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Abstract: This communication introduces the first-time application of high-resolution continuum-
source molecular absorption spectrometry (HR CS MAS) for the quantification of a peptide. The
graphite furnace technique was employed and the tripeptide glutathione (GSH) served as a model
compound. Based on measuring sulfur in terms of carbon monosulfide (CS), a method was elaborated
to analyze aqueous solutions of GSH. The most prominent wavelength of the CS molecule occurred
at 258.0560 nm and was adduced for monitoring. The methodological development covered the
optimization of the pyrolysis and vaporization temperatures. These were found optimally to be
250 °C and 2250 °C, respectively. Moreover, the effect of modifiers (zirconium, calcium, magnesium,
palladium) on the absorption signals was investigated. The best results were obtained after permanent
coating of the graphite tube with zirconium (total amount of 400 ug) and adding a combination
of palladium (10 uL, 10 g L1 and calcium (2 uL, 1 g L1 as a chemical modifier to the probes
(10 uL). Aqueous standard samples of GSH were used for the calibration. It showed a linear
range of 2.5-100 pg mL~! sulfur contained in GSH with a correlation coefficient R% > 0.997. The
developed method exhibited a limit of detection (LOD) and quantification (LOQ) of 2.1 ug mL~! and
4.3 pg mL~! sulfur, respectively. The characteristic mass accounted for 5.9 ng sulfur. The method
confirmed the general suitability of MAS for the analysis of an oligopeptide. Thus, this study serves as
groundwork for further development in order to extend the application of classical atomic absorption
spectrometry (AAS).

Keywords: atomic absorption spectrometry; CS molecular absorption; glutathione; graphite furnace
technique; molecular absorption spectrometry; peptide analysis; sulfur

1. Introduction

Peptides generally play essential roles in life sciences, for instance in the discovery
of drugs such as synthetic peptide vaccines [1]. The increasing interest in peptides is
accompanied by the demand for analytical techniques to investigate the biological behavior
of pharmacologically active peptides. The revival of old analytical techniques may open
novel possibilities for the analysis of peptide therapeutics or peptides participating in the
metabolism of new drugs. The oligopeptide glutathione (GSH, Figure 1) is also important
for drug metabolism and frequently applied as a model compound [2]. GSH is a tripeptide
comprising the amino acids L-cysteine (Cys), L-glutaminic acid (Glu) and glycin (Gly).
Conspicuously, it is the gamma carboxyl group of Glu that is linked to Cys, while the
carboxyl group of Cys forms a conventional peptide bond with Gly (y-Glu-Cys-Gly). Re-
duced GSH is abundant in mammalian cells at concentrations in the low micromolar range
(between 0.1 and 15 mmol L~1) [3] and is critical for the maintenance of the intracellular

Analytica 2022, 3, 24-35. https:/ /doi.org/10.3390/analytica3010003

https://www.mdpi.com/journal/analytica


https://doi.org/10.3390/analytica3010003
https://doi.org/10.3390/analytica3010003
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/analytica
https://www.mdpi.com
https://orcid.org/0000-0002-1963-9838
https://doi.org/10.3390/analytica3010003
https://www.mdpi.com/journal/analytica
https://www.mdpi.com/article/10.3390/analytica3010003?type=check_update&version=1

Analytica 2022, 3

25

redox homeostasis [4]. Upon oxidation of GSH, the respective dimer glutathione disulfide
(GSSG) is formed. Because of its reducing property, which depends on the sulfhydryl
residue of Cys, GSH serves as an antioxidant, both directly and as a co-substrate for various
redox enzymes, and is thus protective against oxidative stress. The depletion of GSH
promotes oxidative stress, which participates in the pathogenesis of several diseases such
as Alzheimer’s and Parkinson disease or cancer [5,6].
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Figure 1. Chemical structure of the tripeptide glutathione (y-Glu-Cys-Gly).

The importance of GSH in redox biology also leads to growing interest in analytical
methods for its detection [7]. The analytical assessment of GSH in biological systems is
challenging, mainly due to its polar character and the limited chemical stability. Capillary
electrophoresis (CE) and high-performance liquid chromatography (HPLC) represent the
most commonly applied techniques for the quantification of GSH. Compared to HPLC, CE
would appear easier to use, less time consuming and less expensive since it requires fewer
derivatizations [8]. In contrast, chemical modification is necessary in the HPLC analysis of
GSH to allow for absorption or fluorescence detection. For example, the Cys of GSH is often
reacted with the non-fluorescent monobromobimane to yield a fluorescent GSH adduct,
which greatly increases sensitivity while limiting further autoxidation [9]. Moreover, the
redox activity of GSH can be employed in terms of quantification by electrochemical analy-
sis [8]. The monitoring of GSH was even facilitated by small-angle X-ray scattering [10].
Nevertheless, GSH is not accessible by UV-Vis and fluorescence spectroscopic methods
directly as GSH lacks an appropriate chromophore or fluorophore [11].

Molecular absorption spectrometry (MAS) represents a spectroscopic technique that
principally can be exploited for the determination of an oligopeptide such as GSH without
derivatization. Since the advancement of high-resolution continuum-source MAS (HR CS
MAS), it is feasible to quantify non-metals such as sulfur [12]. In recent years, much effort
has been made to develop methods that assess sulfur primarily based on the absorption
of the diatomic molecule carbon monosulfide (CS) [13-15]. Several approaches report on
the quantification of Cys in terms of MAS [16-19]. Thus, it appeared promising to quantify
the tripeptide GSH in a similar manner. However, to the best of our knowledge, this has
not been reported on so far. Generally, the utilization of MAS to study sulfur-containing
compounds would appear to be mainly limited to inorganic compounds and small organic
molecules. Proteins can be quantified by a wide variety of analytical methods, also by
spectroscopic methods [20-22]. Until now, the analysis of oligopeptides through the use of
MAS is lacking. However, the indirect quantification of a peptide aiming at an intrinsic
heteroatom, such as the sulfur of cysteine or methionine, would seem suitable [23].

Hence, the aim of this current investigation was to ascertain the principal applica-
bility of MAS to the quantification of peptides as part of the research trend to extend the
application of classical atomic absorption spectrometry (AAS). The present endeavor was
exemplarily demonstrated by the measurement of sulfur in GSH.

2. Materials and Methods
2.1. Chemicals

Ultrapure water obtained from an ELGA Purelab flex system (Veolia, London, UK)
was used throughout the investigations. L-Gluthathione (reduced) and the zirconium
AAS standard solution were purchased from Carl Roth (Karlsruhe, Germany); palladium
acetate was from Sigma-Aldrich (Steinheim, Germany); calcium nitrate, magnesium nitrate
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hexahydrate and suprapure nitric acid (65%) were from Merck (Darmstadt, Germany); and
acetic acid was from Walter-CMP (Kiel, Germany).

The zirconium solution (Zr 1 g L~!) served as a permanent modifier, whereas solutions
of calcium nitrate in acetic acid (Ca 1 g L~!), magnesium nitrate (Mg 1 g L !) and palladium
acetate (Pd 10 g L~1) in nitric acid (15%) were used as chemical modifiers.

Aqueous samples of GSH were prepared by dissolving an appropriate amount of
GSH in ultrapure water, then diluting to the working concentrations with pure water. The
solutions were prepared fresh every day.

Urine samples were provided by a male volunteer. According to the ethical review
committee of the University of Greifswald, no ethical vote was mandatory for the particular
usage of the samples as part of the current study.

2.2. Instrumentation

All the measurements were performed with a high-resolution continuum-source
atomic absorption spectrometer of the contrAA 700 series (Analytik Jena, Jena, Germany)
based on the graphite furnace (GF) technique.

Pyrolytically coated standard graphite tubes with a platform (Analytik Jena) were
inserted into the electrothermally, transversely heated graphite furnace and served as the
atomizer. The spectrometer was equipped with an MPE 60 graphite furnace auto sampler
(Analytik Jena) to directly inject the liquid samples stored in 1.5 mL polystyrole sample
cups (Sarstedt, Niirmbrecht, Germany) onto the platform of the tubes. The continuum light
source ranging from 185 nm to 900 nm was provided by a xenon short-arc lamp. The high
resolution is based on a double monochromator with a quartz prism pre-monochromator,
an echelle grating monochromator and a linear charge couple device array detector. Argon
(Air Liquide, Diisseldorf, Germany) was employed as a protective and purge gas. The
spectrometer was controlled with the software ASpect CS, version 2.2.2.0 (Analytik Jena).

2.3. HR CS MAS Procedure

Prior to first use, the platform of the tubes was impregnated with the zirconium solu-
tion. Zirconium is well known to serve as a permanent modifier for graphite furnaces [24].
Therefore, a volume of 40 pL of the zirconium standard solution (Zr 1 g L~!) was injected
directly onto the platform, followed by running a temperature program (Table 1), as sug-
gested before, for the deposition of zirconium onto platforms [19]. This operation was
conducted ten times, thus obtaining a total amount of 400 pug of the zirconium modifier on
the platform.

Table 1. Time-temperature program used for the coating of the graphite tube with zirconium
(according to Vieira et al. [19]).

. Temperature Heating Rate Holding Time
Operation ©0) CCs-1) © Argon Flow
Drying 1 90 10 20 Maximal
Drying 2 120 5 20 Maximal
Pyrolysis 400 50 20 Maximal
Atomization 1000 100 10 Stop
Cleaning 2000 100 5 Stop

The quantification of sulfur was based on measuring the integrated absorption of
the diatomic molecule CS at the wavelength of 258.0560 nm using three pixels. The
time-temperature furnace program finally developed in this study and utilized for the
measurements is given below.
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3. Results
3.1. Selection of the Diatomic Molecule

Several diatomic molecules of sulfur, such as aluminum sulfide and tin sulfide as well
as germanium monosulfide and indium monosulfide, were used for the determination of
sulfur employing MAS [13]. However, the diatomic molecule CS represents the most com-
monly adduced molecule for the determination of sulfur based on MAS. The advantages
of CS cover its high sensitivity and its ready generation in the graphite tube without the
requirement to use an additional molecule-forming reagent [25].

The diatomic molecule CS exhibits distinct molecular absorption at a wavelength
of about 258 nm. This absorption belongs to the molecular band system of CS (Av =0
vibrational sequence, X1zt — AMT electronic transition), which is related to sharp ab-
sorption bands caused by rotational transitions [12,14,26]. The wavelength of 258.0560 nm
was revealed to be most suitable for the assessment of CS. Therefore, this wavelength
was already used in a variety of former investigations [27-30]. It was also selected for the
current study with respect to the wavelength-resolved absorbance spectrum of CS around
the band head at 258.0560 nm (Figure 2).
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Figure 2. Wavelength-resolved absorbance spectrum of CS (blue curve) in the vicinity of the most
prominent wavelength at 258.0560 nm (red line). The orange bar represents the range adduced for
the measurement when considering three pixels.

3.2. Optimization of the Pyrolysis/Vaporization Temperatures Considering Modifiers

The pyrolysis and vaporization temperatures represent crucial parameters of the
furnace program. The optimization of these temperatures was carried out following the
method established by Welz [31]. The procedure was performed in steps of 50 °C (from
150 °C to 600 °C and from 2100 °C to 2550 °C for the pyrolysis and vaporization curve,
respectively) with an aqueous solution of GSH (concentration: 50 pg mL~!, injection
volume: 10 pL) and a preliminary time-temperature program (with an integration time of
5s), inspired by former studies [19,32].
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Firstly, the sample was assessed by using a graphite tube without either a permanent
or a chemical modifier. As was assumed, the analytical signal was tenuous (data not shown).
This result is in agreement with former investigations focusing on CS signals arising from
organic sulfur [33]. Poor signals could be related to the loss of analyte in terms of carbon
disulfide (CS,). The formation of CS; is undesirable when monitoring sulfur based on
CS within MAS analysis since CS, evaporates at low temperatures before pyrolysis ever
takes place [34]. However, the generation of CS,, and probably other volatile molecules, is
reduced when a carbide-forming metal is used as modifier. The interaction of the carbon of
the graphite tube with the sulfur of the sample is then lowered.

To overcome this problem, the application of zirconium as a permanent modifier is
widely established in MAS [24]. Optimization of the temperatures after coating of the
platform with zirconium led to curves that indicate a pyrolysis and vaporization tempera-
ture of 150 °C and 2300 °C, respectively (Figure 3). A sudden drop of the signal occurred
for pyrolysis temperatures greater than 200 °C. Conspicuously, this was accompanied by
the rising of white smoke. A relation to the melting point of GSH (195 °C) [35] could be
supposed but was not investigated further.

0.40+
0.354
0.304
0.254
0.20+
0.154

0.10+

Integrated absorption (s)

0.054

O % O 0 T T ] T : : 1 T 1
P P & & .
S S R X

T
P

T 1
® o
D S
o

v

»
%D
)

Temperature (°C)

Figure 3. Pyrolysis (left) and vaporization (right) curves for measuring sulfur based on the absorption
of CS. A volume of 10 uL of an aqueous solution of GSH (50 ug mL~1) was used. Zirconium coating
(e) of the graphite tube was employed as permanent modifier and additionally 10 uL of calcium
lg L~ (4),10 uL of magnesium 1 g L~1 (A), 10 uL of palladium 10 g L~ (M), or 2 uL of calcium
1 gL' and 10 uL of palladium 10 g L~! (®) as chemical modifiers besides zirconium coating. The
data represent mean =+ standard error of 3 replications (merely 2 conductions for zirconium only)
with each 3 injections.

The use of further additives is advantageous in order to stabilize the analyte [36].
Therefore, the influence of different modifiers on the pyrolysis and vaporization tem-
peratures was evaluated (Figure 3). Magnesium and palladium are known as universal
modifiers and thus they were selected in the current study [37]. Besides, the use of palla-
dium proved to be successful in multiple studies when measuring sulfur [14,16,27,38—40].
This can be related to the strong interaction of palladium with sulfur. It was also considered
to determine the effects of calcium, which was shown to be effective within measurements
of sulfur based on CS [19,32].

The addition of calcium did not appreciably enhance the absorption signals. As already
found in the case of using just zirconium, 150 °C was revealed to be the best pyrolysis
temperature. A distinct decline in signal intensity was also observed at temperatures
above 200 °C. However, the formation of a fume was not observed on this occasion. After
adding calcium, the vaporization curve was comparable as before. Indeed, the maximum
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absorption signal was slightly enhanced, though 2300 °C was determined again to be the
optimal vaporization temperature.

In contrast, the additional use of magnesium as a chemical modifier was inferior
to zirconium alone. It was not possible to exceed the maximal absorption signal when
optimizing the pyrolysis temperature compared to zirconium coating alone or after adding
calcium. However, the absorption signal showed a minimal increase up to a pyrolysis
temperature of 250 °C and stayed nearly constant at this level, independent of further rises
in temperature. No loss of analyte could be determined at temperatures greater than 200 °C.
The vaporization curve after adding magnesium runs parallel to the curve, omitting an
additional modifier besides zirconium coating. Unexpectedly, the graph was shifted to
lower absorption values. This suggests that magnesium is not most qualified if the relatively
lower sensitivity is adduced as a parameter to justify the use as a modifier. However, it
might not necessarily represent a decisive factor for the choice of a proper modifier in cases
where a high pyrolysis temperature is required, for example, when analyzing samples
with a complex composition of the matrix. Then, the effect of the modifier on the thermal
stability of the analyte becomes more relevant, making the current behavior of magnesium a
remarkable result. Nevertheless, magnesium revealed to not be best suitable in the present
analysis of aqueous samples, which can be considered a manageable matrix.

Adding palladium as a chemical modifier to the sample in combination with the
permanent zirconium coating yielded the greatest augmentation of the absorption signals
when applying one single chemical modifier. The pyrolysis curve documents that the
maximal absorption value was increased by about 50% (0.15 — 0.22) compared to using
zirconium alone. The temperature of 150 °C was determined to be most useful for the
pyrolysis in the current case of using pure aqueous samples. At higher temperatures, the
signal was not subject to such a strong decrease as observed with calcium and zirconium or
zirconium alone. The absorption signal stayed nearly constant until 250 °C was reached
and then dropped approximately by a third to a constant level, still exceeding the values
of the other approaches. This documents that palladium exhibited a stabilizing effect
on the analyte. The suitability of adding palladium besides the zirconium coating was
also confirmed when optimizing the vaporization temperature. The maximal value of the
integrated absorption was augmented by about 40% (0.16 — 0.22) when palladium was
used in addition to the zirconium coating. Nevertheless, the shape of the signals showed a
double peak (Figure 4a), probably suggesting a dual vaporization mechanism and leading
to insufficient measurements. Such behavior was already reported in a previous study by
another group [19] but was not investigated further in this pilot study.

This issue was remedied by using a mixture of chemical modifiers. The combination
of palladium with magnesium did not prove to be as beneficial as reported in earlier
publications [17,33]. Hence, this combination was not experimented with further in the
current study. However, using palladium and calcium along with the permanent zirconium
coating appears promising with respect to improve the peak shape and the absorption value.
In order to evaluate the most suitable combination of the modifiers, different volumes
of modifier were pipetted onto the sample and the signal was monitored (Table 2). This
approach was performed with pyrolysis and vaporization temperatures of 150 °C and
2300 °C, respectively, as elaborated so far.

In an initial approach, a volume of 10 uL of the palladium modifier resulted in the
highest absorption value compared to 5 pL and 15 pL. These findings indicate that the
amount of modifier determines the extent of the signals. Furthermore, a volume effect can
be excluded since adding both lower (5 L) and higher (15 puL) volumes to the sample did
not cause the highest signal.
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Figure 4. Shape of the time-resolved absorption signal for the determination of sulfur based on the
absorption of CS at 258.0560 nm using a zirconium coated graphite tube. Double-peaked shape
when employing only palladium as chemical modifier (a) and Gaussian-like shape when combining
palladium and calcium (b).

Table 2. Determination of the volume of palladium (10 g L™!) and calcium (1 g L™!) within the
generation of the diatomic molecule CS.

Volume (uL) Integration Time (s) Integrated Absorption (s)

Pd Ca Mean ! RSD (%) 2

5 5 0.23 53

10 5 0.25 5.8

15 5 0.23 35

10 2 5 0.28 57

4 5 0.26 1.3

6 5 0.26 2.0

8 5 0.23 59

10 2 7 0.31 44

4 7 0.28 52

1 Data represent the mean of 4 injections (rounded to two decimal figures). 2 Relative standard deviation (RSD)
given in percent.

Then, the amount of palladium was kept constant and the amount of additional
calcium modifier was varied, using volumes from 2 pL to 8 pL. Increasing amounts of the
calcium modifier were accompanied by a broadening and tailing of the peak. Consequently,
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these signals no longer had a Gaussian-like shape and were not fully covered by the
integration over 5 s as the signals were cut off.

Thus, the integration time was prolonged to 7 s and the combinations of either 2 pL
or 4 pL of calcium modifier with 10 pL of the palladium modifier were investigated. The
highest absorption value was achieved when a volume of 2 uL of the calcium modifier was
used; a nearly symmetrical signal was obtained under these conditions (Figure 4b).

Finally, the pyrolysis and the vaporization temperatures were optimized, considering
10 pL of the palladium (10 g L~1) combined with 2 uL of the calcium (1 g L) as a chemical
modifier. Remarkably, this particular combination generated even higher absorption values
than using palladium alone. The signal after adding only palladium as a chemical modifier
was increased by about 75% (0.20 — 0.35) when the combination was used (Figure 3).
Besides, the optimal pyrolysis temperature was revealed to be 250 °C. This temperature
exceeds the value of 150 °C as elaborated in the case of using each palladium or calcium
alone. Elevated pyrolysis temperatures generally assist in the elimination of matrix during
the analysis of samples with complex matrices. However, this is not indispensable in the
current analysis of aqueous samples but it was followed because thereby the highest signals
were obtained. The optimized vaporization temperature appeared to be 2250 °C. This is
slightly lower than that developed for the single modifiers, likely saving the lifetime of the
graphite tubes.

In conclusion, the optimization of the furnace program revealed that the pyrolysis and
vaporization temperatures of 250 °C and 2250 °C, respectively, were optimal. The final
time-temperature program is outlined in Table 3. Moreover, adding 10 uL of the palladium
modifier (10 g L) combined with 2 uL of the calcium modifier (1 g L~!), equal to 10 pg
of palladium and 2 pg of calcium, as well as the permanent impregnation of the platform
with zirconium resulted in the highest absorption values.

Table 3. Elaborated time-temperature program used for the determination of GSH based on measur-
ing sulfur in terms of CS (A = 258.0560 nm).

Temperature Heating Rate Holding Time

Operation e ©C s-1) © Argon Flow
Drying 1 90 10 10 Maximal
Drying 2 100 5 10 Maximal
Drying 3 120 5 10 Maximal
Pyrolysis 250 50 15 Maximal
Auto-zero 250 0 5 Stop
Vaporization 2250 3000 7 Stop
Cleaning 2600 1000 5 Maximal

3.3. Calibration and Figures of Merit

A calibration curve utilizing a blank and nine aqueous standard solutions of GSH
ranging from the blank up to 100 pg mL~! of sulfur was investigated. The linear regression
curve showed a squared correlation coefficient R? of 0.9971.

The characteristic mass (1)) represents an established parameter of absorption spec-
trometry. It is defined as the mass of analyte that gives an integrated absorption signal
of 0.0044 s. The characteristic mass of the elaborated method can be calculated using a
datapoint obtained as part of the analytical curve according to the following Equation (1):

volume (pL) - concentration (ng/upL)- 0.0044 s
integrated absorption (s) ’

mo(ng) = )
Considering the integrated absorption (0.44523 s) after injecting 10 pL of a stock
solution containing 60 pg mL~! (equal to 60 ng pL.~!) of sulfur, the characteristic mass
accounted for 5.9 ng of sulfur contained in GSH.
Both the limit of detection (LOD) and the limit of quantification (LOQ) were evaluated.
Therefore, the aqueous blank was measured eleven times. Notably, the used modifiers did
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not cause increased absorption values. The LOD and LOQ were calculated as the mean
(%) of the blank augmented by the three-fold and ten-fold of its standard deviation (SD),
respectively, according to Equations (2) and (3):

LOD =%+3SD @)

LOQ =X+ 10 SD. 3)

The LOD amounted to 2.1 ug mL~! and the LOQ was 4.3 ug mL ™! of sulfur or else
0.06 mmol L~! and 0.013 mmol L' of GSH, respectively. Indeed, these limits are in-
ferior to the LODs achieved with other methods as reviewed before [8]. Nevertheless,
the concentrations obtained in the present study coincide with the cellular level of GSH
(0.1-15 mmol L) [3], thus making the method principally suitable to quantify GSH in
physiological concentrations. However, it should be noted that developing a competi-
tive method for the quantification of GSH was not aimed for in the current study. GSH
solely served as an example to prove the general applicability of MAS to the analysis
of oligopeptides.

In order to assess the recovery of the elaborated HR CS MAS method for the deter-
mination of GSH, the tripeptide was dissolved in urine, representing a real matrix. Urine
samples spiked with GSH in the concentrations 5, 10, 50 and 100 pg mL~! sulfur were
analyzed. Unfortunately, very high absorption values (>2.3) were obtained. After sub-
sequent measurement of urine only, the values were related to the matrix. However, no
quantification was feasible since such high absorption values cover the range where no
linear correlation between concentration and signal exists anymore.

In summary, the figures of merit (Table 4) of the current method for quantifying
aqueous samples of the tripeptide GSH by HR CS MAS indeed did not exceed the an-
alytical parameters found for earlier studies that assess sulfur for example in terms of
Cys [16,17,19]. Nevertheless, herewith a method was elaborated which principally allows
for the quantification of a peptide by MAS. This evidences that MAS is not facing a mid-life
crisis as supposed recently [41]. It still represents an attractive and seminal analytical
technique. The investigations should serve as groundwork to ignite further development
and optimization of analytically more competent methods.

Table 4. Analytical performance parameters of the elaborated method.

Parameter Value (S) Value (GSH)
Linear working range 2.5-100 pg mL! 0.078-3.120 mmol L1
Correlation coefficient of calibration (R?) 0.9971 0.9971
Characteristic mass 59ng 56.9 ng
LOD 2.1 g mL~! 0.06 mmol L1
LOQ 43 pgmL! 0.13 mmol L~ !

4. Discussion and Conclusions

In the current study, HR CS MAS has been applied for the first time to quantify
an oligopeptide in aqueous solutions. On the example of the tripeptide GSH, a method
was elaborated to measure sulfur based on the absorption of CS at the wavelength of
258.0560 nm. The furnace program was optimized regarding the pyrolysis and vaporization
temperatures, which were found ideally to be 250 °C and 2250 °C, respectively. The highest
absorption values were achieved when the platform of the graphite tube was permanently
coated with zirconium (total amount of 400 pg), combined with a mixture of palladium
(10uL,10g L~1) and calcium (2 uL, 1 g L~1) as chemical modifiers.

Using HR CS MAS for the determination of GSH seems advantageous compared to
other previously reported techniques such as HPLC analysis. Chemical modification would
be necessary to allow for detection based on UV-Vis or fluorescence during analysis with
HPLC. Such a modification can be omitted in the case of employing HR CS MAS. Indeed,
detection without modification is possible when HPLC is connected to mass spectrometry.
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However, such devices have the drawback of high acquisition costs. Besides, the analysis
with MAS is less expensive compared to HPLC as the latter method requires quantities of
ultrapure solvents. The waiver of organic solvents and prevention of waste makes MAS
a more ecologically friendly method (green chemistry). Furthermore, the analysis time
covers only about two minutes in the case of the present MAS method whereas HPLC runs
are by far more time consuming.

The general applicability of MAS to determine GSH based on sulfur was confirmed,
but broad signals were obtained. Prolongation of the vaporization step and large transient
peaks are actually unwanted because they affect precision, reduce lifetime of the graphite
tubes and may cause memory effect. Such broadened peaks are often indicative of an
insufficient vaporization temperature. However, this can be excluded since the vaporization
temperature was optimized.

The recovery attempt exemplarily using urine samples revealed that sulfur might not
be an appropriate tracer. A variety of sulphurous compounds is excreted by urine [42] or
occurring in other biological samples. Therefore, it seems very challenging to measure GSH
selectively in the presence of other sulfur-containing compounds. However, this was not the
aim of the current study but represents a subject for improvement in the future. Previous
research has already reported on the determination of sulfur in complex samples such as
food and vegetable samples [28,29,38], as well as in wine [26] and different biological liquid
samples [32], thus representing quite a feasible task for upcoming investigations. In order
to allow for an exact determination of GSH, modifications of the procedure (e.g., sample
preparation) would be necessary.

In order to apply HR CS MAS for the assessment of oligopeptides in real samples, a
distinct tracer is essential. Further development could be based on fluorine instead of sulfur.
Fluorination was already confirmed by us to be exploited successfully for bioanalytical
labelling in the scope of MAS [43]. The consideration of fluorinated amino acids allows
for the design of fluorine-labelled oligopeptides [44], which would be quantifiable with
MAS more selectively. However, the use of a molecule-forming reagent would then
become necessary.

Nevertheless, the present procedure shows, for the first time, the general suitability of
MAS for the quantification of peptides and thus extends the applicability of this technique.
Therefore, the current study provides the groundwork for further advancement in order to
establish MAS as a valuable tool for the analytical determination of peptides.
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Abbreviations

The following abbreviations are used in this manuscript:

AAS Atomic absorption spectrometry

CE Capillary electrophoresis

Cs Carbon monosulfide

Cys L-Cysteine

GF Graphite furnace

Glu L-Glutaminic acid

Gly Glycin

GSH Glutathione

GSSG Glutathione disulfide

HPLC High-performance liquid chromatography
HR CSMAS  High-resolution continuum-source MAS
LOD Limit of detection

LOQ Limit of quantification

MAS Molecular absorption spectrometry

RSD Relative standard deviation

SD Standard deviation
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