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Preface to “State of the Art in Separation Science”

The term “separation techniques” refers to a group of analytical techniques used to separate the

components of a homogenous mixture that are further detected, identified and quantitatively determined.

Though separation can involve distillation and evaporation, typically in analytical chemistry,

separation techniques include all types of chromatographic and electrophoretic techniques, such as:

Gas Chromatography (GC); Liquid Chromatography (LC); High-Performance Liquid

Chromatography (HPLC); LC-MS; LC-MS/MS; LC-NMR; 2D LC; 2D GC; GC-MS; Capillary

Electrochromatography (CEC); Supercritical Fluid Chromatography (SFC); Affinity Electrophoresis;

Capillary Electrophoresis; Gel Electrophoresis; Immunoelectrophoresis; Isoelectric Focusing ((IEF);

Isotachophoresis (ITP).

Significant advances have been made in the last few decades, including in instrumentation as well

as the materials used in stationary or mobile phases. All these advances are following the principles of

Green Analytical Chemistry. Therefore, automation, speed and safety are of great importance.

Two-dimensional techniques, as well as those hyphenated with spectroscopic techniques, have

improved the feature characteristics of established separation techniques, making them the best

analytical tool in the analysis of any kind of sample derived from various chemistry sectors as well

other scientific fields such as food science, veterinary medicine, biology, dentistry, archeology, forensics,

pharmaceutical chemistry, medicine, environmental science, etc. To that end, major advances in

separation science have led to significant findings in the above-mentioned scientific fields.

The questions that arise are: What is the state-of-the-art in Separation Sciences? What advances

have been reported recently? Last but not least, what are the future perspectives?

This Topical Collection aims to gather the answers to these questions addressed by the experts in

the field who are invited to contribute with a research or review article.

The Editor wishes to thank all authors for their valuable contribution.

Victoria Samanidou

Editor
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Abstract: Gas turbines must now comply with much stricter emission control regulations. In fact,
to combat the greenhouse effect, regulatory authorities have drastically reduced allowable emis-
sion levels. For example, in less than 12 years, the United States’ Clean Air Act issued the New
Source Performance Standards (NSPS), which tightened the NOx emission margin of natural gas
combustion (from 75 ppm to 10 ppm). On the other hand, despite those efforts, the high demand
for energy produced by fossil-fueled gas turbines in power plants has resulted in dramatic increases
in anthropogenic CO2 and NOx emitted by gas combustors. Most systems responsible for these
undesirable emissions are directly linked to power generation, with gas turbines playing a pivotal
role. Yet, gas turbines are still widely used in power plants and will continue to meet the growing
demand. Therefore, sequestration and separation techniques such as Carbon Capture and Storage
(CCS) and Air Separation Units (ASU) are essential to reduce CO2 and NOx emissions while allowing
large amounts of power to be generated from these systems. This paper provides an in-depth exami-
nation of the current state of the art in alternative working fluids utilized in the power generation
industry (i.e., gas turbines, combustion). In addition, this paper highlights the recent contribution
of integrating separation techniques, such as air separation, steam methane reforming, and water-
gas shifting, to the power generation industry to facilitate a continuous and adequate supply of
alternative working fluids.

Keywords: air separation; steam methane reforming; water gas shift; alternative fluids; gas turbine

1. Introduction

This paper examines the state of art in integrating CCS and separation units to a variety
of gas turbine cycle configurations, highlighting their role in producing a continuous and
sustainable supply of complex blends of working fluids, thus reducing carbon and NOx
emissions and increasing the power generation cycle efficiency.

Although the progress of separation processes has been reported previously, this
paper aims to correlate this progress with the potential of producing a continuous and
sustainable supply of alternative working fluids to gas turbine and combustion chambers,

Separations 2022, 9, 14. https://doi.org/10.3390/separations9010014 https://www.mdpi.com/journal/separations1
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hence delivering unique state-of-the-art evaluation. The method of evaluating the involved
literature in this paper is based on providing a pros–cons evaluation of each separation
process and efficiency comparison tables for each aspect in reference to its potential to
produce a continuous and sustainable supply of alternative working fluids.

The literature [1–5] is enriched with research on the use of alternative working fluids,
which have significant potential for improving gas turbine efficiency and power outputs.
These increases are necessary to ensure the integration of other high-energy-consuming
processes into the global carbon footprint reduction effort. Helium in the nuclear industry,
ammonia–water in organic Rankine cycles, and humidified injection techniques are all
examples of alternative working fluids [5–10].

Alternative working fluids are based on replacing air with an oxygen-based mixture to
increase the cycle efficiency and reduce the greenhouse effect. By replacing air with oxygen-
based blends, the N2 content is eliminated from the combustion process; thus, this technique
eliminates NOx emissions while a cost-effective and straightforward condensation process
captures carbon emissions [11–16]. The captured carbon is typically circulated back to serve
as a diluting agent to avoid turbine overheating associated with oxyfuel combustion [17–20].
As far as efficiency is concerned, the cycle efficiency can be increased by increasing the
overall heat capacities (i.e., specific heat at constant pressure (Cp)) of the working fluid
in the expansion stage (i.e., turbine). This is achieved by injecting components with high
heat capacities (i.e., inert gases) into the working fluid, thus increasing the work output as
described in Equation (1). Another approach to improving the work output is to increase
the mass flow rate (

.
m )in the expansion stage by injecting steam into the working fluid as

described in Equation (1), where Wt,
.

m , Cp, T03, and T04 are the turbine work, working fluid
mass flow rate, isobaric mass heat capacity, turbine total inlet temperature, and turbine
total outlet temperature, respectively.

Wt =
.

m Cp(T03 − T04) (1)

As NOx emissions are eliminated from the combustion process, alternative working
fluid-based gas turbines utilize diffusive combustors due to their high combustion stabilities
compared to premixed combustors.

Because of their non-reactive nature combined with their thermodynamic properties,
inert gases present a unique opportunity among the potential gases that can be used to
increase power and efficiency. Because of its stable radioactive properties, helium is known
to be the best choice in high-temperature gas-cooled nuclear reactors (HTGR) [21,22].
Efficiency losses, on the other hand, are the cost of making necessary changes to the
compressor and turbine blade geometry. This results in forming an end-wall boundary
layer and secondary flow, impacting the final efficiency [23]. In the literature, attempts
have been made to compromise between mechanical requirements and high efficiency by
introducing inert gases into the working fluid, such as neon (Ne) and helium (He). For
example, by optimizing the compositions of both components, an optimal expansion ratio
can be achieved.

Nonetheless, such a composition has no discernible impact on cycle efficiency. As a
result, additional gases are required to improve overall efficiency, lowering maintenance
and operating costs. Furthermore, to accommodate carbon sequestration at the end of the
line, the gas blend should include CO2.

Oxyfuel combustion is one method for using carbon dioxide in carbon sequestration
systems that is currently being developed. Oxyfuel combustion is a modern technique
that substitutes high oxygen concentrations for air (i.e., with a 21 percent v. oxygen
content) as the primary oxidant [24]. Compared to air–fuel combustion, oxyfuel combustion
produces flue gases with approximately 75% lower mass and volume (primarily, steam,
and CO2). Compared to air–fuel combustion, CO2 is captured and circulated back to the
oxyfuel combustion-based gas turbine with lower heat losses, resulting in lower efficiency
losses [25].
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Using CO2 without injecting inert gases in oxyfuel combustion systems, on the other
hand, lowers the turbine inlet temperature, necessitating higher pressure ratios to maintain
the same temperature. Essentially, this entails the use of larger compressors, which impact
the gas turbine’s compactness. Furthermore, existing gas turbine arrangements would
necessitate significant changes, delaying the adoption of CO2 injection [25,26]. As a solution,
injecting argon (Ar) into the working fluid increases the overall heat capacity by introducing
another inert gas into the working fluid. Injecting Ar is a more economically sustainable
option than He, Ne, or other inert gases because of its abundance in the atmosphere. By
injecting argon, the turbine inlet temperature can be maintained at a constant level while
maintaining high specific heat ratios for improved cycle efficiency. As a result, significant
changes to existing gas turbine configurations can be avoided. Furthermore, argon’s high
heat capacity boosts power outputs, offsetting the efficiency reduction penalty associated
with CCS installations.

However, if only Ar-O2-CO2 blends were used as working fluids, the costs would
remain significant. Therefore, advanced humidified systems could be an alternative to
increase output power and efficiencies while lowering the overall costs. Complex cycles are
defined as those that combine heat recovery (HR) with humidified injection techniques [27].
By recovering about 60% of heat losses, these cycles improve efficiency and reduce emis-
sions [28]. Heat exchange and recuperation techniques, such as gas-to-gas recuperation,
are examples of heat recovery methods for gas turbines with low-pressure ratios [29].
Furthermore, higher thermal efficiencies and output power are demonstrated when heat-
exchanged gas turbines are compared to similar simple gas turbines. On the other hand,
steam injection is a more preferable approach for higher pressure ratios [29].

As far as the evaporative cycles are concerned, they have a higher power output
but lower efficiency than a similar steam injection cycle. For evaporative cycles, water
can evaporate below its boiling point; thus, it does not require extensive heating (i.e.,
superheaters). The compressed air counter-contacts the heated water surface by placing the
evaporator after the compressor. This arrangement causes molecules to collide, allowing
water molecules to escape and overcome the vapor pressure [30].

Humidification can also be used for other applications, such as cooling and overcoming
compressor sizing limitations, a process known as wet compression [31,32].

CARSOXY [33] is a new set of gas turbine working fluid blends created by combining
all of these components, namely carbon dioxide, argon, steam, and oxygen. Previous
research [33] has demonstrated that using humidification and evaporation methods can
improve the performance of a gas turbine. Furthermore, when a CARSOXY mixture is
used as the working fluid, heat recovery methods are used, thus increasing cycle efficiency.
High techno-economic benefits can be achieved if a suitable cycle configuration is used
under the specific operating condition. Furthermore, further carbon capture and storage
techniques, which are considered e imperative requirements for future fossil-fueled gas
turbines [34,35], have the potential to improve efficiency while maintaining a relatively
low level of CO2 emissions by using a CO2–Ar–steam mixture. However, increasing the
amount of CO2 in a gas turbine’s working fluid can cause carbon hydrates and blockage in
cooling channels in the turbine blades [36], necessitating extra caution in determining the
right amount of CO2 in the working fluid.

As discussed, evaluating the proposed novel approaches of utilizing alternative work-
ing fluids in gas turbines is based on the implementation simplicity, cycle efficiency,
power outputs, economic sustainability, and acceptable combustibility criteria. There-
fore, within those criteria, this paper provides an in-depth examination of the current state
of the art in alternative working fluids utilized in the power generation industry (i.e., gas
turbines, combustion).

3
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In addition, applying alternative working fluids in power plants implies using separa-
tion processes (i.e., air separation, carbon capturing, steam methane reforming, water gas
shifting, pressure swing adsorption, distillation, etc.). Therefore, promoting the concept of
alternative working fluids to the industry is determined by the feasibility level of imple-
menting those separation processes. Thus, this paper highlights the current contributions
of integrating separation techniques, such as air separation, steam–methane reforming, and
water–gas shifting to the power generation industry to facilitate a continuous and adequate
supply of alternative working fluids.

As far as the integration of separation processes to gas turbines is concerned, there are
two major schemes to increase the cycle efficiency or/and reduce the greenhouse effects.
The first scheme uses alternative fuels, such as decarbonized fuel blends (i.e., H2 and
NH3/H2), amongst many other examples in the literature [37,38]. The second scheme
is to use alternative working fluids, which requires the implementation of separation
processes to ensure a continuous supply of the components of the alternative working fluid.
Therefore, this paper spots the integrated separation techniques to supply the components
of the alternative working fluids (oxidized gas turbine cycles, H2O for humidified gas
turbine cycles, CO2-diluted gas turbine cycles, and inert gas-enhanced gas turbine cycles).

In addition, air may be taken from a gas turbine facility for various reasons, such as for
use as a feed to an air separation unit, bleed cooling air for the turbine, or other pressured
air requirements inside the facility. The ejected air (Figure 1) includes useful heat recovered
by boiling liquid fluids at discrete temperature levels or by sensible heat transfer to other
fluids. Solvent regeneration, a process characterized by a gas–liquid absorption stage
followed by heat transfer to the liquid to desorb a gaseous product or pollutant, is one type
of use for recovered heat. The following unit activities, which may be found in hydrocarbon
gasification or hydrocarbon processing facilities, are examples of processes that potentially
benefit from this heat integration, including the regeneration of a cryogenic air separation
unit’s liquid-based air pretreatment system. Extraction air heat recovery might benefit a
liquid-based absorption phase for removing impurities from the air supply stream to an
ASU. The heated air would be cooled by an absorption column against the liquid bottoms
in one embodiment. The cooled air would enter the column and come into contact with
the liquid absorbent, absorbing the pollutants in the air stream. The pollutants would be
desorbed from the absorbent liquid, then returned to the absorbent column through the
air to begin the absorbent heating process. For better efficiency removal, the absorbent
system may include one or more fluids in several absorption phases or utilize specialized
absorbents to remove specific pollutants in the air stream. Heating from other sources and
a pressure decrease in conjunction with heating might be used to desorb contaminants from
absorbents. Impurities are desorbed by heating. A gas cleaning solvent, such as that used
in the syngas cleanup process, is regenerated. Absorption devices to remove acid gases
from the partial oxidation process (POX) plants are widely recognized. Extraction air heat
might be utilized in place of or in addition to other heat sources for solvent regeneration. A
solvent-based system might be used to recover a salable by-product such as carbon dioxide
from a facility’s off-gas stream. Again, heat recovered from the extracted air would be used
to liberate the product stream from the solvent, either whole or partially.

4
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Figure 1. ASU of Chemical PSA [39].

As illustrated in Figure 2, some of these notions can be combined. Heat can be
recovered from extracted air by contacting it indirectly with a process fluid or transferring
heat from the air to a working fluid such as steam or inert gas. High-level heat from the
extracted air source is transferred to a nitrogen stream that returns to the gas turbine in this
case. Contact with the rich bottoms of an absorption column used to pretreat air supply
to the ASU further cools the extracted air. Other absorption systems in the plant’s POX
or POX product workup parts might potentially perform this heat transfer phase. The
high-level heat recovery phase may be omitted, and all of the extracted air heat may be
utilized for absorber renewal, depending on the solvent and substance to be absorbed.
Suppose the pressure was considerably different from the supplement air source. In that
case, the extracted air might be mixed with supplementary compressed air entering the
pretreatment process, or it may be handled independently. Carbon dioxide is collected as
a by-product from the air pretreatment region in this embodiment. The carbon dioxide
might be treated as a by-product for sale or utilized within the plant. Returning the carbon
dioxide to the gas turbine as a diluent is one example.

Figure 2. Application of extracted air for heat recovery [39].

5
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2. Carbon Capture and Storage (CCS)

The most prevalent carbon dioxide capturing techniques are discussed in this section.
Pre-combustion, post-combustion, and oxyfuel combustion are the three main types. Based
on multidisciplinary aspects, the literature has evaluated these techniques (technology
maturity state, economic sustainability, advantages, and disadvantages).

2.1. The Main Categories of the CCS

CO2 is captured from flue gases in post-combustion CCS with no significant changes
required. Post-combustion CCS can be easily integrated into existing power plants [40];
however, the electricity costs are increased by approximately 70% [41].

The Technology Centre Mongstad in Norway [42] is one of the most prominent exam-
ples of deploying post-combustion CCS commercially. According to the reference [42], the
process begins by separating liquid and solid particulates from combustion flue gases in a
separation unit, as shown in Figure 3. Flue gases rise from the absorber’s bottom against a
counter-current stream of lean solution. This allows CO2 to be absorbed and the treated
flue gases to exit the absorber at the top. Meanwhile, the CO2-rich solution travels from the
absorber’s bottom to the stripper’s top. Against a counter-current water vapor stream, the
CO2-rich solution flows downward. The water vapor stream absorbs the majority of the
remaining CO2. Finally, CO2 is separated from water vapor using a condensation process.

Figure 3. A simplified diagram of a reactive solvent-based post-combustion capture process [42].

Pre-combustion CCS, unlike post-combustion CCS, is difficult to integrate into exist-
ing power plants. It necessitates extensive pretreatment, particularly for coal-fired power
plants [43], which reduces the system’s compactness. On the other hand, the efficiency
losses are significantly lower than those seen in post-combustion [44]. The pre-combustion
CCS process begins with a coal gasification process, in which coal is converted into hydro-
gen, carbon monoxide, and carbon dioxide, as shown in Figure 4. This is followed by a
water–gas shift reaction, which converts carbon monoxide to carbon dioxide and increases
hydrogen production. Carbon dioxide can be captured at this stage using absorption,
adsorption, membrane separation, hydrate-based separation, and cryogenic distillation
techniques. Natural gas fuel is processed in the same way. The gasification process, on the
other hand, is replaced by a reforming process. The CO2 removal efficiency of natural gas
fuel pre-combustion CCS can reach up to 80% [35].

6
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Figure 4. CCS of pre-combustion [44].

Regarding oxyfuel combustion in CCS, the air is not directly supplied to the combus-
tion chamber, as seen in Figure 5. It is first separated into argon, oxygen, nitrogen, and
other gases in an air separation unit. The oxygen is extracted and fed into a combustion
chamber. Carbon dioxide is highly concentrated in oxyfuel combustion flue gases [41], thus
allowing easier carbon capturing. However, the use of the ASU for an oxyfuel lignite-fired
power plant, for example, has been reported to reduce plant efficiency by up to 10% [44].

Figure 5. CCS of oxyfuel combustion [44].

Table 1 summarizes the three CCS technologies’ maturity states, economic status, and
benefits and drawbacks [44].

2.2. Methods for Separating Carbon Dioxide

CO2 is separated by absorption using liquid sorbents, and stripping techniques can be
used to extract the latter. Monoethanolamine (MEA) ensures a CO2 absorption efficiency of
90% [45]. Adsorption [45] is the technique used when the sorbent is in the solid phase (such
as hydrotalcite, molecular sieves, and so on). Another well-known technique is membrane
separation, which allows CO2 to pass through a porous composite polymer selectively.
Because different gases have different molecule sizes, pores are carefully sized to match
the size of the CO2 molecule [46]. Table 2 [46] compares and contrasts the benefits and
drawbacks of the most common CO2 separation techniques.

7
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Table 1. The current state of CCS technologies.

Capturing
Technology

Technology
Status

Cost
CO2

Concentration
Thermal

Efficiency
Pros Cons

Post-
combustion

Fully
Developed

The
lowest

The
lowest

The
highest

Easily
integrated into
existing power

plants.

The electricity
costs are

increased by
approximately

70%

Pre-
combustion

Fully
Developed Medium Medium The

lowest

The efficiency
losses are

significantly
lower than

those seen in
post-

combustion.
Enables

hydrogen
production.

The CO2
removal

efficiency of
natural gas fuel
pre-combustion
CCS can reach

up to 80%

Difficult to
integrate into

existing power
plants.

Reduces the
system’s

compactness.

Oxyfuel
combustion

Developed air
separation The highest The highest Medium

Eliminates NOx
emission of the

power plant.

Reduces plant
efficiency by up

to 10%

Table 2. CO2 pros and cons.

CO2 Separation Method Pros Cons

Absorption

• The most developed
technology

• The highest CO2
recovery efficiency
(approximately 90%)

• Low efficiency for low
CO2 concentration, i.e.,
Post-combustion

• High heat requirements

Adsorption

• Recyclable absorbent
• Relatively high CO2

recovery efficiency
(approximately 85%)

• High heat requirements

Membrane separation

• Relatively high CO2
recovery efficiency
(approximately 80%)

• Operational issues

Hydrate-bases separation
• Negligible energy

penalty
• Not fully developed

technology

Cryogenic distillation
• Fully developed

technology • High-energy penalty
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2.3. CO2 Storage

Structural and stratigraphic, residual, solubility, and mineral trapping are the four
primary trapping mechanisms for CO2 storage [47]. Once CO2 is injected underground,
it rises to the top of geological structures, owing to the buoyancy effect. Still, it remains
below the impermeable caprock with structural and stratigraphic trapping, which is the
most prominent trapping process. The injected CO2 displaces formation fluid as it passes
through the formation rock in residual trapping. Due to the capillary force, the displaced
fluid disconnects and traps the remaining CO2 inside the pores of rocks [48]. The saturation
of trapped CO2 in the residual trapping mechanism is at least 10% and can reach more
than 30% of the pore volume in some reservoir rocks [49]. CO2 dissolves in formation
fluids and becomes immobile, resulting in a reduction in the amount of free CO2 [36]. The
density of the formation fluid will be slightly increased by about 1% due to the dissolved
CO2. Such a small density differential [36] is adequate to induce convection flow, which
is also beneficial to CO2 trapping. CO2 solubility in groundwater varies between 2% and
6%, decreasing with increasing temperature and salinity [50]. CO2 is held in the mineral
trapping mechanism by geochemical processes in the reservoir, which generally precipitate
as carbonate, effectively trapping CO2 in immobile secondary phases [50].

In a period ranging from 1 to 10,000 years, various trapping processes play distinct
roles in CO2 storage. Structural trapping is vital in the early stages of CO2 storage, but
its impact fades over time. Within decades, residual trapping and solubility trapping
significantly influence and lock up a large quantity of CO2 for thousands of years. Mineral
trapping begins to have a substantial influence around a hundred years and plays a critical
function in a geological timeframe.

For various reasons, storing CO2 in hydrocarbon reservoirs is one of the most preferred
CO2 storage options. For example, oil and gas reservoirs contain a large quantity of existing
equipment on the surface and underground that may be utilized for CO2 storage with only
minimal modifications. Furthermore, the caprock’s seal quality and integrity are assured,
having been thoroughly defined during the exploration and production process. Moreover,
because of the long-term extraction of oil and gas, the magnitude of pressure perturbations
and associated stress shifts in depleted oil and gas reservoirs is significantly smaller than in
aquifers. Depleted gas reservoirs are more suitable for CCS than depleted oil reservoirs
because of gas’s higher ultimate recovery and compressibility and a bigger storage capacity
per pore volume. When comparing the types of reservoirs utilized in this type of storage,
condensate gas reservoirs outperform wet and dry gas reservoirs due to the small amount
of residual gas, the phase behavior of the combination of condensate gas, and CO2, and its
high injectivity. Additionally, the amount of CO2 sequestered per pore volume in depleted
condensate reservoirs is relatively high: around 13 times that of a comparable aquifer. Yet,
the phase transition may occur in depleted condensate reservoirs but not in dry and wet
gas reservoirs; therefore, caution is advised.

3. Air Separation Unit (ASU)

The concept of oxyfuel combustion is based on utilizing pure oxygen as the primary
working fluid while eliminating nitrogen to avoid NOx emissions. As previously mentioned,
pure oxygen is typically accompanied by inert gases, such as argon, for its high heat capacity,
to increase the cycle efficiency. Therefore, to separate oxygen and argon from the air while
excluding nitrogen from the combustion process (i.e., to avoid NOx emission), air separation
techniques are integrated into oxyfuel combustion-based power plants [51].

3.1. Types of Cryogenic Distillation

Cryogenic distillation can be performed using a single distillation column or multiple
distillation columns. The multi-column process [52] is, however, the traditional method.
A low-pressure column, a high-pressure column, and a side rectifier or strippers are the
main components of this process. The cost of multi-column distillation remains a challenge.
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However, several cost-effective improvements have been proposed in the literature [52]
and are detailed in the following sections.

3.1.1. Thermally Linked Distillation Column, with a Side Rectifier

According to the reference [53], A ternary mixture made up of A, B, and C components
(i.e., N2, Ar, and O2 in air, respectively) are separated, as shown in Figure 6. The most
volatile component is A (i.e., N2 in the air), followed by B and C (i.e., Ar and O2 in air,
respectively), the intermediate and least volatile components, respectively. The mixture
is supplied to the main distillation column, which extracts component A (i.e., N2 in air)
from the top. From the bottom, component C (i.e., O2 in air) is extracted. The ABC (i.e., air)
mixture’s main feed is located approximately in the middle of the distillation column. The
side feed is connected to the bottom of the rectifier and located just beneath the main feed.
B and C (i.e., Ar and O2 in air, respectively) are the components of the side feed mixture. B
(i.e., Ar in the air) is produced from the top of the side rectifier, while the C (i.e., O2 in the
air) component accumulates at the bottom of the side rectifier. At the same location as the
side feed, component C (i.e., O2 in the air) from the side rectifier is recycled back into the
main column. When the relative volatility of the two components (B and C (i.e., Ar and O2
in the air)) in the side feed is low, this method is used.

Figure 6. Thermally linked distillation column, reproduced from the reference [53].

3.1.2. Thermally Linked Distillation Column, with a Side Stripper

A side stripper is a better choice if the low relative volatility is between (A and B)
rather than (C and B). The side feed is linked to the top of the stripper and is located above
the main feed, as shown in Figure 6. The side feed mixture comprises A and B, with B
produced at the stripper’s bottom, whereas A is returned to the main column.

3.1.3. Side Rectifier vs. Side Stripper

The concept of using ternary mixture distillation on air is depicted in Table 3. Because
argon and oxygen (B and C) have lower relative volatility than argon and nitrogen (B and
A) [54], a side rectifier is a more proper choice for air separation.

3.2. Low-Pressure (LP) Distillation Column vs. Elevated-Pressure (EP) Distillation Column

Low-pressure distillation columns are used if the by-products of nitrogen production
(oxygen and argon) are not stored and discharged near atmospheric pressure. The storage
of oxygen and argon, on the other hand, necessitates an additional increase in pressure. As
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a result, evaluated-pressure distillation columns are utilized. To put it another way, if the
by-products of producing nitrogen are compressed and used as main products, an elevated-
pressure distillation column is required [52]. The elevated-pressure distillation column
provides better matching between the ASU and the gas turbine unit; for example, the
working fluid of CARSOXY gas turbines is required to operate at relatively high pressure;
thus, elevated-pressure (EP) distillation columns are required [50].

Table 3. Air components relative volatility [54].

Component Volatility Boiling Point in Air Relative Volatility

A High Low
(−195.8 ◦C) Nitrogen The relative volatility of

argon and oxygen (B
and C) is lower than

that of argon and
nitrogen (B and A).

B Intermediate Intermediate
(−185.8 ◦C) Argon

C Low High
(−183 ◦C) Oxygen

3.3. Single Distillation Column vs. Double Distillation Columns

In comparison to conventional double distillation columns, self-heat recuperation of a
single distillation column saves 36% of energy consumption, according to the reference [46].
Liquefaction and air compression are the significant losses in a double-column air sepa-
ration process. Double distillation columns, on the other hand, are still the most popular.
Table 4 provides a critical assessment of the air separation methods.

Table 4. Pros and cons of the air separation methods (distillation).

Air Separation Method. Pros Cons

Cryogenic distillation

Can be performed using a
single distillation column or

multiple distillation columns,
depending on the specifications

and requirements of the
integrated power plant

The cost of multi-column
distillation remains a challenge

Thermally linked distillation
column, with a side rectifier

Used for alternative working
fluids with high contents of

oxygen and argon.

Excessive production of
nitrogen for

nitrogen-independent working
fluid.

Thermally linked distillation
column, with a side stripper –

Because argon and oxygen (B
and C) have a lower relative

volatility than argon and
nitrogen (B and A) [54], a side

rectifier is a more proper choice
for air separation.

Low-pressure (LP) distillation Less energy consumption
compared to the EP distillation

Not suitable for gas turbines
operating at high compression

ratios

The elevated-pressure
distillation column

Provides better matching
between the ASU and the gas
turbine unit compared to Low

pressure (LP) distillation

High energy consumption

Single distillation column

In comparison to conventional
double distillation columns,
self-heat recuperation of a

single distillation column saves
36% of energy consumption

Less popular, compared to the
double distillation columns

Double distillation columns More popular compared to the
single distillation column

Liquefaction and air
compression cause significant

losses
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3.3.1. Conventional Argon Production

Air is fed to the ASU through a heat exchanger at about 5.5–6.5 bar, as shown in
Figure 7, to be cooled by its products. The first stage is a high-pressure (HP) stage, and the
second stage is a low-pressure (LP) stage in a two-stage distillation column that separates
oxygen and nitrogen. At the HP stage, the air feed is separated into N2 and oxygen-enriched
liquid (liquid oxygen (LOX)) at the HP stage. The latter is passed through the LP stage,
where it is separated into N2 and O2. There is a temperature difference between the two
stages due to the pressure difference. This allows heat exchange between the two stages
(between LP and HP), in which the N2 vapor-boiling stream at the top of the HP stage is
then condensed by the colder liquid O2 at the bottom of the LP stage. From the top of the
HP column, N2 is produced. The highest argon concentration is found in the lower section
of the LP column due to its intermediate boiling temperature. A vapor stream is drawn
to feed the rectifier from this location. The vapor argon-boiling stream at the top of the
rectifier is condensed by the colder LOX liquid, similar to the main distillation column.
LOX that has been vaporized is returned to the LP column.

 
Figure 7. Thermally linked distillation column, reproduced from the reference [53].

3.3.2. EP Argon Production

As shown in Figure 7, oxygen in the liquid phase is drawn from the bottom of the
LP to provide total condensing duty, while argon is drawn from the top of the rectifier
column to improve argon recovery due to the elevated-pressure process’s tight volatility.
The vaporized oxygen serves a second purpose after completing the total condensing duty.
As the EP process reaches higher temperatures, it is used as a coolant agent in the system.
Because of the heat pump effect between the argon rectifier and the oxygen at the bottom
of the LP column, the pressure at the top of the rectifier remains lower than the pressure at
the bottom of the LP column, requiring no compressor.

3.4. Membrane Air Separation

One of the most important ways to generate oxygen from air separation is using new
ceramic membranes with mixed electronic ionic conducting (MIEC) properties. Figure 8
depicts a schematic of an oxyfuel combustion power plant using an MIEC membrane. As
shown in Figure 8, an air compressor may pressurize air to a pressure of 10 bar. Both the
membrane and the air must be subjected to temperatures exceeding 800 ◦C, as well as
an oxygen partial pressure ratio across the membrane, to accomplish air separation. A
combination of air compression, flue gas recycling, and boiler heat exchange can provide
the heat necessary to reach this high temperature. Surprisingly, the front end of an oxyfuel
combustion plant can accommodate the ceramic membrane module. Because of the contin-
uous oxygen partial pressure drop across the membrane, which is one of the technological
aspects of such integration, using recovered CO2 from the combustion process might result
in a strong oxygen driving force. Oxygen penetrates selectively through a membrane into
the recycled CO2 stream from the compressed air side, enriching it to around 20% (v/v) [55].
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After that, the oxygen-enriched CO2 stream may be burned directly in the boiler, resulting
in superheated steam that can be used to power steam turbines and generate electricity.

Figure 8. Diagram of an oxyfuel power plant using an MIEC membrane module [55].

As shown in Figure 9, there are two distinct approaches for integrating an MIEC
membrane into the oxyfuel combustion process. The notion of enabling recirculated flue
gas to pass over the membrane surface is used in Figure 9a, allowing oxygen to be absorbed
directly. This so-called four-end approach [56–58] is intended for Integrated Gasification
Combined Cycle (IGCC) processes; however, CO2-resistant membrane materials such as
Ba0.5Sr0.5CO0.8Fe0.2O3I (BSCF) do not exist. As a result, BSCF membranes can only
be used when the membrane material is not in direct contact with the flue gas. On the
other hand, the three-end idea [59,60] depicted in Figure 9b appears to be an appealing
alternative, as it avoids direct contact between the membrane and the flue gas. A vacuum
pump is used to remove oxygen from the membrane module in this scenario. Although the
first concept achieves a higher thermal efficiency in the oxyfuel combustion process, the
three-end concept is more likely to be feasible because no membrane materials exist that
can withstand direct contact with the flue gas; therefore, membrane material development
is critical [61–63]. Kneer et al. [56] effectively provided the requirements of coal combustion
in a CO2/O2 environment, including associated burner design, as well as the cleaning of
hot flue gas from oxycoal combustion, in their article on membrane-based air separation
modules and their design for oxycoal circumstances.

Figure 9. (A) four-end approach and (B) the three-end concept for oxygen separation in oxyfuel
processes [62].

It is worth noting that there are several problems with using this innovative approach
for obtaining oxygen from air separation. To offer high oxygen penetration flux, the
membrane separation system must first be run at temperatures exceeding 900 ◦C. As a
result, because the heated air includes around 80% (v/v) nitrogen as waste gas, there will
be significant energy penalties in this operation. Although process efficiency losses can
never be entirely recovered, energy losses can be minimized by adequately implementing
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heat recovery. Second, while the strong oxygen driving force of high CO2 partial pressure
is appealing to membranes, the aggressive circumstances would lead these membrane
materials to break down, limiting their efficacy in generating oxygen for the oxyfuel
combustion process. The high need for oxygen for the oxyfuel combustion process is
likely to lead to the deployment of oxygen membrane separation technology in the near
future; nevertheless, continuing research and development is critical to overcome the
significant challenges. In summary, the oxyfuel power plant is an appealing choice due
to a considerable cost decrease in oxygen generation when carbon capture becomes a
requirement in the future. As a result, ceramic membranes are thought to be an effective
high-temperature air separation technology that might result in a significant cost decrease
in the generation of oxygen for this application.

It should be mentioned that an IGCC coal-fired power station combines two tech-
nologies, coal gasification and combined cycle, to produce energy in the most efficient
manner possible [63,64]. Traditionally, the oxygen supply for coal gasification has been
obtained by cryogenic distillation; however, it has been observed that this technique has
many inefficiencies [65]. The use of solid oxygen carriers as an alternate way of producing
oxygen has also been investigated, including CaSO4 [66,67] and other oxygen carriers such
as manganese [68], nickel [69], and iron [70,71] oxides. However, there are drawbacks to
using this technique, including sluggish response speeds, solid handling, and a huge solid
oxygen carrier inventory [70,71]. Because these membrane modules have no moving parts
and are thus simple to run and maintain, introducing a revolutionary technology based on
ceramic membranes for oxygen generation from air separation is thought to enhance the
efficiency of IGCC power plants.

Table 5 provides a critical assessment of the membrane air separation methods.

Table 5. Pros and cons of the membrane air separation methods.

Membrane Air Separation
Method

Pros Cons

MIEC membrane

• Can be well-integrated
with CCS units within
the power plant.

• Because these membrane
modules have no
moving parts, they are
simple to run and
maintain.

• High temperature and
pressure are required
(approximately 800 ◦C
and 10 bar).

• The aggressive
circum-stances would
lead these membrane
materials to break down,
limiting their efficacy in
generating ox-ygen for
the oxyfuel com-bustion
process.

Four-end approach
• Suitable for Integrated

Gasification Combined
Cycle (IGCC) processes.

• Can only be used when
the membrane material
is not in direct contact
with the flue gas.

Three-end approach
• Avoids direct contact

between the membrane
and the flue gas.

• A vacuum pump is
required to remove
oxygen from the
membrane.
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4. Steam Methane Reforming (SMR)

SMR is an essential step in the carbon capture and storage (CCS) process, as discussed
in Section 5.1. Furthermore, it is one of the fully developed technologies for producing
hydrogen. The results and conditions in real life are identical to those in theory [72]. When
a light hydrocarbon fuel (such as methane) reacts with steam, it produces hydrogen as the
primary product and carbon monoxide and carbon dioxide as by-products. Since WGS
processes accompany SMR in most applications, some literature includes WGS as a step in
SMR [72]. Two endothermic reactions occur during the reforming process. One mole of
methane to one mole of steam requires 206 kJ in the first reaction. This yields 3 moles of
hydrogen and 1 mole of carbon monoxide as a by-product. WGS makes use of the hydrogen
produced by this reaction by converting carbon monoxide to hydrogen and carbon dioxide
as a by-product [73]. The second reaction, which produces hydrogen and carbon dioxide
directly instead of one mole of methane reacting with two moles of steam, does not require
WGS because it directly produces hydrogen and carbon dioxide. It uses 165 kJ and emits 4
moles of hydrogen and 1 mole of CO2. Finally, the CCS process is used to capture all of the
carbon dioxide produced during the entire process. Figure 10 depicts the whole procedure.

Figure 10. SMR process, reproduced from the reference [74].

The SMR process is characterized by harsh reaction conditions [74]. Because reac-
tions 1 and 2 are both endothermic, the temperature rises to around 1000 K. It has even
been described as a “brutal” process [73]. Both reactions take place in a catalytic environ-
ment. Table 6 [74] explains that the catalyst must be carefully selected to withstand these
extreme conditions.

Table 6. SMR catalyst [75].

Category Temperature Range (◦C)

nickel-based 550–850
carbon-based 300–900

zinc-based 300–500
aluminum-based 750–800

cerium-based 300–800
zirconium-based 250–500

Because of well-developed methane infrastructures and methane’s favorable hydrogen-
to-carbon ratio, methane steam reforming is commonly regarded as a readily available
technique for producing hydrogen on a large scale [76]. Fuel cell technology needs small,
low-cost reformers [77,78]. Compact reformers should be operated at low temperatures
(<1000 K) and pressures (3 bar). As a result, the present large-scale reformer technol-
ogy, which operates at high temperatures (>1100 K) and pressures, is incompatible with
smaller-scale reformers for fuel cell applications [79]. Methane steam reforming is a sub-
stantially endothermic process. The exothermic water–gas shift process is also included,
which is more favorable at low temperatures (500–850 K). The benefit of executing the
steam reforming process at low operating temperatures is that the applied temperature
promotes the water–gas shift reaction by suppressing the CO quantity [80]. Creating an
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active catalyst capable of achieving conversion up to equilibrium levels is the primary
disadvantage of methane steam reforming processes at low temperatures [81–83]. Several
groups investigated catalyst performance in methane steam reforming at temperatures
above 1000 K [84–86].

5. Water–Gas Shifting (WGS)

Water–gas shifting is a chemical reaction that converts carbon monoxide and water
into carbon dioxide and hydrogen. It is one of the most essential processes in carbon capture
and storage. About 40 kJ is generated when one mole of carbon monoxide is reacted in the
WGS reaction. Two types of catalysts (iron-based and copper-based) are commonly used to
speed up the reaction [87].

5.1. WGS Applications

Water–gas shifting is an area of interest whenever carbon monoxide is an unwanted
by-product gas. It is, in fact, a very reliable method of purifying hydrogen produced by
steam hydrocarbon reforming processes. This process is typically integrated with the SMR
process, Reactions (2) and (3) [26], as discussed in Section 7.

Steam reforming of methane: H2O + CH4 ↔ CO + 3H2 (2)

Water-gas shift reaction H2O + CO ↔ CO2 + H2 (3)

Ammonia production is another industrial application that relies heavily on water–
gas shifting to prevent carbon monoxide from reacting with the catalyst [88]. Ammonia
production is likely to be a part of the gas turbine cycle, primarily if evaporation injection
techniques are used [88].

5.2. WGS Catalyst

The two most important factors to consider when selecting catalysts for the WGS
process are sulfur tolerance and operation temperature. Iron-based catalysts have a low
sulfur tolerance and operate at a high temperature (approximately 680 K). Carbon-based
catalysts are used at lower operating temperatures (around 480 K). On the other hand,
it has a low tolerance level for sulfur [89]. The main properties of the iron-based and
copper-based catalysts are shown in Table 7 [89].

Table 7. WGS catalysts.

Property Composition Stabilizer Promoter

Iron-based catalyst

74.2% Fe2O3, 10%
Cr2O3, 0.2% MgO,

and the remaining is
to balance volatiles

Cr2O3 —

Copper-based catalyst

24% ZnO, 24% Cr2O3,
3% Mn, Al, and
Mg-oxides. The
remaining is to

balance volatiles

Cr2O3 ZnO

5.3. WGS Reactors

The conventional WGS process consists of two reactors. It uses an iron-based catalyst
in a high-temperature reactor (HTWGS). The high-temperature reactor’s products are
cooled before being purified from CO in a low-temperature reactor (LTWGS) with a copper-
based catalyst. This option is ideal if the reactor’s inlet boundary condition is high, and
the desired product (H2 and CO2) must be produced at a low temperature with very low
CO residuals.
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Figure 11 [51] shows a WGS reactor with a shell-tube design. A hydrogen-selective
membrane tube is inserted into a shell. The catalytic WGS reaction is carried out around
the tube (inside the shell). The membrane performs the separation function by allowing
only H2 to pass through (inside the tube), while the remaining WGS products are extracted
as a CO2-rich mixture outside the tube.

Figure 11. Shell-tube WGS reactor, reproduced from the reference [80].

6. Helium as a Working Fluid

Many nations, including Russia, Europe, South Africa, Japan, and the United States,
are studying direct and indirect Closed Brayton Cycle (CBC)-based high-temperature gas-
cooled reactors (HTGRs) that employ helium as a coolant for energy conversion. Because of
its outstanding transport characteristics, helium is regarded as the best coolant. According
to the data, helium has been utilized as the working fluid and coolant in 9 of the 15 closed
Brayton cycle nuclear reactor systems built across the world since the 1960s [90]. However,
because helium is less compressible than air, more stages are necessary to compress it to the
desired pressure ratio in an axial compressor. As a result, every helium compressor ever
built has a large number of stages. The Oberhausen II type 50 MW reactor’s high- and low-
pressure compressors each contain 25 stages [90]. As a result, the helium turbo equipment
is rather substantial in terms of both size and weight. This situation is unfavorable because
it raises various losses, such as the formation of a multi-stage narrow fluid flow channel. As
a result, there is an increase in aerodynamic loss due to leakage, separation, and boundary
layer loss. As a result, the stator and rotor stages are mismatched. Aside from that,
compressors with narrow rotors cause dynamic difficulties [91,92]. As a result, there is a
pressing need to address this problem since smaller shafts with two spools turbo machinery
enhance plant efficiency over longer shafts because they are easier to maintain, perform
better dynamically, and have high rigidity [93]. An extensive study is being carried out
to identify the most viable working fluid for utilization in HTGR systems with increased
thermal efficiency, electrical productivity, decreased size, and lowest rotational loss to solve
the problem mentioned above.

On the other hand, researchers devised a novel design approach for a heavily loaded
helium compressor to minimize the number of stages in the helium compressor. This design
approach is based on changing the form of the airfoil or blade when torsional velocity,
axial velocity, and negative pre-spin increase. As a result, stage loading increases [15].
Numerical simulations of a heavily loaded helium compressor were carried out using the
commercial program Ansys, and it was discovered that this design method can minimize
the number of stages. Still, no experiment has been carried out using it. Noble gases and
their mixes are not yet used as a working fluid in CBCs. Certain factors influence the choice
of working fluid for the HTGR system’s power conversion unit. Noble gases and their
mixes are the subjects of many studies for use as a working fluid in CBC HTGR plants and
axial flow turbomachinery [94,95]. Many investigations have been carried out to evaluate
the heat transmission process of the HeXe mixture in triangular channels [95], cylindrical
channels [96], beginning pipe sections [97], and heated channels with varied cross-sectional
forms [98]. The HeXe gas mixture’s thermodynamic characteristics and transport constants
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were also calculated [98]. HeXe was also used in the Prometheus project. It was based on a
Brayton energy conversion loop with a single reactor heat source [99].

7. Conclusions

Local and regional regulations have been established to limit NOx and CO2 emissions
as part of this global commitment. Most systems responsible for these undesirable emissions
are directly linked to power generation, with gas turbines playing a pivotal role. As a result,
stationary gas turbines have been widely used in power plants and will continue to be used
to meet the growing electricity demand. As a result, novel concepts are needed to reduce
emissions while allowing large amounts of power to be generated from these systems.
One promising technology for reducing harmful emissions while recirculating CO2 in
the combustion process is alternative working fluids. The idea behind using alternative
combustion working fluids is to replace air with oxygen, carbon dioxide, steam, or inert
gases, either individually or collectively.

Using carbon dioxide as a working fluid in an oxyfuel gas turbine keeps the tempera-
ture of the turbine within acceptable limits and reduces heat losses, all while removing NOx
emissions. Chemical kinetics, flammability regions, and flame compactness, on the other
hand, are negatively affected. Increased oxygen levels could lessen the severity of those
negative consequences. However, air separation units will be required to provide more
oxygen, resulting in additional costs. As a result, it can be concluded that using CO2- O2 as
a working fluid (without any additional components to improve overall thermodynamic
properties) poses significant technical challenges and is unlikely to be implemented on a
large scale.

When compared to conventional air-driven simple cycle gas turbines, the main benefit
of injecting steam into gas turbines is an increase in cycle efficiency and specific power
outputs. However, based on the research on O2-H2O-CH4, it can be concluded that O2-
H2O-CH4 power plants do not always achieve higher efficiencies and power outputs than
air-driven cycles (i.e., aero-derivative and industrial combined cycles achieve higher ef-
ficiencies and power outputs than steam-injected or (O2-H2O-CH4) gas turbines). As a
result, humidification techniques should be used with caution to achieve higher efficiency
than air-driven cycles. O2-H2O-CH4 combustion/power plants showed more advanced
properties, as shown in Table 7. However, those properties (laminar flame speed, CO
emissions, and exergy efficiency) are only compared to the literature’s O2-CO2-CH4 com-
bustion/power plants. They must be benchmarked against air-CH4 combustion/power
plants in future studies.

Due to their higher specific heat ratios and potential for increasing cycle efficiency
compared to air, argon, xenon, and helium have been studied as working fluids in the
context of using inert gases in combustion and power generation. In comparison to air-
driven cycles, using helium as a working fluid in closed cycles has the potential to improve
cycle efficiency. However, these techniques have not yet matured to the point where they
can be used on a large industrial scale (i.e., helium leakage is not easily controlled due to
its low molecular weight).

Due to the high specific heat ratio of xenon (1.677) and argon (1.667) compared to
nitrogen (1.401), using oxygen–argon and oxygen–xenon mixtures is expected to increase
cycle efficiency while eliminating NOx. However, because argon has a higher abundance
and mixing rate than xenon, it is more likely to be used in combustion in the future.

The advantages of using carbon dioxide to keep turbine temperatures within ac-
ceptable ranges, argon to increase specific heat ratio, steam to increase mass flow rate,
and oxygen to eliminate NOx emissions are incorporated into the CARSOXY working
fluid concept.

As discussed, evaluating the proposed novel approaches of utilizing alternative work-
ing fluids in gas turbines is based on the implementation simplicity, cycle efficiency,
power outputs, economic sustainability, and acceptable combustibility criteria. There-
fore, within those criteria, this paper provides an in-depth examination of the current state
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of the art in alternative working fluids utilized in the power generation industry (i.e., gas
turbines, combustion).

In addition, applying alternative working fluids in power plants implies using sepa-
ration processes (i.e., air separation, carbon capturing, steam methane reforming, water
gas shifting, pressure swing adsorption, distillation, etc.). Therefore, promoting the con-
cept of alternative working fluids to the industry is determined by the feasibility level of
implementing those separation processes. Consequently, this paper has highlighted the
current contributions of integrating separation techniques, such as air separation, steam
methane reforming, and water–gas shifting to the power generation industry to facilitate a
continuous and adequate supply of alternative working fluids.

Finally, the decision of choosing the composition of the optimal working fluids can be
made through numerical analyses that correlate the individual effect of each component
to the overall composition with respect to the gas turbine cycle efficiency. As an example
of this practice, the reference [48] has related the components of the alternative working
fluid with respect to the cycle efficiency through a three-dimensional efficiency surface that
correlates three intervals of variable molar fractions of carbon dioxide, argon, and steam.
The highest cycle efficiency is visualized as the highest peak on the efficiency surface within
the tested intervals of molar fractions. As a result, the optimal blend was determined by
selecting the corresponding molar fractions (to the highest peak).

As highlighted previously, the idea behind using alternative combustion working
fluids is to replace air with oxygen, carbon dioxide, steam, or inert gases. Therefore,
ASU is utilized to produce the required oxygen and argon content. Steam and carbon
dioxide are supplied to the alternative working fluid mixture by integrating humidification
and CCS techniques. However, to produce the required molar fractions to achieve the
optimal working fluid blends, the operating conditions of the integrated facilities (i.e., ASU,
humidification, and CCS facilities) have to be calibrated through performing extensive
sensitivity analyses. An example of this practice can be found in the reference [48].
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Abbreviations

CCS Carbon Capture and Storage
ASU Air separation units
HTGR High-temperature gas-cooled nuclear reactors
HR Heat recovery
CARSOXY Carbon dioxide, argon, steam, and oxygen
POX Partial oxidation process
SMR Steam methane reformer
WGS Water–gas shift
PSA Pressure swing adsorption
MEA Monoethanolamine
LP Low pressure
EP Elevated pressure
HP high pressure
LOX Liquid oxygen
MEIC Mixed electronic ionic conducting
IGCC Integrated gasification combined cycle
CBC Closed Brayton cycle
NSPS New source performance standards
BSCF Ba0.5Sr0.5CO0.8Fe0.2O3I
HTWGS High-temperature water–gas shift
LTWGS Low-temperature water–gas shift
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Abstract: Bioactive peptides are gaining more and more popularity in the research and develop-
ment of cosmetic products with anti-aging effect. Acetyl hexapeptide-8 is a hydrophilic peptide
incorporated in cosmetics to reduce the under-eye wrinkles and the forehead furrows. Hydrophilic
interaction liquid chromatography (HILIC) is the separation technique of choice for analyzing pep-
tides. In this work, a rapid HILIC method coupled to photodiode array detection operated at 214 nm
was developed, validated and used to determine acetyl-hexapeptide-8 in cosmetics. Chromatogra-
phy was performed on a Xbridge® HILIC BEH analytical column using as mobile phase a 40 mM
ammonium formate water solution (pH 6.5)-acetonitrile mixture 30:70, v/v at flow rate 0.25 mL min−1.
The assay was linear over the concentration range 20 to 30 μg mL−1 for the cosmetic formulations
and 0.004 to 0.007% (w/w) for the cosmetic cream. The limits of quantitation for acetyl hexapeptide-8
were 1.5 μg mL−1 and 0.002% (w/w) for the assay of cosmetic formulations and cosmetic creams,
respectively. The method was applied to the analysis of cosmetic formulations and anti-wrinkle
cosmetic creams.

Keywords: hydrophilic interaction liquid chromatography; chromatography; oligopeptides; acetyl
hexapeptide-8; acetyl hexapeptide-3; Argireline; cosmetics

1. Introduction

Skin aging is a biological process influenced by various genetic, environmental (pol-
lution, UV radiation), hormonal and metabolic factors. For more than 20 years, bioactive
ingredients have been incorporated in cosmetics to smooth out deep wrinkles, improve
skin elasticity and reduce the effects of the skin aging [1]. Given that most natural pro-
cesses within the body are stimulated through the interaction of peptides and proteins
with their target partners, bioactive peptides incorporated in cosmetics are one of the
most popular ways to reduce wrinkles and fine lines, improve skin appearance and tex-
ture, and treat decolorated skin [2]. The role of peptides is crucial in several natural
processes related to skin care, such as the modulation of cell proliferation, inflammation,
melanogenesis, cell migration, angiogenesis and the synthesis and regulation of proteins.
Bioactive peptides are gaining more and more popularity in the research and development
of cosmetic products with anti-aging effect [3]. Acetyl hexapeptide-8, also known as acetyl-
hexapeptide-3, is a neurotransmitter inhibitor peptide designed from the N-terminal end
of the synaptosomal-associated protein (SNAP25) [4,5]. It competitive inhibits the SNAP25
component of the said vesicle docking and fusion protein complex (SNARE) [6] which trig-
gers the calcium- dependent neurotransmitter release into the synapse, a process necessary
for muscle contraction [7–10]. Acetyl hexapeptide-8 is marketed as Argireline® [11], and it
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has been efficiently used in cosmetics for smoothening the under-eye wrinkles and the
forehead furrows [12–14]. After topical application at specific areas of the face, it inhibits
the reactions that cause muscles to move or contract for example when forming facial ex-
pressions such as smiling or frowning [15,16]. A clinical trial of daily topical application of
acetyl hexapeptide-8 in 24 patients with blepharospasm concluded that topical application
of this peptide is safe and promising for prolonging the action of injectable botulinum
neurotoxin therapy [17]. The quality control of cosmetic products containing bioactive
peptides should be addressed under a more systematic investigation and the concentration
of these peptides in cosmetics should be supported by product-specific studies. Therefore,
there is a real need to set up analytical methods to quantitate the bioactive compounds in
cosmetic products.

In the last decade, the increased interest in the separation of peptides has gained
momentum due to the emphasis on the chromatographic separation of various proteins
in proteome. High performance liquid chromatography (HPLC) has been widely used
in the analysis of peptides in various fields of research and development, using different
modes of separation. Nowadays, hydrophilic interaction liquid chromatography is the
separation technique of choice for the analysis of peptides [18–22]. Usually, bioactive
peptides incorporated in cosmetic products are hydrophilic compounds that show little
or no retention on conventional RP-HPLC analytical columns. The stationary phases
in HILIC are mainly polar such as silica gel, diol-, amino- or cyano- bonded and other
zwitterionic packing materials and the typical mobile phases consists of mixtures of a highly
polar solvent (typically water) with an organic modifier (typically acetonitrile) [23,24].
The analytes retention is increased by increasing the proportion of the organic modifier
in the mobile phase [25,26]. The polar functional groups on the HILIC stationary phases
absorb water (0.5%–1.0%) and this way a water-enriched layer is immobilized between the
mobile and the stationary phase, especially when the water content of the mobile phase
is less than 40% [27]. In HILIC the more hydrophilic analytes are eluted later than the
less polar compound. In the literature several works have been published on peptide
separation using HILIC columns [28–30], but only a few studies were dedicated to peptide
quantitation in cosmetics [31–33]. In one of these publications, ultra-high performance
liquid chromatography coupled to tandem mass spectrometry (UPLC-MS/MS) using a
TSK-gel Amide-80® HILIC analytical column was used to quantitate acetyl hexapeptide-8
in cosmetics after solid phase extraction procedure [34]. The TSK-gel Amide-80® HILIC
analytical column was also used in LC-MS/MS methods developed to evaluate transdermal
absorption of acetyl-hexapeptide-8 [35,36]. Even though the abovementioned LC-MS/MS
approaches are selective and sensitive for the quantitation of acetyl-hexapeptide-8 in
various matrices, there is a real need for the development of a reliable analytical method
without the need for specialized equipment that can be used in routine analyses.

In this work a rapid and sensitive hydrophilic interaction liquid chromatographic
method with photodiode array (PDA) detection was developed and validated for the
quantitation of acetyl-hexapeptide-8 in cosmetics. The appropriate stationary phase, pH,
buffer concentration and mobile phase composition, was thoroughly investigated prior to
method validation. The combination of HILIC with PDA detection provides an accurate,
repeatable and robust method for the quantitative analysis of cosmetic products. To the best
of our knowledge, this is the first report of a HILIC-PDA method for the quantitation of
acetyl-hexapeptide-8 in cosmetics. In this work a Xbridge®-HILIC BEH analytical column
has been used and combined with a rapid and simple sample pretreatment. All the above
in combination with a short run time of less than 10 min, makes the proposed HILIC-PDA
method suitable for the routine quality control of cosmetics.

2. Materials and Methods

2.1. Chemical and Reagents

HPLC grade solvents were bought from Sigma-Aldrich (St. Louis, MO, USA). Ana-
lytical reagent grade ammonium formate was acquired from Alfa-Aesar (Haverhill, MA,
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USA). HPLC grade water was produced by means of a Synergy® UV water purification
system (Merck Millipore, MA, USA). Whatman nylon membrane filters with pore size
0.45 μm and diameter 47 mm were purchased from GelmanSciences (Northampton, UK).
Hydrophobic polytetrafluorethylene (PTFE phobic 13 mm, pore size 0.22 μm) syringe filters
were acquired from Novalab SA, Athens, Greece representative of RephiLe Bioscience
Ltd., Europe.

Acetyl hexapeptide-8 (97% pure), acetyl-Glu-Glu-Met-Gln-Arg-ArgNH2 was kindly
provided from Cellco Chemicals Ltd. (Athens, Greece) distributor in Greece of Caregen Co.
Ltd. (Gyeonggi, Korea).

Acetyl hexapeptide-8 formulation, namely Argireline peptide solution C®, was do-
nated from N. Krallis S.A. distributor in Greece of Lipotec S.A., Spain containing aqua,
0.05% w/w acetyl hexapeptide-8 and 0.05% w/w 1,2 octanediol.

The anti-wrinkle cosmetic cream containing 0.005% w/w acetyl hexapeptide-8 was
produced in the Laboratory of Chemistry-Biochemistry-Cosmetic Science, Department of
Biomedical Sciences, University of West Attica in Athens, Greece by using the Argireline
peptide solution C®. The excipients present in anti-wrinkle cream are aqua, xalifin-15,
propylene glycol, sabowax FX-65, squalene, butylated hydroxyl toluene (BHT) and germall
115. Placebo cream containing only the excipients, without acetyl hexapeptide-8, was also
prepared for validation purposes.

2.2. Stock and Calibration Standard Solutions

Acetyl hexapeptide-8 stock standard solution at 500 μg mL−1 was prepared in acetoni-
trile-water mixture (60:40, v/v). The stock standard solution was further diluted in acetonitrile-
water mixture (60:40, v/v) to prepare mixed working standard solutions. The solutions were
stored in amber bottles at 4 ◦C and remained stable for two months.

For the quantitation of acetyl hexapeptide-8 in Argireline peptide solution C® (for-
mulation), the calibration samples were prepared at concentration levels 20, 23, 25, 28 and
30 μg mL−1 in water/acetonitrile mixture (30:70, v/v). Quality control (QC) samples were
also prepared at concentration levels 20 and 25 μg mL−1.

For the quantitation of acetyl hexapeptide-8 in the anti-wrinkle cosmetic cream the
calibration spiked cream samples at concentration levels 0.004, 0.0045, 0.005, 0.006 and
0.007 w/w were prepared by spiking placebo cream with appropriate dilutions of acetyl
hexapeptide-8 stock standard solution. Quality control (QC) samples were also prepared
in a similar manner at concentration levels 0.004, 0.005 and 0.007% w/w.

2.3. Sample Preparation Procedure
2.3.1. Cosmetic Formulation

An accurately weighted amount (0.5 g) of Argireline peptide solution C® is transferred
at a 10 mL volumetric flask and diluted to volume with water/acetonitrile (30:70, v/v).
A portion of this solution is then analyzed by the proposed HILIC-PDA method for the
quantitation of acetyl hexapeptide-8.

2.3.2. Cosmetic Cream

An accurately weighted amount (0.1 g) of cosmetic cream is mixed with 200 μL of
acetonitrile-water mixture (60:40, v/v) and 800 μL of 30% 40 mM ammonium formate
water solution in acetonitrile. The mixture is shaken for 2 min and then centrifuged at
18,000× g for 30 min, at ambient temperature. The upper layer is then filtered through a
PTFE hydrophobic syringe filter prior to HILIC-PDA analysis.

2.4. HILIC-PDA

The HPLC-PDA analytical instrument used in this work is consisting of a Waters
717 plus autosampler, a column temperature oven, a Waters 1515 isocratic pump and a
Waters 996 photodiode array detector (Milford, MA, USA). The Empower software (Milford,
MA, USA) was used for the data acquisition. The chromatographic eluent was monitored

27



Separations 2021, 8, 125

over the wavelengths 200 to 400 nm and extracted chromatograms at λ 214 nm were used
for data analysis. An Xbridge®-HILIC BEH guard column (20 × 2.1 mm, 3.5 μm) in line
with an Xbridge®-HILIC BEH analytical column (2.1 × 150 mm, 3.5 μm) were used for the
chromatography. The mobile phase was composed of 30% 40 mM ammonium formate
aqueous solution in acetonitrile and pumped at a flow rate of 0.25 mL min−1. Prior to
the chromatography the mobile phase was filtered through a 0.22 μm nylon membrane
filter, Membrane Solutions (Kent, WA, USA) and degassed under vacuum. Samples were
injected via a 10 μL injection loop and acetyl hexapeptide-8 was quantitated in cosmetic
products with a chromatographic run time of 10 min.

2.5. Method Validation and Application to the Analysis of Real Samples

The HILIC-PDA method was validated in terms of linearity, limit of detection, limit of
quantitation, intra-day and inter-day precision and overall accuracy [37]. The method was
applied to the analysis of various batches of a cosmetic formulation namely Argireline
peptide solution C® and to the analysis of various batches of an anti-wrinkle cosmetic
cream. To evaluate the linearity, linear regressions were used to construct the calibration
graphs after the analysis calibration standards and spiked cream samples at five differ-
ent concentration levels. Peak area measurements were used for quantitation of acetyl
hexapeptide-8. The % coefficient of variations (%CVs) and the % relative recovery were
calculated to evaluate precision (intra- and inter-day) and overall accuracy, respectively.

3. Results and Discussions

3.1. HILIC-PDA Method Development
Chromatography

Acetyl-hexapeptide-8 consists of a six amino acids chain acetylated at the N-terminal
residue, N-acetyl-Glu-Glu-Met-Gln-Arg-ArgNH2, as shown in Figure 1a. The ionization
fraction and the LogD values of acetyl-hexapeptide-8 as a function of pH were calculated
by the ADME boxes software ver. 3.0.3 built 45, Pharma Algorithms Ltd. (Toronto Canada)
and the results are presented in Figure 1b.

  
(a) (b) 

Figure 1. Acetyl hexapeptide-8 (a) Chemical structure; (b) Plots of the ionization fraction (top) and the LogD values (bottom)
as a function of pH.

LogD values of acetyl hexapeptide-8 versus pH are less than -9, indicating that this
compound is highly hydrophilic (Figure 1b, bottom). HILIC is the analytical technique of
choice for the chromatographic analysis of polar compounds, and it was therefore used in
the present work. The retention mechanism in HILIC is based on several types of interac-
tions such as adsorption, partition, electrostatic, hydrogen bonding and reversed-phase
interactions [38–40]. Greater retention is achieved when more than 70% of organic modifier
(e.g., acetonitrile) is used in the mobile phase. The chromatographic conditions were
optimized to achieve adequate retention and optimum peak shape of acetyl-hexapeptide-8.
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To find the optimal mobile phase composition we examined various combinations of
aqueous buffer solutions and acetonitrile with changed content of each component. The de-
tection wavelength was set to 214 nm, because at this wavelength acetyl heptpeptide-8
shows satisfactory absorption. The flow rate was set to 0.25 mL min−1 and the experiments
were conducted at ambient temperature.

The XBridge®-HILIC BEH analytical column used in this work consists of BEH parti-
cles. Some accessible free silanol groups on the surface of these BEH particles are responsi-
ble for electrostatic interactions. The addition of aqueous salt solutions in the HILIC mobile
phase eluents reduces the electrostatic interactions between the stationary phase and the
analyte [41]. Plot of the logk values of acetyl hexapeptide-8 as a function of the concentra-
tion of ammonium formate is presented in Figure 2a. Ammonium formate concentration
was modified from 2.5 to 100 mM with a constant aqueous component of the mobile phase
eluent at 30%, v/v and a constant pH at 6.5. Under these conditions the free silanol groups
on the surface of these BEH particles are negatively charged and acetyl hexapeptide-8 is in
zwitterion form. The results showed that by increasing the concentration of ammonium
formate the retention of acetyl hexapeptide-8 is slightly decreased up to 40 mM and then
increased up to 100 mM. These findings indicate that the retention mechanism of acetyl
hexapeptide-8 in XBridge®-HILIC BEH analytical column is complex and comprises both
hydrophilic partition with secondary electrostatic interactions. From these experiments,
we concluded that by using a 40 mM ammonium formate concentration in the mobile phase
peak symmetry and plate numbers are improved and the analyte is adequately retained
and well separated from the solvent front.

 
 

(a) (b) 

Figure 2. Plots of logk values for acetyl hexapeptide-8 as a function of: (a) the concentration of ammonium formate,
and (b) the percentage of the water content of the mobile phase.

The chromatography of acetyl hexapeptide-8 was also explored by using various
mobile phases where the concentration of ammonium formate in the whole mobile phase
was kept constant at 12 mM, while the percentage of water, Φwater varied from 25% to
35%. As shown in Figure 2b, the logk values of the peptide decrease exponentially with
increasing Φwater, implying a complex retention mechanism for this analyte on the selected
HILIC column. The optimum mobile phase composition consists of 30% 40 mM ammonium
formate water solution (pH 6.5) in acetonitrile. As shown in Figure 3, acetyl hexapeptide-8
is eluted at 8.15 min and the proposed HILIC-PDA method allows the isocratic elution of
acetyl hexapeptide-8 within 10 min.
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Figure 3. HPLC-PDA chromatogram of a quality control sample of acetyl hexapeptide-8 prepared in water/acetonitrile
(30:70, v/v) at 25 μg mL−1. Chromatographic conditions: BEH XBridge®-HILIC analytical column; mobile phase: 40 mM
ammonium formate aqueous solution/acetonitrile (30:70, v/v), flow rate 0.25 mL min−1 at 214 nm.

3.2. Statistical Analysis of Data
3.2.1. Selectivity

The selectivity of the HILIC-PDA method to the analysis of Argireline peptide so-
lution C® (cosmetic formulation) is demonstrated in Figure 4, where a chromatogram
obtained from the analysis of the cosmetic formulation (red spiked line) is superimposed
to a chromatogram of a quality control sample of acetyl hexapeptide-8 prepared in wa-
ter/acetonitrile (30:70, v/v), both samples contain the analyte at 25 μg mL−1 (grey line).

Figure 4. HPLC-PDA chromatogram obtained from the analysis of Argireline peptide solution C® (red spiked line)
superimposed to a chromatogram of a quality control sample of acetyl hexapeptide-8 prepared in water/acetonitrile
30:70, v/v (grey line), both samples contain the analyte at 25 μg mL−1. Chromatographic conditions: BEH XBridge®-
HILIC analytical column; mobile phase: 40 mM ammonium formate aqueous solution/acetonitrile (30:70, v/v), flow rate
0.25 mL min−1 at 214 nm.

Moreover, the selectivity of the HILIC-PDA method to the analysis of cosmetic creams
incorporated with acetyl hexapeptide-8 is demonstrated in Figure 5, where a chromatogram
obtained from the analysis of a placebo cream sample (black line) is superimposed to a
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chromatogram of a cream sample obtained after the sample preparation described in
Section 2.3.2 containing acetyl hexapeptide-8 at 0.005% w/w (blue line).

Figure 5. HPLC-PDA chromatogram obtained from the cosmetic cream (blue line) superimposed to a chromatogram of
a black cream sample (grey spiked line). Chromatographic conditions: BEH XBridge®-HILIC analytical column; mobile
phase: 40 mM ammonium formate aqueous solution/acetonitrile (30:70, v/v), flow rate 0.25 mL min−1 at 214 nm.

3.2.2. Linearity Data

For the quantitation of acetyl hexapeptide-8 in the cosmetic formulation (Argireline
peptide solution C®) the calibration curves have been constructed at the range of concen-
trations 20 to 30 μg mL−1. The peak area signal of the peptide, S, versus the corresponding
concentrations, C exhibited linear relationships and the results of a typical calibration
curve are shown in Table 1. A Student’s t-test was also performed to evaluate whether the
intercept of the regression equation was significantly different from the theoretical zero
value. The test was based on the estimation of the experimental t-value, texperimental = a/Sa,
where a is the intercept and Sa is the standard deviation of the intercept of the regression
equation, and on the comparison of texperimental with the theoretical t-value. tp. The results
presented in Table 1 indicate that the intercept of the regression equation does not differ
from the theoretical zero value.

Table 1. Linearity data for the quantitation of acetyl hexapeptide-8 in Argireline peptide solution C®

(formulation) as assessed by the HILIC-PDA method.

Concentration Range (μg mL−1) 20–30
Regression Equation S = 18.08 (±0.64) × 103 C − 20 (±16) × 103

Correlation Coefficient, R 0.998
Standard Error of Estimation, Sr 5072

Limit of Detection, LOD (μg mL−1) 0.5
Limit of Quantitation, LOQ (μg mL−1) 1.5

texperimental: a/Sa
1 1.24

tp, f = 3, p = 0.05 2 4.30
1 texperimental = experimental t-value; a = intercept; Sa standard deviation of the intercept; 2 tp = theoretical t-value;
f = degrees of freedom; p = p-value.

For the quantitation of acetyl hexapeptide-8 in cosmetic creams, calibration curves
were constructed after the analysis of spiked cream samples over the concentration range
0.004 to 0.007 w/w. The results of a typical calibration curve are presented in Table 2. In all
cases correlation coefficient is greater than 0.994 indicating linear relationships between
the peak area signal of the analyte, S and the corresponding concentrations, C. A Student’s
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t-test was also performed in analogous manner, and the results (Table 2) indicate that the
intercept of the regression line is not significantly different from zero and thus there is no
interference from the cream matrix.

Table 2. Linearity data for the quantitation of acetyl hexapeptide-8 in cosmetic cream as assessed by
the HILIC-PDA method.

Concentration Range (% w/w) 0.004–0.007
Regression Equation S = 1105 (±41) × C + 0.71 (±0.23)

Correlation Coefficient, r 0.998
Standard Error of Estimation, Sr 0.098
Limit of Detection, LOD (% w/w) 6.8 × 10−4

Limit of Quantitation, LOQ (% w/w) 0.002
texperimental: a/Sa

1 3.10
tp, f = 3, p = 0.05 2 4.30

1 texperimental = experimental t-value; a = intercept; Sa standard deviation of the intercept; 2 tp = theoretical t-value;
f = degrees of freedom; p = p-value.

Limit of detection (LOD) and limit of quantitation (LOQ) values for acetyl hexapeptide-
8 were calculated as the amounts for which the signal-to-noise ratios were 3:1 and 10:1,
respectively. This was achieved by the analysis of dilute solutions of the peptide at known
concentration prepared by the appropriate sample preparation procedure [42]. LOD and
LOQ values for acetyl hexapeptide-8 in cosmetic formulation and in cosmetic cream are
reported in Table 1 and in Table 2, respectively.

3.2.3. Accuracy and Precision

Precision and accuracy were evaluated by one-way analysis of variance (ANOVA)
and the results are presented in Table 3. The total precision was between 1.74 to 4.34 for
the cosmetic formulation and 2.46 to 3.53% for acetyl hexapeptide-8 in cosmetic cream.
The total accuracy was between 98.9 to 99.8% for the analyte in cosmetic formulation and
99.3 to 101.6% for the quantitation in cosmetic cream.

Table 3. Accuracy and precision data of the HILIC-PDA method for the quantitation of acetyl hexapeptide-8 in cosmetic
formulation and cosmetic creams (n = 3 runs in 5 replicates).

Matrix Concentration Levels

Cosmetic Formulation

Added concentration (μg mL−1) 20 25
Overall mean 19.95 (±0.91) 24.74 (±0.42)

Intraday CV(%)1 4.76 1.66
Total precision CV(%) 1 4.37 1.74

Total accuracy Er%2 99.8 98.9

Cosmetic cream

Added concentration (% w/w) 0.004 0.005 0.007
Overall mean 39.7 (±0.82) × 10−4 50.62 (±0.39) × 10−4 69.71 (±0.79) × 10−4

Intraday, CV(%) 1 2.41 3.33 3.11
Total precision, CV(%) 1 2.46 3.35 3.53

Total accuracy, Relative Recovery (%) 2 99.3 101.2 99.6
1 Coefficient of variation; 2 Relative recovery percentage.

3.3. Application to the Analysis of Real Samples

The proposed method was applied to the analysis of three batches of Argireline
peptide solution C® labelled to contain 0.05% w/w acetyl hexapeptide-8, and three batches
of anti-wrinkle cosmetic cream labelled to contain 0.005% w/w of the peptide. Results
obtained from the analysis of real cosmetic products are presented in Table 4.
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Table 4. Quantitation of acetyl hexapeptide-8 in cosmetic formulation and cosmetic cream.

Cosmetic Product % Label Claim (±SD) 1
(n = 5) % CV 2

Cosmetic formulation
Batch No F1 0.0511 (±0.0015) 2.93
Batch No F2 0.0507 (±0.0011) 2.16
Batch No F3 0.0491 (±0.0016) 3.25

Cosmetic cream
Batch No C1 0.00491 (±0.00018) 3.7
Batch No C2 0.00501 (±0.00013) 2.6
Batch No C3 0.00509 (±0.00021) 4.1

1 Standard deviation; 2 Coefficient of variation.

The % recovery for the quantitation of acetyl hexapeptide-8 by the proposed HILIC-
PDA method is ranged from 98.2 to 102.2 % in cosmetic formulation and from 98.2 to
101.8% in cosmetics creams.

4. Conclusions

There is a real need to set up analytical methods to quantitate the active compounds in
cosmetic products incorporated with bioactive peptides in low content. In this work,
a HILIC-PDA method was developed and validated for the determination of acetyl
hexapeptide-8 in cosmetics. Over the past two decades the use of biopeptides in cos-
metic products is increasingly expanded. The developed method takes full advantage
of the benefits of HILIC leading to efficient retention of acetyl hexapeptide-8 with less
matrix effect. Validation results demonstrate that the proposed method allows for the
quantitation of acetyl hexapeptide-8 in both cosmetic formulations and cosmetics creams.
The simplicity of sample preparation procedure and the short chromatographic run time of
less than 10 min gives the method the capability for high sample throughput and it can
be used to support quality control of cosmetic products containing low content of acetyl
hexapeptide-8. There is no doubt that HILIC chromatography enables the determination of
bioactive peptides in cosmetic products without the need for specialized detection methods.
The proposed method could be extended for future applications in the analysis of various
bioactive peptides used for cosmetic purposes.
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Abstract: Chiral stationary phases based on chicken alpha 1-acid glycoprotein (cAGP) have been
used for enantioseparations of various compounds. However, the chiral binding sites and mechanism
have not been clarified yet. Based on chromatographic properties of native and W26-modified cAGP
columns and docking simulations of studied compounds into the generated model structure of cAGP,
the chiral binding sites were located on cAGP and the chiral binding mechanism was discussed.
On cAGP, there existed a binding cavity lined with H25, W26, Y47, R128, T129, D161 and E168,
which contribute electrostatic or hydrogen bonding interactions. Benzoin and chlorpheniramine
enantiomers interacted with cAGP at almost the same sites a little away from W26, while propranolol
enantiomers docked, slightly shifting toward H25 and W26. Furthermore, in addition to hydrophobic
interactions, ionic interactions between amino groups of chlorpheniramine enantiomers and a car-
boxyl group of D161 or E168 played an important role in the chiral recognition, while hydrophobic
interactions and hydrogen bonding interactions worked for the chiral recognition of benzoin and
propranolol enantiomers.

Keywords: protein-based chiral stationary phase; alpha 1-acid glycoprotein; chiral recognition
mechanism; molecular docking

1. Introduction

Chiral stationary phases (CSPs) based on proteins have been used for enantiosep-
arations of racemates or chiral compounds [1,2]. Those include serum proteins such as
bovine serum albumin [3], human serum albumin [4], human alpha 1-acid glycoprotein
(hAGP) [5] and chicken AGP (cAGP) [6,7]; enzymes such as trypsin [8], cellobiohydro-
lase [9], pepsin [10] and amyloglucosidase [11]; and other proteins such as antibody [12]
and fatty acid binding protein [13]. The disadvantages of protein-based CSPs include low
capacity, lack of column ruggedness and limited understanding of the chiral recognition
mechanism. The advantages are that various drug enantiomers could be separated in
reversed-phase mode because of multiple binding interactions such as hydrophobic, hy-
drogen bonding and electrostatic interactions or multiple binding sites [1]. Among those
CSPs, a CSP based on hAGP could separate a wide range of basic, neutral and acidic
enantiomers [1]. hAGP consisted of 183 amino acid residues, which contain five N-linked
glycans, and accounted for the total 37–54 kDa mass [14,15]. It belongs to a member of the
lipocalin family, which is a transporter for small hydrophobic molecules [16,17].

Furthermore, hAGP also binds to a variety of drugs, mainly hydrophobic or basic
drugs because of its isoelectric point (pI) 2.7–3.8 [16]. Besides the high heterogeneity of
glycans, the protein part has also been found to show polymorphism [18]. The variants
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are encoded by two different genes: The F1*S variant is encoded by the alleles of the same
gene (orosomucoid1 (ORM1)), while the A variant is encoded by a different gene (ORM2).
The molar ratio of the F1*S and A variant hAGPs in blood typically ranges from 3:1 to
2:1 [19,20]. The first X-ray structural analysis of the F1*S variant hAGP was reported, and
its ligand-binding sites, which consist of the lobes I, II and III, were clarified. Lobe I is a
large and deep cavity, and provides sufficient spaces for ligand-binding pockets. Lobes II
and III are on each side of lobe I and are negatively charged. Furthermore, the x-ray crystal
structure of the A variant hAGP, which had only two lobes, lobes I and II, and had narrower
binding sites than the F1*S variant hAGP, were determined [21]. The drug bindings to
hAGP have been extensively investigated using co-crystals with ligands [22], docking
study with the 3D molecular model [23–30], circular dichroism (CD) and fluorescence
spectroscopy [23,31,32], photoaffinity labelling [33] and NMR spectroscopy [34]. Although
most of studies indicated that the ligand-binding sites were located on lobes I–III, only one
study by induced CD spectra suggested that W25 of hAGP was essentially involved in the
ligand-bindings [32].

Regarding chiral binding mechanism of ligands on cAGP, a few studies were re-
ported [24,34]. Chiral bindings of the coumarins (warfarin, acenocoumarol and phen-
procoumon) to hAGPs of the F1*S and A variants (ORM1 and ORM2, respectively) were
examined [24]. The enantiomers of the coumarins were docked onto the F1*S and A
variant hAGPs in essentially the same position, including W122, and orientation [24]. (S)-
Enantiomers of warfarin and acenocoumarol were found to possess a higher affinity for
ORM 1 than the corresponding (R)-enantiomers in binding measurements by stereoselec-
tive analysis of the ultrafiltrates [24]. (R)- and (S)-acenocoumarol to hAGP models of the
F1*S and A variants show a slight preference for (S)-enantiomer in the case of both variant
hAGPs [24]. However, the proposed model could not explain chiral bindings of coumarins
onto hAGP. Chiral bindings of propranolol enantiomers to cAGP were investigated with
ligand-detected NMR experiments [34]. It was found that each enantiomer bound to the
AGP binding pocket in a different orientation.

CSPs based on crude ovomucoid, ovomucoid from chicken (OMCHI), which was
isolated from egg whites, were developed [35] and used for enantioseparations of neutral,
acidic and basic compounds [36]. However, crude ovomucoid included OMCHI and
ovoglycoprotein (OGCHI), whose content was about 10%. Since OMCHI and OGCHI
had the same pI 4.1 [1], OMCHI was contaminated with OGCHI in crude ovomucoid
preparation [6]. Furthermore, OMCHI had no chiral recognition ability, but the chiral
recognition ability of crude ovomucoid came from OGCHI [6]. The amino acid sequence of
OGCHI was clarified [7]. OGCHI consisted of 183 amino acids and accounted for the total
30 kDa mass. Furthermore, OGCHI showed 31–32% identities to rabbit AGP and hAGP [7].
OGCHI was a member of the AGP family identified in mammals, and was chicken AGP
(cAGP) [7]. As hAGP, cAGP conserved the number and locations of the S–S bridges (C6-146
and C73–C163), and had five N-linked glycans: N16, 70, 77 and 87 were fully glycosylated
and N62 was partially glycosylated [37].

cAGP had only one tryptophan residue at 26 position [37]. W26-modified cAGP
completely lost chiral recognition ability for β-blockers such as propranolol, alprenolol and
oxprenolol, while it still conserved lower chiral recognition ability for chlorpheniramine
and benzoin, compared with native cAGP [38]. Therefore, it was concluded that β-blockers
bound on a single binding site near the W26 region and that further bindings of chlorpheni-
ramine and benzoin occurred at the secondary binding site [38]. Furthermore, by CD and
ultraviolet/visible absorption spectroscopy experiments it was supported that W26 was
responsible for the ligand-bindings to cAGP [39].

In this study, we located the chiral binding sites on cAGP and discussed the chiral recog-
nition mechanism of benzoin, chlorpheniramine and propranolol, based on chromatographic
properties of native and W26-modified cAGP columns and molecular docking results.
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2. Materials and Methods

2.1. Reagents

2-Nitrophenylsulfenyl chloride was purchased from Tokyo Chemical Industry (Tokyo,
Japan). Other reagents and solvents were obtained from Nacalai Tesque (Kyoto, Japan). All
reagents were of an analytical-reagent grade and were used without further purification.
The structures of studied compounds were illustrated in Figure 1.

Figure 1. Structures of compounds used in this study.

2.2. Preparation of W26-Modified cAGP

cAGP was isolated as reported previously [6]. W26-modified cAGP with 2-nitro-
phenylsulfenyl chloride was obtained according to a previously reported method [40].
Briefly, 3 mg of 2-nitrophenylsulfenyl chloride dissolved in 50 μL of glacial acetic acid were
added to a 3 mL of a 20 vol% acetic acid solution including 100 mg of cAGP. Then the
reaction mixture was stirred for 5 h at 0 ◦C. The reaction mixture was dialyzed against
water for 60 h at 4 ◦C and lyophilized.

2.3. Preparation of Native and W26-Modified cAGP Columns

Native and W26-modified cAGP columns were prepared as reported previously [6].
Briefly, 2.66 μmol of native and W26-modified cAGPs, respectively, were reacted with
1 g of aminopropyl-silica gels (5 μm particle size, 12 nm pore size) activated with N,N-
disuccinimidyl carbonate (DSC). Each protein reacted was completely immobilized to
DSC-activated aminopropyl-silica gels [41]. The obtained materials were packed into a
2.0 mm I.D. × 100 mm stainless-steel column by a slurry packing method to evaluate chiral
recognition abilities. The flow-rate was maintained at 0.2 mL/min. Detection was carried
out at 210 nm. The retention factor, k, and enantioseparation factor, α, of a racemate were
calculated according to a method reported previously [6]. All separations were performed
at 25 ◦C using a water bath.

2.4. Generation of Model Structure of cAGP and Docking Simulations

The homology model of cAGP was constructed using Swiss-Model server [42]. The
crystal structure of hAGP (A variant (ORM2); pdbid, 3apu), which showed the highest
score of 28.8% homology with cAGP in amino acids sequence alignments, was selected,
and the model structure was built in accordance with the alignment with the target pro-
tein using ProMod3 [43]. In addition, the model structure of cAGP was generated using
i-TASSER server [44], and the built structure seemed to be indistinguishable with that from
Swiss-Model server. The validated model structure from Swiss-Model server was used
for docking simulations as previously reported [45–47]. First, the model structure was
prepared by Protein Preparation Wizard, which provides a state for calculation with charge,
orientation of groups, etc. Next, the chemical structures for benzoin, chlorpheniramine and
propranolol were obtained from Pubchem database (https://pubchem.ncbi.nlm.nih.gov/,
accessed on 22 May 2021) for both (R)- and (S)-configurations, and feasible conformations
were prepared by LigPrep module. Each prepared ligand was docked to the built model
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structure of cAGP using Glide module using standard precision (SP) mode [48], and the
docked structures with the highest glide score for each ligand were visualized with measur-
ing distances among atoms by the PyMOL Molecular Graphics System from Schrödinger
(New York, NY, USA). All tools for docking and visualization were from Schrödinger.

3. Results

3.1. Enantioseparations on Native and W26-Modified cAGP Columns

Since cAGP had only one tryptophan residue at 26 position, W26 of cAGP was only
modified with 2-nitrophenylsulfenyl chloride. Table 1 shows retention and enantiosepara-
tion factors of benzoin, chlorpheniramine and propranolol on native and W26-modified
cAGP columns. Three racemic compounds were enantioseparated on a native cAGP col-
umn. Though on a W26-modified cAGP column, retention and enantioseparation factors of
benzoin and chlorpheniramine were decreased, they were still enantioseparated. However,
propranolol was not enantioseparated on a W26-modified cAGP column along with a
drastic decrease in the retention factor. Similarly, chiral resolution of β-blockers such
as alprenolol and pindolol was completely lost on a W26-modified cAGP column [38].
Furthermore, competition studies using N,N-dimethyl-n-octylamine (DMOA) as a com-
petitor indicated that propranolol competed with DMOA on a single binding site near the
W26 region and that further bindings of benzoin and chlorpheniramine occurred at the
secondary binding site in a non-competitive fashion with DMOA [38]. Therefore, it was
considered that there existed at least two chiral binding sites on native cAGP.

Table 1. Comparison of chiral recognition abilities of native and W26-modified cAGP columns 1.

Entry
Native cAGP Column W26-modified cAGP Column

kS
2 kR

2 α 3 kS
2 kR

2 α 3

Benzoin 5.97 19.5 3.27 4.82 8.00 1.66

Chlorpheniramine 8.40 4.49 1.87 4.03 2.76 1.46

Propranolol 27.0 30.5 1.13 2.06 2.06 1.00
1 Data adapted from Table 1 in [38]. 2 Retention factors of (S)- and (R)-enantiomers, kS and kR, respectively.
3 Enantioseparation factor of (S)- and (R)-enantiomers.

3.2. Docking Simulations of Studied Compounds into Generated Model Structure of cAGP

As described above, the model structure of cAGP was generated using hAGP as a
template, and then the generated structure was validated with another modeling server.
Subsequently, each enantiomer of three compounds, benzoin, chlorpheniramine and pro-
pranolol, was simulated and docked to a certain cavity on the generated model structure
of cAGP (Figure 2).

Figure 2. Docking structures of cAGP with (A) benzoin, (B) chlorpheniramine and (C) propranolol enantiomers. The
built model structure of cAGP was illustrated as surface mode and the docked enantiomers were shown as ball-and-stick
models, respectively.
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Remarkably, each enantiomer of two compounds, benzoin and chlorpheniramine,
was located onto a similar position of the surface; however the docked propranolol enan-
tiomers slightly shifted to the relatively small cliff. The differences between (R)- and
(S)-configurations in the binding site were subsequently investigated in detail.

As shown in Figure 3, both (R)- and (S)-benzoin were docked onto a similar position
of a cavity of the generated model structure of cAGP. The positions seemed to be fastened
by one of aromatic rings in both configurations by hydrophobic interactions. Furthermore,
some of hydrogen bonding interactions work for chiral recognition of (R)- and (S)-benzoin.
A hydroxyl group of (R)-benzoin is close to oxygen atoms in either a carbonyl or hydroxyl
group of D161 with a distance of 3.2 or 4.9 Å, and a hydroxyl group of Y47 is nearby a
carbonyl group of (R)-benzoin with a distance of 2.8 Å (Figure 3A). An oxygen atom in
either a carbonyl or hydroxyl group of D161 is also close to a hydroxyl group of (S)-benzoin
at a distance of 2.8 Å; however, Y47 is a bit far from the bound (S)-benzoin at a distance of
5.3 Å (Figure 3B). These results indicate that (R)-benzoin binds to cAGP more tightly than
(S)-benzoin.

Figure 3. Simulated docking structures of cAGP focusing on the surrounding of bound (A) (R)-benzoin and (B) (S)-benzoin.
The docked compounds were represented in either green or cyan for carbon atoms. Besides, nitrogen and oxygen atoms
were colored in blue and red, respectively. The remarked amino acid residues were labeled and shown in gray for carbon
atoms, and feasible interactions were depicted as dotted lines.

Next, (R)- and (S)-chlorpheniramine were also suggested to bind the same cavity
with benzoin (Figure 4). As shown in Figure 4, a carboxyl group of E168 is close to an
amino group of (R)-chlorpheniramine at a distance of 2.6 Å, while an amino group of
(S)-chlorpheniramine could interact with a carboxyl group of D161 with 3.0 Å instead
of E168 for (R)-chlorpheniramine. Electrostatic interactions between amino groups of
(R)- and (S)-chlorpheniramine and carboxyl groups of E168 and D161, respectively, could
work for the recognition. In addition, as shown in Figure 4B, Y47 was located nearby
bound (S)-chlorpheniramine with a distance of 3.9 Å. Furthermore, the chlorine atom of
(S)-chlorpheniramine was close to a carbonyl group for main chain between R128 and T129
with a distance of 3.6 Å. It implied that (S)-chlorpheniramine could interact with the main
chain via halogen bonding interactions. These results indicate that (S)-chlorpheniramine
interacts with cAGP more tightly than (R)-chlorpheniramine.

Finally, (R)- and (S)-propranolol were again docked to the generated model structure
of cAGP (Figure 5). Interestingly, the docked propranolol was slightly shifted toward H25
and W26 with a consequent distance of 4.3 Å to H25. Although Y47 was again suggested to
be involved in the binding of (R)-propranolol with a distance of 4.7 Å, it could be weak to
anchor the docked propranolol. A carbonyl group for main chain between R128 and T129
was remarkably located to either 2.7 or 2.8 Å for (R)-propranolol or (S)-propranolol. The
former hydrogen bonding interactions were with an amino group of (R)-propranolol, while
the latter hydrogen bonding interactions were with a hydroxyl group of (S)-propranolol.
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These results indicate that the (R)-propranolol binding to cAGP is more favorable than the
(S)-propranolol binding.

Figure 4. Simulated docking structures of cAGP with (A) (R)-chlorpheniramine and (B) (S)-chlorpheniramine. The docked
compounds were represented as in Figure 3. Besides, the same colors were used for nitrogen and oxygen atoms, and the
remarked amino acid residues as in Figure 3. Feasible interactions were depicted as dotted lines.

Figure 5. Simulated docking structures of cAGP with (A) (R)-propranolol and (B) (S)-propranolol. The docked compounds
were represented as in Figure 3. Besides, the same colors were used for nitrogen and oxygen atoms, and the remarked
amino acid residues as in Figure 3. Feasible interactions were depicted as dotted lines.

4. Discussion

Figure 6 shows sequence alignments of F1*S and A variant hAGPs and cAGP along
with the highlighted amino acids, which consist of feasible ligand-binding sites. The
F1*S variant hAGP has lobs I, II and III as the ligand-binding sites, while the A variant
hAGP has only lobs I and II. Figure 7 shows crystal structures of F1*S (left; pdbid, 3kq0)
and A (center; pdbid, 3apu) variant hAGPs and a built model structure of cAGP (right).
These indicate that the ligand-binding sites of hAGP and cAGP are totally different: A
lot of ligands bound almost the same sites on hAGP, lobes I-III, while the three ligands,
benzoin, chlorpheniramine and propranolol, bound the cavity near a W26 region on cAGP.
The hydrophobic cavities lined with H25, W26, Y47, R128, T129, D161 and E168, which
contribute electrostatic or hydrogen bonding interactions, were responsible for chiral
resolution of the studied compounds on cAGP.
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Figure 6. Sequence alignments of F1*S and A variant hAGPs and cAGP. The cavities in hAGP were called as lobes being
highlighted in green for lobe I, orange for lobe II and cyan for lobe III. The amino acids, which consisted of feasible
ligand-binding sites in this work, were colored in magenta.

Figure 7. Crystal structures of F1*S (left) and A (middle) variant hAGPs and a built model structure of cAGP (right). The A
variant of cAGP was only showed one of subunits. The highlighted residues in the Figure 6 were colored in the structures.
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In docking simulations of studied enantiomers into the generated model structure of
cAGP, the (R)-benzoin, (S)-chlorpheniramine or (R)-propranolol binding was more favor-
able than its enantiomer. These results correlate well with the chromatographic results that
(R)-benzoin, (S)-chlorpheniramine or (R)-propranolol is more retained than its enantiomer
on a cAGP column. Furthermore, chiral resolution of propranolol was completely lost on
a W26-modified cAGP column. This could be due to the small changes in the position of
the side chains of amino acid residues in chiral binding sites near W26. However, on a
W26-modified cAGP column chiral resolution of benzoin and chlorpheniramine was still
attained. Because their chiral binding sites were a little away from W26. Previously, we
considered that there existed at least two chiral binding sites on cAGP. Taking into account
the results of docking simulations, we conclude that the chiral binding sites for the studied
compounds are near a W26 region.

In docking simulations of chlorpheniramine enantiomers, electrostatic interactions
between amino groups of (R)- and (S)-chlorpheniramine with carboxyl groups of E168
and D161 of cAGP, respectively, worked for chiral recognition. It was reported that the
retention and enantioseparation factors increased with an increase in mobile-phase pH on
a crude ovomucoid (contaminated with cAGP) column [36]. This suggests that the ionic
interactions work for the retention and chiral recognition of chlorpheniramine enantiomers.
On the other hand, in docking simulations of propranolol enantiomers, plausible ionic-
interactions between an amino group of each propranolol enantiomer with a carboxyl group
of cAGP were not found. Consequently, the results of docking simulations well coincide
with the data that the retention factor increases with an increase in mobile-phase pH on
a crude ovomucoid (contaminated with cAGP) column, but that the enantioseparation
factor remains unchanged [49]. The retention of propranolol was governed by nonspecific
interactions of propranolol with cAGP, while the enantioselectivity came from the specific
interactions of propranolol in the chiral binding site near W26. We also constructed the
model structure of W26-modified cAGP with 2-ntirophenylsulfenyl group (data not shown).
Although the generated model structure was less reliable, it seemed that the introduced
2-ntirophenylsulfenyl group could yield enhanced rigidity for the cAGP structure, and
that small changes in the position of the side chains of amino acid residues occurred.
These changes might result in the loss of enantioselectivity of propranolol on the W26-
modified column.

5. Conclusions

Based on chromatographic properties of native and W26-modified cAGP columns and
docking simulations of studied compounds into the generated model structure of cAGP,
the chiral binding sites were located on cAGP for the first time and the chiral binding mech-
anism was discussed. On cAGP, there existed a hydrophobic cavity lined with H25, W26,
Y47, R128, T129, D161 and E168. Benzoin and chlorpheniramine enantiomers interacted
with cAGP at almost the same sites a little away from W26, while propranolol enantiomers
docked in the relatively small cliff, slightly shifting toward H25 and W26. Furthermore, in
addition to hydrophobic interactions, ionic interactions between amino groups of chlor-
pheniramine enantiomers and a carboxy group of D161 or E168 played an important role in
the chiral recognition, while hydrophobic interactions and hydrogen bonding interactions
worked for the chiral recognition of benzoin and propranolol enantiomers.
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Abstract: Pesticides are chemicals used in agriculture to prevent insects, fungi, weeds, and other
pests, from damaging crops. In addition, some types of pesticides are used after harvest as sprout
suppressant agents help keeping the quality parameters of crops during storage. Nonetheless,
its presence, even at trace levels, in food products is becoming a big challenge regarding human
health. The current work aimed to develop and validate a sensitive and high-throughput analytical
approach, based on a state-of-the-art microextraction technique—μQuEChERS, combined with
ultra-high performance liquid chromatography equipped with a photodiode array detection system
(UHPLC-PDA) to quantify isopropyl-N-(3-chlorophenyl) carbamate (chlorpropham), commonly used
as efficient sprout suppressant stored potatoes, in raw and cooked potatoes cultivated in different
geographical regions of Madeira Island (Portugal). Good results were obtained in terms of figures of
the merit of the method, with correlation coefficients (R2) higher than 0.999 and recoveries between
94.5% to 125%. Method limit of detection (LOD) and limit of quantification (LOQ) were 0.14 μg/Kg
and 0.43 μg/Kg, respectively, which are much lower than the accepted and legislated requirements
by the European Union, which is 20 μg/Kg for chlorpropham. The concentration of chlorpropham
in raw potatoes is significantly higher when compared to cooked samples, which revealed that the
thermic treatment during cooking had a significant effect on its degradation. A significant decrease
(90%, on average) was observed on chlorpropham levels.

Keywords: herbicide; chlorpropham; potato; μQuEChERS/UHPLC-PDA; validation; cooking

1. Introduction

The potato (Solanum tuberosum L.) is a tuber produced by the potato plant, an herba-
ceous perennial plant belonging to the Solanaceae family. It consists of about 80% water,
7% carbohydrates (88% is starch), 2% protein, and negligible amounts of fat, depending on
the cultivar. It is a rich source of vitamin C and a moderate source of vitamins from the B
complex, minerals, fibers, and antioxidants, which prevents aging-related diseases [1,2].
The world production is led by China (20–22%), followed by India, Russia, Ukraine, and
the United States [1,2]. The species originated in the Andes Mountains, near Lake Titicaca,
and was taken to other regions of the world by European settlers. It is the fourth most
consumed crop in the world, surpassed only by rice, wheat and maize, and remains an
essential crop in Europe, especially in eastern and northern regions [2].

Like several other crops, potato plantations are subject to the attack of various species
of bacteria, fungi, and insects that compromise their productivity. Due to its importance
expressed into its high consumption worldwide (the global importance of potatoes is so
great that FAO, the UN body for Agriculture and Food instituted 2008, as the “International
Year of Potatoes”), it is essential to create more resistant varieties, contributing to an increase
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in productivity and thus minimizing hunger in several countries. The scarcity of these
resistant varieties requires the use of pesticides to control pests and contribute to increase
productivity [1,3,4].

Depending on the degree of toxicity, each pesticide has a maximum permissible value
of the application, which should not be exceeded to minimize the harmful effects on human
health. Exposure to high amounts of pesticides can cause neurological and oncological
disorders, among others [5,6]. Generally, the maximum residue limits for most pesticides
are variable depending on their toxicity. For glyphosate and its metabolite [7], the maximum
value is 0.01 mg/kg.

Herbicides can be classified as (i) selective, which inhibit or slow the growth of weeds
by keeping the desired vegetation intact, and (ii) non-selective ones, which destroy any
form of plant life. The selective ones can differentiate the vegetation of interest from the
unwanted due to its mode of action, inactivating the enzymatic action of unwanted plants
and the metabolic processes associated with their development [8,9]. On the other hand,
non-selective herbicides act more generally and can also act through enzymes, modifying
those that are common in all plant species. They can also act by photosynthesis through the
solar energy captured by chlorophyll. This deviation of the flow of electrifications through
photosystem I result in the production of free radicals, which, as they are very reactive, end
up destroying cell membranes, leaving the leaves of plants yellow and dry. Another mode
of action is processed by blocking the energy associated with photosystem II, where the
herbicide binds to the plastoquinone protein (involved in the carrier chain of electrodes),
reducing its effectiveness, thus slowing the growth of the plant due to the reduction of
available energy from photosynthesis. Non-selective herbicides can also modify the cell
cycle by inhibiting the development of meristematic cells, preventing cell division [9].

Despite the efficiency of herbicides in the control of pests and the consequent increase
in crop productivity, they have been the target of attention from the scientific and medical
communities due to their potentially harmful effects on human health. BATALEX, which
has as active substance the isopropyl-N-(3-chlorophenyl) carbamate (chlorpropham), is
amongst the herbicides commonly used as anti-sprouting agent, to which are associated
toxicological and carcinogenic effects. Chlorpropham is an organic pesticide belonging
to the carbamate group (functional group —NHCOO), being chemically classified as a
carbamic acid (NH2COOH). The generic reaction of carbamate synthesis is represented in
Figure 1 [10].

Figure 1. Generic reaction of carbamate synthesis.

The synthesis of carbamates may occur: (a) by reaction of an amine, with a carbonyl
group and alcohol; (b) from the reaction between amines with chloroformate (alcohols or
phenols reaction products with phosgene); and (c) from the reaction of alcohol or phenols
with isocyanates obtained from the phosgene reaction with amines, shown in Figure 2 [11].

Chlorpropham inhibits the formation of meristematic cells, being widely used as
anti-sprouting agent (inhibits the formation of turnip greens) in potatoes, thus contributing
to increasing its shelf life with high quality parameters. In addition, this action inhibits the
release of α-solanine and α-chaconine, which are harmful for health.. Meristematic cells
are totipotent cells located in regions where plant growth occurs; they are undifferentiated
cells that have great multiplication capacity and to differentiate in any cell type [12,13].
Chlorpropham is classified as a medium toxicity pesticide (toxicological class II). Currently,
its use is authorized in the European Union countries and is legislated as the maximum
limit of 20 μg/kg. The lethal dose (LD50) of chlorpropham is 3.80 mg/kg [6].
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Figure 2. Carbamate synthesis. (a) reaction between amines, carbonyl group and alcohol; (b) reaction
chloroformat with amines; (c) isocyanate reaction with alcoholics or phenols.

The low concentrations of pesticides residues in foods make difficult its direct quantifi-
cation by chromatographic methods, such as gas chromatography (GC) or liquid chromatog-
raphy (LC) [14]. Consequently, it is necessary to apply an sample preparation techniques
for the extraction and preconcentration of the pesticides or other residues from foods or
other samples. In this sense, different extraction procedures have been recommended
to extract herbicides from foods, such as vortex-assisted liquid–liquid microextraction
(VALLME) [15], solid-phase extraction (SPE) [16], solid-phase microextraction (SPME) [17],
dispersive liquid–liquid microextraction (DLLME) [14], among others. These extraction
procedures are expensive, labor-intensive, and time-consuming. Today, a quick, easy, cheap,
effective, rugged and safe method (QuEChERS), followed by clean-up steps involving
dispersive solid-phase extraction (dSPE), is one of the most promising user-friendly and
high throughput extraction procedures, using low solvent and sample amounts to extract
pesticides from complex matrices, providing high-quality results with a reduced number
of steps [18,19].

The current work aimed to validate and apply a state-of-the-art, quick, easy, cheap,
effective, rugged, and safe microextraction technique followed by dispersive solid-phase
extraction-based clean-up (μQuEChERS-dSPE) combined with ultra-high performance
liquid chromatography equipped with a photodiode array detection system (UHPLC-PDA)
for the quantification the anti-sprout agent, chlorpropham, in different parts of potato
(potato skin, pulp, and whole potato). The influence of cooking on chlorpropham levels
was also evaluated.

2. Materials and Methods

2.1. Chemicals

All solvents and other chemicals were of analytical quality grade. HPLC grade ace-
tonitrile (MeCN) was obtained from LabScan (Dublin, Ireland). Herbicide standard, chlor-
propham (98%), as well as the buffered salts used in QuEChERS extraction–sodium chloride
(NaCl), anhydrous magnesium sulfate (MgSO4), disodium hydrogen citrate sesquihydrate
(C6H8Na2O8), and trisodium citrate dihydrate (C6H5Na3O7·2H2O), were supplied by
Sigma-Aldrich (St. Louis, MO, USA). dSPE clean-up DisQuETM tubes with primary, sec-
ondary amine (PSA), MgSO4, and C18 were obtained from Waters (Milford, MA, USA).
Formic acid (FA, ≥99%) and acetic acid (≥99%) were supplied from Merck (Darmstadt,
Germany). Ultrapure water (H2O) from a Milli-Q ultrapure water purification system
(Millipore, Bedford, MA, USA) was used for preparing the UHPLC mobile phase. Be-
fore UHPLC-PDA analysis, the final extracts were filtered through 13 mm with 0.22-μm
PTFE membranes.
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2.2. Sample Preparation

The potato samples (1 Kg) were provided by the Agricultural Markets of Porto Moniz
(Asterix variety), Prazeres, and Santana (Desire variety). From each sample, the following
potato constituents: skin, pulp, and potato (skin + pulp) were analyzed raw and cooked.

2.3. Standard Solution

Individual stock solution of chlorpropham standard was prepared at a concentration
of 400 mg/L in MeCN containing 0.1% of acetic acid and stored at −20 ◦C in the dark for
a maximum of six months. Intermediate stock solution at 5 mg/L of chlorpropham was
prepared in MeCN. The working standard solutions used to construct the calibration curve
were prepared by the appropriate dilution of aliquots of the intermediate stock solution in
MeCN to obtain the concentration range of 1–200 μg/Kg. The density was used to convert
mg/L to μg/Kg. All standard solutions were labeled and stored at −20 ◦C.

2.4. μQuEChERS-dSPE Procedure

For μQuEChERS extraction, 500 μg of sample was weighed to the accuracy of 0.0001 mg,
put into a centrifuge tube of 5 mL polytetrafluoroethylene (PTFE), mixed, and left to
stand for 15 min at room temperature. Afterward, 1000 μL MeCN was added, and the
resulting mixture was shaken vigorously for 1 min with a vortex ensuring that the solvent
interrelated well with the entire sample. Buffer salts, MgSO4, NaCl, C6H5Na3O7·2H2O
and C6H8Na2O8, in proportions of 4:1:1:0.5, were added to the homogenized mixture,
vortexed for 2 min and centrifuged at 4000 rpm for 3 min at 25 ± 1 ◦C, ending the partition
step and the consequent separation of phases (aqueous and organic phase) [19]. For
removal of potentially interfering compounds, 500 μL of the supernatant was placed in a
DisQuETM dSPE clean-up tube containing 2.5 mg of PSA, 15 mg of MgSO4, and 2.5 mg
of C18, to remove proteins, lipids, and other interferences. The mixture was centrifuged
(4000 rpm, 3 min, 25 ◦C), and 200 μL of supernatant was filtered through a 0.22-μm PTFE
filter membrane to a vial for UHPLC-PDA analysis.

2.5. UHPLC-PDA Conditions

The separation, identification, and quantification of chlorpropham was performed
on a Waters Ultra Pressure Liquid Chromatographic Acquity system (UPLC, Acquity H-
Class) (Milford, MA, USA) coupled with a Waters Acquity quaternary solvent manager
(QSM), an Acquity sample manager (SM), a column heater, a 2996 PDA detector and a
degassing system. The whole configuration was controlled by Empower software v2.0
from Waters Corporation. The used column for chlorpropham separation was CORTECS
UPLC C18 (2.1 × 100 mm, 1.6 μm) maintained at a temperature of 30 ◦C. The mobile phase
was composed of H2O with 0.1% formic acid (solvent A) and MeCN (solvent B) according
to the following gradient: isocratic at 10% B from 0 to 3 min, from 3 to 4 min gradient from
10 to 50% B, gradient from 50 to 65% B from 4 to 10 min, gradient from 65 to 70% from 10 to
11 min, and finally from 70 to 75% from 11 to 19 min. Following the system, a return to the
initial mobile phase composition from 75% to 10% was within 1 min. Five μL of extract
was injected at constant flow of 350 μL/min.

For quantification purposes, the PDA detection was performed at 235 nm. The chlor-
propham was identified by comparing its retention time (RT) and spectral features obtained
for an extract with those of the pure standard. The quantification was carried out by means
of the chlorpropham standard in triplicate. The results were presented as mean ± standard
deviation. The peak purity was confirmed peak by the screening of the chlorpropham UV
spectrum from the beginning to the end of the peak.

2.6. Method Validation

The μQuEChERS method was validated concerning the linearity, limit of detection
(LOD), limit of quantification (LOQ), precision (intra-day and inter-day), matrix effect, and
recovery, according to European Union SANCO/12495/2011 guidelines.
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The absence of interfering peaks at the chlorpropham RT, is used to assess the method
selectivity and correspond to the level to which a method can quantify a specific analyte in
a complex mixture without interference from other analytes.

Nine-points calibration curve was constructed with the following chlorpropham
concentrations: 200, 150, 100, 50, 25, 10, 5.0, 2.5, and 1.0 μg/Kg, to determine the method’s
linearity. As part of the method linearity assessment, linearity range and determination
coefficients (R2) were evaluated.

The LOD, the lowest concentration of analyte that can be detected, and the LOQ, the
lowest quantity of analyte that can be calculated quantitatively with satisfactory precision
and accuracy, under the stated operating conditions of the method, were used to evaluate
the method sensitivity. These parameters were determined by using the residual standard
deviation (Sy/x) of corresponding curves being LOD and LOQ calculated by 3.3 Sy/x/b and
10 Sy/x/b, respectively, where b represents the slope of calibration curve.

Recovery was evaluated at three concentration levels (in triplicate) within the linear
range of the calibration curve, which allowed to evaluate the method accuracy. It is
calculated through the relation of theoretical concentration added to the sample (Ctheoretical)
to the experimental concentration (Cexperimental) of chlorpropham in the sample. The
Cexperimental was calculated by the variation between the peak area of the chlorpropham in
spiked and non-spiked samples.

Intra- and inter-day precision, expressed as percentage of relative standard deviation
(% RSD), was calculated from triplicate assays of sample spiked at three concentration
levels during the same day (repeatability) and in five consecutive days (reproducibility).

The matrix effect, most noticeable in complex samples, was determined based on the
method of “standard additions” applied to the sample investigated, which was measured
by the correlation of the slopes from the calibration curve of the chlorpropham in sample
and in the solvent-based matrix.

2.7. Statistical Analysis

The multivariate data analysis (MVDA) was performed using the MetaboAnalyst 5.0
web-based tool (Chong et al., 2018; Pang et al., 2021). The data obtained were normalized
(data transformation by cubic root and data scaling by auto-scaling). Then, principal
component analysis (PCA) (Figure S1, supplementary material) and partial least squares-
discriminant analysis (PLS-DA) were used to provide insights into separations among the
samples under study.

3. Results and Discussion

3.1. Method Validation

The performance of μQuEChERS/UHPLC-PDA was evaluated for selectivity, linearity,
accuracy (% recovery), precision (intra- and inter-day), and sensitivity (LOD and LOQ).

The selectivity was determined through the nonappearance of interfering peaks at the
RT and wavelength of the studied analyte by the evaluation of the matrix effect. In order to
evaluate the matrix effect, μQuEChERS extractions were performed in fortified potatoes
with the same concentrations used previously. The nonappearance of chlorpropham in the
sample was previously confirmed. The matrix effect was calculated by the slope ratio of
the calibration line obtained with the sample by the slope of the calibration line obtained
in the solvent. No significant interference was observed at the RT of chlorpropham in the
potato matrix, which confirms the method selectivity.

The method linearity was evaluated through calibration curves that fit the least square
linear regression analysis model. The correlation coefficient (R2) obtained was 0.999, with
residuals lower than ±15%, which indicates an excellent linear relationship between area
vs. chlorpropham concentration. Additionally, the μQuEChERS-dSPE/UHPLC-PDA
analytical methodology shows a big potential to detect and quantify the chlorpropham
since the LOD was 0.14 μg/Kg and the LOQ was 0.43 μg/Kg.
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The precision and recovery were evaluated by spiking potato samples with chlor-
propham at different concentration levels (Table 1) within the linear range of the calibration
curve. The intra-day precision ranged from 1.5% to 14.6%, while the inter-day precision
from 4.2% to 16.3%. The recovery of chlorpropham ranged from 94.5% to 125%. According
to the literature, a quantitative method should be validated as being able to show a mean
recovery from 70% to 120%, and its precision should show % RSD values lower than
20%. Nevertheless, for concentrations at 1.0 μg/Kg, the recovery is slightly higher (125%);
however, this value is within the analytical error allowed (120 ± 5%).

Table 1. Recovery and precision for chlorpropham quantification using μQuEChERS-dSPE/UHPLC-
PDA methodology.

Concentration Range (μg/Kg) Precision (%RSD) Accuracy
Theoretical Experimental Intra-Day Inter-Day Rec (%) ± SD

200 211 1.5 4.2 106 ± 3.06
150 157 3.4 5.1 105 ± 4.26
100 103 4.5 6.8 103 ± 4.09
50.0 49.1 8.5 9.4 95.7 ± 2.98
25.0 24.2 6.8 10.2 94.5 ± 1.43
10 9.6 7.6 9.7 95.9 ± 0.98
5 5.4 10.4 11.6 112 ± 3.47

2.5 2.7 12.2 13.5 118 ± 7.09
1 1.6 14.6 15.7 125 ± 8.03

Moreover, the developed analytical method was compared with other liquid chro-
matography (LC) and gas chromatography (GC) methods reported in the literature for
the quantification of chlorpropham in vegetables and water samples (Table 2) [15,16,20,21].
The low sample amount (g), LODs, LOQs, and recovery were assessed to prove the benefits
of the μQuEChERS-dSPE/UHPLC-PDA method. The current analytical method proposed
with this study used the lowest sample amount (500 μg).in comparison with other methods
reported in studies to quantify the chlorpropham. Nonetheless, the VALLME/HPLC-
AD and SPE methods require large solvent volumes compared to μQuEChERS-dSPE.
μQuEChERS-dSPE/UHPLC-PDA showed enhanced analytical performance compared to
most of the reference methods.

Table 2. Comparison of the analytical parameters of few studies, reported in the literature, for
quantification of chlorpropham in different samples.

Sample (Amount)
Extraction
Procedure

Analytical
Method

LOD (μg/Kg) LOQ (μg/Kg) Rec (%) Ref.

Water (18 mL) SPME GC-MS/MS 0.02 0.06 * 95.3–98.9 [20]
Potatoes (0.5 g) VALLME HPLC-AD 3.67 12.2 * 75.7–104 [15]
Potatoes (5 g) SPE HPL-UV 30 100 90.7–97.0 [16]

Carrot, tomatoes (5 g) QuEChERS-dSPE HPLC-UV 1077 3589 51.3–73.0 [21]
Potatoes (0.5 mg) μQuEChERS-dSPE UPLC-PDA 0.14 0.43 94.5–125 This work

Abbreviations—GC-MS/MS: gas chromatography tandem mass spectrometry; HPLC-AD: high-performance
liquid chromatography with amperometry detection; HPLC-UV: high-performance liquid chromatography
with ultraviolet detector; LOD: limit of detection; LOQ: limit of quantification; QuEChERS-dSPE: quick, easy,
cheap, effective, rugged and safe technique coupled with dispersive solid-phase extraction; Rec (%): recovery;
SPE: solid-phase extraction; SPME: solid-phase microextraction; UPLC-PDA: ultrahigh performance liquid
chromatography coupled with photodiode array detector; VALLME: vortex-assisted liquid–liquid microextraction.
* Expressed as μg/L.

3.2. Quantification of Chlorpropham in Potatoes

Chlorpropham was determined in different constituent parts of raw and cooked
potato—outside (skin), inside (pulp), whole potato (potato skin + pulp), and in cooking
water. The potato samples were provided by the Agriculture Market from Porto Moniz,
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Prazeres, and Santana. The chromatograms of the chlorpropham standard and the samples
are presented in Figure 3.

Figure 3. UPLC UV/VIS chromatograms of a chlorpropham standard solution (a) and chlorpropham
in the potato skin samples from the agricultural markets of Porto Moniz (b), Prazeres (c) and Santana
(d) obtained by μQuEChERS/UHPLC-PDA at λ = 235 nm.

The concentration of chlorpropham in the raw potato skins from Porto Moniz, Prazeres,
and Santana, was 15.4 μg/Kg, 85.4 μg/Kg, and 40.7 μg/Kg, respectively. The levels found in
the raw potato skins from Prazeres and Santana are above the ceiling accepted and legislated
by the EU, 20 μg/Kg. Nevertheless, after cooking, the concentration of chlorpropham in
these samples was significantly reduced to values lower than 1 μg/Kg, which indicates that
the use of chlorpropham does not represent a danger to public health. On the other hand,
in the whole potato (potato skin + pulp) and in the pulp samples, the values presented are
much lower than those regulated (Table 3). The presence of chlorpropham in the potato
pulp indicates that there was a transfer of mass by diffusion from potato skin to the pulp.
The presence of chlorpropham in the potatoes cooking water was also analyzed, and the
herbicide was identified in concentrations ranging from 1.04 μg/kg (cooking water of
Prazeres potatoes) to 0.71 μg/Kg (Santana).

As can be seen from the results presented in Table 3, the concentration of chlorpropham
in raw potato skin and potato samples (potato skin + pulp) is significantly higher when
compared to cooked samples meaning that the thermic treatment during cooking had
a significant effect on the decomposition of chlorpropham since its concentration was
reduced by about 90%, on average. On the other hand, the concentration of chlorpropham
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in raw pulp (0.74 μg/Kg, on average) does not differ significantly (p < 0.05) from the values
found in cooked pulp (0.96 μg/Kg, on average).

Table 3. Concentration (μg/Kg) ± standard deviation of chlorpropham in raw and cooked potatoes
and in cooking water.

Samples
Porto Moniz Prazeres Santana

Raw

Potato skin 15.4 ± 1.02 85.4 ± 2.43 40.7 ± 1.47
Potato pulp 0.64 ± 0.01 0.80 ± 0.01 0.78 ± 0.01
Potato (skin + pulp) 7.39 ± 0.04 15.4 ± 0.87 8.31 ± 0.03

Cooked

Potato skin 0.72 ± 0.02 0.79 ± 0.02 0.85 ± 0.03
Potato pulp 0.81 ± 0.03 1.18 ± 0.05 0.88 ± 0.05
Potato (skin + pulp) 1.21 ± 0.02 0.68 ± 0.01 0.69 ± 0.04
Cooking water 1.03 ± 0.01 1.04 ± 0.01 0.71 ± 0.01

To further understand the differences between raw and cooked potatoes, a PLS-DA
model was developed. Nevertheless, the score plot (Figure 4a) did not show a clear separa-
tion of potatoes based on the raw and cooked process. Therefore, a novel OPLS-DA model
was built, and clear discrimination was observed among potatoes cultivated in different
geographical regions of Madeira Island–Porto Moniz, Prazeres, and Santana (Figure 4b).
Three significant components described 0.7982 of the goodness of fit (R2 = 79.82%) and
predicted ability of 0.6921 (Q2 = 69.21%) based on crossing-validation.

Figure 4. (a) Partial least square-discrimination analysis (PLS-DA) of raw and cooked of different
parts of potatoes, and (b) Partial least square-discrimination analysis (PLS-DA) of different parts of
potatoes by geographical regions.

4. Conclusions

A simple, fast, cheap, and high-throughput μQuEChERS-dSPE followed by UHPLC-
PDA was developed and validated to quantify chlorpropham in different parts of potatoes.
Satisfactory figures of merit of the method were attained in terms of linearity (R2 ≥ 0.999),
intra-day/inter-day precision (RSD < 16%), recovery (94.5–125%), and sensitivity (low
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LOD and LOQ) for chlorpropham. In the potato skin before cooking, extremely high
chlorpropham values were obtained, especially in the sample from Santana (40.7 μg/Kg)
and Prazeres (85.4 μg/Kg), which exceeded the accepted and legislated by the EU limit,
20 μg/Kg. For the remaining parts of potatoes, independently if raw and cooked, the con-
centration of chlorpropham was lower than legislated by the EU. Regarding the influence
of cooking on chlorpropham concentration on the different constituent parts of the potato,
there was a significant decrease (90% on average) in the chlorpropham concentration in the
potato skin of the cooked potato.

The μQuEChERS-dSPE revealed a suitable green and state-of-the-art microextraction
technique for routine practice since it is simple, cheap, accurate, precise, and environ-
mentally friendly. In addition to UHPLC-PDA analysis, it constitutes a high throughput
separation technique with a high-resolution power in a short run time, which makes the
μQuEChERS-dSPE/UHPLC-PDA methodology a useful approach for its application to
other types of pesticides and food matrices. After cooking, the concentration of chlor-
propham in potatoes was lower than the maximum residue limits (MRLs) set by the EU,
which means that the cooking process has a significant impact on the degradation of
chlorpropham. The obtained results revealed that the use of chlorpropham in potatoes as
an anti-sprouting agent does not constitute any risk to human health, provided that the
concentration levels determined for the analyzed samples are below their MRL value.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/separations9030077/s1, Figure S1. (a) Principal component analysis
(PCA) of raw and cooked of different parts of potatoes, and (b) Principal component analysis (PCA)
of different parts of potatoes by geographical regions.
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Abstract: A reliable chromatographic strategy is crucial for the extraction of target compounds from
natural sources as it is related to the preparation efficiency, as well as the purity of the compounds. In
this study, medium-pressure normal-phase liquid chromatography and high-pressure reverse-phase
liquid chromatography were combined to prepare and purify ergosterol from Tulasnellaceae sp. of
Gymnadenia orchidis. First, Tulasnellaceae sp. was extracted three times (2.0 L and 2 h each time) with
ethyl acetate, and the 6.0 L of extract solution was concentrated under reduced pressure to yield
2.2 g of crude sample. Then, the crude sample was pretreated utilizing silica gel medium-pressure
liquid chromatography to enrich the target ingredient (586.0 mg). Finally, high-pressure reversed-
phase liquid chromatography was used to purify the target compound, and the compound was
characterized as ergosterol (purity > 95%) using spectral data. Overall, the simple and reproducible
integrated chromatographic strategy developed in this study has the potential for the large-scale
purification of steroids for laboratory and even industrial research. To the best of our knowledge, this
is also the first report of ergosterol in Tulasnellaceae sp.

Keywords: Tulasnellaceae sp.; Gymnadenia orchidis; mdium-pressure liquid chromatography; reversed-phase
liquid chromatography; ergosterol

1. Introduction

Natural products continue to attract scientists’ attention due to their abundant sources
and broad range of biological functions [1]. Gymnosia orchidis (also known as “Wanglag”) is
a kind of Tibetan medicine, which is used to treat kidney deficiency, physical weakness,
and pain [2]. It is widely found in Yunnan, Tibet, Sichuan, Qinghai, Shanxi, and other
places in China [3–5]. The Chinese government has currently placed it on the national
second-class protected plant list. Tulasnellaceae sp. is one of the most significant endophytic
fungi in Gymnadenia orchidis. Recent studies have demonstrated that ergosterol is the major
component of Gymnadenia orchidis’s endogenous metabolite. It is a characteristic sterol
of fungi, and has the functions of protecting the liver, antifibrosis, and inhibiting tumor
cells. However, establishing its quality standard and evaluating its biological activity have
been challenging due to a lack of adequate chromatographic purification techniques [6–8].
Therefore, the isolation of ergosterol can lay the foundation for subsequent quality control
research and pharmacological activity research.

For the separation and purification of steroids (such as ergosterol) from plants, conven-
tional methods such as thin-layer chromatography and silica gel column chromatography
are commonly utilized [9–11] as these procedures only require basic equipment and are
straightforward to implement. The separation of high-purity chemicals, however, contin-
ues to be problematic due to low separation repeatability and the lack of online detection
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methods. High-speed countercurrent chromatography (HSCCC) has recently gained popu-
larity for the separation of ergosterol from microbial samples and natural products [10,11],
but HSCCC requires complex partition coefficient testing procedures and low separation
resolution, making the separation and purification process difficult to simplify [12–14].

Preparative high-performance liquid chromatography (prep-HPLC) is an efficient
strategy for the large-scale separation of individual constituents from complex samples,
including microorganisms and natural products [15–18]. This method is extensively em-
ployed in numerous areas because of its excellent column efficiency, superior separation
reproducibility, online detection, and automatic control [19,20]. Usually, it is worthwhile to
pretreat the sample by medium-pressure liquid chromatography prior to HPLC preparation
to reduce column contamination and enrich for target ingredients. Silica gel, resin, and
polyamide are commonly used as sample pretreatment fillers due to their low cost and
high separation selectivity [21,22]. Currently, several researchers have shown the viability
of silica gel in the separation of steroids [23,24].

In view of the many reports mentioned above, in this study, we combined silica gel
medium-pressure liquid chromatography with high-pressure liquid chromatography to
establish a normal-phase medium-pressure/reverse-phase high-pressure mode for the effi-
cient separation and purification of ergosterol from Tulasnellaceae sp. The final experimental
findings revealed that such an integration strategy is economical and repeatable, and meets
experimental predictions. It offers a methodological guide for subsequent attempts to
produce ergosterol and its structural analogs from natural sources. Simultaneously, i this is
also the first description of ergosterol in Tulasnellaceae sp.

2. Materials and Methods

2.1. Apparatus and Reagents

An industrial-level sample pretreatment chromatographic apparatus consisting of
two NP7000 pre-HPLC pumps (Jiangsu Hanbon Science & Technology, Hanbon, China), a
UV detector, a manual injector (5.0 mL maximum injection volume), and an EasyChrom
workstation (Jiangsu Hanbon Science & Technology) was used. HPLC analysis was carried
out on a Shimadzu Essentia LC-16 instrument. The system contained a DGU-20A3R
degassing unit, an external column thermostat, an SPD-16 ultraviolet detector, an SIL-
16 autosampler, two LC-16 pumps, and a Shimadzu workstation. MS spectra were obtained
on a Waters QDa ESI mass spectrometer (Waters Corporation, Milford, MA, USA). NMR
spectra were measured on a Bruker Avance 600 MHz (Bruker Corporation, Karlsruhe,
Germany) with MeOH-d4 as the solvent.

The column procured from Dr. Maisch & Co., Inc., Ammerbuch, Germany was a
ReproSil-Pur C18 AQ (4.6 × 250 mm, 5 μm). XAmide (4.6 × 250 mm, 10 μm) and Click
XION (4.6 × 250 mm, 5 μm) columns were obtained from Acchrom Technologies (Beijing,
China). The Kromasil 60-5 Diol (4.6 × 250 mm, 5 μm) column used in this work was
purchased from Kromasil (Bohus, Sweden). The Hypersil NH2 (4.6 × 250 mm, 5 μm) and
silica (4.6 × 250 mm, 40–63 μm) columns were purchased from Dalian Elite Analytical
Instrument (Liaoning, China).

Chromatographic-grade methanol, ethyl acetate, and dichloromethane used for HPLC
were purchased from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China); analytical-
grade dichloromethane and methanol were purchased from Yunnan Xinlanjing Chemical
Industry, Qujing, China.

2.2. Sample Preparation

Roots of Gymnadenia orchidis were collected from Maixiu farm, Tongren county, Xin-
ing, China, in August 2017, and validated by professor Pengcheng Lin of the College of
Pharmacy, Qinghai Nationalities University. A sample (No. 2017-L-3) was stored in the
Qinghai Nationalities University Museum of Biology. Tulasnellaceae sp. was separated from
the roots of Gymnadenia orchidis, and the identification of the Tulasnellaceae sp. is given in
the File S1 of supporting information.
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Tulasnellaceae sp. solid fermentation extracellular metabolites (32.5 g) were extracted
thrice at room temperature with ethyl acetate (2.0 L and 2 h each). The combined extracted
solution (6.0 L) was filtered and concentrated at 40 ◦C using a rotary evaporator to obtain
the crude sample (2.2 g). The crude sample was dissolved in dichloromethane (6.0 mL) and
then wet-loaded onto a silica gel medium-pressure column (40–63 μm, 49 mm × 460 mm,
SiliCycle, Quebec, Canada). Methanol/dichloromethane were used as the eluent and
the linear gradient was set to 0–30 min, 0–35% methanol, and 59.0 mL/min flow rate at
room temperature. The chromatogram was recorded at 270 nm. After one separation, the
collected eluate solution was concentrated and dried to finally obtain the target fraction
(fraction 2, 586.0 mg).

2.3. Chromatographic Conditions

The crude sample and fraction 2 were analyzed on five representative analytical
columns (Silica, XAmide, Hypersil NH2, Kromasil 60-5 Diol, and Click XION). The crude
sample (2.2 g) was dissolved in 6.0 mL of dichloromethane and passed through a 0.45 μm
filter to obtain the sample solution (367.0 mg/mL). Fraction 2 (12.0 mg) was dissolved in
2.0 mL of methanol and passed through a 0.45 μm filter. The isocratic elution procedure was
100% dichloromethane for 16 min, the injection volume was 1.0 μL, and column temperature
was maintained at room temperature. Chromatograms were recorded at 270 nm.

The fraction 2 solution (6.0 mg/mL) was analyzed on a ReproSil-Pur C18 AQ analytical
column. The isocratic elution procedure was 95% methanol for 40 min, the injection volume
was 1.0 μL, and the column temperature was maintained at room temperature.

The purity of fraction 2-2 was analyzed on a ReproSil-Pur C18 AQ analytical column,
and the isocratic elution procedure was 100% methanol for 40 min with a 1 mL/min flow
rate at room temperature. The monitoring wavelength was 270 nm.

3. Results and Discussion

3.1. Extraction and Analysis of Endogenous Metabolites from Gymnadenia orchidis

A total of 2.2 g of crude sample (6.8% yield) was obtained from 32.5 g of Tulasnellaceae
sp. solid fermentation extracellular metabolites, which were then all dissolved in 6.0 mL
of dichloromethane for subsequent analysis and pretreatment. The literature reveals
that the structural characteristics and chemical properties of ergosterol give it a unique
chromatographic retention behavior [25]. Therefore, the choice of chromatographic column
filler is essential to obtain high-purity ergosterol from liquid chromatography.

To determine the optimal conditions, the chromatographic behavior of five represen-
tative chromatographic columns (Silica, XAmide, Hypersil NH2, Kromasil 60-5 Diol, and
Click XION) against the crude sample was investigated in normal phase mode. Isocratic
elution of 100% dichloromethane was used on these columns with an injection volume of
1.0 μL at room temperature. The analysis result is shown in Figure 1. We observed that the
crude sample showed up as two main fractions (fraction 1 and fraction 2) and exhibited
good resolution on all five chromatographic columns (Figure 1A–E). Previous literature
reports confirmed that ergosterol is the main component of the endogenous metabolite
from Gymnadenia orchidis; therefore, fraction 2 was considered the target fraction for fur-
ther purification. Medium-pressure liquid chromatography pretreatment of the crude
extracts of natural products can remove some nontarget ingredients (natural pigments,
macromolecular polymers, etc.), enrich target components, and simplify the workload
of preparative high-pressure liquid chromatography. Silica gel is often used as filler for
medium-pressure liquid chromatography pretreatment because of its low cost and high
separation selectivity. As shown in Figure 1, all five chromatographic columns have the
potential for pretreatment because of their effective separation of the crude sample. After
comprehensive consideration of the quick peak flowing out, convenience, and moderate
price, silica gel medium-pressure liquid chromatography was chosen for the pretreatment
of the crude sample.
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Figure 1. HPLC analysis of crude sample on five representative chromatography columns ((A): XAm-
ide, (B): Click XION, (C): Silica, (D): Kromasil 60-5 Diol, and (E): Hypersil NH2) under normal phase
mode; injection volume: 1.0 μL. Conditions: isocratic elution: 0–16 min, 100% dichloromethane;
monitoring wavelength: 270 nm; flow rate: 1.0 mL/min; column temperature: 30 ◦C.

3.2. Crude Sample Pretreatment via Medium-Pressure Chromatography

On the basis of the analysis results in Section 3.1, silica gel medium-pressure chro-
matography was used for the pretreatment of the crude sample. The supernatant liquid
(6.0 mL) was removed from the top of the medium-pressure chromatographic tower, and
the crude sample solution (6.0 mL) was added to the top of the medium-pressure chromato-
graphic tower. Then, the medium-pressure chromatographic tower was connected to the
preparative liquid chromatography for the pretreatment of the crude extract. The separation
chromatogram is shown in Figure 2. Fraction 1 was nontarget ingredients, and fraction 2
was the target fraction for pretreatment. Due to the increase in the loading volume and the
column diffusion effect, the retention time of the target component and peak shape were
slightly different compared with the analytical chromatogram; however, it did not affect the
recovery of fraction 2, and the visual separation of fraction 1 and fraction 2 was still achieved.
After one separation, fraction 2 (586.0 mg) was obtained after concentration under reduced
pressure, with a recovery of 26.6%. Fraction 2 (12.0 mg) was dissolved in 2.0 mL of methanol
solution and passed through a 0.45 μm filter for subsequent analysis and separation.

3.3. Further Purification of Fraction 2 on ReproSil-Pur C18 AQ Chromatographic Column

Fraction 2 was analyzed on an XAmide and a ReproSil-Pur C18 AQ analytical chro-
matographic column. The result is shown in Figure 3. At the same time, the analysis
results of the crude sample on the XAmide chromatographic column are also listed together
for comparison (Figure 3B). Figure 3A,B demonstrates an excellent pretreatment effect;
however, when the analysis was performed on a different selective column (Figure 3C),
it was found that fraction 2 showed multiple low peaks (nontarget ingredients) and one
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main peak (target ingredient). We speculated that silica gel medium-pressure normal-phase
liquid chromatography was used for the pretreatment of the crude sample, which has a
natural separation selectivity different from the ReproSil-Pur C18 AQ column (reversed-
phase chromatographic column). In normal phase mode, some components with consistent
retention times of the target peaks cannot be visually separated; however, this problem is
often well-solved in inverse phase mode because of the characteristic of selective variabil-
ity [26–28]. Therefore, the ReproSil-Pur C18 AQ column was ultimately selected to further
purify fraction 2.

Figure 2. Pretreatment chromatogram of target components in Tulasnellaceae sp. with silica gel
medium-pressure chromatographic tower; injection volume: 6.0 mL. Conditions: mobile phase A:
dichloromethane, B: methanol; gradient: 0–30 min, 0–35% B; monitoring wavelength: 270 nm; flow
rate: 59.0 mL/min.

3.4. Structural Characterization of Ergosterol

Fraction 2 (2.0 mL) solution was subjected to further isolation and purification. The
loading volume for each preparation was 0.96 mL, and the eluate was concentrated under
reduced pressure after 12 cycles of preparation. Figure 4A shows the comparison diagram for
preparations, showing that the sample loading volume was large and reproducible and meets
the needs of large-scale preparation. Finally, a total of 5.9 mg of compound was obtained
with a recovery rate of 49.2%. The purity of the isolated compound was examined using a
ReproSil-Pur C18 AQ analytical column. The chromatographic conditions are described in
Section 2.3. As shown in Figure 4B, fraction 2-1 was obtained with >95% purity.
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Figure 3. HPLC analysis of the target fraction on XAmide ((A): crude sample; (B): Fraction 2) and
ReproSil C18 ((C): Fraction 2) analytical column; injection volume: 1.0 μL. Conditions of XAmide
analytical column: isocratic elution: 0–16 min, 100% dichloromethane; monitoring wavelength:
270 nm; flow rate: 1.0 mL/min; column temperature: 30 ◦C. Conditions of ReproSil C18 analytical
column: isocratic elution: 0–40 min, 100% methanol; monitoring wavelength: 270 nm; flow rate:
1.0 mL/min; column temperature: 30 ◦C.

To elucidate the structure of fraction 2-1, ESI-MS, 1H NMR and 13C NMR spectra
were obtained and compared with published literature data. From the spectral data, we
concluded that fraction 2-1 corresponded to ergosterol [6,29]. Original spectra are shown in
the Figures S1–S3 of supporting information. The chemical structure of ergosterol is shown
in Figure 4B.
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Figure 4. The preparative chromatogram and HPLC purity assay of the target fraction on ReproSil C18
analytical column in methanol/water (A). Conditions: mobile phase water and methanol; isocratic
elution: 0–35 min, 100% methanol; monitoring wavelength: 270 nm; flow rate: 1.0 mL/min; injection
volume of the preparative chromatogram: 80.0 μL; injection volume of HPLC purity assay: 1.0 μL;
column temperature: 30 ◦C. The purity of the isolated compound was examined using a ReproSil-Pur
C18 AQ analytical column (B). The isocratic elution procedure was 100% methanol for 40 min with a
1 mL/min flow rate at room temperature. The monitoring wavelength was 270 nm.

Fraction 2-2 (ergosterol, 5.9 mg, white powder, ESI-MS m/z: 398.34 [M+2H]+): 1H
NMR (600 MHz, CDCl3) 5.57 (1H, dd, J = 5.6, 2.5, H-6), 5.38 (1H, t, J = 5.4, H-7), 5.20 (1H,
dd, J = 15.3, 7.5 Hz, H-22), 5.20 (1H, dd, J = 15.3, 7.5 Hz, H-23), 3.64 (1H, s, H-3), 1.179-2.502
(H-1,H-2, H-4, H-9,H-11,H-12, H-14, H-15, H-16, H-17, H-20, H-24, H-25), 1.04 (3H, d,
J = 6.6, 21-Me), 0.95 (3H, s, 19-Me), 0.92 (3H, d, J = 6.9, 28-Me), 0.83 (6H, d, J = 6.9 Hz, 26-Me,
27-Me), 0.83 (6H, d, J = 6.9 Hz, 26-Me, 27-Me), 0.63 (3H, s, 18-Me); 13C NMR (151 MHz,
CDCl3), 141.4 (C-8), 139.8 (C-5), 135.6 (C-22), 132.0 (C-23), 119.6 (C-6), 116.3 (C-7), 70.5 (C-3),
55.7 (C-17), 54.6 (C-14), 46.2 (C-9), 42.8 (C-13), 42.8 (C-24), 40.8 (C-4), 40.4 (C-20), 39.1 (C-12),
38.4 (C-1), 37.0 (C-10), 33.1 (C-25), 32.0 (C-2), 28.3 (C-16), 23.0 (C-15), 21.1 (C-11), 21.1 (C-21),
19.9 (C-26), 19.6 (C-27), 17.6 (C-28), 16.3 (C-19), 12.0 (C-18).

4. Conclusions

In this study, silica gel medium-pressure normal-phase liquid chromatography cou-
pled with high-pressure reverse-phase liquid chromatography was developed for the
large-scale purification of ergosterol from extracellular metabolites of Tulasnellaceae sp. First,
the metabolite (2.2 g) of Tulasnellaceae sp. was pretreated by silica gel medium-pressure
normal-phase chromatography to obtain fraction 2, and then the target compound was
directly obtained after purification of fraction 2 using a ReproSil-Pur C18 AQ column,
which was identified as ergosterol. Experiments showed that medium-pressure silica gel
is well-suited for the pretreatment of natural products. Meanwhile, the medium-pressure
normal-phase/high-pressure reverse-phase mode used in this study was able to separate
ergosterol efficiently and on a large scale, which is expected to be further developed and
applied in future methodological studies for the separation from natural products.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/separations9070176/s1, File S1: Species identification of the endophytic
fungus Tulasnellaceae sp. From Gymnadenia orchidis, Figure S1: ESI mass spectrum of ergosterol,
Figure S2: 1H NMR spectrum (600 MHz) of ergosterol on ReproSil C18 analytical column in wa-
ter/ethanol (in CDCl3); Figure S3: 13C NMR Spectrum (151 MHz) of ergosterol on ReproSil C18
analytical column in water/ethanol (in CDCl3).
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Abstract: For the first time, the high-performance liquid chromatography–diode array detector
(HPLC–DAD) approach was operated for the simultaneous assessment of methyl nicotinate (MN),
methyl salicylate (MS), ethyl salicylate (ES) and 2-hydroxyethyl salicylate (HES) in one pharmaceu-
tical formulation. The limits of detection of MN, HES, MS and ES were found to be 0.0144, 0.0455,
0.0087 and 0.0061 μg/mL. The recovery percentages and relative standard deviations ranged from
93.48 to 102.12% and 0.301 to 6.341% for all active ingredients. Accordingly, the previously described
data demonstrate the sensitivity, accuracy and precision of the developed method. Therefore, the in-
vestigated approach was effectively applied for the simultaneous assessment of MN, HES, MS and
ES in DEEP HEAT Spray.

Keywords: methyl nicotinate; methyl salicylate; ethyl salicylate; 2-hydroxyethyl salicylate; pain
relief spray

1. Introduction

Esters of salicylic acid such as methyl salicylate, ethyl salicylate and 2-hydroxyethyl sal-
icylate (Figure 1) are used as analgesic and rubefacient in many topical creams and sprays
for the relief of muscle and joint pain [1–7]. Methyl nicotinate is methyl ester of nico-
tinic acid (Figure 1), has a vasodilator property, enhances the topical penetration of active
ingredients in cream and sprays and also has an effective role for relief of pain and aches
in joints, tendons and muscles [8,9].

Figure 1. Chemical structures of methyl salicylate (MS), ethyl salicylate (ES), 2-hydroxyethyl salicylate
(HES) and methyl nicotinate (MN).
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Therefore, the presence of methyl salicylate, ethyl salicylate and 2-hydroxyethyl sali-
cylate and methyl nicotinate in one formulation enhances their efficiency for pain relief [2].

To the best of our knowledge, the literature contains a few methods for the individual
determination of methyl salicylate, ethyl salicylate and 2-hydroxyethyl salicylate and
methyl nicotinate in different samples. High performance liquid chromatography (HPLC)
was used for the individual assessment of methyl salicylate and methyl nicotinate in
pharmaceutical formulations and medicinal plants [2,8,10,11], while gas chromatography
mass spectrometry (GC–MS) was utilized to estimate methyl salicylate and ethyl salicylate
in biological fluids [2,12].

Only one research paper published by Pauwels et al. [2] focuses on the determination of
methyl salicylate, ethyl salicylate and 2-hydroxyethyl salicylate in one topical formulation
by using two chromatographic techniques. The two methods used by Pauwels et al. [2]
included the use of a gas chromatography flame ionization detector (GC-FID), which was
applied for the simultaneous assessment of methyl salicylate and ethyl salicylate, while a
liquid chromatography ultraviolet detector (LC-UV) was used for the determination of
2-hydroxyethyl salicylate.

Therefore, the proposed work presents the first approach for the simultaneous as-
sessment of methyl salicylate, ethyl salicylate and 2-hydroxyethyl salicylate and methyl
nicotinate in one tropical formulation based on the high-performance liquid chromatogra-
phy supplied with a diode array detector (HPLC–DAD). Besides, the separation efficiency,
simplicity, sensitivity, reliability and total analysis time of the investigated approach for the
assessment of the four analytes will be evaluated for use in quality control protocol as well
as pharmacokinetic studies.

2. Materials and Methods

2.1. Instrument

Thermo Scientific Dionex UltiMate 3000 UHPLC connected to DAD-3000 diode array
detector was adjusted for the assessment of MN, HES, SA, MS and ES in solutions. The anal-
ysis data were recorded via a Chromeleon™ 7.2 Chromatography Data System. A hypersil
GOLD column (250 mm length, 4 mm inner diameter, 5 μm particle size (Thermo Scientific,
Waltham, MA, USA) was used for the separation of analytes.

2.2. Chemicals and Materials

MN, HES, MS, ES, salicylic acid (SA), acetonitrile, formic acid and methanol were
purchased from Sigma-Aldrich (Steinheim, Germany). A Barnstead™ Smart2Pure™ water
purification system was used for deionized water production.

DEEP HEAT Spray (150 mL) contains 1.6% of MN, 5% HES, 1% of MS and 5%
of ES, its manufacturer and marketing authorization holder is the Mentholatum Co. Ltd.,
East Kilbride, Scotland, UK, and it was purchased from local community pharmacies in
Saudi Arabia.

2.3. Preparation of Stock Solutions

MN, HES, MS, ES and SA (as internal standard) stock solutions were made in 50 mL
of HPLC grade methanol at a concentration of 1000 μg/mL and diluted to the needed
concentration using the same solvent to prepare working solutions.

2.4. Preparation of Spray Solution

In total, 2.0 mL of spray content were transferred to 50 mL glass flask and diluted
to the mark by HPLC grade methanol. MN, HES, MS and ES working solutions of 14.57,
45.55, 9.11 and 45.55 μg/mL, respectively, in presence of 0.5 μg/mL of SA internal standard,
were prepared after a series of dilutions for the prepared spray solution.
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2.5. Chromatographic Conditions

The separation of MN, HES, SA, MS and ES was achieved through a Hypersil GOLD col-
umn (250 mm length, 4 mm inner diameter, 5 μm particles size (Thermo Scientific, Waltham,
MA, USA). The composition of mobile phase was 50% methanol: 50% acetonitrile (A) and
water acidified with formic acid (0.1%) (B) in the volume percent of 70:30 (v/v) at a flow rate
of 0.5 mL/min with an isocratic elution mode. The mixture components were detected at a
wavelength of 210 nm and at room temperature (25 ◦C). The injection volume of standard
solutions and samples was 10 μL.

2.6. Validation of Assay Approach

The precision, accuracy, limit of detection (LOD), limit of quantification (LOQ), lin-
earity and system suitability variables were used to validate the rapid identification of
MN, HES, MS and ES using the HPLC approach. The linearity of developed method
was tested by using a series of concentration levels of MN, HES, MS and ES standards
ranging from 0.03–100, 0.05–50, 0.03–50 and 0.03–50 μg/mL, respectively, in presence of
SA as internal standard. Accuracy of the method was calculated for the five concentra-
tion levels (0.07, 0.5, 1, 5, 20 μg/mL) of MN, HES, MS and ES in triplicate by using the
following formula: recovery % = determined value/added value × 100. Intra-day and
inter-day precisions were evaluated for the mentioned above concentration levels of each
component in triplicate by estimating the relative standard deviation (RSD%) = (σ/mean
determine concentration) × 100, where σ is a standard deviation of intercept). Limit of
quantification (LOQ), and limit of detection (LOD) of MN, HES, MS and ES were calculated
from linear regression equations dependent on the slope and standard deviation of the
intercept via applying the following formula: LOD = 3 σ/S and LOQ = 10 σ/S, where σ is
the standard deviation of intercept and S is the slope of the calibration curve. The system
suitability was evaluated by calculating selectivity factor (α), resolution (Rs), capacity
factor (K′), column efficiency (N), tailing factor (T) and height equivalent to theoretical
plate (HETP).

3. Result

3.1. Development and Optimization Processes

Several chromatographic experiments were tested to obtain the HPLC chromatograms
with the best separation and resolution of MN, HES, MS and ES peaks in a short time
of analysis, e.g., mobile phase composition, elution mode, rate of flow, kind of column,
temperature of column and recognition wavelength. Three distinct columns, including
Thermo Scientific ACCLAIM™ 120 C8 (4.6 × 150 mm, 5 μm), Hypersil GOLD (4 × 250
mm, 5 μm) and ACCLAIM™ 120 C18 (4.6 × 150 mm, 5 μm), were tested at different
temperatures. Finally, the Hypersil GOLD (4 × 250 mm, 5 μm) column and 25 ◦C were
found to be the best column and temperature for the separation and determination of
the MN, HES, MS and ES mixtures. Furthermore, the mobile phase compositions were
examined using a variety of solvents (methanol and acetonitrile), acids (formic acid, acetic
acid and phosphoric acid) and buffers as well as elution mode and flow rate. The suitable
separation and resolution were achieved by the isocratic elution mode using 50% methanol
and 50% acetonitrile (A) and water acidified with formic acid (0.1%) (B) in the volume
percent of 70:30 (v/v) at a flow rate of 0.5 mL/min with an isocratic elution mode. On the
other hand, the UV detector was adjusted at 210 nm in order to get the desired sensitivity
for MN, HES, MS and ES. Under these conditions, separation of MN, HES, MS and ES was
carried out in 11 min and retention times were 5.57, 6.03. 8.09, and 10.04 min, respectively,
as shown in Figures 2a and S1. The good separation of MN, HES and SA was evidenced by
focusing the time range on the three components only as displayed in Figure 2b.
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Figure 2. Chromatogram for MN, HES, SA, MS and ES at optimum conditions. (a) complete chro-
matogram; (b) the enlarged view of the scale range from 5 to 7 min.

3.2. Method Validation

The ICH recommendations [13] were applied for validation for the efficiency of the
HPLC approach.

3.2.1. Linearity and Calibration Curve

The linear range and calibration curve equation of MN, HES, MS and ES were de-
scribed in Table 1. Correlation coefficient values exceeded 0.99, as listed in Table 1.

Table 1. The results of regression equations, LOD and LOQ.

Analyte Regression Equation R
Linear Range

(μg/mL)
LOD

(μg/mL)
LOQ

(μg/mL)

MN Y = 0.968 x − 0.713 0.999 0.03–100 0.0144 0.0478
HES Y = 2.485 x + 0.315 0.996 0.05–50 0.0455 0.1516
MS Y = 3.151 x + 0.083 0.998 0.03–50 0.0087 0.0289
ES Y = 2.926 x + 0.579 0.998 0.03–50 0.0061 0.0204

3.2.2. LOD and LOQ Assessment

The sensitivity of the investigated HPLC method toward MN, HES, MS and ES was
confirmed by the calculation of LOD and LOQ. According to the formulas mentioned above,
the LOD and LOQ of MN, HES, MS and ES were depicted in Table 1. The LOD and LOQ
values of each component refer to the great sensitivity of the investigated approach when
compared with the reported methods [2,8,10–12].

3.2.3. Accuracy and Precision

Accuracy and precision of the suggested HPLC approach for the assessment of MN,
HES, MS and ES were calculated according to the formulas mentioned above by testing five
concentration levels of each component (0.07, 0.5, 1, 5 and 20 μg/mL) for three replicates as
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depicted in Table 2. The recovery (%) and relative standard deviation (RSD%) were found
in the range from 93.48 to 102.12% and 0.301 to 6.341%, respectively. The obtained results
of intra- and inter-day assays were within the accepted limits.

Table 2. Accuracy and precision of the proposed approach for the assessment of MN, HES, MS and ES.

Analytes
Conc.

Added (μg/mL)

Intra-Day Inter-Day

Conc. Found (μg/mL)
± SD

Recovery
(%)

RSD (%)
Conc. Found (μg/mL)

± SD
Recovery

(%)
RSD (%)

MN

0.07 0.068 ± 0.002 97.25 2.672 0.067 ± 0.003 95.38 3.979

0.5 0.510 ± 0.008 101.91 1.653 0.496 ± 0.011 99.22 2.115

1 1.007 ± 0.059 100.68 5.886 1.006 ± 0.035 100.62 3.519

5 5.099 ± 0.194 101.97 3.810 5.018 ± 0.205 100.36 4.082

20 19.853 ± 0.073 99.263 0.369 19.85 ± 0.061 99.23 0.301

HES

0.07 0.068 ± 0.001 97.29 1.380 0.069 ± 0.004 97.95 6.341

0.5 0.508 ± 0.013 101.68 2.532 0.503 ± 0.023 100.59 4.571

1 0.982 ± 0.049 98.180 5.028 1.012 ± 0.033 101.21 3.218

5 4.80 ± 0.091 96.08 1.890 4.719 ± 0.211 94.38 4.467

20 20.06 ± 0.180 100.28 0.897 19.614 ± 0.709 98.07 3.616

MS

0.07 0.070 ± 0.001 100.50 1.421 0.069 ± 0.002 98.73 2.794

0.5 0.503 ± 0.007 100.61 1.445 0.473 ± 0.008 94.58 1.782

1 1.021 ± 0.011 102.12 1.121 0.943 ± 0.011 94.27 1.129

5 4.915 ± 0.034 98.29 0.683 4.674 ± 0.041 93.48 0.861

20 19.982 ± 0.086 99.91 0.429 20.082 ± 0.092 100.41 0.461

ES

0.07 0.068 ± 0.002 97.02 2.949 0.067 ± 0.002 96.23 2.786

0.5 0.510 ± 0.008 102.05 1.637 0.492 ± 0.005 98.47 0.971

1 0.993 ± 0.018 99.33 1.838 1.008 ± 0.012 100.76 1.191

5 7.828 ± 0.076 96.56 1.580 4.871 ± 0.046 97.39 0.951

20 19.786 ± 0.154 98.93 0.776 19.871 ± 0.348 99.36 1.749

3.2.4. System Suitability Testing (SST)

Several SST parameters were measured including selectivity factor (α), resolution (Rs),
capacity factor (K′), column efficiency (N), tailing factor (T) and height equivalent to
theoretical plate (HETP) to check and ensure ongoing HPLC system performance for the
simultaneous determination of MN, HES, MS and ES. As depicted in Table 3, the values of
Rs, α, T, K′, N, HETP ranged from 3.195 to 15.96, 1.16 to 1.41, 0.941 to 1.03, 1.05 to 2.50,
8543 to 17918 and 0.00008 to 0. 002, respectively. These values were found to be within
the recommended limits [7], suggesting the accessibility and efficiency of the investigated
HPLC approach for the determination of the four analytes.
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Table 3. System suitability testing parameters of the proposed HPLC method.

Parameters
Obtained Value

Reference Value [13]
MN HES MS ES

Resolution (Rs) 3.195 15.96 12.125 9.60 <1.5
Selectivity factor (α) 1.16 1.17 1.41 1.37 < 1

Tailing factor(T) 0.941 0.947 1.00 1.03 >1.5–2 or >2
Capacity factor(K′) 1.05 1.30 1.82 2.50 1–10 acceptable

Column efficiency (n) 8543 13877 17918 17479 Increase with efficiency of the
separation

HETP b 0.002 0.001 0.0008 0.00008 The smaller the value the
higher the column efficiency

HETP b = height equivalent to theoretical plate, (cm/plate).

3.3. Application of the Method

The investigated HPLC–DAD approach was successfully operated for the simultane-
ous assessment of MN, HES, MS and ES in DEEP HEAT Spray. The values of the recovery
percentage of MN, HES, MS and ES, ranged from 92.04% to 101.14% with the standard
deviation not exceeding 0.56% as depicted in Table 4, support this point.

Table 4. Analysis of MN, HES, MS and ES in Deep Heat Spray by the proposed HPLC method.

Component
Taken

(μg/mL)
Recovery %

MN 14.57 97.88 ± 0.01
HES 45.55 92.04 ± 0.56
MS 9.11 101.14 ± 0.13
ES 45.55 94.39 ± 0.40

4. Conclusions

For the first time, an unsophisticated, dependable, accurate and precise HPLC ap-
proach was established for the simultaneous determination of methyl nicotinate, methyl
salicylate, ethyl salicylate and 2-hydroxyethyl salicylate in one formulation. In addition,
the investigated method has the advantage of eluting the four analytes in a short analytical
run time. The recovery percentages and relative standard deviations ranged from 93.48
to 102.12% and 0.301 to 6.341% for all analytes. As a result, the proposed quantitative
approach can be used successfully for quality control laboratories and routine analysis of
the methyl nicotinate, methyl salicylate, ethyl salicylate and 2-hydroxyethyl salicylate.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/separations9040093/s1, Figure S1: Chromatogram for MN, HES,
SA, MS and ES at optimum conditions (by using methanol as dilution solvent and before use mobile
phase as diluent).
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5. Michel, P.; Granica, S.; Magiera, A.; Rosińska, K.; Jurek, M.; Poraj, Ł.; Olszewska, M.A. Salicylate and Procyanidin-Rich Stem
Extracts of Gaultheria Procumbens L. Inhibit Pro-Inflammatory Enzymes and Suppress Pro-Inflammatory and Pro-Oxidant
Functions of Human Neutrophils Ex Vivo. Int. J. Mol. Sci. 2019, 20, 1753. [CrossRef] [PubMed]

6. Horak, J.; Hemmer, W.; Focke, M.; Götz, M.; Jarisch, R. Contact Dermatitis from Anti-Inflammatory Gel Containing
Hydroxyethyl Salicylate. Contact Dermat. 2002, 47, 109–125. [CrossRef] [PubMed]
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Abstract: The present study aimed to investigate Senecio anteuphorbium, an endemic plant growing in
West Morocco and widely used in local folk medicine. The essential oil (EO) extracted from the aerial
parts was analyzed by gas chromatography and tested for allelopathic activity. The quantitation of the
volatiles was carried out by means of GC-FID with response factors, which were validated through
reliable calibration procedures, based on external and internal standardization. This analytical
approach allowed to define the real concentration of each constituent (weight%, g/100 g) alongside
the conventional relative percent. On the other hand, the identification process was supported by a
dual matching based on both mass spectra and retention indices. The essential oil resulted in being
rich in sesquiterpenes, with the predominant constituents being bicyclogermacrene (22.75 g/100 g),
spathulenol (25.26 g/100 g), epi-γ-eudesmol (6.8 g/100 g), and selina-4,11-diene (5.08 g/100 g). The
allelopathic effect was evaluated by studying the inhibition of the germination and growth of Lactuca
sativa seeds. A potent allelopathic effect was recorded by the essential oil at a dose of 0.281 mg/mL,
with almost a total inhibition of germination.

Keywords: Senecio anteuphorbium; response factors; true quantitation; allelopathy

1. Introduction

Nowadays, the use of natural resources has attracted the attention of many researchers
due to their diversity, durability, bioactivity, and eco-friendly characteristics. Essential oils
(EOs) are one of the richest sources of bioactive metabolites that justify their numerous
biological activities, such as antibacterial, antiviral, insecticidal, and allelopathic activi-
ties [1–3]. Moreover, the use of essential oils as natural antioxidants attracts the interest
of many scientists and researchers due to their utility in the prophylaxis and treatment of
diseases related to oxidative stress [4].
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Analytically speaking, an essential oil is usually regarded as a complex sample com-
prising a wide variety of volatile compounds strictly embedded with each other in a matrix.
To unravel such an intricate composition, the high separation power of gas chromatography
works as the most effective technique. After the widespread diffusion of essential oils in
numerous different fields of current society, a detailed legislation on their global marketing
has been issued. As a consequence, the need for reliable quantitative data has grown even
more due to quality and safety requirements concerns. As well, an interest in essential oils’
biological activity is continually growing [5]. The need for accurate quantitation in essential
oils analysis is not only dictated by regulatory bodies (IFRA, EFSA, etc.) but becomes
fundamental in novel characterization. Although relative percentage abundance is the most
widespread approach to quantification by GC, this method is often improperly applied,
e.g., for comparison of different essential oil samples from the same species [6]. In order to
be compared, data first need to be standardized. The employment of calibration procedures
with standards is even more important when true quantitation in physical units of concen-
tration is the purpose of analysis. In the present study, response factors measured by means
of external and internal methods were applied to true quantitation of the volatiles released
by Senecio anteuphorbium. The genus Senecio comprises almost 1100 species distributed in
Asia and Africa. In Morocco, Senecio anteuphorbium (syn. Kleinia anteuphorbium (L.) DC.),
an endemic medicinal plant locally called “Achbartou”, is commonly used in traditional
medicine, mainly in the Sousse region, as a sedative for abdominal or back pain [7]. In fact,
this fatty plant is also used as an anti-inflammatory, hemostatic, and in the treatment of
rheumatism [8,9]. However, this plant species has received very little attention as regards
its composition and biological activity. Beyond the chemistry, the scope of the study was to
explore the allelopathic properties of the essential oil against Lactuca sativa germination and
growth. In fact, a number of reports have previously highlighted the phytotoxic activity of
the genus Senecio [10–15].

Allelopathy, a phenomenon that is gaining much interest in plant science, works via a
complex mechanism. Plants contain several organic molecules that are biologically active.
These molecules are associated with active roles in plant defense against pests, herbivores,
and pathogens, as well as environmental stresses [16]. The production and concentration of
secondary metabolites in plants are multifaceted processes that depend on the plant species,
age, organs, and biotic and abiotic stresses they are subjected to [17]. Allelochemicals are
liberated by plants into the outer environment and interact with close plants as well as
other organisms corresponding to the suppression or stimulation of the growth, physiology,
and development of the target species [18]. Briefly, allelopathy falls within the more
recent and sustainable strategies applied to weed suppression in substitution of synthetic
organic herbicides.

To the best of our knowledge, this work represents the first comprehensive investiga-
tion into the volatile constituents of S. anteuphorbium.

2. Materials and Methods

2.1. Plant Material

The aerial parts of S. anteuphorbium were harvested during April 2019 (flowering stage)
from Taghazout region (30◦31′59′′ N, 9◦42′00′′ W). The collected plant was air-dried in the
shade for ten days and ground into a fine powder. A voucher specimen (No. 10119) was
deposited in the Herbarium of Laboratory of Agri-Food, Biotechnologies and Valorization
of Plant Bioresources, Faculty of Science, Marrakesh.

2.2. Extraction of the Essential Oil

The EO of the air-dried aerial parts of S. anteuphorbium (3 × 300 g) was extracted by
hydro-distillation using a Clevenger-type apparatus (ENVEA, Casablanca, Morocco) for
four hours by setting an initial temperature of 100 ◦C, decreased to a constant temperature
of 70 ◦C after 30 min. The essential oil obtained was dried with sodium sulfate (Sigma-
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Aldrich, St Louis, MO, USA) and stored at 4 ◦C until further analysis. The oil yield was
calculated according to the following formula:

Y% =
VEO
DW

× 100

where VEO: volume of essential oil recovered (mL); and DW: amount of dry plant material
used for extraction (g).

2.3. Gas Chromatography
2.3.1. GC–FID Analysis

Senecio anteuphorbium essential oils were injected into a Shimadzu GC-2010 system
equipped with an AOC-20i autosampler and a split/splitless injector. The analytical
column was a Zebron-5 ms, 30 m × 0.25 mm i.d. × 0.25 μm film thickness (Phenomenex,
Los Angeles, CA, USA). The oven program was: 50 ◦C, held for 1 min, at 3 ◦C/min to 250 ◦C,
held 5 min. Injection temperature and volume were 250 ◦C and 1.0 μL, respectively. Samples
were previously diluted 1:10 v/v in n-hexane. Injection mode: split, with a split ratio 1:50.
Carrier gas was helium (u, 30 cm·s−1; inlet pressure, 99.0 kPa). Detector temperature:
300 ◦C. Detector gases: H2, 40 mL·min−1; air, 400 mL·min−1. Data were handled by means
of GCsolution software (Shimadzu, Japan). For the calculation of response factors, the
volatiles identified by GC–MS were grouped according to their structure (hydrocarbon,
alcohol, ketone, etc.), and, for each group, a representative chemical was chosen and
calibrated according to the following procedure. The reference standard (e.g., β-bisabolene
for sesquiterpene hydrocarbons) was externally and internally calibrated by injecting
5 different levels of concentration within the linear range with the addition of a fixed
amount of nonane as internal standard (final concentration 0.1 g/100 g). Each level of
concentration was analyzed in triplicate (Table 1). The response factor was measured
according to:

RF =
[Std][i.s.]

Area std : Area i.s.
where RF, response factor; [Std], concentration (g/100 g) of the standard to be calibrated;
[i.s.], concentration of the internal standard (g/100 g); Area std, FID peak area of the
standard; Area i.s., FID peak area of the internal standard (n-nonane). The concentration of
each volatile component in essential oils real samples was then calculated:

[VOC] =
(AreaVOC : Area i.s.)·RF·[i.s.]·100

Woil

where AreaVOC, FID peak area of each volatile constituent; Woil, weight (g) of the oil.

Table 1. Composition of Senecio anteuphorbium essential oil. Values are means of triplicate analyses.

Peak# Group Std. Compound RIexp RIdb Area % RF
Wt%
(g/100 g)

1 H
√

α-Pinene 933 933 0.16 ± 0.01 1.0 0.15 ± 0.01

2 A
√

1-Octen-3-ol 978 978 0.32 ± 0.03 1.3 0.38 ± 0.03

3 A
√

Linalool 1099 1101 0.26 ± 0.01 1.3 0.31 ± 0.01

4 K
√

Isophorone 1122 1123 0.12 ± 0.01 1.3 0.14 ± 0.01

5 A trans-Sabinol 1139 1140 0.32 ± 0.01 1.3 0.38 ± 0.01

6 A trans-Verbenol 1142 1145 0.47 ± 0.02 1.3 0.56 ± 0.02

7 O
√

trans-Linalool oxide 1173 1174 0.49 ± 0.04 1.5 0.67 ± 0.05

8 A
√

p-Cymen-8-ol 1187 1189 0.62 ± 0.01 1.3 0.73 ± 0.01

9 A
√

Myrtenol 1199 1202 0.37 ± 0.02 1.3 0.44 ± 0.02
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Table 1. Cont.

Peak# Group Std. Compound RIexp RIdb Area % RF
Wt%
(g/100 g)

10 K
√

Verbenone 1206 1208 0.28 ± 0.01 1.3 0.33 ± 0.01

11 AL
√

Safranal 1208 1201 0.28 ± 0.01 1.4 0.36 ± 0.01

12 K
√

Pulegone 1242 1241 0.10 ± 0.02 1.3 0.12 ± 0.02

13 K
√

Carvenone 1255 1257 0.29 ± 0.02 1.3 0.34 ± 0.02

14 A
√

4-Vinylguaiacol 1308 1309 0.77 ± 0.02 1.3 0.91 ± 0.02

15 H Silphiperfol-5-ene 1329 1326 0.70 ± 0.02 1.0 0.64 ± 0.02

16 H
√

δ-Elemene 1337 1335 0.28 ± 0.01 1.0 0.25 ± 0.01

17 H Presilphiperfol-7-ene 1342 1339 0.39 ± 0.01 1.0 0.35 ± 0.01

18 A
√

trans-p-Menth-6-en-2,8-diol 1375 1375 1.55 ± 0.04 1.3 1.83 ± 0.05

19 H Silphiperfol-6-ene 1382 1380 0.22 ± 0.02 1.0 0.20 ± 0.02

20 H
√

β-Patchoulene 1385 1383 0.66 ± 0.03 1.0 0.60 ± 0.02

21 H
√

α-Copaene 1386 1385 1.72 ± 0.03 1.0 1.56 ± 0.03

22 H Modhephene 1388 1384 0.71 ± 0.02 1.0 0.65 ± 0.01

23 H
√

β-Elemene 1391 1389 0.71 ± 0.01 1.0 0.65 ± 0.01

24 H α-Isocomene 1393 1387 0.36 ± 0.02 1.0 0.33 ± 0.02

25 H α-Gurjunene 1409 1406 0.34 ± 0.01 1.0 0.31 ± 0.01

26 H β-Isocomene 1411 1407 0.29 ± 0.01 1.0 0.26 ± 0.01

27 H
√

(Z)-Caryophyllene 1415 1413 0.37 ± 0.02 1.0 0.34 ± 0.02

28 H
√

Guaia-6,9-diene 1445 1444 0.21 ± 0.02 1.0 0.19 ± 0.01

29 H
√

α-Humulene 1456 1454 0.41 ± 0.02 1.0 0.37 ± 0.02

30 H
√

Alloaromadendrene 1460 1458 0.51 ± 0.02 1.0 0.46 ± 0.02

31 H Selina-4,11-diene 1478 1476 5.59 ± 0.13 1.0 5.08 ± 0.11

32 H
√

Germacrene D 1482 1480 1.87 ± 0.02 1.0 1.70 ± 0.02

33 H Aristolochene 1491 1487 0.55 ± 0.02 1.0 0.50 ± 0.01

34 H
√

Bicyclogermacrene 1501 1497 25.02 ± 0.09 1.0 22.75 ± 0.08

35 A Cubebol 1520 1519 0.21 ± 0.02 1.3 0.25 ± 0.02

36 H
√

δ-Cadinene 1523 1518 0.39 ± 0.03 1.0 0.35 ± 0.03

37 A α-Elemol 1552 1546 0.12 ± 0.01 1.3 0.14 ± 0.01

38 A
√

Spathulenol 1577 1576 21.37 ± 0.36 1.3 25.26 ± 0.42

39 A Fokienol 1596 1596 4.96 ± 0.11 1.3 5.86 ± 0.13

40 A 1,10-di-epi-Cubenol 1616 1614 1.32 ± 0.10 1.3 1.56 ± 0.12

41 A epi-γ-Eudesmol 1627 1624 5.75 ± 0.17 1.3 6.80 ± 0.20

42 A T-muurolol 1652 1645 0.35 ± 0.04 1.3 0.41 ± 0.05

43 A Cadin-4-en-10-ol 1661 1659 1.04 ± 0.04 1.3 1.23 ± 0.04

44 A Shyobunol 1690 1686 1.74 ± 0.07 1.3 2.06 ± 0.08

45 A β-Acoradienol 1763 1760 0.25 ± 0.02 1.3 0.30 ± 0.02

46 K Aristolone 1765 1759 0.81 ± 0.02 1.3 0.96 ± 0.02

HYDROCARBONS 41.46 ± 0.31 37.69 ± 0.38

ALCOHOLS 41.79 ± 0.47 49.38 ± 0.37

KETONES 1.60 ± 0.07 1.89 ± 0.08

ALDEHYDES 0.28 ± 0.02 0.36 ± 0.03

OXIDES 0.49 ± 0.02 0.67 ± 0.04

Group: H, hydrocarbon; A, alcohol; K, ketone; AL, aldehyde; O, oxide. Std.: co-injection of reference standard;
RIexp: retention index experimentally determined against a mixture of n-alkanes (C7-C40) on a Zebron-5 ms
column. RIdb: retention index retrieved from FFNSC 2 and Adams 4th edition databases. RF: response factor.
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The reference standards β-caryophyllene, caryophyllene oxide, farnesol, and citronel-
lal, all supplied by Merck, were chosen as representative compounds of the different
chemical groups.

2.3.2. GC–MS Analysis

Qualitative analyses were carried out on a GCMS-TQ8030 (Shimadzu) equipped with
a Zebron-5ms column (30 m × 0.25 mm i.d. × 0.25 μm film thickness). Carrier gas (He)
parameters were the same as for GC–FID analysis. MS conditions: interface and source
temperatures, 230 ◦C and 200 ◦C, respectively. Ionization mode: EI, 0.9 kV; acquisition
mass range, 40–400 m/z; scan speed, 1666 amu/s; scan interval, 0.25 s. Data were handled
by means of GCMSsolution software. Identification was carried out by matching unknown
spectra with two databases (FFNSC2, Adams 4th edn.). Moreover, retention indices were
calculated by injecting a mix of saturated alkanes ranging from heptane to tetracontane
(Merck, Darmstadt, Germany). Experimental retention indices were then compared with
those listed in databases in order to restrict the list of candidates.

2.4. Allelopathic Activity

The allelopathic activity of S. anteuphorbium EO was evaluated against lettuce seeds
according to Jalaei et al., with slight modifications [19]. In brief, commercial lettuce (Lac-
tuca sativa) seeds were surface sterilized with 70% ethanol for 30 s, washed with sterile
water to remove the ethanol, and then disinfected for 20 min by a 0.2% sodium hypochlo-
rite solution, followed by three rinses of distilled water for 5 min each. After disinfection,
30 seeds were placed in glass Petri dishes lined with a filter paper Whatman No.1. The
seeds were soaked with 10 mL of each EO concentration prepared in dimethyl sulfoxide
(DMSO) (1%, v/v). The Petri dishes were sealed with parafilm and incubated in a climate
room at 25 ± 1 ◦C with photoperiod 12:12 for 10 days [19]. The experience was performed
in quadruplet, and a control containing DMSO 1% was added. Observations and measure-
ments were made on the germination rate of seeds and the growth of lettuce seedlings.
Plant growth in the incubation period was expressed by root length (cm), shoot length
(cm), and seedling length (cm) at the end of the period. The shoot and root lengths of all
seedlings per each plate were measured, and the allelopathic inhibition of root and shoot
growth was calculated, with respect to control, as follows:

Inhibition % = 100 ∗ (No/Length of control − No/Length of treatment)/No/Length of control

The germination and seedling growth were also evaluated by percentage of germina-
tion according to the following formula:

Germination percentage = (n/N) ∗ 100

with n: number of germinated seeds in each concentration, and N: total number of
seeds (30).

Moreover, mean germination time (MGT), germination rate (GR), and the vigor index
(VI) were calculated.

3. Results and Discussion

3.1. Quantitative Analysis

The hydro-distillation extraction of the aerial parts of S. anteuphorbium from Taghazout
region yielded 0.3% (v/w) of oil distillates. This EO was characterized by a dark brown
color, an oily appearance, a density of 0.9 g/mL, and a freezing point above −21 ◦C. With
regard to the yield, 0.15% was that obtained from S. anteuphorbium harvested in Essaouira
region [20]. The higher yield of S. anteuphorbium from Taghazout (actual samples) can be
explained by the different geographic provenance (different pedoclimatic conditions).

Figure 1 shows the GC–MS fingerprint of S. anteuphorbium EO, whereas its composition
is reported in Table 1. The precision of the GC methodology was tested through the mea-
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surement of standard deviations (reported in Table 1) and coefficients of variation, always
lower than 5%. As can be seen, based on peak area normalization, the total identified
and quantified fraction amounts to 85.62% of the whole EO. The volatiles were equally
distributed between terpene hydrocarbons (41.46%) and alcohols (41.79%), with minor con-
stituents being ketones, aldehydes, and oxides. S. anteuphorbium can be safely described as
a sesquiterpene-rich oil, reporting as predominant components bicyclogermacrene (25.02%)
and spathulenol (21.37%), a sesquiterpene alcohol. To confirm this, the chromatogram
results are much more crowded in the second region, which is a typical elution zone of
sesquiterpenes in essential oil analysis. Worth mentioning is the presence of characteristic
components, such as silphiperfolene isomers, α- and β-isocomene, aristolochene, aris-
tolone, and shyobunol. This chemical description matches roughly with that published by
Elhidar et al. [20], the sole report on S. anteuphorbium found in the literature and totally
focused on this species. However, the authors carried out only a tentative identification
of the components by mass spectral matching with wide and generic collections (Wiley
and NIST); in the present study, the mass spectral libraries used (FFNSC and Adams) were
exclusively pertinent to flavor and fragrance compounds. Additionally, the identification
procedure was boosted by the retention index matching [21] tool that was only mentioned
but not implemented in Elhidar et al. [20]. Finally, an accurate calibration in absolute units
(weight%, g/100 g) of single components was here carried out, enhancing the value of
quantitative analysis [22]. There is evidence in the literature of a considerable number of
papers on Senecio spp. Nonetheless, only a few publications are based on accuracy and
reliability of both the data produced and methodologies used since, in many of them, the de-
termination of artifacts (not naturally occurring compounds) is widely manifest [14,23,24].
For example, Irahal et al. have recently reported a GC–MS analysis of a variety of plant
species, including S. anteuphorbium [24]. The GC data presented in that study show a lack
of reliability in the GC–MS analytical protocol employed. Some compounds were artifacts
(i.e., cyclotrisiloxane); many others were simply misidentified (i.e., β-maaliene, which is
a sesquiterpene, notoriously eluting after monoterpenes); the mass spectral library used
was only a NIST, capable of assigning an identity to a lower fraction of peaks (79%); finally,
the source of retention indices was not specified. Nonetheless, a comparison between the
two volatile fingerprints has been made, highlighting a substantial difference as regards
the predominant constituents. Less than ten components were commonly found in the
two compositions, among which selina-4,11-diene and shyobunol are worthy to be men-
tioned. Moreover, in many cases, these reports have been published in journals that do
not enjoy scientific prestige. To further discuss the chemical constituents of the present
S. anteuphorbium samples, it seems worthwhile to emphasize the similarity found with
other Senecio spp. Spathulenol and germacrene B, which dominated the volatile fingerprint
in S. rowleyanus and also showed powerful antioxidant and antimicrobial activities [25].

Rich in sesquiterpenes (i.e., germacrene D and A, γ- and δ-cadinene) were the essential
oils from the roots and leaves of S. rufinervis [26]. The composition of S. vernalis was
the most similar to that of S. anteuphorbium, bicyclogermacrene and spathulenol being
the major volatiles, as here [27]. S. trapezuntinus appeared as a sesquiterpene rich oil,
with (E)-β-farnesene as the predominant volatile, but the variety of minor sesquiterpenes
was comparable to that reported by S. anteuphorbium [28]. Leaving aside the specific
composition of S. anteuphorbium, it should be pointed out that numerous papers establish a
close correlation between the sesquiterpene component and allelopathy [29,30]. Allelopathy,
the natural phenomenon of plants interaction, represents great promise in crop science,
with most allelochemicals being valid herbicides/pesticides in support of the sustainable
development of agriculture. Among allelochemicals, spathulenol and bicyclogermacrene
have been previously determined in a variety of plant species [31,32], confirming the
present findings with regard to the allelopathic assays.
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Figure 1. Total ion chromatogram obtained from GC–MS analysis of S. anteuphorbium essential oil.
Peak top numbers refer to compounds listed in Table 1.

3.2. Allelopathic Activity

The allelopathic potential of the S. anteuphorbium EO was evaluated through germi-
nation percentage, root, shoot and seed lengths, and inhibitory growths percentage and
factors on Lactuca sativa seeds. The results showed (Table 2, Figures 2 and 3) that the ex-
tracted EO from S. anteuphorbium exhibited a significant allelopathic inhibitory effect on the
germination and the seedling growth of the tested seeds (Lactuca sativa) in a dose-dependent
manner compared to the control.

Table 2. Effects of different concentrations of S. anteuphorbium essential oil on shoot, root, and seed
germination indices and seedling growth factors of L. sativa at the end of incubation time. GP:
germination percentage, MGT: mean germination time, GR: germination rate, VI: vigor index.

EO Con-
centration
(mg/mL)

Shoot
Growth (cm)

Root
Growth (cm)

Seedling
Growth (cm)

GP
(%)

MGT
(Day)

GR
(Units)

VI
(Units)

Control 2.34 ± 0.072 a 3.41 ± 0.121 a 5.61 ± 0.1 a 100 a 1.93 ± 0.14 a 8.91 ± 1.47 a 560.64 ± 12.47 a

0.018 2.33 ± 0.12 a 3.28 ± 0.21 a 5.76 ± 0.33 a 45.55 ± 6.94 b 2.01 ± 0.33 b 6.01 ± 0.57 b 260.95 ± 12.23 b

0.035 1.85 ± 0.12 b 2.7 ± 0.16 a 4.55 ± 0.21 b 15.55 ± 1.92 c 3.01 ± 0.52 c 1.7 ± 0.02 c 70.81 ± 7.17 c

0.07 1.06 ± 0.1 b 2.23 ± 0.21 b 3.29 ± 0.16 b 8.88 ± 1.92 cd 3 ± 0.64 c 1.05 ± 0.28 d 27.01 ± 13.37 cd

0.14 0.55 ± 0.02 c 1.28 ± 0.04 b 1.83 ± 0.03 c 7.77 ± 1.92 de 3.11 ± 0.51 c 0.92 ± 0.15 d 14.23 ± 1.89 d

0.28 0.29 ± 0.02 d 0.72 ± 0.01 c 1.01 ± 0.02 c 3.33 e 3.33 ± 0.8 c 0.4 ± 0.1 e 3.36 ± 0.76 e

IC50 0.12 ± 0.01 0.15 ± 0.02 - - - - -

IC50 is the concentration at which 50% of growth inhibition was predicted to occur. Different letters indicate
statistically significant differences at p ≤ 0.05. Significance level: a p > 0.05, b p < 0.05, c p < 0.01, d p < 0.001, and
e p < 0.0001.

According to the obtained results reported in Table 2 and Figure 3, at a high concen-
tration of the EO (0.28 mg/mL), the growth of shoots and roots was reduced by 87.60%
and 78.88%, respectively. The EO showed an IC50 value of 0.12 mg/mL for shoot growth
and 0.15 μg/mL for root growth, respectively, compared to the controls. As regards mean
germination time (MGT), although the results show a statistically significant difference
between the control and treated samples, MGT was the least affected parameter. The
germination rate (GR) differed significantly between the different treatments, the highest
being observed with the control (8.91 units) and the lowest being observed with S. an-
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teuphorbium EO at 0.28 mg/mL with 0.4 units. Consequently, the GR factor was strictly
concentration-dependent, as well as the vigor index (3.36 vs. 560.64, for 0.28 mg/mL EO
and the control, respectively).

 

Figure 2. Allelopathic effect of the essential oil from Senecio anteuphorbium on root (RLI) and shoot
(ShLI) growths of Lactuca sativa seeds. Different letters indicate statistically significant differences at
p ≤ 0.05.

 

Figure 3. Cumulative germination observed in L. sativa seeds after treatment with different EO
concentrations (mg/mL) of Senecio anteuphorbium at 1-day intervals.

The comprehensive observation of germination data after treatments at 1-day intervals
(Figure 3) shows that all the EO concentrations inhibited germination compared with the
control. The maximum germination percentage (100%) was recorded in the control and
the minimum (3.33%) in the EO treatment (0.28 mg/mL) at the end of the incubation
period. The genus Senecio has been widely reported in the literature due to the phyto-
compounds found in extracts, with a potent allelopathic property. The phytotoxic effects
of S. westermanii Dusén ethanol extracts and subfractions were evaluated on lettuce (Lac-
tuca sativa L.) and onion (Allium cepa L.) seeds. The results demonstrated an inhibitory
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effect on the germination velocity index and growth. The plant also caused a change in
respiration and photosynthesis [13]. Moreover, it was observed by Arancibia and his coau-
thors [14] that aqueous and ethanolic extracts, from S. filaginoides, significantly inhibited
the germination of Solanum lycopersicum and Lolium multiflorum seeds in a dose-dependent
manner. Cruz-Silva and his collaborators demonstrated that aqueous extracts of leaves
and inflorescences of S. brasiliensis altered the germination and seedling development of
Lactuca sativa L. (lettuce) [11]. The phytotoxic effectiveness of the Senecio genus has been
poorly studied. To the best of our knowledge, the results obtained in this study are the
first published data concerning the allelopathic activity of Senecio anteuphorbium essential
oil. Compared to other species of the genus Senecio, the phytotoxic effects obtained in our
study are higher than the allelopathic potential of EOs from the Senecio genus previously
evaluated in other studies. Overall, it has been previously shown that the essential oil of
S. amplexicaulis demonstrated remarkable and dose-dependent phytotoxic activity at the
tested concentration and significant reduction in seed germination percentage of Phalaris mi-
nor and Triticum aestivum at 0.5 mg/mL; the oil inhibited germination of both T. aestivum
(65.00 ± 1.00%) and P. minor (58.34 ± 1.52%) compared to the control [12]. In another study,
the phytotoxic activity of the essential oil of Senecio erucifolius L. was evaluated against
three weeds, namely Medicago sativa L., Urtica cannabina L., and Amaranthus retroflexus
L. [15]. In general, the essential oil at low concentrations stimulated the growth of sprouts
of the treated species; at high concentrations, it suppressed it. The length of the roots of
M. sativa, U. cannabina, and A. retroflexus increased by 21.00, 10.46, and 2.53%, respectively,
after treatment with oil at the lowest concentration (0.125 mg/mL) and decreased by 9.36,
23.00, and 19.53% after treatment at the highest concentration (4 mg/mL) [15]. In fact, the
change in the parameters of germination indicates the changes in the metabolic reactions of
the plants [33]. It might be speculated that the phytotoxic effect of S. anteuphorbium EO is
due to the activity of the major compounds, bicyclogermacrene (25.02%) and spathulenol
(21.37%) (Table 1). However, minor compounds, such as α-pinene and p-cymen-8-ol, have
been reported as allelochemicals, and they could act either individually or synergistically
as inhibitors on the germination and growth of the Lactuca sativa L. seeds [34]. Moreover,
the oxygenated terpenoids usually have a significant role in biological activity compared to
non-oxygenated compounds due to oxygen reactivity [29].

4. Conclusions

This article provides a dataset on the volatile quantitative composition and allelo-
pathic properties of S. anteuphorbium, an endemic plant of Morocco used in traditional
medicine. The EO composition was thoroughly investigated by GC techniques, applying
true quantitation in order to overcome the limits of traditional approaches based on the sole
relative abundance. The EO reported a predominant sesquiterpene component. A strong
allelopathic effect against Lactuca sativa seeds was observed, suggesting an interesting
application of the EO as an alternative bioherbicide. All the findings suggest the usefulness
of further studies (i.e., investigation of the non-volatile fraction, antioxidant power, and
mode of action) on this Senecio species.
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Abstract: An assessment was performed on methods of separating and disinfecting airborne droplet
nuclei containing viruses, such as SARS-CoV-2. The droplet nuclei originate from evaporating
aerosols emitted by the coughing, singing, sneezing, etc. of infected humans. Based on empirical
data and theoretical analysis, we successively determined: (i) the particle number distribution of
nuclei versus the nucleus diameter, (ii) the statistical distribution of the viral content in the droplet
nuclei starting from a uniform random distribution of viruses in the mucus, (iii) the particle number
distribution of droplet nuclei containing at least one virus particle, and (iv) the effectiveness of
methods for removing and disinfecting nuclei containing one or more virus particles from indoor air;
viz., ventilation with fresh air, filtering with porous media, such as HEPA, and centrifugal separation
and simultaneous disinfection, particularly with a rotational particle separator (RPS). Indoor aerosol
removal with RPS supplemented with HEPA to arrest tiny volumes of very small particles was found
to be the most effective. It is as good as particle removal through ventilation with clean air over long
periods of time. An RPS facilitates direct elimination of viruses in the collected nuclei by flushing
with a disinfection liquid. The components of an RPS are recyclable. Combining HEPA with an RPS
extends the service time of HEPA by almost two orders of magnitude compared to the relatively
short service time of stand-alone HEPA filters.

Keywords: SARS-CoV-2; virus particles; air filtering; aerosols; probability distributions; rotational
particle separator

1. Introduction

Several epidemic illnesses are caused by viruses [1]. COVID-19, for instance, is caused
by infection with the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
strain [2]. Transmission of viral diseases, such as COVID-19, may be caused by respiratory
droplets in a gas from coughs and/or sneezes. COVID-19 is a new disease, and many of
the details of its spread are under investigation at present. This is one of the reasons for
why prior literature related to methods and devices configured for decreasing the spread of
the SARS-CoV-2 virus is sparse. COVID-19 may spread from person to person via several
different modes, particularly when people are in close proximity to one another [3]. Spread
may occur very easily and sustainably, with one infected person possibly infecting more
than one other person. It may be transmitted when people are symptomatic, but also when
people do not show any or only minor symptoms. The World Health Organization (WHO)
recommends at least one meter of social distance to hinder transmission, in combination
with wearing face masks and washing hands, but people increasingly have problems with
this behavior.

Viral diseases in particular spread by means of small droplets in the breath, which are
usually referred to as aerosols or bio-aerosols [4–10]. An aerosol is a suspension of fine
solid particles or liquid droplets in a gas or in air. The liquid or solid particles can reach
very small sizes. As an example, SARS-CoV-2 virus particles are generally about 0.05 μm
in size, but they are contained in larger saliva particles. Bacteria are typically 1 μm in size
or somewhat larger. The saliva particles and bacteria form an aerosol in the air. When
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a person emits breath by coughing, sneezing, and the like, the virus-containing aerosol
particles are emitted into the air, where they evaporate rather easily, such as in about 1 s, to
yield smaller droplet nuclei of about 1 μm that carry the virus particles [8–10]. Animals
may also produce such virus-containing droplet nuclei, as well as droplets containing
bacteria. The problem with droplet nuclei is that the infectious viruses contained in them
may float for quite a long time over quite some distance, thereby increasing the risk for
transmission of the disease associated with them.

For instance, it can be shown that, under the influence of gravity, SARS-CoV-2-
containing droplet nuclei of about 1 μm will fall in the air for only about 10 cm after
1 h of floating. Larger particles do not have this problem, and particles of, e.g., 10 μm in
size will fall in the air at least a hundred times faster. When the virus-containing droplets
eventually fall onto floors or surfaces, they may remain infectious if people touch the
contaminated surfaces and then their eyes, nose, or mouth with unwashed hands.

Airborne transmission of lower-size aerosols occurs particularly in crowded and less-
ventilated indoor spaces [3], which are particularly effective for transmitting viruses, such
as in restaurants, nightclubs, public transport, and gatherings such as funerals. Trans-
mission can also occur in a healthcare setting, as certain medical procedures performed
on COVID-19 patients generate aerosols. It would be highly desirable to be able to pre-
vent viruses from spreading, particularly in such potentially crowded and less-ventilated
indoor spaces.

The aim of this article is to assess methods of separating and disinfecting contagious
aerosols containing viruses, particularly the SARS-COVID-2 virus. First, we determine the
probability distributions of numbers of droplet nuclei and the distributions of those that
can cause infection as a function of their diameter in Sections 2 and 3. The distributions
are subsequently used to evaluate the performance of risk mitigation methods in Section 4.
Conclusions are presented in Section 5.

2. Probability Density Function of Airborne Droplet Nuclei

The generation of a large number of aerosol droplets through coughing, sneezing,
speaking, and breathing has been documented for a long time [4–10]. The droplets are
created within the respiratory tract due to disruption of saliva by abrupt changes in the
airflow. The front of the mouth is the site of narrowing and the most important site for
atomization, with the larynx as second site [7]. The published sizes of these aerosols range
from sub-micron sizes to >100 μm, and these can be continuous [8], bi-modal [11], and tri-
modal [12]. Care must be taken with these results, however, as the conditions, instruments,
and methods differ [13].

When studying bioaerosols generated by human subjects, it is important to distinguish
between the initial diameter of particles and the diameter after evaporation of water in
ambient air; the resulting desiccated particles are termed “droplet nuclei” in the medical
literature. Droplet evaporation is a combination of heat and mass transfer between droplets
and their surroundings [14]

dmp

dt
= −2πpdp MvDSh

RT∞
ln
(

p − pvs

p − pv∞

)
(1)

mpcp
dTp

dt
= πd2

pka
T∞ − Tp

1
2 dp

Nu − (hg − hl)
dmp

dt
(2)

We estimated the evaporation time by assuming:

• initial droplet temperature Tp(t = 0) = 37 ◦C;
• zero temperature gradient inside the droplet;
• creeping flow around the droplet (Stokes regime).
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The physical properties of water and humid air were taken from the Coolprop C++
library [15]. The time constant for evaporation is defined by (see Figure 1):

dp(t = τ)

dp(t = 0)
= exp

(
− t = τ

τ

)
= 0.37 (3)

Figure 1. The diameter of an evaporating droplet as a function of time. The time constant is defined
at the time at which the droplet is reduced to 0.37 times its original value.

For particles with a diameter <25 μm, the water is evaporated within seconds, even
for high values of relative humidity; see Figure 2. These results conform with those of more
detailed models [16,17].
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Figure 2. Time constant for evaporation as a function of the relative humidity and temperature of the air.

The amount by which a droplet shrinks upon dehydration depends on the fraction of
nonvolatile matter in the oral fluid, which includes electrolytes, sugars, enzymes, DNA,
and remnants of dehydrated epithelial and white blood cells [18,19]. As described in [19],
whereas pure saliva contains 99.5% water when exiting the salivary glands, the weight
fraction of nonvolatile matter in oral fluid falls in the 1 to 5% range. Presumably, this wide
range results from differential degrees of dehydration of the oral cavity during normal
breathing and speaking and from decreased salivary gland activity with age [19]. Given a
nonvolatile weight fraction in the 1 to 5% range and an assumed density of 1.3 g/mL for
that fraction, dehydration causes the diameter of an emitted droplet to be reduced in size
by a factor of 3–5; see Table 1. As smaller particles are more likely to remain airborne, we
use a conservative value of 5 for the shrinkage in the diameter of the emitted droplets.
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Table 1. Reduction in the diameter of emitted droplets due to evaporation.

References Reduction

Duguid (1946) [20] 3–5
Liu et al. (2017) [18] 3

Basu et al. (2020) [17] 3–5
Jarvis (2020) [13] 4

The settling velocity of the resulting droplet nuclei in still air can be calculated by
using the Stokes law [21]:

vs =
|ρp − ρa|gd2

d
18μa

(4)

wherein ρ denotes the density, g denotes the gravitational acceleration, d denotes the
diameter, and μ denotes the dynamic viscosity. The indices p and a denote the droplet
nuclei and ambient air, respectively. The settling velocity for water as a function of the
droplet diameter in still air is given in Figure 3 . Only droplets with a diameter smaller than
20 μm and with a settling velocity lower than 1 cm/s have a chance of remaining airborne.
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Figure 3. Settling velocity of water droplets in still air as a function of the diameter.

Amongst others, the authors of [9,10,20] investigated the size of droplet nuclei after the
evaporation of water; see Figure 4. The emissions from sneezing, coughing, and speaking
were investigated. Although the particle number concentration varies for the different
modes, the particle number probability density function f (dp) of the droplet nuclei is
similar and follows a log-normal [21] probability density function:

f (dp) =
1

dp ln σg
√

2π
exp

[
− (ln dp − ln μ)2

2(ln σg)2

]
(5)

with a mean of around μ = 1 μm and a geometric standard deviation of approximately
σg = 2.

In time, the droplet size may increase due to coagulation. Coagulation is the process
whereby aerosol particles collide with one another due to the relative motion between them
and adhere to form larger particles [21]. When the relative motion is Brownian, the process
is called thermal coagulation. For monodisperse thermal coagulation, we can derive that
the change in particle number concentration N is:

dN
dt

= −KN2 (6)

where K is the coagulation constant:

K = 4πdpDp (7)
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The Stokes–Einstein equation for the aerosol particle diffusion coefficient is

Dp =
kTCc

3πμdp
(8)

where k denotes the Boltzmann constant, T is the absolute temperature, and μ is the
dynamic viscosity. The Cunningham slip correction factor for accounting for deviations
from the continuum when calculating the drag of aerosols is:

Cc = 1 +
2λ

dd

(
A1 + A2 exp

−A3dd
λ

)
A1 = 1.257 A2 = 0.400 A3 = 1.10

(9)
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Figure 4. Probability density function of the droplet nuclei emitted by humans.

For air at ambient conditions and a droplet-nucleus diameter of 1 μm, we calculate a
coagulation constant of K = 3.13 × 10−16 m3 s−1. We can determine the particle number
concentration as a function of time by integrating Equation (6), assuming K to be constant.
The results are shown in Figure 5. It is expected that for droplet nuclei exhaled by humans,
coagulation is not significant in normally ventilated rooms.
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Figure 5. Particle number concentration versus time for simple monodisperse coagulation.

In summary, we conclude that the probability density function of the numbers of
airborne droplet nuclei produced by human exhalation is adequately represented by a
log-normal distribution with a mean diameter of μ = 1μm and a geometric standard
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deviation of σg = 2. Droplet nuclei with a final size > 10μm, equivalent to an original
droplet size of >50μm, drop out of the air and are deposited on available surfaces.

3. Probability Density Distribution of Numbers of Droplet Nuclei that Can Infect

Having specified the density distribution of droplet nuclei, the question arises of how
many of these droplets contain virus particles and can cause a risk of infection. A widely
used tool for quantifying the airborne infection risk is the Wells–Riley model [22–24]. It is
assumed that there exists a critical dose of bacteria or viruses for which the probability of
infection is 63%. The critical dose has to be established through epidemiological research.
Subsequently, standard Poisson statistics are used to determine when a person has inhaled
this critical dose.

In the vast majority of pathosystems, however, it is unknown how many individual
pathogens cause an infection in a host organism. The independent action hypothesis [25]
states that each individual pathogen has a non-zero probability of causing host death
and that individual pathogens act independently. For viruses, there is no framework for
predicting how many virus particles have caused an infection. On the other hand, there is
ample experimental evidence that the number of virus particles causing infection can be
small for hosts that are highly susceptible [26]. As a conservative approach, we adopt the
independent action hypothesis in this work, i.e., even one virus in a droplet nucleus may
cause infection of the host.

So far, we have established that pathogens can occur in droplet nuclei with aerody-
namic diameters down to their smallest dimensions. What remains is establishing the viral
load emitted by a person as a function of the particle probability density function.

The front of the mouth is a site of narrowing and the most important site for atom-
ization, with the larynx as the second site [7]. The concentration of virus particles in the
front of the mouth is representative of the concentration in the droplets emitted during the
expiratory activities. It is proposed that the droplets emitted by an infected subject have
the same viral load cv, expressed as virus particles per unit volume, as that in the front of
the mouth [23]. If we further assume that all of the pathogens that are originally present in
the evaporating droplets survive, the viral load is related to the volume of the final droplet
nucleus. For our calculations, we use SARS-CoV-2 (COVID-19) as a representative of very
small pathogens.

The reported average concentration of SARS-CoV-2 particles in the mouth varies from
104 to 106 virus particles per milliliter, with extremes between 108 and 1011 mL−1 [27–32].
The Dutch National Institute for Public Health and the Environment (RIVM) [30] fitted the
data of Zou et al. [31] and their own data to a normalized log-normal probability density
function; see Figure 6. The observed shift towards higher concentrations of the RIVM data
was confirmed by another Dutch study (Kampen et al. [32]). To assess the effectiveness of
infection risk mitigation measures, we adopt the log-normal probability density function
based on the RIVM data in this study. The characteristics of this function are given in
Table 2. A cumulative distribution of Fcv = 0.5 means that 50% of the patients have a
higher concentration and 50% have a lower concentration of virus particles. The mean
virus particle concentration is found at this value. To assess the effects of risk mitigation
measures, we also use the concentrations at Fcv = 0.95 and Fcv = 0.99.

Table 2. Characteristics of the log-normal probability density function f (cv) for the virus particle
volume concentration in the mouth based on the RIVM data [30].

Average concentration μ 7.8 × 1011 m−3

Geometric standard deviation σg 20

Cumulative probability F(cv) 0.5 0.95 0.99
Virus particle concentration cv 7.8 × 1011 1.0 × 1014 7.6 × 1014 m−3
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Figure 6. Probability density function and cumulative distribution F(cv) as a function of the virus
particle concentration cv. Log-normal distributions, adapted from Zou et al. [31] (green) and RIVM
data (black), adapted from Schijven et al. [30]. Blue: adapted from Kampen et al. [32].

Now, consider a volume V of fluid in the mouth containing N virus particles. The
volume V is expelled into a large number of aerosols, with each aerosol having a volume
v(dp) containing n point-like virus particles; see Figure 7. The probability of finding
a virus particle within an aerosol is p = v/V, while the probability of finding it in a
volume V − v is q = 1 − p [33]. If the particles can be distinguished from each other,
the probability of finding any one configuration would be equal to the product of the
respective probabilities, pnqN−n. As the virus particles are identical to each other, this
number is multiplied by the number of possibilities of choosing n particles within a total of
N identical particles, obtaining:

p(n) =
(

1 − v
V

)N−n( v
V

)n N!
(N − n)!n!

(10)

This is a binomial distribution that expresses the probability of finding n virus particles
in the droplet volume v and the remaining virus particles N − n in the total volume of the
other expelled droplets V − v.

volume V, N i virus particles

v, n i

volume virus particles

Figure 7. n virus particles in aerosols with volume v inside the total volume of all expelled aerosols
V with N randomly dispersed virus particles.

The volume of liquid V in the mouth from which aerosols are generated can be
assumed to be large in comparison with the volume v of the individual aerosols. Under
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these circumstances, the binomial distribution can be approximated with the Poisson
distribution (Larsen [34]). With a relative error of v/V, one can show:

p(n) =
(cvv)n exp (−cvv)

n!
(11)

In accordance with the independent action hypothesis, we conservatively assume that
just one virus in a nucleus is already sufficient to cause the infection of a host. That is, all
cases with n > 0 lead to infection. The probability of this happening is given by

pn>0 = 1 − pn=0 = 1 − exp(−cvv) (12)

Noting that in accordance with the analysis of the previous section, the diameter of the
original aerosol emitted from the mouth is five times the diameter of the resulting droplet
nucleus, we have

v =
π

6
(5dp)

3 (13)

where, as before, dp is the diameter of the droplet nucleus. The distribution now becomes

pn>0(dp) = 1 − exp
(
−Nddp

3
)

(14)

where dp is the droplet diameter divided by its mean diameter μ:

dp = dp/μ (15)

and
Nd =

π

6
(5μ)3cv (16)

is the number of virus particles in a droplet nucleus of mean diameter μ. From solution

(14), it is seen that pn>0(dp) grows from 0 as Nddp
3
<< 1 goes to 1 as Nddp

3
>> 1. As we

found that μ = 1 μm, the value of Nd is equal to 5.1 × 10−5, 6.5 × 10−3, or 5.0 × 10−2 for
the values of cv from Table 2 of 7.8 × 1011, 1.0 × 1014, and 7.6 × 1014 m−3, respectively. A
small value of Nd implies that the value of pn>0(dp) gets a value that is appreciably larger

than zero for only relatively large values of dp; more precisely, for the values of Nddp
3 ≈ 1

or dp ≈ N−1/3
d . For the quoted values of cv and Nd, this implies values of dp of about 27,

5.4, and 2.7 μm, respectively. In summary, the nuclei corresponding to the left-hand side
of the probability density distribution of the nuclei have a lower chance of infecting. This
feature is illustrated in Figure 8, where the probability density distribution of numbers of
nuclei that can infect versus their diameter is shown for the quoted values of virus particles
in the mouth liquid. This probability density is defined by the original density of droplet
nuclei—cf. Equation (5)—multiplied by the probability of having at least one virus in the
droplet nucleus, according to Equation (14). This is given by

f ′(dp) = a−1
0 dp

−1

⎡
⎣exp

⎛
⎝−1

2

(
ln dp

ln σg

)2
⎞
⎠
⎤
⎦[1 − exp

(
−Nddp

3
)]

(17)

where

a0 =
∫ ∞

0
dp

−1

⎡
⎣exp

⎛
⎝−1

2

(
ln dp

ln σg

)2
⎞
⎠
⎤
⎦[1 − exp

(
−Nddp

3
)]

ddp (18)

is a normalization constant that ensures that the surface underneath the distribution is unity.
With increasing viral concentration, the small droplet nuclei pick up more virus particles
so that the most probable value of the density distribution shifts to lower values of the
nucleus diameters; see Figure 8. This feature was already noticed in 1946 by Duguid [20].
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Figure 8. Probability density f (dp) of droplet nuclei (broken line) and probability density f ′(dp) of
droplet nuclei containing at least one virus particle for σg = 2 and μ = 1 μm. Viral concentrations in
the mouth liquid: cv50 = 7.8 × 1011, cv95 = 1.0 × 1014, and cv99 = 7.6 × 1014 m−3.

4. Methods of Risk Reduction

An effective way to remove infectious aerosols from indoor air is to ventilate with
clean air from outside. Denoting ventilation flow by φ and the volume of the room or space
that is ventilated by Vo, the decrease in the number of particles inside the space or room as
a function of time t can be described by the ordinary differential equation

Vo
dNn>0

dt
= −φNn>0 (19)

where Nn>0 = Nn>0(t, dp) is the number of droplet nuclei of diameter dp containing at least
one virus particle per unit volume of air. The initial condition imposed on the differential
equation is:

Nn>0(t, dp) = Nn>0(0) f ′(dp) at t = 0 (20)

where Nn>0(0) is the initial value of the total number of droplet nuclei with at least one virus
particle per unit volume of air and f ′(dp) is the particle number distribution of these nuclei as a
function of diameter. The initial particle number distribution is assumed to correspond to that
generated by an infected person or persons and is given by Equation (17). Spatial variations
in the numbers of droplet nuclei inside the room that is ventilated have been disregarded.
Such variations will depend on, among other things, the positions of particle sources and of
inlets and outlets of vent air [35]. Studying their effects is beyond the scope of the present
analysis. The aim is to define a case based on clean air that can be used as a reference to
determine the effectiveness of removing infectious particles with filtering methods.

Noting that the integral of f ′(dp) taken over all diameters of droplet nuclei with at
least one virus particle is unity, the solution of Equation (19) for the total number of droplet
nuclei with at least one virus particle Nn>0(t) divided by the initial total number is

Nn>0(t)
Nn>0(0)

= e−t/τc (21)

where
τc = Vo/φ (22)

is the time needed to replace the air in the room with clean outside air once. The inverse
of τc is known as air changes per hour (ACH) [36]. A typical value for τc in residential
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buildings is 15 to 30 min. The concentration will then have been reduced by exp(-2) to
exp(-4), that is, by a factor of 1/7 to 1/55 in one hour.

4.1. Filtering with Porous Media

For cases where ventilation with clean outside air is not feasible or insufficient, filtering
of inside air is an option. A common configuration is a fan that generates flow through a
filter comprising a porous medium within which particles are entrapped. The previous
formulation for ventilation with outside air can be directly extended to one where the air is
filtered by replacing φ with Ef (dp)φ:

φ −→ Ef (dp)φ (23)

In this case, φ is the flow through the filter device and Ef (dp) is the collection efficiency
of the filter, i.e., the number of particles at an inlet of a given diameter minus the number
at an outlet of the same diameter divided by the number at the inlet of the same diameter.
In general, the collection efficiency will vary with the particle diameter. Overall efficiency
follows from the relation

E =

∫ ∞
0 Nn>0(t, dp)Ef (dp)d(dp)∫ ∞

0 Nn>0(t, dp)d(dp)
(24)

where E is the collection efficiency of all particles distributed according to Nn>0(t, dp).
Filter media that are used in practice, such as high-efficiency particle filters (HEPA), will
collect almost all particles with diameters as small as 0.1 μm and even smaller [37]. This
implies that nuclei that can infect will be collected with almost 100% efficiency; Ef = E = 1.
A filter device with flow φ will be as good as ventilation with the flow of clean outside
air of the same size. Solution (21) also holds for the filter with flow φ. If a porous filter
medium with a lower efficiency is applied, e.g., with about 95% efficiency, this can be
compensated by only 5% extra flow through the device to achieve equivalence in particle
number reduction performance, assuming that the collection efficiency is the same for all
diameters of nuclei.

Clean 
air

Filter 
medium

Fan

Figure 9. Fan and porous filter medium.

Filter media are widely used in indoor air filtering, from centralized air treatment in
multi-story buildings to stand-alone in-house air cleaners; Figure 9. What undoubtedly
contributes to their popularity is their simplicity in design. What is not always recognized
is their drawback: With time, they become clogged, and the pressure drop over the filter
medium increases. For a given ventilator characteristic, the filter flow decreases and, as
directly follows from the previous formulae, the performance in concentration reduction
drops. In practice, this feature often remains unnoticed until the point where the flow has
dropped to almost nothing. To keep performance deterioration to a minimum, filter media
must be replaced at regular intervals. Replacement is not risk-free because potentially large

96



Separations 2021, 8, 190

numbers of infectious particles are assembled inside the filter media. Furthermore, filter
media contain non-recyclable components and can suffer from re-emission and degassing
of the deposited particles. These disadvantages can be minimized by combining filter
media with a rotational particle separator; see Section 4.3.

4.2. Centrifugal Separation

Clogging and increased reduction of flow with time are absent in centrifugal sepa-
ration. The main types of centrifugal separators are the vane separator, the cyclone, and
the rotational particle separator (RPS); Figure 10 [38]. These three methods are the most
well known from applications in industry. The cyclone separator was introduced in the
domestic market as a vacuum cleaner by Dyson [39]. A compelling argument is that the
consumer no longer needs filter bags. They reduce the suction power over time and have
to be regularly replaced. The RPS was invented in 1987 [40] and was followed by a number
of spin-offs, the last of which was patented in May 2021 [41].

The basis of centrifugal separation is that, in the case of flow of a gas that makes a
curve with heavier particles inside it, particles will be directed away from the gas stream
lines because of the action of the centrifugal force. The separation is completed through the
arrival of the particles at a collecting wall. The formulae that enable the calculation of the
separation performance of the three methods are presented in Figure 10.

The separation performance of a centrifugal separator can, in general, be summarized
with a single function of the separation efficiency versus particle diameter made non-
dimensionless by dp50%; see Figure 11. The parameter dp50% corresponds to the particle
diameter for which all particles with a larger diameter have a collection efficiency larger
than 50%. The value of dp50% is determined by the design parameters of the centrifugal
separator (Figure 10).

The overall collection efficiency of droplet nuclei with at least one virus particle follows
from relation (24). Here, the value of the integral will depend on the value of dp50%. The
result is shown in Figure 12 for the case of the separation of droplet nuclei that can infect
according to Equation (17). The calculations are based on the theoretical separation curve
in Figure 11.

Vane type separator

Axial cyclone

Axial Rotational
Particle Separator

Three forces act on a particle:

1. Centrifugal:

2. Buoyancy:

3. Stokes Drag:

Settling velocity &

Figure 10. Centrifugal separation methods.
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Figure 11. Efficiency with which particles are separated versus particle diameter divided by dp50

measured for a range of RPS designs that are subjected to different particle loads. The values of
dp50% of the various designs are indicated between brackets. Next to the measured results is the
theoretically derived full line for the RPS. This line represents an approximate description of the
efficiency of cyclone- and vane-type separators, reprinted with permission from ref. [38].

Figure 12. Degree to which particles distributed according to Equation (17) are separated by the
centrifugal method as a function of the design parameter dp50 for various viral concentrations in
the mucus.

Apart from separation performance, practical designs are dictated by requirements
on size and energy consumption. For the vane separator and cyclone, the values of
dp50% are typically 10 μm and larger and 4 μm and larger, respectively. As seen from
Figure 12, this makes them unsuited for nucleus separation. Practical versions of the RPS,
on the other hand, have values of dp50% of around 0.3 μm and larger. They enable the sepa-
ration of particles down into the sub-micron range. The separation performance has been
tested for a variety of RPS designs that were subjected to different kinds of particle loads;
Figure 11. The results were published in a number of papers that were reviewed in [38].
The measured separations were consistently found to correspond to theoretical predictions
based on solutions of the classical laws of mechanics. They can be represented by the curve
in Figure 11. The RPS technology is a candidate for effective separation of droplet nuclei.

4.3. Rotational Particle Separator (RPS)

As follows from Figure 12, the efficiency of the removal of almost 100% of viruses was
obtained for the design values of dp50% of 1 μm and less. Such design values of dp50% are
common for practical RPS designs; Table 3.

It should be noted, however, that the separation degrees shown in Figure 12 apply to
the initial situation, where the distribution of droplet nuclei versus the diameter of those
that can infect corresponds to the values given by the initial condition (20). With time, the
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larger nuclei will first be removed. The smaller ones, however, are subjected to lower filter
efficiency and take more time to be filtered. To deal with this situation, we need to solve
Equation (19) with φ replaced by Ef (dp)φ and noting that Ef (dp) varies with the nucleus
diameter. One obtains

Nn>0(t)
Nn>0(0)

=
∫ ∞

0
f ′(dp)e−Ef (dp)t/τd(dp) (25)

In Figure 13, the rate of decrease in the number of nuclei that can infect versus time
has been shown for various cases. The reference is the decrease in the case of ventilation
with clean outside air. It is seen that with time, the rate of decrease in the case of RPS is
reduced. With time, the larger nuclei that are collected with 100% efficiency are directly
taken out of the air after passing through the RPS. The very small ones, whose particle
number concentration is small, need to pass through the RPS several times in order to be
removed completely. In the case of an RPS with dp50% = 1 μm, the reduction rate starts
to deteriorate when the numbers of nuclei have reached a value of about 10−2 times the
concentration at the start. The deterioration of the removal rate can be delayed by applying
a lower value of dp50%. For example, in the case of an RPS with dp50% = 0.5 μm, the rate of
reduction starts to deteriorate when the numbers of nuclei have reached a value of about
10−4 times the concentration at the start. The deterioration can be eliminated altogether
by introducing a HEPA filter at the outlet of the RPS. Consider, for example, an RPS with
dp50% =1 μm. It will remove about 95% of all particles that can infect right from the start, as
well as all other airborne particles in the room. In this case, the HEPA filter is subjected
to a minimal load of about 2% of the volume of all particles that are not collected by the
RPS. The service life of the HEPA filter will be practically two orders of magnitude longer
compared to that without the RPS.

Table 3. Example of the design of a rotational particle separator.

Parameter Symbol Example Value

Filter flow φt 0.1 m3/s
Channel diameter dc(ΔR) 3×10−3 m
Angular velocity Ω 200 rad/s

Length of cylinder L 0.2 m
Radius of cylinder R 0.15 m

Viscosity of air η 1.8×10−5 kg/m×s
Density of particles ρp 103 kg/m3

Density of air ρg 1.3 kg/m3

- dp50% =
(

27ηφtdc
2(ρp−ρg)Ω2 LπR3

)1/2 0.92 μm

Pressure drop over filter Δpt =
64ηφt
πd2

c R2
o

180 Pa
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Figure 13. Rate of decrease in the number of nuclei that can infect versus dimensionless time.
Comparison of the performance of the RPS with dp50% = 1 μm and dp50% = 0.5 μm and with clean
air ventilation for various concentrations of virus particles in the mucus. The RPS supplemented
with HEPA follows the curve of clean air recirculation.

4.4. RPS with Liquid Flushing

The separation by the RPS described in the previous section bears the risk of re-
entrainment of particles collected at the radially outward sides of the separation channels.
This risk is particularly present in periods in which the rotation rate is reduced, whereby the
centrifugal force that presses the particles to the walls fades. Moreover, the de-gassing of
the particles can cause the emission of unwanted components into the filtered air. The way
out is to apply liquid flushing, a technique that has been tested and applied in de-misting
versions of the RPS [38] and the more recently conceived rotating absorber device [41].

Liquid is sprayed at the top of the vertically positioned rotating channel structure.
The liquid enters the channels and, due to the centrifugal force, quickly forms a liquid
film at the outer walls. It flows downwards as a thin film. Particles entrained in the gas
are centrifugated to the outer sides of the channel walls, as described in a quantitative
manner in the previous section. Here, they enter the liquid film and flow with the liquid to
the bottom of the rotating channel structure; Figure 14. Liquid leaves the channels at the
bottom as large droplets that contain the particles are propelled to a radially positioned
collection chamber. The liquid collection chamber is of a limited volume—a few liters in
total—and serves as a reservoir whose content is re-injected at the top.

rotation
axis

injected
liquid

cylinder

liquid + 
particles

clean 
gas

gas + particle

particle
trajectory

channel

Figure 14. Liquid flushing in a vertical RPS.
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The pressure drop and separation performance of the RPS supplemented with liquid
flushing remain constant over time. The liquid needs to be replaced only after relatively
long periods of time, which can be up to a year. Moreover, the liquid preferably consists of
disinfecting components that immediately kill all viruses and bacteria. The RPS technology
consists of recyclable components and fits into modern circular economics. The combination
of the RPS with liquid flushing and the possible supplementation with a HEPA filter
positioned at the gas outlet of the device offers particle separation performance that is
equal to that of clean air ventilation.

5. Conclusions

The size of aerosols emitted from the mucus of humans by coughing, sneezing, singing,
speaking, etc. has been measured and documented extensively. Due to evaporation shortly
after emission, the aerosols are reduced in diameter, on average, by a factor of 3 to 5. The
resulting diameter distributions of the droplet nuclei can be captured with a log-normal
distribution with a mean diameter of 1μm and a geometric standard deviation of 2.

Given a uniform random distribution of virus particles in the mucus, the probability
of finding one or more virus particles in an aerosol or nucleus can be described by a
Poisson distribution. For common viral concentrations in the mucus, only larger-sized
nuclei contain at least one virus particle. The diameter above which one or more virus
particles are present decreases with the viral concentration. Combining the probability
of having one or more virus particles with the probability density of the droplet nuclei
yields the distribution of numbers of droplet nuclei that contain at least one virus particle
as a function of the nucleus diameter. The parameter in these distributions is the viral
concentration in the mucus, for which the latest data of RIVM were used.

To assess the effectiveness of indoor aerosol removal methods, ventilation with clean
outside air was used as a reference. Well-designed filters based on porous media, such as
HEPA, remove almost all potentially infectious particles. The drawback is that, with time,
the filter media become saturated and clogged. The pressure drop increases, and the flow
through the filter device becomes less and less. The rate by which the number of particles
in the room that can infect are reduced deteriorates. The filter media have to be regularly
replaced and disposed of as hazardous chemical waste.

Filter bags are absent in the case of separation devices based on centrifugal methods.
The flow through the devices remains constant, as there is no increase in the pressure
drop with time. From the options of centrifugal methods based on vane-type separators,
cyclones, and rotational particle separators (RPSs), only an RPS is capable of removing
particles with diameters going into the sub-micron range typical of droplet nuclei that
contain virus particles with sufficient efficiency. In an RPS, the flow through the device
remains undisturbed. All particles that are collected are continuously removed by flushing
with a liquid, which is then recirculated. By applying a disinfecting liquid, all virus particles
are killed directly after being collected inside the channels of the device. The device remains
virus-free, and its components are based on sustainable technology.

The collection efficiency of the RPS drops below 100% for nuclei with diameters that
are substantially less than 1μm. The result is that when performing filtering in a room,
the nuclei with very small sub-micron diameters need to be recirculated several times
before being removed from the contaminated air in the room to a sufficient degree. The
particle number concentration of these very small sub-micron-size nuclei is low, but their
presence leads to a slower rate of nucleus reduction after some time of filtering, i.e., when
the concentration has reached a level of 10−2 to 10−4 times the concentration at the start of
filtering. To prevent this from happening, an HEPA filter can be installed at the gas outlet
of the RPS. This ensures a constant rate of reduction of all potentially infectious nuclei,
which is equal to that of ventilation with clean outside air at an equal air flow. The time
until the replacement of the HEPA filter can be almost two orders of magnitude longer
than that of HEPA as a stand-alone filter.
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Particle separation with an RPS and HEPA, liquid flushing in the RPS and disinfection
by liquids are established methods of practice. The effective elimination of contagious
aerosols in rooms will be demonstrated in the future.
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Abstract: The roots of Salvia miltiorrhiza (Danshen) is a precious herbal medicine used to treat
cardiovascular diseases. This study establishes a high-performance liquid chromatography-tandem
mass spectrometric (HPLC-MS/MS) method to quantify seven bioactive constituents from Danshen
in rat plasma simultaneously. Chromatographic separation is performed on an Agilent Eclipse Plus
C18 column (150 mm × 2.1 mm, 5 μm), utilizing a gradient of acetonitrile and 0.2% formic acid
aqueous solution as the mobile phase, at a flow rate of 0.6 mL/min. We conduct a tandem mass
spectrometric detection with electrospray ionization (ESI) interface via multiple reaction monitoring
(MRM) in both positive and negative ionization mode. Our results show that a linear relationship
is established for each analyte of interest over the concentration range of 0.5–300 ng/mL with
r ≥ 0.9976. The validated method is successfully used to compare the pharmacokinetic properties
of crude and wine-processed Danshen extract orally administered to rats. Cmax of tanshinone IIA,
Cmax, and AUC0-t of dihydrotanshinone I decrease significantly (p < 0.05) in the wine-processed
group. No significant changes for other compounds are observed. These results might provide
meaningful information for the further application of wine-processed Danshen and understanding
of wine-processing mechanisms.

Keywords: Salvia miltiorrhiza; HPLC-MS/MS; pharmacokinetics; wine-processed

1. Introduction

Bioactive components of the roots of Salvia miltiorrhiza (Danshan) have been developed
into various formulations clinically to treat microcirculatory disturbance-related diseases,
such as heart disease, chronic hepatitis, diabetes, early cirrhosis, cerebral ischemia, and
cancer [1–3]. Chemical investigation of Danshen in the past few years has revealed that two
major types of secondary metabolites were responsible for its therapeutic effects: lipophilic
tanshinones and hydrophilic phenolic acids [4,5]. These components exhibited multiple
biological activities via different mechanisms. For example, tanshinone IIA and dihy-
drotanshinone I could enhance autophagy and induce proteasomal degradation of the Tau
protein, resulting in increased Amyloid-β clearance and decreased Tau phosphorylation,
making them potential candidates for AD treatment in the future [6,7]. Cryptotanshinone
and tanshinone I exhibit vigorous antiviral activities against SARS-CoV-2 with IC50 val-
ues of 5.63 and 2.21 μmol/L, respectively [8]. Salvianolic acids, rosmarinic acid, caffeic
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acid, ferulic acid, and lithospermic acid are four representative hydrophilic phenolic acids
isolated from Danshen [9,10]. Among them, salvianolic acid A can reduce cardiotoxicity
induced by arsenic trioxide through decreasing cardiac mitochondrial injury and shows
great potential against cancer cells via targeting various signaling pathways [11,12]. Ros-
marinic acid, ferulic acid, and lithospermic acid play several biological roles, including free
radical scavenger, inhibitor of prooxidant enzymes that catalyze free radical production,
and enhancer of scavenger enzyme [13–15].

Pharmacokinetic description of the bioactive components in Danshen will provide
scientific evidence regarding their properties of adsorption, distribution, metabolism, and
excretion in vivo. Understanding the pharmacokinetic properties of each component
enables prescribers to choose appropriate dose and dose intervals to ensure the safety and
efficiency of drug application. HPLC–MS/MS method has been extensively applied to
determine the pharmacokinetic profiles of different bioactive components from Danshen
because of its high sensitivity and specificity [16–18]. An efficient UPLC/MS/MS method
that employs isocratic elution and positive/negative ionization switching analysis, has
been established for the determination of four salvianolic acids and four tanshinones in
Danshen simultaneously in 2 min [19]. However, several aspects still need to be improved
for their application in biological samples. Higher sensitivity and efficiency, as well as a
larger concentration range for the quantification, remain to be achieved by optimizing the
HPLC-MS/MS and sample pretreatment conditions.

Wine-processing is a traditional method for treating herbal medicine before clinical
use to achieve multiple purposes: modify the taste, reduce the toxicity, and enhance the
biological activity [20,21]. Wine-processed Danshen has been reported to possess enhanced
blood—quickening and stasis—transforming, as well as antimicrobial activities. Although
the crude and wine-processed Danshen exhibited different chemical profiles, detailed
exploration of the chemical basis behind medicinal property changes after the processing
has not been performed yet [22–24]. Moreover, a comparison between pharmacokinetic
properties of crude and wine-processed Danshen in vivo, which is meaningful for their
clinical reasonable application and understanding the wine-processing mechanism, has
not been characterized yet.

In the current work, a sensitive and efficient method for simultaneous quantification
of seven bioactive constituents from Danshen in plasma samples was developed and
applied to compare the pharmacokinetic properties of crude and wine-processed Danshen
extract orally administered to rats. Hydrophobic tanshinones, including tanshinone IIA,
cryptotanshinine, and dihydrotanshinone I, as well as hydrophilic phenolic acids, including
salvianolic acid A, rosmarinic acid, ferulic acid, and lithospermic acid (Figure 1), were
simultaneously determined for the first time at a concentration range of 0.5–300 ng/mL
with r ≥ 0.9976 in 8 min. Pharmacokinetic parameters, such as AUC, Cmax, and t1/2, were
determined and compared. This will provide information about the influence of wine-
processing on the pharmacokinetics, as well as the pharmacological activity of Danshen
bioactive components.
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Figure 1. Chemical structure of seven components and internal standards (IS): Tanshinone IIA; cryptotanshinone; dihy-
drotanshinone I; salvianolic acid A; rosmarinic acid; lithospermic acid; ferulic acid and diphenhydramine (IS).

2. Materials and Methods

2.1. Chemical Reagents

Danshen were collected from Jinan Green Chinese Herbal Pieces Co., (Jinan, Shandong,
China) and authenticated by Professor Xu Lingchuan in the field. The wine-processed
Danshen were collected from Shandong Jianlian Shengjia Traditional Chinese Medicine Co.
(Jinan, Shandong, China) and authenticated by Professor Xu Lingchuan. Tanshinone IIA
(Lot: 110766-200416), cryptotanshinone (Lot: 110852-201307), rosmarinic acid (Lot: 11871-
201303), ferulic acid (Lot: 110773-200608), and diphenhydramine (Lot: 100066-200807) were
purchased from China National Institutes for Food and Drug Control. Salvianolic acid A
(Lot: B20260), lithospermic acid (Lot: B21683), and dihydrotanshinone I (Lot: B20357) were
purchased from Shanghai Yuanye Biotechnology Co. Ultra-pure water and chemicals, such
as acetonitrile and formic acid of analytical grade purity, were used in the experiment.

2.2. Instruments, Liquid Chromatography, and Mass Spectrometry Conditions

A Nanospace SI-2 HPLC system (Shiseido, Japan) equipped with a NASCA 5100
autosampler, a vacuum degasser unit, and a binary pump, and an Agilent C18 column
(150 mm × 2.1 mm, 5 μm) were selected for chromatographic analysis. An API 5500 Q-Trap
triple quadrupole mass spectrometer (AB SCIEX, Concord, ON, Canada) equipped with a
TurboIonSpray source was used for mass detection. Data were processed on Analyst 1.5.2
software package. The solvent flow was diverted from the MS after the first minute of the
gradient. Samples were ionized using an electrospray ion (ESI) source in both positive and
negative mode. The ionization voltage for positive and negative mode was +4.5 kV and
−4.0 kV, respectively. The source temperature was set at 55 ◦C. Nitrogen was used as the
curtain gas (35 psi), nebulizer gas (GS1, 55 psi), and turbo gas (GS2, 55 psi).
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2.3. Preparation of Calibration Standards, Internal Standard (IS), and Quality Contro
(QC) Samples

To prepare the stock solution of calibration standards and QC samples, all compounds
were dissolved in acetonitrile to a final concentration of 1 mg/mL. The stock solutions
were serially diluted with acetonitrile to prepare the working solutions of calibration
standards and QC samples. The calibration standards were prepared by spiking a specific
volume of the working solutions into the corresponding biological samples to yield a final
concentration of 0.5, 1, 3, 5, 10, 30, 50, 100, and 300 ng/mL, respectively. Diphenhydramine
at 400 ng/mL was used as the IS working solution. The low, medium, and high levels
of QC samples containing analytes at the concentration of 0.5, 5, and 240 ng/mL were
prepared in the same manner. All the solutions were stored at 4 ◦C for further use.

2.4. Preparation of Crude and Wine-Processed Danshen Extract

Extracts were prepared according to the following procedures. Powder of crude and
wine-processed Danshen were firstly extracted twice by heating reflux at 80 ◦C for 2 h in
80% ethanol, and the extract was concentrated with rotary evaporation under vacuum
at 60 ◦C. The residual was then extracted twice with water by heating reflux at 80 ◦C for
2 h and concentrated in the same manner. Extract obtained after the four extractions
were combined and dried, and then crushed into powder for further experiments. The
contents of tanshinone IIA, cryptotanshinone, dihydrotanshinone I, salvianolic acid A,
rosmarinic acid, ferulic acid, and lithospermic acid were 28.3 ± 0.08, 19.6 ± 0.22, 64.0 ± 1.36,
217.0 ± 2.32, 505.0 ± 4.91, 14.9 ± 0.22, 1240.0 ± 13.5 ng/mg in crude Danshen ex-
tract, and 33.5 ± 1.13, 23.1 ± 1.07, 72.3 ± 1.39, 166.0 ± 3.56, 564.0 ± 4.97, 16.5 ± 0.43,
1010.0 ± 4.32 ng/mg in wine-processed Danshen extract, respectively.

2.5. Preparation and Handling of Biological Samples

An aliquot of 10 μL IS working solution (400 ng/mL) and 200 μL acetonitrile were
added into a 20 μL plasma sample. The mixture was vortex mixed for 5 min to precipitate
the proteins and then centrifuged at 14,000 rpm for 10 min at 4 ◦C. The supernatant was
transferred to a 1.5 mL Eppendorf tube, and 5 μL of the supernatant was injected into the
HPLC-MS/MS system for analysis.

2.6. Method Validation

The HPLC-MS/MS method was developed and validated according to the Guidance
for Industry Bioanalytical Method Validation [25]. The full validation, including selectivity,
linearity, accuracy, precision, matrix effect, extraction recovery, and stability, was carried
out in the plasma matrix.

2.6.1. Selectivity

To evaluate the selectivity of the method, the chromatogram of blank plasma samples
from six different lots of rats was compared with those of corresponding plasma samples
spiked with a standard solution of the seven analytes, and plasma samples after oral
administration of Danshen extract.

2.6.2. Linearity and Lower Limit of Quantification (LLOQ)

The final concentration of calibration standards for plotting the calibration curve
was 0.5, 1, 3, 5, 10, 30, 50, 100, and 300 ng/mL. The curve was plotted with the mass
concentration of each drug in the plasma on the abscissa (X), and the peak area ratio of
the drug to the IS on the ordinate (Y). The weighting factor 1/x2 was used for the best fit
line of y = kx + c using linear regression analysis. The correlation coefficient (r) of 0.995 or
better was considered as the best response for quantification analysis. The concentration
of analytes in the QCs or test samples was calculated based on the regression parameters
obtained from the calibration curves. The analyte response at the LLOQ should be at least
10 times of blank response.
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2.6.3. Accuracy, Precision, and Recovery

Intra-day precision and accuracy were estimated at three different QC levels, i.e., 0.5,
5, and 240 ng/mL, by analyzing six replicates in a single day. The inter-day precision was
determined by analyzing the three different QC samples on nine different runs in three
consecutive days. Relative error (RE) and related standard deviation (RSD) were used to
evaluate the accuracy and the precision, respectively. The mean values for RE and RSD
should be within 15% of the actual value except at LLOQ, where it should not deviate from
the mean value by more than 20%.

The recovery of each analyte at three different concentrations was evaluated by com-
paring the relative peak area of the analyte spiked in the rat plasma to that of the standard
directly dissolved in solvent at the same concentration. The ratio gives the recovery.

2.6.4. Stability and Matrix Effect

The stability of the analytes was evaluated in triplicates at three different QC levels:
0.5 ng/mL, 5 ng/mL, and 240 ng/mL. A freeze-thaw stability experiment was performed
by subjecting the QC samples to three freeze and thaw cycles from −80 ◦C to room
temperature. Samples were left overnight in an autosampler setting at 4 ◦C or at room
temperature for 4 h to evaluate their autosampler stability and benchtop stability. Bias
was calculated against the freshly prepared QC samples. Samples with a difference within
±15% were considered stable. The matrix effect on the quantification of analytes was
evaluated by comparing the peak area ratio of the analyte spiked in plasma samples to that
of the standard directly dissolved in solvent at the same concentration.

2.7. Application to a Pharmacokinetic Study

Male Wistar rats (220–230 g, n = 12) used in the experiments were supplied by the
Lab Animal Center of Shandong University (Grade II, Certificate No. SYXK 2013-0001).
Rats fasted for 12 h before drug administration and for a further 2 h after dosing, and have
free access to water during experiments. The experimental protocol was approved by the
University Ethics Committee and conformed to the “Principles of Laboratory Animal Care”
(NIH publication no. 85-23, revised 1985). The rats were randomly divided into two groups
(six in each group) and conducted with a single oral dose of crude and wine-processed
Danshen extract suspended in water (10 g/kg), respectively.

After oral administration, 150 μL of blood samples were collected from the jugular
vein at different time points (before dosing and at 0.25, 0.5, 1.0, 1.5, 2.0, 4.0, 4.5, 6.0, 12.0,
24.0, and 48.0 h post-dosing) and put into heparinized tubes, which were centrifuged at
3000× g for 10 min at 4 ◦C. The supernatant was stored at −80 ◦C and analyzed using
the method described above within one month. The plasma concentration of different
drugs at different time points was determined based on the standard curve. The plasma
drug concentration was plotted on the ordinate, and time was on the abscissa, yielding the
concentration–time curves.

Parameters, including the peak plasma concentration (Cmax) and time to peak concen-
tration (Tmax), were obtained from experimental observations. The other pharmacokinetic
parameters were analyzed using the program TOPFIT (version 2.0; Thomae GmbH, Ger-
many) according to a non-compartmental model. The linear trapezoidal rule to approxi-
mately the last point was used to calculate the area under the plasma concentration–time
curve (AUC0-t). Dividing the area under the first moment–time curve (AUMC0-t) by the area
under the curve (AUC0-t) yields the mean residence time (MRT). Total oral body clearance
(CL/F) was calculated using the following equation: CL/F = dose/AUC0-t. All results were
expressed as mean ± standard deviation (SD). Statistical comparisons between different
groups were analyzed using SPSS version 20.0 (SPSS Inc., Chicago, IL, USA) by an analysis
of variance (ANOVA).

109



Separations 2021, 8, 93

3. Results and Discussion

3.1. Method Development
3.1.1. Optimization of the HPLC-MS/MS Conditions

Methanol-water or acetonitrile-water as the mobile phase in the gradient elution
system was firstly compared in the aspects of retention time, signal intensity, and resolu-
tion. We found that the acetonitrile-water mobile phase system yielded chromatographic
peaks with better resolution and intensity than methanol-water did. The addition of 0.2%
formic acid into the mobile phase significantly increased the signal intensity of the eight
compounds and improved their peak shapes. Thus, the acetonitrile (A)/water (B) with
0.2% formic acid was selected as the elution solvent system. The HPLC gradient system
was set up as follows—13% of A for 0.5 min, then linearly increased to 90% of A in 2.5 min,
and finally a decrease to 13% of A in 0.5 min prior to column re-equilibration. The total
running lasted 8 min.

The standard solution of the seven analytes and the IS was separately introduced into
the ESI source in either positive or negative ionization mode to determine the pattern of the
most abundant ions in these compounds. The four phenolic acids showed an intense signal
response and less noise in negative mode, while the three tanshinones and IS provided
higher signal intensity in positive mode. Based on these results, we designed a segment-
program to detect the eight compounds with the most vital signals in both positive and
negative modes. Optimal MS parameters for the MRM scan mode were listed in Table 1.

Table 1. MRM transitions and parameters for detecting tanshinone IIA, cryptotanshinone, dihydrotan-
shinone I, salvianolic acid A, rosmarinic acid, ferulic acid, lithospermic acid, and diphenhydramine.

Analytes ESI Mode
Precursor Ion

(m/z)
Product Ion

(m/z)
DP CE

Tanshinone IIA positive 295.1 277.2 130 26
Cryptotanshinone positive 297.1 279.1 100 29

Dihydrotanshinone I positive 279.1 261.2 200 22
Salvianolic acid A negative 493.3 295.1 −100 −24
Rosmarinic acid negative 359.1 293.1 −150 −33

Ferulic acid negative 193.1 134.1 −100 −26
Lithospermic acid negative 537.1 493.1 −68 −11

IS positive 256.2 167.1 200 16
Abbreviations: ESI, electrospray ion; CE, collision energy; DP, declusting potential.

3.1.2. Optimization of Extraction Procedure

Protein precipitation, solid-phase extraction, and liquid phase extraction are three
commonly used methods for sample extraction. Protein precipitation using organic solvents
has been widely accepted because of its high efficiency, convenience, and low cost [26,27]. In
the current study, different organic solvents for protein precipitation were attempted during
sample preparation. Finally, acetonitrile was selected because of its excellent efficiency,
preferable recovery (87.3~105.6%), and little matrix effect. In the case of methanol, the
recovery of rosmarinic acid, and lithospermic acid is relatively poor.

3.2. Method Validation
3.2.1. Specificity

Figure 2 shows the typical MRM chromatograms of blank plasma, blank plasma
spiked with the seven analytes and IS, and the sample collected from rats at 1h after oral
administration of crude Danshen extract. Peaks of all the seven components and IS, at
the retention times of 4.89 min (tanshinone IIA), 4.45 min (cryptotanshinone), 4.00 min
(dihydrotanshinone I), 2.10 min (salvianolic acid A), 2.09 min (rosmarinic acid), 1.97 min
(ferulic acid), 2.09 min (lithospermic acid) and 2.23 min (IS), did not interfere with those
from endogenous substances.
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3.2.2. Linearity and LLOQ

The linear ranges, regression equations, and correlation coefficients of the seven
analytes are shown in Table 2. All calibration curves exhibited good linearity over the
concentration range from 0.5 ng/mL to 300 ng/mL with correlation coefficient (r) ranging
from 0.9956 to 0.9976. Based on a signal peak-to-noise ratio = 10, the LLOQs for all the
eight compounds were 0.5 ng/mL.

Table 2. Linear ranges, regression equations, and correlation coefficients of tanshinone IIA, cryptotanshinone, dihydrotan-
shinone I, salvianolic acid A, rosmarinic acid, ferulic acid, and lithospermic acid in rat plasma.

Analytes Concentration Range (ng/mL) Regression Equation Correlation Coefficient (r)

Tanshinone IIA 0.5−300 Y = 0.828X + 0.0137 0.997
Cryptotanshinone 0.5−300 Y = 0.125X + 0.0744 0.996

Dihydrotanshinone I 0.5−300 Y = 0.0695X − 0.0205 0.997
Salvianolic acid A 0.5−300 Y = 0.00478X + 0.0137 0.996
Rosmarinic acid 0.5−300 Y = 0.00434X + 0.00434 0.998

Ferulic acid 0.5−300 Y = 0.00332X + 0.00174 0.997
Lithospermic acid 0.5−300 Y = 0.000721X + 0.00376 0.996

3.2.3. Precision, Accuracy

The intra-day and inter-day precisions (RSD) of the seven analytes at three different
concentration levels ranged from 2.2% to 9.3%, while the accuracy (RE) of the samples
ranged from −2.1% to 6.4% (Table 3). All these values were within the acceptable range,
implying that the method was reproducible and reliable.

Table 3. Summary of precision, accuracy, recovery, and matrix effect of tanshinone IIA, cryptotanshinone, dihydrotanshinone
I, salvianolic acid A, rosmarinic acid, ferulic acid, and lithospermic acid in rat plasma (n = 9, three consecutive days).

Analytes
Spiked
(ng/mL)

Intra-Day
Precision
RSD (%)

Inter-Day
Precision
RSD (%)

Intra-Day
Accuracy

RE (%)

Recovery
Mean ± SD

(%)

Matrix Effect
Mean ± SD

(%)

Tanshinone IIA
0.5 6.2 7.4 6.4 87.4 ± 5.0 109.1 ± 3.4
5.0 5.2 5.8 4.3 89.4 ± 6.5 105.4 ± 4.2
240 3.4 4.2 4.7 91.7 ± 4.2 110.3 ± 2.5

Cryptotanshinone
0.5 7.8 8.9 2.7 85.3 ± 7.6 102.5 ± 1.7
5.0 5.9 4.2 −1.5 89.2 ± 3.4 92.3 ± 2.5
240 4.7 5.2 4.6 91.3 ± 6.1 97.4 ± 6.4

Dihydrotanshinone I
0.5 8.1 6.7 −2.1 89.4 ± 6.9 91.4 ± 7.1
5.0 3.5 5.5 6.2 91.2 ± 7.5 93.9 ± 2.0
240 4.3 5.7 5.5 92.6 ± 8.4 98.1 ± 5.5

Salvianolic acid A
0.5 7.2 9.3 3.2 106.7 ± 8.7 96.4 ± 4.1
5.0 6.8 5.7 0.8 87.9 ± 2.4 106.5 ± 3.4
240 4.6 3.6 2.9 105.4 ± 4.7 103.7 ± 3.6

Rosmarinic acid
0.5 4.1 5.2 4.5 94.6 ± 4.2 89.4 ± 5.7
5.0 2.4 2.2 1.4 92.7 ± 5.1 91.6 ± 6.8
240 3.3 5.8 2.6 102.5 ± 7.8 95.5 ± 1.5

Ferulic acid
0.5 9.2 8.7 5.5 87.3 ± 5.4 112.4 ± 2.4
5.0 6.5 6.7 6.2 91.6 ± 4.7 104.8 ± 5.1
240 4.7 5.5 5.4 96.5 ± 6.4 105.4 ± 2.8

Lithospermic acid
0.5 7.1 6.5 2.7 105.6 ± 8.7 92.4 ± 3.4
5.0 5.6 7.6 5.5 96.8 ± 7.9 89.7 ± 4.8
240 2.8 4.0 6.2 90.9 ± 6.2 86.7 ± 6.5

IS 400 N.D. N.D. N.D. 94.7 ± 5.4 N.D.

3.2.4. Extraction Recoveries and Matrix Effects

The extraction recoveries and matrix effects of the investigated analytes in rat plasma
are shown in Table 3. The recovery rates of the investigated analytes ranged from 87.3%
to 105.6%, with SD values lower than 8.7%, 7.9%, and 8.4% at three concentration levels,
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respectively. The matrix effects of the eight analytes of interest varied from 86.7% to 112.4%,
with SD values lower than 7.1%, 6.8%, and 6.5% at low, medium, and high concentrations,
respectively. These results suggested that the sample processing method for extraction of
analytes from biological samples exhibited high efficiency, and the recoveries for all the
eight analytes were in acceptable ranges. No significant matrix effect existed.

3.2.5. Stability

All the seven analytes were stable in rat plasma under different experimental conditions:
4 ◦C for 24 h (RE: −9.6~9.2%, RSD ≤ 9.8%), −80 ◦C for 30 days (RE: −8.8~9.2%, RSD ≤ 8.9%),
and after three freeze thaw cycles at −20 ◦C (RE: −3.3~7.2%, RSD ≤ 8.6%). All the results were
within the acceptance criteria of ±15% deviation from the nominal concentration (Table 4).

Table 4. Stability of tanshinone IIA, cryptotanshinone, dihydrotanshinone I, salvianolic acid A, rosmarinic acid, ferulic acid,
and lithospermic acid in rat plasma samples (n = 5).

Analytes
Spiked
(ng/mL)

Stability at 4 ◦C for 24 h Stability at −80 ◦C for 30 Days Freeze-Thaw Stability
(RSD, %) (RE, %) (RSD, %) (RE, %) (RSD, %) (RE, %)

Tanshinone IIA
0.5 6.8 4.0 4.1 3.6 6.7 3.1
5.0 5.9 −2.4 4.8 6.8 5.9 −2.8
240 6.5 −2.6 1.6 2.0 3.0 4.8

Cryptotanshinone
0.5 8.0 −7.2 8.9 5.6 8.3 2.4
5.0 3.6 9.2 6.5 6.4 7.0 6.4
240 3.2 2.4 5.9 −3.7 2.8 1.9

Dihydrotanshinone I
0.5 9.8 −2.4 7.4 −5.2 6.7 −1.2
5.0 4.5 5.6 4.3 0.8 3.7 4.8
240 1.9 1.9 4.0 3.2 3.0 4.3

Salvianolic acid A
0.5 5.2 6.0 6.0 1.2 6.4 2.8
5.0 6.1 2.4 3.6 7.2 6.8 −2.8
240 1.7 −0.9 4.8 −3.6 4.6 −3.3

Rosmarinic acid
0.5 8.2 −1.2 6.7 −8.8 4.9 −1.2
5.0 2.9 3.2 5.1 4.8 2.8 7.6
240 1.3 2.5 3.6 4.1 3.0 4.3

Ferulic acid
0.5 3.7 −9.6 7.6 6.0 8.0 7.2
5.0 5.3 5.6 5.2 5.6 7.3 4.0
240 3.2 3.6 6.2 1.5 4.4 3.0

Lithospermic acid
0.5 7.2 4.8 3.5 1.6 4.0 8.4
5.0 3.5 8.4 4.2 9.2 8.6 3.6
240 3.0 0.9 5.4 2.3 2.9 3.9

3.3. Pharmacokinetic Study

The above-validated method was successfully applied to a comparative pharmacoki-
netic study in rats after oral administration of crude and wine-processed Danshen extract
at a dose of 10 g/kg. The mean plasma concentration-time profiles of seven analytes
are plotted and presented in Figure 3. The main non-compartmental pharmacokinetic
parameters are listed in Table 5.

Based on the concentration–time curves and the pharmacokinetic parameters, the
effect of wine-processing on the pharmacokinetics of the seven ingredients of Danshen
in the rats were examined. As shown in Figure 3, the plasma concentration of all the
components reached maximum quickly (Tmax < 1 h), and wine-processing did not change
the Tmax values significantly. Compared to the crude Danshen group, the Cmax of all
the hydrophobic tanshinones decreased to some extent, and a significant decrease was
observed for tanshinone IIA and dihydrotanshinone I (p < 0.05) in the wine-processed
Danshen group. As to the hydrophilic acids, we did not see any obvious differences in
Cmax between the two groups. In addition, the AUC0-t and AUC0-∞ of dihydrotanshinone
I decreased significantly; CL/F of salvianolic acid A and dihydrotanshinone I increased
significantly in the wine-processed Danshen group.
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Figure 2. Representative MRM chromatograms of blank rat plasma (A); blank plasma spiked with seven analytes and IS
(B); rat plasma sample collected at 1 h after oral administration of Danshen extract (C). Tanshinone IIA, cryptotanshinone,
dihydrotanshinone I and IS were detected in positive mode. Salvianolic acid A, rosmarinic acid, ferulic acid, and lithospermic
acid were detected in negative mode.
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Figure 3. Mean (±SD, n = 6) plasma concentration-time profiles of tanshinone IIA, cryptotanshinone, dihydrotanshinone
I, salvianolic acid A, rosmarinic acid, ferulic acid, and lithospermic acid in rat plasma after oral administration of crude
danshen (black) and wine-processed Danshen extracts (red). CDS, crude Danshen; WDS, wine-processed Danshen.
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4. Discussion and Conclusions

Danshen extract has been widely utilized in the treatment of cardiovascular-related
diseases clinically [28]. Processing crude Danshen with wine has long been considered to
enhance its biological activities; however, the mechanisms supported by adequate evidence
are not clear yet. In the current study, we developed and optimized an HPLC-MS/MS method
to simultaneously quantify seven bioactive components of Danshen in rat plasma for the first
time. A model in which both positive and negative ions were detected simultaneously was
built without losing the specificity and sensitivity (LLOQ = 0.5 ng/mL). Besides, the complete
analysis takes a period as short as 8 min. With the sensitive method, a small quantity of
biological sample (5 μL) at each time point was needed for the analysis, and no additional
pre-column derivatization of the compounds was required. By employing a simple one-step
protein precipitation approach for sample pretreatment and a relatively quick procedure for
chromatographic separation (running time = 8 min), we were able to rapidly analyze the
samples in a highly efficient manner. The establishment of the method is valuable for the
quick quantification of various Danshen active components in biological samples, providing
information about their pharmacokinetical behavior in vivo, explaining their efficiency model.
Moreover, the study will direct the development of an analytical method for therapeutic
monitoring the components, ensuring the safety and effectiveness of drug application.

Pharmacokinetic comparison between crude and wine-processed Danshen revealed that
all the active ingredients in Danshen extract were absorbed fastly in vivo. This is consistent
with their clinical application in the treatment of acute cardiovascular diseases. However, we
observed significant decreases for Cmax of tanshinone IIA and dihydrotanshinone I, and AUC
for dihydrotanshinone I in wine-processed Danshen group. These results were completely
contrary to our initial expectations: increased contents of tanshinone IIA and dihydrotanshi-
none I in wine-processed Danshen would result in higher plasma maximum concentration
and absorption. By referring to previous literature, we speculate that the results might be at-
tributed to the faster tissue distribution of the components in wine-processed Danshen group
after initial absorption. As reported, processing of Chuanxiong Rhizoma with wine significantly
decreased the AUC0-t values of its four active compounds, while increased their apparent
volume of distribution (Vd), indicating wider tissue distribution [29]. Wine-processing also
modified the distribution model of some flavonoids in Radix scutellariae: increased distribu-
tion in the rat upper-energizer tissues (lung and heart) and decreased distribution in the rat
middle-and lower-energizer tissues (spleen, liver, and kidney) [30]. Thus, wine-processing
might enhance the biological activity of Danshen by accelerating its distribution into target
tissues. Detailed mechanisms about drug distribution into different tissues still need to be
further investigated in subsequent studies.

Regarding the four hydrophilic acids, no significant differences between the phar-
macokinetic parameters were found between the crude and wine-processed Danshen.
A second peak was observed in the plasma-concentration profile of ferulic acid in the
WDS group. We then did literature searching and found that the bimodal phenomenon
was widely observed in pharmacokinetic profiles of constituents from traditional herbal
medicine, which was probably due to distribution, reabsorption, and enterohepatic cir-
culation [31,32]. Therefore, we guess that the second peak for ferulic acid in WDS might
also be attributed to the above reasons. Further study is required to demonstrate the un-
derlying mechanism. Our findings indicate that wine-processing of Danshen may modify
the pharmacokinetic properties of some active components. However, the modification is
limited, which might restrict its application in clinics. Since processing traditional herbal
medicines is time-consuming and sometimes expensive, comparative study of the in vivo
efficiency and pharmacokinetics between crude and processed medicines is rather neces-
sary and meaningful. Our finding will provide useful suggestions for the doctors about
the reasonable application of crude or processed Danshen.
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Abstract: A high level of uric acid may cause hyperuricemia, which further develops into gout,
eventually leading to chronic kidney disease. However, the pathogenic mechanism remains largely
unknown. To investigate the cause and block the transformation of hyperuricemia to related diseases,
it is important to discover the alterations in protein levels between gout patients and non-gout
individuals. To date, human blood plasma is still the predominant matrices for clinical analysis.
Due to the high abundance, the proteins of plasma samples have strong shielding effects on low
abundance proteins, thus, the information on low abundance protein expression is always masked,
while the low abundance proteins of human plasma are often of great significance for the diagnosis
and treatment of diseases. Therefore, it is very important to separate and analyze the plasma proteins.
High-performance liquid chromatography (LC) tandem mass spectrometry (MS)-based proteomics
has been developed as a powerful tool to investigate changes in the human plasma proteome. Here,
we used LC-MS/MS to detect the differential proteins in the plasmas from simple gout patients,
gout with kidney damage patients, and non-gout individuals. We identified 32 obviously differential
proteins between non-gout and gout subjects and 10 differential proteins between simple gout and
gout with kidney damage patients. These differential proteins were further analyzed to characterize
their localization and functions. Additionally, the correlation analysis showed multiple relationships
between the abnormal plasma proteins and clinical biochemical indexes, particularly for the immune-
inflammatory response proteins. Furthermore, inflammation factors gelsolin (GSN) were confirmed.
Our results offer a view of plasma proteins for studying biomarkers of gout patients.

Keywords: proteomics; high-performance liquid chromatography; mass spectrometry; gout; uric acid

1. Introduction

Uric acid, a weak diprotic acid, is the terminal product of purine metabolism in
humans [1]. Hyperuricemia, a high level of serum uric acid, is known to cause significant
health problems associated with urate crystal deposition. Emerging evidence indicates
that hyperuricemia is an independent risk factor for chronic kidney disease (CKD) [2,3].
Meanwhile, persistent hyperuricemia is an important factor in the development of gout,
with about 5 to 12% of hyperuricemia developing into gout. It is often stated that the
prevalence of hyperuricemia and gout has increased in recent years [4–6]. The prevalence
of gout and hyperuricemia has increased in developed countries over the past two decades
and research into the area has become progressively more active. According to a 2014
study, the adjusted prevalence of hyperuricemia among Chinese adults in 2009–2010 was
about 8.4–13.3% [7]. The prevalence of gout ranged from 1 to 4% worldwide and incidence
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ranged from about 0.1 to 0.3% [8], while the prevalence rate of gout in China is 1–3%. Many
epidemiological studies have shown that hyperuricemia and gout are associated with the
development of hypertension, cardiovascular disease, chronic kidney disease, and so on [2].
Therefore, it is particularly important to find the cause and block the transformation of
hyperuricemia into related diseases.

As the basic executor of life activities, proteins drive various physiological or patholog-
ical processes. As one of the largest subgroups of the human proteome, plasma proteomics
has attracted more and more attention. To date, human blood plasma is still the pre-
dominant matrices for clinical analysis as they are easily accessible and clearly reflect
an individual’s metabolism, better than serum, thus, it is crucial to profile the differen-
tial plasma proteins between gout patients and non-gout individuals to understand the
molecular mechanism of gout occurrence and development. Due to their high abundance,
proteins in plasma samples have strong shielding effects on low abundance proteins, thus,
the information on low abundance protein expression is always masked. However, the low
abundance proteins of human plasma are often of great significance for the diagnosis and
treatment of diseases. Therefore, it is very important to separate and enrich the low abun-
dance proteins and remove the high abundance proteins from the plasma. HPLC-MS has
been developed as a powerful tool to investigate changes in the human plasma proteome
because this holistic approach can, in principle, yield specific and quantitative information
on all proteins in an unbiased way [9]. This proteomic workflow allows the streamlined
analysis of hundreds of plasma proteins from a single drop of blood.

The profile of plasma proteins can provide quantitative information on the majority
of the classical, functional plasma proteins, and thus we speculated that the metabolic
status of individuals during gout would be reflected by their plasma proteomes. Herein we
selected 16 plasma samples of gout patients (8 cases of gout alone and 8 cases of gout with
renal injury) and 8 cases of non-gout individuals for proteomic analysis. The biological
significance of abnormal proteins was further analyzed by combining them with clinical
syndromes and biochemical indicators. This allowed us to analyze the global changes
related to gout processes in the plasma proteome.

2. Materials and Methods

2.1. Study Design

Sixteen patients with primary gout (non-acute stage) were collected in 2017 from the
Gout Department of Tianjin Medical University Metabolic Diseases Hospital, including
8 male gout patients (G) and 8 male gout patients combined with renal injury (GN). At
the same time, 8 samples from male health examinations in the center acted as a normal
control group (NC); all of them had no history of gout, hyperuricemia, and kidney disease.

The diagnostic criteria for gout are based on the 2015 ACR/EULAR gout classification
criteria. Participation in the investigation was voluntary.

2.2. Methods
2.2.1. The Plasma Sample Collection and Highly Abundant Protein Depletion

The fasted overnight blood samples were collected from 8 non-gout subjects as the
normal control group (NC), 8 male gout patients alone (G), and 8 male gout patients
combined with renal injury (GN). Then the collected blood samples were centrifuged for
10 min at 4 ◦C at 2500 rpm, and the upper plasma samples were stored at −80 ◦C.

For LC-MS/MS analysis, the highly abundant proteins of plasma were depleted using
an Albumin/IgG removal column (Merck, Germany) according to the manufacturer’s
protocol. Briefly, 35 μL plasma mixed with 315 μL Binding Buffer was loaded into the
activated columns, then we collected the effluent from the column as the plasma sample
removed the highly abundant proteins.
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2.2.2. Plasma Protein Sample Preparation

The plasma protein concentration was determined by the BCA method (Thermo Fisher
Scientific, Waltham, MA, USA), Each plasma sample (about 100 μg) was dried and then
the proteins were dissolved in 30 μL 50 mM NH4HCO3. After 20 min of denaturing on ice,
the samples were diluted by 150 μL 50 mM NH4HCO3. Next, tryptic digestion (Promega,
Madison, WI, USA) with 1: 50 (w:w) enzyme to substrate ratio was carried out at 37 ◦C,
overnight. We then added 0.9 μL 1M dithiothreitol solution into the resulting peptides
and the mixture was incubated at 56 ◦C for 1 h. After cooling to room temperature, the
peptides were alkylated by 5.4 μL 500 mM iodoacetamide in a dark room for 45 min. After
5.4 μL 500 mM cysteine was added into the peptide mixture for 30 min, the trypsin with
1:100 (w:w) enzyme to substrate ratio was added and incubated for 4 h. The digestion
was terminated by adding 10 μL 10% (v/v) trifluoroacetic acid (TFA) and the portion of
resulting peptides (about 2 μg) were dried, and cleaned with U-C18 ZipTips (Millipore
Corp.) according to the manufacturer’s instructions. Briefly, the column was first activated
with 100% acetonitrile, transited with 50% acetonitrile, and balanced with 0.1% TFA. Then,
the sample was loaded and the column was desalted with 0.1% TFA. Next the column
was eluted with 50% acetonitrile, and finally, the elution was dried for nano-HPLC/mass
spectrometric analysis.

2.2.3. LC-MS/MS Analysis

Analysis was performed in triplicate. Each sample of peptides was reconstituted in
7 μL of HPLC buffer A (0.1% (v/v) formic acid in water), and 5 μL was injected into a
Nano-LC system (EASY-nLC 1000, Thermo Fisher Scientific, Waltham, MA, USA). Each
sample was separated by a C18 column (50 μm inner-diameter × 15 cm, 2 μm C18) with a
120 min HPLC-gradient (linear gradient from 2 to 35% HPLC buffer B (0.1% formic acid
in acetonitrile) for 110 min, and then to 90% buffer B for 10 min). The separation was
carried out at 19 ◦C and the HPLC elution was electrosprayed directly into an Orbitrap
Q-Exactive mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The source
spray voltage was set at 1.8 kV and the capillary temperature was set at 320 ◦C. The mass
spectrometric analysis was carried out in a data-dependent mode with an automatic switch
between a full MS scan and an MS/MS scan in the orbitrap. For the full MS survey scan,
the automatic gain control (AGC) target was 3 × 106 scan range was from 350 to 1750
with a resolution of 70,000. The 15 most intense peaks with charge state 2 and above
were selected for fragmentation by higher-energy collision dissociation (HCD) with a
normalized collision energy of 27%. The MS2 spectra were acquired with 17,500 resolution.
The exclusion duration for the data-dependant scan was 30 s, the repeat count was 2.

2.2.4. Database Searching and Bioinformatics Analysis

Data analysis: The resulting MS/MS data were searched against UniProt database
using Maxquant software (V1.5.5) with an overall false discovery rate (FDR) for peptides
of less than 1%. Peptide sequences were searched using trypsin specificity and allowing a
maximum of two missed cleavages. Label-free protein quantification (LFQ).

Bioinformatics analysis: Categorical annotation was supplied in the form of gene
ontology (GO) biological process (BP) and cellular component (CC). The distribution of
different proteins in metabolic pathways by Kyoto Encyclopedia of Genes and Genomes
(KEGG) Pathway. Protein–protein interactions were performed by STRING.

2.2.5. Validation of Identified Proteins by ELISA

Plasma samples from the normal control group, gout alone, and gout with renal
injury were tested using Human GS (Gelsolin) ELISA kit (Elabscience Biotechnology Co.,
Ltd., Wuhan, China). The ELISA protocols provided by the manufacturers were strictly
followed. For the ELISA, the plasma samples (diluted 1:4) were placed in wells coated
with a GS antigen and incubated for 1.5 h at 37 ◦C. After a wash to eliminate the non-
associated components, an anti-GS/peroxidase conjugate was added, and the plates were
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incubated for 1 h at 37 ◦C. Following the addition of the stop solution, the optical density
was measured at 450 nm using a multimode reader (Thermo, USA).

2.2.6. Statistical Analysis

All data were expressed as mean ± S.D. Statistical analyses were performed using
t-test of two independent samples with the measurement data. And p < 0.05 was considered
statistically significant.

3. Results

3.1. Profile of Plasma Proteomes in Gout Study

To obtain the profile of proteins in the gout study, we took plasma samples from
16 patients with gout (including 8 patients with gout alone and 8 patients with gout
accompanied by renal injury) and from 8 normal people, and thus the formed three
groups of samples. The basic clinical data from gout patients was collected to analyze the
relationship between differential proteins and gout pathology, as shown in Tables 1 and 2.
To achieve the depth analysis of proteomes, we performed the deletion of the abundant
plasma proteins by using Albumin/IgG removal column separation. The purified proteins
were subjected to in-solution tryptic digestion, subsequently resulting peptides were
separated and analyzed by LC-MS/MS. The raw data was further analyzed using Maxquant
software and bioinformatics tools (Figure 1).

Table 1. Comparison of clinical data between the control group and gout group (x ± s).

Clinical Data Normal Control Gout t p

Numbers 8 16 - -
Age 57.63 ± 1.19 55.88 ± 6.83 0.995 0.334

BMI (kg/m2) 24.74 ± 2.50 28.08 ± 4.86 −1.815 0.083
SBP (mmHg) 121.88 ± 14.05 135.31 ± 21.01 −1.627 0.118
DBP (mmHg) 71.13 ± 14.59 87.31 ± 14.02 * −2.631 0.015
SUA (umol/L) 328.50 ± 47.91 497.98 ± 126.85 ** −4.714 0.000
Scr (umol/L) 88.00 ± 5.83 97.94 ± 22.45 −1.663 0.113

BUN (mmol/L) 6.33 ± 1.27 5.88 ± 1.48 0.728 0.474
eGFR (ml/min) 100.73 ± 7.79 95.65 ± 23.49 0.784 0.442
TG (mmol/L) 1.02 ± 0.38 2.83 ± 1.65 ** −4.178 0.001

CHO (mmol/L) 4.50 ± 0.65 5.55 ± 0.71 ** −3.510 0.002
ALT (IU/L) 18.38 ± 3.70 27.85 ± 7.92 ** −3.188 0.004

FPG (mmol/L) 5.10 ± 0.30 5.29 ± 0.86 −0.771 0.450

Compared with the normal control group, * p < 0.05, ** p < 0.01. The parameters include: BMI (body mass index),
SBP (systolic blood pressure), DBP (diatolic blood pressure), SUA (serum uric acid), Scr (serum creatintine), BUN
(blood urea nitrogen), eGFR (estimated glomerular filtration rate), TG (triglyceride), CHO (cholesterol), ALT
(alanine aminotransferase), and FPG (fasting plasma glucose).

Table 2. Comparison of clinical data between gout alone and gout with renal injury (x ± s).

Clinical Data G GN t p

Numbers 8 8 - -
Age 57.50 ± 6.72 54.25 ± 6.98 0.948 0.359

Course 14.38 ± 7.80 10.00 ± 6.32 1.232 0.238
BMI (kg/m2) 25.98 ± 2.53 30.19 ± 5.84 −1.872 0.082
SBP (mmHg) 131.88 ± 27.50 138.75 ± 12.75 −0.641 0.536
DBP (mmHg) 83.13 ± 17.51 91.50 ± 8.65 −1.213 0.245
SUA (umol/L) 491.4 ± 151.1 504.56 ± 107.47 −0.201 0.844
Scr (umol/L) 78.76 ± 8.22 117.13 ± 13.09 ** −7.020 0.000

BUN (mmol/L) 5.07 ± 0.99 6.69 ± 1.47 * −2.58 0.022
eGFR(ml/min) 116.30 ± 11.23 74.99 ± 9.01 ** 8.116 0.000
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Table 2. Cont.

Clinical Data G GN t p

TG (mmol/L) 3.46 ± 1.93 2.20 ± 1.10 1.593 0.133
CHO (mmol/L) 5.40 ± 0.57 5.71 ± 0.84 −0.851 0.409

ALT (IU/L) 24.99 ± 4.40 30.71 ± 9.81 −1.506 0.154
AST (IU/L) 24.49 ± 5.97 25.34 ± 7.90 −0.243 0.812

FPG (mmol/L) 5.04 ± 0.75 5.53 ± 0.95 −1.154 0.268
HOMA-IR 2.30 ± 0.49 3.84 ± 1.38 * −2.955 0.016

Compared with gout alone (G), * p < 0.05, ** p < 0.01. The parameters include: BMI (body mass index), SBP
(systolic blood pressure), DBP (diatolic blood pressure), SUA (serum uric acid), Scr (serum creatintine), BUN (blood
urea nitrogen), eGFR (estimated glomerular filtration rate), TG (triglyceride), CHO (cholesterol), ALT (alanine
aminotransferase), AST (aspartate aminotransferase), FPG (fasting plasma glucose), HOMA-IR (homeostasis
model assessment-insulin resistance).

 

Figure 1. Study design and workflow. The study cohort consisted of 24 individuals. Triplicates of 24 plasma samples
resulted in 72 plasma proteomes. The LC-MS/MS data, which we analyzed by MaxQuant.

To obtain accurate quantification, we analyzed triplicates of 24 plasma samples. Finally,
314 proteins were identified in the normal control group, 303 proteins were identified in the
gout group, 283 proteins were identified in the gout with kidney injury group; 369 proteins
(subtracting contaminants such as keratins) were identified in three groups. These proteins
were mainly located in blood particles, adhesive plaques, extracellular matrix, etc., and
participated in innate immune response, platelet degranulation, protein hydrolysis, and
the classical activation pathway of complement (Figure 2).
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Figure 2. Among the 24 plasma samples, analysis of the biological process, molecular function, and cellular component of
plasma differential proteins.

On the basis of quantitative proteomics, our measurements contained much important
information about the samples. For instance, we use fibrinogen, which has a coagulation
function, as the basis for the evaluation of coagulation. Of the 24 plasma samples we
measured, there was no significant difference in fibrinogen FGA, FGB, and FGG in 24 indi-
viduals (Figure 3A). To see if the sample had hemolytic events, we used high abundance
hemoglobin as the evaluation index. There was no significant increase in the expression
of hemoglobin HBA1, HBB, HBD, and CA1 in the 24 individuals, as shown in Figure 3B.
These results suggest that there was no obvious coagulation and hemolysis in these samples
and excellent sample handling procedures throughout the study.
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Figure 3. Among the 24 plasma samples, we measured the evaluation of plasma coagulation and hemolysis events.
(A) Analysis of protein abundance of FGA, FGB, and FGG in 24 plasma samples. (B) Analysis of protein abundance of
HBA1, HBB, and HBD in 24 plasma samples.

3.2. Plasma Protein Levels Are Individual-Specific

Overall, protein levels tended to vary considerably between participants; it is believed
to one of the main problems in proteomics analysis. In our analysis, lipoprotein(a) (LPA), C-
reactive (CRP), and pregnancy zone protein (PZP) were 10 times higher in some individuals
compared to others (Figure 4A). A total of 83 proteins were detected in a single individual.
The differences among some proteins are very low, such as hemoglobin binding protein
(HPX), complement factor C6, cluster protein (CLU), and L-selectin (SELL), which showed
that biology attributes of samples were highly conserved (Figure 4B).

3.3. Comparison of Proteins in Plasma between Normal Control Group and Gout Group

To study the abnormal proteins in plasma from gout patients, we compared plasma
proteins between the normal control group and gout patient group. Two independent
sample t-test methods were used (p < 0.05), and thus 32 differential proteins were identified
(Table 3). Compared with the control group, the gout patient group had a comprehensive
effect on the blood plasma proteome profile, with 22 decreased and 10 increased protein
levels (Figure 5A). According to their function, these proteins were clustered into five
groups (Figure 5B). Group 1 comprised of glycolipid proteins and cellular activity proteins.
They were mainly apolipoproteins (APOC4, APOD) and GAPDH, VTN, GSN, FN1, and
TMSB4X. Group 2 comprised of the complement (C3, C4BPB, C5, C8B, C8A, and C8G).
Group 3 comprised of enzymes (LTF, CA1, PPIAP, and GLYRP2). Group 4 comprised of
oxidative damage and inflammatory markers (S100A8, S100A9, PRDX2, ORM2, GPX3,
CRP, and ANXA1). Group 5 comprised of other functional proteins (ITIH4, IGFBP4,
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CLEC3B, LBP, Ig, and LCP1). The interaction networks analysis further showed that the 32
differential proteins wre closely related (Figure 5C).

Figure 4. Individual differences in plasma protein levels among the 24 plasma samples. (A) Analysis of protein abun-
dance of LPA, CRP, and PZP in 24 plasma samples. (B) Analysis of protein abundance of SELL, C6, CLU, and HPX in
24 plasma samples.

Table 3. Differential proteins in the normal control group and gout group.

Majority Protein IDs Protein Names Gene Names t p

P00915 Carbonic anhydrase 1 CA1 2.467 0.037
P01024 Complement C3 C3 −2.522 0.019
P01031 Complement C5 C5 2.556 0.018
P0DP04 Ig heavy chain V-III region DOB −2.201 0.039
P02741 C-reactive protein CRP −2.407 0.025
P02751 Fibronectin FN1 −2.111 0.046
P02788 Lactotransferrin LTF 2.522 0.019
P04004 Vitronectin VTN −2.830 0.010
P04083 Annexin A1 ANXA1 2.403 0.047
P04196 Histidine-rich glycoprotein HRG 2.298 0.031
P04406 Glyceraldehyde-3-phosphate dehydrogenase GAPDH 5.462 0.000
P05090 Apolipoprotein D APOD 2.860 0.009
P05109 Protein S100-A8 S100A8 3.241 0.014
P05452 Tetranectin CLEC3B 2.174 0.041
P06396 Gelsolin GSN 2.277 0.033
P06702 Protein S100-A9 S100A9 4.003 0.005
P07357 Complement component C8 alpha chain C8A 2.080 0.049
P07358 Complement component C8 beta chain C8B 3.924 0.001
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Table 3. Cont.

Majority Protein IDs Protein Names Gene Names t p

P07360 Complement component C8 gamma chain C8G 2.389 0.026
P13796 Plastin-2 LCP1 4.047 0.001
P18428 Lipopolysaccharide-binding protein LBP 2.333 0.029
P19652 Alpha-1-acid glycoprotein 2 ORM2 −2.371 0.027
P20851 C4b-binding protein beta chain C4BPB 2.263 0.034
P22352 Glutathione peroxidase 3 GPX3 2.568 0.018
P22692 Insulin-like growth factor-binding protein 4 IGFBP4 −2.183 0.040
P32119 Peroxiredoxin-2 PRDX2 3.061 0.015
P55056 Apolipoprotein C-IV APOC4 −2.972 0.007
P62328 Thymosin beta-4 TMSB4X 2.204 0.038
P62937 Peptidyl-prolyl cis-trans isomerase A PPIA 2.295 0.032
P80748 Ig lambda chain V-III region LOI −3.514 0.002
Q14624 Inter-alpha-trypsin inhibitor heavy chain H4 ITIH4 3.851 0.001
Q96PD5 N-acetylmuramoyl-L-alanine amidase PGLYRP2 −2.307 0.031

Figure 5. Comparison of differential proteins between the normal control group and gout group
among the 24 plasma samples. (A) Volcanic diagram analysis of differential protein between the
normal control group and gout group. (B) Cluster analysis of 32 differentially expressed proteins in
plasma of patients with the normal control group and gout group. (C) Network correlation analysis
of 32 differentially expressed proteins in plasma of patients with the normal control group and
gout group.

3.4. Comparison of Proteins in Plasma between Gout and Gout with Renal Injury

To further explore the functional effect of plasma proteins on gout development,
among the gout patients, we compared plasma proteins between patients with gout alone
and patients with renal injury. Using two independent samples t-test method (p < 0.05), we
found 10 differential proteins (Table 4). The results show that the expressions of plasma
complement C4A, C4B, and SERPINF1 in patients with gout accompanied by renal injury
are significantly increased than those of patients with gout alone.
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Table 4. Differential proteins in simple gout group and gout with renal injury group.

Majority Protein IDs Protein Names Gene Names t p

A0A0B4J1U7 Ig IGHV6-1 2.735 0.023
A0A0C4DH67 Ig IGKV1-8 2.987 0.013

P01833 Polymeric immunoglobulin receptor PIGR 2.465 0.039
P02656 Apolipoprotein C-III APOC3 2.157 0.049
P05155 Plasma protease C1 inhibitor SERPING1 −2.400 0.031
P05546 Heparin cofactor 2 SERPIND1 2.612 0.021
P0C0L4 Complement C4-A C4A −3.091 0.008
P0C0L5 Complement C4-B C4B −2.450 0.028
P36955 Pigment epithelium-derived factor SERPINF1 −2.565 0.022
Q92954 Proteoglycan 4 PRG4 2.667 0.018

3.5. The Relationship between Plasma Protein and Clinical Biochemical Indexes

Next, the quantified plasma proteins were correlated with classical laboratory param-
eters, including serum uric acid (SUA), eGFR, Cr, BUN, FPG, BMI, CHO, TG, and ALT.
Remarkably, of all proteins in our data, the five proteins most significantly correlating with
SUA were inflammation factors Gelsolin (GSN), S100A8, S100A9, ORM2, and ANXA1. For
each, the p-value was lower than 0.05 and Pearson correlation coefficients ranged from
0.4 to 0.6. GSN, S100A8, S100A9, and ANXA1 were negatively correlated with serum uric
acid. Secondly, the proteins significantly related to CHO were CRP, GSN, S100A8, S100A9,
ORM2, ANXA1, PRDX2, and GPX3. Pearson’s correlation coefficient was 0.4–0.7. Thirdly,
the proteins significantly related to TG were S100A8, S100A9, ORM2, PRDX2, C3, C8A, C8B,
and FN1. Pearson’s correlation coefficient was 0.3−0.6 (Figure 6A). These data showed
the functional abnormal proteins of gout plasma and thus indicated potential markers of
plasma for clinical analysis.

3.6. Validation of GSN in Individual Subjects

To validate the accuracy of our LC-MS/MS results, a key protein, GSN, was selected
for further study by ELISA. Consistent with the results of the data in the Table 3 and
Figure 6A, the protein level of GSN was significantly downregulated in the gout groups
compared with the normal control group (Figure 6B).
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Figure 6. (A) Correlation between abnormal plasma proteins and clinical biochemical index in
patients with gout. (B) ELISA confirmation of protein GSN between the normal control group and
gout groups. Data were expressed as the mean using GraphPad Prism. * p < 0.05, ** p < 0.01,
*** p < 0.0001.

4. Discussion

Clinical analysis of blood is the most widespread diagnostic procedure in medicine [10].
As one of the largest subgroups of the human proteome, plasma proteomics has attracted
more and more attention. LC-MS/MS has become a powerful technique in biological
research, which will make the study of proteomics in-depth.

There are many kinds of proteins in human plasma, which not only contain a lot of
albumin and immunoglobulin, but also contain some low concentration proteins. Because
of the existence of high abundance proteins (especially albumin) in plasma samples, they
have a strong shielding effect on the separation and analysis of low abundance proteins
derived from tissue protein release and cell destruction. While the identification of some
low-concentration proteins is also of important biological significance. In our experiment,
we removed the albumin high abundance protein from the plasma and laid a good foun-
dation for follow-up experiments. On the basis of qualitative and quantitative analysis of
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proteomics, our measurements contained additional information. We analyzed and deter-
mined the coagulation and hemolysis events of blood samples, so as to ensure reasonable
sample treatment and reliable test analysis results.

In the course of human evolution, uric acid becomes the terminal product of purine
metabolism in the human body due to the mutation of the uric acid gene. In normal
people, the majority of uric acid exists in the form of urate. If the body produces too much
uric acid or excretes too little, it will lead to hyperuricemia. At present, the prevalence
of hyperuricemia is increasing. According to a 2014 study, the adjusted prevalence of
hyperuricemia among Chinese adults in 2009–2010 was 8.4–13.3% [6]. For every 60 umol/L
increase in uric acid, the risk of kidney disease increased by 7 or 11% [11]. Hyperuricemia
is the most important biochemical basis of gout. Recently, with the increase of social
affluence and the change of diet structure, gout has become popular all over the world; the
prevalence rate of gout in China is 1–3%. Gout can be characterized by gouty arthritis, gouty
stones, urinary acid kidney stones, and gouty nephropathy. About one-third of patients
with primary hyperuricemia and gout have renal complications. At present, there are few
studies on the pathogenesis of renal disease caused by urate crystals. Although many
factors related to gout have been identified, the overall mechanism of gout is extremely
complicated, so specific causes of gout are still unclear. In the past few years, proteomics
techniques based on mass spectrometry have made significant advances [12] and studies
at the proteome level will help us to better understand the changes in the mechanisms
associated with gout. Based on this, it is very important to study the difference of plasma
proteins in patients with gout and even patients with gout nephropathy by using the protein
identification technique of mass spectrometry, so as to explore the possible pathogenesis
of gout.

In this experiment, we integrated the techniques of high abundance protein removal
and proteomics analysis, combined with bioinformatics and statistical tools, developed
a plasma proteome analysis strategy. Seventy-two plasma proteomes were successfully
measured from 24 individuals to reveal the changes of plasma proteins in patients with
gout. The proteome covers deeper—about 300 proteins per individual—and covers many
clinically related proteins and inflammatory markers, as well as many other functional
proteins, meeting the qualitative and quantitative requirements of plasma proteins.

Uric acid has been shown to be involved in oxidative stress through two mechanisms:
NADPH oxidase activation and NO bioavailability reduction. In cells, elevated serum uric
acid leads to oxidative stress, which in turn leads to the release of inflammatory factors
and the activation of inflammatory pathways. In our study, 32 proteins and 10 proteins
were identified differentially expressed in the normal control group and gout group, and
gout and gout with renal injury, respectively. It was found that many proteins in patients
with gout were changed, including complement, markers of inflammatory damage, etc.,
and even some proteins related to the severity of the disease were also changed, such as
the up-regulation of CRP and down-regulation of Gelsolin (GSN), etc., indicating increased
oxidative stress and systemic inflammatory response in patients with gout.

In addition, plasma proteins were associated with clinical biochemical markers for
further study. We found that many inflammatory factors are significantly correlated with
SUA, such as GSN, S100A8, S100A9, ORM2, and ANXA1.

GSN, an 80–85 kDa calcium-dependent multifunctional actin-binding protein, is a
protein of the gelsolin superfamily encoded on human chromosome 9 [13–15]. GSN has
three known isoforms, cytoplasmic GSN (cGSN), plasma GSN (pGSN), and gelsolin-3.
pGSN is the extracellular isoform and is an abundant protein in plasma and plasma
gelsolin is the main scavenger system for the toxic effects of actin filaments. Many factors,
including pH, calcium levels, phosphoinositides concentration, and temperature regulate
the gelsolin action [16]. A major proportion of pGSN is secreted by smooth, skeletal,
and cardiac muscle cells. pGSN, composed of about 800 amino acids, is highly identical
in all elements, including the structure and function among mammals. The circulating
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concentration of pGSN in human plasma varies from 200–300 mg/L and has been shown
to exhibit a half-life of 2–3 days in humans [17].

Gelsolin is involved in the immune response and is considered an anti-inflammatory
modulator. Plasma gelsolin can trigger an anti-inflammatory response by binding to the
pro-inflammatory mediators; it also improves macrophages’ functions via activating the
nitric oxide synthase. The depletion of gelsolin causes damage in the immune cells with
subsequent inflammatory mediator release. Plasma gelsolin levels’ reduction was first
detected in tissues damaged by trauma. Then, for GSN, it was established that the level
of pGSN declines in a variety of ailments such as inflammation, type 2 diabetes, trauma,
sepsis, rheumatoid arthritis, and multiple sclerosis, fibroblasts, and smooth and skeletal
muscle cells [16–19]. In CKD, low pGSN levels are detectable in hemodialysed blood. This
reduction is explained by many theories, such as “lower production, redistribution to
the inflammation site, combined with other plasma proteins, or higher degradation” [15].
Indeed, there is a robust correlation between how much pGSN levels decrease and the
probability of mortality [20]. Many studies have shown that reduced GSN levels can
predict the severity of the disease and supplementing exogenous recombinant human
gelsolin alleviated distress symptoms in many disease conditions [16]. The administration
of recombinant plasma gelsolin to animal models reduced the inflammatory reaction [15].
This raised the question as to whether circulating pGSN levels can serve as a biomarker
since pGSN levels correlate negatively with the degree of systemic inflammation and
muscle wasting. However, the change of gelsolin in gout patients is still unclear. In our
study, the serum uric acid level of patients with gout was significantly higher than that of
the normal control group, and the serum uric acid level of patients with gout with renal
injury was higher than that of patients with gout alone (although the difference did not
reach statistical significance); the GSN level of gout patients was lower than that of the
normal control group, ELISA further confirmed that the level of GSN gradually decreased
with the normal control group, gout patients and gout patients with renal injury. It is
suggested that the severity of the disease and the occurrence of complications may play
a warning role. Thus, this work preliminarily investigated the change of gelsolin in gout
patients. Our findings support further investigation of pGSN as an adjunctive therapy
for gout.

5. Conclusions

In this study, we identified the profile of gout plasma proteome using label-free
quantitative proteomics based on HPLC-MS/MS, and found 32 significantly differential
proteins in the gout group, as well as 10 proteins linked with kidney damage. These
abnormal proteins were characterized to biological functions by the biological tool. Further,
the correlation analysis showed that five inflammatory factors (GSN, S100A8, S100A9,
ORM2, and ANXA1) had a significant correlation with SUA, and GSN was further validated
in clinical samples. These results suggest that hyperuricemia can induce oxidative stress
and inflammatory reaction in the cells of patients with gout by promoting oxidation. Our
result provides promising candidates for a biomarker for gout.
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