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Development of an improved and greener HPLC-
DAD method for the determination of fecal sterols

in sediment and water samples using ultrasonic-
assisted derivatization with benzoyl isocyanate

Leticia Maria Effting® and César Ricardo Teixeira Tarley

*ab

The analysis of sterols by high-performance liquid chromatography (HPLC) with UV detection presents

a challenge, owing to the intrinsically low molar absorptivity of these compounds. In this study, we

developed a novel

derivatization method for

sterols (7-dehydrocholesterol, cholesterol, and

coprostanol), which serve as indicators of fecal pollution, for analysis by HPLC-DAD. We proposed

benzoyl isocyanate as the derivatization reagent, as isocyanates are characterized by a functional

group containing —N=C=0, which reacts with the hydroxyl (~OH) groups present in the structure of
sterols, thereby introducing the chromophore group of benzoyl isocyanate to the sterols. This method

is more environmentally friendly compared to previously published derivatization techniques. The

conditions for sterol derivatization were optimized using chemometric tools, including a 22 factorial

design with a central point and central composite design for the variables of molar ratio (sterol/
benzoyl isocyanate = 0.046, equivalent to 1.57 x 10™> mols of sterol and 3.39 x 10~* mols of benzoyl
isocyanate) and ultrasonic bath time (32.1 minutes). The chromatographic parameters t'R, k, a, Rs, N,
and As were determined. The quantification limits were established at 0.6 mg L™ for 7-
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dehydrocholesteryl-N-benzoylcarbamate and 0.5 mg L™! for cholesteryl-N-benzoylcarbamate and

coprostanolyl-N-benzoylcarbamate. The feasibility of the proposed method was confirmed by

DOI: 10.1039/d5ra04381f

rsc.li/rsc-advances ranging from 91 to 108%.

1. Introduction

The contamination of fecal coliforms in domestic sewage,
water, and sediment is a public health concern. Typically,
microbiological methods have been used for determining
bacteria as fecal indicators of the coliform group, but these
methods suffer from environmental factors, including effluent
characteristics, the presence of contaminants, temperature, and
salinity. Another drawback is that these markers cannot
differentiate between various sources of fecal contamination. A
more reliable way to assess fecal pollution is through chemical
indicators by determining fecal sterols.'

Sterol compounds with chemical stability and specific
origins serve as reliable indicators of domestic sewage
contamination.” Coprostanol has been widely used as a marker
of the presence of domestic sewage, more specifically of organic
fecal matter, because it originates from the biohydrogenation of
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analysing water and sediment samples from lakes in Londrina, Parand, Brazil, yielding recovery values

cholesterol in the intestines of humans and other higher
animals.* Moreover, coprostanol is present in human feces, up
to 60% of all fecal sterols.* For this reason, coprostanol, in
association with other sterols (epicoprostanol, cholesterol,
cholestanol, B-sitosterol), is applied in sterol ratios to differen-
tiate between sources of fecal matter and identify human fecal
contamination.>”

Gas chromatography with flame ionization detection (GC-
FID)® and gas chromatography coupled with mass spectrometry
(GC-MS)® are the most widely used techniques to analyse fecal
sterols in environmental samples. These methods require
derivatization due to the difficulty of volatilizing these
compounds. High-performance liquid chromatography (HPLC)
with ultraviolet (UV) detection is less commonly employed for
this purpose and faces challenges because some sterols, such as
coprostanol, do not absorb radiation in the UV owing to the
absence of a chromophore in their molecular structure. 7-
Dehydrocholesterol and cholesterol exhibit a maximum
absorption wavelength (A,,ax) at 210 nm, which is close to that of
most solvents, such as acetonitrile, that have a UV cut-off of
190 nm, as well as to concomitants in the environmental
samples. As a result, spectral interference may be observed.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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To improve the selectivity and detectability of HPLC-UV for
sterols analysis, derivatization methods have been developed by
introducing chromophores into the structure of sterols.

Fitzpatrick and Siggia (1973)," proposed the use of a ben-
zoylation reaction using benzoyl chloride in a pyridine medium
to form an ultraviolet-absorbing derivative, aiming to improve
the detection limit for the analysis of sterols by HPLC-UV in
urinary extracts. Piocos and Cruz (2000),"* suggested the
potential application of acylation derivatization of coprostanol
with p-nitrobenzoyl chloride for the analysis of sterols in various
samples. The method was developed by adding a chromophore,
p-nitrobenzoyl, through a simple acylation of the hydroxyl
group of coprostanol. Resende et al. (2014),> proposed an opti-
mization of the benzoylation reaction using benzoyl chloride to
investigate the presence of fecal origin sterols in sediment
samples, developing a benzoylation reaction with an ultrasonic
bath. In another study, the phytosterol derivatization was
accomplished with 4-dimethylaminopyridine (DMAP) as cata-
lyst, dansyl chloride as derivatizing agent, and using di-
chloromethane as reaction solvent.”

In general, the reported sterol derivatization methods make
use of toxic reagents, such as benzoyl chloride, pyridine, its
derivatives, and highly toxic solvents,>'**?, and are also time-
consuming, which justifies the search for novel and more
environmentally friendly derivatization methods.

Isocyanates are molecules that contain the functional group
with the atoms R-N=C=O0, and they are extremely reactive
towards a variety of nucleophiles, including molecules with
hydroxyl (-OH) functional groups. The reactions typically
involve an attack on the carbon atom of the isocyanate group by
the nucleophile, resulting in the formation of urethanes or
carbamates."

The use of isocyanates to derivatize hydroxyl functional
groups has been described. Derivatization with phenyl isocya-
nate (Ph-NCO),"**® naphthyl isocyanate,'*** 1-(1-naphthyl)ethyl
isocyanate,** 3-isopropenyl-a,a-dimethylbenzylisocyanate,* 2,4-
dimethoxyphenylisocyanate*> and p-toluenesulfonyl isocya-
nate® have been reported for molecules of fatty alcohol ethox-
ylates,**>** aliphatic n-alcohols," polyehyleneglycol,* irganox
1076," 1,2-sn- and 2,3-sn-diacylglycerols,™ 2-ethoxyethanol,*
diacyl-sn-glycerols,  2-propanol,®  1-naphthol,”®  2-iso-
propoxyphenol,** diethylene glycol*® and polypropylene glycol.*
However, to the best of our knowledge, the effectiveness of
isocyanates as derivatizing agents for sterol determination
using HPLC-DAD has not yet been reported.

Sterols (S-OH) react with benzoyl isocyanate via nucleo-
philic addition of their hydroxyl group to the N=C bond,
forming carbamates. The resulting derivative, Ph-CO-NH-
CO-0s, contains both an amide and a phenyl group, which
enables UV absorption. Thus, this work aimed to develop
a more environmentally friendly ultrasonic-assisted derivati-
zation method for the sterols 7-dehydrocholesterol, choles-
terol, and coprostanol using benzoyl isocyanate as the
derivatizing reagent. Lake water and sediment samples were
analyzed by the HPLC-DAD to assess the practical viability of
the proposed method.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

2. Experimental

2.1 Chemical and solutions

Cholesterol (CHO), coprostanol (COP), 7-dehydrocholesterol (7-
CHO), and benzoyl isocyanate standards (purity 95-99%) were
obtained from Sigma Aldrich (St. Louis, MO, USA). Acetonitrile
(ACN), isopropanol (IPA), methanol (MeOH), and acetone are
HPLC grade. Chloroform-d (CDCl;) from Sigma Aldrich was
used for the analyses of 1H-RMN.

2.2 Instruments

A Quimis® 164 ultrasonic bath (Diadema, SP, Brazil) (Frequency
50/60Hz and capacity 2.4 L), and a Fisatom Model 801 rotary
evaporator (60Hz) were used. Attenuated total reflection Fourier
transform infrared (ATR-FTIR) analysis was carried out on
a Bruker Vertex 70 (Bruker Optics, Rheinstetten, Germany), with
a platinum ATR reflectance accessory in the range 400-
4000 cm ™. Spectra were collected with a resolution of 4 cm * and
an accumulation of 16 scans. NMR spectrometer 400 MHz with
5 mm multinuclear probe with field gradient for liquid samples
and a 5 mm multichannel probe, using CDCl; as solvent.

Chromatographic analyses were performed using a liquid
chromatograph model LC20AT, Shimadzu Prominence, Tokyo,
Japan, operating isocratically elution mode, a manual injection
valve with a 20.0 pL sample loop, and a diode array detector
(Shimadzu). A stationary phase constituted by a column CLC-
ODS C18 Kinetex Core-shell (250 mm x 4.6 mm i.d., 5 pm in
particle size) and a guard column Phenomemex (4.0 mm X
3.0 mm i.d., 5.0 um in particle size) were used.

LC-MS analyses were performed using a liquid chromato-
graph coupled to a triple quadrupole model (LC-MS-8040, Shi-
madzu, Tokyo, Japan). A CLC-ODS C18 Kinetex Core-shell
column (250 mm x 4.6 mm i.d., 5 pm in particle size) and
a Phenomenex guard column (4.0 mm x 3.0 mm i.d., 5.0 pm in
particle size) were used as the stationary phase. Acetonitrile and
isopropanol (95: 5, v/v) were used as the mobile phase in iso-
cratic mode and at a flow rate of 1.0 mL min ™, with a column
oven temperature of 40 °C.

2.3 HPLC procedure

Chromatography separation of sterols was carried out using
acetonitrile and isopropanol (95:5, v/v) as mobile phase at
isocratic mode and using a flow rate of 1.0 mL min . The
temperature of chromatographic separation (40 °C) was
controlled using a column oven. To choose the appropriate
mobile phase for sterol separation, the chromatography
parameters, relative retention time (¢,), retention factor (k),
separation factor (a), resolution (R), theoretical plate (N), and
asymmetry factor (As) were determined.>*>*

2.4 Derivatization

The molar ratio plays the most important role in the analytical
performance of the method in the derivatization reaction of
sterols (7-dehydrocholesterol, cholesterol, and coprostanol)
with benzoyl isocyanate.

RSC Adv, 2025, 15, 36428-36439 | 36429
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The first molar ratio®® investigated was 0.01 (3.39 x 10°°
moles of sterols/3.39 x 10~* moles of benzoyl isocyanate). The
compounds were accurately weighed, dissolved in acetonitrile
in a glass flask. The flask was kept in a nitrogen (N,) atmosphere
and placed in an ultrasonic bath for 30 min. After the reaction,
the solvent was evaporated under vacuum, and the product was
obtained. The derivatization reaction products obtained were
diluted in the chromatographic mobile phase (acetonitrile and
isopropanol, 95 : 5 v/v) and analyzed by HPLC-DAD.

To find the best molar ratio of sterols and benzoyl isocyanate
and ultrasonic bath time, firstly, a 2> factorial design with
a central point (—1, 0, +1) was performed. The evaluated levels
were: 0.04 (0.04 = 1.35 x 10> moles of sterol/3.39 x 10~* moles
of benzoyl isocyanate), 0.021 (0.021 = 7.13 x 10~° moles of
sterols/3.39 x 10~ * moles of benzoyl isocyanate) and 0.002 (0.002
= 6.79 x 1077 moles of sterol/3.39 x 10~* moles of benzoyl
isocyanate) and the ultrasonic bath time: 30, 50 and 70 min.

Afterwards, a new 2” factorial design with a central point
considering three levels (—1, 0, +1) for variables molar ratio
between sterols and benzoyl isocyanate: 0.021 (0.021 = 7.13 X
10~° moles of sterols/3.39 x 10~ * moles of benzoyl isocyanate),
0.04 (0.04 = 1.35 x 10~° moles of sterol/3.39 x 10~* moles of
benzoyl isocyanate) and 0.059 (0.059 = 2.00 x 10> moles of
sterol/3.39 x 10~* moles of benzoyl isocyanate) and the ultra-
sonic bath time (10, 30 and 50 min) was performed.

The final optimization was accomplished using a central
composite design (CCD)* considering five levels (-/2, —1, 0, +1,
J/2) for the variables molar ratio between sterols and benzoyl
isocyanate: 0.013 (0.013 = 4.37 x 10~ ° moles of sterol/3.39 x
10~* moles of benzoyl isocyanate), 0.021 (0.021 = 7.13 x 10~°
moles of sterols/3.39 x 10~* moles of benzoyl isocyanate), 0.04
(0.04 = 1.35 x 10> moles of sterol/3.39 x 10~* moles of benzoyl
isocyanate), 0.059 (0.059 = 2.00 x 10> moles of sterol/3.39 x
10~ moles of benzoyl isocyanate) and 0.067 (0.067 = 2.27 x 10°
moles of sterol/3.39 x 10~* moles of benzoyl isocyanate), and the
ultrasonic bath time: 2.11, 10, 30, 50 and 58.8 min.

Derringer-Suich desirability function®® was used to obtain
the best derivatization condition for multicomponent (all
sterols), by converting the chromatographic areas into the
individual desirability (d;) function and the global desirability
(D) (eqn (1) and (2)). The scale of the individual desirability
function varies between d = 0 for a completely undesirable
response and d = 1 for a completely desirable response. To
convert the individual criteria into desirability values, two types
of transformation are possible: a unilateral transformation and
a bilateral transformation. Seeking to maximize the response
(target value as the most desirable response), the unilateral
transformation was applied according to eqn (1), in which Y; is
the chromatographic area, r is the weight, and L and H are the
most undesirable and desirable responses of all experiments,
respectively.”® Weight values were the same for all sterols.

d=0,if Y,=<L

- (4l

d=1,if ¥, =L
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After calculating the desirability for each response obtained,
they must be combined into a global desirability (D), which
expresses the geometric mean of the individual desirability
values, using eqn (2).*

D=\/d"d&d&...d, ()

where m is the number of responses considered for each
experiment during optimization, and p is the weight assigned to
each response. Response surface methodology was used to
obtain the best condition for the derivatization reaction, attes-
ted by analysis of variance (ANOVA) at a confidence level of
95.0%.

2.5 Analytical parameters

Analytical parameters, including analytical curve, intra-day and
inter-day precision, and limits of detection (LD) and quantifi-
cation (LQ), were determined under the optimized conditions.
Solutions of the sterols (7-dehydrocholesterol, cholesterol, and
coprostanol), ranging from 1.0 to 300.0 mg L~ " were prepared in
acetonitrile, subjected to derivatization reaction, and analyzed
by HPLC-DAD.

The LD and LQ were determined as 3std/m and 10std/m,
respectively, where std is the standard deviation from 10
measurements of the blank and m is the slope of the analytical
curve.” After determining the LQ value, a solution at the
concentration corresponding to the LQ was prepared, and the
chromatographic determination was performed to evaluate the
effect of the theoretical LQ on the calibration curve. This
procedure allowed us to conclude that the LQ is reliable, as the
linear model of the analytical curve was preserved. The intra-day
and inter-day precision (two consecutive working days) was
assessed in terms of repeatability by analyzing (n = 10)
concentrations of 3.0 and 100.0 mg L ™", and the relative stan-
dard deviations (RSD) were determined.

2.6 Sample collection, preparation, and preservation

Water and sediment samples were collected from Londrina
(Igapo Lake, coordinates: 23°19'15.2”S 51°10'54.9”"W, Ribeirdo
Cambé, coordinates: 23°33/78.2” S 51°15’22.6” W and Cabrinha
Lake, coordinates: 23°26'54,87” S 51°14'94,68” W) in Parana
State, Brazil (Fig. 15).

Superficial water samples (30 cm below the surface) were
collected in amber bottles and filtered through a 0.45 um
Nylon® membrane to remove solid impurities. In triplicate,
50.0 mL of water samples were evaporated overnight at 50 °C,
taken up in acetonitrile, subjected to the derivatization method,
and analyzed by HPLC-DAD. The accuracy of the method was
evaluated through spiking and recovery tests, in which samples
were fortified with two concentrations (3.0 and 50.0 mg L™ ") of
sterols. Following derivatization, chromatographic analysis was
performed on the sterol-N-benzoylcarbamate forms.

Sediment samples (5.0 g), in triplicate, were submitted to
ultrasound-assisted extraction using 55.0 mL of a mixture of
methanol-acetone (1:1 v/v).*® The sediments were spiked with
a mixture of 7-dehydrocholesterol, cholesterol, and coprostanol

© 2025 The Author(s). Published by the Royal Society of Chemistry
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at a final concentration of 6.0 and 100.0 mg kg ' for each
compound. Before HPLC analysis, the slurry samples were
centrifuged for 5 min at 4000 rpm, and the supernatant was
taken up and evaporated in a rotary evaporator under vacuum.
Further, the samples were subjected to the derivatization
method and analyzed by HPLC-DAD.

3. Results and discussion

3.1 Characterization of sterol-N-benzoylcarbamate by ATR-
FTIR, and 1H-NMR

The feasibility of the reaction of sterols and benzoyl isocyanate
to form sterols-N-benzoylcarbamate compounds (Fig. 1) was
evaluated using ATR-FTIR, whose spectra are depicted in
Fig. 2S. The synthesis was carried out using the molar ratio 0.01
(3.39 x 10~® moles of sterols/3.39 x 10~* moles of benzoyl
isocyanate). The bands at 3400 cm™' are attributed to the
hydroxyl group (-OH) of the sterol molecules.*® The strong
intensity band at 2251 cm ™" for benzoyl isocyanate is charac-
teristic of the stretching vibration of the isocyanate group, while
the band at 1690 cm™" can be attributed to the vibrations of
both the -C=N- and C=O0O bonds, which are present in the
isocyanate group.’"*

The urethane bond formed between sterols and benzoyl
isocyanate can be confirmed by the absence of the isocyanate
band at 2251 cm " in the spectra of sterol-N-benzoylcarbamate
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compounds (Fig. 25-b). The band at 1777 cm ™" is attributed to
the diamide (-CO-NH-CO-), and a much lower wavenumber at
around 1650 cm ™', The NH can form a tautomer with either CO
groups, and the C=N can have two different locations (thus
a doublet). The bands 1296 cm ™" and 1024 cm ™" are attributed
to the stretching of the C-N and C-O bonds, respectively, con-
firming the formation of the urethane bond and the carbamate
structure.’"*

The 1H-NMR spectrum for benzoyl isocyanate (Fig. 3S)
shows the corresponding signals to the protons from the
aromatic ring, resulting in a multiplet of 3 signals, appearing at
7.40-7.62 6 (ppm). The 1H-NMR spectra of sterols present
similar signs in 0.63-0.69, 0.81, 0.90-0.91, 1.00-1.01, 2.28-2.37,
3.17-3.40, and 3.64-3.76 ¢ (ppm), differing by the sign that
appears approximately in the region of 5.00 § (ppm). The 7-
dehydrocholesterol presents a triplet (5.50 ¢) and multiplet
(5.59 6) in this region, and the cholesterol presents a triplet (5.31
6). The coprostanol does not show signs in this region, due to
the absence of unsaturation in the molecule.*

The 1H-NMR spectra of the sterol-N-benzoylcarbamate
compounds show the characteristic signals of their precursors.
7-Dehydrocholesteryl-N-benzoylcarbamate exhibits multiplets
at 4.76, 5.39, and 5.50 6 (ppm); cholesteryl-N-benzoylcarba-
mate shows multiplets at 4.76 and 5.36 6 (ppm); and copro-
stanolyl-N-benzoylcarbamate displays a multiplet at 4.73

6 (ppm).**
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Fig. 1 Derivatization reaction scheme between sterols and benzoyl isocyanate, forming sterol-N-benzoylcarbamate.
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3.2 Development of the HPLC-DAD method

Firstly, a preliminary evaluation of chromatographic conditions
for the determination of sterol-N-benzoylcarbamate
compounds by HPLC-DAD was performed. The molar ratio used
in the derivatization reaction was 0.01 (3.39 x 10~® moles of
sterols/3.39 x 10 * moles of benzoyl isocyanate). The chro-
matographic conditions were: mobile phase of acetonitrile and
isopropanol (80 : 20 v/v) in isocratic mode, sampling loop of 20
pL, and CLC-ODS C18 Kinetex Core-shell column at a tempera-
ture of 40 ©°C.** The concentration of the sterols, 7-
dehydrocholesterol, cholesterol, and coprostanol was set as
3.0mg L.

Under these conditions, chromatographic peaks were
observed: the first at a retention time of 2.38 min, attributed to
benzoyl isocyanate, and at 5.38 min, 4.89 min, and 5.76 min
corresponding  to  cholesteryl-N-benzoylcarbamate,  7-
dehydrocholesteryl-N-benzoylcarbamate, and coprostanolyl-N-
benzoylcarbamate, respectively (Fig. 4Sa-c). The chromato-
graphic peaks were monitored at A = 229 nm. Afterward, the
derivatization reaction was accomplished using the three sterol
compounds, cholesterol, 7-dehydrocholesterol, and copro-
stanol, at the same molar ratio of 0.01. Fig. 4Sd shows the
coelution of cholesteryl-N-benzoylcarbamate and coprostanolyl-
N-benzoylcarbamate; thus, a new separation chromatographic
condition was evaluated using acetonitrile and isopropanol
(95:5, v/v) at a flow rate of 1.0 mL min~ ', with the column
temperature set at 40 °C. Fig. 2 shows the chromatogram with
well-resolved peaks of sterol-N-benzoylcarbamate compounds.

Table 1 shows the obtained chromatographic parameters
under optimized conditions, and based on the values, effective
separation of the compounds can be attested.**>¢

Apart from FT-IR and H1 NMR spectra, LC-MS was also used
to confirm the formation of products. Thus, sterol standards

400 <
—— Mixture of the sterol-N-benzoylcarbamate (A= 229 nm)
300
i A
2 «
E
>, 200
‘®
c
i)
£
100
04
T T T
0 5 10 15
Time (min)

Fig. 2 Chromatogram of the sterols at 3.0 mg L™ after the derivati-
zation reaction, using ACN: ISO (95: 5, v/v) at 1.0 mL min~%, 40 °C, 1 =
229 nm (*¥*— benzoyl isocyanate; *-7-dehydrocholesteryl-N-ben-
zoylcarbamate; -cholesteryl-N-benzoylcarbamate, and A -copro-
stanolyl-N-benzoylcarbamate).
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were derivatized to their sterol-N-benzoylcarbamate forms to
investigate their ionization behaviour and fragmentation
pathways using LC-MS. Under optimized chromatographic
separation conditions, the sterol-N-benzoylcarbamate forms
were readily detected as the protonated molecular ion [M + HJ".
The mass spectra (Fig. 5S) of the chromatographic peak attrib-
uted to benzoyl isocyanate showed a molecular ion at m/z
149.15, a fragmentation at m/z 105.1, and a characteristic peak
at m/z 77.15, all of which are typical of aromatic isocyanates.*>*®

The ion molecular of the sterol-N-benzoylcarbamate was
detected at m/z 536.85 for the 7-dehydrocholesteryl-N-benzoyl-
carbamate (Fig. 5Sa), m/z 538.64 for the cholesteryl-N-benzoyl-
carbamate (Fig. 5Sb), and m/z 539.90 for the coprostanolyl-N-
benzoylcarbamate (Fig. 5Sc). The peak at m/z 384.90, 388.39,
and 389.98 corresponds to the elimination of benzoyl isocya-
nate from the structure of sterol-N-benzoylcarbamate. The peak
at m/z 149.95 corresponds to benzoyl isocyanate.’”**

3.3 Optimization of derivatization reaction using factorial
design and central composite design (CCD)

After establishing the best chromatographic separation condi-
tion, the optimum condition for the derivatization reaction was
evaluated by investigating the molar ratio of sterols and benzoyl
isocyanate and ultrasonic bath time. This optimization is
crucial for enhancing the detectability of chromatographic
separation and reducing the time required for the ultrasonic
bath. Fig. 3 depicts the graphical representation of the 2>
factorial design with the central point (—1, 0, +1), using the
global desirability as the response. As one can see, the more
favorable condition was obtained in the levels +1 and —1 for the
molar ratio (0.04) and ultrasonic bath time (30 min), respec-
tively. Thus, a steepest descent was carried out to move the
variables toward the region of maximum response (Fig. 4, in
red). This approach revealed a maximum response at the central
point along the path.

From the results, and to obtain a quadratic model with more
statistical parameters, the levels -\/2 and /2 from the central
composite design (CCD) were inserted in the experiment for
final optimization using response surface. Table 2 shows the
CCD design containing the chromatographic areas converted
into individual desirability (d;) and global desirability (D). The
relationship between the independent variables and the
response was calculated using a second-order polynomial
equation (eqn (3)). The feasibility of the polynomial equation
was evaluated using analysis of variance (ANOVA). The ANOVA,
presented in Table 2S, showed good determination (R* = 0.9609
and adjusted R> = 0.9217). Furthermore, the model's fit to the
experimental values was verified according to the F-test. No lack
of fit was observed, as the MQ jack of fit/MQ pure error Fatio of 2.13
was lower than the critical F; , at 95% confidence (F5 , = 19.16).

The statistical significance of the linear and quadratic terms
of the quadratic model was verified by evaluating the probability
level values (p < 0.05) using a 95% confidence interval. Values of
P < 0.05 were obtained for the variables ratio (L) and (Q), and
time (Q) (marked with * in Table 2S). Thus, eqn (3) was reduced
to eqn (4) for building the response surface (Fig. 5).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Chromatographic parameters for optimized separation by HPLC-DAD*

Parameters 7-dehydrocholesteryl-N-benzoylcarbamate Cholesteryl-N-benzoylcarbamate Coprostanolyl-N-benzoylcarbamate
Tr' 6.70 7.89 8.38

k 2.01 2.51 2.78

« — 1.24 1.11

Area (%RSD) 1.36 1.73 1.10

N 3136 3997 6767

Rs — 3.55 1.45

As 1.08 1.00 1.00

“ T, = retention time; k = retention factor (where 7}, = 2.2 is defined as the first significant baseline disturbance, corresponding to the retention
time of an unretained solution); « = separation factor; area (%RSD) = relative standard deviation for the retention time of the analyte, expressed as
a percentage; N = theoretical plates; Rs = resolution; As = asymmetry factor.

1 - 70
(0]
£ 0 450
'_

1 = 30

-1 0 1
Molar Ratio

Fig. 3 Graphical representation of 22 factorial design with the central
point, using global desirability as the response.

1
i

Time

1+

Molar Ratio

Fig. 4 Graphical representation of steepest descent of 2 factorial
design with the central point (in red), using global desirability as the
response.
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D= 0~9041i0.0446 + 0.1947i0_0273m01ar ratio*®
— 0.2917.40 03n¢molar ratio®* + 0.08421 ¢ g273time
— 0.3382i0‘0326tim62* —*0.0353i0.0386molar ratioxTime [3)

Considering the significant terms that affect the derivatiza-
tion reaction, eqn (4) was used for building the response
surface.

D= 09041:&040446 + 0.1947:&0.()2731’1'10181' ratio*
— 0.2917i0.0326m01ar ratioz* — 0.3382i0'0326tim62* [4)

The surface response shows within the experimental
domain, the critical points as being a molar ratio of 0.046
(0.046 = 1.57 x 10> moles of sterol/3.39 x 10~* moles of
benzoyl isocyanate) and 32.1 min of the ultrasonic bath. Thus,
this optimized condition was selected for the derivatization
synthesis.

Fig. 6 shows the chromatograms obtained in the absence
and presence of the derivatization reaction. More intense
chromatographic peaks for derivatized sterols were observed.
Additionally, coprostanolyl-N-benzoylcarbamate, the main
chemical marker for fecal pollution, showed a higher intensity
signal, contrasting with the absence of signal for coprostanol in
the absence of the derivatization reaction.

3.4 Analytical parameters of the derivatization method

The analytical parameters obtained under optimized conditions
are presented in Table 3, while the graphs of analytical curves
are shown in Fig. 7.

The quality of the adjustment of the experimental data ob-
tained from the analytical curves was assessed by analysis of
variance (ANOVA) at a 95% confidence level, allowing us to infer
that there is no lack of adjustment between the values predicted
by the model in terms of concentrations and the observed values,
since in all curves, the Fealculated (MQlack of adjustment/Mqure error)
(Table 3) was lower than the Fipeq = 2.75. The obtained RSD
values for interday and intraday analysis of sterol-N-benzoylcar-
bamate forms are satisfactory according to AOAC.*

The derivatization of fecal sterols using benzoyl isocyanate
demonstrated superior analytical performance compared to the

RSC Adv, 2025, 15, 36428-36439 | 36433
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Table 2 Central composite design (decoded and coded variables) and responses obtained (area for each derivatization product), and desirability

calculated
Molar Time ultrasonic 7-dehydrocholesteryl-N- Cholesteryl-N- Coprostanolyl-N- Global desirability
ratio bath (min) benzoylcarbamate benzoylcarbamate benzoylcarbamate (D)

1 0.021 10 2107 3070 4675 0.0295
(-1 (-1) 0.0559 0.0202 0.0228

2 0.021 50 4580 5134 6518 0.1712
(-1) (+1) 0.3484 0.1662 0.0867

3 0.059 10 7831 10280 15351 0.5345
(+1) (-1) 0.7329 0.5301 0.3930

4 0.059 50 8653 12055 12121 0.5348
(+1) +1 0.8301 0.6557 0.2810

5 0.04 30 8892 12452 31745 0.8301
(0) (0) 0.8702 0.6837 0.9615

6 0.04 30 9957 16923 31961 0.9844
(0) (0 0.9843 1 0.9690

7 0.04 30 10089 13048 32853 0.8987
(0) (0) 1 0.7259 1

8 0.067 30 7048 11309 14717 0.5232
2) (0 0.6403 0.6029 0.3710

9 0.04 58.28 7173 7724 10697 0.3756
(0) (+/2) 0.6551 0.3493 0.2316

10 0.013 30 2634 3331 4352 0.0376
(—V2) (0 0.1182 0.0386 0.0116

11 0.04 2.11 1634 2784 4017 0.0000
(0) (—v2) 0.0000 0.0000 0.0000

method proposed in the literature. In the study reported by
Resende et al. (2014),? the acylation was carried out with benzoyl
chloride in pyridine, and HPLC-DAD was used as an analytical
technique. In the earlier study, the LQ for cholesterol and
coprostanol were 10.82 mg L™ " and 7.28 mg L™ ", respectively,
values considerably higher than the 0.5 mg L™" achieved for
both sterols in the present work.

In another study, Dubber et al. (2024),* determined fecal
sterols by GC-MS analysis and derivatization with bi-
s(trimethylsilyl)trifluoroacetamide (BSTFA) and tri-
methylchlorosilane (1 h at 100 °C) to form trimethylsilyl
derivatives (TMCS). The LD for coprostanol was 5 mg L™ ", and
for cholesterol it was 10 mg L™

5
19
0.2
0.0
.05
4,0 14
0 45
2.0
25
30
20 5
~RS —~~>> I >05
i ' Il <02
Z < . 2 N <-0,3
SN S [1<-0,8
|<-13
<18
Il <-23

Fig. 5 Response surface obtained from central composite design.
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In the study reported by Keller and Jahreis (2004),*" the LQ
obtained was also higher (1.19-1.35 mg L ™" for cholesterol and
coprostanol), analysed by GC-MS, when compared to the
proposed method.

Overall, these findings indicate that benzoyl isocyanate
provides a more efficient and sensitive alternative for the
analysis of fecal sterols.

15000
* ——5mg L' of the 7-dehydrocholesterol and cholesterol
——5mg L of sterols-N-benzoylcarbamate
~—~ 10000
2
< A
E
g
= =
c
L
£ 50004 *
[}
m‘ o
0 I. T T T T T T T
0 2 4 6 8 10 12 14 16

Time (min)

Fig. 6 Chromatograms of sterols in the absence and the presence of
the derivatization reaction (¥*- benzoyl isocyanate; *-7-
dehydrocholesteryl-N-benzoylcarbamate; @-cholesteryl-N-benzoyl-
carbamate, and A -coprostanolyl-N-benzoylcarbamate © - 7-
dehydrocholesterol and « — cholesterol).
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Table 3 Analytical parameters of the method for the derivation of products

RSD intraday (%) RSD interday (%)

Linear range LQ LD

(mgL™) (mgL™) (mgLl™") 3mgL ' 100mgL™"' 3mgL "' 100mgL " Feuculated
7-dehydrocholesteryl-N-benzoylcarbamate  0.6-300.0 0.6 0.2 4.36 2.14 4.36 2.07 2.66
Cholesteryl-N-benzoylcarbamate 0.5-300.0 0.5 0.2 3.75 2.28 3.75 2.17 0.83
Coprostanolyl-N-benzoylcarbamate 0.5-300.0 0.5 0.2 4.57 3.82 4.57 3.53 2.47

7000004 @  7-dehydrocholesteryl-N-benzoylcarbamate
@ Cholesteryl-N-benzoylcarbamate ?
6000001 @ Coprostanolyl-N-benzoylcarbamate
)
500000 - Area =2193.3 [Coproslan;lyl—g?ggggoylcarbamale] - 3340.1
’(q\ 400000 +
2
g 300000 -
<
200000
100000
Area = 1411.7 [Cholesteryl-N-benzoylcarbamate] - 123.65
R?=0.9981
04 rea = 1304.9 [7-dehydrocholesteryl-N-benzoylcarbamate] - 75.55
R?=0.9975
-100000 T T T T T T T
0 50 100 150 200 250 300

Concentration of sterol-N-benzoylcarbamate (mg L")

Fig. 7 Analytical curves of the method for the derivatization of sterols
analysed in sterol-N-benzoylcarbamate forms.

3.5 Analysis of lake surface water and sediment samples

The interference-free determination of sterols, as well as the
efficiency of the derivatization reaction was evaluated using the
proposed method through the analysis of real samples,
including lake surface water and sediment. The samples were
spiked with known concentrations of sterols, and recovery
values were calculated using the external calibration curve
(Fig. 7). As shown in Table 4, recoveries ranging from 91 to
108% were obtained, within acceptable recovery according to
AOAC,* attesting to the feasibility of the proposed method. The
chromatograms of the samples are depicted in Fig. 8, which also
demonstrates the efficient chromatographic separation.
Previous studies have reported the presence of coprostanol
and cholesterol in surface lake sediments at concentrations of
9.24 and 63.64 mg kg™, respectively. Other studies reported
concentrations of 1.94 mg kg~ " of coprostanol and 1.54 mg kg~
of cholesterol in sediment samples.”* Coprostanol alone was
detected at 13.8 mg kg™ " in surface sediments.* These findings

Table 4 Analysis of lake water and sediment samples and recovery values (n = 3)

Lake Igapo Lake Cabrinha Ribeirdo Cambé

Concentration Concentration Recovery Concentration Recovery Concentration Recovery
added found (%) found (%) found (%)

7-dehydrocholesteryl-N-benzoylcarbamate

Water (mg L) — <LD — <LD — <LD —
3.0 31+0.1 103 2.8+ 0.1 92 2.9+0.1 95
50.0 48.8 £ 0.1 97 47.8 £0.1 95 51.1 £ 0.1 102

Sediments (mg kg™ ") <LD — <LD — <LD —
6.0 5.6 £ 0.1 93 5.5 £ 0.1 92 6.5 £ 0.1 108
100.0 93.7 £ 0.1 93 95.5 + 0.1 95 101.3 £ 0.1 101

Cholesteryl-N-benzoylcarbamate

Water (mg L) — <LD — <LD — <LD —
3.0 2.9 +0.1 97 3.2+0.1 105 3.2+0.1 105
50.0 54.2 £ 0.2 108 48.7 £ 0.1 97 45.9 £0.1 91

Sediments (mg kg™ ") — <LD — <LD — <LD —
6.0 5.4 £ 0.1 91 5.5 £ 0.1 92 6.4 £ 0.1 106
100.0 101.7 £ 0.1 101 102.2 £ 0.1 102 91.9 £ 0.1 91

Coprostanolyl-N-benzoylcarbamate

Water (mg L) — <LD — <LD — <LD —
3.0 31+01 102 3.0+ 0.1 100 3.0+0.1 101
50.0 49.9 + 0.1 99 51.9 + 0.2 103 52.8 £ 0.1 105

Sediments (mg kg™ ") — <LD — <LD — <LD —
6.0 6.4 £ 0.1 107 6.1 £ 0.1 98 6.1 £ 0.1 101
100.0 108.7 £ 0.1 108 107.6 £ 0.1 107 105.7 £ 0.1 105

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Chromatograms from the analysis of surface water sample and sediments (*~ benzoyl isocyanate; *-7-dehydrocholesteryl-N-ben-
zoylcarbamate; ®-cholesteryl-N-benzoylcarbamate, and A -coprostanolyl-N-benzoylcarbamate).

confirm the method's suitability for detecting fecal contami-
nation based on the analytical parameters obtained.

3.6 Assessment of methods' greenness profile

Analytical Greenness (AGREE)* and Blue Applicability Grade
Index (BAGI)** were employed to assess the greenness of the
developed method. AGREE's measuring instrument rates the 12
GAC (green analytical chemistry) principles on a standard scale

36436 | RSC Adv, 2025, 15, 36428-36439

from 0 to 1, with 1 representing the greatest result and 0 rep-
resenting the poorest. The different stages are represented by
a color scale of green, yellow, and red. The result is a clock-like
graph, with the total score and corresponding color displayed at
the center. A score that is closer to one indicates greener
conditions. Therefore, the sample pretreatment procedure that
scores higher is more ecologically friendly.*

Blue Applicability Grade Index (BAGI) is software that
assesses the practicality of analytical procedures. It evaluates

© 2025 The Author(s). Published by the Royal Society of Chemistry
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various metrics, including the type of analysis, sample prepa-
ration techniques, number of steps involved, samples analysed
per hour, sample volume, required preconcentration, instru-
ments needed, and the level of automation.*® In the present
method, a score of 0.54 and 70 from the AGREE and BAGI
methods, respectively, were obtained (Table 5).

The obtained result using the AGREE method is satisfactory,
especially considering the use of HPLC-DAD, which involves
organic solvents and is time-consuming. According to the BAGI
data, the score of 70 falls within the accepted range of appli-
cability, which typically spans from 25 to 100. Scores below 25
suggest limited applicability, whereas a score of 100 indicates
excellent applicability.*®

The proposed method, in comparison with other derivati-
zation methods toward sterols determination by GC-FID, GC-
MS and HPLC-UV, presents higher greenness and is less-time
consuming.

4. Conclusions

This study demonstrated a novel and successful derivatization
reaction method using benzoyl isocyanate as a derivatizing
reagent toward sterol determination by HPLC-DAD. Chemo-
metric tools were critical in optimizing the derivatization reac-
tion, emphasizing low-reagent consumption and low reaction
time. Furthermore, the greenness profile of the method was
superior to other previously published methods, highlighting
its more environmentally friendly appeal. The method demon-
strated satisfactory figures of merit, and it was able to determine
sterols in lake surface water and sediments without matrix
effects. These results underscore the potential of the innovative
method for assessing fecal pollution in environmental samples.
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