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Two hydrophilic interaction liquid chromatography (HILIC) methods for simultaneous determina-
tion of the major alkaloids (morphine, codeine, thebaine, oripavine, papaverine and noscapine) present in
opium poppy straw (Papaver somniferum L., Papaveraceae) were developed. The chromatographic be-
havior of the target alkaloids was investigated on two different HILIC stationary phases (bare silica, Si-
HILIC; zwitterionic, ZIC-HILIC) and systematic optimization carried out using chemometrics. A full fac-
torial design of the experiments was utilized to assess the influence of acetonitrile content, ionic strength
and pH of the mobile phase buffer on the critical resolutions and relevant retention factors. Central com-
posite circumscribed design of experiments was used for robustness testing during method validation. The
separation of alkaloids was obtained within a close retention window on both columns with optimized
gradient elution, though the ZIC-HILIC method had advantages over Si-HILIC method in terms of sensi-
tivity, robustness and cost. This method was found suitable for the determination of the morphinan alka-
loids in poppy straw.
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XEMOMETPUCKHU ITPUCTAII 3A PA3BOJ, OITUMHN3AIINJA U BAJIMJIALIMJA
HA HILIC-METO/IA 3A OITPEJIEJTYBAIBE AJIKAJIOUIN OJ AGMOHOBHU YYILIKHA

Pa3BueHu ce 1Be MeTOIM 3a €JHOBPEMEHO ONpEAENyBambe Ha INIABHUTE aaKalouad (MOpGhUH,
KOJIeHH, TeOanH, OpHUIaBHH, TAllaBEpHH W HocKamuH) ox aduon (Papaver somniferum L., Papaveraceae)
CO MpUMEHA Ha TeuHa XpoMaTorpaduja co xuapoduinaa uarepakumja (HILIC).

Xpomatorpa)cKOTo OTHECYBale Ha IENHHUTE ANKAIOWIM € HWCIHTYBAaHO Ha JBE Pa3IHYHH
CTaIlMOHApHU (pa3h 3a TeuHa Xxpomarorpaduja co XuApohIIHa HHTEpaKIHja: HeobpaboTeHa crmka (Si-
HILIC) u usurepjoscka craronapsa ¢asa (ZIC-HILIC).

Brwujanuero Ha xpomaTorpadckure (GakTopu (COmp)KMHA Ha AllETOHUTPWI, jOHCKa jaunHa u pH-
BPEIHOCT Ha my(depoT BO COCTABOT Ha MoOWIHATA (aza) Bp3 HEKOIKY XpoMarorpa)CK mapamerpu e
MPOLICHETO €O MpUMeHa Ha (haKTOPCKH Iu3ajH Ha ekcrepuMentute. KBanparen monen ox tper pex (Central
Composite Circumscribed Design of Experiments) e kopucTeH 3a yTBpIyBambe Ha poOyCHOCTa BO PAMKHTE
HA BaJMJalfjaTa HA METOINTE.

Pa3nenyBamero Ha alkaJoOMAWTE € MOCTHTHATO BO JIBETE KOJOHH CO ONTHMH3HUPAHO I'PaJHEHTHO
enyupambe. Meronor ZIC-HILIC nma npemsoct npex meromot Si-HILIC Bo oqHOC Ha CEH3WTHBHOCT, PoO-
OycHocT 1 1ieHa. OBOj METOX € TOTO/ICH 3a OINpelelyBame Ha MOP(OUHCKHUTE ANKaJOUAN O a(pHOHOBH

YIIKH.

Kityunu 360poBu: xemoMerpuja; nu3aju Ha excriepuments; HILIC/DAD;
OIMMYMCKH aJIKaJIOU o1 aproH
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1. INTRODUCTION

Opium poppy (Papaver somniferum L., Pa-
paveraceae) is grown in the Republic of Mace-
donia for pharmaceutical and food purposes. The
excessive and continuously growing need for natu-
ral opium poppy alkaloids as a source of therapeu-
tic agents [1] necessitates the development and
optimization of convenient high-throughput meth-
ods for qualitative and quantitative profiling of
alkaloids in poppy straw.

High performance liquid chromatography
(HPLC) is an efficient technique for the separation
and quantification of opium alkaloids [2-11]. Due
to the large polarity range of the major opium alka-
loids, most applications use RP-HPLC with gradi-
ent elution and ion-pairing agents. Such methods
can be very sensitive to minor changes in chroma-
tographic conditions, prolonging the analysis and
shortening column life [10]. lon-pairing agents can
be avoided by employing a high pH mobile phase.
Our previous work indicates good separation of the
major alkaloids is achieved using a triethylamine/tri-
fluoracetic acid (in water) buffer at pH 9.6 [12, 13].

Hydrophilic interaction liquid chromatogra-
phy (HILIC) is an alternative method for separat-
ing polar components [14], which could be used
for the separation of opium alkaloids. Moreover,
due to the large differences between alkaloid po-
larities, the amphoteric properties and/or limited
water solubility of some of the alkaloids, employ-
ing a column with zwitterionic characteristics may
assist in separation. Zwitterionic separation materi-
als are characterized by carrying both positive and
negative charges on the surface, where the func-
tional moieties contain two oppositely charged
groups in close proximity at a stoichiometric ratio,
the electrostatic interaction between the charged
groups on the stationary phase and oppositely-
charged analytes is weaker compared to normal ion
exchangers. Zwitterionic phases have also been
found suitable for HILIC due to their highly hy-
drophilic surface layer [15]. The use of a mobile
phase high organic solvent content is compatible
with mass spectrometer detection (due to increased
ionization and sensitivity), which offer additional
advantage of HILIC methods [16, 17].

Modern method development trends are
aiming towards rationalizing the extensive and ex-
pensive laboratory work, as well as efficient data
processing. The design of experiments (DoE) ap-
proach maximizes the utilization of data from pre-
viously planned experiments with the help of
mathematical criteria included in the factorial design,
which allows for the prediction of optimal values for

experimental factors. Response Surface Methodology
(RSM) is used to optimize experimental values for
important experimental factors [18-25].

Previously published GC/FID/MS and RP-
HPLC/DAD methods [12, 13] indicated separation
of the major alkaloids is achieved within 10 min.
As GC uses equipment which may not be at the
disposal of every laboratory, and that gradient elu-
tion is required for HPLC method, further research
was conducted to develop an alternative HILIC
method for the separation of opium poppy alka-
loids using common HPLC equipment. DoE was
employed for the development, systematic optimi-
zation and robustness testing of two HILIC meth-
ods using bare silica (Si-HILIC) and zwitterionic
(ZIC-HILIC) stationary phases. These methods are
used for the determination of the morphinan alkaloids
from poppy straw of improved Papaver strains.

2. EXPERIMENTAL

2.1. Materials

Free-base morphine (MO), codeine (CD),
oripavine (OR), thebaine (TB), noscapine (NS),
papaverine (PV), and samples from poppy straw
were obtained from Alkaloid A.D., Skopje (Skopje,
R. Macedonia).

2.2. Reagents

Acetonitrile (ACN, HPLC grade) and acetic
acid (for synthesis) were purchased from Merck
(Darmstadt, Germany). Ammonium acetate (pro
analysis) and ammonium formate (pro analysis)
were purchased from Fluka (Steinheim, Germany).
Water (highly purified) was obtained from a TKA-
LAB Reinstwasser system (Niederelbert, Germany).

2.3. Standard solution of alkaloids

Stock solutions of 2 mg/ml MO, 1 mg/ml
CD, 1 mg/ml TB, 1 mg/ml OR, 1 mg/ml PV and
2 mg/ml NS were diluted in ACN to obtain stan-
dard alkaloid solutions at concentrations of
200 pg/ml MO, 100 pg/ml CD and NS and 50 pg/ml
TB, PV and OR.

2.4. Sample preparation

Mature poppy capsules and poppy capsule
stems (up to 10cm length) were collected,
threshed to remove the seeds and 0.1 g of the dry,
pulverized poppy straw (mesh No. 45, 0.385 mm)
extracted with 5 ml methanol by ultrasonic agita-
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tion (40 kHz) for 20 min at 40°C. The extract was
centrifuged, the supernatant filtered and collected.
The remaining solid was extracted with an addi-
tional 5 ml methanol, the filtrates combined and
diluted to 10.0 ml with methanol. After filtration
through a 0.45 um Millipore filter, the samples
were analyzed using HPLC.

2.5. Chemometrics

DoE was used to assess the influence of
ACN content, ionic strength and the pH of the mo-
bile phase buffer on chromatographic responses (2°
FFL DoE), for determining the pH profile of the
components in the mixture (2> CCC DoE) and for
the robustness testing during method validation (2°
CCC DoE). The 2° FFL DoE required 2“+n ex-
periments and the CCC DoE required 2"+2k+n ex-
periments, where k was the number of parameters
studied and n was the number of central points in-
cluded (n=3). Three repetitions at the central points
are required to determine the experimental error
variance and test the predictive validity of the
model [21].

The experimental plans for conducting the
DoEs are shown in Tables 1-3.

Table 1

Experimental plan for conducting 2° FFL DoE

Experiment No*

Factos 1 2 3 4 5 6 7 8 9 10 11
X1 -+ - + - + - + 0 0 O
X, - - 4+ + - — + + 0 0 O
X3 - - — — 4+ + + + 0 0 O

*Defining the experimental factor (x) values at low (-),
central (0) and high (+) level.

Table 2

Experimental plan for conducting 2 CCC DoE

Experiment No*

Factors 1 2 3 4 5 6 7 8 9 10 11
X1 - + - + - + 0 0 0 O 0
Xy - -+ + 0 0 - + 0 O 0

*Defining the experimental factor (x) values at low (),
central (0) and high (+) level.

Table 3
Experimental plan for conducting 2° CCC DoE
Experiment No*
Factos 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
X1 - 4+ - + - + - 4+ - 4+ 0 0O O O0 0 o0 O
%o - - + + - - 4+ 4+ 0 0 - + 0 0 0 o0 O
X3 - - - + 4+ 4+ + 0 0 0 0O + 0 0 0

*Defining the experimental factor (x) values at low (-), central (0) and high (+) level.

The significance of the factors was assessed
by calculating the factorial coefficients (b) of the
corresponding polynomial given in equations (1)
for the 2° FFL DoE, (2) for the 22 CCC DoE and
(3) for the 2° CCC DoE:

y = by + DiXg+Dy Xo+03 Xat+ D1 XaXo+Das XaXs+bos XoXs (1)

Y = by + baXg+y Xo+b11 XaXaHozs XoXotb XX (2)
Y = by + DaXg+0; XoF D Xa+D11 XaXe+H025 XoXo+D33 XaX3
+D1p X1X2 +D13 X1Xs +D23 XoXs +D123X1XoXs 3)

where x was the experimental factor, y represented
the estimated response, b, was the average experi-
mental response, coefficients by, b, and bs were the
estimated effects of the factors and the coefficients
b1», b1s, bo3 and bios Were the interaction terms.

MODDE 8.0 Software (Umetrics, Umea,
Sweden) was used for the optimization of experi-
mental factors through an appropriate factorial de-
sign (26). The designed experiments were con-
ducted using a standard solution of alkaloids with
isocratic elution.
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2.6. Chromatographic conditions

Method development was performed on
Agilent 1200 HPLC/DAD system.

Si-HILIC was performed using a Lichro-
spher Hibar Si column (250 mm x 4.6 mm i.d.,
5 um particle size, Merck). The mobile phase was
125 mM ammonium acetate in water, pH adjusted
to 4.5 using acetic acid (Solvent A) and ACN (Sol-
vent B), filtered through 0.45 um Millipore filters.
The separation of the six alkaloids was achieved
with gradient elution: 0-1 min 95% solvent B and
1.1-8 min 85% solvent B (followed by an equili-
bration step: 8.1-30 min, 95% solvent B), a flow
rate of 2.0 ml/min and 20 pl injection volume. The
column was maintained at 30°C and detection was
carried out at 280 nm.

ZIC-HILIC was performed on a SeQuant®
ZIC®-HILIC column (150 mm x 4.6 mmi.d., 5 pum
particle size, 200A pore size, Merck) and alkaloid
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separation was achieved by gradient elution with
10 mM ammonium formate in water, pH-adjusted
to 4.0 using formic acid (Solvent A) and ACN
(Solvent B) as a mobile phase (filtered through
0.45 um Millipore filters). The separation of the
six alkaloids was achieved with gradient elution:
0—-2 min 95% solvent B and 2.1-10 min 80% sol-
vent B (followed by an equilibration step: 10.1-30
min 95% solvent B), a flow rate of 1.0 ml/min and a
20 pl injection volume. The column was maintained
at 40°C and detection was carried out at 280 nm.

2.7. Method validation

Validation of the analytical methods included
the determination of method specificity, linearity,
accuracy, precision, detection limit (LOD) and
guantification limit (LOQ) according to ICH
guideline [27]. An assessment of method robust-
ness [28] was also performed using 2® CCC DoE.

3. RESULTS AND DISCUSSION

Two HILIC methods were developed for
simultaneous determination of the major alkaloids
(MO, CD, TB, OR, PV and NS) present in Papaver
somniferum L. (Papaveraceae) straw (cultivated in
the Republic of Macedonia). The chromatographic
behavior of target alkaloids was investigated on
two different HILIC stationary phases, bare silica
(Si-HILIC) and zwitterionic (ZIC-HILIC).

DoE was employed for determining the rela-
tionships between chromatographic conditions (pH
value and ionic strength of the mobile phase buffer,
ACN content in mobile phase and column tempera-
ture) and retention behavior of the analytes (through
critical resolutions and relevant retention factors).

3.1. Development and optimization
of the Si-HILIC method

Si-HILIC method was developed on a bare
silica column, since it is the most commonly ap-
plied for the HILIC separations. Several different
organic solvent mobile phase constituents (acetone,
acetonitrile and methanol) were examined. Ace-
tone gave high base-line noise (chromatograms not
shown) and methanol did not separate critical ana-
Iyte pairs, even under mildly chromatographic
conditions. ACN was selected to be the organic
solvent in the mobile phase and ammonium acetate
was used as the mobile phase buffer.

Systematic optimization of the method was
carried out by chemometrics. During the initial
optimization of the Si-HILIC method, which in-
volved a set of 11 screening experiments (2° FFL

DoE, Table 1, Equation 1), the relationship be-
tween chromatographic conditions and retention
behavior of the analytes was determined (Table 4).
Initially, three experimental factors (x;, x, and xs)
were investigated: content of organic solvent in the
mobile phase (x;) (75 to 95 % (v/v) ACN), mobile
phase buffer pH (x,) (pH 2.0 to 4.0) and ionic
strength of the mobile phase buffer (x3) (5 to
25 mM ammonium acetate).

The results of the first set of chemometric
experiments showed that all factors had an impact
on the chromatographic parameters. Critical reso-
lution between NS and PV was perceived, taking
into account that both components were eluted in
the column void time (0.9 min). By increasing the
proportion of ACN and lowering the pH of the
buffer, NS/PV resolution was enhanced and the &’
value for the last eluted peak (MO) was increased
(exceeded 10, which was set as target maximum
value). However, at low pH, the NS/PV critical
resolution was inconsistent, an undesirable effect
in terms of robustness.

To further optimize experimental factors,
another 11 experiments within the 2° FFL DoE
were applied (Table 1, Equation 1). The new
ranges were 80 to 95 % (v/v) ACN (x;), pH 4.5 to
6.5 (X2) and 75 to 125 mM ammonium acetate (x3),
based on screening experiments.

The retention behavior of the analytes was
assessed through the critical resolution of NS and
PV as well as the retention factors for MO and NS.
The effects of the different chromatographic condi-
tions on chromatographic descriptors are shown
through the normalized DoE coefficients in Figure
1A, and the chromatographic descriptors over the
defined area of the experimental factors assessed
using RSM are shown in Figure 1B. Since mobile
phase pH was the factor with the least impact on
the chromatographic descriptors, this parameter
was kept constant at 4.5 for presentation purposes
in the contour diagram.

The factor coefficients within this design
(Figure 1A) were similar to those in the first set of
experiments. By increasing ionic strength, the reso-
lution between NS and PV was increased and k'
value of NS decreased. RSM results (Figure 1B)
revealed satisfactory NS/PV resolution of 1.5
within the pH range, but only when the largest
proportion of ACN and highest buffer ion strength
was used. On the other hand, the k' value of the last
eluted (MO) peak (target value in the range from 1
to 10, for any peak) was affected most by ACN
content in the mobile phase, and was satisfactory at
high ionic buffer strength and ACN content below
85% for all pH values.

Maced. J. Chem. Chem. Eng. 33 (1), 73-83 (2014)
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Table 4

Experimental data for assessment of the chromatographic response during
the Si-HILIC initial method development

Experi- X1 X2 X3 Rs k’ k’
ment (% (VIV) ACN) (pH) (mM) (NS/PV) (NS) (MO)
N1 75 2.0 5 0.0 1. 3.3
N2 95 2.0 5 0.7 6.1 >35
N3 75 4.0 5 0.0 0.3 5.4
N4 95 4.0 5 15 0.5 34.2
N5 75 2.0 25 0.0 1.3 2.7
N6 95 2.0 25 / 0.5 >35
N7 75 4.0 25 0.0 0.3 4.1
N8 95 4.0 25 1.6 0.5 >35
N9 85 3.0 15 0.0 0.5 8.4
N10 85 3.0 15 0.0 0.5 8.4
N11 85 3.0 15 0.0 0.5 8.4

i

Normalized coefficients {2*3 FFL DoE) >

5

)

yi:Rs (NS/PV)  ya: K7 (NS) y3: K* (MO)
B. ) yi: Rs (NS/PV)

. 8 R2 M M M M R
X7

ya: kK (NS) y3: k¥ (MO)

X3

Fig. 1. Development and final optimization of the Si-HILIC method by use of chemometrics

A. Normalized coefficients of the 2° FFL DoE showing the effects of different chromatographic conditions: b, (ACN con-
tent), b, (pH value of the mobile phase buffer), bs (ionic strength of the mobile phase buffer) and their interactions (by,, b3, bs3) on
the chromatographic descriptors (resolution between critical pairs of analytes and retention factors of the first and last eluting peaks)
during the final Si-HILIC method optimization. B. Contour diagram of the: influence of the change of the ACN content (x;) and ionic
strength of the mobile phase buffer (xs)with the constant pH value of 4.5 for the mobile phase buffer (x, at low level), on the critical
resolution NS/PV (yy), retention factor of NS (y,) and retention factor of MO (ys).
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Isocratic elution was unsatisfactory, as the
critical resolution between NS and PV (presumably
due to large differences between their pKa values
and the amphoteric properties of MO, CO and OR)
for all investigated chromatographic conditions
was below 1.5, and the retention factor of NS was
unsatisfactory (eluted within the dead volume of
the column) for any combination of experimental
conditions. Since isocratic elution of the six alkaloids
was inapplicable, a gradient elution was employed.

Gradient steps were predicted from chemo-
metric assessment of experimental data. Satisfac-
tory resolution (Rs of 1.5) for the first two peaks
(NS and PV) was obtained using high ionic
strength buffer (125 mM) at pH 4.5. The last peak
(MO) eluted with a satisfactory factor retention in
85% ACN, regardless of the aqueous portion in the
mobile phase. A gradient was established starting
with an isocratic step of 95 % ACN for one minute
to obtain suitable separation of NS and PV and a
subsequent seven minute isocratic step using 85%
ACN (experimental region where retention factor
of MO was suitable, Figure 1). A 20 minute period
using the initial conditions was used for column re-
equilibration. Despite the short separation time
(less than 10 min, Figure 2), gradient elution re-
sulted in a long runtime (30 min total) due to the
re-equilibration time for HILIC conditions.

MAY A SiHILIC

250

200

aripavine

150

papaverine
thebaine

100

noscapine

codeine

50

=  morphine

1=

0 2 4 B 8 10 ‘min

Fig. 2. Typical chromatograms of the Si-HILIC method: Bare
silica column (Lichrospher Hibar Si, Merck, 250 x 4.6 mm,
5 um); Gradient elution using ammonium acetate buffer (125
mM, pH 4.5) and ACN (0-1 min 95%, 1.1-8 min 85%,
followed by equilibration step 8.1-30 min 95%v/v ACN) as
mobile phase at flow rate of 2.0 ml/min; Injection volume:
20 pl; Column temperature: 30°C; Detection: 280 nm.

3.2. Development and optimization
of the ZIC-HILIC method

Considering the fact that zwitterion station-
ary phases are designed for efficient HILIC sepa-

ration of acidic, basic and neutral hydrophilic
compounds [15], a ZIC HILIC column was chosen
for further method development to obtain a simpler
(isocratic) and faster method for alkaloid determi-
nations. During the first set of 11 experiments used
for chemometric optimization (2° FFL DoE, Table
1, Equation 1), experimental factors were: 75 to 95
% (v/v) ACN (x1), 15 to 125 mM ammonium ace-
tate (x,) and a pH of value 4.0 to 7.0 (x3). Retention
behavior of the analytes was assessed through the
critical resolutions (NS/PV, OR/TB and CD/MO)
and the retention factors of MO and NS. The ef-
fects of the different chromatographic conditions
on the defined chromatographic descriptors are
shown through the normalized DoE coefficients
(Figure 3). The data indicated all factors had an
impact on the retention and separation of the com-
pounds, similar to the Si-HILIC method. NS and
PV eluted within the void time of the column (1
min), consequently the critical resolution between
them persisted.

b1

of | b12
o) M | b3
o) | 523
2 | I

Rs (NS/PV)  Rs (ORTB) Rs (CDMO) K (NS) KMoy

i

Mormalized coefficients {23 FFL DoE)

Fig 3. Normalized coefficients of the 2° FFL DoE showing the
effects of different chromatographic conditions: b; — ACN
content, b,— ionic strength of the mobile phase buffer, b; — pH
value of the mobile phase buffer, and their interactions (b,
b1s, b23) on the chromatographic descriptors (resolution be-
tween NS/PV (y;), OR/TB (y,), CD/MO (ys) and retention
factors of MO (y,) and NS (ys)) during the initial ZIC-HILIC
method optimization

The second part of the ZIC-HILIC method
development was focused on the differences be-
tween the alkaloid polarities, the amphoteric prop-
erties of some of MO, CO and OR as well as the
limited water solubility of NS and PV. The chro-
matographic behaviour of analytes was investi-
gated at different mobile phase pH values (3-8) to
obtain a pH profile for components in the mixture.
This was determined by two independent 2> CCC
DoEs with basic and acidic mobile phases (Equa-
tion 2), where each set included 11 planned ex-
periments (Table 2) investigating pH (x,) (3.0-5.0
for the acidic profile and 6.0-8.0 for the basic pro-
file) and ionic strength of the mobile phase buffer
(x2) (10-100 MM ammonium formate buffer for
the acidic profile and 10-100 mM ammonium ace-

Maced. J. Chem. Chem. Eng. 33 (1), 73-83 (2014)



Chemometric approach for the development, optimization and validation of HILIC methods... 79

tate for the basic profile). The chromatographic
response was assessed by evaluating the critical
resolution of NS/PV and the retention factor of

A. 72 Rs (NS/PV)

10 .
30 32 24 36 38 A0 42 44 45 48 50

X1

B.  y:Rs(NS/PV)

MO, and alterations in chromatographic descrip-
tors over the defined area of the experimental fac-
tors were assessed using RSM (Figure 4).

&0 ES LR re 5D

Fig. 4. Contour diagram of the: influence of the change of the pH value (x;) and the ionic strength of the mobile phase buffer (x,),
with the constant flow of 1.0 ml/min and constant ACN content (90%), on the critical resolution (y,) and retention factor of MO (y,)
in acidic (A) and basic (B) pH range of the buffer during the optimization of the ZIC-HILIC method by use of chemometrics

Although a zwitterionic stationary phase
should be able to separate compounds with differ-
ent polarities [15], satisfactory system suitability
criteria under isocratic conditions were not a-
chieved. This was attributed to the insolubility of
NS and PV in water, as ZIC-HILIC selectivity had
poor resolution power for these compounds (eluted
together with the void volume of the column).

Based on this observation, gradient elution
was defined by the evaluation of chemometric data
for the influence of factors and the pH profile of
components in the mixture. Satisfactory resolution
(Rs of 1.6) for the first two peaks (NS and PV) was

Maced. J. Chem. Chem. Eng. 33 (1), 73-83 (2014)

obtained using buffer with the lowest ionic
strength (10 mM) at pH 4.0. The last peak (MO)
was eluted with satisfactory factor retention in
80% ACN, regardless of the characteristics of the
aqueous portion of the mobile phase. The gradient
started with an isocratic 95% ACN step for two
minutes to separate NS and PV, then eight minute
isocratic step using 80% ACN (experimental re-
gion where retention factor of MO was suitable,
Figure 4) and a column re-equilibration of 20 min-
utes. Separation was obtained within 8 minutes
(Figure 5), but total analysis time was 30 minutes
(including the re-equilibration).
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Fig. 5. Typical chromatograms of the ZIC-HILIC method.
Zwitterionic stationary phase (SeQuant® ZIC®-HILIC column,
Merck, 150 x 4.6 mm, 5 pm); Gradient elution using ammonium
formate buffer (10 mM, pH 4.0) and ACN (0-2 min 95%); 2.1-10
min 80%, followed by equilibration step: 10.1-30 min 95% v/v
ACN) as mobile phase at flow rate of 1.0 ml/min; Injection
volume: 20 pl; Column temperature: 40°C; Detection: 280 nm.

Table 5

3.3. Validation of the methods

The separation of all compounds was obtained
within a close retention window with optimized gra-
dient elution on bare silica (Figure 2) and zwitterionic
stationary phases (Figure 5). Validation of the two
HILIC methods (Table 5) showed satisfactory speci-
ficity, linearity, sensitivity, accuracy, precision and
reproducibility for the tested alkaloids.

3.4. Robustness testing

Determination of analytical method robustness
during validation [35, 36] requires extensive ex-
perimental work, where defined changes in exper-
imental conditions are made. By performing a set of
17 experiments (Table 3) defined by the 2° CCC DoE
(Equation 3) where small changes in experimental
factors values (determined as critical during method
optimization) were made, a rational assessment of the
method robustness was achieved (Figure 6).

Results obtained from testing different parameters during validation of the Si-HILIC and ZIC-HILIC method

Parameter Noscapine Papaverine Thebaine Oripavine Codeine Morphine
(NS) PV) (B) (OR) (CD) (MO)
System suitability Si-HILIC method
Retention factor (k) 0.5 0.6 3.4 4.0 5.2 6.9
Number of theoretical plates (N) 3688 7417 24252 15645 9186 11704
Resolution (Rs) / 1.9 29.7 4.2 6.0 6.1
Linearity (R?) 0.9999 0.9986 1.0000 1.0000 1.0000 1.0000
Conc. range (pg/ml) 25-150 125-75 125-75 125-75 25-150 50 - 300
Sensitivity
LOD (ug/ml) 0.60 0.32 0.35 0.33 0.58 1.10
LOQ (pg/ml) 1.98 1.06 1.16 1.10 1.93 3.66
Accurac )
Evicrok‘i’ﬁ i o(rm/é)égt_riiig?n 100% of / (99.6+1.1) (99.4+2.3)  (100.6:1.8)  (99.8+1.1)  (99.9+1.4)
System suitability ZIC-HILIC method
Retention factor (k) 0.9 1.1 5.0 5.3 5.7 6.8
Number of theoretical plates (N) 5614 5982 38369 32330 24233 16114
Resolution (Rs) / 1.9 33.2 25 2.6 5.1
Linearity (R?) 1.0000 1.0000 0.9998 0.9999 0.9998 1.0000
Conc. range (pg/ml) 25 - 150 12.5-75 12.5-75 12.5-75 25 - 150 50 - 300
Sensitivity
LOD (ug/ml) 0.57 0.30 0.31 0.30 0.60 1.07
LOQ (pg/ml) 1.73 0.91 0.93 0.90 1.80 3.24
Accuracy
Recovery” (%, n=3) on 100% of (99.6:1.4) (99.3+1.2) (99.840.9)  (99.7+0.8)  (100.1+1.0)  (99.9+0.6)

working concentration ™

(i) P (95% confidence interval)

(ii) Working concentration for NS: 100 pg/ml, PV: 50 pg/ml, TB: 50 pg/ml, OR: 50 pg/ml, CD: 100 pg/ml and MO: 200 pg/ml
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The results obtained from the robustness
testing of the Si-HILIC method (Figure 6A) indi-
cated that small changes in temperature (£ 5°C),
pH of the mobile phase (+ 0.1) and the content of
the organic solvent in the mobile phase (= 2%
ACN), did not change retention of MO and NS
significantly, but this was not quite the case with
the NS/PV resolution. The defined resolution value
was not achieved when ACN exceed 95% and a

XTI N5

X 3 (pH=4.4)

x]
X3 (PH=35)

~‘X2

X1 S\
X 3 (pH=4.5)

pH diminished 4.5, especially when the experi-
mental factors were changed simultaneously.

The ZIC-HILIC method proved robust for
all variations (Figure 6B). The critical resolution
between NS and PV remained above 1.5 with
greater changes in temperature (+ 5°C), pH of the
mobile phase (+ 0.5) and the content of organic
solvent in the mobile phase (= 2% ACN).

Fig. 6. Results obtained from testing the robustness of the Si-HILIC and ZIC-HILIC methods (2* CCC DoE)
A. The effects of changes in different analytical conditions during the robustness testing of the Si-HILIC method: x; — column tem-
perature (25 — 35 °C), x, — pH of the mobile phase (4.4 — 4.6) and x3 — the mobile phase organic solvent (93 — 97% ACN) on the
chromatographic response: y - critical resolution. B. The effects of changes in different analytical conditions during the robustness
testing of the ZIC-HILIC method: x; — column temperature (35 — 45°C), X, — pH of the mobile phase (3.5 — 4.5) and x3 — the mobile
phase organic solvent (93 — 97% ACN) on the chromatographic response: y - critical resolution.

3.5. Summary of characteristics
of the proposed methods

The results from the systematic optimization
of the two HILIC methods by chemometrics re-
vealed that all examined factors had an impact on
retention and separation of opium poppy alkaloids,
but also some limitations in terms of system suit-
ability criteria, presumably due to the large differ-
ences between pKa values, amphoteric properties of
MO, CO and OR and hydrophobicity of NS and PV.

For separation of all six alkaloids, gradient
elution was necessary, which despite a short sepa-
ration time (within 10 min), required a long run-
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time (of total 30 min) due to the prolonged re-
equilibration time needed for HILIC.

The Si-HILIC method showed limited ro-
bustness in terms of ACN content and pH of the
mobile phase buffer, which disables easy inter-
laboratory transfer of the method. Furthermore,
this method could not be used hyphenated with
MS, as the ionic strength of the ammonium acetate
buffer (125 mM) was above the recommended
maximum (20 mM).

ZIC-HILIC separation was achieved within
8 minutes, with a total run-time of 30 minutes due
to the re-equilibration of the column. The retention
factor for NS was acceptable in terms of system
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suitability criteria and this method proved robust
over a wider range of experimental conditions. Addi-
tionally, a mobile phase composition (ACN/10mM
formate buffer) allowed combination with MS.

Both methods were suitable for determina-
tion only of morphinan alkaloids (MO, CD, OR
and TB) in poppy straw, crucial for the applicabil-
ity of the methods. ZIC-HILIC required half the
mobile phase flow rate of Si-HILIC, which when
taking into account ACN price and disposal issues,
reduced the direct costs of the method. The method
developed using a zwitterionic stationary phase
(ZIC-HILIC method) allowed for the characteriza-
tion of the opium poppy samples generated in a
poppy selection program.
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Abbreviations: HILIC — Hydrophilic interaction lig-
uid chromatography; Si-HILIC method — Hydrophilic interac-
tion liquid chromatography method on a bare silica column;
ZIC-HILIC method — Hydrophilic interaction liquid chroma-
tography method on a column with zwitterionic stationary
phase; RP-HPLC — reverse phase high pressure liquid chroma-
tography; MS — mass spectrometry; Rs — Resolution; DoE —
Design of experiments; RSM — Response Surface Methodol-
ogy; FFL DoE — Full Factorial Linear Design of Experiment;
CCC DoE - Central Composite Circumscribed Design of Ex-
periments; MO — Morphine; CD — Codeine; OR — Oripavine;
TB — Thebaine; PV — Papaverine; NS — Noscapine; ACN —
acetonitrile.
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