMCE + UVB UVB: SMHF + UVB UVB: SMEAF + UVB UVB: SMWF + UVB

1
Chaperonin containing TCP1 subunit 2 β

isoform CRA_b (CCT-β)
(V9HW96)

1.00:0.49 (↓) N/S 1 1.00:1.41 (↑) N/S N/S

2 T-complex protein 1 subunit delta
(CCT-δ) (A8K3C3) 1.00:0.47 (↓) N/S 1.00:1.71 (↑) N/S 1.00:0.52 (↓)

3 T-complex protein 1 subunit gamma
(CCT-γ) (B3KX11) N/S N/S 1.00:1.58 (↑) N/S N/S

4 T-complex protein 1 subunit eta
(CCT-η) (Q99832) N/S N/S 1.00:1.92 (↑) N/S N/S

5 T-complex protein 1 subunit epsilon
(CCT-ε) (P48643) N/S N/S 1.00:2.39 (↑) N/S N/S

6 Ribosomal protein L12 variant
(Q59FI9) 1.00:0.34 (↓) N/S N/S N/S N/S

7 Ribosomal protein S8
(Q9BS10) N/S N/S 1.00:1.90 (↑) N/S N/S

8 40S ribosomal protein SA
(C9J9K3) N/S N/S 1.00:1.87 (↑) N/S N/S

9 40S ribosomal protein S5
(M0QZN2) 1.00:0.32 (↓) N/S N/S N/S 1.00:0.32 (↓)

10 40S ribosomal protein S7
(P62081) 1.00:0.45 (↓) N/S N/S N/S 1.00:0.29 (↓)

11 40S ribosomal protein S10
(P46783) 1.00:0.33 (↓) N/S N/S N/S 1.00:0.31 (↓)

12 40S ribosomal protein S16
(M0R210 or M0R3H0) 1.00:0.36 (↓) N/S N/S N/S 1.00:0.51 (↓)

13 40S ribosomal protein S25
(P62851) 1.00:0.48 (↓) N/S N/S N/S 1.00:0.50 (↓)

14 60S ribosomal protein L6
(Q8N5Z7) 1.00:0.31 (↓) N/S N/S N/S N/S

15 60S ribosomal protein L18
(F8VUA6) 1.00:0.51 (↓) 1.00:0.22 (↓) 1.00:0.68 (↓) N/S 1.00:0.44 (↓)

16 60S ribosomal protein L22
(K7EJT5) 1.00:0.37 (↓) N/S 1.00:1.71 (↑) N/S N/S
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Table 1. Cont.

No. Name of Protein (Uniprot ID)

Comparison Ratio of
Untreated Controls

Comparison Ratio of UVB Control vs. S. macrophylla Treatment + UVB Samples

Non-UVB: UVB UVB: SMCE + UVB UVB: SMHF + UVB UVB: SMEAF + UVB UVB: SMWF + UVB

17 60S ribosomal protein L24
(C9JXB8) 1.00:0.48 (↓) N/S N/S N/S N/S

18 60S ribosomal protein L29
(A0A024R326) 1.00:0.50 (↓) N/S N/S N/S 1.00:0.39 (↓)

19 60s acidic ribosomal protein P0
(Q53HW2) N/S N/S N/S N/S 1.00:0.40 (↓)

20 60s acidic ribosomal protein P2
(P05387) N/S N/S 1.00:1.39 (↑) N/S 1.00:0.55 (↓)

21 Albumin
(F6KPG5) 1.00:2.66 (↑) N/S N/S N/S 1.00:0.41 (↓)

22 chloride intracellular channel
(A0A1U9 × 8Y4) N/S N/S N/S N/S 1.00:0.63 (↓)

23 chloride intracellular channel 1 (CLIC1)
(O00299) 1.00:0.56 (↓) N/S 1.00:1.55 (↑) N/S N/S

24 Cofilin 1
(V9HWI5) 1.00:0.61 (↓) N/S 1.00:1.38 (↑) N/S 1.00:0.63 (↓)

25 Elongation factor 1-alpha
(Q6IPN6 or Q53HM9) 1.00:0.36 (↓) N/S 1.00:1.88 (↑) N/S N/S

26 Elongation factor 1-delta
(A0A087X1X7 or E9PN91) 1.00:0.33 (↓) N/S 1.00:1.51 (↑) 1.00:1.49 (↑) 1.00:0.66 (↓)

27

Eukaryotic translation elongation factor 2
(eEF2) (Epididymis secretory sperm binding

protein)
(A0A384N6H1)

1.00:0.55 (↓) N/S 1.00:1.67 (↑) N/S 1.00:0.41 (↓)

28 Glycine-tRNA ligase
(P41250) 1.00:0.28 (↓) N/S 1.00:7.22 (↑) N/S N/S

29

Heat shock protein (HSP)-10 kDa
(Chaperonin 10) (Epididymis secretory

sperm binding protein)
(A0A384N6A4)

N/S N/S 1.00:1.48 (↑) N/S 1.00:0.53 (↓)

30 HSP-60 kDa mitochondrial
(P10809) N/S N/S N/S N/S 1.00:0.52 (↓)
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Table 1. Cont.

No. Name of Protein (Uniprot ID)

Comparison Ratio of
Untreated Controls

Comparison Ratio of UVB Control vs. S. macrophylla Treatment + UVB Samples

Non-UVB: UVB UVB: SMCE + UVB UVB: SMHF + UVB UVB: SMEAF + UVB UVB: SMWF + UVB

31 HSP-70 kDa protein 1A variant
(Q59EJ3) N/S N/S N/S N/S 1.00:0.54 (↓)

32 HSP-70 kDa protein 4
(Q59GF8) N/S N/S 1.00:1.36 (↑) N/S N/S

33

HSP-70 family protein 5 (Epididymis
secretory sperm binding protein Li 89n) (78

kDa glucose-regulated protein)
(V9HWB4)

N/S N/S N/S N/S 1.00:0.54 (↓)

34
HSP-70 kDa protein 8, isoform CRA_a

(Epididymis luminal protein 33)
(V9HW22)

1.00:0.52 (↓) N/S 1.00:1.50 (↑) N/S N/S

35
HSP-70 kDa protein 9 (75 kDa

glucose-regulated protein)
(B7Z4V2)

N/S N/S 1.00:1.35 (↑) N/S N/S

36 HSP 90α
(P07900) 1.00:0.60 (↓) N/S 1.00:1.51 (↑) N/S 1.00:0.51 (↓)

37
Gluthathione S-transferase (GST)-pi
(Epididymis secretory protein Li 22)

(V9HWE9)
1.00:0.63 (↓) N/S 1.00:1.45 (↑) N/S 1.00:0.58 (↓)

38
Poly (RC) binding protein 1 (Epididymis

secretory protein Li 85)
(Q53SS8)

1.00:0.32 (↓) N/S 1.00:2.10 (↑) N/S 1.00:0.56 (↓)

39 Histone H2A type 1-A
(Q96QV6) N/S N/S N/S 1.00:1.41 (↑) N/S

40 Histone H2A type 2-B
(Q8IUE6) 1.00:2.75 (↑) N/S 1.00:1.66 (↑) N/S 1.00:0.56 (↓)

41 Histone H2B
(A8K9J7 or B4DR52) 1.00:2.86 (↑) N/S N/S N/S 1.00:0.40 (↓)

42 Histone H1.2
(P16403) N/S N/S 1.00:1.69 (↑) 1.00:1.41 (↑) 1.00:0.62 (↓)

43 Histone H1.5
(P16401) N/S N/S 1.00:2.01 (↑) N/S N/S

44 Histone H4
(B2R4R0) N/S N/S N/S N/S 1.00:0.50 (↓)
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Table 1. Cont.

No. Name of Protein (Uniprot ID)

Comparison Ratio of
Untreated Controls

Comparison Ratio of UVB Control vs. S. macrophylla Treatment + UVB Samples

Non-UVB: UVB UVB: SMCE + UVB UVB: SMHF + UVB UVB: SMEAF + UVB UVB: SMWF + UVB

45 Myosin light polypeptide 6
(F8W1R7) 1.00:0.43 (↓) N/S N/S N/S N/S

46 Myosin 9
(P35579) 1.00:0.48 (↓) N/S N/S N/S 1.00:0.52 (↓)

47
Nucleophosmin (Nucleolar phosphoprotein

B23 numatrin) isoform CRA_f
(A0A0S2Z4G7)

1.00:0.71 (↓) N/S 1.00:1.34 (↑) N/S 1.00:0.43 (↓)

48 Peptidyl-prolyl cis-trans isomerase
(V9HWF5) 1.00:0.56 (↓) N/S N/S N/S 1.00:0.43 (↓)

49 PRDX-1
(A0A384NPQ2 or A0A0A0MSI0) 1.00:0.57 (↓) N/S 1.00:1.67 (↑) N/S 1.00:0.43 (↓)

50 PRDX-2
(B4DF70) N/S N/S N/S N/S 1.00:0.51 (↓)

51
PRDX-3 (Thioredoxin-dependent peroxide

reductase mitochondrial)
(P30048)

N/S N/S 1.00:0.58 (↓) 1.00:0.73 (↓) N/S

52 PRDX-6
(P30041) 1.00:0.58 (↓) N/S N/S N/S 1.00:0.42 (↓)

53 Phosphoglycerate kinase 1
(P00558) 1.00:0.61 (↓) N/S 1.00:1.58 (↑) N/S 1.00:0.50 (↓)

54 Phosphoserine aminotransferase
(Q9Y617) 1.00:0.56 (↓) N/S 1.00:1.46 (↑) N/S 1.00:0.39 (↓)

55 Profilin-1
(P07737) 1.00:0.63 (↓) N/S 1.00:1.42 (↑) N/S 1.00:0.56 (↓)

56 PDI
(A0A024R8S5) N/S N/S 1.00:1.52 (↑) N/S 1.00:0.63 (↓)

57 PDI-A3
(P30101) N/S N/S 1.00:1.66 (↑) 1.00:0.76 (↓) N/S

58 PDI-A4
(P13667) N/S N/S 1.00:2.30 (↑) N/S 1.00:0.60 (↓)

59 PDI-A6 (Endoplasmic reticulum protein 5)
(Q15084) 1.00:1.74 (↑) N/S N/S N/S 1.00:0.43 (↓)

60 Protein S100
(A0A590UJ49 or B2R5H0) 1.00:0.30 (↓) N/S 1.00:1.47 (↑) N/S 1.00:0.33 (↓)
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Table 1. Cont.

No. Name of Protein (Uniprot ID)

Comparison Ratio of
Untreated Controls

Comparison Ratio of UVB Control vs. S. macrophylla Treatment + UVB Samples

Non-UVB: UVB UVB: SMCE + UVB UVB: SMHF + UVB UVB: SMEAF + UVB UVB: SMWF + UVB

61 Protein-arginine deiminase type-1
(Q9ULC6) 1.00:15.79 (↑) N/S N/S N/S 1.00:0.21 (↓)

62 Pyruvate kinase PKM
(P14618) 1.00:0.67 (↓) N/S 1.00:1.33 (↑) N/S 1.00:0.48 (↓)

63 RACK-1
(P63244 or D6RF23) 1.00:0.22 (↓) N/S N/S N/S 1.00:9.32 (↑)

64
Signal recognition particle 14 kDa protein

(SRP-14)
(P37108)

1.00:0.33 (↓) N/S N/S N/S N/S

65 SYNCRIP protein
(Q05CK9) 1.00:0.48 (↓) N/S N/S N/S N/S

66 Transketolase
(B3KSI4) 1.00:0.52 (↓) N/S N/S N/S N/S

67 D-3-phosphoglycerate dehydrogenase
(B3KSC3) 1.00:0.50 (↓) N/S N/S N/S N/S

68
Fumarate hydratase (Epididymis secretory

sperm binding protein)
(A0A0S2Z4C3)

N/S 1.00:2.02 (↑) 1.00:2.43 (↑) N/S N/S

69 Annexin A1
(Q5TZZ9) N/S N/S 1.00:1.46 (↑) N/S 1.00:0.43 (↓)

70 Annexin A2
(A0A024R5Z7) N/S N/S N/S N/S 1.00:0.46 (↓)

71 Annexin A3
(P12429) N/S 1.00:0.63 (↓) N/S 1.00:0.52 (↓) 1.00:0.42 (↓)

72 Annexin A5
(P08758) N/S N/S N/S N/S 1.00:0.42 (↓)

73 Filamin A
(Q60FE6) N/S N/S 1.00:1.54 (↑) N/S 1.00:0.36 (↓)

74
Filamin B β (Actin binding protein 278)

isoform CRA_a
(A0A024R321)

N/S 1.00:0.44 (↓) N/S N/S N/S

75 3-phosphoglycerate dehydrogenase
(Q9UMY2 or Q9UMY3) N/S N/S 1.00:2.27 (↑) N/S 1.00:0.26 (↓)
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Table 1. Cont.

No. Name of Protein (Uniprot ID)

Comparison Ratio of
Untreated Controls

Comparison Ratio of UVB Control vs. S. macrophylla Treatment + UVB Samples

Non-UVB: UVB UVB: SMCE + UVB UVB: SMHF + UVB UVB: SMEAF + UVB UVB: SMWF + UVB

76 14-3-3 protein α/β
(P31946) N/S N/S N/S N/S 1.00:0.60 (↓)

77 14-3-3 protein σ

(P31947) N/S N/S 1.00:1.97 (↑) N/S 1.00:0.47 (↓)

78 14-3-3 protein γ

(P61981) N/S N/S N/S N/S 1.00:0.18 (↓)

79 14-3-3 protein ε

(P62258) N/S N/S N/S N/S 1.00:0.38 (↓)

80
Ubiquitin-activating enzyme E1 (Testicular

secretory protein Li 63)
(A0A024R1A3)

N/S N/S 1.00:1.84 (↑) N/S N/S

81
AHNAK

(Desmoyokin)
(Q09666)

N/S N/S 1.00:0.55 (↓) N/S N/S

82 Keratin type I cytoskeletal 14
(P02533) N/S N/S 1.00:1.86 (↑) 1.00:1.88 (↑) N/S

83 Keratin type II cytoskeletal 8
(P05787) N/S N/S 1.00:1.48 (↑) N/S 1.00:0.52 (↓)

84
Heterogeneous nuclear ribonucleoprotein

(hnRP) D0
(D6RF44)

N/S N/S 1.00:1.74 (↑) N/S N/S

85 hnRP K
(B4DFF1 or B4DUQ1) N/S N/S 1.00:1.54 (↑) N/S 1.00:0.51 (↓)

86 Adenylyl cyclase-associated protein (CAP1)
(B4DI38) N/S N/S 1.00:1.54 (↑) N/S 1.00:0.38 (↓)

87 Reticulon-4
(Q6IPN0 or Q9NQC3) N/S N/S 1.00:1.70 (↑) N/S 1.00:0.64 (↓)

88 Malate dehydrogenase cytoplasmic
(P40925) N/S N/S 1.00:1.70 (↑) N/S 1.00:0.72 (↓)

89 Transketolase
(A0A0B4J1R6) N/S N/S 1.00:1.62 (↑) N/S 1.00:0.34 (↓)

90 Glucose-6-phosphate isomerase
(P06744) N/S N/S 1.00:1.61 (↑) N/S 1.00:0.36 (↓)
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Table 1. Cont.

No. Name of Protein (Uniprot ID)

Comparison Ratio of
Untreated Controls

Comparison Ratio of UVB Control vs. S. macrophylla Treatment + UVB Samples

Non-UVB: UVB UVB: SMCE + UVB UVB: SMHF + UVB UVB: SMEAF + UVB UVB: SMWF + UVB

91 Proteasome subunit alpha type
(Q53GF5 or H0YLC2) N/S N/S 1.00:1.45 (↑) N/S 1.00:0.32 (↓)

92 Proteasome activator complex subunit 2
(Q86SZ7) N/S N/S 1.00:1.63 (↑) N/S N/S

93 Proteasome subunit β type-2
(P49721) N/S N/S N/S N/S 1.00:0.42 (↓)

94 Proteasome subunit β type-3
(A0A087WXQ8) N/S N/S 1.00:1.59 (↑) N/S N/S

95
Glyceraldehyde-3-phosphate dehydrogenase

(GAPDH)
(P04406)

N/S N/S 1.00:1.57 (↑) N/S 1.00:0.47 (↓)

96 Proliferating cell nuclear antigen (PCNA)
(P12004 or Q6FHF5) N/S N/S 1.00:1.55 (↑) N/S 1.00:0.53 (↓)

97 Exportin-2
(P55060) N/S N/S 1.00:1.62 (↑) 1.00:1.33 (↑) N/S

98

Serpin peptidase inhibitor clade B
(Ovalbumin) member 5 isoform CRA_b

(SERPINB5)
(A0A024R2B6)

N/S N/S 1.00:1.52 (↑) N/S 1.00:0.51 (↓)

99 Collagen-binding protein (Serpin H1)
(B4DN87) N/S N/S 1.00:1.80 (↑) N/S N/S

100 Ezrin
(Q6NUR7) N/S N/S 1.00:1.51 (↑) N/S 1.00:0.19 (↓)

101 Tubulin beta chain
(A0A384NYT8) N/S N/S 1.00:1.47 (↑) N/S 1.00:0.49 (↓)

102 Thioredoxin
(P10599) N/S N/S 1.00:1.40 (↑) N/S 1.00:0.54 (↓)

103
Thioredoxin domain-containing protein 17

(TXNDC17) (Testicular tissue protein Li 214)
(A0A140VJY7)

N/S N/S 1.00:1.47 (↑) N/S N/S

104 Alpha-enolase
(P06733) N/S N/S 1.00:1.46 (↑) N/S 1.00:0.46 (↓)

105 Triosephosphate isomerase
(V9HWK1) N/S N/S 1.00:1.45 (↑) N/S 1.00:0.44 (↓)
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Table 1. Cont.

No. Name of Protein (Uniprot ID)

Comparison Ratio of
Untreated Controls

Comparison Ratio of UVB Control vs. S. macrophylla Treatment + UVB Samples

Non-UVB: UVB UVB: SMCE + UVB UVB: SMHF + UVB UVB: SMEAF + UVB UVB: SMWF + UVB

106 Alpha-actinin-1
(P12814) N/S N/S 1.00:1.44 (↑) N/S N/S

107 Calreticulin variant
(Q53G71) N/S N/S 1.00:1.44 (↑) N/S 1.00:0.42 (↓)

108 L-lactate dehydrogenase A
(V9HWB9) N/S N/S 1.00:1.38 (↑) N/S 1.00:0.35 (↓)

109 L-lactate dehydrogenase B
(Q5U077) N/S N/S 1.00:1.39 (↑) N/S 1.00:0.42 (↓)

110 ATP synthase subunit α, mitochondrial
(V9HW26) N/S N/S N/S N/S 1.00:0.44 (↓)

111 ATP synthase subunit β, mitochondrial
(P06576) N/S N/S 1.00:1.37 (↑) N/S 1.00:0.59 (↓)

112 Endoplasmin
(P14625) N/S N/S 1.00:1.36 (↑) N/S 1.00:0.57 (↓)

113 Nucleosome assembly protein 1-like 1
(F8W020) N/S N/S 1.00:1.35 (↑) N/S N/S

114 Neutral amino acid transporter B(0)
(Q15758) N/S N/S 1.00:1.38 (↑) N/S 1.00:0.48 (↓)

115 LIM and SH3 domain protein 1 (LASP-1)
(A8K1D2) N/S N/S 1.00:1.36 (↑) N/S N/S

116 Polyubiquitin-C
(F5GYU3) N/S N/S N/S 1.00:0.56 (↓) 1.00:0.33 (↓)

117 HNRPCL1 protein
(Q6PKD2) N/S N/S N/S 1.00:0.46 (↓) N/S

118 Fascin
(B3KTA3) N/S N/S N/S 1.00:0.64 (↓) 1.00:0.36 (↓)

119 Cathepsin D
(A0A1B0GW44) N/S N/S N/S 1.00:0.70 (↓) 1.00:0.49 (↓)

120 Prothymosin alpha
(Q15203) N/S N/S N/S 1.00:0.20 (↓) 1.00:0.27 (↓)

121 GTP-binding nuclear protein Ran
(P62826) N/S N/S N/S 1.00:0.72 (↓) 1.00:0.41 (↓)

122 NOLC1
(B2RAU8) N/S N/S N/S 1.00:1.39 (↑) N/S
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Table 1. Cont.

No. Name of Protein (Uniprot ID)

Comparison Ratio of
Untreated Controls

Comparison Ratio of UVB Control vs. S. macrophylla Treatment + UVB Samples

Non-UVB: UVB UVB: SMCE + UVB UVB: SMHF + UVB UVB: SMEAF + UVB UVB: SMWF + UVB

123 Protein kinase C substrate 80K-H isoform 1
(A0A0S2Z4D8) N/S N/S N/S 1.00:1.35 (↑) N/S

124 Actin cytoplasmic 1
(P60709) N/S N/S N/S N/S 1.00:0.25 (↓)

125 Actin cytoplasmic 2
(P63261) N/S N/S N/S N/S 1.00:0.47 (↓)

126 Rab GDP dissociation inhibitor β
(P50395) N/S N/S N/S N/S 1.00:0.34 (↓)

127 Eukaryotic translation initiation factor 5A
(I3L397) N/S N/S N/S N/S 1.00:0.39 (↓)

128 Phosphoglycerate mutase
(Q6FHU2) N/S N/S N/S N/S 1.00:0.43 (↓)

129
Neutral alpha-glucosidase AB (Epididymis
secretory sperm binding protein Li 164nA)

(V9HWJ0)
N/S N/S N/S N/S 1.00:0.33 (↓)

130 Adenosylhomocysteinase
(P23526) N/S N/S N/S N/S 1.00:0.44 (↓)

131 4F2 cell-surface antigen heavy chain
(F5GZS6) N/S N/S N/S N/S 1.00:0.44 (↓)

132 Protein SET
(A0A0C4DFV9) N/S N/S N/S N/S 1.00:0.45 (↓)

133
Inorganic pyrophosphatase (Epididymis
secretory sperm binding protein Li 66p)

(V9HWB5)
N/S N/S N/S N/S 1.00:0.42 (↓)

134 Aspartate aminotransferase
(B3KUZ8) N/S N/S N/S N/S 1.00:0.47 (↓)

135 Plasminogen activator inhibitor 2
(P05120) N/S N/S N/S N/S 1.00:0.52 (↓)

136
Acidic leucine-rich nuclear phosphoprotein

32 family member A (ANP32B)
(H0YN26)

N/S N/S N/S N/S 1.00:0.52 (↓)

137

Complement component 1 Q
subcomponent-binding protein

mitochondrial
(Q07021)

N/S N/S N/S N/S 1.00:0.52 (↓)
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Table 1. Cont.

No. Name of Protein (Uniprot ID)

Comparison Ratio of
Untreated Controls

Comparison Ratio of UVB Control vs. S. macrophylla Treatment + UVB Samples

Non-UVB: UVB UVB: SMCE + UVB UVB: SMHF + UVB UVB: SMEAF + UVB UVB: SMWF + UVB

138 Fructose-bisphosphate aldolase A
(P04075) N/S N/S N/S N/S 1.00:0.53 (↓)

139 Transaldolase
(A0A140VK56) N/S N/S N/S N/S 1.00:0.53 (↓)

140 Macrophage migration inhibitory factor
(P14174) N/S N/S N/S N/S 1.00:0.55 (↓)

141 Endoplasmic reticulum resident protein 29
(P30040) N/S N/S N/S N/S 1.00:0.49 (↓)

142 Calmodulin-2
(P0DP24) N/S N/S N/S N/S 1.00:0.59 (↓)

143 RAN binding protein 1 isoform CRA_g
(A0A140VK94) N/S N/S N/S N/S 1.00:0.59 (↓)

144 Vinculin isoform CRA_c
(A0A024QZN4) N/S N/S N/S N/S 1.00:0.32 (↓)

145 Small ubiquitin-related modifier
(A0A024R8S3) N/S N/S N/S N/S 1.00:0.37 (↓)

146 Calnexin
(P27824) N/S N/S N/S N/S 1.00:0.61 (↓)

147 Nucleolin
(P19338) N/S N/S N/S N/S 1.00:0.49 (↓)

148 RPLP1 protein
(Q6ICQ4) N/S N/S N/S N/S 1.00:0.64 (↓)

149 FK506 binding protein 12
(Q1JUQ3) N/S N/S N/S N/S 1.00:0.12 (↓)

150
Lysosome-associated membrane glycoprotein

1
(B3KRY3)

N/S N/S N/S N/S 1.00:0.26 (↓)

151 Transgelin-2
(P37802) N/S N/S N/S N/S 1.00:0.52 (↓)

1 N/S represents data that was not significant, while the upregulation and downregulation of the protein are represented as (↑) and (↓), respectively, based on the ratio that was obtained. The data were compared
individually with one another using PEAKS Q. N number is 3 for all controls and samples, whereas, the p-value was set at 0.05 significance level.
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Figure 1. Cont.
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Figure 1. Heat maps obtained from Peaks Q displaying the changes in protein expression across controls and samples. The red color signifies the upregulation of protein expression while
the green color signifies downregulation of protein expression. (A) The comparison of non-UVB and UVB control cells. (B–E) are the comparison of UVB control cells with cells that were
simultaneously exposed to UVB while being treated with SMCE, SMEAF, SMHF, and SMWF, respectively.
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Figure 2. Dysregulation of proteins involved in the redox system, DNA maintenance and repair, RNA transcription to protein synthesis, and glycolysis process by UVB irradiation and the
effect SMCE, SMHF, SMEAF, and SMWF has on the UVB irradiated cells.
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Figure 3. UVB-induced changes in the expression of proteins involved in cell growth, proliferation, and migration processes.
These proteins then were either rescued or further suppressed after being treated with SMCE, SMHF, SMEAF, and SMWF.

2.2.2. Oxidative Damage Induced Activation of the Redox System

As UVB irradiation induces oxidative damage, it is expected that there would be
changes in the molecular dynamics within the keratinocyte cells and one of them is the
redox regulating PRDXs. PRDXs are a family of antioxidant enzymes with an aptitude
for reducing alkyl hydroperoxide and hydrogen peroxide (H2O2) to alcohol and water,
respectively [30]. In mammals, six distinct PRDXs have been discovered and can be found
mostly in the cytosol, but some can also be found in the nucleus, mitochondria, lysosome,
endoplasmic reticulum, or be secreted from the cell [31,32]. The secretion of PRDX like
PRDX-2 triggers the production and secretion of TNF-α in macrophages, inducing a
cascade of inflammatory response to the stimuli [33]. PRDXs also work together with
thioredoxin and thioredoxin reductase in its redox reaction by obtaining electrons from
thioredoxin/thioredoxin reductase systems [31]. It is through this relationship that H2O2
cell signaling is mediated and controlled, even in the event of PRDXs hyperoxidation [34,35].
The changes in PRDXs by UVB was previously reported in various studies on skin cells.
In a study done by Liu et al. [36], PRDX 1 was upregulated after exposing HaCaT cells to
21 ± 1 mJ/cm2 UVB for 18 h and then incubated for another 6 h before protein extraction.
Another study by Wu et al. [37] on skin fibroblasts displayed that at low (17 mJ/cm2)
and middle (70 mJ/cm2) doses of UVB irradiation, the human fibroblast cells exhibited
an increase in PRDX-1, but for PRDX-4 and -6, this increase was only seen in the middle
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dose of UVB irradiation at the 24 h time point. At low doses of UVB, the PRDX-4 and -6
were negatively regulated as are all PRDXs at high (468 mJ/cm2) dose of UVB. Although
different results on PRDX expression levels were obtained due to different exposure levels,
protein harvest times, and cell type, it is undeniable that UVB does affect the expression of
PRDX. Knockdown of PRDX-3 and mutations in PRDX-6 in mice even showed increased
keratinocyte apoptosis and tissue damage, respectively, due to increased susceptibility in
oxidative damage [30,38], thus, indicating the importance of PRDX in cell survival against
UVB damage.

In response to UVB irradiation, PRDX-1 and -6 were significantly downregulated but
there were no significant changes in the expression of PRDX-2 and-3 as can be seen in
Table 1 and Figure 2. No changes in any PRDX levels in comparison to the UVB control
cells were observed after treating with SMCE. Despite that, its fraction, SMHF, initiated
an upregulation in PRDX-1 and, subsequently, downregulated PRDX-3. No changes in
PRDX-6 levels were detected, though, when the cells were treated with SMHF. Furthermore,
SMHF also upregulated the expression of thioredoxin, suggesting that SMHF might have
possibly activated the thioredoxin/thioredoxin reductase system along with PRDX-1. On
another note, SMEAF also induced similar downregulation of PRDX-3 in the HaCaT cells as
implicated by SMHF, but incited no changes in other PRDXs. As for SMWF, downregulation
of all PRDX-1, -2, and, -6 were recorded.

The increase in PRDX-1 and thioredoxin in cells treated with SMHF suggests that
the compounds in SMHF are not only able to counteract against UVB induced H2O2,
but might also indirectly inhibit the activation of the apoptosis signal-regulating kinase-1
(ASK-1)-mediated apoptotic pathway. According to Kim et al. [39], PRDX-1 is able to
negatively regulate ASK-1, a mitogen activated protein (MAP) kinase kinase, activity and
it is through the inhibition of ASK-1 activation that PRDX-1 is able to inhibit MAP kinase
kinase (MKK)3/6, Jun N-terminal kinase (JNK), and p38 phosphorylation, ultimately
attenuating cell apoptosis. Another interesting point to note is that the expression of
GST-pi, which was previously downregulated in UVB control cells compared to the non-
UVB control cells, were now upregulated under the treatment of SMHF. This change
in expression of GST-pi is intriguing because GST-pi is a known inhibitor of JNK. Under
normal cell conditions, monomeric GST-pi forms a GST-pi-JNK complex with c-Jun, actively
inhibiting the phosphorylation of JNK. However, under oxidative stress, monomeric GST-
pi becomes detached from the complex and forms dimerization or multimerization of
GST-pi. This enables JNK and c-Jun to be activated. Nevertheless, it is believed that under
conditions where newly synthesized GST-pi is formed, the GST-pi-JNK complex will once
again reform, effectively inhibiting the activation of JNK [40]. In short, with the increase in
expression of PRDX-1, thioredoxin, and GST-pi protein, it is possible that SMHF might be
able to improve cell survival in UVB irradiated keratinocytes. Nevertheless, this hypothesis
needs to be investigated further as SMHF also suppresses PRDX-3, which also plays an
important role as an antioxidant enzyme against cell apoptosis. As for SMCE, SMEAF, and
SMHF, it can be seen that neither of these extracts and fractions can inhibit cell apoptosis
via PRDXs.

2.2.3. Impact of UVB on DNA Maintenance and Repair in Keratinocyte Cells

Histones are indispensable in the regulation of all nuclear processes such as DNA
replication, the progression of cell- cycle, transcription, etc. Assembled with two copies
of histone H2A, H2B, H3, and H4 histone each, these histones form the nucleosome core
particle, which wraps around 146 bp of DNA. To further stabilize the octameric core, H1
linker histone comes into play to form chromatin-specific high-order structures. Other
additional histone variants and accessory proteins are also distributed along the chromatin
fiber [41]. Due to the importance of its role in epigenetic regulation, any changes in
histone modification or expression level will impact gene expression and determine cell
fate. Based on the analysis, this study showed that the exposure of HaCaT cells to UVB
upregulated the expression of histone H2A type 2-B and H2B (Table 1). This upregulation
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of histones is not uncommon under the phototoxicity of UVB. Both Sesto et al. [42] and
Dazard et al. [43] had previously reported that UVB irradiation causes the expression of
histones to be upregulated at the 24th hour in human keratinocytes after exposure. Dazard,
Gal, Amariglio, Rechavi, Domany, and Givol [43] even suggested that the upregulation of
histones could aid in DNA repair, but as of yet, the process has not been fully confirmed.

When the cells were treated with SMCE, there were no significant changes in expres-
sion level. However, after fractionation, SMHF not only further increased the expression
of histone H2A type 1-B, but also H1.2 and H1.5. SMEAF also upregulated histone H1.2
and H2A type 1-A. In contrast, SMWF was the only fraction that downregulated histone
H2A type 2-B, H2B, H1.2, and H4. Although, from this data it is possible that SMHF and
SMEAF might be implicated in processes involving DNA repair and maintenance, however,
the increased expression of H1.2 by both extracts is concerning. This is because, when
histone H1.2 translocates from the nucleus to the cytosol, it has been reported to become
pro-apoptotic and is able to induce cell death by interacting with the cytochrome C and
proapoptotic Bcl-2 family in x-ray irradiated rat cells [44]. This is further supported by
Ruiz-Vela and Korsmeyer [45], who showed that histone H1.2 promotes the activation of
caspase 3 and 7 via apoptotic protease activating factor 1 (APAF-1) and caspase-9 in the
UV induced apoptosis process. Hence, further studies must be done to better elucidate the
effect SMHF and SMEAF have on histones.

On the other hand, nucleophosmin, a nucleolar phosphoprotein, plays an essential
role in cell proliferation, ribosome biogenesis, and cell survival in DNA-damaged cells [46].
Some of the existing findings on the effect of UV on nucleophosmin showed that UV ex-
posure upregulates nucleophosmin dose-dependently and the increase in nucleophosmin
reduces cell death [47,48]. Similar observations on nucleophosmin upregulation were
also seen when fibroblast cells were exposed separately to either UVA or UVB [37,49].
Subsequently, overexpression of nucleophosmin suppressed both p53 and p21 expression,
although the limit of suppression on p21 stops at a certain dose of UV radiation. Higher
doses of UV are unable to inhibit p21 expression, signifying that nucleophosmin may func-
tion as an early sensor mechanism against genotoxic stress [47]. The lack of nucleophosmin
also arrested the cell cycle in the G2 phase following UV exposure, resulting in a delay of
cell mitosis and proliferation [47]. Another study showed that nucleophosmin is able to
increase PCNA expression by regulating the PCNA promoter, thus mediating DNA repair
via the nucleotide excision repair pathway [48]. However, in this study, nucleophosmin was
downregulated instead under UVB phototoxicity as can be seen in Figure 2. This suggests
that the process of DNA repair had been inhibited by UVB at 24 h after exposure, thus
encouraging the cells toward cell death. Although SMCE does not affect the expression
levels of nucleophosmin, SMHF was able to inverse the effect UVB had on nucleophosmin.
Furthermore, an increase in PCNA by SMHF was also observed, further emphasizing the
potential of SMHF in initiating DNA repair in UV-damaged cells. Additionally, although
these proteins had no changes between the UVB and non-UVB control, upregulation of
these two proteins by SMHF might indirectly affect the DNA repair mechanism and even
cell survival in keratinocyte cells. One of the proteins that were upregulated is the nucle-
osome assembly protein 1-like 1. This protein is known for its role in histones H2A and
H2B transportation into the nucleus and also its ability to remove and replace H2A-H2B or
other histone variant dimers, facilitating nucleosome sliding along the DNA in favor of
thermodynamically better positions [50,51]. Another is the protein, GAPDH. Traditionally,
this protein is commonly used as a housekeeping gene, but this protein is in fact involved
in many different cellular processes such as DNA repair, membrane fusion and transport,
tRNA export, cytoskeletal dynamics, and even cell death [52–57]. Therefore, more studies
on SMHF are warranted. On the flip side, SMWF lowered the expression of nucleophosmin,
PCNA, and GAPDH, implicating its inhibitory effect on DNA maintenance and repair in
UVB damaged cells. Subsequently, SMEAF itself did not affect any of these proteins.
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2.2.4. Modifications of Downstream Process from RNA to Protein

In addition to DNA damage, poly (RC) binding protein 1, which is responsible for
RNA transcription, splicing, and translation were also downregulated by UVB exposure,
affecting downstream processes of protein synthesis. Other proteins involved in pro-
tein synthesis are also dysregulated by UVB as depicted in Figure 2. These proteins are
ribosomes and eEF2, a protein that acts as a catalyst to the ribosomes in shifting the
mRNA-tRNA complex within ribosomes from the 5′ end to 3′ end in a process called
translocation [58]. Apart from being involved in protein synthesis, ribosomes like ribo-
somal protein L12 are also involved in the translocation of newly synthesized ribosome
protein from the cytoplasm to the nucleus with importin 11 [59]. Under the exposure of
100 mJ/cm2 UVB, the ribosomal protein gene expression in primary human keratinocyte
cells was reported to be significantly increased 6 h after exposure [60]. However, this
increase in expression was significantly reduced at 24 h, along with the expression of eEF2.
Following the treatment of cells with S. macrophylla extract and fractions, SMCE was seen
to further reduce the expression of 60S ribosomal protein L18, but did not change the
expression level of poly (RC) binding protein 1 or eEF2. Nonetheless, SMHF significantly
elevated poly (RC) binding protein 1, several ribosomal proteins, and eEF2 levels. SMHF
also increased the expression of hnRP D0 and K, in which both are of the same hnRP family
as poly (RC) binding protein 1 and are also involved in RNA regulation either through
DNA or RNA binding [61–63]. Again, SMEAF induced no changes in the expression of
the proteins mentioned, while a completely opposite effect was obtained from cells treated
with SMWF. The expression of various ribosomes, poly (RC) binding protein 1, eEF2, and
hnRP K was diminished under the treatment of SMWF. Hence, it can be suggested that
only SMHF might be able to augment the protein synthesis pathway after UVB.

On another note, under environmental stresses such as UVB exposure, the overexpres-
sion of ROS depletes Ca2+ ions from the endoplasmic reticulum (ER) lumen. Subsequently,
this leads to the malfunction of ER chaperones and other proteins, which then leads to
the accumulation of unfolded or misfolded proteins, promoting ER stress [64]. In the
event this occurs, HSPs are expressed. HSPs are proteins that are expressed in response
to cellular stress, for example, oxidative damage, chemical stress, hyperthermia, etc., and
are commonly known for their maintenance of cellular proteostasis [65,66]. However,
their location and physiological role vary according to their classification, which can be
separated based on their molecular size that ranges from 10 to more than 100 kDa [67]. In
addition, the expression of HSP has been correlated to cell survival [68]. As reported by
Merwald et al. [69], increased expression of HSP-72 through prior induction demonstrated
increased keratinocyte cell survival under UVB irradiation in comparison to the control.
This suggests that the expression of HSP is key to stress tolerance and the survival of
keratinocytes against phototoxicity.

The expression level of HSPs has been noted to change according to various time
points after UVB exposure. In a study where the cellular protein was collected at the 5 h
time point, HSP-60 and -70 kDa was increased in normal human epithelial keratinocyte
cells [70]. However, at the 12th hour, Howell et al. [71] reported a decrease in the mRNA
of heat shock cognate 71 kDa protein. Consecutively, in this study, the expression of two
HSPs, HSP-70 kDa protein 8 and HSP-90α was significantly downregulated compared
to the non-UVB control 24 h after exposure to 50 mJ/cm2 UVB. It is possible that after
the initial exposure of UVB, the expression of HSP is triggered and thus increases rapidly,
but then the expression will slowly decrease with time as cell death occurs. Nevertheless,
with the treatment of SMHF, not only was the expression of the two HSPs upregulated,
but three other HSP, HSP-10, HSP-70 kDa protein 4, and HSP-70 kDa protein 9, were
also upregulated. In contrast, SMWF was seen to significantly further downregulate the
expression of various HSPs while no changes in HSP expression were seen in both SMCE
and SMEAF.

The upregulation of HSP-10, HSP-70, and HSP-90 kDa by SMHF as seen in Table 1
is a good sign of cell survival as their functions are important in cell maintenance. HSP-
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10 kDa, in conjuncture with HSP-60, was reported to inhibit cell apoptosis by modulating
the Bcl-2 family and thereby the intrinsic apoptotic pathway in cardiac muscle cells [72].
On the other hand, HSP-70 kDa is involved in the folding, assembly, and refolding of
aggregated and misfolded proteins. They also control the membrane translocation of
proteins and regulate the activity of regulatory proteins [73]. Finally, HSP-90 kDa acts
as an actin-binding protein, modulating cell migration, which is essential for wound
healing [74,75]. Topical application of HSP90α infused in 10% carboxymethylcellulose
cream on a 1 × 1 cm wound located on the back of nude mice for five days significantly
accelerated wound closure. Further analysis of the mice skin revealed that the HSP90α
cream instigated significant re-epithelialization and formed thicker and longer epidermis
compared to the control [76]. Hence, the increase of these HSPs by SMHF is a good indicator
of its potential photoprotective and wound healing abilities.

Besides HSPs, the presence of PDI under oxidative stress is also essential to cell
survival. PDI plays an important role in adding disulfide bonds into proteins through
the oxidase activity and via the isomerase activity, which aids in the rearrangement of
incorrect disulfide bonds [77]. This means that through PDI, there are fewer misfolded
proteins as disulfide bonds are vital in maintaining the structure, regulation, and function
of proteins [78]. Although PDIs are anti-apoptotic biomarkers for tumor growth, metastasis,
and angiogenesis, it may yet be an essential protein to look into and upregulate to promote
cell survival and proliferation in skin cells after UVB irradiation [79,80]. In human fibroblast
cells, both PDI and PDI-A3 were significantly upregulated 24 h after being exposed to
70 mJ/cm2 UVB dosage [37]. Another study on the 3D cell culture of CDD 1102 KERTr
human keratinocyte cell line also displayed a significant increase in PDI protein expression
24 h after exposure to 60 mJ/cm2 UVB [81]. Similarly, in this study, PDI-A6 protein levels
were significantly increased after UVB exposure while no changes in the other PDIs were
seen (Table 1 and Figure 2). Treatment with SMCE induced no difference in the expression
of PDI. Nevertheless, with the treatment of SMHF, not only were the increased levels of
PDI-A6 maintained, but the PDI-A3 and PDI-A4 levels were also significantly elevated
when compared to the UVB control. The increase in PDIs after UVB irradiation by SMHF
is a good indication of the treatment in combat against UVB phototoxicity. On the other
hand, SMEAF suppressed the expression of PDI-A3 while SMWF downregulated PDI-A4
and PDI-A6.

2.2.5. UVB Exposure Affects Cell Growth, Proliferation, and Migration

The dysregulation of actin cytoskeleton dynamics via UVB exposure could bring about
the disruption of cell growth, division, migration, and proliferation necessary for wound
healing, leading to cell death. In this experiment, proteins such as chaperonin-containing t-
complex polypeptide 1 (CCT) -β and δ, cofilin 1, profilin 1, phosphoserine aminotransferase,
myosin light polypeptide 6, and myosin 9 experienced significant downregulation 24 h
after the exposure of UVB on HaCaT. These proteins are, in one way or another, connected
to the regulation of actin rearrangement and cytoskeleton organization. For example,
CCT, a cytosolic molecular chaperone, is known to assist in the folding of tubulin, actin,
and many other cytosolic proteins [82]. It also acts as a modulator in the process of
assembling the cell cytoskeleton [83]. Cofilin1 and profilin-1, on the other hand, work
hand in hand with CAP1 and various other actin-associated proteins in actin filamin turn
over [84,85]. Aberrant expressions of these proteins will result in the alteration of cell–cell
adhesion, cell proliferation, and motility [85–87]. Next, phosphoserine aminotransferase,
an enzyme involved in serine biosynthesis, has also been implicated in an increase in the
proliferation of cells [88]. It was reported that when phosphoserine aminotransferase was
suppressed, alterations in cell morphology and F-actin cytoskeletal arrangement was seen.
Furthermore, the suppression also inhibited the migration and motility of triple negative
breast cancer [89]. Finally, myosins are actin-based molecular motors that function to bind
actin filaments together [90]. When the skin is wounded, myosin II, made partly of myosin
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9, generates contractile forces necessary for cell motility and migration into the wounded
area [91].

When the cells were treated with S. macrophylla extract and fractions, SMCE can
be seen to decrease the expression of filamin B β. Filamins are actin-binding proteins
that act as crosslinks to the actin cytoskeleton filaments to form a dynamic structure.
They also aid in anchoring the structure to plasma adhesion receptors present on the
membrane [92]. Hence, downregulation of filamin B β can possibly bring an impairment
to cell structure and growth. Nevertheless, after fractionation, a big change in protein
expression was seen for each fraction. This is especially true for SMHF as SMHF not
only elevated CCT-β and -δ levels, but other CCT subunits like CCT- γ, ε, and η were
also increased. SMHF also increased both the expression levels of cofilin 1, profilin 1,
and phosphoserine aminotransferase. This could be an indication that SMHF might be
able to counteract UVB damage by activating proteins needed in the wound healing
process, despite not increasing myosin light polypeptide 6 and 9 expression levels. Further
analysis on SMHF also showed that the fraction had additionally increased CAP1, filamin
A, ezrin, keratin type I cytoskeletal 14, keratin II cytoskeletal 8, alpha-actinin 1, annexin
A1, and LASP-1. These proteins that were elevated in expression have been ascribed
as regulators of the actin cytoskeleton dynamics and some might potentially aid in the
positive growth and proliferation of cells. In the case of filamin A, the lack of it was stated
to cause a defect in the formation of cell junctions in filamin A null embryonic mice, while
alpha-actinin 1 initiates cell motility through the regulation of focal adhesions, β4 integrin
localization, and actin cytoskeleton organization [93,94]. Furthermore, the exposure of cell
growth factors had shown stimulation of LASP 1 re-localization from the cell periphery
to focal adhesion during cell migration, indicating its importance in cell migration [95].
On the other hand, even though annexin A1 is involved in many cellular processes, it was
also reported to induce migration in fibroblast cells [96]. Finally, type I and II keratins
are intermediate filaments and through post-translational modifications, they regulate
cytoskeletal reorganization, while ezrin acts as linkers between the actin cytoskeleton and
plasma membrane [97,98]. The other extract and fractions, besides SMEAF increasing the
expression of keratin type I cytoskeletal 8, showed no upregulation in any of the proteins
mentioned, suggesting that either they have very little or negative involvement in cell
growth, proliferation, and migration after UVB irradiation. Although SMEAF increased the
expression of keratin type I cytoskeletal 8, it also downregulated the expression of fascin,
which is an actin bundling protein that has been reported to be involved in cell motility
and invasion in cancer cell lines [99]. Therefore, due to the conflicting contradictory data,
more studies are needed to truly understand the mechanism behind the molecular changes
caused by SMEAF. SMWF, on the other hand, continues to downregulate many proteins
involved in cell growth, proliferation, and migration, as can be seen in Figure 3, potentially
suppressing the epidermis’s ability to heal and repair itself after UVB irradiation.

2.2.6. SMHF Upregulates Proteins Involved in Cell Glycolysis

To maintain homeostasis and perform cellular maintenance such as DNA repair,
protein turnover, transcription, and translation, etc., a considerable amount of energy
is required [100]. Hence, changes in the glycolysis process are also important to take
note as it could determine cell survival. In UVB control cells, phosphoglycerate kinase 1
was decreased, but this effect was attenuated by SMHF. In addition, SMHF also elevated
the protein levels of malate dehydrogenase cytoplasmic, glucose-6-phosphate isomerase,
triosephosphate isomerase, and ATP synthase subunit β. All these proteins listed are
proteins that are involved in the glycolysis process with ATP synthase as the producer
of ATP [101–106]. The upregulation of these proteins coincides with the data obtained
for SMHF, whereby SMHF treated cells showed an increase in proteins involved in DNA
repair and maintenance, RNA transcription and translation, protein processing after UVB
irradiation. This further supports the possibility of SMHF attenuating the damage induced
by UVB. Once again, no significant changes in these proteins were seen in SMCE and
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SMEAF. However, SMWF displayed downregulation in phosphoglycerate kinase 1, malate
dehydrogenase cytoplasmic, glucose-6-phosphate isomerase, triosephosphate isomerase,
and ATP synthase subunit β, suggesting that the glycolysis process may be suppressed
by SMWF.

2.2.7. Dysregulation of Gene Expression in HaCaT Cells after UVB Irradiation

Besides delving deep into UVB-induced dynamic proteomic dysregulation, the modu-
latory effect of UVB on inflammatory and collagen degrading genes was also investigated.
Here, we investigated three inflammatory markers: TNF-α, NF-κB, and COX-2, and a
collagen degrading marker, MMP-1. Skin exposure to UVB induces the upregulation of
ROS, which stimulates the cascade of inflammatory response such as the expression of
NF-κB [107]. In turn, NF-κB then activates the production of proinflammatory cytokines,
like TNF-α [108]. According to Yeo et al. [109], the increase of TNF-α can upregulate the
binding of early growth response-1 (EGR-1) to the MMP-1 promoter through activation of
extracellular signal-regulated kinase (ERK)1/2, JNK, and p38 kinase, ultimately increasing
the expression of the MMP-1 protein. Furthermore, the overexpression of TNF-α can
also activate the ASK1-mediated pathway, which prolongs the prolonged activation of
JNK and p38 [110], thus, suggesting an equally prolonged expression of MMP-1 in the
cell. On another note, NF-κB can also directly affect the production of MMP-1 as it has
been discovered that the MMP-1 promoter also contains NF-κB binding sites [111,112]. A
study done by Elliott, Coon, Hays, Stadheim, and Vincenti [111] had shown that NF-κB1
homodimers, together with IL-1β and Bcl-3, can activate the MMP-1 transcription. Finally,
the expression of COX-2 is mediated by NF-κB and its expression has been linked with
UVB-induced cell inflammation, death, and skin carcinogenesis [113,114]. As per data
procured, UVB control cells displayed a significant increase in TNF-α, NF-κB, COX-2,
and MMP-1 expression level by 1.69, 1.44, 3.74, and 9.54-fold, respectively, compared to
non-UVB control cells (Figure 4A–D). Nevertheless, SMCE was able to negatively regulate
the expression of TNF-α to a 1.03-fold change and MMP-1 to a 5.07-fold change. On the
other hand, SMHF was only able to downregulate NF-κB (0.64-fold), while SMEAF signif-
icantly decreased TNF-α, NF-κB, and MMP-1 levels by 0.72, 0.37, and 5.11-fold change,
accordingly. Aside from that, SMWF displayed no significant changes in the expression
of all four genes compared to the UVB control. This inability of SMWF to suppress all
four genes coincides with the proteomics data obtained, which is that SMWF is unable to
attenuate UVB-induced cell death. Regardless, none of the extract and fraction were able
to significantly decrease COX-2 transcription levels, although SMCE and SMEAF showed
slightly lowered expressions.

The implications of SMCE, SMEAF, and SMHF’s ability to regulate these genes are
important as these genes not only affect cell survival, but also the photoaging of the skin.
Hence, the inhibition of SMEAF in the expression of NF-κB, TNF-α, and MMP-1 suggests
that SMEAF can not only inhibit the UVB- induced inflammatory process, but is also able
to suppress collagen degradation. SMCE also displayed the same aptitude as SMEAF,
even though it was only able to slightly suppress the expression of NF-κB. However, in
conjunction with the proteomics studies, even though SMHF significantly decreased the
expression of NF-κB and significantly increased the expression of PRDX-1 (an inhibitor
to the ASK-1 activity), it was not sufficient to suppress the expression of MMP-1. Based
on this outcome, it might be suggested that the inability of SMHF to decrease MMP-1
expression could be due to its inability to significantly suppress the expression of TNF-α,
showing the importance of TNF-α in the role of MMP-1 expression.
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Figure 4. Gene expression changes in HaCaT cells after UVB irradiation and treatment with S. macrophylla extract and fractions. HaCaT cells were treated with SMCE, SMHF, SMEAF, and
SMWF (at indicated concentrations) before being irradiated with 50 mJ/cm2 UVB immediately. After irradiation, the extract was removed and the cells were left to incubate for 24 h before
mRNA extraction. The fold changes in (A) TNF-α, (B) NF-κB, (C) COX-2, (D) MMP-1 (E) cyclin D1, and (F) Bax mRNA expression were analyzed using qPCR. Data were expressed as
mean ± standard deviation. (n ≥ 3; p-value ≤ 0.05; # symbolizes significant difference between non-UVB and UVB control; * symbolizes significant difference between UVB control
and sample).
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Other than the changes in inflammatory and collagen degradation, the effect of
S. macrophylla against UVB-induced cell cycle arrest and apoptosis were also investigated.
Subsequently, our study on cell cycle changes revealed that cyclin D1 experienced no
changes in expression 24 h after 50 mJ/cm2 UVB irradiation (Figure 4E). However, treat-
ment with SMHF significantly decreased the expression of cyclin D1 compared to the UVB
control cells. Both SMCE and SMEAF also decreased the expression of cyclin D1, although
not significantly, while cells treated with SMWF showed no changes in the expression of
cyclin D1. In the process of cell cycle, the coordination of CDK, CDK inhibitor, and cyclin
expressions are essential to ensure continuous cell proliferation, and among the cell cycle
related genes, both CDK2/cyclinE1 and CDK4/cyclinD1 complexes have a role to play in
the G1/S phase transition, while CDK1 and cyclin B1 is responsible for the transition of
cells from the G2 to M phase [115]. However, under environmental stresses, the progression
of cell cycle can be inhibited, thus halting cell proliferation [116]. According to Han and
He [117], cell cycle progression of keratinocytes is UVB dose-dependent. All cells exposed
to UVB were significantly arrested in the S phase 18 h after exposure. They also displayed
an increase in cyclin D1 expression at the 3 h time point and decreased expression at the
6 h timepoint during the S phase. This increase in cyclin D1 was reported to be due to the
activation of the AKT, ERK, and EGFR pathways, which in turn are activated by MMP.
After 48 h, cells exposed to lower doses of UVB were seen to successfully exit the S phase
and returned to the G0-G1 phase, but those that were exposed with higher doses of UVB
stayed longer in the S phase. The arrest of cells by UVB in the S phase is most likely due
to the increase in cyclin D1 expression as Yang et al. [118] reported that it is necessary for
cyclin D1 levels to be low in the S phase to allow for efficient DNA synthesis. As UVB
has been known to cause damage to DNA, it could be possible that the cells were arrested
to inhibit DNA synthesis. In the case of SMHF treated cells, the decrease in cyclin D1
expression coincides with the data obtained from LC-MS/MS as SMHF was shown to
upregulate proteins that are involved in DNA repair and maintenance. With the combi-
nation of increased DNA repair proteins and decreased cyclin D1 expression, it could be
possible that SMHF treated cells are able to actively repair and synthesize DNA. However,
this claim needs to be further confirmed with further tests. As for SMCE and SMEAF, the
decrease in cyclin D1 could be due to their ability to suppress MMP-1 expression, but this
has yet to be confirmed.

In the apoptotic pathway, we focused on the expression of Bcl-2-associated X protein
(Bax) as it plays an important role in forming the apoptotic pores at the mitochondrial outer
membrane. When the apoptotic pores form, it is then at this stage where it is considered as
the point of no return for the cells [119]. The permeabilization of the mitochondria outer
membrane will then lead to the release of cytochrome C and the activation of caspases in-
volved in the intrinsic apoptotic pathway [119]. In our study, an increase in Bax expression
was seen at 24 h in UVB control cells, as shown in Figure 4F. This increase in Bax in UVB
control cells is expected as it was previously reported in several studies, indicating that
the exposure of keratinocytes to UVB would ultimately lead to the activation of apopto-
sis [120,121]. However, when treated with SMCE, SMHF, and SMEAF, the expression of Bax
was decreased. In addition, the decrease in Bax mRNA expression was significant for cells
treated with SMEAF. Thus, this suggests that SMCE contains bioactive compounds that may
be able to suppress UVB-induced apoptosis and after fractionation, SMHF and, especially,
SMEAF, are the two fractions that contain the compounds responsible for suppressing Bax.
In contrast, there were no changes in the expression of Bax when the irradiated cells were
treated with SMWF. The lack of change in both cyclin D1 and Bax expression together with
suppression of DNA repair proteins in SMWF treated cells might suggest that the cells may
be experiencing cell cycle arrest and might be entering the apoptosis pathway. Even so,
further analysis on the apoptotic pathway, extract fractionation, and continuous bio-guided
assays is still necessary to identify the compound that is able to reverse or inhibit the effect
of UVB. The changes in gene expression and its related pathway can be seen in Figure 5.
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Overall, these experiments showed that UVB does induce a massive change in both
gene and protein expression, affecting their regulation and ultimately, cell survival. To
provide an overview, Figure 6 depicts a summary of the gene and protein expression
changes throughout the whole cell after UVB exposure. As the cells were irradiated
with UVB, ROS and RNS were produced, while the redox system was inhibited. This
leads to the production of inflammatory markers, which induces a cascade of reactions,
leading to collagen degradation and subsequently, cell death. Furthermore, damage to
the cell DNA also occurred, which in turn suppressed RNA transcription, translation, and
protein processing. Subsequently, UVB exposure also decreased the expression of proteins
involved in DNA maintenance and repair, inhibiting any form of repair on the UVB-
induced CPD and pyrimidine-pyrimidone (6-4) photoproduct. Furthermore, the proteins
involved in both the glycolysis process and cell growth, proliferation, and migration
processes were also affected by UVB irradiation. All in all, the suppression of these genes
and proteins will ultimately encourage the cell to begin cell death. However, this effect
can be reversed with S. macrophylla as a treatment against UVB-induced photodamage.
Although SMCE was only able to inhibit the production of inflammatory markers and
subsequently collagen degradation itself, its fractions displayed a wider effect throughout
the cells. SMHF exhibited a significant increase in a wide array of proteins that reverses
the effect of UVB on many cell processes including the redox system, DNA synthesis
and repair, glycolysis process, RNA to protein processes, and finally, it also induces cell
growth, proliferation, and migration. On the other hand, SMEAF retained the same
effect as SMCE but with the addition of being able to significantly inhibit Bax, indicating
that the compounds responsible for the anti-inflammatory, anti-collagen degrading, and
potentially anti-apoptotic activity may be within the SMEAF fraction. In comparison to
the other fractions, SMWF was not only to be unable to inhibit the effect of UVB, but
also additionally seems to further encourage cell death. Based on the data, it can be said
that although SMCE can attenuate UVB-induced photodamage, its effect can be enhanced
further via fractionation. This could be due to the removal of antagonistic compounds
from the mixture, where in this case, SMHF showed an improved reversal effect against
UVB damage while SMWF displayed the opposite effect. Hence, for future studies, further
fractionation of the current existing fractions should be conducted to improve their efficacy
against photoaging. Next, the creation of cosmetic formulation with S. macrophylla fractions
as the active ingredient and in vivo human clinical testing of said formula on skin hydration,
elasticity, sebum production, and pigmentation can also be conducted, as described by
Tian et al. [122], Goh et al. [123], Adejokun and Dodou [124], and Mosquera et al. [125], to
better study its anti-photoaging effect on the skin.
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Figure 5. Activation of the redox system, cell inflammation, collagen degradation, cell cycle arrest and intrinsic apoptosis by UVB and the effect SMCE, SMHF, and SMEAF treatment has
on the irradiated keratinocyte cells.
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Figure 6. An overview of the effect of S. macrophylla extract and fractions against UVB-induced photodamage in keratinocyte cells.
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3. Materials and Methods

3.1. Plant Material and Extraction

Seeds of S. macrophylla (3 kg) were purchased from a local market and a voucher of
the specimen (No. KLU46901) was deposited at the Herbarium of Institute of Biological
Sciences, Faculty of Science, University of Malaya, Malaysia. To extract the bioactive
compounds, the seeds were first dried and then ground finely before being soaked in
ethanol at room temperature for 72 h. After filtration, the mixture was concentrated in
a rotary vacuum evaporator at 40 ◦C to yield SMCE. Some portions of SMCE were then
further processed to obtain SMHF using the hexane solvent. The liquid hexane fraction
was separated from its insoluble residues via filtration, dried using anhydrous sodium
sulfate, and concentrated again with the rotary vacuum evaporator at 40 ◦C. The insoluble
residues were then subjected to a solvent–solvent portioning of ethyl acetate and water at a
1:1 ratio. After complete separation of both layers, SMEAF was evaporated using rotary
vacuum evaporation while SMWF was freeze-dried with a freeze dryer [126].

3.2. Cell Line and Maintenance

The human keratinocyte (HaCaT) cell line (American Tissue Culture Center, Chapel
Hill, NC, USA) was used to emulate the epidermal skin cells. They were maintained with
culture medium of 1× high-glucose Dulbecco’s Modified Eagle Medium (DMEM), sup-
plemented with GlutaMAX without HEPES (Gibco, Thermo Fisher, Waltham, MA, USA),
10.0% fetal bovine serum (Gibco, Thermo Fisher, Waltham, MA, USA), and 1.0% antibi-
otic/antimycotic solution (100 U/mL penicillin, 100 µg/mL streptomycin, and 25 µg/mL
amphotericin B) (Gibco, Thermo Fisher, Waltham, MA, USA). The cells were incubated at
37 ◦C in 5% CO2 atmospheric conditions [127].

3.3. Cytotoxicity Assay

The cytotoxicity assay was conducted to determine the non-cytotoxic concentration
of each extract and fraction on HaCaT cells. The cells were incubated with 0, 1.56, 3.125,
6.25, 12.5, 25, 25, 50, and 100 µg/mL of each extract and fraction for 24 h before its
cell viability was assessed using the 3-(4,5-dimethylthiazol-2-Y1)-2,5-diphenyltetrazolium
bromide (MTT) assay. In each well, 20 µL of MTT was added and the plate was then
incubated for 2 h. After that, the solution was removed and100 µL of dimethyl sulfoxide
(DMSO) was then added into each well. The absorbance was measured at 570 nm via a
microplate reader and the percentage of cell viability was calculated after normalizing
against the control cells.

3.4. UV Irradiation

To study the effect of UVB on keratinocyte cells, the cells were seeded in six well
plates at a concentration of 300,000 cells/well. The following day, the cells were rinsed
with phosphate buffered saline (PBS) and then treated with either 6.25 µg/mL SMCE,
100 µg/mL SMHF, 12.5 µg/mL SMEAF, or 50 µg/mL SMWF in 1.5 mL PBS per well, with
0.5% DMSO as the vehicle, before being irradiated with 50 mJ/cm2 of UVB using a Philip
UVB Broadband TL 20W/12 phototherapy lamp (Philip, Amsterdam, The Netherlands)
according to Mahendra et al. [128] with slight modifications. The UVB dose was measured
using a Lutron UV light meter UV-340A (Lutron, Taipei, Taiwan). After irradiation, the PBS
solution was removed and replaced with 3 mL of media in each well. Non-UVB and UVB
control plates (untreated cells that were either irradiated or non-irradiated) were treated
the same way as the sample plates. This included rinsing and treating the cells with 0.5%
DMSO in 1.5 mL PBS per well for a similar amount of time before the PBS was replaced
with media. The cells were incubated for 24 h before RNA or protein extraction.
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3.5. Protein Expression Studies

3.5.1. Preparation of Lysis Buffer

Fresh lysis buffer was prepared a day before protein extraction. The lysis buffer was
prepared by combining 10 mM Tris solution with 0.1% Triton X. The pH of the solution was
then adjusted to pH 7.4 using hydrochloric acid before being sterile filtered with a 0.22 µM
cellulose acetate syringe filter (Sartorius, Göttingen, Germany) and stored at 4 ◦C.

3.5.2. Protein Extraction

Cells were harvested using Tryple E (Gibco, Thermo Fisher, Waltham, MA, USA) and
pelleted via centrifugation at 1000 rpm for 5 min. To completely remove the presence of
media, the cells were rinsed and pelleted twice. Next, the PBS was removed and the pellet
was resuspended in 80 µL of ice-cold lysis buffer. The mixture was then freeze–thaw for
three cycles under these conditions: −152 ◦C, 10 min; 37 ◦C for 2–3 min. Subsequently,
the mixture was centrifuged at 10,000× g at 4 ◦C for 15 min and the supernatant was
collected and stored at −80 ◦C in low protein binding microcentrifuge tubes (Eppendorf,
Hamburg, Germany).

3.5.3. Bicinchoninic Acid (BCA) Protein Assay

Protein concentration was measured via a BCA Protein Assay Kit (Thermo Fisher,
Waltham, MA, USA), according to the manufacturer’s instructions. In short, reagent A and
B were mixed at a 50:1 ratio to create the working reagent. After that, aa 10 µL protein
sample was added to the well with 200 µL working reagent. The plate was then incubated
at 37 ◦C for 30 min before allowing to cool and measured at 562 nm. Later, the absorbance
obtained was subtracted with the blank absorbance prior to calculating the concentration
based on the standard curve. The standard curve was built on the increasing concentrations
(0–1500 µg/mL) of bovine serum albumin (BSA) (Sigma, St. Louis, MI, USA).

3.5.4. In-Solution Tryptic Digestion

Protein samples (10 mg/mL) were denatured in a solution containing 1 µL of 200 mM
1,4-dithiothreitol (DTT), 25 µL of 100 mM ammonium bicarbonate, and 25 µL trifluo-
roethanol (TFE). The mixture was mixed via vortexing and heated for 1 h at 60 ◦C. After
incubation, 4 µL of 200 mM iodoacetamide (IAM) stock was added to the mixture to alky-
late the proteins for 1 h in the dark at room temperature. Next, 1 µL of 200 mM DTT was
added to quench the excess IAM and the mixture was again incubated for 1 h in the dark at
room temperature. Subsequently, 300 µL of ultrapure water and 100 µL of 100 mM ammo-
nium bicarbonate was added to the samples before following with 1 µL of 20 µg/mL MS
grade trypsin (Thermoscientific, Waltham, MA, USA), which was reconstituted in 50 mM
acetic acid. The mixture was incubated for 16 h at 37 ◦C for complete protein digestion.
After that, 1 µL of formic acid was added to the mixture to stop the trypsin reaction. Finally,
the samples were dried overnight in the MiniVac speed vacuum concentrator (Lobogene,
Lillerød, Denmark) and stored at −20 ◦C.

3.5.5. Protein Sample Desalting and Cleanup

The samples were cleaned and desalted before LCMS/MS analysis using a Pierce®

C18 Spin column (Thermoscientific, Waltham, MA, USA), according to the manufacturer’s
instructions. After clean up and desalting, the sample was once again dried overnight
in the MiniVac speed vacuum concentrator (Lobogene, Lillerød, Denmark) and stored
at −20 ◦C.

3.5.6. Analysis of Protein Samples with Nanoflow-Ultra High-Performance
Chromatography-Tandem Mass Spectrometry (LC-MS/MS)

This method was done following the method described by Paudel et al. [129]. First,
protein samples were dissolved in 30 µL 0.1% formic acid before centrifuging at 14,000 rpm
for 10 min. Next, 1 µL of the sample was loaded into an Agilent C18, 300 Å large capacity
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chip (Agilent Technologies, Santa Clara, CA, USA), and the chip was mounted onto the
Agilent 1200HPLC-Chip/MS interface, which was coupled with an Agilent 6500 iFunnel
quadrupole-time of flight (Q-TOF) LC/MS system. The flow rate was set at 4 µL/min
from an Agilent 1200 Series Capillary pump and 0.5 µL/min from an Agilent 1200 Series
Nano Pump with solution A (0.1% formic acid in water) and solution B (90% acetonitrile
and 0.1% formic acid in water). The samples were then eluted with multi-step gradients
of 5–75% of solution B (30 min of 5–75% solution B, 9 min of 75% solution, and 8 min of
5–75% solution B). The ion polarity of Q-TOF was set at positive with a capillary voltage of
2050 V, the gas temperature at 325 ◦C, fragmentor voltage at 360 V, and finally, drying gas
flow rate of 5 L/min. The spectra acquired were in auto MS/MS mode with an MS scan
range of 110–3000 m/z and an MS/MS scan range of 50–3000 m/z. The precursor charge
state selection and preference were fixed as doubly, triply, or more than triply charged
state, with the exclusion of precursor 299/294457 m/z (Z = 1) and 1221.990637 m/z (Z = 1)
(reference ions).

3.5.7. Protein Identification and Differential Expression Studies with PEAKS
Bioinformatics Software

To determine the protein identification and differential expression, label-free quan-
tification (LFQ) was conducted using PEAKS studio 7.5 (Bioinformatics Solution Inc.,
Waterloo, ON, Canada) using the method as described by Paudel et al. (2020) with slight
modification. Homo sapiens (Uniprot database) was used for homology search and protein
identification. The carbamidomethylation was preset as a fixed modification with maxi-
mum missed cleavages at 3. Parent mass and fragment mass error tolerance were set at
0.1 Da with monoisotopic as the precursor mass search type. Trypsin was then selected as
the digestion enzyme. The data filtering parameters were set at 1% false discover rate (FDR)
with unique peptides ≥1. The LFQ parameters used were: retention time shift tolerance of
6 min, mass error tolerance of 20 ppm, and FDR threshold of 1%. The protein expression
of the UVB control cells was compared against the non-UVB control cells, while samples
treated with SMCE, SMHF, SMEAF, SMWF were compared against the UVB control cells
using hierarchical clustering. The heat map was generated by setting the protein signif-
icance ≥13, which was the p-value of 0.05, fold change ≥1, and had at least one unique
peptide. To calculate the significance, PEAKS Q was used and experimental bias was taken
into account via automatic normalization of protein ratios in accordance with the total ion
chromatogram (TIC) [129].

3.6. Quantitative Polymerase Chain Reaction (PCR) Analysis of Gene Expression Changes in UVB
Irradiated Cells

Total mRNA was then collected using 300 µL of Trizol. The Trizol was then processed
with a 1:5 ratio of chloroform to Trizol. The solution was vortexed and incubated for
3 min at room temperature before centrifuging at 13,500 rpm at 4 ◦C for 15 min. The
upper colorless aqueous phase was extracted and mixed with 100% isopropyl alcohol at a
1:2 ratio. The mixture was mixed gently and incubated for 10 min at room temperature
before centrifuging again at 13,500 rpm at 4 ◦C for 15 min. The supernatant was discarded
carefully and the pellet was rinsed with 75% ethanol before centrifuging at 10,500 rpm
for 5 min at 4 ◦C. The supernatant was discarded and the rinsing process was repeated.
Finally, the pellet was air-dried for 5 min and dissolved in 10 µL of DEPC ultrapure water.
The RNA concentration was measured at A260/A280. Total mRNA that was collected
was converted to cDNA using a High Capacity cDNA Reverse Transcription Kit (Applied
Biosystem, San Francisco, CA, USA) and cDNA was prepared for gene expression reading
using the Power SYBR Green PCR Master Mix. qPCR analysis was done using the Step
One Plus Real-Time PCR System (Applied Biosystem, San Francisco, CA, USA). Primers
for 18S ribosomal RNA, TNF-α, NF-κB, COX-2, Bax, cyclin D1, and MMP-1 were either
obtained from journals or designed using NCBI Primer Blast. The sequences of each primer
can be seen in Table 2.
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Table 2. Forward and reverse primers that were used to study gene expression changes via qPCR.

Target Gene Sequence References

TNF-α
Forward: 5′-CCAGGCAGTCAGATCATCTTCTC-3′

[130]Reverse: 5′-AGCTTGAGGGTTTGCTACAACAT-3′

NF-κB
Forward: 5′-GACGAGAACGGAGACACA-3′ Designed with NCBI Primer Blast
Reverse: 5′-TGGTTGGTAGGTTGACAAC-3′

COX-2
Forward 5′-TGCGCCTTTTCAAGGATGGA-3′ Designed with NCBI Primer Blast
Reverse 5′-CCCCACAGCAAACCGTAGAT-3′

MMP-1
Forward 5′-GGGAGATCATCGGGACAACTC-3′

[131]Reverse 5′-TGAGCATCCCCTCCAATACC-3′

Cyclin D1 Forward 5′-TGCGCTGCTACCGTTGACT-3′
[132]Reverse 5′-AGCGATGTGAATATTTCCAAACC-3′

Bax
Forward 5′-GTCGCCCTTTTCTACTTTGCCAG-3′

[126]Reverse 5′-TCCAGCCCAACAGCCGCTCC-3′

18S ribosomal RNA
Forward: 5′-GGCCCTGTAATTGGAATGAGTC-3′

[133]Reverse: 5′-CCAAGATCCAACTACGAGCTT-3′

3.7. Statistical Analysis

All quantitative data were analyzed using the SPSS statistical analysis software and the
results were expressed as mean ± standard deviation (SD). One-way Analysis of Variance
(ANOVA) and Tukey post-hoc were used to determine significant data. The significant
value was set at p ≤ 0.05.

4. Conclusions

In summary, a wide view of the adverse effect UVB has on a cellular level was por-
trayed through this research. The range of impact of UVB from the activation of the redox
system and skin inflammation, to the suppression of protein synthesis, inhibition of cell
growth and repair, induction of DNA damage, signaling of collagen degradation, and
finally cell death are processes that cosmetic companies constantly battle with to keep
their clients looking young. When tested with the S. macrophylla extract and fractions,
two fractions, namely SMEAF and SMHF, exhibited potential photoprotective properties.
Functioning via two completely different mechanisms, SMEAF showcased its ability to
suppress inflammation, collagen degradation, and potentially the intrinsic apoptosis path-
way on a cellular level while SMHF displayed its photoprotective properties through its
involvement in the redox system, DNA repair, RNA transcription, protein maintenance
and synthesis, cell growth, migration and proliferation, and cell glycolysis processes. Thus,
as per the results, further analysis and fractionation of SMHF and SMEAF are warranted
toward the making of anti-photoaging cosmetic active ingredients. Furthermore, in vivo
human clinical studies with S. macrophylla cosmetic formulations can be conducted in the
future to better evaluate the effect of S. macrophylla against photoaging.

Supplementary Materials: The following are available online. Table S1: Analysis of differentially
expressed protein in UVB control cells and those irradiated but treated with S. macrophylla extract
and fractions via LC-MS/MS.
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81. Gęgotek, A.; Jarocka-Karpowicz, I.; Skrzydlewska, E. Synergistic cytoprotective effects of rutin and ascorbic acid on the proteomic
profile of 3D-cultured keratinocytes exposed to UVA or UVB radiation. Nutrients 2019, 11, 2672. [CrossRef]

82. Yokota, S.; Yanagi, H.; Yura, T.; Kubota, H. Cytosolic chaperonin-containing t-complex polypeptide 1 changes the content of a
particular subunit species concomitant with substrate binding and folding activities during the cell cycle. Eur. J. Biochem. 2001,
268, 4664–4673. [CrossRef]

83. Vallin, J.; Grantham, J. The role of the molecular chaperone CCT in protein folding and mediation of cytoskeleton-associated
processes: Implications for cancer cell biology. Cell Stress Chaperones 2019, 24, 17–27. [CrossRef] [PubMed]

84. Balcer, H.I.; Goodman, A.L.; Rodal, A.A.; Smith, E.; Kugler, J.; Heuser, J.E.; Goode, B.L. Coordinated regulation of actin filament
turnover by a high-molecular-weight Srv2/CAP complex, cofilin, profilin, and Aip1. Curr. Biol. 2003, 13, 2159–2169. [CrossRef]

85. Zhang, H.; Ghai, P.; Wu, H.; Wang, C.; Field, J.; Zhou, G.-L. Mammalian adenylyl cyclase-associated protein 1 (CAP1) regulates
cofilin function, the actin cytoskeleton, and cell adhesion. J. Biol. Chem. 2013, 288, 20966–20977. [CrossRef] [PubMed]

86. Ding, Z.; Lambrechts, A.; Parepally, M.; Roy, P. Silencing profilin-1 inhibits endothelial cell proliferation, migration and cord
morphogenesis. J. Cell. Sci. 2006, 119, 4127–4137. [CrossRef] [PubMed]

87. Yun, S.P.; Ryu, J.M.; Kim, M.O.; Park, J.H.; Han, H.J. Rapid actions of plasma membrane estrogen receptors regulate motility of
mouse embryonic stem cells through a profilin-1/cofilin-1-directed kinase signaling pathway. Mol. Endocrinol. 2012, 26, 1291–1303.
[CrossRef] [PubMed]

88. Vié, N.; Copois, V.; Bascoul-Mollevi, C.; Denis, V.; Bec, N.; Robert, B.; Fraslon, C.; Conseiller, E.; Molina, F.; Larroque, C.; et al.
Overexpression of phosphoserine aminotransferase PSAT1 stimulates cell growth and increases chemoresistance of colon cancer
cells. Mol. Cancer 2008, 7, 1–14. [CrossRef] [PubMed]

89. Metcalf, S.; Dougherty, S.; Kruer, T.; Hasan, N.; Biyik-Sit, R.; Reynolds, L.; Clem, B.F. Selective loss of phosphoserine amino-
transferase 1 (PSAT1) suppresses migration, invasion, and experimental metastasis in triple negative breast cancer. Clin. Exp.

Metastasis 2020, 37, 187–197. [CrossRef] [PubMed]
90. Chen, W.; Wang, W.; Sun, X.; Xie, S.; Xu, X.; Liu, M.; Yang, C.; Li, M.; Zhang, W.; Liu, W.; et al. NudCL2 regulates cell migration by

stabilizing both myosin-9 and LIS1 with Hsp90. Cell Death Dis. 2020, 11, 1–15. [CrossRef]
91. Sarkar, S.; Egelhoff, T.; Baskaran, H. Insights into the roles of non-muscle myosin IIA in human keratinocyte migration. Cell. Mol.

Bioeng. 2009, 2, 486–494. [CrossRef] [PubMed]
92. Xu, Q.; Wu, N.; Cui, L.; Wu, Z.; Qiu, G. Filamin B: The next hotspot in skeletal research? J. Genet. Genom. 2017, 44, 335–342.

[CrossRef]
93. Feng, Y.; Chen, M.H.; Moskowitz, I.P.; Mendonza, A.M.; Vidali, L.; Nakamura, F.; Kwiatkowski, D.J.; Walsh, C.A. Filamin A

(FLNA) is required for cell–cell contact in vascular development and cardiac morphogenesis. Proc. Natl. Acad. Sci. USA 2006,
103, 19836–19841. [CrossRef]

94. Hamill, K.J.; Hiroyasu, S.; Colburn, Z.T.; Ventrella, R.V.; Hopkinson, S.B.; Skalli, O.; Jones, J.C.R. Alpha actinin-1 regulates
cell-matrix adhesion organization in keratinocytes: Consequences for skin cell motility. J. Investig. Dermatol. 2015, 135, 1043–1052.
[CrossRef]

95. Lin, Y.H.; Park, Z.-Y.; Lin, D.; Brahmbhatt, A.A.; Rio, M.-C.; Yates, J.R., III; Klemke, R.L. Regulation of cell migration and survival
by focal adhesion targeting of Lasp-1. J. Cell. Biol. 2004, 165, 421–432. [CrossRef] [PubMed]

171



Molecules 2021, 26, 2000

96. Bizzarro, V.; Fontanella, B.; Carratù, A.; Belvedere, R.; Marfella, R.; Parente, L.; Petrella, A. Annexin A1 N-terminal derived
peptide Ac2-26 stimulates fibroblast migration in high glucose conditions. PLoS ONE 2012, 7, e45639.

97. Tsukita, S.; Yonemura, S.; Tsukita, S. ERM (ezrin/radixin/moesin) family: From cytoskeleton to signal transduction. Curr. Opin.

Cell Biol. 1997, 9, 70–75. [CrossRef]
98. Jacob, J.T.; Coulombe, P.A.; Kwan, R.; Omary, M.B. Types I and II Keratin Intermediate Filaments. Cold Spring Harb. Perspect. Biol.

2018, 10, a018275. [CrossRef]
99. Machesky, L.M.; Li, A. Fascin. Commun. Integr. Biol. 2010, 3, 263–270. [CrossRef] [PubMed]
100. Lunt, S.Y.; Vander Heiden, M.G. Aerobic glycolysis: Meeting the metabolic requirements of cell proliferation. Annu. Rev. Cell Dev.

Biol. 2011, 27, 441–464. [CrossRef]
101. Yoshida, M.; Muneyuki, E.; Hisabori, T. ATP synthase—A marvellous rotary engine of the cell. Nat. Rev. Mol. Cell Biol. 2001,

2, 669–677. [CrossRef]
102. Grüning, N.-M.; Du, D.; Keller, M.A.; Luisi, B.F.; Ralser, M. Inhibition of triosephosphate isomerase by phosphoenolpyruvate in

the feedback-regulation of glycolysis. Open Biol. 2014, 4, 130232. [CrossRef]
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Abstract: A simultaneous quantitative profiling method for polyamines and steroids using liquid
chromatography–tandem mass spectrometry was developed and validated. We applied this method
to human serum samples to simultaneously evaluate polyamine and steroid levels. Chemical deriva-
tization was performed using isobutyl chloroformate to increase the sensitivity of polyamines. The
method was validated, and the matrix effects were in the range of 78.7–126.3% and recoveries were
in the range of 87.8–123.6%. Moreover, the intra-day accuracy and precision were in the ranges of
86.5–116.2% and 0.6–21.8%, respectively, whereas the inter-day accuracy and precision were in the
ranges of 82.0–119.3% and 0.3–20.2%, respectively. The linearity was greater than 0.99. The validated
method was used to investigate the differences in polyamine and steroid levels between treated
breast cancer patients and normal controls. In our results, N-acetyl putrescine, N-acetyl spermidine,
cadaverine, 1,3-diaminopropane, and epitestosterone were significantly higher in the breast cancer
patient group. Through receiver operating characteristic curve analysis, all metabolites that were
significantly increased in patient groups with areas under the curve >0.8 were shown. This mass
spectrometry-based quantitative profiling method, used for the investigation of breast cancer, is also
applicable to androgen-dependent diseases and polyamine-related diseases.

Keywords: polyamine; steroid; breast cancer; liquid chromatography–tandem mass spectrome-
try; serum

1. Introduction

Breast cancer is a common hormone-related cancer, which includes estrogen receptor-
positive and progesterone receptor-positive disease. According to statistics from 2017, it is
the fifth most common type of cancer in Korea and ranks fifth in cancer-related mortality.
In addition, breast cancer ranks first among women as a cause of death from cancer [1].
Although the incidence of most cancers in Korean women has been declining since 2007,
breast cancer continues to increase, with the highest incidence among other cancer types.
Despite an increasing understanding of the molecular etiology of breast cancer over the
past 20 years, there remains a lack of reliable biomarkers to monitor treatment efficacy
associated with the disease. Currently, treatment of breast cancer commonly involves
surgery, chemotherapy, radiotherapy, and hormone therapy [2]. However, it is important
to confirm the effect of breast cancer treatment with a simple experimental method.

Polyamines are aliphatic amines composed of straight chains of carbon atoms. Amines
have several biological implications, particularly polyamines, which mainly act as prolifer-
ation factors in cells. Cancer cells are highly proliferative; therefore, polyamines are one
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of the most important biomarkers in cancer research. The increase in polyamine concen-
trations in urine samples from patients with malignant cancer was first reported by D. H.
Russell in 1971 [3]. Since then, polyamines have been analyzed in various biological fluids
to investigate their potential as markers for the early diagnosis of cancer, evaluation of
progression, and prediction of disease recurrence. It can also be seen that the number of
polyamines is distributed differently depending on the type of lung and liver cancer [4].
In breast cancer patients, it has been reported that acetylated polyamines are present at a
much higher concentration compared to that in normal human breast tissue [5,6]. Moreover,
altered polyamines can be useful markers for the evaluation of breast cancer treatment
efficacy [7].

It has been suggested that hormones such as progesterone, estrogens, and androgens
are implicated in the development and/or growth of normal and neoplastic mammary
tissue. Androgens, which play an important role in the development of prostate cancer,
have also been shown to be associated with breast cancer, attracting academic attention.
This is because the growth of estrogen receptor-positive breast cancer is decreased after
blocking the androgen receptor [8]. In addition, androgens have been proposed to control
tumor growth rates [9]. Free testosterone, an androgen, might play an important role in the
development of breast cancer in women [10]. One study found that young women with
high levels of a male hormone, like androgens, have a higher risk of developing breast
cancer [11]. Progesterone, a female hormone, is also associated with breast cancer. In
particular, progesterone receptors in breast cancer cells interact with estrogen receptors
to change their mode of action and delay tumor growth [12]. This study suggests that an
overall evaluation of polyamines and steroids will provide information on breast cancer
treatment. Therefore, profiling the combined metabolism of polyamines and steroids is
required in breast cancer patients.

Metabolic approaches can monitor an individual’s status and help detect potential can-
cer biomarkers [13]. Gas chromatography–mass spectrometry and liquid chromatography–
mass spectrometry (LC-MS) are used for quantitative metabolic profiling, as mass spec-
trometry delivers high sensitivity and is capable of characterizing complex biological
samples [14,15]. In particular, in the case of cancer patients, since normal cells are mutated,
not only free polyamines but also acetylated polyamines must be analyzed in relation
to intracellular metabolic pathways. However, while analyzing acetylated polyamines
using gas chromatography–mass spectrometry, additional active hydrogen must be re-
moved, which requires additional derivatization [16]. One disadvantage of this is that
the experiment time is increased due to the use of two or more derivatizations to remove
active hydrogen sites. This process makes it less suitable for the analysis of acetylated
polyamines. In addition, more specific and sensitive results can be obtained when using
liquid chromatography–tandem mass spectrometry (LC-MS/MS) than LC-MS, which can
be carried out using one derivatization, and thus, we conducted an experiment using the
LC-MS/MS condition.

Therefore, in this study, an analytical method was validated for the simultaneous
quantitative profiling of serum polyamines and steroids. To the best of our knowledge,
this study is the first to simultaneously analyze polyamines and steroids in human serum
samples from breast cancer patients. The developed and validated method was applied to
analyze the serum concentrations of nine polyamines and eight steroids in patients with
breast cancer after treatment and in normal female subjects using LC-MS/MS system.

2. Results and Discussion

2.1. Sample Preparation and Optimization

Polyamines have a positive charge at physiological pH [17] due to amino groups in
their molecular structure; therefore, they easily bind with other substances. However,
they are low-molecular weight molecules that rapidly elute from the chromatogram and
therefore hinder accurate analysis. To solve this problem, we used an amine-carbamylated
derivatization agent, isobutyl chloroformate. Reaction with a derivatization reagent pri-
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oritizes the binding of polyamines to other substances, and, therefore, it is possible to
selectively extract polyamines.

Nine polyamines that were detected in the biological sample were subjected to an
amine-carbamylated derivatization reaction. After polyamine derivatization, deproto-
nation was difficult because the amine and carbamoyl groups formed a stable bond. In
addition, acetyl polyamine was substituted with nitrogen to which no acetyl group was
attached. As a result, one carbamoyl group was substituted in N-acetyl putrescine (N-PUT)
and N-acetyl cadaverine (N-CAD), two carbamoyl groups in N-acetyl spermidine (N-SPD),
and three carbamoyl groups in N-acetyl spermine (N-SPM).

The carbamylation procedure that has been routinely used in our laboratory for
polyamine analysis [18] had to be optimized. Serum samples were precipitated by reactions
at high temperature (60 ◦C) for 20 min, derivatized using isobutyl chloroformate, and
extracted using the liquid–liquid extraction (LLE) method with diethyl ether. Derivatization
conditions were optimized to improve analyte sensitivity. Optimum conditions were
selected by comparing the peak areas. A reaction time of 15 min (Figure 1A) and a reaction
temperature of 35 ◦C were selected (Figure 1B). The LLE method was used to clean the
sample and minimize interference. Three different eluents, diethyl ether, ethyl acetate,
and methyl tert-butyl ether (MTBE), were tested to enhance the extraction efficacy. The
extraction efficiencies of polyamines were relatively higher in MTBE; however, those of
cadaverine (CAD), PUT, and 1,3-diaminopropane (DAP) were outside the acceptable range.
The extraction efficiencies of all analytes were acceptable when diethyl ether was used
(Figure 1C). This optimization condition was the same as that in our previous experimental
conditions [18].

2.2. Liquid Chromatography–Tandem Mass Spectrometry

After the derivatization reaction, the analyte in the chromatogram can be effectively
separated and analyzed simultaneously (Figure 2). In addition, when isobutyl chlorofor-
mate is used, the reaction in the aqueous solution is easy and exhibits high efficiency. This
reaction can occur even at room temperature (20 to 25 ◦C) or with a little warming, with
the completion of the derivatization reaction occurring in a short time (5 to 15 min).

All polyamines and steroids produced protonated precursor ions [M + H]+ in the
positive ion mode. All polyamines were derivatized with isobutyl chloroformate, whereas
the steroids were not derivatized. Therefore, all steroids were detected in the free form,
and steroid analysis revealed good intensity even without derivatization. All polyamines
showed the [M + H − OCH2C3H7]+ ion as the base peak for quantitation (Figure 3). All
steroids showed the [M + H − H2O]+ ion as the base peak of a fragment of high intensity
for quantitation. In principle, LC-MS/MS using a stable internal standard (IS) is an optimal
method for quantitative analysis. In particular, among our analytes, epimer-type substances
(epitestosterone, testosterone, 17α-hydroxyprogesterone, and 11β-hydroxyprogesterone)
might show false positives. However, we tried to separate the substances in the form of
epimers as much as possible by adjusting the retention time, and there was a difference of
approximately 0.6–1 min. Using the present method with aqueous extracts of serum, we
achieved excellent separation of nine polyamines and eight steroids with no significantly
interfering background peaks.
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Figure 1. Comparison of the optimization procedures. (A) Isobutyl chloroformate derivatization under varying conditions
including reaction time, (B) isobutyl chloroformate derivatization under varying reaction temperatures, and (C) extraction
of liquid–liquid extraction solvents (N-PUT: N-acetyl putrescine; CAD: cadaverine; N-SPM: N-acetyl spermine; PUT:
putrescine; SPD: spermidine; DAP: 1,3-diaminopropane; N-SPD: N-acetyl spermidine; N-CAD: N-acetyl cadaverine; SPM:
spermine). The peak area ratios were expressed by dividing (A) 15 min and (B) 35 ◦C as standard values that we used for
the conditions of this experiment.
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Figure 2. Chromatograms of nine polyamines, eight steroids, and two internal standards (IS) in the selected reaction
monitoring mode, with target standard pretreatment (500 ng/mL). N-PUT: N-acetyl putrescine; CAD: cadaverine; N-SPM:
N-acetyl spermine; PUT: putrescine; SPD: spermidine; DAP: 1,3-diaminopropane; N-SPD: N-acetyl spermidine; N-CAD:
N-acetyl cadaverine; SPM: spermine; T: testosterone; EpiT: epitestosterone; DHT: dihydrotestosterone; PREG: pregnenolone;
17α-OHP:17α-hydroxyprogesterone; 11β-OHP: 11β-hydroxyprogesterone; A: androstenedione; P4: progesterone.
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Figure 3. Fragmentation pattern of putrescine upon isobutyl chloroformate derivatization.

2.3. Method Validation

The developed method was validated by assessing the accuracy and precision of the
quality control (QC) samples with four different concentrations. Moreover, linearity was
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performed with 10 calibration points (0.1, 1, 5, 10, 50, 100, 500, 1000, 2000, and 5000 ng/mL),
excluding 5000 ng/mL and adding 0.5 ng/mL for 17α-hydroxyprogesterone (17α-OHP),
11β-hydroxyprogesterone (11β-OHP), androstenedione (A), and progesterone (P4). The
regression equation was found to be linear over the dynamic ranges of all analytes (with
correlation coefficient, R2 > 0.99). The limit of quantification (LOQ) values were determined
for most polyamines at 1 ng/mL, except N-acetyl spermine (N-SPM; 0.1 ng/mL). In
contrast, the LOQ values were determined for testosterone (T), epitestosterone (EpiT),
dihydrotestosterone (DHT), and pregnenolone (PREG) at 1 ng/mL, and the LOQ values
were determined for 17α-OHP, 11β-OHP, A, and P4 at 0.1 ng/mL. As shown in Table 1,
we checked the matrix effect and overall recovery. Most analytes did not present any
significant matrix effect, ranging from 78.7 to 126.3%, and the recovery of analytes was
87.8–123.6%. Precision was assessed based on the coefficient of variation (% CV), and
accuracy was assessed through the relative error rate (% bias). For polyamine analysis,
the intra-day (n = 3) precision (coefficient of variation (% CV)) and accuracy (% bias) were
in the ranges of 1.6–21.2% and 86.5–116.2%, respectively, whereas the inter-day (n = 3)
precision and accuracy were in the ranges of 0.3–20.2% and 87.8–119.3%, respectively. For
steroid analysis, the intra-day (n = 3) precision (% CV) and accuracy (% bias) were in the
ranges of 0.6–21.8% and 91–114.3%, respectively, whereas the inter-day (n = 3) precision
and accuracy were in the ranges of 1.2–18.5% and 82–108.0%, respectively (Table 2).

Table 1. Calibration range, linear regression equation, limit of quantification (LOQ), matrix effect, and recovery of
polyamines and steroids.

Analytes
Calibration

Range
Linear Regression

Equation

Standard
Errors of
the Slope

Standard
Errors of the

Intercept
R2 LOQ

Matrix
Effect (%)

Recovery
(%)

N-PUT 1–5000 y = 0.0008x + 0.0986 1.42−5 0.03 0.998 1 101.4 107.4
CAD 1–5000 y = 0.0001x + 0.0718 6.07−6 0.01 0.995 1 83.1 87.9

N-SPM 0.1–5000 y = 0.084x − 0.6771 1.76−4 0.34 0.998 0.1 86.8 101.8
PUT 1–5000 y = 0.001x + 0.0949 7.90−5 0.15 0.992 1 115.5 98.2
SPD 1–5000 y = 0.01x − 0.6062 1.59−3 0.31 0.999 1 126.3 90.1
DAP 1–5000 y = 0.0013x + 0.0449 5.89−5 0.11 0.996 1 89.7 101.7

N-SPD 1–5000 y = 0.0067x + 0.419 3.76−4 0.73 0.990 1 118.4 123.6
N-CAD 1–5000 y = 0.0003x + 0.13 1.26−5 0.02 0.992 1 87.5 100.7

SPM 1–5000 y = 6E-05x + 0.0088 1.79−5 0.03 0.995 1 86.4 107.8
T 1–2000 y = 0.0032x + 0.1867 7.92−5 0.15 0.996 1 106.7 89.9

EpiT 1–2000 y = 0.0045x + 0.4609 1.59−4 0.31 0.993 1 103.4 100.4
DHT 1–2000 y = 0.0019x + 0.0017 6.13−5 0.12 0.994 1 82.1 104.7
PREG 1–2000 y = 0.0003x − 0.0244 1.11−5 0.02 0.991 1 79.3 97.7

17α-OHP 0.1–2000 y = 0.0115x + 0.1561 3.94−4 0.77 0.993 0.1 84.6 87.8
11β-OHP 0.1–2000 y = 0.0049x + 0.1846 1.83−4 0.36 0.992 0.1 88.6 91.8

A 0.1–2000 y = 0.0017x + 0.038 3.38−5 0.07 0.998 0.1 78.7 101.0
P4 0.1–2000 y = 0.0062x − 0.2893 3.01−4 0.58 0.994 0.1 100.9 96.7

N-PUT: N-acetyl putrescine; CAD: cadaverine; N-SPM: N-acetyl spermine; PUT: putrescine; SPD: spermidine; DAP: 1,3-diaminopropane;
N-SPD: N-acetyl spermidine; N-CAD: N-acetyl cadaverine; SPM: spermine; T: testosterone; EpiT: epitestosterone; DHT: dihydrotestosterone;
PREG: pregnenolone; 17α-OHP: 17α-hydroxyprogesterone; 11β-OHP: 11β-hydroxyprogesterone; A: androstenedione; P4: progesterone.
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Table 2. Intra-day and inter-day validation of polyamines and steroids

Analytes
Spiked

Concentration
(ng/mL)

Intra-Day (n = 3) Inter-Day (n = 3)

Accuracy Precision Accuracy Precision
(%Bias) (%CV) (%Bias) (%CV)

N-PUT

10 91.2 8.1 88.1 11.3
50 96.8 5.4 96.4 13.6

500 110.4 7.0 92.9 18.5
1000 104.1 7.0 106.7 2.6

CAD

10 86.5 13.0 93.8 13.4
50 107.4 5.9 100.0 7.9

500 95.4 11.1 103.2 5.2
1000 92.1 9.2 102.5 9.8

N-SPM

1 104.0 16.9 104.6 19.2
50 88.2 15.3 101.3 0.3

500 113.6 6.2 110.5 3.1
1000 112.8 4.8 118.3 2.9

PUT

10 99.0 10.5 107.3 18.3
50 103.5 8.6 105.5 5.8

500 99.1 15.3 115.1 3.2
1000 103.4 15.4 102.0 17.0

SPD

10 105.8 16.3 96.2 19.7
50 116.2 21.2 109.6 17.5

500 93.8 18.3 92.0 6.8
1000 98.6 19.6 104.7 11.5

DAP

10 108.6 17.1 94.3 16.4
50 105.4 8.7 94.7 20.2

500 101.2 1.7 106.6 10.1
1000 103.9 6.2 93.6 6.6

N-SPD

10 108.5 1.6 106.5 18.3
50 110.6 11.5 104.8 11.5

500 104.3 6.5 105.6 13.6
1000 114.5 2.7 106.3 16.5

N-CAD

10 95.5 13.9 115.6 4.1
50 109.6 15.1 111.0 14.3

500 110.5 9.6 90.7 12.4
1000 97.5 13.5 90.3 9.5

SPM

10 91.5 14.9 92.4 0.7
50 104.2 13.3 119.3 7.8

500 104.3 10.6 87.8 6.9
1000 103.5 12.2 98.4 16.4

T

10 104.9 12.5 106.8 17.6
50 94.8 14.0 106.1 11.2

500 104.0 2.4 94.6 2.5
1000 100.7 9.0 100.5 8.1

EpiT

10 100.9 7.0 101.7 5.9
50 106.8 9.0 102.1 6.4

500 108.6 10.0 104.0 4.3
1000 105.6 6.9 99.9 12.3

DHT

10 106.6 8.7 97.7 9.5
50 114.3 6.5 90.2 11.9

500 111.5 3.9 97.6 16.0
1000 100.6 6.8 95.5 18.5

PREG

10 111.1 17.8 82.0 17.7
50 92.4 0.6 96.6 7.5

500 98.9 16.0 96.1 11.4
1000 103.7 7.4 101.7 8.6
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Table 2. Cont.

Analytes
Spiked

Concentration
(ng/mL)

Intra-Day (n = 3) Inter-Day (n = 3)

Accuracy Precision Accuracy Precision
(%Bias) (%CV) (%Bias) (%CV)

17α-OHP

1 101.5 17.1 107.9 8.4
50 102.2 15.4 106.8 7.9

500 109.1 13.2 100.4 3.8
1000 96.4 1.2 95.0 1.2

11β-OHP

1 98.9 3.5 99.4 13.5
50 95.0 21.8 108.0 4.7

500 109.3 6.0 92.0 7.7
1000 109.9 7.1 106.1 7.3

A

1 106.1 5.7 107.0 10.0
50 96.9 6.9 94.8 10.2

500 101.0 1.0 107.8 4.2
1000 93.3 8.5 91.2 9.0

P4

1 99.9 19.7 101.0 1.7
50 101.0 3.5 97.1 9.4

500 91.0 13.1 98.3 8.6
1000 110.8 5.3 103.0 18.1

N-PUT: N-acetyl putrescine; CAD: cadaverine; N-SPM: N-acetyl spermine; PUT: putrescine; SPD: spermidine; DAP: 1,3-diaminopropane;
N-SPD: N-acetyl spermidine; N-CAD: N-acetyl cadaverine; SPM: spermine; T: testosterone; EpiT: epitestosterone; DHT: dihydrotestosterone;
PREG: pregnenolone; 17α-OHP: 17α-hydroxyprogesterone; 11β-OHP: 11β-hydroxyprogesterone; A: androstenedione; P4: progesterone.

2.4. Application of Serum Polyamine and Steroid Profiles to Patients with Breast Cancer and
Normal Controls

In this study, we quantitatively analyzed polyamines and steroids in human serum
from treated cancer patients and normal controls. Using 200 µL aliquots of the serum
samples, we detected nine polyamines and eight steroids for which the concentrations
varied in the ranges of 0.14–632.22 ng/mL with polyamines and 0.12–62.74 ng/mL with
steroids. Large variations in both polyamine and steroid levels were observed between
patients with breast cancer after treatment and normal controls. As shown in Table 3, all
polyamines were higher in the patient groups, whereas most of the steroids were higher in
the patient groups, except 11β-OHP. Among the metabolites we analyzed, it was confirmed
that polyamines, androgen, and progesterone levels were similar to those of reference
ranges [19–22].

2.5. Receiver Operating Characteristic Curve

Receiver operating characteristic (ROC) curve analysis is generally performed to
derive potential biomarkers. The results of ROC curve analysis were based on the results
of univariate and multivariate statistical analyses that ensured the reliability of potential
biomarkers for independent validation. Through t-test analysis, N-PUT, N-SPD, DAP,
CAD, and EpiT were found to be significant markers, and the ROC curves for these five
compounds were plotted (Figure 4). The area under the curve (AUC) for the remaining
polyamines, namely N-SPD, DAP, CAD, and EpiT, was higher than 0.8, whereas the
AUC for N-PUT and EpiT was higher than 0.9; therefore, it was possible to predict the
potential markers.
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Table 3. Concentrations of nine polyamines and eight steroids in human serum samples of patients with breast cancer after
treatment and normal controls (ng/mL).

Normal Controls (n = 10) Patients (n = 10)
p Value

Mean ± SD Median, Range Mean ± SD Median, Range

Polyamines
N-PUT 11.12 ± 4.34 11.09, 1.6–16.53 61.64 ± 58.88 46.57, 15.88–183.08 0.021
CAD 60.3 ± 27.33 66.35, 12.17–96.11 208.21 ± 169.71 174.62, 31.9–545.38 0.027

N-SPM 0.53 ± 0.45 0.45, 0.14–1.81 1.1 ± 1.13 0.82, 0.16–3.6 0.12
PUT 54.88 ± 70.74 16.3, 2.65–232.98 120.94 ± 170.91 38.52, 2.38–586.46 0.146
SPD 15.15 ± 20.73 4.88, 1.3–76.45 19.92 ± 22.53 13.62, 1.06–77.13 0.551
DAP 14.38 ± 6.08 14.99, 2.5–22.12 39.48 ± 21.64 36.79, 12.02–67.47 0.003

N-SPD 31.06 ± 15.91 31.05, 4.42–58.37 57.75 ± 25.66 58.35, 15.51–95.85 0.016
N-CAD 20.04 ± 16.63 16.45, 2.45–50.16 76.8 ± 84.72 39.11, 15.28–236.6 0.109

SPM 63 ± 48.54 60, 13.91–172.96 179.37 ± 207.84 76.83, 7.58–632.22 0.121
Steroids

T 4.86 ± 3.44 3.52, 1.3–10.09 8.06 ± 6.24 6.52, 1.78–18.88 0.095
EpiT 12.64 ± 5.36 10.79, 7.51–24.55 28.74 ± 13.93 24.85, 12.39–53.79 0.004
DHT 2.35 ± 1.22 1.7, 1.6–3.76 2.71 ± 1.94 2.71, 1.34–4.08 0.809
PREG 32.98 ± 11.37 31.97, 16.16–47.4 44.87 ± 15.27 44.47, 23.56–62.74 0.106

17α-OHP 1.15 ± 1.21 0.73, 0.14–3.76 1.15 ± 1.35 0.71, 0.12–4.08 0.999
11β-OHP 2.12 ± 1.7 1.9, 0.62–5.08 1.78 ± 1.47 1.42, 0.42–4.6 0.698

A 1.41 ± 1.07 1.01, 0.29–3.29 2.73 ± 2.03 2.02, 0.68–6.73 0.09
P4 1.3 ± 0.87 1.05, 0.18–3.64 1.47 ± 0.82 1.34, 0.27–3.06 0.569

N-PUT: N-acetyl putrescine; CAD: cadaverine; N-SPM: N-acetyl spermine; PUT: putrescine; SPD: spermidine; DAP: 1,3-diaminopropane;
N-SPD: N-acetyl spermidine; N-CAD: N-acetyl cadaverine; SPM: spermine; T: testosterone; EpiT: epitestosterone; DHT: dihydrotestosterone;
PREG: pregnenolone; 17α-OHP: 17α-hydroxyprogesterone; 11β-OHP: 11β-hydroxyprogesterone; A: androstenedione; P4: progesterone.

β

Figure 4. Univariate receiver operator characteristic (ROC) curve analyses for predicting biomarker performance in serum
samples from treated breast cancer patients. Typical ROC curve plots of potential biomarkers with high-performance
prediction are shown; several metabolites with AUC > 0.8 were observed. The ROC value of each metabolite was as follows:
N-PUT, 0.984; N-SPD, 0.811; DAP, 0.856; CAD, 0.813; EpiT, 0.913 (N-PUT: N-acetyl putrescine; N-SPD: N-acetyl spermidine;
DAP: 1,3-diaminopropane; CAD: cadaverine; EpiT: epitestosterone).
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All polyamines were higher in treated cancer patients than in normal controls. Since
polyamines are involved in cell proliferation, polyamine levels increase in cancer patients.
The results corroborate several studies conducted in human urine [23], serum [7], and
saliva [24]. In particular, N-PUT, N-SPD, and DAP were significantly higher in patients,
which correlated with other breast cancer research [7]. DAP has been reported to be associ-
ated with cell proliferation [25]. In addition, N-SPD and N-SPM were not detected in tissues
of normal humans, whereas N-SPD was reported to increase rapidly in tissues of breast
cancer patients [6]. In particular, acetylpolyamine is an important factor in breast cancer
research, and our results are consistent with studies that revealed a correlation between
intracellular polyamine levels and alterations in histone acetylation and deacetylation in
normal and cancer cells [26,27]. Most of the steroids, except 11β-OHP, were increased in
breast cancer patients. In particular, EpiT was significantly higher in the patient group.
Although there are few studies on the correlation between breast cancer and EpiT, certain
studies have reported that epitestosterone levels are five times higher in breast cysts [28].

3. Materials and Methods

3.1. Chemicals

Reference standards for nine polyamines and steroids were obtained from Sigma-
Aldrich (St. Louis, MO, USA), Steraloids (Newport, RI, USA), and Tokyo Chemical Industry
(Tokyo, Japan). The IS, d3-epitestosterone, and 1,6-diaminohexane were obtained from
Sigma-Aldrich for calibration. For both calibration and QC, a commercially available blank
serum sample (UTAK laboratories Inc, Valencia, CA, USA) was used. Sodium carbonate,
sodium bicarbonate, formic acid (ACS reagent), and isobutyl chloroformate (derivatization
solution) were obtained from Sigma-Aldrich. All high-performance liquid chromatography
(HPLC)-grade organic solvents, including diethyl ether, acetonitrile, and methanol, were
acquired from Burdick and Jackson (Muskegon, MI, USA). Deionized water (DW) was
obtained using a Milli-Q purification system (Millipore, Billerica, MA, USA).

3.2. Preparation of Standard Solution

To prepare the reference standard stock solutions, polyamines and steroids were
dissolved in methanol at a concentration of 1000 µg/mL. Working solutions were prepared
using serial dilution with methanol at concentrations ranging from 100 µg/mL to 1 ng/mL.
Moreover, 1,6-diaminohexane (DAH), one of the ISs, was dissolved in methanol at a
concentration of 100 µg/mL. Working solutions were prepared using serial dilution with
methanol at a concentration of 1 µg/mL. Further, EpiT-d3, another IS, was dissolved
in acetonitrile at a concentration of 10 µg/mL. Working solutions were prepared using
dilution with acetonitrile at a concentration of 1 µg/mL. All standard solutions were stored
at −20 ◦C until further use.

3.3. Sample Information and Ethics Statement

Quantitative profiling of polyamines and steroids was conducted with 20 human
serum samples from treated breast cancer patients (n = 10; aged 27 to 60 years, mean 51.5)
and normal controls (n = 10; aged 27 to 59 years, mean 45.7). Serum samples were collected
at the Yonsei University College of Medicine, and informed consent was obtained from each
participant before collection. The study was approved by the institutional review board of
Yonsei University College of Medicine (IRB No. 3-2017-0097). Participants were diagnosed
with breast cancer of stage I–III and completed cancer treatment. Moreover, breast cancer
patients completed cancer treatment, including surgery, adjuvant chemotherapy, and
radiotherapy.

3.4. Sample Preparation

To remove proteins, the serum samples (200 µL) were added to 1 mL of DW at 60 ◦C
for 20 min. After heating, 50 µL of the IS (1 µg/mL of DAH and EpiT-d3) was added.
Thereafter, the pH values of the samples were adjusted to 9.0 with 1.0 M sodium carbonate
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buffer (25 µL), and the derivatization reagent (20 µL) was added. Then, the mixture was
incubated at 35 ◦C for 15 min. After cooling, the solution was extracted twice with 2 mL of
diethyl ether for 15 min along with shaking and centrifuged for 5 min at 1300× g using a
Heraeus SEPATECH Varifuge 3.0, and the organic solvent was transferred to a new test
tube. The entire organic layer was evaporated. The method followed in this study was
the same as that described by Byun et al. [18]. The residue was reconstituted with 100 µL
of MeOH, and a 5 µL aliquot was injected into the liquid chromatography–tandem mass
spectrometry system.

3.5. Liquid Chromatography–Tandem Mass Spectrometry

LC-MS/MS analysis was performed using a Shiseido nanospace SI-2 HPLC system
(OSAKA SODA, Osaka, Japan) coupled with a Thermo LTQ XL ion trap MS capable of
electrospray ionization (Thermo, San Jose, CA, USA). Chromatographic separation was
achieved using a Thermo Hypersil GOLD C18 column (150 × 2.1 mm, particle size: 3 µm)
at a flow rate of 100 µL/min. A gradient eluent (A: 0.1% formic acid in 5% acetonitrile; B:
0.1% formic acid in 95% acetonitrile) was used. The gradient elution system was controlled
as follows: 0 min, 50% B; 0–12 min, 50–95% B (hold for 5 min); 17–18 min, 95%–50% B.
The gradient was then returned to the initial condition (50% B) and held for 10 min before
running the next sample. The column and autosampler temperatures were maintained
at 35 ◦C and 4 ◦C, respectively. The use of tandem MS systems is robust and sensitive.
First, we acquired the full spectrum of the selected precursor. Moreover, we acquired the
MS spectrum using a full scan in selected reaction monitoring (SRM) mode, and we chose
the product ion value with a higher ion intensity parameter. For each analyte, the most
abundant ion product was selected as the quantitation ion in SRM mode analysis. MS was
performed under the following conditions: spray voltage = 5.0 kV; capillary temperature
= 350 ◦C; sheath gas flow rate = 20 arb, auxiliary gas flow rate = 5 arb; capillary voltage
= 32 V; tube lens voltage = 85 V; multipole 00 offset = −4.5V. All analytes were detected
in positive ion SRM mode. The analytical conditions were optimized for each analyte
(Table 4).

Table 4. Optimized MS information for polyamines and steroids.

Compound Abbreviation
Precursor Ion

(m/z)
Product Ion

(m/z)
Normalized Collision

Energy (%)
Retention

Time (min)

1,3-diaminopropane DAP 275.0 201.1 22 9.3
Putrescine PUT 289.0 215.0 28 10

Spermidine SPD 446.1 372.3 35 14.6
Spermine SPM 603.0 529.2 48 17.9

1,6-diaminohexane DAH 317.0 243.0 27 12.45
Cadaverine CAD 303.0 229.0 45 11.2

N-acetyl putrescine N-PUT 231.0 157.0 28 4.8
N-acetyl spermidine N-SPD 388.0 314.2 24 7.6
N-acetyl spermine N-SPM 545.4 471.3 37 12.5

N-acetyl cadaverine N-CAD 245.0 171.1 51 5.1
Testosterone T 289.2 271.3 56 8.7

Dihydrotestosterone DHT 291.2 255.3 24 11.1
Epitestosterone EpiT 289.2 271.3 26 9.8

Epitestosterone-d3 EpiT-d3 292.2 256.4 35 9.7
Androstenedione A 287.2 269.3 48 9.7

Pregnenolone PREG 317.2 299.3 29 14.1
Progesterone P4 315.2 297.3 30 13.9

17α-Hydroxyprogesterone 17α-OHP 331.2 313.3 22 9.8
11β-Hydroxyprogesterone 11β-OHP 331.2 313.3 29 9.2
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3.6. Validation

We carried out validation according the ICH guideline on bioanalytical method vali-
dation [29]. For validating the method, QC samples were prepared in commercial blank
serum by spiking all target analytes at four different concentrations within their respective
calibration ranges. Calibration standards and QC samples were prepared by adding a
dilution of the stock analyte solution to the blank serum samples on every validation day.
Further, the ion peak area of each metabolite was normalized by dividing it by the IS (e.g.,
polyamine groups-DAH; steroid groups-EpiT-d3).

Calibration curves were plotted with concentrations ranging from 1 to 5000 ng/mL
for most polyamines (except N-SPM; range = 0.1 to 5000 ng/mL); further, T, EpiT, DHT,
and PREG were plotted from 1 to 2000 ng/mL and 17α-OHP, 11β-OHP, A, and P4 were
plotted from 0.1 to 2000 ng/mL. The linearity was evaluated using the correlation coeffi-
cient (R2) of the calibration curves. LOQ was defined as the lowest concentration with a
signal-to-noise ratio greater than 10. Recovery was assessed to determine whether analyte
compounds were lost during sample pretreatment. Overall recoveries were calculated
by comparing the peak area ratios of analytes with the IS from all pretreatment steps
versus those of only their derivatization steps. The matrix effect of urine samples due
to endogenous substances compared to a standard solution was calculated as follows:
(the ratio of spiked analyte standards and ISs in urine—the ratio of analytes and internal
standards in blank urine)/(the ratio of the corresponding standard and IS in the standard
solution) × 100 (%) [30]. Accuracy and precision were determined using QC samples at
four concentrations, 10, 50, 500, and 1000 ng/mL, for most analytes, whereas analytes
with an LOQ of 0.1 were measured at four concentrations of 1, 50, 500, and 1000 ng/mL.
Accuracy was evaluated as the percent relative error (% bias), and precision was evaluated
as the coefficient of variation (% CV). Intra-day validation was confirmed by analyzing
three replicate samples, whereas inter-day validation was confirmed by analyzing the
sample on three different days.

3.7. Statistical Testing and Data Processing

Polyamine and steroid concentrations were obtained from the calibration curves.
Polyamines and steroid levels are expressed as the mean ± standard deviation (SD). We
used Tune plus and Xcalibur for data analysis. Comparisons between normal controls and
patients with breast cancer were performed using an independent samples Student’s t-test.
For each of the measurements, the difference between groups was analyzed using a t-test
followed by Bonferroni correction. The threshold of significance was set at p < 0.05. ROC
curves to find the possible candidate biomarkers were plotted using MedCalc software
(MedCalc Software, Mariakerke, Belgium). The threshold of significant markers was set to
an AUC value of > 0.8.

4. Conclusions

In this study, a simultaneous analysis method using LC-MS/MS with isobutyl chlo-
roformate derivatization was validated for serum polyamines and steroids. Polyamines
and steroids have different functional groups; therefore, we derivatized polyamines with
isobutyl chloroformate but not steroids. Combined quantitative profiling was performed,
and sample preparation involved derivatization and an LLE step. This method was suc-
cessful and reliable with satisfactory peak separation. Thus, we applied quantitative
profiling of serum polyamines and steroids in age-matched breast cancer patients and
normal controls and observed certain significant differences. Since we conducted the
experiment with 10 pairs, it is not accurate, but through our simultaneous analysis method,
we might be able to confirm the treatment effect for breast cancer patients. In our results,
the clinical impact of several significant compounds showing clinical relevance is expected
to be confirmed by extending the number of patients in the future. Although there are
several studies on polyamines and steroids separately, our study is the first to analyze
polyamines and steroids simultaneously. This method is advantageous as it makes use
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of a small quantity of samples and reduces the analysis time. In addition, this MS-based
quantitative profiling method will be applicable to not only polyamine-related diseases,
such as cancer, but also androgen-dependent diseases, such as male pattern baldness and
benign prostatic hyperplasia.
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