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The employment of the flow N-acyl amidation of natural bile acids (BAs) required the in-line connection

with suitable analytical tools enabling the determination of reaction yields as well as of the purity

grade of the synthesized glyco- and tauro-conjugated derivatives. In this framework, a unique HPLC

method was successfully established and validated for ursodeoxycholic (UDCA), chenodeoxycholic

(CDCA), deoxycholic (DCA) and cholic (CA) acids, as well as the corresponding glyco- and tauro-

conjugated forms. Because of the shared absence of relevant chromophoric moieties in the sample

structure, an evaporative light scattering detector (ELSD) was profitably utilized for the analysis of such

steroidal species. For each of the investigated compounds, all the runs were contemporarily carried out

on the acidic free and the two relative conjugated variants. The different ELSD response of the free and

the corresponding conjugated BAs, imposed to build-up separate calibration curves. In all the cases,

very good precision (RSD% values ranging from 1.04 to 6.40% in the long-period) and accuracy

(Recovery% values ranging from 96.03 to 111.14% in the long-period) values along with appreciably

low LOD and LOQ values (the former being within the range 1–27 ng mL�1 and the latter within the

range 2–44 ng mL�1) turned out.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Bile acids (BAs) are the catabolic product of hepatic cholesterol
and represent the principal active components of bile. Placed at
the interface between nutrient absorption and metabolism, they
act as natural detergents that, when released into the intestine
following a meal, facilitate the absorption of dietary lipids and
fat-soluble nutrients [1–3]. A number of recent evidences have led
to a profound revolution in the BA research, being now considered
the key players of a variety of paracrine and endocrine functions
related to the lipid and glucose, and the regulation of the immune
system [4], and stimulating, as a consequence, the development
of new efficient methodologies for the preparation and analysis of
BA analogs of bio-pharmacological interest [5–10].

In this framework, we recently reported a one-pot process for
the production of highly pure glyco- and tauro-conjugated bile
salts (BSs) using a continuous flow approach [11]. Advantages of
our method compared to previous batch mode approaches
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include the low cost and efficiency, the rapid optimization and
precise control of the reaction conditions, the possibility to scale-
up and continually process material on-demand with high yield
and purity. The rapid and easy access to BA conjugates not only
will help the candidate selection of BA analogs as therapeutic
agents in the treatment of metabolic and liver diseases [5–8], but
it will also fill the constant request of these compounds for the
detection of inborn errors of BA synthesis and metabolism [12],
for the spectrometric determination of plasma levels of BAs [13],
as well as for the study of bacterial overgrowth in the gastro-
intestinal tract [14].

The employment of flow chemistry in the process optimization
of the BA N-acyl amidation required the validation of an in-line

HPLC method for the rapid and effective determination of the
reaction yields as well as of the purity grade of the synthesized
conjugates under different flow set-ups and experimental condi-
tions. In this context, a unique HPLC method was successfully
established and validated for ursodeoxycholic (UDCA), cheno-
deoxycholic (CDCA), deoxycholic (DCA), cholic (CA) acids and for
the corresponding glyco- and tauro-conjugated forms (Fig. 1),
which allowed a fast access to the knowledge of the quality of a
given synthesis process.

Because of the shared absence of relevant chromophoric
moieties in the sample structure, an evaporative light scattering
detector (ELSD) was profitably utilized for the analysis of such
steroidal species. Besides the repeatedly proven effectiveness of



Fig. 1. Compounds investigated in this study.
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ELSD for the analysis of BAs and their derivatives [15–27], the
employment of this ‘‘mass-sensitive’’ device also meets an
advantageous cost-benefit compromise which makes it particu-
larly attractive over mass stectrometer (MS) and charged aerosol
detectors [15,28]. A major downside of ELSD is that no spectral
information can be acquired, thus unabling to identify a certain
peak or perform peak purity analysis as with MS or diod array
(DAD) detectors. However, when used for assisting synthesis
procedures, peak identification with HPLC/ELSD systems can be
made basing on the retention time and co-injection with standard
solutions [28].

For each of the compounds investigated in this study (Fig. 1),
all the runs were contemporarily carried out on the acidic free
and the two relative conjugated species. Analogously with other
studies on structurally related compounds [24,29,30], also for BAs
a different ELSD response from the free and the corresponding
conjugated variants was observed. As a consequence of this
evidence, the build-up of separate calibration curves was strictly
required. In all the cases, very good precision and accuracy
(evaluated both in the short and long period) along with remark-
ably low LOD and LOQ values were obtained.

The present study represents the first example of fully vali-
dated RP-HPLC/ELSD methods to apply to the simultaneous
analysis of the main unconjugated human BAs and their corre-
sponding glyco- and tauro-conjugated metabolites.

1.1. HPLC/ELSD- and UPLC/ELSD-based applications to BA analysis

BAs and derivatives belong to a very heterogeneous class of
compounds in terms of both hydrophobic/hydrophilic balance
extent and UV sorption power [31]. Focusing on the latter and
accounting for the scarce sensitivity mainly for compounds which
are devoid of chromophoric moieties, UV detection of unlabeled
species can be however engaged in the range of 200–210 nm for
analyses on glyco- and tauro-conjugated species [15]. Conversely,
as previously advanced, this comes to be completely ineffective
for the unconjugated ones [15].

In the early 90’s, Roda and co-workers [21] reported for the
first time on the extraordinary advantages deriving from the
utilization of a HPLC/ELSD system for the simultaneous analysis
of an intricate mixture of amidated and free BAs. The authors
clearly emphasized on the remarkable gain concerning the limit
of detection (which also resulted comparable for compounds
belonging to the two subclasses) as well as the compatibility
with gradient elution-mode analyses. This latter aspect is highly
instrumental when assays on hydrophobically different analytes
are planned. Although the noteworthy benefits, only a limited
number of applications dealing with HPLC/ELSD analyses on BAs
and their derivatives was reported in the following years, with
respect to those based on MS detection. Some of the most
relevant contributions are briefly summarized in the following
discussion.

Very interestingly, Kakiyama and co-workers [15] described a
direct and effective RP-HPLC/ELSD method for the separation and
quantification of a series of 24-acyl glycoside BAs derivatives,
which can be classified among the BAs metabolites. Besides the
very low determined detection limits, the authors claimed on the
possibility to simultaneously analyze physico-chemically diverse
BAs through defined gradient elution runs.

Yan and co-workers [24] proposed a liquid chromatographic
method for the simultaneous quantification of nine ingredients in
19 different Qingkailing injection samples. Coupling a DAD with
an ELSD permitted the determination, among others, of three
structurally different unconjugated BAs which through a synergic
effect render this well-known composite formula of the tradi-
tional Chinese medicine successful in the clinical treatment of
several pathologies such as hepatitis, encephalitis, cerebral
thrombosis.

By means of a HPLC/ELSD apparatus, Hong and co-workers
[17] efficiently monitorized the effect exerted by a soluble dietary
fiber (HydroxyPropyl MethylCellulose, HPMC) on excreted lipid in
feces. With the aim to control the incidence of diet on the lipid
adsorption as well as the profile of the fecal components, the
author claimed the established method highly suitable, inter alia,
for routine screening of the two secondary fecal BAs, namely DCA
and lithocholic acid (LCA). The very low limits of detection and
the possibility to operate in a gradient elution-mode were
specifically remarked by the authors.

For the first time in 2003 Criado and co-workers [18] proposed
the direct and automated ELSD screening of 10 primary and
secondary BAs, directly from lyophilized biological fluids (serum
and urine). The chromatographic step was successfully accom-
plished by means of a RP-HPLC gradient elution analysis and the
ELSD furnished very appreciable detection limits for all the
distinguished steroidal compounds. Worth mentioning in this
study is the set-up of a very intriguing FI/HPLC/ELSD integrated
apparatus which proved to be helpful in speeding-up the diag-
nosis of hepatobiliary disease and other gastro-intestinal
problems.

Valuable contributions in this field were also given by the Xiao
group. Accordingly, the authors proposed an effective gradient
RP-UPLC method for the simultaneous determination of four
unconjugated and one conjugated BAs in Calculus bovis and its
medicinal preparation [25]. The validated chromatographic
method provided the efficient base-line separation of the above
five species within a very short analysis time. Worth to be
mentioned are also the particularly appreciable detection and
quantitation limits obtained. A very efficient gradient RP-UPLC/
ELSD was established and validated by the same group to fully
resolve a more intricate mixture of seven components, encom-
passing five unconjugated and one conjugated BAs, contained in
natural Calculus bovis and its substitutes or spurious breeds [26].
Very fruitfully, by applying the PCA statistical method, the
authors fulfilled the scope to discriminate Calculus bovis samples
and its substitutes or spurious breeds, thus contributing to
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provide some references for the quality control of Calculus bovis

and other Chinese medicinal products. More recently, the same
authors successfully applied an efficient RP-UPLC/ELSD method to
establish the fingerprints of artificial Calculus bovis extracts from
different extraction solvents [27]. The anti-bacterial activity of
these extracts on Staphylococcus aureus growth was studied
through microcalorimetric analysis, revealing that sodium
taurocholate (TCANa), CA and CDCA represent the major anti-
bacterial components in artificial Calculus bovis.

The re-flourished interest towards the BAs as versatile signal-
ing hormones endowed with diverse endocrine functions stimu-
lated us in the development of reliable analytical protocols to
apply in monitoring the synthesis of new BA-based receptor
modulators [19]. On this basis, a HPLC/ELSD study was engaged
with the aim to set-up suitable chromatographic conditions for
the analysis of three different epimeric couples of 23-methyl-
substituted unconjugated BAs. Accordingly, three different methods
were successfully established and then validated, assuring appreci-
able levels of precision and accuracy along with low LOD and LOQ
values. Moreover, with the aim to avail of a chromatographic
parameter enabling fast and reliable information on the critical
micellar concentration (CMC) of pharmaceutically relevant uncon-
jugated BAs, we recently developed a gradient RP-HPLC/ELSD
method [20]. The statistically relevant mathematical relationship
obtained between spectrophotometric CMCs and ‘‘chromatographic
hydrophobicity index (CHI)’’ values can be of aid to rationally direct
the synthesis of new BAs, mainly during the early stages of the
drug-discovery process.
Table 1
Selected chromatographic data (retention factor k, separation

factor a, and resolution factor RS values) obtained in the analysis

of the investigated compounds 1–12.

Compound # Selected chromatographic parameters

k a RS

1 0.79

2 2.18 2.76 16.77

3 6.50 2.98 33.07

4 1.86

5 5.19 2.79 24.54

6 15.97 3.08 37.18

7 2.22

8 5.96 2.68 24.93

9 17.49 2.93 35.23

10 0.72

11 1.78 2.47 12.09

12 4.69 2.63 22.22
2. Materials and methods

2.1. Chemicals

All the reagents used to build-up the calibration curves were of
analytical grade. Acetonitrile (MeCN), Ammonium formate
(HCO2NH4), and formic acid (HCO2H) were purchased from
Sigma–Aldrich (Milano, Italy). HPLC-grade water was obtained
from a tandem Milli-Ro/Milli-Q apparatus (Millipore, Bedford,
MA, USA). Standard free and conjugated bile acids were kindly
provided by Erregierre (Bergamo, Italy).

2.2. Instrumentation

The analytical HPLC measurements were made on a Shimadzu
(Kyoto, Japan) LC-20A Prominence equipped with a CBM-20A
communication bus module, two LC-20AD dual piston pumps,
and a Rheodyne 7725i injector (Rheodyne Inc., Cotati, CA, USA)
with a 20 mL stainless steel loop.

A Varian 385-LC evaporative light scattering detector (ELSD)
(Agilent Technologies, Santa Clara, CA, USA) was utilized for the
analyses. The analog-to-digital conversion of the output signal
from the ELSD was allowed by a common interface device. The
adopted ELSD conditions for the analysis of all BAs were: 30 1C
nebulization temperature, 50 1C evaporation temperature,
1.5 L min�1 gas flow rate (air) and 2.0 as the gain factor.

A GraceSmart RP18 column (Grace, Sedriano, Italy)
250�4.6 mm i.d., 5 mm, 100 Å was used as the analytical column.
The column temperature was controlled through a Grace
(Sedriano, Italy) heather/chiller (Model 7956R) thermostat.

2.3. RP-HPLC isocratic analysis

The mobile phase was prepared by dissolving HCO2NH4 in a
H2O/MeCN—60/40 (v/v) solution so as to get a 50 mM buffer
concentration; then, the apparent pH [s

wpH, that is the one
measured in the employed hydro-organic mobile phase (s), while
the calibration of the pH system was done in water (w)] was
adjusted to 3.5 with HCO2H. The analyses were carried out at a
1.0 mL min�1 eluent flow rate after previous conditioning by
passing through the column the selected mobile phase for at
least 30 min at the same eluent velocity. Before being used, all the
mobile phases were always filtered through a 0.22 mm Millipore
filter (Bedford, MA, USA) and then degassed with 20 min sonica-
tion. All the analyses were conducted at a 25 1C column
temperature.

2.4. Selected chromatographic parameters

All the following chromatographic parameters were calculated
according to the German Pharmacopeia (DAB). The retention factor
(k) values were computed by taking the retention time (tR) at the
peak maximum. Separation factor (a) and resolution factor (RS)
values were computed from the following Eqs. (1) and (2):

a¼ k2

k1
ð1Þ

RS ¼ 1:18
tR�tRp

W0:5þWp0:5

ð2Þ

where k1 is the retention factor of the first eluted compound for
each of the considered couples, k2 is the retention factor of the
second eluted compound for each of the considered couples, W0.5 is
the width of the peak at the position of 50% peak height, Wp0.5 is
the width of the peak at the position of previous 50% peak height
and tRp is the retention time of the first eluted peak within each
considered couple.
3. Results and discussion

By taking into account the different lipophilicity and pKa value
between the free and the corresponding amidated BAs [31], the
preliminary identification of an unique mobile phase composition
enabling the separate isocratic resolution of each of the four
triplets of compounds was thought to be an essential step for a
rapid evaluation of all the experienced synthetic procedures.
Therefore, with the aid of opportunely prepared sample mixtures,
containing the free BA and the corresponding glyco- and tauro-
derivative, a suitable eluent composition was established (see
Experimental part for details), which allowed in all the cases the
peak resolution within usable retention times (Table 1). With the



R. Sardella et al. / Talanta 100 (2012) 364–371 367
selected eluent mixture, the following elution order turned out
for all triplets of compounds: tauro-conjugated derivative
oglyco-conjugated derivativeofree form. Due to the eluent
conditions, all compounds were predominantly present in their
acidic form during HPLC analysis.

Moreover, being aware that the gas flow rate along with the
nebulization and the evaporation temperatures markedly affect
the response efficiency of ELSD [22,32], preliminary efforts were
also addressed to establish the best detection set-up compromise
for all the investigated compounds (see Experimental part for
details). To rely upon the air as the gas carrier instead of the more
common nitrogen [19,20,33] was dictated by practical and eco-
nomical reasons. In comparison with other applications with
similar eluent systems [24,34], running the analyses at a lower
evaporation temperature (50 1C) was made possible by the
nebulization temperature being tuneable.

More in depth, as a result of the technological peculiarity of
the employed ELSD, a more fruitful control of the atomization
process (that is the droplet dimension) and, in turn, of the
following solvent evaporation step [19,20] is allowed.

Since ELSD does not provide any structural information, for all
compounds the peak identification was based on retention time
and co-injection with standard solutions.

3.1. Method validation

3.1.1. Selectivity

Aimed at identifying the presence of interference peaks within
the investigated analysis time, three chromatograms of the
selected solvent blank (namely the eluent system) were consecu-
tively run. The peaks obtained (with very small areas in arbitrary
units) did not overlap those corresponding to the submitted 12
compounds.

Moreover, very appreciable separation (a) and resolution
factor (RS) values between the peaks from each of the four
submitted triplets of samples (Table 1) were achieved with the
selected eluent system.

On this basis, the established method can be regarded as
highly selective for the purpose of the present study.

3.1.2. Linearity

With the same modus operandi, independent sets of analyses
were performed on the 12 compounds. In all the cases, five
calibration standards having concentration values uniformly
spanning within the ranges specified in Table 2 were used.

For each BA, the concentration range of the corresponding
linearity curve was adapted to the compound concentration as
provided by the flow reactor output after acidification. More in
Table 2
Calibration data for compounds 1–12: regression equations, correlation coefficient (R2

Compound # Regression equation R2

1 y¼2.25 (70.03)xþ2.56 (70.04) 0.997

2 y¼1.66 (70.01)xþ2.58 (70.03) 0.999

3 y¼1.71 (70.02)xþ2.47 (70.04) 0.998

4 y¼1.40 (70.02)xþ3.16 (70.05) 0.996

5 y¼1.77 (70.01)xþ2.15 (70.02) 0.999

6 y¼1.56 (70.04)xþ2.77 (70.08) 0.992

7 y¼1.39 (70.04)xþ3.00 (70.08) 0.989

8 y¼1.77 (70.01)xþ2.31 (70.02) 0.999

9 y¼1.67 (70.01)xþ2.68 (70.02) 0.999

10 y¼1.45 (70.03)xþ2.98 (70.05) 0.993

11 y¼1.73 (70.02)xþ2.63 (70.03) 0.999

12 y¼1.73 (70.01)xþ2.66 (70.02) 0.999
depth, the extreme concentration values of each range were
established as the ones approximately producing a 5 to 15 folds
lower and higher peak area value than that generated by the
compound solution. The direct analysis of the sample solution
was deemed to be of essential importance to speed-up as much as
possible the control of a given synthetic process. Moreover, it
should be stated that to consider wide concentration ranges for
the unconjugated free forms was not strictly required due to their
nature as impurity in each synthetic procedure.

In contrast to conventional UV detectors where a linear
correlation between the peak area response (A) and the analyte
mass (m) occurs, the relationship between the output signal and
the amount of mass present in an ELSD device is of a non-linear
nature [28,32,35]. Indeed, peak area values are correlated to the
corresponding analyte mass (or concentration) quantities by the
well-established exponential curve as follow Eq. (3):

A¼ amb ð3Þ

where the value of the a and b coefficients strictly depends on
both the sample nature and the selected analysis conditions.

The exponential profile of the peak area vs analyte concentra-
tion plots is exemplarily shown in Fig. 2a for UDCA (1) and the
corresponding glyco (2)- and tauro (3)-conjugated forms and in
Fig. 2b for CA (10) and the corresponding glyco (11) and tauro
(12)-conjugated.

After the log–log transformation of Eq. (3) being carried out
[28,32,35], thus affording the general Eq. (4)

log A¼ blog mþ log a ð4Þ

linear curves were obtained (R2 values within the range
0.989–0.999) (Table 2), and then profitably used for the method
validation study. All the calibration standards were analyzed in
triplicate and the average value of the corresponding peak area
utilized to build-up the regression line.

As far as the equations in Table 2 are concerned, while y

represents the log value of the peak area, x corresponds to the log
transformation of the sample concentration value. Evidently, even
subtle variations in the analyte structure (Fig. 1) can generate
different calibration curves, which is in line with the observation
reported by other authors [24,29,30]. Inherently, more relevant
differences were found between the unconjugated species and the
corresponding conjugated variants (Table 2).

With the aid of equally concentrated solutions of 1, 2 and 3
(Fig. 3a), and 10, 11 and 12 (Fig. 3b), the dissimilar ELSD signal
output at the fixed analysis conditions is exemplarily shown,
which is consistent with the slope value ranking of the relative
regression equation in Table 2.
) values, explored linearity ranges, LOD and LOQ values.

Linearity range (mg mL�1) LOD (ng mL�1) LOQ (ng mL�1)

10–60 27 44

40–240 5 9

40–240 7 14

40–240 1 2

40–240 9 17

40–240 5 9

40–240 2 4

60–320 7 14

40–240 3 6

8–60 2 5

20–120 6 12

20–120 4 8



Fig. 2. Linear calibration curves obtained for (a) UDCA (1) and its glyco (2) and

tauro (3) conjugates and (b) CA (10) and its glyco (11) and tauro conjugates.

Fig. 3. Chromatographic trace obtained with solutions of (a) equally concentrated

UDCA (1) and its glyco (2) and tauro (3) conjugates and (b) equally concentrated

CA (10) and its glyco (11) and tauro (12) conjugates.
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3.1.3. LOD and LOQ

By utilizing the mathematical models (regression equations)
reported in Table 2, very appreciable LOD and LOQ values (the
former being within the range 1–27 ng mL�1 and the latter
within the range 2–44 ng mL�1, Table 2) were determined.

Interestingly, despite their very similar regression equations
(Table 2), different LOD and LOQ values were instead computed
for GCA (11) and TCA (12). This finding is explained by the
different value of the standard error (sy) of the corresponding
regression (0.02 and 0.01 for 11 and 12, respectively), which is
included in the following Eqs. (5) and (6)

CLOD ¼ 3:3
sy

b
ð5Þ

CLOD ¼ 10
sy

b
ð6Þ

where CLOD and CLOQ are the sample concentrations corresponding
to the LOD and LOQ, respectively, and b is the slope of the relative
calibration equation (Table 2).

3.1.4. Intra-day and inter-day precision

Intra-day precision was assessed for each of the twelve
investigated compounds by using of the appropriate calibration
curve as formalized by the equations listed in Table 2. For all
compounds, an external set of two control solutions with con-
centration as indicated in Table 3 was run in triplicate (n¼3)
within a period of approximately 2–4 h, depending on the reten-
tion time of the specific BA to be analyzed. The procedure was
repeated for a period of three consecutive days. The previously
obtained mathematical models (Table 2) were then used to
calculate the concentrations of the control solutions (mean
observed concentrations, Table 3).

The intra-day precision was evaluated as the relative standard
deviation (RSD%) among the concentration values achieved from
consecutive injections. For each control solution, the variation
within replicate injections performed during a three consecutive
day period (and hence a total of nine injections, n¼9) was used to
calculate the inter-day precision.

As shown in Table 3, a comparable and very appreciable range
of variation in the RSD% values was observed during the con-
secutive three days of analysis: 0.27–4.00% for day 1, 0.27–5.15%
for day 2, and 0.35–5.22% for day 3. This, in turn, clearly indicates
a highly reproducible detector response, which ensures a profit-
able stability of the HPLC/ELSD method under validation.

In accordance with the estimated intra-day precision results,
satisfactory RSD% values (ranging from 1.04 to 6.40%) were also
recorded when the long term (inter-day) precision was evaluated
(Table 4).

In Fig. 4a, the average RSD% value of the long-term period is
reported for each compound. Clearly, for 4 and 7 the method
resulted less precise than the overall average precision (corre-
sponding the RSD% to 3.20 and evidenced by the dotted line).
By contrast, the method was found on the average more precise
for 9 and 12.

3.1.5. Intra-day and inter-day accuracy

The ‘‘Recovery test’’ approach (percentage recovery) [28] was
selected to estimate the accuracy of the established HPLC/ELSD
method. For each determination, the value was calculated accord-
ing to the following formula Eq. (7)

Recovery%¼
Cmeasured

Ctheoretical
100 ð7Þ

where Cmeasured represents the sample concentration as calculated
through the regression equation in Table 3 (mean observed
concentration), while Ctheoretical corresponds to the concentration
of the employed external test solution (theoretical concentration).

By analogy with the estimation of short and long term
precision, intra-day and inter-day accuracy were also calculated
with the same external solutions (Table 3). Accordingly, while the
former was determined by taking into account the three runs for
each control solution within a single day (n¼3), for the latter, the
average value from nine (n¼9) determinations (during the three
days of analysis) was considered.

While the percentage recovery lay between 90.87 and 107.37%
during the first day of analysis (day 1, Table 3), the value varied



Table 3
Statistical analysis for compounds 1–12 in the short period (intra-day precision and accuracy values).

Compound # Solution Theoretical

concentration (mg mL�1)

Day Mean observed

concentration (mg mL�1)

na Precision (RSD%) Accuracy

(Recovery%)

1 1 15 1 14.87 3 2.35 99.16

2 14.72 0.48 98.15

3 16.22 2.53 108.06

2 40 1 40.71 3 1.18 101.78

2 39.22 1.22 98.03

3 42.14 1.78 105.35

2 1 60 1 54.52 3 4.00 90.87

2 59.76 2.44 99.60

3 59.07 1.03 98.45

2 160 1 158.49 3 0.83 99.06

2 158.87 1.82 99.30

3 158.74 1.16 99.21

3 1 60 1 63.63 3 0.27 106.05

2 61.04 1.16 101.67

3 59.64 2.98 99.38

2 160 1 169.59 3 0.53 105.98

2 158.21 0.83 98.83

3 161.97 0.35 101.21

4 1 60 1 59.96 3 1.05 99.97

2 64.04 1.58 106.71

3 64.58 0.74 107.69

2 160 1 161.85 3 0.81 101.21

2 166.09 1.46 103.81

3 185.52 1.05 115.85

5 1 60 1 61.31 3 2.76 102.24

2 61.54 5.15 102.54

3 65.05 1.31 108.45

2 160 1 159.61 3 2.93 99.85

2 161.27 1.39 100.83

3 168.86 1.92 105.58

6 1 60 1 57.02 3 1.16 95.11

2 59.22 2.86 98.62

3 62.63 1.61 104.37

2 160 1 171.71 3 1.19 107.37

2 178.98 2.78 111.94

3 182.56 1.75 114.12

7 1 60 1 60.05 3 2.51 100.14

2 58.74 3.92 97.89

3 54.04 0.70 90.06

2 160 1 155.16 3 2.62 97.05

2 163.33 2.91 102.02

3 164.52 3.24 102.89

8 1 80 1 81.48 3 2.63 101.71

2 79.58 3.24 99.4

3 81.17 5.22 101.39

2 240 1 239.44 3 1.39 99.65

2 240.47 0.93 100.11

3 241.16 1.61 100.48

9 1 60 1 58.85 3 1.95 98.07

2 57.95 3.17 98.68

3 58.64 2.32 97.78

2 160 1 161.70 3 1.41 101.21

2 162.71 1.16 101.76

3 164.67 1.30 104.00

10 1 14 1 14.12 3 1.84 100.83

2 13.99 2.65 99.91

3 14.56 2.43 103.97

2 40 1 39.42 3 2.69 98.56

2 40.01 0.40 99.99

3 41.37 0.75 103.34

11 1 30 1 29.58 3 2.91 98.63

2 30.47 4.24 101.5

3 30.74 1.53 102.47

2 80 1 81.13 3 1.08 101.45

2 83.19 1.06 103.97

3 84.23 0.94 105.26

12 1 30 1 29.58 3 0.91 98.60

2 29.76 0.34 99.13

3 30.12 0.83 100.44

2 80 1 78.38 3 1.00 97.93

2 81.73 0.27 102.15

3 81.69 1.06 102.23

a Number of replicates.
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Table 4
Statistical analysis for compounds 1–12 in the long period (inter-day precision and accuracy values).

Compound # Solution Theoretical concentration (mg mL�1) Mean observed concentration (mg mL�1) na Precision (RSD%) Accuracy (Recovery%)

1 1 15 15.27 9 4.98 101.79

2 40 40.69 3.37 101.72

2 1 60 57.76 9 4.86 96.31

2 160 158.69 1.16 99.19

3 1 60 61.44 9 3.27 102.37

2 160 163.26 3.13 102.00

4 1 60 62.86 9 3.63 104.79

2 160 171.16 6.4 106.96

5 1 60 62.63 9 4.13 104.41

2 160 163.25 3.21 102.09

6 1 60 59.63 9 4.43 99.36

2 160 177.75 3.20 111.14

7 1 60 57.61 9 5.35 96.03

2 160 161.00 3.73 100.65

8 1 80 80.74 9 3.51 100.83

2 240 240.36 1.21 100.06

9 1 60 58.48 9 2.29 97.51

2 160 163.03 1.39 101.02

10 1 14 14.05 9 2.74 101.58

2 40 40.27 2.52 100.63

11 1 30 30.26 9 3.17 100.87

2 80 82.85 1.85 103.56

12 1 30 29.82 9 1.04 99.39

2 80 80.60 2.25 100.77

a Number of replicates.

Fig. 4. Average (a) RSD% and (b) Recovery% values of compounds 1–12, deter-

mined in the long period. Dotted lines indicate the corresponding overall

average value.
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within a narrower range during day 2, being it included in
between 97.89 and 111.94%. The broadest interval of variation
occurred during day 3: 90.06–115.85% (Table 3).

A good accuracy was also computed in the long term (inter-
day) period, spanning the Recovery% in the range 96.03–111.14%
(Table 4).

In the long period, the overall average Recovery% was calcu-
lated as equal to 101.46 (Fig. 4b). Moreover, the developed HPLC/
ELSD method was found on the average to be less accurate for
2, 4, 6 and 7, with respect to the other compounds.
4. Conclusions

As a continuing interest in BAs field, we have reported a
validated HPLC/ELSD method for a rapid in-line screening of
diverse synthetic procedures, thus contributing to identify opti-
mal experimental conditions for the synthesis of amidated BA
derivatives by using a continuous flow approach. On the basis of
the high quality of the validated method (RSD % and Recovery% in
the long period spanning, respectively, in the range 1.04%–6.40%
and 96.03%–111.14%; LOD and LOQ values within the range 1–
27 ng mL�1 and 2�44 ng mL�1, respectively), along with the
recognized advantages of ELSD over other types of detectors,
analog analytical approaches will be electively pursued for future
flow synthesis-based production of BA derivatives of biological
interest.
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