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1 Introduction

Quiality control (QC) in the pharmaceutical industry is of utmost importance and a
necessary step for the patients’ safety. It includes the testing of active pharmaceutical
ingredients (API) and excipients as well as the analysis and the stability monitoring of
the finished drug products. Pharmacopoeias provide the pharmaceutical analyst with
a set of methods for identification, content determination and assessment of impuri-
ties with respective specifications in the API’'s monograph. The three major pharma-
copoeias are the European Pharmacopoeia (Ph. Eur.) [1], the United Stated Pharma-
copeia (USP) [2], and the Japanese Pharmacopoeia (JP) [3].

In most cases, the determination of related substances is carried out with high per-
formance liquid chromatography (HPLC) as it is a powerful and versatile separation
technique. HPLC is often combined with a UV/Vis detector. It is easy to use, provides

a linear detector signal over a large concentration range with good sensitivity.

Other detectors have to be used if the analyte does not provide a suitable UV/Vis
chromophore, e.g. refractive index, fluorescence, mass-selective, conductivity, elec-
trochemical, or aerosol-based detectors. The latter are subject of this doctoral thesis
and are therefore described in detail in the next sections.

1.1 Aerosol-based detectors

When searching for a universal detector for (HPLC), the evaporative light scattering
detector (ELSD) was developed in the 1970s [4]. The ELSD as well as other aerosol-
based detectors provide a signal independent from the physico-chemical properties
of the analyte. Their application is therefore interesting when it comes to the analysis

of substances lacking a UV/Vis-chromophore.

With the development of the ,Corona® Charged Aerosol Detector* (CAD) and the
.,Nano Quantity Analyte Detector* (NQAD™), two additional instruments became
commercially available. The working principle and some characteristics are different

in the respective detectors and are pointed out in detail in the further sections.

The initial steps of the detection process are similar in all aerosol-based detectors
and the theoretical principles of particle formation discussed in this section also apply

to the other detectors. After nebulization and evaporation of the mobile phase, the
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analyte is present as dried, solid particles. The mechanism of measuring these parti-

cles is different in all detectors.

In a first step, the mobile phase is nebulized by the inlet gas (nitrogen) to an aerosol.
The diameter of the resulting droplets dq is determined by various parameters.

The Nukiyama-Tanasawa equation [5] describes the droplet diameter dq as:

585 X Vo w o \** /1000 x Q\"°

dd:(vg_vl)xﬁ+sg7x(ﬁ) x(_Qg ) (11)
where:
Vg, VI: velocity of the gas and liquid streams in the nebulizer
Qg, Qu: volume flow rate of the mobile phase and the scavenger gas
o: surface tension
M viscosity
0: density of the mobile phase.

The droplet size is therefore given by the properties of the mobile phase (flow rate,
composition) as well as the gas flow rate. The composition of the mobile phase is
determined by the compounds to be separated and can only be changed slightly
without affecting the separation. Thus, an optimization of the detection has to be
done by the parameters of the detector, e.g. nebulizer pressure and gas flow rate.

After nebulization, the aerosol is evaporated in a heated evaporation tube. The size

of the resulting particles dp is given by [6]:
dp = dg <£>1/3 (1-2)
Pp
where:
de:  droplet diameter
C: concentration of the analyte
Pp: density of the analyte.

The largest droplets are removed before the drying step in order to prevent an in-
complete evaporation, which could impair the detection process. That means that the
actual droplet size is smaller than the diameter given by equation ( 1-1 ). Further-
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more, a certain amount of the analyte is lost in this process, thus lowering the detec-
tor signal. This effect is mostly pronounced when eluents having a large portion of
water or aqueous buffer, hence high viscosity p and low volatility, are used. This ex-
plains the dependence of the detector signal on the amount of organic phase in the

eluent [7].

Using aerosol-based detectors, the detection of the analyte takes place after nebuli-
zation and evaporation of the mobile phase. Hence, as the only prerequisite, the ana-
lyte must have a considerably lower volatility than the mobile phase. Volatility of a
substance is determined by its vapor pressure. Detector response in aerosol-based

detectors and vapor pressure correlate inversely [4].

Universal detection comes along with some limitations. Considering the mobile
phase, the user is restricted to volatile buffer salts and mobile phase additives. On
the other hand, a method designed for aerosol-based detectors can readily be ap-

plied to an LC-MS system without any modification.

Another drawback is that the analyte mass and the detector response do not follow a

linear relationship. The response curve is described by following equation:

y = Ax? (1-3)
where:
X: analyte mass
y: area response

A, b: values depending on experimental conditions.

The equation can be transformed into a linear form:
logy =b Xlogx +1logA (1-4)

Using this equation, a linear log-log calibration curve can be established. However,
this model does not provide satisfactory results, when quantification over a range of

more than two orders of magnitude is desired [8].

Furthermore, the detector response is dependent on the composition of the mobile
phase. A higher content of organic solvent leads to a higher response. This has to be
considered when applying gradients, as the mobile phase composition changes over

the run time. The response factor of peaks eluting in the beginning and at the end of
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the chromatogram can differ considerably. Quantification of all peaks in a chromato-
gram with a single-point-calibration using a single reference substance, as it is com-
mon practice in the determination of related substances by HPLC-UV in the Ph. Eur.
[9], is often not feasible [8, 10].

This can be compensated by using a second pump which delivers an inverse gradi-
ent that is mixed with the mobile phase after the column [11]. The solvent reaching
the detector has the same composition over the entire chromatographic run.

1.1.1 Evaporative Light Scattering Detector (ELSD)

The detection principle of an ELSD is shown in Figure 1-1. After nebulization and
evaporation, the dried, solid particles pass a light beam. The scattered light is meas-
ured by a photomultiplier. It is often positioned in an angle of 120° to the light source
to gather as much scattered light as possible without acquiring non-scattered light
from the light source. An LED (light-emitting diode), providing polychromatic light is
often used. There is no need for a monochromatic light source. This could even lead
to a vastly decreased response, if e.g. the analyte has a high absorptivity at the par-

ticular wavelength.

light source

nebulizer

evaporation tube

Op O O o0 * ,*, o ® .

\/

o

photo multiplier

Oo O0pO

—

@drain
eluent

Figure 1-1. Working principle of an ELSD.

There are four mechanisms how light can interact with solid particles: Rayleigh-
scattering, Mie-scattering, refraction and reflection. It is depending on the ratio of par-

ticle radius r and wavelength A of the incident light which mechanism prevails [4]. If
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r/A is less than 0.1 Rayleigh-scattering can be observed; Mie-scattering for values
between 0.1 and 2. If the ratio is more than 2, reflection and refraction can be ob-
served [8]. For maximum sensitivity, Rayleigh-scattering should be avoided, as the

other mechanisms are more effective [12].

When using the ELSD for impurity control, the occurrence of non-reproducible spike
peaks eluting after the principle peak of a highly concentrated test solution was ob-
served [13] making impurity determination impossible.

1.1.2 Nano Quantity Analyte Detector

The Nano Quantity Analyte Detector (NQAD™) is working with the condensation nu-
cleation light scattering detection (CNLSD) principle that was introduced as a detec-
tor for HPLC by Allen and Koropchak et al. [14, 15].

water light source
vapor

nebulizer

evaporation tube ‘

Op O . ©©©©©©©@©

—— d
No con ensey \

photo multiplier
@drain
eluent

\/

OCo O0pO

— =

Figure 1-2. Principle of condensation nucleation light scattering detection in the Nano Quantity Ana-
lyte Detector.

Similar to an ELSD, the scattered light caused by analyte particles formed after nebu-
lization and drying of the mobile phase is measured. However, before the detection of
the patrticles takes place, they are further grown through condensation of water vapor
(Figure 1-2). This technique is routinely used in the determination of the size distribu-
tion of particles (condensation particle counter, CPC). This allows for the detection of
particles of much smaller size than an ELSD is capable of. For that reason, the
NQAD™ provides a considerably higher sensitivity than an ELSD [15, 16].
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1.1.3 Corona® Charged Aerosol Detector

The Corona® Charged Aerosol Detector (CAD) was introduced by Dixon and Peter-
son in 2002 [17]. As with the ELSD, the initial step is the formation of dried particles
after nebulization and evaporation of the mobile phase. A second stream of nitrogen
is charged by passing a corona needle. This charge is transferred to the particle
stream in the mixing chamber. An ion trap is used to remove excessive charge, i.e.
positive charged gas molecules, before the particles are detected by an electrometer
(Figure 1-3).

As all other aerosol-based detectors, the CAD provides a non-linear response over
its dynamic range [17]. However, it is reported to be linear when a small concentra-
tion range of about two orders of magnitude is investigated [18-21]. In low concentra-
tions, i.e. from the limit of quantification (LOQ) of a substance to about 250 — 500 ng
on column, a linear response curve is observed [22]. A recent model of the CAD, the
CAD ultra RS, provides an additional option for linearization. With a mathematical
transformation (“power function”) of the raw data, calibration curves can be linear-

ized, the resolution of two peaks and the sensitivity can be increased [23, 24].

Nzﬁ nebulizer mixing chamber
evaporation tube
- 00 O 5 O 0 * 4°%ae ® o%e,e i | cOrONa
— o charger
é
N2 oL +
O detection cell :
O -
'®) * # % e e wei-jontrap
[ O [{L drain
eluent electromefter/
data acquisition
exhaust

Figure 1-3. Working principle of the Corona® CAD.

The CAD shows better performance compared to the ELSD in many characteristics.
Higher sensitivity [12, 25-32], higher precision [12, 25-30, 32], an increased linear
range [12, 25, 26, 29-31] and uniform response for different chemical substances [26,

28] is reported. Compared to the NQAD™, the CAD is also superior in terms of re-
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peatability [25], whereas it seems to be depending on the compounds analyzed, if the

CAD provides a higher [25, 33], lower [16] or comparable sensitivity [34].
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1.2 Application of aerosol-based detectors in pharm aceu-
tical analysis

The ELSD is the only aerosol-based detector that is currently used in pharmacopoe-
ias. Eight monographs in the European Pharmacopoeia (8" Edition (8.5), [1]) and
only two monographs in the United Stated Pharmacopeia (USP 38 NF 33, [2]) make
use of evaporative light scattering detection (see Table 1-1). Neither of the other aer-
osol-based detectors has found their way into compendial testing yet, but in some
monographs under development, the CAD is considered for evaluation of related

substances.

Table 1-1. The use of ELS detection in the European Pharmacopoeia (8™ Edition (8.5)) and the United
States Pharmacopeia (USP 38 NF 33).

Monograph Type of analytical procedure Pharmacopoei a
Astragalus mongholicus root  Assay (content of astragaloside V)2 Ph. Eur. 8.5
Black cohosh Assay (content of monoammonium glycyrrhizate)> Ph. Eur. 8.5
Coix seed Assay (content of triolein)2 Ph. Eur. 8.5
Ginkgo Assay (content of terpene lactones)? USP 38 NF 33
Hydroxypropylbetadex Test for related substances (free p-cyclodextrin)2  Ph. Eur. 8.5
Isatis root Assay (content of arginine)? Ph. Eur. 8.5
Lecithin Assay (content of phospholipids)?2 USP 38 NF 33
Sesame oil refined Composition of triglycerides® Ph. Eur. 8.5
Sucrose monopalmitate Test for related substances (free sucrose)c Ph. Eur. 8.5
Sucrose stearate Test for related substances (free sucrose)c Ph. Eur. 8.5

a quantification via log-log-calibration curve;  quantification via area normalization; ¢ quantification via
linear calibration curve

The analytes mentioned in Table 1-1 belong to the compound classes fats, amino
acids, sugars, and triterpene glycosides, all of which do not provide sufficient UV ab-
sorption. In most cases, quantification is performed via log-log calibration.

A brief description of substances or substance classes which are interesting analytes

for the CAD caused by their lacking UV-absorption is given in the following sections.
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1.2.1 Excipients

The CAD has widely been used for the analysis of excipients, such as polysorbates,
hydroxypropylmethylcellulose (HPMC), fatty acids and oils, carbohydrates, polyeth-

ylene glycols, preservatives, and pharmaceutical plant extracts [35]

Usually, excipients do not consist of one defined chemical entity. They are rather
complex and heterogeneous mixtures of a variety of substances. Determination of
every single compound is often not achievable. Besides the specific control of highly
toxic impurities such as e.g. ethylene oxide, dioxan, or heavy metals, excipients are
often characterized via general, unspecific methods such as the determination of the

acid, ester, hydroxyl, iodine, peroxide, or saponification value.

None of these tests, however, address the functionality of excipient. To the user of
excipients, i.e. for the development and manufacturing of drug products, this infor-

mation would be more helpful.

Table 1-2. Examples for functionality-related characteristics of excip-
ients FRCs in the Ph. Eur. (8™ Edition).

physical grades

particle-size distribution

specific surface area

bulk density

flowability

wettability

water sorption

polymorphism, pseudopolymorphism
crystallinity

density of solids

chemical grades

structure of homopolymers, blockpolymers and copolymers
degree of polymerization (molecular mass/mass distribution)
degree of substitution

different substituents on the polymer backbone




10 INTRODUCTION

In 2013, the general text “5.15 Functionality-related characteristics of excipients”
(FRCs) was included in the Ph. Eur. [36]. It names physical and chemical properties
that can be used to describe performance characteristics of excipients. Examples are
given in Table 1-2. The FRCs mentioned in monographs are no specifications but
rather a tool for the excipient users in order to monitor properties that are crucial to
the manufacturing process. The manufacturer is encouraged to evaluate the impact
of these critical FRCs on the quality of his medicinal product and define them as criti-

cal quality attributes (CQA) if necessary.

Similarly to the Ph. Eur., there is the general chapter <1059> “excipient performance”
in the USP [37]. It categorizes excipients into different classes and provides physical,
chemical, biological, or microbiological properties that are not assessed in the re-
spective monograph. Similarly to CQAs in the Ph. Eur., they are defined as critical
material attributes (CMA) in the USP if the quality of the drug products may be ad-
versely affected. Although not part of the respective monograph, the user should

carefully monitor CMAs.

Polysorbate 80

Polysorbate 80 (PS80) is used as emulsifying agent for O/W-emulsions, solubilizing
agent for poorly soluble drug substances or wetting agent [38]. It is composed of
mixed esters of mainly oleic acid with “sorbitol and its anhydrides ethoxylated with
about 20 moles of ethylene oxide for each mole sorbitol and sorbitol anhydrides” [39,
40]. The preparation of PS80 is not a strictly stoichiometric reaction; it rather yields a
mixture of various PS80 species. The reaction scheme is depicted in Figure 1-4 [41].
In a first step, an aqueous solution of sorbitol, mixed with the methyl ester of oleic
acid is heated under reduced pressure in a nitrogen atmosphere. This dehydration
step yields different sorbitans (cf. Figure 1-5), which build the backbone of PS80. The
transesterification of the fatty acid (FA) ester with sorbitol and/or sorbitan is induced
by adding an alkali catalyst. Formally, one FA is bound to the backbone. However, up
to four hydroxyl groups of sorbitol/sorbitan were found to be esterified [42]. In the last
step, one mole of sorbitol/sorbitan FA ester reacts with about 20 moles ethylene ox-
ide (EO). The distribution of the EO chains was found to be heterogeneous (approxi-

mately 9 — 36 EO units per sorbitol/sorbitan, [42]).

CAD and other aerosol-based detectors have often been proven as suitable detec-

tion techniques for polysorbates [42-53]. The complex chemical composition is well
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demonstrated using these methods. However, the influence of the chemical composi-

tion on FRCs was never investigated.

OH
O R HO
OH OH OH ~ T OH
O
> 0 0 R
1.110°C, 2 h, 4 kPa, N,
OH OH OH 2. NaOMe, 170 °C, 8 h,
sorbitol 6,5 kPa, N, sorbitan fatty acid ester O
0]

L\ 100 °C, 2 h, N,

(OC,H4),0

HO(H4C20)W (OCZH4)yOH

OC2H4)ZO R

poly(oxyethylene) sorbitan fatty acid ester
o]

Figure 1-4. Synthetic route for the preparation of polysorbate 80 according to [41]. The fatty acid
moiety of the methyl ester is oleic acid.

OH OH OH
O
-2 H,0
(@]

sorbitol OH
-H,0 isosorbide
- Hzo - H20
OH
HO OH
OH
OH
o]

1,4-sorbitan 2,5-sorbitan 1,5-sorbitan

\

Figure 1-5. Possible products formed through dehydration of sorbitol in the first step of the PS80 syn-
thesis.
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Our aim was to show how chemical properties assessed with CAD can be linked to
FRCs. According to USP <1059>, PS80 belongs to the group of “wetting and/or solu-
bilizing agents”. As physical properties, it is suggested to determine the hydrophilic-
lipophilic-balance (HLB value) and the critical micelle concentration (CMC). Further-
more, the cloud point, the micelle molecular weight and the second virial coefficient
(<851> Spectrophotometry and Light-Scattering) can be determined to characterize

surfactants.
Polidocanol

Polidocanol (PD) is an alcohol (dodecanol) ethoxylated with approximately 9 moles
EO per mole dodecanol (Figure 1-6). It is applied as O/W emulsifier in drug products
and cosmetic preparations [38]. PD is also in use as sclerosant, local anesthetic, and
antipruritic drug. Different specifications are demanded when a substance is used as
APl compared to its employment as excipient. For that reason, there are two different

monographs for PD in the Ph. Eur.:
= Lauromacrogol 400 (APl monograph, [54])
= Macrogoli aether laurilicus (excipient monograph, [55]).

No method for the content determination is described in any of these monographs.
Showing no UV absorption, PD is an eligible analyte for the detection with CAD. We
therefore intended to develop an HPLC-CAD assay method.

o

Figure 1-6. Structure of polidocanol. The average number of ethylene oxide monomers nis 7 — 11 for
lauromacrogol 400 and 3 — 23 for macrogoli aether laurilicus.

CH;

1.2.2 Counterions

A great number of APIs are used as salts in order to modify physico-chemical proper-
ties. Characteristics such as solubility, bioavailability, polymorphism, stability, and

dissolution rate can be influenced by selecting an appropriate counterion [56-58].

Frequently used ions are inorganic acids, sulfonic acids, organic acids, amino acids,
fatty acids, organic amines, or metallic ions [59], all of which are known to show poor

or no UV-absorption. For that reason, CAD seems to be a promising approach for the
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determination of different counterions with one analytical technique. Furthermore, it

delivers nearly uniform response for substances of different compound classes.

In recent years, hydrophilic interaction chromatography (HILIC) and mixed-mode
chromatography became more and more popular for the separation of polar com-
pounds [60]. The application of HILIC or mixed-mode chromatography in combination

with the CAD to the analysis of counterions has been demonstrated [61-63].

1.2.3 Topiramate

Topiramate (2,3;4,5-di-O-isopropylidene-B3-D-fructopyranose sulfamate, Figure 1-7) is
an anticonvulsant drug substance that is also used against obesity, trigeminus neu-
ralgia, substance-related diseases, and for migraine prevention [64-68].

2

O\S/NH
O/ \O
o \

"
>
N
~
<
.

Figure 1-7. Structural formula of topiramate.

It is a carbohydrate derivative and therefore not a suitable analyte for UV/Vis spec-
troscopic detection. The use of aerosol-based detectors might represent a promising
alternative for assay and impurity control to current methods using UV/Vis at very

high analyte concentration or refractive index (RI) detectors [69, 70].
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2 Aim of the thesis

The use of the Corona® charged aerosol detector in the analysis of pharmaceutical
substances is the subject of this doctoral thesis. Its suitability as a potential detection
technique for high performance liquid chromatogratic methods in the European

Pharmacopoeia (Ph. Eur.) was investigated.

For this purpose, various substances from different compound classes lacking a suit-
able UV chromophore were chosen. HPLC methods for either content determination
or impurity control were developed and validated. The conformity of the method per-
formance with the Ph. Eur. given by the “Technical Guide for the Elaboration of Mon-
ographs” is a key requirement for the acceptance as a compendial method. The non-
linearity of the detector signal and its negative impact on accuracy is often crucial
when it comes to the validation of CAD methods. It should be investigated if accurate
guantification in assay as well as in impurity control can still be achieved.

In particular, following projects were investigated:

» Establishment and validation of a screening method for pharmaceutical coun-

terions

» Comparison of the performance characteristics of ELSD with CAD for the im-

purity control in topiramate

» Verification of the suitability of the CAD for the content determination of topir-

amate

* Exploring the means of sensitivity enhancement for a semi-volatile impurity of

topiramate

* Development and validation of an assay for polidocanol as bulk product and in

a pharmaceutical polymer matrix

* Development and validation of a method for the determination of the free fatty

acids and the fatty acid composition in polysorbates

» Characterization of the overall composition of polysorbate 80
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3  Pharmaceutical applications of the CAD

Charged aerosol detection in pharmaceutical analysi S

Stefan Almeling, David llko, Ulrike Holzgrabe

Reprinted with permission from J Pharm Biomed Anal 2012, 69, 50-63.

Copyright (2012) Elsevier.

Abstract

Due to its wide field of application, sensitivity, wide range of linearity and the applica-
bility to gradient elution, the most common detection technique for HPLC nowadays
is UV/Vis spectrophotometry. However, UV/Vis detection comes to its limits when the
analytes are lacking suitable chromophors or exhibit very different UV responses. In
the past years, different types of evaporation/aerosol based HPLC detectors have
been developed to fill this gap in HPLC detection. Amongst those, the corona-
charged aerosol detector (CAD) is one of the most powerful and versatile representa-
tives. In the recent past a variety of papers have been published, demonstrating the
potential of the CAD in different fields of analytical chemistry. This paper is intended
to provide an overview of the key performance characteristics and manifold applica-
tions for HPLC-CAD in the field of pharmaceutical analysis.
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1. Introduction

From its discovery by M.S. Tswett [1] in 1903 until today, liquid chromatography has
taken an impressive development. High performance liquid chromatography (HPLC)
is nowadays one of the most widespread techniques in analytical laboratories, and
modern pharmaceutical analysis and quality control would not be thinkable without.
Due to its wide field of applications, its sensitivity, the wide range of linearity and the
compatibility with gradient elution, the most common detection technique for HPLC is
UV/Vis spectrophotometry. However, UV/Vis and also fluorescence detection come
to their limits when the analyte molecules are lacking a suitable chromophor or fluor-
ophor [2]. In these cases refractive index (RI) and electrochemical (EC) detection or
post-column derivatization UV detection are often employed instead. However, all
these alternatives have their limitations [3]: refractometry is not sufficiently sensitive
and is not suitable for gradient elution. Amperometric detection is technically difficult
to apply and requires a skilled operator. Derivatization is difficult to validate as differ-

ent compounds in a mixture may interact differently with the derivatization agent.

In the past years, several evaporation/aerosol based detectors have been developed
with the evaporative light scattering detector (ELSD), first mentioned in 1978 by
Charlesworth [4], being one of the early representatives. However, the relatively low
sensitivity, the non-linear detector response and the occurrence of non-reproducible
spike peaks at high analyte concentrations [5] are clear limitations of the ELSD.
Therefore, this detector is not necessarily the most suitable choice for pharmaceutical
applications like the control of impurities, where usually high analyte concentrations
are employed and high sensitivity is a key requirement for detection and quantifica-
tion of the related impurities often present below 0.1% concentration of the sample.
Fortunately, further evaporation/aerosol based detection systems have been devel-
oped in the recent past. One example is the corona-charged aerosol detector (CAD)
which was introduced by Dixon and Peterson [6] about 10 years ago. Another one is
the nano quantity analyte detector (NQAD) which is partly based on the condensation
nucleation light scattering detector (CNLSD) developed by Allen et al. [7,8]. Amongst
these detectors, the authors consider the CAD being the most versatile one. Moreo-
ver, although this analysis was not necessarily comprehensive, a comparative study
of the different evaporation based detectors revealed that the performance of the
CAD is clearly superior to the ELSD and to some extent also to the NQAD [9]. This
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review article is intended to give an overview to what extent the CAD is currently

used to solve analytical problems in pharmaceutical analysis.
2. Characteristics of the charged aerosol detector
2.1. General principles

After having passed the separation column, the HPLC eluent is transferred to the
CAD where it is nebulized by means of the Venturi effect produced by a carrier gas,
typically nitrogen, which flows coaxially to the mobile phase eluting from the chroma-
tographic column. This step transforms the liquid phase into small droplets. After
nebulization, the droplets are carried by the nebulizer gas into a heated drift tube. In
the drift tube the eluent is evaporated and a cloud of the non-volatile material con-
tained in the eluent is formed. The detection of the resultant aerosol takes place
through electrical charging of the aerosol and detection of the charged particles using

an electrical aerosol analyser (EAA) (Fig. 1).

]NE
MNebulizer and Drying
Tube
B — Impactor )
R (removes 00 Charge Transfer
NP_'E large droplets) o % Chamber
O o -] e UI g * '_
Q0 I @ 5+, "
O
— O F+]
> Detection L] :
Eluent Cell o : Discharge

l e O needle

Exhaust
Data acquisition

Fig. 1. Principles of the CAD (taken from [10] with permission of the author).

The EAA is a commercial instrument built in the 1970s for sizing aerosols and is de-
scribed in detail by Liu and Pui [11]. The EAA operates by charging particles as they
pass near a region of positive corona discharge. Subsequently small particles, having
a larger mobility are removed through attraction to a rod of negative charge. Eventu-
ally the remaining charged particles are detected with a filter/electrometer. Compared
with the ELSD, aerosol charging is more sensitive to small particles (diameter of less
than 100 nm), which explains why CAD offers inherent advantages over ELSD [6].
When the CAD is operated under normal conditions, the charge imparted to particles
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in the corona discharge region depends primarily on the particle size whilst the parti-
cle composition does not seem to have a significant impact on the signal [11,12]. Ac-
cording to Dixon and Peterson [6] the maximum sensitivity per particle mass occurs
at particle diameters of about 10 nm. It is theoretically possible to use equations to
predict the instrument sensitivity along with the size distribution of droplets generated
by a pneumatic nebulizer. However, in practise this is complicated by a number of
facts, such as the loss of droplets striking the walls of the spray chamber or the pos-
sible charging of droplets from the spray electrification. Thus, the determination of the
response is usually done by an empirical approach. Fortunately, operating the CAD is
rather simple and just requires setting a few controllable parameters like the gas inlet
pressure and the signal output range [13]. Compared with the ELSD, the CAD detec-
tor was reported to have an about 10-fold increased sensitivity [5,6,14-17]. A detailed

review of the operating principles of the CAD is given by Vehovec and Obreza [13].

It is however important to notice that, like for all other evaporation based detectors, a
prerequisite for detection by CAD is that the solute is considerably less volatile than
the mobile phase. In practise this means that the choice of mobile phase additives is
limited and that volatile mobile phases must be used. Concerning the selection of the
stationary phase it is important to ensure that the columns show little to no bleeding
since all non-volatile particles will be detected by the CAD.

On the other hand it is worth mentioning that the choice of organic modifiers for the
preparation of the mobile phase is larger than for HPLC with UV detection. For ex-
ample acetone is not normally used in HPLC-UV as it has a UV cut-off of 330 nm.
However, this is not an issue when HPLC is coupled with CAD. In contrast, in this

case the relatively high volatility of acetone can even be advantageous.
2.2. Detector response, sensitivity and gradient co ~ mpatibility

Compared with other detection method like UV/Vis spectrophotometry, fluorescence
detection or pulsed amperometric detection, the detector response of the CAD does
not depend on certain functional groups or moieties within the molecules. Therefore a
similar detector response can be expected for different compounds [6,14,18-20]. This
is a considerable advantage when screening for impurities where no structural infor-
mation is available or where the detector response is unknown. In this respect, the
CAD can even be used for the estimation of the UV relative response factors of impu-

rities that have not been isolated but are only available in unknown amounts in a mix-
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ture with the drug substance. In these cases, a comparison of the CAD and UV/Vis
detector responses of the impurity and the drug substance can give a good estima-
tion of the UV relative response factor of the impurity in question. However some
caution as regards the assumption of a unique detector response in CAD is advisable
as differences in the volatility and of the chargeability of different compound may lead

to different relative response factors even when detection is performed by CAD [21].

The CAD detector response depends very much on the amount of organic modifier
present in the mobile phase. Based on our experience, an increase of the detector
signal of a factor of 5-10 can be achieved when changing from a 100% aqueous
HPLC eluent to an eluent containing 100% of organic modifier. Unfortunately, the
strong dependence of the detector response on the eluent composition results in
some limitations as regards the compatibility of the CAD with gradient elutions. In
these cases it would not be possible to use a single external standard for the quanti-
fication of different analytes in a mixture as it is often the case in pharmaceutical
analysis. To overcome this constraint, post column compensation of the gradient by a
corresponding counter gradient represents a viable option. A corresponding dual
pump HPLC system has recently become commercially available. We [22] found that
this system is easy to use and is prone to deliver a unique detector response over an
HPLC gradient. Moreover, it could be shown that post column addition of organic
modifier to isocratic methods with highly aqueous mobile phase can also contribute to
reduce the baseline noise and to increase the detector sensitivity by a factor of 3—4
(cf. Fig. 2).

Compared with widely used ESLD, the CAD is reported to show a significantly higher
detector response [6,14,16,17,23]. Typical limits of quantification (LoQs) found for the
CAD range between 1 and 240 ng on column [9,15,19,21,24].

2.3. Linearity of range

Similar to the ELSD, the response of CAD is not directly linear over a broad concen-
tration range [6,14,18]. However, the response of the CAD was reported to be linear
over a limited range of about 2 orders of magnitude in different studies [19,21,25,26].
This is in many cases sufficient for an assay determination or for the determination of
impurities when an external standard is used in an appropriate concentration (cf.
Fig. 3).
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Fig. 2. Overlay of the detector response of a 0.05 mg/mL aqueous L-alanine test solution recorded
with and without post column addition of 1 mL/min of acetonitrile to a highly agueous mobile phase.
Chromatographic conditions: Inertsil ODS 3 column (150 mm x 4.6 mm; particle size 5 um), column
temperature of 30 °C. Mobile phase: 96 vol. of 1.5 mmol/L PFHA in water and 4 vol. of 150 mmol/L
PFHA in methanol, flow-rate: 1 mL/min, detection by CAD.
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Fig. 3. LC-CAD calibration curve of streptomycin sulfate from 5 pg/mL to 250 pg/mL (6 concentration
levels). Chromatographic conditions: YMC-Pack Pro column (250 mm x 4.6 mm; particle size 3 um);
Column temperature: 40 °C; Mobile phase: 20 mmol/L of PFPA in a mixture of water/acetone
99/1 (v/v). Flow rate: 0.8 mL/min. Injection of 10 pL of a 5 mg/mL solution of streptomycin sulfate in
water. Modified from [19].

3. Case studies

In 2009 Novéakova et al. [25] concluded that, although an increasing number of pa-
pers about CAD are being published in literature, pharmaceutical applications of the

CAD would still be rare. However, for the last two years the CAD is more frequently
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used also in the pharmaceutical world which is demonstrated in the following chap-

ters.
3.1. Impurities control

A key objective in the quality control of active pharmaceutical ingredients (API) and
excipients used for the production of drug products is an appropriate control of impu-
rities. In guideline Q3A(R) on the control of impurities in new drug substances [27],
the International Conference on Harmonisation of Technical Requirements for Regis-
tration of Pharmaceuticals for Human Use (ICH) has set a reporting threshold of
0.05% for impurities in new drug substances with an average daily dose below 2 g
and 0.03% for drugs of a daily dose higher than 2 g. Impurities exceeding this
threshold must be quantified and reported. In the European Pharmacopoeia (Ph.
Eur.) [28] the above concept is not limited to new drug substances, but was extended
to all substances for pharmaceutical use. As a consequence, methods used for the
control of impurities must exhibit a LoQ which corresponds at least to the reporting
threshold. Hence, the method employed for the control of impurities in “substances
for pharmaceutical use” need to be sufficiently sensitive to comply with the above
requirement. Moreover, the question of a unique relative response of the impurities is
often an issue when it comes to the quantification with a dilution of the active phar-
maceutical ingredient (API) as an external standard.

3.1.1. Aminoglycosides

Numerous papers describing LC methods for the identification and control of impuri-
ties in aminoglycoside antibiotics using detection by UV-spectrophotometry [29,30],
mass spectrometry [31], and pulsed amperometric detection (PAD) [32-39] have
been published. Unfortunately, each of these methods has major disadvantages. Due
to a lack of a suitable chromophor, the analysis by UV/Vis-spectrophotometry re-
quires high analyte concentrations and a low detection wavelength (about 200 nm).
In addition, impurities lacking a UV/Vis-absorbing chromophor will not be detected.
The application of mass spectrometry requires suitable specific reference materials
for the quantification of the impurities. However, these are often not available. The
application of PAD is technically very difficult and requires a skilled operator. Another
disadvantage is that non-oxidizable compounds are not detected. Recently, four pa-
pers have been published describing methods for the determination of gentamicin



30 PHARMACEUTICAL APPLICATIONS OF THE CAD

[40,41], streptomycin [19] and netilmicin sulphate [42] and their related substances
using the CAD. For the determination of netilmicin sulphate and its impurities a step-
gradient method wusing pentafluoropropionic acid (PFPA)/water/acetonitrile
(0.1/96/4, viviv) as mobile phase A and trifluoroacetic acid (TFA)/water/acetonitrile
(1/96/4, viviv) as mobile phase B on a Restek Allure pentafluorophenyl (PFP) propyl
column (100 mm x 4.6 mm, 5 ym patrticle size) was employed.

A slightly modified approach was developed by the same working group to determine
gentamicin and impurities. Here, a Restek Allure PFP propyl column
(50 mm x 4.6 mm, 3 uym particle size) was used with heptafluorobutyric acid
(HFBA)/water/acetonitrile (0.025/95/5, v/vliv) as mobile phase A and TFA/water/
acetonitrile (1/95/5, vivlv) as mobile phase B. After extraction, 20 uL of a sample so-

lution containing approximately 0.5 mg/mL of gentamicin were injected.

Stypulkowska et al. achieved the quantification of all gentamicin components on a
common C18 column (150 mm x 4.6 mm, 3 ym particle size) in isocratic mode [41]
utilizing TFA (55 mmol/L)/methanol/acetonitrile (98/1/1, v/v/v) as mobile phase. This
method was successfully applied to analyse gentamicin in different pharmaceutical

preparations.

The separation of streptomycin and impurities was carried out in isocratic mode using
a YMC-Pack Pro C18 column (250 mm x 4.6 mm, 3 ym particle size) and a mobile
phase composed of 20 mmol/L of PFPA in water/acetone (99/1, v/v). 10 uL of

5 mg/mL sample solutions were injected at a HPLC flow-rate of 0.8 mL/min.

The methods allowed the separation and sensitive quantification of numerous impuri-
ties with LoQs between 4 ng on column [19] and 100 ng on column [42] for strepto-

mycin and netilmicin, respectively (Fig. 4).

Since mobile phases compatible with HPLC-CAD methods must be volatile, the
methods developed for the separation of the impurities from streptomycin and gen-
tamicin could be coupled to MS detection without any further modification and thus,

could be used for the structural elucidation of unknown impurities.

All four methods represent viable alternatives for the purity control of aminoglycoside
antibiotics and demonstrate the potential of HPLC coupled with CAD for this class of

pharmaceutical substances.
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Fig. 4. Separation of streptomycin from its impurities. Column: YMC-Pack Pro column (250 mm x
4.6 mm; particle size 3 um); Column temperature: 40 °C; Mobile phase: 20 mmol/L of PFPA in a mix-
ture of water/acetone 99/1 (v/v). Flow rate: 0.8 mL/min. Injection of 10 uL of a 5 mg/mL solution of
streptomycin sulfate sample 4 in water. Modified from [19].

3.1.2. Paclitaxel

Paclitaxel, a complex tetracyclic substance with a heptacarbon skeleton and 11 ste-
reocenters, was first isolated from the bark of the Pacific yew tree. It is widely used in

anticancer therapy and has been demonstrated to be effective against different tumor
types [43,44].

In a study conducted by Wang and co-workers [18], the relative response factors
(RRFs) of paclitaxel-related impurities were determined by HPLC-CAD and com-
pared to those obtained by HPLC-UV analysis. Using a Curosil-PFP column
(150 mm x 4.6 mm, 3 um particle size) and a mobile phase composed of wa-
ter/acetonitrile (52/48, v/v) at a flow rate of 1.2 mL/min, 9 impurities were separated
from paclitaxel. The RRFs were determined employing calibration curves of the peak
areas and analyte concentrations in a range of 0.1-2.0 yg/mL by linear regression
analysis. CAD provided almost constant RRFs for the 9 analysed impurities and
paclitaxel with a relative standard deviation (rsd) of the slope of the different calibra-
tion curves of 5.6%, whilst the UV detector response was found to differ significantly
from one compound to another with individual RRFs between 0.5 and 1.0 (rsd: 25%;
n =9). This study demonstrated that significant mistakes in the quantification may
occur when the UV-response factor of unknown compounds is assumed to be one. In
contrast, the HPLC-CAD is a fast, convenient, and accurate method to determine UV

RRFs of known and unknown impurities.
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3.1.3. Maillard reaction impurities in memantine ta  blets

Memantine (3,5-dimethyladamantan-1-amine) is approved for treatment of moderate
to severe Alzheimer's disease [45]. As a primary amine, memantine reacts with re-
ducing sugars in a complex pathway known as Maillard reaction (MR) [46]. Such deg-
radation products from the MR have been reported to occur in pharmaceutical prod-
ucts containing drug substances with primary amino groups and lactose, a standard
excipient used for the production of tablets [47]. Therefore, Rystov et al. [48] have
carried out work to determine MR impurities in memantine tablets using HPLC-CAD.
The gradient method employing a Hydro-RP column (100 mm x 3.0 mm, 2.5 ym par-
ticle size) and mobile phases consisting of 0.6% (v/v) of heptafluorobutyric acid
(HFBA) in two acetonitrile/isopropyl-alcohol/water mixtures, was capable of separat-
ing 4 MR impurities from memantine. Detection by CAD allowed the quantification of
the impurities without a chromophor at levels of 0.02-0.03% (20-30 ng on column)
referred to the labelled content of the drug substance. The method, which was fully
validated, was found to be robust and easy to apply for the routine quality control of

MR impurities in memantine tablets.
3.1.4. Amino acids

Amino acids, are widely used biological compounds e.g. in the fields of nutrition,
cosmetics and agriculture [49]. Moreover, they are widely used in medicinal applica-
tions including the parenteral nutrition or the use of certain amino acids like trypto-

phan because of specific pharmacological effects [50,52].

Based on their widespread use, a proper control of the quality of the amino acids is of
crucial importance for the consumer or patient. Unfortunately, due to their physico-
chemical properties, i.e. the lack of a chromophor in most of the amino acids, their
analysis and especially the purity control of low level impurities is a particular analyti-
cal challenge and no analytical method has yet been found which is superior to all
the others [53]. Although classical amino acid analysis (AAA) using HPLC-UV with
derivatization of the amino acids prior to quantification is one of the most widely used
methods, it is interesting to note that an application using UHPLC-CAD for the sepa-
ration and quantification of 22 amino acids has just been developed [54]. Further-
more, a fully validated C18 reversed phase ion-pair HPLC method using 1 mmol/L of
perfluoroheptanoic acid (PFHA) as an ion-pair reagent and a CAD for the purity con-
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trol of aspartic acid (Asp) was published [21]. The method was capable of separating
the major organic and amino acids known to occur as process related impurities.
With a slight increase of the PFHA concentration from 1.0 mmol/L to 1.5 mmol/L, it

was also found to be suitable for the purity control of alanine (Ala) (Fig. 5).
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Fig. 5. Injection of a 10 mg/ml solution of Asp spiked with about 0.1% with maleic acid, malic acid,
citric acid, fumaric acid, succinic acid, Gln, Glu and Ala. Chromatographic conditions: Inertsil ODS 3
column (150 mm x 4.6 mm, 5 um), column temperature 30 °C, flow rate 1.0 mL/min, injection volume
40 pL, mobile phase 10 mmol/L PFHA in water/methanol 96/4 v/v. Detection by CAD. Elution order:
maleic acid, malic acid, citric acid, fumaric acid, succinic acid, Asp, GIn, Glu, Ala. Modified from [21].

The LoQs for the potential impurities were found between 0.006% and 0.03% (24—
120 ng on column) referred to the concentration of the API in the test solution. In this
study the detector response of the CAD was found to be linear in a range from
2.5 yg/mL to 20 pg/mL. The LC method described in [21] represents an easy to use
alternative to amino acid analysis for the control of impurities in Asp and Ala. Addi-
tionally, it has the benefit of controlling not only related amino acids but also other
process impurities like organic acids. The method was also used in a study compar-
ing the performance characteristics of different evaporation based detection systems;
i.e. ELSD, NQAD and CAD [9]. The study concluded that for the selected application
CAD was clearly superior to ELSD and appeared also slightly superior to NQAD in

terms of repeatability and sensitivity.
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3.1.5. Neuromuscular blocking drugs

Blazewicz et al. [55] have published a paper dealing with the determination of atracu-
rium, cisatracurium and mivacurium and their impurities in pharmaceutical prepara-
tions. All three substances are non-depolarizing neuromuscular blocking drugs of
different potency and duration of action [56,57]. Atracurium and its 1R-cis, 1R'-cis
isomer, cisatracurium undergo Hofmann elimination, resulting in the formation of lau-
danosine and quarternary monoacrylate [58,59]. Below pH 3, atracurium also de-
grades by ester hydrolysis. Mivacurium, a mixture of 3 isomers, degrades by hydroly-
sis forming a monoquarternary alcohol and acid. The purpose of the work performed
by Blazewicz et al. [55] was to develop a fast and sensitive HPLC-CAD method for
the simultaneous determination of the three isomers of atracurium, cisatracurium,
three isomers of mivacurium, and their degradants applicable to corresponding
pharmaceutical preparations. Best analytical results were obtained using a Thermo
C18 column (150 mm x 4.0 mm, 3 ym patrticle size) and a mobile phase containing
0.1% formic acid (FA) in water (solvent A) and 0.1% FA in methanol (solvent B) with
the following gradient: 0—2 min 30% B, 2—-10 min 30-50% B, 10-15 min 50% B and a
flow rate of 0.5 mL/min. Linear detector response was found for atracurium in the
concentration range from 5 to 150 uyg/mL. The lowest LoQs were obtained for the
impurity laudanosine with 16 ng on column. Accuracy and precision of the method
were found appropriate with mean recoveries for all samples in the range from 96.5

to 101.6% and repeatability standard deviations (n = 3) between 0.1 and 1.6%.
3.2. Assay determinations

The determination of the content is an integral part of pharmacopoeial monographs
and specifications for drug substance and also for many excipients. Also for finished
products, the determination of the API content is a key parameter for the evaluation
of the compliance with the approved specifications and for its suitability for use. As
the following examples may demonstrate, CAD appears to become a more and more

versatile detector also in this field of application.
3.2.1. Statin drugs

Statin drugs play a major role in the treatment of hypercholesterolemia. The class of

statins consist of natural (lovastatin), semi-synthetic (simvastatin, and pravastatin) as
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well as synthetic compounds (fluvastatin, atorvastatin, cerivastatin, rosuvastatin, and
pitavastatin). Novakova et al. [24] have carried out a study to develop and validate a
HPLC-CAD method for the assay determination of atorvastatin, lovastatin and
simvastatin in tablets. For the separation a Zorbax Eclipse XDB C18 column
(75 mm x 4.6 mm, 3.5 ym particle size) was used. The LC analysis was carried out in
isocratic mode employing a mobile phase composed of acetonitrile and 0.1% formic
acid (70/30, v/v) at a flow rate of 1.0 mL/min. The separation was completed in
4.5 min. In the validated concentration range of 0.1-50 pg/mL, the CAD delivered a
linear response. In terms of sensitivity and precision, the CAD was found to be supe-
rior to a UV detector. A LoQ of 1 ng on column was determined for simvastatin, which
was 2.5 times more sensitive than for the detection by UV 238 nm.

3.2.2. Antidiabetic drugs

In a study on 4 antidiabetic drugs (glipicide, gliclacide, glibenclamide and glimepiride)
Kwon, Lee et al. [60] compared the performance of 3 different HPLC detectors: UV
detection, ELSD and CAD. The LC separation was carried out using a GraceSmart
RP-18 column (250 mm x 4.6 mm, 5 ym) and an isocratic eluent consisting of 35%
mobile phase A (water/formic acid/acetonitrile, 90/0.1/10 v/v/v) and 65% mobile
phase B (acetonitrile/water 90/10 v/v) at a HPLC flow rate of 1 mL/min. In terms of
accuracy all three detectors delivered acceptable results. With regards to recovery,
CAD was clearly better than ELSD and also slightly superior to detection by UV at
210 nm. In terms of precision, both UV detection and CAD were found more precise
than ELSD. As a measure for the sensitivity, the LoD of the different antidiabetic drug
substances were determined. CAD was found to be 5 fold more sensitive than ELSD
and also up to three times more sensitive than detection by UV at 210 nm. The low-

est LoQ for gliclacide was found to amount to 16 ng on column.
3.2.3. Vitamins

Simultaneous determination of ascorbic acid (vitamin C) and dehydroascorbic acid is
a particular analytical challenge and no simple analytical method for the determina-
tion of both compounds was available. As these molecules are difficult to retain on
conventional reversed phase HPLC columns and the differences in their properties
do not allow simultaneous detection by UV absorption, fluorescence or electrochemi-
cal detection, Novakova et al. [25] developed a new HPLC method with detection by
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CAD based on hydrophilic interaction chromatography (HILIC). A Sielc Obelisk R
column (100 mm x 3.2 mm, 5 ym particle size) in isocratic elution mode employing a
mobile phase consisting of acetonitrile and 75 mmol/L ammonium acetate (15/85,
v/v) at a flow-rate of 1.0 mL/min resulted in a good separation of the two molecules.
Linearity of the CAD response was confirmed in the range from 1 to 250 pg/mL for
ascorbic acid and from 1 to 100 ug/mL for dihydroascorbic acid. Accuracy and preci-
sion of the method were acceptable and CAD resulted in a LoQ of 10 yg/mL for
ascorbic acid and 1 ug/mL for dehydroascorbic acid. Using a UV detector at 268 nm
for ascorbic acid and at 210 nm for dehydroascorbic acid instead of CAD, the method
was twice more sensitive for ascorbic acid whilst dehydroascorbic acid could not be
detected at all.

3.2.4. Gabapentin

Analysis of the anti-epileptic drug gabapentin is challenging because it possesses no
suitable UV chromophor. Jia et al. developed an HPLC method for the determination
of gabapentin in pharmaceutical preparations without derivatization prior to analysis
[61]. In their study, the performance of an ELSD and the CAD were compared on four
different HILIC columns (Luna HILIC (100 mm x 2.0 mm, 3 uym particle size), Atlantis
HILIC Silica (100 mm x 2.0 mm patrticle size), ZIC HILIC (100 mm x 2.1 mm, 3 ym
particle size), and ZIC pHILIC (150 mm x 2.1 mm, 5 ym patrticle size). It was found
that the sensitivity achieved by ELS detection was comparable to that with CAD and
both superior to UV detection in HILIC mode. LoDs were found to be 5-30 ng on col-
umn and 7.5-10 ng on column for ELSD and CAD, respectively, compared to 300—
425 ng on column for UV detection depending on the column applied. However, em-
ploying a RP-C18 column, CAD was about 25-times more sensitive than ELSD. The
application of this method on gabapentin tablets and capsules showed good recovery

and precision (Fig. 6).
3.3. Further applications in pharmaceutical and rel  ated areas
3.3.1. Determination of pharmaceutical counterions

In order to obtain desired physicochemical properties or pharmacokinetic effects,
drug substances are in many cases produced in the form of a salt. Moreover, salts

can be formed during the synthesis and can remain in the product as impurities.
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Therefore, the identification and quantification of counterions is an analytical task that
plays an important role; i.e. in the verification of the completeness of the salt forming
process, the control of the mass balance or in the limitation of undesirable counteri-
ons. A method for the simultaneous determination of the 25 most commonly used
pharmaceutical counterions using mix-mode HPLC coupled with CAD has been de-
veloped by Zhang et al. [62]. The method used a 25 min ternary gradient at a flow
rate of 0.5 mL/min, employing 200 mmol/L ammonium formate, pH 4, water and ace-
tonitrile as mobile phases. The separation was carried out on an Acclaim Trinity P1
column (50 mm x 3.0 mm, 3 um particle size), which consists of porous silica parti-
cles coated with charged nanopolymer beads. Separation of the following ions was
achieved: anions; besilate, bromide, chloride, citrate, fumarate, gluconate, lactate,
malate, maleate, mesilate, nitrate, phosphate, succinate, sulphate, tartrate, tosylate,
and cations; calcium, cholin, magnesium, meglumine, potassium, sodium, tro-
methamine, procaine and zinc. Limits of detection between 5 ng on column for sodi-
um and 400 ng on column for lactate were reached. Moreover, the method was ca-
pable of accurately determining the content of sodium, chloride and fumarate in

different drug substances.

Huang et al. developed a method to determine several counterions in presence of an
APl as well [63]. Their method is carried out in HILIC mode. Two different chromato-
graphic conditions were applied to quantify either monovalent ions (nitrate, chloride,
bromide, sodium, potassium) or divalent ions (calcium, magnesium, sulphate, phos-
phate): isocratic separation with acetonitrile/0.1 M ammonium acetate (75/25, v/v) on
a SeQuant ZIC-pHILIC (150 mm x 4.6 mm, 5 ym particle size) column for monova-
lent ions and acetonitrile/0.1 M ammonium formate (70/30, v/v) on a SeQuant ZIC-
pHILIC (50 mm x 4.6 mm, 5 ym particle size). The authors showed that their method
was superior to ion chromatography. HILIC columns allow the mobile phase to con-
tain a higher amount of organic solvent, compared to ion chromatography, providing

better solubility of drug substances.

However, the drawback of universal detection is also well demonstrated. The utilisa-
tion of certain silica based HILIC columns is not suitable, because of the high back-
ground noise due to column bleeding. These findings are in good agreement with the
study performed by Jia et al. who applied the same HILIC columns for the determina-

tion of gabapentin [61].
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Fig. 6. Structural formulae of the drugs discussed here, (1) streptomycin, (2) gentamicin coumpounds,
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Further methods for the determination of counter-ions in pharmaceutical salts using
charged aerosol detection are published [64,65]. In both studies a HILIC column with
a zwitterionic stationary phase was employed. The method developed by Fukushima
et al. [65] was additionally capable of determining several organic ions (i.e. maleate,

succinate, fumarate, tartrate, choline, Tris, lysine).
3.3.2. CAD in the assessment of excipients
3.3.2.1. Polysorbate 80

Polysorbate 80 is a non-ionic surfactant. It is a heterogeneous compound, consisting
of oleic acid esters of sorbitol and its anhydrides copolymerised with about 20 mole

ethylene oxide for each mole sorbitol and its anhydrides [28]. Current methods for the
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guantitative determination of polysorbate 80 use a spectrophotometric determination
after derivatization [66], HPLC-UV determination of oleic acid after alkalimetric hy-
drolysis at 195 nm [67] or size exclusion chromatography [68]. Fekete et al. devel-
oped a fast HPLC-CAD method for determining polysorbate 80 in drug solutions con-
taining proteins using a Poroshell 300SB-C18 column (75 mm x 2.1 mm, 5 pum
particle size) without any sample preparation [69]. This column material has a solid
core with a porous shell, which provides high efficiency and fast analysis on a con-
ventional HPLC system. A gradient elution was applied with acetoni-
trile/methanol/water-TFA (80/20/900/1, v/vivliv) as mobile phase A and acetoni-
trile/methanol/water/TFA (720/180/100/1, viviviv) as mobile phase B at a flow rate of
0.65 mL/min. The first main peak of polysorbate 80 was used for its quantification, as
it showed no interference with protein peaks even after oxidation, reduction or de-

amidation of the protein. This allows quantification in about 10 min.

Lobback et al. compared the performance of an ELS detector and a CAD in quantify-
ing polysorbate 80. Charged aerosol detection was shown to be 10 times more sensi-
tive [70].

Another application investigating the stability of polysorbate 80 was developed by
Christiansen et al. [71]. Separation was achieved on a Zorbax SB-Ag C18
(100 mm x 2.1 mm, 3.5 ym particle size) with gradient elution using acetonitrile and
water as mobile phases. However, due to the non-uniform response of the CAD in
gradient mode, authors choose to apply a single quadrupole mass selective detector

for quantification.
3.3.2.2. Hydroxypropylmethylcellulose

Hydroxypropylmethylcellulose (HPMC) is widely used as a tablet binder, film-coating,
extended-release tablet matrix, capsule shell and thickening agent in ophthalmic
preparations [72]. It is a polymer, whose cellulose hydroxyl groups are partly methyl-
ated and 2-hydroxypropylated. Several types of HPMC are available differing in the
degree of substitution and molecular weight distribution (approximately 10—
1500 kDa). This heterogeneity makes it difficult to develop a simple method that co-
vers all these parameters. The Ph. Eur. makes use of gas chromatography (GC) after
ether cleavage with hydroiodic acid [28] in order to determine the degree of substitu-
tion. However, sample pre-treatment is time-consuming and only averaged data can

be provided.
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Greiderer et al. developed a method to illustrate the distribution in molecular weight
and degree of substitution [73]. Two-dimensional liquid chromatography was used to
characterize HPMC batches from different manufacturers. In the first dimension, re-
versed phase liquid chromatography (RP-HPLC) was applied to analyse the degree
of substitution, as methoxy and hydroxypropoxy substituents influence hydrophobi-
city. Molecular weight was assessed by size-exclusion chromatography (SEC) in the
second dimension. In particular, a linear gradient elution was carried out on a Zorbax
300SB-C8 column (150 mm x 2.1 mm, 3.5 um particle size) with water/TFA
(99.95/0.05, v/v) as mobile phase A and 1-propanol/TFA (99.95/0.05, v/v) as mobile
phase B. The column used in SEC was a HSPgel AQ column (150 mm x 6.0 mm,
4.0 ym particle size, 10-400 kDa molecular-weight range) in isocratic mode with mo-
bile phase A. Moreover, the method was capable of estimating the cloud point tem-
perature by applying appropriate column temperatures—an additional criterion to dis-

tinguish different HPMC samples.
3.3.3. CAD in pharmaceutical cleaning validation

Cleaning of the production equipment is a critical step in the pharmaceutical produc-
tion process. For this reason competent authorities have set up strict requirements
for the validation of equipment cleaning [74,75]. Analytical methods used for the
cleaning validation are often similar to the method used for the impurities control or
content determination of drug substances. A technique commonly applied for this
purpose is HPLC with UV/Vis detection. However, residual material not possessing a
suitable chromophor, like in the case of many active ingredients and excipients, will
be difficult to detect. A study was carried out by Forsatz and Snow [26], to demon-
strate how HPLC coupled with CAD can successfully be used for cleaning validation.
Several common cleaning solvents (water, methanol, ethanol, tetrahydrofuran, ace-
tone) for manufacturing equipment spiked with typical APIs and excipients, i.e. albut-
erol, mometasone furoate and loratadine, and lactose, were analysed and the results
compared to those obtained by a HPLC-UV method. The separation was carried out
on a YMC Pack Pro C18 column (50 mm x 4.6 mm, 3 uym particle size) with a mobile
phase consisting of methanol/water (75/25, v/v) at a flow-rate of 1 mL/min. For all
analysed substances, the CAD showed a linear detector response over the full con-
centration range from about 10 ng to 400 ng on column. For the three analysed APIs

LoQs were found between 2 ng on column and 5 ng on column when using CAD and
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between 3 ng on column and 6 ng on column with UV-detection. Compared with UV-
detection at 205 nm, the interference with the cleaning solvents was less pronounced
when CAD was employed. In terms of recovery, both CAD and UV provided accepta-
ble results with the CAD giving slightly better recoveries. For the analysis of lactose
as an example for a compound with poor or no chromophors, CAD clearly demon-
strated its superiority to UV detection. Taken together, the study indicates that CAD
can be a very useful detector for cleaning validation, especially when it comes to the

analysis of substances with low UV-response.
3.3.4. Further application of the CAD

The above detailed examples underline in an impressing manner the potential and
usefulness of the CAD in different areas of pharmaceutical analysis. However, in lit-
erature several more fields of application in the pharmaceutical sector and related
areas are described. These papers which are listed in Table 1 demonstrate that CAD
is a versatile detector with a large variety of applications that is especially useful
when analysing substances with a suitable chromophor or samples of unknown com-

position.



Table 1. Further publications dealing with the use of CAD in pharmaceutical and related analysis.

Title

Area

Analytical method information

Key performance characteristics / Con-
clusion

Corresponding
Author

Evaluation of charged aer-

osol detection as a com-
plementary technique for

high-throughput LC-MS-
UV-ELSD analysis of
drug discovery screen-
ing libraries

Aerosol based detectors
for the investigation of
phospholipid hydrolysis
in pharmaceutical sus-
pension formulation

Lipid analysis via HPLC
with a charged aerosol
detector

Quantitation of triglycerols
from plant oils using
charged aerosol detec-
tion with gradient com-
pensation

Direct determination meth-
od of oligosaccharides
by high-performance lig-

Drug discover,
high through-
put screening

Fatty acid
analysis

Fatty acid
analysis

Fatty acid
analysis, plant
extracts

Carbohydrate
analysis

Flow injection analysis using a mixture of
acetonitrile/water (with 0.01% TFA) (50/50
v/v) as carrier phase with a 0.55 mL flow
rate

Column: Zorbax SB C18 (150 mm x 4.6
mm; 3.5 pm particle size)

Mobile phase: water/acetonitrile (20/80 v/v)
at a flow rate of 1.0 mL/min

Normal phase HPLC-CAD gradient elution
method for quantification of the major non-
polar lipid class components in vegetable
oils and hexane extracts

(Details not reported)

Column: Hypersil ODS (250 mm x 4.6 mm,;
5 pm particle size)

Mobile phase: Linear gradient from 20%
eluent A to 75% eluent A in 80 min withelu-
ent A: 2-propanol /hexane (1/1 v/v) and
eluent B: acetonitrile; inverse gradient was
applied resulting in a total flow at the detec-
tor inlet of 2.0 mL/min

Column: Kaseisorb LC ODS 2000 (150 mm
X 4.6 mm; 5 um particle size) and TSK gel
Amido-80 (150 mm x 2.0 mm)

CAD shows potential for generalized appli-
cation as a complementary detection tech-
nigue in high-throughput screening. Data
obtained using a generalized CAD calibra-
tion curve are sufficiently accurate to con-
firm that samples are present in both quan-
tities and purities

Recovery of different fatty acids between
90.8% and 108.6% (concentration range:
150 to 2250 ng on column)

Limits of quantification [ng on column]: lino-
lenic acid: 3.9, linoleic acid: 4.5, palmitic
acid: 5.7, Oleic acid: 6.2, Stearic acid: 11.3

Minimum limit of detection:
1 ng on column

Signal linear in the range from 1 ng to 20 ng

The response factors of triglycerides con-
taining saturated and unsaturated fatty ac-
ids from 12 to 19 carbon atoms showed
only 5% variation, which is sufficient for
simple quantitative analysis without the
need of response factors

Method was 5 times more sensitive than
that using a UV detector. It was 10 times
less sensitive when compared with fluores-

John Loughlin
[76]

Lakshmy M.
Nair [77]

Robert A. Mo-
reau [78]

Pat Sandra [79]

Toshimasa
Toyook [15]
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Key performance characteristics / Con- Corresponding

charged aerosol detec-
tion and light scattering
detection for the analysis
of Leishmania mem-
brane phospholipids

biological ma-
terial

5 um particle size) and YMC PVA-SIL
Guard column (10 mm x 2.0 mm)

Mobile phase:

Gradient elution over 68 min with: eluent A
(n-Heptane/2-propanol 98/2 v/v), eluent B

Title Area Analytical method information clusion Author
uid chromatography with Mobile phase: Linear gradient using 0.1% cence detection.
charged aerosol detec- TFA in water (solvent A) and 0.1% TFA in Detection limits for different oliqosaccha-
tion acetonitrile (solvent B) at a flow rate of 1.0 rides ranaed between 0.35 ango 63 bmol
mL/min and 0.4 m/min, respectively 9 ' 03 pmol.
Linear detector response between 5.0 and
1000 pmol.

Quantitative comparison of Polyethylene  Column: SFCpak SIL 5 silica gel column Performance characteristics: Kayori
a corona-charged aero- glycols (250 mm x 4.6 mm, 5 um particle size). Uniform PEGs of various degree of Takahashi [16]
sol detector and evapo- : ) o . o i
rative light-scattering de- Mobile phase: Carbon dioxide Wlth metha- polym_erlzatlon and the certified reference

. nol/water (90/10 v/v) as a modifier solvent material of PEG 1000 were analysed.
tector for the analysis of ; o,
. run at gradient conditions at a constant . .
a synthetic polymer by o o ) The repeatability of the CAD is greater than
o . temp of 50 °C. Carbon dioxide flow rate: 2.0 S e
supercritical fluid chro- L/min: El di fth difi ELSD. The limit of detection is about 10
matography mL/min; Flow-rate gradients of the modifier times lower (Limit of detection of the CAD:
solvent was 0.00667 mL/min? from initial 50 ng on column) '
flow rates of 0.6 mL/min. 9 '

Comparison between Saponin anal-  Column: Supelco Ascentis Express C18 Linear range: between 10-1000 ng on col- Sang Beom Han
evaporative light scatter- ysis, plant (100 mm x 4.6 mm, 2.7 um particle size) umn and 30-3000 ng on column. [80]
ing detection and extracts and Phenomenex Security Guard C18 col- Limit of quantification: between 10-30 na on
charged aerosol detec- umn (4.0 mm x 3.0 mm) colurnn q : 9
ggir:(;(;;thoenzianr;alyms of Mobile phase: Gradient elution of eluent A

P (acetonitrile/water 90/10 v/v) and eluent B
(water/ acetonitrile 90/10 v/v); 0-5 min iso-
cratic at 20% A, 5-35 min linear gradient to
50% A, 35-36 min to 90% A, 36-46 min
isocratic at 90% A. Flow rate of 1.0 mL/min
(post column split ELSD / CAD 50/50).
Comparison between Phospholipids, Column: YMC PVA-SIL (150 mm x 2.0 mm, The limits of quantification and limits of Pierre

detection are, on average, three times low-
er with CAD than with ELSD.

Chaminade [81]

Linear range CAD: between 30-2000 ng on
column and 1280-20000 ng on column de-
pending on the phospholipid.
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Key performance characteristics / Con-

Corresponding

nanotubes as solid
phase extraction sorbent
and corona-charged
aerosol detection system

Analysis of terpene lac-

tones in a ginkgo leaf
extract by high-
performance liquid
chromatography using
charged aerosol detec-
tion

Polyketide analysis using

mass spectrometry,
evaporative light scatter-
ing, and charged aerosol
detector systems

Direct stability-indicating

method development
and validation for analy-

Active ingredi-
ents of plant
extracts

Fermentation
products

Assay deter-
mination, sta-
bility analysis

Isocratic elution with acetonitrile:water
(50:50, viv)

Column: Mightysil RP-18 (150 mm x
4.6 mm, 5 um particle size)

Mobile phase:

Gradient elution with water as mobile phase
A and methanol as mobile phase B, 0-

20 min isocratic with 30% B, 20-25 min to
70% B, 25-30 min isocratic at 70% B, 30-
40 min decrease to 30% B and re-
equilibration, flow rate of 1.0 ml/min

Direct introduction of the sample into the
detector

Column: Primesep SB (50 mm x 3.2 mm,
5 pm particle size)

Limit of quantification: between 40-106 ng
on column

Limit of detection: between 0.87-2 ng on
column

Limit of quantification: between 2.9-15 ng
on column

Comparison of CAD, ELSD an MS detec-
tion. CAD was shown to be even more sen-
sitive than mass detection providing a simi-
lar dynamic range

Limit of detection: 0.12 ng introduced direct-
ly into the detector (0.19 ng for MS detec-
tion)

Limit of detection: 50 ng for the API and
impurities

Title Area Analytical method information clusion Author
(chloroform/2-propanol 65/35 v/v) and elu- Limit of detection CAD: between 15-249 ng
ent C (methanol/water 95/5 v/v); all mobile on column depending on the phospholipid.
phases containing 0.08% triethylamine and o e ) i
1% acetic acid (v/v). Flow rate of 0.4 Limit of quantification CAQ. between 45
: 756 ng on column depending on the phos-
mL/min. s
pholipid.
Determination of parabens Preservatives  Column; RP-C18 (250 mm x 4.6 mm) Limit of detection: between 10-42 ng on Miguel Valcércel
in cosmetic products us- in cosmetic . . column [82]
. : Mobile phase:
ing multi-walled carbon products

Yasuhiro Kakigi
[83]

Michael Pistori-
no, Blaine A.
Pfeifer [84]

Jiang B. Fang
[85]
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Title

Area

Analytical method information

Key performance characteristics / Con-
clusion

Corresponding
Author

sis of etidronate disodi-
um using a mixed-mode
column and charged
aerosol detector

Mobile phase:

Gradient elution with water-acetonitrile
(95/5, viv) containing 0.03% TFA as mobile
phase A and water-acetonitrile (95/5, v/v)
containing 0.2% TFA as mobile phase B. 0-
5 min linear gradient from 0-100% B, 5-8
min isocratic with 100% B.

Flow rate of 0.5 ml/min

Limit of quantification: 144 ng and 75 ng for
the API and its impurities, respectively

o
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Key performance characteristics / Con-

Corresponding

Title Area Analytical method information clusion Author
The analysis of lipids via Lipid analysis  Column: LiChrosorb Diol (100 mm x CAD might become a powerful tool for lipid Robert A. Mo-
HPLC with a charged 3.0 mm, 7 um particle size) and Prevail analysis. However, it was less sensitive reau [86]
aerosol detector RP18 (150 mm x 2.1 mm, 3 um particle than fluorescence detection for the deter-
size) mination of tocopherols.
Mobile phase: Limit of detection: between 1-25 ng de-
Different gradient methods using hexane pending on the lipid and the method used
and isopropanol with various modifiers as
mobile phases depending on the lipid class
to be analysed in normal phase HPLC, and
gradient elution with methanol-acetonitrile-
dichlormethane-acetic acid (49.3:47:3:0.2,
viviviv) as mobile phase A and isopropanol
as mobile phase B in reversed phase HPLC
Simple and precise detec- Lipid analysis  Column: XBridge C18 (150 mm x 3.0 mm, CAD is superior to UV detection in terms of Giancarlo

tion of lipid compounds
present within liposomal
formulations using a
charged aerosol detector

3.5 um particle size)

Mobile phase:

Gradient elution with acetonitrile-water
(90:10, v/v) as mobile phase A and metha-
nol as mobile phase B, both containing
0.05% trifluoroacetic acid. 0-25 min 40% of
mobile phase B, 25-35 min 100% of mobile
phase B

precision, sensitivity and peak shape

Francese [87]
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4. Conclusion

HPLC coupled with a UV/Vis-spectrophotometric detector is the most commonly used
analytical technique in pharmaceutical analysis. However, detection by UV/Vis ab-
sorbance shows its limitations for molecules lacking a suitable chromophor. In the
past years, several evaporation based detector were developed, amongst which the
corona charged aerosol detector currently appears to be the most powerful and ver-

satile representative.

Numerous papers have been published demonstrating the potential and advantages
of HPLC coupled to detection by CAD in a wide range of pharmaceutical applications.
A prerequisite for the use of the CAD is, similar to MS detection, the use of volatile
mobile phases. However, if this is given, its ease of use, high sensitivity with limits of
guantification down to 1 ng of substance on column and good linearity over a limited
range of concentration make the CAD a powerful detector for research purposes,
method development and routine analysis. The limited suitability for gradient methods
can be overcome by post-column gradient compensation and corresponding dual-
pump solutions are now commercially available. Taken together, the CAD appears to
fill a gap in the range of HPLC detectors and an even more growing number of appli-

cations in pharmaceutical analysis is expected in the coming years.
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4 Results

4.1 Validation and application of an HPLC-CAD-TOF/MS
method for identification and quantification of pha rmaceu-
tical counterions

D. llko, C.J. Nap, U. Holzgrabe, S. Almeling
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Abstract

A generic approach for the analysis of counterions of pharmaceutical reference sub-
stances, which are established by the laboratory department of the European Phar-
macopoeia (Ph. Eur.), was developed. A mixed-mode chromatography method using
charged aerosol detection (CAD) published by Zhang et al. separating 25 commonly
used pharmaceutical counterions was selected for this purpose. The method was
validated in terms of specificity, repeatability, limits of quantification (LOQs), linearity
and range according to ICH guideline Q2(R1) and the Technical Guide for the Elabo-
ration of Monographs of the Ph. Eur. Moreover, the applicability of the method for the
purpose of counterion identification and quantification in drug substances as well as
for the control of inorganic ions as impurities was demonstrated using selected ex-
amples of Ph. Eur. reference standards and other samples of substances for phar-
maceutical use (e.g. cloxacillin sodium, somatostatin). It was shown that for identifi-
cation purposes of the parent substance as well as organic ions the chromatographic

system can easily be coupled to a mass selective detector without any modification.

1 The reprint permission granted by the EDQM is gratefully acknowledged. The article can be consult-
ed free of charge at http://pharmeuropa.edgm.eu/.
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1. Introduction

The Laboratory Department of the European Directorate for the Quality of Medicines
& HealthCare (EDQM) is responsible for the establishment of reference standards
described in the general methods and the individual monographs of the European
Pharmacopoeia (Ph. Eur.). As these standards are often established as primary
standards, a thorough characterisation of the corresponding candidate material is of
utmost importance. Besides unambiguous structure elucidation and characterisation
using the tests and methods described in the corresponding Ph. Eur. monographs,
additional analytical methods, such as mass spectrometry and NMR, are usually ap-

plied to complement the establishment work.

Impurities dedicated as reference standards for quantification in an HPLC or GC
method for related substances are not necessarily available in the same salt form as
the corresponding substance for pharmaceutical use which is subject to a test pre-
scribed in a monograph. Since differences in the counterions of the impurity refer-
ence standard and the substance to be tested may lead to an under- or overestima-
tion of the impurity content in a substance, identification of the counterions or salt
form and consideration of a corresponding stoichiometric conversion factor for the
calculation of the impurity content is of particular importance. In the same context,
verification of the stoichiometric composition of a reference standard present as a salt

may be an important element for the characterisation of the standard.

The aim of this work was to verify the suitability of a generic HPLC method for the
identification and quantification of counterions and to perform corresponding method
validation. An aerosol-based detector, like an evaporative light scattering detector
(ELSD), a charged aerosol detector (CAD) or a nano quantity analyte detector
(NQAD) were considered to be best suited for this analytical task. Using these detec-
tors, all non-volatile and some semi-volatile analytes are detected providing con-
sistent response independent of the chemical nature of the substances [1]. Thus,
they cover a wide range of typical pharmaceutical counterions and overcome the ob-

stacle that they mostly lack a suitable UV/Vis-chromophore.

Several methods dealing with the analysis of counterions using CAD [2-5] or ELSD
[6,7] were recently published. Separations were carried out either with mixed-mode
HPLC [2], hydrophilic interaction liquid chromatography (HILIC) [3-5] or ion chroma-
tography [6,7].
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The HPLC-CAD method proposed by Zhang et al. [2] was finally chosen for our
study, because it covered the widest range of ions to be analysed and CAD seems to
provide better sensitivity and repeatability than other aerosol-based detectors [8]. The
method is capable of separating 25 of the most common pharmaceutical counterions
in a single chromatographic run. An Acclaim Trinity P1 analytical column was em-
ployed for this purpose. This mixed-mode column contains reversed phase and weak
anion exchange properties in the inner-pore area of the spherical silica particles.
They are additionally coated with nanopolymer beads on the outer surface providing
strong cation exchange properties. The steric separation of anion and cation ex-

change functionalities allows the simultaneous operation of both mechanisms [9,10].

Zhang and co-workers [2] investigated the quite complex retention behaviour for this
mixed mode column. It is influenced by mobile phase pH, salt type, ionic strength,
content of organic modifier and it depends on the nature of the analyte itself. In our
study, we focus on the validation and application of this method demonstrating its

added values for the reference standard establishment based on selected examples.
2. Material and Method
2.1. Reagents and material

All chemicals were of analytical grade or better unless otherwise stated. Ammonium
formate, citric acid monohydrate, magnesium chloride hexahydrate, maleic acid and
procaine hydrochloride were purchased from Fisher Scientific (lllkirch, France); for-
mic acid, magnesium sulfate, potassium bromide, potassium dihydrogenphosphate,
sodium sulfate and sodium sulfite from Merck Chemicals (Molsheim, France); ammo-
nium acetate (HPLC-grade) and sodium nitrate from Fluka (St-Quentin-Fallavier,

France). Further substances were from Sigma-Aldrich (St-Quentin Fallavier, France).

All other samples analysed in this study were provided by the EDQM (Strasbourg,

France).

Ultra-pure water (>18.2 MQ) was delivered by an ELGA PureLab Ultra system (Elga
Antony, France). Gradient grade acetonitrile (Chromasolv®) was purchased from
Sigma-Aldrich (St-Quentin-Fallavier, France). A pH-meter 780 (Metrohm, Villebon-
sur-Yvette, France) was used for pH adjustment. Mobile phases were filtered through

a 0.2 um filter (Sartorius stedim, Lyon, France) prior to use.



62 RESULTS - COUNTERIONS

2.2. Apparatus and chromatographic conditions

Measurements were carried out on a Dionex UltiMate® 3000 x2 chromatographic sys-
tem (Dionex, Courtaboeuf, France) equipped with a ternary pump, an online degas-
ser, a thermostated autosampler, a thermostated column compartment and a single
wavelength UV/Vis detector. An Acclaim Trinity P1 (50 x 3 mm; 3.0 uym particle size)
(Thermo Scientific, Courtaboeuf, France) analytical column was used in this study.
Detection was performed with a Corona® CAD or a Corona® CAD ultra RS, respec-
tively (Thermo Fisher, Courtaboeuf, France). Gas inlet pressure (nitrogen) was 35.0
psi for both detectors. The detection range was set to 100 pA and filter to “none”.

Nebulizer temperature is adjustable for CAD ultra RS. It was set to 35 °C.

For MS-detection a Bruker microTOF (Bruker Daltonik GmbH, Bremen, Germany)
was connected to the above mentioned LC-system by installing a flow-splitter (split
ratio 1:10) after the UV detector outlet.

The column compartment was maintained at 35 °C, the autosampler was operated at
ambient temperature. Flow rate was 0.5 mL/min and the injection volume 10 pL. A
ternary gradient was applied with 0.2 M ammonium formate (pH 4.0, adjusted with
formic acid) as mobile phase A, water as mobile phase B and acetonitrile as mobile

phase C. The gradient profile is shown in Table 1.

Table 1. Gradient profile. Mobile phase A: 0.2 M ammonium formate, pH 4.0. Mobile phase B: water.
Mobile phase C: acetonitrile. Flow rate: 0.5 mL/min.

time (min) % A % B % C
0 2 38 60

7 5 35 60

15 90 5 5

20 90 5 5
20.1 2 38 60

25 2 38 60

2.3. Sample preparation

All samples were dissolved in acetonitrile/water (25/75; v/v). Although glassware of

Ph. Eur. Type | was used, the sample solvent was found capable of dissolving ions
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from the glassware. Instead, polypropylene equipment was used throughout the

preparation of samples.
3. Results and discussion
3.1. Method validation

The optimised method which is characterised by a mixed-mode column and a ternary
gradient (see chapter 2.2) was validated according to the Technical Guide for the
Elaboration of Monographs [11] and ICH guideline Q2(R1) [12] in terms of specificity,
repeatability, limits of quantification (LOQ), linearity and range. Furthermore, the sta-

bility of the sample solution was investigated.

Concerning validation of method accuracy, it was considered that validation is not
possible without knowledge of the sample matrix / substance to be examined since
co-elution of some counterions with the analyte or other compounds in the sample
solution may occur. Moreover, analytes may interfere with some counterions (e.g.
cloxacillin might cover the presence of e.g. polyvalent cations in the sample due to
the formation of a poorly soluble salt). As this method was intended to provide a ge-
neric approach, accuracy had to be validated for a particular application on a case-
by-case basis, if quantification was desired. This could easily be achieved by apply-
ing the standard addition method, which allowed at the same time to re-verify linearity
of range and application of an appropriate calibration function. An example following

this approach is given in chapter 3.2.2.
3.1.1. Specificity

Method specificity was confirmed by injecting a sample containing 23 ions that can
be separated (benzenesulfonate (=besilate), bromide, calcium, chloride, choline, cit-
rate, fumarate, potassium, procaine, sodium, succinate, sulfate, tartrate, p-toluene-
sulfonate (=tosylate), tromethamine (=tris), zinc) in concentrations of about 0.05 to
0.20 mg/mL. Peak identification was achieved by single injection of a salt of each ion.
A typical chromatogram is shown in Fig. 1.

Some of the ions were not baseline separated (e.g. potassium/meglumine or chlo-
ride/bromide) in this example. Here, due to the fact that several cations were only
available as chloride salts, the rather high concentration of chloride when preparing a

solution containing all substances caused the poor separation. At lower concentra-
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tions of both ions, i.e. about 25 ug/mL of chloride and 35 pg/mL of bromide, a base-
line separation was achieved (data not shown). For the unambiguous distinction of 2
close-eluting peaks, test solutions should be spiked with the respective ions in addi-

tion to the comparison of the retention times.
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Fig. 1. Typical chromatogram of the separation of 23 pharmaceutically relevant counterions. Chroma-
tographic conditions as described in section 2.2. Peak assignment: 1 — procaine, 2 — choline, 3 —
TRIS, 4 — sodium, 5 — potassium, 6 — meglumine, 7 — mesylate, 8 — maleate, 9 — nitrate, 10 — chloride,
11 — bromide, 12 — besylate, 13 — succinate, 14 — tosylate, 15 phosphate, 16 — malate, 17 — zinc, 18 —
magnesium, 19 - fumarate, 20 — tartrate, 21 — citrate, 22 — calcium, 23 — sulphate. Gluconate and lac-
tate were not included in this separation due to the sensitivity issues mentioned in section 3.1.2.

It is noted that the elution order reported by Zhang et al. could not be fully confirmed
in this study. The peak due to lactate — reported to be the first peak — was found to
elute between meglumine and mesilate at about 6.6 min. Peak identity was verified
via TOF/MS analysis of magnesium lactate and lactic acid. This is in good agreement
with the fact that singly charged cations were found to elute before other ions. All an-
ions and polyvalent cations appeared after meglumine which represents the last

monovalent cation.

Specificity aspects concerning the separation of the corresponding substance for

pharmaceutical use and its counterion are discussed in chapter 3.2.1.
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3.1.2. Sensitivity

Sensitivity is of particular importance when it comes to the quantification of ionic im-
purities. LOQs, based on a signal-to-noise ratio (S/N-ratio) of 10:1, were determined
employing solutions of the counterions in concentrations resulting in an S/N-ratio be-
tween 10 and 50 and extrapolating to 10. In the case of magnesium, calcium and sul-
fate, as they are present in the blank, the LOQ was considered to be the concentra-
tion that raises the S/N-ratio of the corresponding peaks in the blank by 10. All

measurements were carried out in triplicate.

For most of the ions quantification was found possible in the range of 2 to 40 ng on
column (cf. Table 2). lons as impurities can then be quantified at less than 0.1% as-
suming a concentration of 10 mg/mL for the test solution. As a result of the good sol-
ubility of pharmaceutical substances in salt form, far lower limits of quantification may

be achieved for many substances.

Because of their relatively high vapour pressure, the CAD lacks sensitivity for some
organic acids. This is most pronounced for lactate, where the CAD is about 100 times
less sensitive than for other analytes investigated such as e.g. sodium or nitrate. To
overcome this sensitivity problem, a mass selective detector operating in ESI-
negative mode can be used instead for the quantification of these compounds at im-

purity levels.

Moreover, it was not possible to precisely determine the LOQ for gluconate as the
substance eluted as a very broad peak over a time of about 4 min. When lowering its
concentration, gluconate appears as a simple rise of the baseline making proper in-
tegration impossible. Because of the above mentioned difficulties, lactate and glu-

conate were not considered in the further validation process.
3.1.3. Repeatability

To evaluate repeatability, 6 replicate injections of a solution containing all ions in a
concentration of about 0.1 mg/mL were analysed. The relative standard deviation

(RSD) values found were < 2.5 % for all ions except for citrate (cf. Table 2).

It is however noted that the 1% injection for malate and the 15 2 injections for citrate
were disregarded as they gave a lower response than the following injections. Ad-

sorption of those 2 substances to surfaces of the chromatographic system used (Di-
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onex UltiMate® 3000 x2 chromatographic system) is assumed to be responsible for
this observation. Using an instrument from a different manufacturer (LC 1100, Ag-
ilent, Waldbronn, Germany), the extent of adsorption was found to be less pro-
nounced. However, if quantification of 1 of these substances is desired, the applica-
tion of an orthogonal analytical technique such as titration could also be considered.
This would additionally overcome possible integration issues due to their poor peak

shape.
3.1.4. Linearity and range

Linearity was determined for the most common pharmaceutical ions in the range from
the LOQ of the analyte to 0.1 mg/mL. For each counterion a minimum of at least 6
concentration levels was measured in triplicate. The results were analysed by linear
regression. Like other evaporation-based detectors, response in CAD is not linear
over the full detector range [1]. A log-log transformation is then needed to obtain a
linear calibration curve. However, over a small concentration range of about 2 orders
of magnitude, it is reported to be linear [7,13,14]. This is in particular the case when
operating at low concentrations (i.e. from LoD to about 250 to 500 ng on column, cor-
responding to 25 to 50 pg/mL having an injection volume of 10 uL [15]) and is also in
good agreement with the findings of this study. Except for sodium, all correlation co-
efficients (R?) obtained with a linear regression were > 0.995. The linearity for sodium
was investigated over 3 orders of magnitude. Only after log-log transformation, the
correlation coefficient was found to be satisfactory (> 0.995). Regarding a smaller
range however, a linear relationship without log-log transformation could be
achieved. Hence, quantification using single-point-calibration with an external stand-
ard, which is common practice in pharmaceutical analysis, is possible provided that

the concentrations of reference and test solutions are sufficiently similar.
3.1.5. Stability of the sample solution

In order to evaluate stability, solutions containing all the ions were prepared and
stored protected from light at ambient temperature for 30h. The peak areas were de-
termined at different points in time and compared to the initial peak areas. Apart from
malate where a 10 % decrease of the peak area was found after 12h, all other ions
were found to be stable for 30h. However, in a solution containing all analytes, a
slight decrease of the peak area of some ions, i.e. bromide and citrate was found. As
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this may be due to incompatibility of the different compounds in the solution (e.qg.
formation of poorly soluble salts), external standards for quantification should be pre-
pared as individual solutions.

Table 2. Limits of quantification (LOQs) and repeatability (n=6) of all investigated ions (at concentra-
tions between approximately 100 and 200 pg/mL). * Because of the difficulties discussed in section
3.1.2, lactate was left out of the repeatability studies.

Counterion LOQ (ng on column) 10 r:]‘;%_(;/(;gru%on % RSIDin(j);Cs;ié;iphcate
Besylate 14 0.014 1.4
Bromide 11 0.011 1.7
Calcium 17 0.018 2.0
Chloride 8 0.008 0.6
Choline 2 0.002 0.6

Citrate 1.2*103 1.2 2.9

Fumaric acid 51 0.051 0.5
Lactate 8.6*103 8.6 -*

Magnesium 2 0.003 0.5

Malate 8.0*102 0.80 2.3
Maleate 14 0.015 1.2

Meglumine 7 0.007 0.8

Mesylate 12 0.012 0.7

Nitrate 10 0.010 1.0
Phosphate 38 0.038 1.7
Potassium 2 0.003 1.4
Procaine 9 0.009 1.9
Sodium 2 0.002 0.8
Succinate 9 0.010 2.3
Sulphate 34 0.035 1.0

Tartaric acid 82 0.082 1.2
Tosylate 19 0.019 2.2

TRIS 5 0.005 11
Zinc 20 0.020 1.2

It has to be taken into account, that the active pharmaceutical ingredient (API) can
have an effect on the stability of the counterion. Its degradation might be accelerated

or reactions between drug and ion are possible.
3.2. Applications
3.2.1. Identification of counterions

Twelve Ph. Eur. drug and impurity reference substances (acesulfame potassium, am-
lodipine besilate, amobarbital sodium, codergocrine mesilate, flunixin meglumine,

ipratropium bromide impurity A, kanamycin monosulfate, mepyramine impurity A,
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mepyramine maleate, oseltamivir impurity C, oseltamivir phosphate and xylometazo-
line impurity A) were investigated. Corresponding counterions, as far as present,
were identified. Peak identification was done via retention times / relative retentions
compared with authentic samples of the corresponding ions. In all cases, unambigu-

ous identification of the counterion, if present, was found to be feasible.
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Fig. 2. The chromatogram shows the separation of amlodipine besylate. As for most of the reference
substances we analysed, the APl shows a retention time of less than 2 min. This allows the assign-
ment of the besylate-peak without coupling to a mass selective detector.
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Fig. 3. CAD signal of (a) acesulfame potassium (c =0.2 mg/mL) and (b) potassium phosphate
(c =0.36 mg/mL). (c) shows the UV (at 232 nm), the total ion current (TIC) and the extracted ion
chromatogram (EIC) at an m/z of 162.000 signals of (a) in ESI-neg mode. Chromatographic conditions
are described in section 2.2.
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Whilst the counterions eluted as shown in Fig. 1, most of the active ingredients tested
showed a retention time of less than 2 minutes. This prevents the ion peak from be-
ing confounded with the drug compound, which is representatively shown for amlodi-
pine besylate (Fig. 2).

However, in some cases confirmation of peak identity may be required. Since the
method is mass-compatible, identification of ions with suitable mass-to-charge ratios
can be carried out by TOF/MS installing a flow-splitter (split ratio 10:1) after the
UV/Vis detector. Suitability of this approach was demonstrated analysing acesulfame
potassium in ESI-negative mode. The exact mass of acesulfame found confirmed its
identity (cf. Fig. 3).

3.2.2. Quantification of ions

To demonstrate the methods capability for quantification purpose, the counterion
content in amlodipine besilate was determined and the stoichiometric composition of
a commercially available sample of amikacin sulfate was explored. Reference solu-
tions containing the respective ions were measured at a minimum of 5 concentration
levels, in triplicate. Calibration curves were established after log-log transformation of
the data.

The amount of besilate in amlodipine besilate was found to be 28.1 %. This was in
good agreement with the theoretical value (recovery: 100.8 %). Furthermore, we
guantified sulfate in amikacin sulfate. 20.5 % sulfate was found, resulting in a stoichi-

ometric ratio for amikacin to sulfate of 1:1.8 referred to the dried substance.

Table 3. Results of the quantitative counterion and ionic impurity determination of selected Ph. Eur.
reference substances.

Content found

Substance lon investigated % RSD (n=3)

(% m/m)

Amlodipine besylate Besylate 28.1 1.1
Amikacin sulphate Sulphate 20.5 1.1
Mesalazin Imp. A Sulphite 2.74 1.7
Somatostatin batch 1 Chloride 1.26 0.47
Somatostatin batch 2 Chloride < 0.005 -

Cloxacillin sodium batch 1 Chloride 0.06 4.2
Cloxacillin sodium batch 2 Chloride 0.38 1.1

Cloxacillin sodium batch 3 Chloride 0.47 1.6
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Fig. 4. 0.38 % chloride as impurity was found in a batch of cloxacillin sodium. Chromatographic condi-
tions are described in section 2.2. The concentration of cloxacillin sodium was about 4 mg/mL.

The high sensitivity of the CAD allows determination of ions as potential impurities at
trace levels, provided that the concentration of the sample solution is sufficiently high
(up to 15 mg/mL for somatostatin). On selected examples from beta-lactam antibiot-
ics and from peptides it could be shown that the method is also suitable for the identi-
fication and quantification of ionic impurities. For this purpose, several batches of
cloxacillin sodium and somatostatin were analysed. A considerable amount of chlo-
ride (1.26 %) was found as an “impurity” in 1 batch of somatostatin. Chloride (about
0.4 % to 0.5 %) could also be found in 2 samples of cloxacillin sodium (cf. Fig. 4). A

summary of the results is presented in Table 3.
4. Conclusion

In this study an HPLC-CAD method for the separation of 23 pharmaceutically rele-
vant counterions could be successfully validated with regard to specificity, sensitivity,
linearity and range. The method was found suitable for the intended purpose of coun-
terion screening in pharmaceutically used salts. This was demonstrated on numerous
examples using Ph. Eur. reference substances. Furthermore, ions can be determined

guantitatively to verify the stoichiometric composition or in trace levels, e.g. as ionic
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impurities in substances for pharmaceutical use. In order to achieve satisfactory ana-
lytical performance, the concentration of the respective ion should be in the range of
about 10 to 200 pg/mL in both cases. Coupling to a mass selective detector in order
to gain additional structural information on the analytes or for selective quantification

can easily be done by installing a flow-splitter.

Taken together, this work confirms that the method examined can provide a very use-
ful contribution to a thorough characterisation of Ph. Eur. reference standards. More-
over, it can be used as a universal method for the identification and control of the

most pharmaceutically relevant ions in Ph. Eur. monographs.
5. References

[1] Dixon RW, Peterson DS. Development and testing of a detector for liquid
chromatography based on aerosol charging. Anal Chem 2002;74(13):2930-7.

[2] Zhang K, Dai L, Chetwyn NP. Simultaneous determination of positive and
negative pharmaceutical counterions using mixed-mode chromatography coupled
with charged aerosol detector. J Chromatogr A 2010;1217(37):5776-84.

[3] Huang Z, Richards MA, Zha Y et al. Determination of inorganic pharmaceutical
counterions using hydrophilic interaction chromatography coupled with Corona® CAD
detector. J Pharm Biomed Anal 2009;50(5):809-14.

[4] Kanedai Y, Hashiguti K, Fukushima K et al. Simultaneous analysis of cations and
anions using charged aerosol detection method. @ Chromatography
2009;30(Suppl 1):113-6.

[5] Fukushima K, Kanedai Y, Hashiguchi K et al. Generic approach to analysis
ofpharmaceutical salts including inorganic and organic counter-ions. Chromatography
2009;30(Suppl 1):105-8.

[6] Mouchere F, El Haddad M, Elfakir C et al. Determination of inorganic cations and
anions by ion-exchange chromatography with evapoorative light-scattering detection.
J Chromatogr A 2001;914(1-2):167-73.



72 RESULTS - COUNTERIONS

[7] El Haddad M, Mouchere F, Elfakir C et al. Conditions for rapid determination of
inorganic cations in water by ion-exchange chromatography and evaporative light
scattering detection. J Sep Sci 2001;24(8):669-73.

[8] Holzgrabe U, Nap CJ, Beyer T et al. Alternatives to amino acid analysis for the
purity control of pharmaceutical grade I-alanine. J Sep Sci 2010;33(16):2402-10.

[9] Liu X, Pohl CA. HILIC behaviour of a reversed-phase/cation-exchange/anion-
exchange trimode column. J Sep Sci 2010;33(6-7):779-86.

[10] Liu X, Pohl C, Woodruff A et al. Chromatographic evaluation of reversed-
phase/anionexchange/cation-exchange trimodal stationary phases prepared by
electrostatistically  driven self-assembly  process. J Chromatogr A
2011;1218(22):3407-12.

[11] Technical guide for the elaboration of monographs, 6« Edition, Strasbourg,

France:Council of Europe; 2011.

[12] Validation of analytical procedures: text and methodology [guideline]. Ref:
Q2(R1). ICH; 2005 Nowv.

[13] Holzgrabe U, Nap CJ, Kunz N et al. Identification and control of impurities in
streptomycin sulfate by high-performance liquid chromatography coupled with mass
detection and corona charged-aerosol detection. J Pharm Biomed Anal
2011;56(2):271-9.

[14] Holzgrabe U, Nap CJ, Almeling S. Control of impurities in l-aspartic acid and I-
alanine by high-performance liquid chromatography coupled with a corona charged
aerosol detector. J Chromatogr A 2010;1217(3):294-301.

[15] Crafts C, Bailey B, Plante M et al. Validating analytical methods with charged
aerosol detection. Thermo Scientific Application Note 2011.



RESULTS - TOPIRAMATE 73
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Abstract

An HPLC method using a pentafluorophenyl column for the impurity control in Topir-
amate is presented. The performance of an ELSD and a Corona® CAD for the detec-
tion of the substances lacking a suitable UV chromophor was investigated. The
method was validated according to ICH guideline Q2(R1) and the “Technical Guide
for the Elaboration of Monographs” of the Ph. Eur. for both detectors. Although CAD
appeared to be superior in terms of repeatability, sensitivity and linearity, both detec-
tors gave satisfactory results in the accuracy studies. However, the use of an ELSD
was considered not feasible due to the appearance of ghost peaks when injecting the
high concentrated test solution of topiramate. Due to its relatively high vapor pres-
sure, one of the impurities (impurity A) gave no or little response in ELSD and CAD,
respectively. We were able to achieve a nine-fold increase in sensitivity by means of
post-column addition of acetonitrile and a lower nebulizer temperature with the CAD
ultra RS. As the sensitivity for all other impurities was still about a factor 102 better,
simultaneous detection of all impurities was still not feasible. Thus, an HPTLC limit
test modified from the USP was applied.
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1 Introduction

Topiramate was developed as an anticonvulsant drug substance. Moreover, its use
for the prophylaxis of migraine [1] and the treatment of obesity [2], trigeminus neural-

gia [3] and substance-related diseases [4, 5] are discussed.

Numerous studies dealing with the determination of topiramate in plasma for thera-
peutic drug monitoring and pharmacokinetic and bioequivalence investigations are
reported [6-13]. However, almost no method for the control of impurities can be
found. One method controlling topiramate and impurity C in liquid oral solutions was
presented [14]. However, neither of the other impurities was detected. All impurities
could be determined by Biro et al., but a total of four different HPLC methods were

necessary [15].

The aim of this study was to develop and validate a high performance liquid chroma-
tographic method for the determination of impurities in topiramate. The possible im-
purities derive from the given synthetic route [16] (Figure 1): Impurity A: 2,3:4,5-bis-
O-(1-methylethylidene)-B-D-fructopyranose; Impurity B: N-[(diethylamino) carbonyl]-
2,3:4,5-bis-O-(1-methylethylidene)-B—D-fructopyranose sulfamic acid; Impurity C: 2,3-
O-(1-methylethylidene)-B—D-fructopyranose sulfamic acid; Impurity D: N-{[2,3:4,5-bis-
O-(1-methylethylidene)-p—D-fructopyranosyl]  oxycarbonyl}-2,3:4,5-bis-O-(1-methyl-

ethylidene)- B -D-fructopyranose sulfamic acid, and Impurity E: D-Fructose.

Impurity control of this pharmaceutical substance is challenging. Due to the lack of a
suitable UV chromophor of the substituted monosaccharides, the analytes show poor
or even no UV absorption. Furthermore, the great difference in polarity makes it diffi-
cult to separate all substances in a single HPLC run.

To overcome the detection problem, we decided to evaluate the suitability of aero-
solbased detectors, i.e. an evaporative light scattering detector (ELSD) and a
charged aerosol detector (CAD), because all non-volatile substances are detected
regardless of their chemical properties.

Preliminary experiments revealed that, due to its relatively high vapour pressure, one
of the impurities (impurity A) gave little or no response in CAD and ELSD, respective-
ly. Therefore, the second aim was to enhance the sensitivity for impurity A using the
CAD ultra RS, where the temperature of the nebulizer can be varied. Furthermore, it
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Figure 1. Structural formulae of Topiramate and its impurities derived from the synthetic route [16]
Impurity A is commercially available and can thus be either starting material or intermediate
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is known, that high amounts of organic modifier in the mobile phase result in an in-
creased response in evaporation based detectors [17]. Post-column addition of an
organic solvent is the only means of exerting influence on the composition of the elu-
ent reaching the detector without modifying the HPLC parameters. Chromatographic
systems possessing two individual pumps are commercially available and were suc-
cessfully applied for gradient compensation in order to provide consistent response
over the entire chromatographic run [18].

2 Material and methods
2.1 Reagents and material

Topiramate and its impurities A, B, C and D were provided by the European Direc-
torate for the Quality of Medicines & HealthCare (EDQM). Ammonium acetate for
HPLC, fructose (impurity E), glacial acetic acid and sodium chloride were purchased

from Sigma-Aldrich (St-Quentin Fallavier, France).

Ultra-pure water (>18.2 MQ) was delivered by an ELGA PureLab Ultra system (Elga
Antony, France) or a Milli-Q Synthesis system (Billerica; MA, USA). Gradient grade
acetonitrile was purchased from Sigma-Aldrich (Chromasolv®) (St-Quentin Fallavier,

France) and VWR International (HiPerSolv Chromanorm®) (Darmstadt, Germany).
2.2 HPLC-ELSD/CAD

The optimized method makes use of a Kinetex PFP (100 x 4.6 mm, 2.6 ym patrticle
size) analytical column from Phenomenex (Aschaffenburg, Germany). The column
compartment was maintained at 40.0 °C. Flow rate was 1.0 mL/min and the injection
volume 20 yL. A gradient was applied with 25 mM ammonium acetate (pH 3.5, ad-
justed with glacial acetic acid) as mobile phase A and acetonitrile as mobile phase B.
The proportion of mobile phase B was 20% for the initial 5 minutes and then in-

creased to 50% within further 10 minutes.

A PL-ELS 2100 ELS detector (Polymer Laboratories, Marseille, France) and a CAD
ultra RS (Thermo Fisher, Courtaboeuf, France) were operated with a Dionex
UltiMate® 3000 x2 chromatographic system (Dionex, Courtaboeuf, France) equipped
with two ternary pumps, an online degasser, a thermostated autosampler, a thermo-
stated column compartment and a single wavelength UV/Vis detector. The first pump

delivered the gradient as described above and the second pump the organic modifier
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(acetonitrile) for the experiments with post-column addition at a flow rate of 1.0
mL/min. Mixing of the two eluents took place in a peek tee before introducing into the
detector.

The evaporation temperature of the ELSD was set to 80 °C, the nebulizer tempera-
ture to 50 °C and the flow rate of the nebulization gas (nitrogen) to 1.0 standard liter
per minute (SLM). The gas inlet pressure (nitrogen) for the CAD ultra RS was 35 psi,
the range to 100 pA, the filter to “0” and the nebulizer temperature was varied be-
tween 18 and 35 °C.

The method validation using the Corona® CAD (Thermo Scientific, Idstein, Germany)
was conducted on an Agilent 1100 LC system (Waldbronn, Germany) equipped with
a binary pump, an online degasser, a thermostated column compartment and a diode
array detector. The settings for the Corona® CAD were as follows: gas inlet pressure

(nitrogen): 35 psi, filter: “none”, range: 100 pA.

A pH-meter 780 (Metrohm, Villebon-sur-Yvette, France) and a PHM220 Lab
pH-Meter (Radiometer Analytical SAS, Lyon, France) were used for pH adjustment.
For measurements using the ELSD, the test solution was prepared by dissolving
20 mg topiramate in 1.0 mL of a mixture of mobile phase A and mobile phase B
(80:20, v/v). The concentration of the test solution when using the CAD was
5 mg/mL. For the content determination with the CAD, the concentration of topira-

mate was 25 pg/mL.

Impurities A, B, C and D were stored as 1 mg/mL stock solutions in acetonitrile
at -20 °C. Impurity E was dissolved and stored in water. Spiked solutions were then
prepared by dilution of the stock solutions.

2.3 TLC and HPTLC limit test for impurity A

The TLC and HPTLC test is based on the USP monograph for topiramate [19] with
modifications from Cilag AG [personal communication, 2011]. The preconditioning,
the development of the plates, and the detection were performed according to [19].
Ethylsilyl TLC (Silica Gel RP-2 TLC plates, Merck, Molsheim, France) and HPTLC
(Silica Gel RP-2 HPTLC plates, Merck, Molsheim, France) plates were used. The test
and reference solutions differred from those of the USP monograph and were pre-
pared as follows. The test solution was prepared by dissolving 40 mg of the sub-

stance to be examined in 1.0 mL methanol. Reference solution (a) was prepared by
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dissolving 10 mg impurity A in 50.0 mL methanol and diluting 1.0 mL of this solution
to 5.0 mL with methanol. The resulting concentration of impurity A in reference solu-
tion (a) was 0.04 mg/mL, accordingly 0.1% of the concentration of topiramate in the
test solution. Reference solution (b) was obtained by dissolving 40 mg of the sub-
stance to be examined in 1.0 mL of reference solution (a).

The system suitability is given when the spots due to topiramate and impurity A in
reference solution (b) are separated. The substance to be examined complies with
the specification, when the spot due to impurity A in the test solution is not more in-
tense than the corresponding spot in reference solution (a).

3 Results and discussion
3.1 Method validation: impurity control

The LC method makes use of a pentafluorophenyl column. Mobile phase A consisted
of 25 mM ammonium acetate (pH 3.5), and mobile phase B was acetonitrile. A gradi-
ent was applied starting with 20% mobile phase B for 5 minutes and increasing the
proportion of mobile phase B from 20 to 50% within further 10 minutes. For the detec-
tion of the substances lacking a suitable UV chromophore, an ELSD and a CAD were

employed.

Specificity. A solution of topiramate (20 mg/mL for the ELSD and 5 mg/mL for the
CAD) spiked with each impurity at concentrations of 0.1% was analyzed to show
specificity. All impurities were separated from topiramate and each other (Figure 2).
Impurity E eluted before the void volume. Usually, retention times less than the hold
up time indicate the exclusion of an analyte from the pores of the column material,
usually by reason of the analyte size. Here, we assume that the intrusion of impuri-
ty E (fructose) into the particles is cumbered by the repulsion of the highly polar na-
ture of the analyte, which is opposite to the non-polar surfaces of the column. Due to
the partial overlap with the system peak, impurity E was quantified using the peak
height.

Repeatability was investigated on three levels (0.05%, 0.10% and 0.15% referred to
the concentration of the test solution, n=3). The values found for the relative standard
deviation (% RSD) were between 0.24 and 2.43% for the CAD and 1.22 and 18.3%
for the ELSD, respectively. These exceptionally high % RSD values for the ELSD
were observed at the lowest concentration only. Regarding the mid and high concen-



RESULTS - TOPIRAMATE 79

tration level, % RSD was not more than 6%. Still, the CAD was found to provide a

more consistent response than the ELSD.

Sensitivity. The limits of quantification (LOQ) of topiramate and impurities B, C, D and
E were 20 — 48 ng on column for the ELSD and 4.5 and 10 ng on column for the
CAD. Thus, the sensitivity of the CAD was about 3 to 9 times higher compared to the
ELSD.

280.00

260.00 __ Topiramate

—

240.004
220.004
200.004
180.004

160.001{ E + system peak

140.004
! b
: 120.004 c
100.004 /
80.004
60.00] A
40.001
20.004 l
0.0 e l[\ Kald
-20.00

000 100 200 300 400 500 600 7.00 800 9.00 1000 11.00 12.00 13.00 14.00 15.00

Merutes

Figure 2. Example chromatogram of the test solution of Topiramate (c = 5 mg/mL) spiked with each
impurity at concentrations of 0.1%. Chromatographic conditions are described in section 2.2.; Detec-
tion: CAD ultra RS (nebulizer temperature: 35 °C); Impurity A was not detectable at this concentration.
The retention time derived from the experiments for sensitivity enhancement with the CAD ultra RS, cf.
Figure 3.

Impurity A (diacetonide) gave no signal in the ELSD due to its relatively high vapour
pressure. It is entirely vaporized along with the mobile phase in the evaporation tube
at the set temperature of 80 °C. It was not possible to detect impurity A by lowering

the temperature of the nebulizer (Tn) or the evaporation tube.

Using the CAD ultra RS, impurity A can be detected at a concentration of 12 ug on
column. The LOQ is 38 pug on column. By post-column addition of acetonitrile at a
flow rate of 1.0 mL/min, a gain in sensitivity by a factor of about five was achieved
(LOQ = 7.8 ug on column).
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Figure 3. Influence of post-column addition of acetonitrile on the response of impurity A (c = 2.6
mg/mL). Detection: CAD ultra RS (nebulizer temperature: 35 °C). The chromatographic conditions are
described in section 2.2.

Furthermore, the influence of Tnon the response was investigated. It can be varied
between 5 and 35 °C in the CAD ultra RS. However, according to the instrument
manual, the minimum Tnthat can actually be reached is depending on several factors
such as the temperature of the mobile phase, the mobile phase flow rate, and the
ambient temperature. Thus, it was impossible to set a Tnof less than 18 °C in the ex-
perimental setup. A decreased Tn correlates with a decreasing LOQ, thus increased
sensitivity. A maximum gain in sensitivity of about a factor 2 was observed (data not
shown). In combination with the post-column addition of acetonitrile, a ninefold in-
crease in sensitivity could be achieved (LOQ of 4.2 ug on column with post-column
addition of acetonitrile at 18 °C vs. 38 ug on column without addition of acetonitrile at
35 °C).

However, the detector is still about 103 times more sensitive for other impurities than
for impurity A. Proper impurity control of all impurities within a single HPLC-CAD run
was not feasible. Therefore, impurity A was controlled by an HPTLC test (cf. chap-
ter 3.3).

Linearity. We investigated linearity in the range from the LOQ of the respective sub-
stance to 0.15% (0.50% for impurity E) referred to the concentration of topiramate in

the test solution.
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All evaporation-based detectors show a non-linear response, which is described by

following equation:
(Eq. 1) A=axmb

where A is the peak area, m is the analyte mass and a and b are numerical coeffi-

cients. Log-log-transformation gives a linear relation expressed by:
(Eq. 2) logA = b X logm + loga

A coefficient of b = 1 will result in a linear response curve. Regarding a small concen-
tration range of about two orders of magnitude, the response curve is reported to be

sufficiently linear without log-log-transformation [20].

The results of the linearity studies are summarized in Table 1. As can be seen from
the coefficients of determination (R?) of the linear regression and the values for the
coefficient b of the logarithmic calibration curves, the signal provided by the CAD
showed better linearity than the ELSD. After log-log transformation however, the dif-

ferences were negligible.

Table 1. Parameters of the linear regression before and after log-log transformation of analyte concen-
tration and peak area for both ELSD and CAD are shown. As impurity E is intended to be quantified
via peak height, we additionally investigated its linearity.

linear logarithmic
R? slope y-intercept R ? b log a

ELSD

Topiramate 0.9860 34869781 -381799 0.9981 1.5375 7.9551

Imp. B 0.9854 30520686 -199509 0.9992 1.5174 8.0115

Imp. C 0.9981 23431043 -91228 0.9982 1.3822 7.8052

Imp. D 0.9845 41574416 -407210 0.9966 1.4310 7.9952

Imp. E 0.9965 45985745 -171743 0.9974 1.3650 8.0251
CAD

Topiramate 0.9982 4481 5.4067 0.9998 0.9338 3.5794

Imp. B 0.9991 3984 49791 0.9992 0.9275 3.5199

Imp. C 0.9956 4511 5.8785 0.9974 0.9603 3.6316

Imp. D 0.9924 5126 11.6463 0.9972 0.9041 3.6201

Imp. E 0.9890 3276 10.1519 0.9966 0.8620 3.3762

Imp. E* 0.9880 1108 4.0472 0.9966 0.8330 2.8698

Correction factors and accuracy. As it is common practice in the impurity control of
drug substances in pharmacopoeias, a dilution of the test solution serves as external
standard for the calculation of the impurity content [21]. In order to adjust possible

differences in response, correction factors were determined for each impurity. Cor-
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rection factors were calculated based on the peak areas of each impurity compared
to that of topiramate. Correction factors were not constant over the entire concentra-
tion range. Decreasing correction factors with higher concentrations for all impurities
were observed. The factors applied for the calculations were the mean values of all

determinations.

Accuracy was expressed as the recovery of each impurity in spiked test solutions.
Three concentration levels were investigated covering the range from the reporting
threshold to 150% of the specification limit. Results are shown in Table 2. Impurity
contents found with the CAD showed a better closeness to the true value. In accord-
ance to the trend in correction factors, we observed a decreasing recovery with in-
creasing concentrations of the impurities. This trend seemed to be more pronounced
for the ELSD than for the CAD. Still, both detectors gave satisfactory recovery rates

with averaged correction factors.

Table 2. Correction factors (CFs) and accuracy expressed as % recovery of the spiked impurities. * for
the calculation of the correction factor and the impurity content of impurity E, the peak height was used
instead of the peak area. Measurements were carried out in triplicate. ND = not determined

correction factor % recovery
0.05% 0.10% 0.15% 0.30%

ELSD

Imp. B 0.6 93.2 90.3 88.5 ND

Imp. C 0.6 119.7 103.8 99.0 ND

Imp. D 0.5 109.1 98.0 97.8 ND

Imp. E* 0.4 101.0 95.0 95.0 ND
CAD

Imp. B 0.8 99.3 104.9 101.1 ND

Imp. C 0.9 112.6 108.5 104.4 ND

Imp. D 0.6 99.8 101.6 99.1 ND

Imp. E* 0.4 104.8 ND 101.5 94.5

When the ELSD was used, we observed peaks eluting after the principle peak due to
topiramate in the test solution (see Figure 4). These peaks were not reproducible and
added up to a content of more than 0.3% in total, which exceeds the limit for total

impurities and would result in the refusal of an actually conform batch.

Such ghost or “spike peaks” have previously been reported and investigated [22].
Their occurrence can be minimized or even avoided by adjusting ELSD and HPLC
parameters, but results in a loss in sensitivity. As the method presented here is in-
tended to be part of a Ph. Eur. monograph, it has to be applicable to ELS detectors
different from the model used in this study. For that reason, we cannot state generally
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valid detector settings that ensure the avoidance of ghost peaks and provide a suffi-
ciently sensitive detection at the same time. Therefore, we considered the evapora-
tion light scattering detection to be not feasible in this particular case. In contrast,

when using the CAD, no ghost peaks occurred (cf. Figure 2).
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Figure 4. Three consecutive injections of a solution of Topiramate (¢ = 20 mg/mL) from the same vial
are shown. The content of impurity C, as the only impurity found in this batch, was below the LOQ. All

other peaks are non-reproducible ghost peaks. The chromatographic conditions are described in sec-
tion 2.2. Detection: ELSD.
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3.2 Method validation: assay

The HPLC-CAD method for the impurity control was also used for the content deter-
mination of topiramate. Some of the validation parameters had to be reassessed for

this purpose, i.e. linearity and range, repeatability, and accuracy.

Linearity and range. It is reported, that the CAD delivers a linear signal up to a con-
centration of approximately 250-500 ng on column [23]. Accordingly, the concentra-
tion of the test solution was set to 25 pg/mL (equivalent to 500 ng on column with an
injection volume of 20 uL). Linearity was therefore investigated from 20 to 30 yg/mL,
which is equivalent to 80 to 120% of the concentration of the test solution. Coefficient
of determination (R?) of the linear regression was 0.9983, indicating satisfactory line-

arity.

Repeatability was assessed at 80, 100 and 120% of the concentration of the test so-
lution in triplicate. The % RSD values found were 0.22, 0.51 and 0.18%, respectively,
which is highly satisfactory for aerosol-based detectors [23].

Accuracy. Recovery was determined at three levels (80, 100 and 120% of the con-
centration of the test solution) against the reference solution at 100% of the concen-
tration of the test solution. All solutions were prepared in triplicate. Recoveries ranged
from 98.89 to 102.05% (mean: 100.27%, 1.04% RSD).

3.3 TLC and HPTLC limit test for impurity A

As the above described HPLC-CAD method is not sensitive enough for the detection
of impurity A, we applied an HPTLC limit test for its control. The test is based on the
USP monograph for topiramate [19], where TLC is employed to limit any impurity
other than impurity A. For our purpose, the method was changed using an ethylsi-
lylated silica stationary phase instead of bare silica [personal communication, Cilag
AG, 2011]. We evaluated the performance of TLC and HPTLC plates.

The test solution contained 40 mg/mL topiramate, reference solution (a) impurity A at
a concentration of 0.1%, i.e. 0.04 mg/mL. Reference solution (b) was prepared by
dissolving 40 mg of topiramate in 1.0 mL of reference solution (a). 20 pyL of each so-
lution was applied to the TLC plates and 5 uL to the HPTLC plates. The precondition-
ing, the development of the plates, and the detection were performed according to
[19].
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According to ICH guideline Q2(R1) [24] and the “Technical Guide for the Elaboration
of Monographs” [21], specificity and sensitivity need to be evaluated for the validation
of a limit test.

Specificity. Solutions of impurities A, B, C, D, and E at a concentration of
0.04 mg/mL, corresponding to 0.1%, were applied to the TLC and the HPTLC plates.
Additionally, a solution containing topiramate (40 mg/mL) spiked with all impurities at
0.1% was applied. Using the TLC plates, impurity A was fully separated from topira-
mate and impurities C, D, and E, but co-eluted with impurity B. When the HPTLC
plates were applied, impurity A was separated from topiramate and from all other de-
tectable impurities. The HPTLC test was found to be sufficiently specific, while the
application of TLC was not feasible.

Sensitivity. In order to ensure sufficient sensitivity, a series of dilutions of impurity A
was prepared with following concentrations: 0.04%, 0.08%, 0.10%, 0.15% and 0.20%
corresponding to the concentration of the test solution (40 mg/mL). For both, the TLC
as well as the HPTLC plates, the spot due to impurity A in the 0.04% solution was still
detectable. Additionally, the spot in the 0.15% solution could visually be distinguished

from the spot of the 0.10% solution, proving sufficient discriminating power.

In summary, the HPTLC limit test was found suitable to control impurity A, whereas
the use of TLC plates did not allow its complete separation from another impurity.

4 Concluding remarks

We were able to develop and validate an HPLC method with either evaporation light
scattering and charged aerosol detection that separates all possible impurities from
topiramate in a single run. The highly polar impurity E was not retained under these
conditions and eluted before the system peak. Nevertheless, accurate and precise
guantification is achievable using the peak height for the calculation of the impurity
content. In addition, the HPLC method was successfully applied to the content de-

termination of topiramate.

Because of its relatively high vapour pressure, impurity A was not detectable with the
ELSD, but gave a signal in the CAD, that was significantly lower compared to all oth-
er impurities. By means of post-column addition of acetonitrile and a decreased
nebulizer temperature of the CAD ultra RS, a nine-fold increase in response was
achieved. Still, the LOQ of impurity A is about a factor of 10° higher compared to all
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other impurities. Therefore, an HPTLC limit test was applied for the control of impuri-
ty A.

It was found that the CAD was superior to ELSD in terms of repeatability, sensitivity
and linearity. Still, both detectors gave satisfactory recoveries for all impurities. The
lack of sensitivity in ELSD could easily be compensated by increasing the concentra-
tion of the test solution. However, the occurrence of non-reproducible peaks eluting
on the tail of the principle peak when using the ELSD impeded its use in our study.
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Abstract

Currently, neither the European nor the United States Pharmacopoeia provide a
method for the determination of polidocanol (PD) content despite the fact that PD,
besides being an excipient, is also used as an active pharmaceutical ingredient. We
therefore developed a method where the PD content was determined using a Kinetex
Cis column operated at 40 °C with water—acetonitrile (15:85, v/v) as mobile phase. A
Corona® charged aerosol detector was employed for the detection of PD that is lack-
ing a suitable UV chromophore. The method was fully validated. Additionally, the
method was applied for the determination of PD release from a pharmaceutical poly-

mer matrix consisting of poly-e-caprolactone and poly(lactic-co-glycolic acid) and PD.
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1. Introduction

Polidocanol (PD) is a heterogeneous compound consisting of ethers of mainly lauryl
alcohol with polyethylene glycols of variable chain length with an average of nine
ethylene oxide monomers (Fig. 1). It is widely used as an O/W emulsifier in pharma-
ceutical and cosmetic products [1]. PD also serves as an active pharmaceutical in-
gredient (API) as local anesthetic and antipruritic substance, and in sclerotherapy [2].
Furthermore, ethoxylated alcohols are extensively used in household cleaning prod-
ucts [3]. In addition, PD was recently employed to increase the protein release from

polymer matrices [4].

Only a few procedures for the determination of PD in pharmaceutical formulations are
reported. Quantitative thin layer chromatographic methods were described [5,6], but
such methods are no longer considered to be state of the art. Numerous HPLC
methods for the determination of ethoxylated alcohols using UV detection after deri-
vatization [7], evaporative light scattering detection [8—13] or mass spectrometry [14—
17] are reported, as their determination in waste water is of great importance in envi-

ronmental analysis.

The European Pharmacopoeia (Ph. Eur.) addresses the dual use as excipient and as
APl in two separate monographs (macrogol lauryl ether as excipient [18] and
lauromacrogol 400 as API [19]). In the APl monograph, the specifications for impuri-
ties are tighter, e.g., the amounts of free lauryl alcohol and free polyethylene glycol
as well as alcohols of differing chain length are restricted. No limits for these impuri-
ties are given in the excipient monograph as well as the USP monograph (polyoxyl
lauryl ether, [20]).

Because the major pharmacopoeias do not provide an assay method, the aim of this
study was to develop and validate a potential compendial method suitable for routine
analysis of PD content. Here, a Corona® charged aerosol detector (CAD) was used.
Like an ELSD, the CAD is an aerosol-based detector. The mobile phase is nebulized
with nitrogen and the resulting droplets are dried in a heated tube. The remaining
analyte particles are charged through adsorption of second stream of nitrogen that
was charged by passing a corona needle. The electric charge is measured with an
electrometer. The resulting signal is proportional to the analyte mass. The CAD is
capable of detecting all non-volatile and some semi-volatile substances giving a re-
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sponse regardless of the chemical properties of the analyte [21] and is therefore well

suited for PD detection, which lacks a UV chromophore.
W\/\/\/\/O H
0]
n

Fig. 1. Structural formula of polidocanol (PD). The number of ethylene oxide n = 3 — 23 for PD used as
excipient and n = 9 for PD used as API.

2. Materials and methods
2.1. Reagents and material

Ultra-pure water (>18.2 MQ) was delivered by a Milli-Q Synthesis water purification
system (Millipore, Billerica; MA, USA). Gradient grade acetonitrile and lauryl alcohol
were purchased from VWR International (HiPerSolv Chromanorm®) (Darmstadt,
Germany), and polidocanol (Macrogoli aether laurilicum 9, Ph. Eur. 6.0) and polyeth-

ylene glycol 1500 from Fagron (Barsbuittel, Germany).
2.2. Instrumentation

Measurements were carried out on an Agilent 1100 LC system (Waldbronn, Germa-
ny) equipped with a binary pump, an online degasser and a thermostated column
compartment. A Corona® CAD (Thermo Scientific, Idstein, Germany) was used for
the detection. The gas inlet pressure (nitrogen) was 35 psi, the filter was set to “none”

and the range to 100 pA.
2.3. Chromatographic conditions

The optimized method makes use of a Kinetex C18 (100 x 3.0 mm, 2.6 um patrticle
size) analytical column (Phenomenex, Aschaffenburg, Germany). The column com-
partmentwas maintained at 40.0 °C. The mobile phase consisted of water—
acetonitrile (15:85, v/v) at a flow rate of 0.6 mL/min. The injection volume was 10 pL.
The sample solution was prepared by dissolving PD in the mobile phase and diluting
with mobile phase to a concentration of 50.0 ug/mL. The PD content was calculated

using a reference solution prepared in the same way as the sample solution.
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3. Results and discussion
3.1. Method development

The aim of the study was to develop a rapid HPLC method for the content determina-
tion of PD. The different PD homologues should be eluted as one single peak, which
is separated from potential impurities present in the sample, i.e., lauryl alcohol, poly-
ethyleneglycol. Reversed phase chromatography is optimally suited as it suppresses
the separation according to the number of ethoxylate units [22].

Initially, the retention behavior of PD at various contents of acetonitrile in the mobile
phase (70/75/80/85/90%) was investigated (Fig. 2). Utilizing acetonitrile contents of
75% and below, the different PD species were partly separated and eluted over a
broad span of time, thus aggravating its proper integration. A narrow PD peak was
observed when using 90% acetonitrile as mobile phase. However, the PD peak was
not sufficiently separated from the injection peak, indicated by a retention factor k < 1
(k = 0.94). A mobile phase composition of water—acetonitrile (15:85, v/v) was consid-
ered to be best suited. The different PD species appeared as one single peak with
sufficient retention (k = 1.20, retention time 1.7 min). The influence of the column
temperature on the peak shape was studied. A reduction of 30% of the peak width at
half height was achieved at 40 °C compared to 25 °C.Thus, the separation was
therefore carried out at 40 °C with a mobile phase consisting of water—acetonitrile
(15:85, viv).

3.2. Validation for the determination of PD as bulk product

The method’s suitability was evaluated as a potential assay procedure for the com-
pendial testing of PD as bulk product. It was validated in terms of specificity, sensitivi-
ty, repeatability, accuracy, linearity and range according to ICH guideline Q2(R1)
[23].

3.2.1. Specificity

It was shown that potential impurities, polyethylene glycol and lauryl alcohol, do not
interfere with the peak of the main substance. Polyethylene glycol eluted with the in-
jection peak (Fig. 3) with an LOQ of 0.9 ug/mL. Due to its high vapour pressure, lau-

ryl alcohol gave no response in the CAD.
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Fig. 2. Influence of the content of acetonitrile in the mobile phase on peak shape and retention time of
the polidocanol peak (50 pg/mL). Mobile phase flow rate 0.6 mL/min; column temperature 40 °C; de-
tection CAD.
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Fig. 3. a) blank (H20); b) polidocanol (50 pg/mL); c) polyethylene glycol 1500 (35 pg/mL); d) polido-
canol in the dissolution medium in the presence of lysozym; e) nonwoven scaffold without polidocanol
after 7 weeks of incubation in the dissolution medium. Chromatographic conditions are stated in chap-
ter 2.3.

3.2.2. Sensitivity

The limit of quantification (LOQ), corresponding to a signal-to-noise ratio of 10, was
found to be 0.9 pg/mL for PD.
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3.2.3. Linearity and range

Linearity was determined in the range from 80% to 120% referred to a solution of PD
at 50 pg/mL, which was chosen as the concentration of the test and reference solu-
tion, respectively. The coefficient of determination (R?) after linear regression was
0.9973 (Fig. 4a).
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Fig. 4. Linearity plots of polidocanol: a) from 80 to 120% of the concentration of the test solution (i.e.
from 40 to 60 pg/mL), y = 4.3054x — 22.313; b) from 1 to 200 pg/mL (after log-log transformation), y =
0.9281x + 1.0386.

3.2.4. Repeatability

Repeatability was assessed at 100% of the concentration of the test solution
(50 pg/mL, n = 6). The value for the relative standard deviation (% RSD) was 0.87%,
indicating a precise method.
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3.2.5. Accuracy

Accuracy was investigated at three levels (80-100-120%) against a reference solu-
tion at 100% of the test concentration. Every solution was prepared in triplicate. The
recoveries found were between 98.3% and 101.1% (0.13-0.45% RSD), which is a

satisfactory result for evaporation-based detectors [24].

3.3. Validation for the determination of PD in phar ~ maceutical polymer matrices
and analysis of the samples

Beside the application as an assay for PD as bulk product, the method can be used
for the determination of the PD release from pharmaceutical formulations. Here, the
PD release from electrospun nonwoven scaffolds that were developed and manufac-
tured in-house was investigated. These nonwovens consisted of PD, poly-¢-
caprolactone and poly(lactic-co-glycolic acid) and were designed for the controlled
release of a protein (lysozyme) [4]. For the release study of PD, pieces of the
nonwovens were incubated in a dissolution medium consisting of PBS, pH 7.4 with
0.1% sodium azide. The above described method had to be revalidated for this pur-
pose. Except from PD, all other compounds present in the sample eluted with the
void volume (Fig. 3). Buffer salts and lysozyme did not show any retention on the
Cis-column. The dissolution analysis of a nonwoven that did not contain PD incubat-
ed for 7 weeks showed no interfering peaks caused by potential degradation prod-
ucts of the matrix. Most probably, they are eluted with the void volume due to their
hydrophilic character or cannot be detected with the CAD due to their high vapour
pressure. Similarly, the diminished response of two of the monomers in the CAD was
shown in previous work (lactic acid [25] and caproic acid [26]).The concentration of
PD in the investigated samples ranged from 10 pg/mL to 50 mg/mL. The measuring
range was set to 5-150 pg/mL. All samples exceeding this range were diluted ade-
guately with mobile phase. Sufficient linearity was only achieved after log—log trans-
formation of concentration and peak area with an R? of 0.9969 after log—log transfor-
mation (Fig. 4b). Therefore, quantification had to be performed by establishing a cali-
bration curve instead of single point calibration. Accuracy was assessed at three
concentration levels (5, 50 and 150 pg/mL). Recoveries found were between 92.7%
and 102.7% with RSD value of 0.73% to 1.46%. This was considered to be suf-
ficiently accurate for our purpose. The better accuracy of the assay for bulk product

can be attributed to the considerably smaller range improving the linearity of the CAD
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[21]. Repeatability was satisfactory with %RSD values between 0.04%and 0.28% at
the three different concentration levels (5, 50 and 150 pg/mL).The analysis of differ-
ent nonwovens revealed that the maximum PD release was reached after 1 h of in-
cubation. It was also shown that PD is adsorbed to the nonwovens. This was indicat-
ed by the decreased PD concentration of dissolution medium that contained PD prior
to incubation. A complete presentation and discussion of the results obtained for the

electrospun nonwoven scaffolds are given in [4].
4. Conclusions

A simple and rapid reversed phase HPLC method using a charged aerosol detector
for the determination of PD was developed and validated. This method can be ap-
plied as assay for bulk product using single point calibration. By establishing a cali-
bration curve, PD can be quantified over a wide concentration range with good preci-
sion and sufficient accuracy. This was demonstrated with the determination of the PD

release from a pharmaceutical polymer matrix for controlled protein release.
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Abstract

Nonwoven scaffolds consisting of poly-e-caprolactone (PCL), poly(lactic-co-glycolic
acid) (PLGA) and polidocanol (PD), and loaded with lysozyme crystals were prepared
by electrospinning. The composition of the matrix was varied and the effect of PD
content in binary mixtures, and of PD and PLGA content in ternary mixtures regard-
ing processability, fiber morphology, water sorption, swelling and drug release was
investigated. Binary PCL/PD blend nonwovens showed a PD-dependent increase in
swelling of up to 30% and of lysozyme burst release of up to 45% associated with
changes of the fiber morphology. Furthermore, addition of free PD to the release me-
dium resulted in a significant increase of lysozyme burst release from pure PCL
nonwovens from approximately 2—-35%. Using ternary PCL/PD/PLGA blends, matrix
degradation could be significantly improved over PCL/PD blends, resulting in a bi-
phasic release of lysozyme with constant release over 9 weeks, followed by constant
release with a reduced rate over additional 4 weeks. Based on these results, protein
release from PCL scaffolds is improved by blending with PD due to improved lyso-

zyme desorption from the polymer surface and PD-dependent matrix swelling.
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1. Introduction

Nonwovens prepared by electrospinning are extremely versatile scaffolds allowing
the controlled and localized delivery of various drugs in a broad variety of applica-
tions ranging from tissue engineering to topical gene delivery. The large surface area
of electrospun nonwovens, their versatility with regards to attainable structures as
well as the large number of biocompatible polymers suitable for elecrospinning such
as poly-ge-caprolactone (PCL), poly(lactic-co-glycolic acid) (PLGA), poly(ethylene gly-
col) (PEG) or poly(L-lysine) (PLL) constitute the exceptional suitability of nonwoven
scaffolds for drug delivery (Meinel et al., 2012 and Wendorff et al., 2012). PCL is fre-
guently used as a polymer matrix for various drug delivery applications, including the
production of electrospun nonwovens, because of its biodegradability, biocompatibil-
ity, advantageous material characteristics such as low glass transition- and melting
temperature, and broad solvent compatibility as well as its excellent mechanical
properties (Cipitria et al., 2011, Dash and Konkimalla, 2012 and Qin and Wu, 2012).
Moreover, PCL has been used in several FDA approved drug delivery systems and
implants, as suture material and adhesion barrier (Gunatillake and Adhikari, 2003).
Despite these advantages, release of hydrophilic, high molecular weight drugs was
frequently found to be challenging because of PCLs semicrystalline nature, slow deg-
radation and high hydrophobicity (Chen et al., 2000 and Wang et al., 2009), requiring
copolymerization or blending with hydrophilic polymers or polymers possessing a
higher degradation rate such as PLGA (Anderson and Shive, 1997, Briggs and
Arinzeh, 2014, Liu et al., 2008 and Puhl et al., 2014).

In previous studies we observed that the combination of PCL nonwovens and protein
crystals allows control of both, amount of burst release as well as long-term release
rate through variation of protein crystal—fiber size ratio, degree of loading and poly-
mer matrix composition (Puhl et al., 2014). However, despite the significant variability
achieved through the novel combination of electrospun fibers and protein crystals,
the low amount of total released protein and limited control over release rate required
further optimization. Furthermore, blending of PCL with PEG and PLGA alone, while

in part successful, still resulted in slow and incomplete protein release.

Within this study we explore the mode of protein release from pure and blended PCL
matrices containing protein crystals. We hypothesize that besides polymer degrada-

tion and drug diffusion, wettability of the nonwoven, swelling of the polymer matrix
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and desorption play an important role in protein release from nonwoven scaffolds.
Therefore, we studied the effect of matrix composition on protein release using elec-
trospun nonwovens consisting of a novel blend of PCL, polidocanol (PD) and PLGA.
PD is used in pharmaceutical and cosmetic formulations as an O/W emulsifier and as
an active pharmaceutical ingredient for topical therapy, as local anesthetic and an-
tipruritic drug at concentrations between 3 and 8% m/m, and as sclerosant after injec-
tion into varicose veins at concentrations between 0.25 and 3% m/m. Because of its
surface activity and well-established topical application, PD may represent a valuable

excipient to improve the material characteristics of PCL nonwovens.
2. Materials and methods

PCL (Mw 70,000-90,000), chicken egg white lysozyme and trifluoroacetic acid
(HPLC grade) were purchased from Sigma—Aldrich (Munich, Germany). Polidocanol
(Macrogoli aether laurilicum 9, Ph. Eur. 6.0) was bought from Fagron (Barsbiittel,
Germany). Poly(d,l-lactide-co-glycolide) 50:50 (Resomer RG 502H, Mw 7000-
17,000) was a kind gift from Evonik Industries (Essen, Germany). Acetonitrile (gradi-
ent grade) was purchased from VWR Prolabo (Fontenay-sous-Bois, France).
Poly(ethylene glycol) 6000 was obtained from MERCK Schuchardt (Hohenbrunn,
Germany). Chloroform, ethanol, sodium phosphate, sodium hydroxide, sodium chlo-
ride, sodium azide and acetic acid were of analytical grade.

2.1. Lysozyme crystallization and crystal size dete  rmination

Lysozyme crystallization was performed according to the method of Falkner et al.
(2005) with modifications as described before (Puhl et al., 2014). Lysozyme was dis-
solved in 100 mM sodium acetate buffer pH 3.5 at a concentration of 8.0 mg/ml. Pre-
cipitation buffer consisting of 20% sodium chloride, 10% PEG 6000 and 500 mM so-
dium acetate at pH 3.5 at 8 °C was poured quickly into the lysozyme solution and
stirred at 500 rpm. Mixing ratio of precipitation buffer to lysozyme solution was 2:1.
After centrifugation at 3500 x g for 5 min to separate crystals, they were washed
twice with ethanol/chloroform (volume ratio 3:10). Finally, crystals were dried over
night under mild vacuum. Average particle size of crystals was measured by laser
diffraction analysis using ethanol as dispersion medium (LS 230, Beckman Coulter,
Brea, CA).
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2.2. PCL electrospinning

Electrospinning was performed using a custom-built apparatus consisting of a DC
power supply HCP 140-350000 (FuG Elektronik, Rosenheim, Germany) and a sy-
ringe pump (Type 540200, TSE Systems, Bad Homburg, Germany). Nonwovens
were produced by electrospinning onto a stationary copper plate using a similar setup
as described before (Pham et al., 2006 and Puhl et al., 2014). Protein crystals were
dispersed in ethanol at a concentration of 3.0 mg/ml and homogenized for 20 s using
an ultrasonic bath (Branson 3200, Bransonic, Danbury, CT). Subsequently, chloro-
form and the particular polymers were added. Ethanol and chloroform were mixed in
a volume ratio of 1:6. Ratios of polidocanol and PLGA were calculated as dry mass in
relationship to PCL (m/m%) and compositions are summarized in Table 1. No sedi-
mentation, dissolution or disintegration of the protein crystals was observed during
processing in polymer solution. The resulting suspensions were filled into a syringe
with an attached gauge 22 metal needle. The needle was centered within a copper
ring of 20 cm diameter consisting of copper wire of 2 mm diameter placed in a verti-
cal plane around it and both were connected to the DC power supply and charge was
adjusted to 27 kV. The flow rate was set to 10 ml/h and the stationary copper plate
was placed at a distance of 40 cm from the needle. The lysozyme crystal loading of
the nonwovens was calculated individually. Average loading was 0.15 + 0.04% m/m.
All data is depicted as results from triplicated experiments and represents the aver-

age * standard deviation (SD).
2.3. Morphology and fiber diameter

SEM images were recorded using a JSM-7500F field emission scanning electron mi-
croscope (Jeol, Tokyo, Japan) with an acceleration voltage of 2 kV. ImageJ (NIH,
Bethesda, MD) was used to determine the fiber diameter. Sixty individual fiber diame-
ters were manually measured vertically to the fiber surface for every preparation.
Samples were cut out of the incubated nonwovens and washed with purified water,
dried under mild vacuum overnight and studied by SEM using fresh nonwovens as

reference.
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Table 1. Compositions of the electrospun nonwovens. All ratios are expressed as % m/m.

Name PCL [%] PD [%] PLGA [%)]
PCL 100 -- --
PCL/PD2 98 2 --
PCL/PD10 90 10 --
PCL/PD20 80 20 --
PCL/PD50 50 50 --
PCL/PD20/PLGA2 78 20 2
PCL/PD20/PLGA10 70 20 10

2.4. Wettability and sorption rate of the nonwovens

Contact angle measurements were performed using casted films as substitutes for
electrospun nonwovens using a drop shape analysis (DSA 10, Kriss GmbH, Ham-
burg, Germany). Films were used instead of nonwovens to avoid bias by variable
capillarity and uneven surfaces, respectively. Polymer blends were coated on a glass
microscope slide and allowed to dry under ambient conditions. A drop of release me-

dium was placed on the polymer films and contact angle was measured over time.

Sorption of PBS release medium into capillaries of the nonwovens was determined
similar as described before (Puhl et al., 2014). According to the Washburn theory the
sorption rate is correlated to contact angle and wettability of a nonwoven (Washburn,
1921).

t=AXm? (1)

- iU (@)
cXp?xXoxXcosb

m? cXxp?xXoxcosf

- = " 3)

where m is the sorbed mass of water, n is the viscosity of the immersion liquid, c is
the capillarity of the sample, p is the density of the immersion liquid, o is the surface
tension of the immersion liquid, and 6 is the contact angle between immersion liquid
and nonwoven. Briefly, for each nonwoven composition the short side of a sample
with the size of 9 mm x 36 mm was dipped 0.1 mm deep into the release medium
using a tensiometer (K12, Kriss GmbH, Hamburg, Germany). Mass increase per
area nonwoven over time was recorded and depicted as the sorption rate expressed

as (ug/s)/mmea,
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2.5. Swelling of polymer blends

Swelling of the polymer blends was investigated similar as described before (Sahoo
et al., 2010). Films of the same compositions as those of nonwovens were used to
avoid any bias from variability of the capillarity of nonwovens. Films of all the respec-
tive polymer-compositions were casted on a glass plate, dried at room temperature
and weighed. Masses ranged from 150 to 350 mg and films were approximately
1 mm thick with a diameter of approximately 15 mm. The films were then immersed
into 4 ml of PBS and incubated for 24 h at 37 °C. Subsequently, the polymer films
were dried on the outside with a paper towel and weighed. Since PD was known to
leach from the polymer films resulting in substantial mass loss, samples were dried at
RT for 72 h and weighed again to determine the absolute amount of water absorbed.
Swelling is expressed as the swelling ratio Qm according to Eq. (4).

W, —Ww,
Qp = ————2 (4)

Wy
Ws and Wy represent the weight of the sample after swelling and the weight of the

sample after drying for 72 h, respectively.
2.6. Differential scanning calorimetry

Differential scanning calorimetry (DSC) analysis was performed using a DSC 8000
(PerkinElmer, Waltham, MA). Electrospun samples of approximately 3 mg were accu-
rately weighed into aluminum pans and heated twice in a cycle from -50 to 150 °C

with a heating rate of 20 K/min. For analysis the second heating step was used.
2.7. In vitro release

Potential residual solvents in the nonwovens after preparation were removed by stor-
age at reduced pressure over night. Afterwards, the nonwovens were weighed (ap-
proximately 150-300 mg) and cut into smaller pieces. For release studies they were
placed into 4.0 ml PBS, pH 7.4 with 0.1% sodium azide at 37 °C. Sink conditions
both for lysozyme and PD were guaranteed at all times. At defined time points, 250 pl
of the release medium were sampled and replaced by the same volume of fresh buff-
er. In additional experiments, free PD at a concentration of 0.112 mg/ml, 15 mg/ml or
45 mg/ml was added to the release medium prior to incubation of pure PCL

nonwovens and 0.112 mg/ml of free PD was added to the medium prior to incubation
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of PCL/PD50 nonwovens. The concentrations were chosen as follows: 0.112 mg/ml
equals twice the critical micelle concentration (CMC), a concentration of 15 mg/ml PD
was found after incubating PCL/PD20 nonwovens, and a concentration of 45 mg/ml
PD was found after incubation of PCL/PD50 nonwovens. These additional release
experiments were performed to decipher the role of PD during lysozyme release. Ly-
sozyme concentrations were determined using RP-HPLC as described before (Puhl
et al., 2014).

Polidocanol concentration was measured using an Agilent 1100 LC system (Wald-
bronn, Germany) equipped with a binary pump, an online degasser and a thermo-
stated column compartment. For detection a charged aerosol detector (Corona®
CAD, Thermo Scientific, Idstein, Germany) was used because of the lack of chromo-
phores in PD (llko et al., 2014). The gas inlet pressure (nitrogen) was 35 psi, the filter
was set to “none” and the range to 100 pA. The optimized method used a Kinetex
C18 (100 mm x 3.0 mm, 2.6 ym particle size) analytical column from Phenomenex
(Aschaffenburg, Germany). The column compartment was maintained at 40 °C. The
mobile phase consisted of water—acetonitrile (15:85, V/V) at a flow rate of 0.6 ml/min.
The injection volume was 10 pl. Samples were diluted with mobile phase to give a
PD concentration of about 10-100 pg/ml. Quantification was done by establishing a
five point calibration curve over a range from 5 to 150 pg/ml and log—log transfor-
mation of concentration and peak area. Limit of quantification was determined at
0.86 ug/ml of PD.

2.8. Relative bioactivity of lysozyme

Relative bioactivity was determined using Micrococcus lysodeiktikus cell wall prepa-
ration as described before (Gorin et al., 1971 and Liao et al., 2001). Briefly, bacteria
were suspended in 1.0 ml of a 0.1 M KH2PO4, pH 6.2 at a concentration of 200 mg/I.
Then 33.3 pl of the sample solution was added and stirred for 5 s. The subsequent
decline of absorbance at 570 nm was recorded for 3 min using a UV-
spectrophotometer (Genesys 10S, Thermo Scientific, Rockford, IL). The slope of the
decline was proportional to lysozyme bioactivity and the limit of quantification was
found to be 0.96 pg/ml lysozyme. Bioactivity of the individual samples was deter-
mined using a calibration curve constructed using fresh lysozyme. Relative biological
activity of lysozyme is expressed in reference to the lysozyme amount as determined
by HPLC.
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2.9. Statistical analysis

All data are reported as mean + standard deviation of at least three independent ex-
periments unless specified otherwise. Statistical significance was calculated by one-
way ANOVA using multiple comparisons by the Holm-Sidak method for comparison
of multiple groups with an overall significance level of 0.05 (Origin Pro Northampton,
MA).

3. Results
3.1. Morphology of nonwovens

Nonwovens were generated from PCL or blends using electrospinning as established
before (Puhl et al., 2014). Blending of PCL or PCL/PLGA with PD had no negative
impact on processability within the investigated PD concentration range and required
no adaption of the pre-established electrospinning parameters. As shown before,
processing of lysozyme crystals in organic solvents during electrospinning did not
negatively affect lysozyme bioactivity or crystal morphology and the high viscosities
of polymer solutions prevented sedimentation of lysozyme crystals during processing
(Puhl et al., 2014). Narrow fiber diameter distributions were obtained for all prepara-
tions except for PCL/PD20/PLGA10 nonwovens (Fig. 1F and G). Fiber diameters of
the nonwovens were found to be reproducible between individual experiments. Over-
all, SEM micrographs revealed reduction of fiber surface roughness and separation
between fibers with increasing PD ratio (Fig. 1A-D). Nonwovens prepared from ter-
nary blends containing PCL, PLGA and PD had an average fiber diameter of
4.2 +2.7 ym (PCL/PD20/PLGA2) and 6.5 + 11.1 ym (PCL/PD20/PLGA10). With both
blends a less homogenous distribution of fiber diameters was observed with an ap-
parently bimodal distribution in the case of PCL/PD20/PLGA2 and the presence of
large beads in the case of PCL/PD20/PLGA10 (Fig. 1E and F).

After incubation of PCL/PD nonwovens in release medium, fiber diameters were vir-
tually unchanged but the fiber surface roughness appeared to be increased with no-
ticeable wrinkles and indentations (Fig. 1G and Fig. 2A-D). The surface roughness
after incubation seemed to positively correlate with PD content as assessed by SEM.
No further changes of fiber morphology were detected after the first 6 h of incubation

(data not shown).
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Similar patterns were found after incubation of nonwovens containing 20% PD and 2
or 10% PLGA (Fig. 2E and F). Surface morphology of both preparations was quite
comparable to nonwovens consisting of PCL and 20% PD only, after incubation for
6 h. After an extended incubation of 9 weeks, PCL/PD20/PLGA10 nonwovens
showed signs of fiber degradation in the form of cracks and fractures but fiber diame-

ter remained virtually unchanged (Fig. 2G and H).

Il ~fter production
| After incubation in PBS

Average fiber diameter [um]

Fig. 1. Morphology and fiber diameter of electrospun nonwovens: PCL/PD2 (A), PCL/PD10 (B),
PCL/PD20 (C), PCL/PD50 (D), PCL/PD20/PLGA2 (E), PCL/PD20/PLGA10 (F), and average fiber
diameter of the dried electrospun nonwovens before and after incubation in release medium for 8
weeks (G).
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Fig. 2. Morphology of nonwovens after incubation in release medium for 1 day: PCL/PD2 (A),
PCL/PD10 (B), PCL/PD20 (C), PCL/PD50 (D), PCL/PD20/PLGA2 (E), PCL/PD20/PLGA10 (F). Mor-
phology of formulations containing PLGA after 8 weeks of incubation in release medium:
PCL/PD20/PLGA2 (G), and PCL/PD20/PLGA10 (H).
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3.2. Differential scanning calorimetry

Melting points of PCL and PD were determined by DSC with 59.6 and 23.8 °C, re-
spectively, being in good agreement with previously reported results (Bittiger et al.,
1970 and Eckmann, 2009). Glass transition point of PLGA was observed at 44.4 °C
(Fig. 3A) (Friess and Schlapp, 2002). PCL/PD blends showed a decreasing melting
temperature with increasing PD content (Fig. 3B). Below 10% PD, neither glass tran-
sition nor melting of PD was detected, while above 10% PD glass transition but no
melting of PD was observed. At 50% PD both, glass transition and melting of PD
were detected. Both ternary blend formulations additionally showed glass transition of
PLGA between 50 and 60 °C, however not clearly separated from melting of PCL.
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Fig. 3. DSC analysis of pure polymers and electrospun polymer blends (A). Vertical lines represent the
melting respectively glass transition point of the pure polymers. Effect of PD content on melting tem-
perature of PCL/PD nonwovens (B).

3.3. Contact angle, sorption rate and swelling beha  vior

The contact angle of PBS with pure PCL films was found to be 85.3 £ 4.9°. Because
of the surface activity of PD, contact angles were considerably reduced for films con-
taining PD and fast spreading of the drop complicated analysis. A significant reduc-
tion of the contact angle to 72.6 + 4.9° was observed in the case of samples contain-
ing 2% PD. For samples containing higher percentages of PD, contact angles could
not be determined because of fast spreading of the liquid on the surface and thus

were considered to be 0°.

In addition, sorption of incubation medium to nonwovens was investigated (Fig. 4A).
The sorption rate is influenced by the contact angle as well as the capillarity of the
nonwovens and thus may describe the initial contact of release medium with

nonwovens and the general wettability of nonwovens (Washburn, 1921). Interesting-
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ly, sorption of PBS into the nonwovens was found to decrease with increasing PD
concentration. With nonwovens containing 50% PD sorption was not completed with-
in the time frame of wicking experiments, signified by PBS sorption only within the
first 5 mm of the total 36 mm length of the sample. Addition of PLGA resulted in a

significant increase of the sorption rate compared to honwovens containing PCL and

PD alone.
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Fig. 4. Effect of nonwoven composition on sorption of PBS (A) and on swelling of PCL/PD and
PCL/PD/PLGA films (B).

The swelling of pure PCL films was found to be negligible (Fig. 4B). However, with
increasing PD content in the polymer films the swelling ratio increased linearly
(R? = 0.995) and the correlation between PD content and swelling ratio was found to
be statistically significant (p < 0.0001). Addition of PLGA had no statistically signifi-
cant effect on swelling within the investigated time frame of 24 h, i.e., swelling was
comparable to PCL/PD nonwovens with the same PD content. Incubation of pure
PCL films with 15 mg/ml PD in the release medium resulted in a small but significant
increase of swelling (0.73 £ 0.14%) compared to pure PCL films without addition of
PD (0.46 £ 0.003%).

3.4. Polidocanol release

Maximum PD concentrations were reached after incubation for approximately 1 h in
release medium for all nonwovens (Fig. 5). Relative PD release depended on the PD
content of nonwovens, generally increasing with increasing PD content. However, at
high PD content of 50% PD/PCL only 80.5 + 5.7% of PD contained in the nonwovens

was released.
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Addition of free PD to the release medium prior to incubation of pure PCL nonwovens
revealed that PD adsorbed to the nonwovens, resulting in a drop of free PD concen-
tration in the medium from 112 pg/ml to 12.9 + 3.1 pg/ml. However, at higher free PD
concentration of 15 or 45 mg/ml in release medium no drop of the PD concentration
after addition of the nonwovens was observed, most likely because of the limited

amount of PD absorbed being not detectable at high total concentration.
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Fig. 5. Cumulative release of polidocanol from nonwovens prepared from PCL/PD or PCL/PD/PLGA
blends.

3.5. Lysozyme release

Lysozyme release from pure PCL fibers was found to be low with 1.98 + 0.5% and
8.5 + 1.1% of total encapsulated protein released after 1 day and 3 weeks, respec-
tively (Fig. 6A). Hence, under these conditions, very low burst release and a very low
release rate was found. A PD concentration dependent increase of burst release was
obtained using binary mixtures of PCL and PD, with higher PD content in the nonwo-
ven resulting in higher burst release of up to 45.4 + 1.5% at 50% PD after 1 day incu-
bation (Fig. 6A). Similarly, lysozyme burst release from nonwovens consisting of
PCL, 20% PD and 2 or 10% PLGA, respectively, was significantly increased com-
pared to pure PCL nonwovens (Fig. 6B). However, compared to nonwovens consist-
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ing of the binary blend PCL/PD20, burst release from ternary blend nonwovens was
significantly lower (17.5% for PCL/PD20 versus approximately 10% for PCL,
PCL/PD20/PLGA2 or PCL/PD20/PGLA10). The release rate from nonwovens pro-
duced from binary mixtures of PCL/PD was negligible after burst and comparable to
the one from ternary mixtures (PCL/PD/PLGA) within the first week of release. Solely
PCL/PD50 nonwovens showed a slow release up to 7 days. Subsequently, only
nonwovens containing PLGA showed an accelerated release, which was more pro-
nounced with higher PLGA content, achieving an almost constant release rate. With
10% PLGA (PCL/PD20/PLGA10) 42.8 £1.5% of encapsulated lysozyme was re-
leased after 4 weeks. Subsequently, lysozyme concentration decreased in the case
of the PCL/PD20/PLGA10 nonwovens because of PLGA degradation products result-
ing in a pH drop in the release buffer from 7.4 to 3.3 and inducing protein degrada-
tion. This effect was a direct result of the setup chosen for release studies. The vol-
ume of release medium withdrawn for analysis and replaced by fresh release
medium at each time point was small compared to the total volume of release medi-
um, resulting in accumulation of both released lysozyme and PLGA degradation
products in the release buffer. Nonwovens containing 2% PLGA showed an almost
linear release of lysozyme from week 2 until week 9 resulting in cumulative release of
43.6 £ 2.7% after 9 weeks. Thereafter, lysozyme release rate dropped considerably
and was almost constant during the following 4 weeks. The pH of the release buffer

at the end of the incubation was 5.2.

The effect of the presence of PD in the release medium was investigated by adding
free PD to the release medium before incubation of the nonwovens. Addition of
0.112 mg/ml PD (approximately twice the CMC of PD) to the release medium prior to
incubation of pure PCL nonwovens led to a significant increase of lysozyme burst
release after 1 day incubation from 1.98 + 0.54% without PD in the release medium
to 24.5 £2.52% (Fig. 6C). Addition of 15 mg/ml PD (equal to the PD concentration
after release from PCL/PD20 nonwoven) and 45 mg/ml (equal to the PD concentra-
tion after release from PCL/PD50 nonwoven) resulted in further increased burst re-
lease, most prominently at the higher PD concentration (Fig. 6C). Addition of
0.112 mg/ml PD to the release medium prior of incubation of PCL/PD50 nonwovens
resulted in increased burst release compared to the same nonwovens incubated

without PD addition to the release medium (Fig. 6D).
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Fig. 6. Effect of nonwoven composition and addition of PD into release medium prior to incubation of
the nonwovens on cumulative lysozyme release. The effect of PD content in PCL/PD blend
nonwovens (A), PLGA content in PCL/PD/PLGA blend nonwovens (B), concentration of free PD in the

release medium in combination with nonwovens of pure PCL (C), and concentration of free PD in
combination with PCL/PD blend nonwoven (D) on lysozyme release is shown.

Table 2. Relative bioactivity of released lysozyme determined at selected time points during the re-
lease study.

Sample Time Bioactive
P Lysozyme [%]
2% PD 5 weeks 102.4 +9.6

10 % PD 5 weeks 110.3+14.7

20 % PD 5 weeks 106.1 + 8.6
50 % PD 5 weeks 88.9 +18.0
5 weeks 112.9+7.0

20 % PD
5 % PLGA 9 weeks 105.1 +3.2

13 weeks 108.9 + 10.7
5 weeks 109.2 +10.9
9 weeks 100.7 + 46.6
13 weeks 53.7£18.9

20 % PD
10 % PLGA
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3.6. Bioactivity

Lysozyme retained its biological activity after electrospinning including after suspend-
ing in the respective organic solvents (Puhl et al., 2014). Moreover, bioactivity was
investigated throughout the release study. After 5 weeks incubation, bioactivity was
mostly retained for all nonwoven compositions (average of all samples
104.9 + 13.0%). Release from nonwovens containing PLGA was investigated for 13
weeks and biological activity was determined until the end of incubation. Relative bi-
oactivity was strongly reduced to 53.7 £18.9% after 13 weeks release from
nonwovens containing 10% PLGA. In contrast, relative bioactivity of lysozyme after
release from nonwovens containing 2% PLGA activity was found to be 108.9 £ 10.7%
(Table 2).

4. Discussion

With its broad solvent compatibility, high structural stability and optimal processability
by electrospinning, PCL offers numerous advantages as a polymer matrix for electro-
spun drug delivery systems. PCL on the other hand is a semicrystalline, hydrophobic
and slowly degrading polymer, resulting in significant challenges, most notably relat-
ed to drug release, when applied as a polymer matrix for the delivery of large, hydro-
philic drugs (Chen et al., 2000). Therefore, PCL based copolymers or blends are
needed that maintain most of the advantageous properties of PCL, most importantly
its superior processability, while improving the release of large, hydrophilic drugs
from the scaffold (Jiang et al., 2005 and Lu and Lin, 2002). We have recently shown
that the encapsulation of protein crystals into electrospun nonwovens is a promising
new approach toward protein delivery from nonwovens in terms of processing, load-
ing capacity and control over burst and long-term release (Puhl et al., 2014). We
herein apply this novel strategy and investigate the physicochemical properties and
release characteristics of nonwoven blends composed of PCL, PLGA and PD in an
attempt to identify compositions that improve the release of lysozyme.

Electrospinning of PCL/PD blends was straightforward up to a PD content of 50%.
Characterization of the morphology of nonwovens by SEM revealed that fiber surface
roughness and the separation between fibers decreased with increasing PD content
(Fig. 1A-D). Analysis of the melting points of PCL/PD blends by DSC on the one
hand showed that homogeneous mixtures were obtained up to a PD content of ap-
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proximately 20%. Above this point a separate melting peak of PD was observed,
which may be attributed to partial phase separation of PCL and PD (Fig. 3). On the
other hand, an increase of the PD content resulted in melting point depression of
PCL, i.e., PD acted as a plasticizer in the PD/PCL blends. Therefore, the morphologi-
cal changes observed by SEM with increasing PD content can be attributed to the
melting point depression of PCL/PD blends and, above 20% PD, phase separation,
potentially leading to coating of the fiber surface with PD. The fiber morphology was
distinctly different prior and after incubation for 1 day in the release medium. After
incubation, the fiber surface showed wrinkles and indentations, which appeared to
increase with increasing PD content (Fig. 2A—F). These structural changes after in-
cubation are interpreted as a result of matrix swelling during incubation in release
medium (Fig. 4B) followed by shrinking during drying of the nonwovens prior to SEM

imaging on the one hand and PD leaching from the fibers on the other hand.

The water sorption into capillaries of the nonwovens was investigated to estimate
their overall wettability. Surprisingly, water sorption decreased with increasing PD
ratios, which was in contrast to the significantly decreasing contact angles. Examina-
tion of the swelling behavior of the polymer compositions revealed a linear increase
of swelling ratios with increasing PD concentrations. Swelling takes place inside each
fiber while sorption takes place in capillaries between the fibers of the nonwovens.
With increasing fiber diameters due to swelling, capillarity of the nonwovens is re-
duced. According to the Washburn theory the sorption rate is inversely proportional to

the capillarity explaining the decrease of water sorption while wettability increases.

PD release from nonwovens occurred within the first hour of incubation in all cases
(Fig. 5). Furthermore, relative PD release increased with increasing PD content up to
PCL/PD20. The low molecular weight and hydrophilicity of PD leads to immediate
dissolution of solvent-accessible PD. The fraction of solvent-accessible PD increases
with increasing PD content because of (a) geometrical consideration similar to the
release of lysozyme at increasing lysozyme loading (Puhl et al., 2014) and (b) in-
creased swelling of the matrix (Fig. 4B), resulting in improved water penetration into
the polymer matrix (Dordunoo et al.,, 1997 and Karami et al., 2013). However, at a
higher PD content of 50% (PCL/PD50) relative release was reduced to 80.5 +5.7%
compared to almost complete release observed with PCL/PD20. Considering the re-
sults of SEM and DSC analysis, where partial phase separation was identified above
a PD content of 20% (Fig. 1A-D and Fig. 3), we conclude that with PCL/PD50 no



120 RESULTS - POLIDOCANOL

further increase of water penetration into the polymer matrix was achieved resulting
in reduction of relative release of PD. Moreover, increased swelling may partly bind
PD in a gel composed of PCL, PD and water.

Apart from its release from the nonwoven matrix, PD also adsorbs to the PCL sur-
face, though a relatively low amount is required to saturate the latter. When incubat-
ing pure PCL nonwovens in release medium containing 0.112 mg/ml of free PD, the
concentration of free PD decreased to about a tenth of initial concentrations. Incubat-
ing pure PCL nonwovens in release media with higher free PD concentrations did not
lead to higher adsorption, or the adsorbed amount was not detectable in relation to

the high concentration of free PD.

Lysozyme burst release from PCL/PD scaffolds increased with increasing PD con-
tent. In addition, close evaluation of the initial phase of lysozyme release revealed a
gradual change of release profile with increasing PD content (Fig. 6A). To explain
these observations a release model based on (a) PD-induced desorption of lysozyme
from the polymer matrix and (b) increased matrix swelling with increasing PD content
and thus a diffusion controlled mechanism is proposed (Karami et al., 2013 and Yang
et al., 2001). Recently, Srikar et al. (2008) reported a model describing the release of
hydrophilic drugs from electrospun, slowly degrading polymer matrices. Within this
model it is assumed that drug release is primarily controlled by drug desorption from
nanopores and from the polymer surface. Furthermore, the model assumes that only
drug present at the surface can be released, whereas encapsulated drug is not or
only very slowly released. Based on this model, both, increasing the solvent accessi-
ble fraction of lysozyme and improving desorption of lysozyme from the polymer sur-
face would result in increased release (Crotts et al., 1997). The rapid release of PD
from the nonwovens (Fig. 5) results in morphological changes of the fiber structure,
signified by formation of wrinkles and indentations as observed by SEM (Fig. 2A—F).
The observed structural changes are a consequence of swelling of the polymer ma-
trix, as discussed above, resulting in an increased solvent accessible surface. In-
creasing the PD content therefore resulted in increased lysozyme burst release. Fur-
thermore, PD efficiently adsorbs to the PCL surface (see above), displacing and
releasing lysozyme from the scaffold. Addition of PD to the release medium during
release of lysozyme from pure PCL nonwovens confirmed the assumed desorption-
controlled release mechanism resulting in increased burst release while the subse-

guent release rate was unaffected (Fig. 6C).
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On the other hand, swelling of the polymer matrix is assumed to increase diffusion
distance and potentially tortuosity, resulting in slower lysozyme release (Bromberg
and Ron, 1998). According to Higuchi’'s law, solubility within the polymer matrix is
substantial for a diffusional release (Higuchi, 1963). In a study by Li et al. (2008), re-
lease of lysozyme from PCL nonwovens was successfully increased through for-
mation of lysozyme—oleate complexes, improving the solubility of the drug in the pol-
ymer matrix, as well as blending with PEG to enhance the wettability of the polymer
matrix (Li et al., 2008). Because of the poor solubility of lysozyme in the polymer ma-
trix, pure PCL and PCL/PD blends with low PD content showed little diffusional re-
lease of the protein. With increasing PD ratios swelling and thus water uptake into the
polymer matrix was increased, thus allowing diffusional release. Consequently, we
observed increasing diffusional release characteristics with increasing PD content,
most prominently in the case of PCL/PD50 nonwovens showing a release up to 7
days (Fig. 6A). When incubating the PCL/PD blend nonwovens in release medium
supplemented with PD, burst release was increased significantly but release profile
was almost unaffected (Fig. 6D). This observation is attributed to increased desorp-
tion of lysozyme prior to swelling of the matrix with PD present in the release medi-

um.

Despite the achieved improvements of lysozyme desorption and solvent accessible
surface through blending of PCL with PD, the low degradation rate of PCL limited
drug release subsequent to the initial burst. Through generation of nonwovens con-
sisting of PCL, PD and PLGA, degradability of the polymer matrix is significantly im-
proved as shown before (Puhl et al., 2014). Matrix swelling and improved drug de-
sorption induced by PD proved to be effective also with the ternary blend (Fig. 4B).
Consequently, we identified three release mechanisms: desorption, diffusion and ma-
trix degradation while the latter added a significant increase of overall protein release.
Furthermore, sorption of release medium to nonwovens was improved compared to
PCL/PD nonwovens, most likely because of increased capillarity of nonwovens re-

sulting from broader fiber diameter distributions (Fig. 1E-G).

In summary, the rational combination of PCL, serving as slowly biodegradable, struc-
turally stable component, PLGA, which improves polymer matrix degradability and
PD inducing matrix swelling and drug desorption led to marked improvement of lyso-
zyme release. The improved release of hydrophilic drugs from PCL or PCL/PLGA

matrices achieved by using PD as matrix component and the identification of the re-
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lease mechanism for such scaffolds may significantly improve the utilization of PCL
nonwovens for topical drug delivery and tissue engineering. Furthermore, PD’s ability
to improve drug release from polymer matrices is according to our knowledge de-

scribed for the first time herein.

Although the goal of incorporation of PD into fibers was to improve lysozyme release,
pharmacological activity of PD is to be expected from all nhonwoven preparations
since minimum effective concentrations for topical application are reached. In the
case of topical application of nonwoven scaffolds as wound dressings, pharmacologic
activity of PD might be considered beneficial. However, potential side effects should

be considered as well.

Future research might harness the concept of improved matrix swelling and improved
desorption by addition of surfactants as a guiding principle for the design of polyester
based drug delivery systems. PD proved to be an effective excipient with regards to
this concept, however its pharmacological activity might limit its use. Therefore, future
research might focus on finding alternative surfactants without pharmacologic activity

that improve swelling and drug desorption from polyester matrices.
5. Conclusion

Novel PCL/PD and PCL/PD/PLGA blend nonwovens with encapsulated lysozyme
crystals were characterized with regards to physical properties and lysozyme release.
Blending of PCL and PD resulted in reduction of the contact angle and increased
swelling depending on PD content. Ternary blends of PCL, PD and PLGA showed
similar properties to PCL/PD nonwovens. The total fraction of lysozyme released
from PCL/PD nonwovens increased with increasing PD content and addition of PLGA
to PCL/PD blends resulted in controlled release over up to 13 weeks with cumulative
release of up to approximately 50% of encapsulated lysozyme. Lysozyme release
was shown to depend on both matrix swelling and desorption, which both is facilitat-
ed by PD. Addition of PLGA lead to a concentration dependent augmentation of ma-

trix degradation resulting in controlled release of lysozyme.
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Abstract

The fatty acid (FA) composition of polysorbate 80 (PS80), a sorbitan oleic acid ester
copolymerized with about 20 mole of ethylene oxide, is typically characterized by gas
chromatography. Here, an alternative method was developed. After saponification
with potassium hydroxide the FA fraction was collected with liquid—liquid extraction
using methyl-tert.-butyl ether. HPLC in combination with a Corona® charged aerosol
detector (CAD) was applied for the separation and detection. The method was fully
validated in terms of specificity, repeatability, limits of quantification, linearity, range,

accuracy and robustness.

The characterization of 16 different PS80 batches demonstrated variability regarding
their FA composition, with e.g. the amount of oleic acid ranging from 67.8 = 0.7% to
96.6 + 1.4%. Furthermore, we identified petroselinic acid, a double-bond positional
isomer to oleic acid in all batches, an FA not known to pharmacopoeias at present. In
addition, 11-hydroxy-9-octadecenoic acid, an oxidation product of oleic acid was
identified. Structure elucidation was performed by means of HPLC-MS/MS. In addi-
tion, the method was expanded to the evaluation of the free FAs. Having determined
the entire FA composition, the acid value according to EP and USP can be calculat-
ed.
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1. Introduction

Polysorbate 80 (PS80) is a nonionic surfactant commonly used in pharmaceutical
formulations as emulsifier and solubilizer for poorly soluble drug substances [1] or as
stabilizing agent in protein formulations [2]. Moreover, it serves as coating material
for drug delivering nanoparticles [3]. PS80 is an excipient frequently used in formula-
tions of biologics, addressing aggregation challenges. This excipient and possible
degradation products thereof warrant tight quality assurance and control. In spite of
the fact that these are formulated at low concentrations, typically in a range of 0.01—
0.1% (w/v), a possible impact of degradation products and impurities on protein sta-

bility has been reported [4,5].

Polysorbates are fatty acid esters of sorbitol anhydrides copolymerized with about 20
moles ethylene oxide for each mole sorbitol and sorbitol anhydrides. The number in
PS80 indicates the type of fatty acid (FA) used in the manufacturing process. PS80 is
esterified with oleic acid mainly, but may contain both saturated and unsaturated FAs
with a chain length between 14 and 18 in considerable amounts with a minimum of
58% of oleic acid being required to meet the European Pharmacopoeia (EP) and

United States Pharmacopoeia (USP) specifications, respectively [6,7].

Due to their complex and heterogeneous composition, a variety of analytical tech-
niques are applied to characterize polysorbates. The distribution of polyoxyethylene
chains [8] and the amount of non-esterified ethoxylates [9] are determined by means
of nuclear magnetic resonance spectroscopy (NMR). The identification of the differ-
ent polysorbate species was achieved with matrix-assisted laser desorption ionization
time-of-flight mass spectrometry (MALDI-TOF-MS) [10,11] or with liquid chromatog-
raphy and subsequent electrospray ionization-mass spectrometry (ESI-MS) [12-14].
To the best of our knowledge, no attempt was reported in the literature comparing

different PS80 batches regarding their fatty acid composition.

The analysis of FAs is typically performed by gas chromatography (GC) following the
transesterification to fatty acid methyl esters. However, thermally labile compounds
such as hydroperoxylated or epoxylated FAs might not be detectable due to degrada-
tion [15]. Therefore, we decided to utilize liquid chromatography coupled with
charged aerosol detection (CAD) for the identification and quantification of the FAs in
PS80. CAD detects non-volatile and some semi-volatile compounds providing univer-

sal response regardless of their chemical structure without a need for pre-column
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derivatization of the analyte [16]. The applicability of CAD to the analysis of polysorb-
ates [17-20] as well as lipids [21-28] has previously been demonstrated, and here
we report an extension of these studies for the analysis of other polysorbates, includ-
ing PS40, 60, and 80 as well as limitations, as demonstrated for short fatty acids
(PS20).

2. Experimental
2.1. Reagents and material

All chemicals were of analytical grade unless otherwise stated. Capric acid, caprylic
acid, formic acid, lauric acid, linoleic acid, a-linolenic acid, myristic acid, palmitic acid,
palmitoleic acid, petroselinic acid, potassium hydroxide, methyl-tert.-butyl ether
(MTBE), oleic acid (>99%), oleic acid (meets Ph. Eur. specifications) and stearic acid
were purchased from Sigma—Aldrich (Taufkirchen, Germany). Margaric acid, gradient
grade acetonitrile and methanol (HiPerSolv Chromanorm) were purchased from
VWR International (Darmstadt, Germany). Ultra-pure water (>18.2 MQ) was deliv-
ered by a Milli-Q Synthesis system (Merck Millipore, Schwalbach, Germany). The
polysorbate samples were from Croda (East Yorkshire, UK), Kolb (Hedingen, Swit-
zerland), Merck (Darmstadt, Germany) and NOF (Tokyo, Japan). The order of the
supplier names does not necessarily coincide with the order of the codes used within

the manuscript.

2.2. Preparation of sample and reference solutions for thedetermination of the

fatty acid composition

The saponification process was modified from [29]. About 15 mg of the analyte was
dissolved in 1 M potassium hydroxide solution containing 10% methanol and the vol-
ume was made up to 10.0 mL with the same solvent. The sample was then incubated
at 40 °C for 6 h.

The protocol for the extraction of the fatty acids with MTBE was modified from [30].
250 pL of this solution was acidified with 50 pyL formic acid in a centrifuge tube (VWR
International, Darmstadt, Germany) to a resulting pH value of about 3.2. Then,
500 uL MTBE was added and the tube was vortexed. After 5 min of incubation, the
tube was centrifuged for 5 min at 2700g using a Centrifuge 5702 (Eppendorf, Ham-
burg, Germany). The organic phase was collected and dried under a gentle stream of
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nitrogen. The residue was reconstituted in 1000 pL of a mixture of water/acetonitrile
(25:75, viv).

Stock solutions of fatty acids were prepared in methanol at a concentration of
1 mg/mL and stored at -20 °C. Reference solutions were prepared by diluting the
stock solutions to the desired concentration with a mixture of water/acetonitrile
(25:75, viv).

2.3. Preparation of sample and reference solutions for the determination of the

free fatty acids

An internal standard (IS) solution was prepared by dissolving margaric acid in meth-
anol at a concentration of 0.5 mg/mL. About 100.0 mg of the analyte was dissolved in
1.0 mL of the IS solution. The volume was then made up to 10.0 mL with water.
1000 pL of this solution, 100 pL formic acid and 1000 uL MTBE were added to a
glass centrifuge tube and vortexed. After 5 min of incubation, the tube was centri-
fuged for 45 min at 2700g using an EBA 20 centrifuge (Hettich, Tuttlingen, Germany).
500 pL of the organic phase was collected and dried under a gentle stream of nitro-
gen. The residue was reconstituted in 500 puL of a mixture of water/acetonitrile
(25:75, viv).

The reference solution contained oleic acid and margaric acid at concentrations of
50 pg/mL prepared by diluting the respective stock solutions with a mixture of wa-
ter/acetonitrile (25:75, v/v).

2.4. HPLC-CAD

Measurements were carried out using an Agilent 1100 HPLC system (Waldbronn,
Germany) equipped with a binary pump, an online degasser and a thermostated col-
umn compartment. The Kinetex Cis (100 x 3.0 mm, 2.6 um particle size) analytical
column (Phenomenex, Aschaffenburg, Germany) was used for the separation of the
fatty acids at 25 °C. The injection volume was 10 pL. A gradient was applied using
0.05% (v/v) formic acid in water as mobile phase A and 0.05% (v/v) formic acid in
acetonitrile as mobile phase B and starting with 75% mobile phase B for the initial
5 min followed by a linear increase to 85% mobile phase B within 10 min. Subse-
guently, the column was re-equilibrated for 3 min. The mobile phase flow rate was set

to 0.6 mL/min. Detection was performed using a Corona® charged aerosol detector
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(Thermo Scientific, Idstein, Germany). The settings for the CAD were as follows: gas

inlet pressure (nitrogen) 35 psi; filter “none”; and an electric current range of 100 pA.
2.5. HPLC-MS/MS

For the identification of unknown peaks, a 6300 Series lon Trap from Agilent con-
nected to an Agilent 1100 HPLC system (Waldbronn, Germany) was used. The
chromatographic conditions were the same as described in Section 2.4. The ion trap
was operated in both ESI-positive and negative modes. Nebulizer pressure was set
to 50 psi; dry gas (nitrogen) flow and temperature were 10 L/min and 350 °C, respec-

tively.
3. Results and discussion
3.1. Method development

The method included the release of the FAs from PS80 through basic hydrolysis, ex-
traction and subsequent analysis via HPLC-CAD. The saponification of PS80 was
carried out with 1 M KOH at 40 °C for 6 h as described before [29]. We studied the
stability of some FAs (oleic, linoleic and a-linolenic acids) at these conditions by
HPLC-CAD, monitoring the peak areas for 6 h. These FAs were selected based on
their susceptibility to degradation as a result of their unsaturated character. Addition-
ally, stability was investigated at 60 °C, in order to evaluate whether a higher temper-
ature can be applied for a shorter reaction time. FAs turned out to be stable at a tem-
perature of 40 °C for 6 h (98.1%, 102.3% and 99.3% of the initial peak area after
incubation for linolenic, linoleic and oleic acids, respectively). However, substantial
degradation occurred at 60 °C, indicated by the decreasing peak area over time
(79.6%, 91.5% and 87.2% of the initial peak area after incubation for linolenic, linoleic

and oleic acids, respectively).

The FAs were then extracted from the reaction medium in order to avoid the injection
of the concentrated solution of potassium hydroxide and residues from the hydrolyza-
tion of PS80 into the detector. First, we evaluated the use of solid phase extraction
(SPE) [31]. After neutralization of the reaction medium with formic acid, the FAs were
protonated and could thus be retained on a Cis cartridge and eluted with chloro-
form/methanol (50:50, v/v). The eluate was then evaporated under a stream of nitro-

gen; the residue was dissolved in water/acetonitrile (25:75, v/v) and injected into the
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HPLC. However, the removal of residues from the solution, indicated by a large injec-
tion peak, was found to exceed the detector’s range and thus, the application of SPE

was not satisfactory.

Therefore, liquid—liquid extraction with methyl-tert.-butyl ether (MTBE) according to
previous reports was applied [30]. For that, the reaction medium was acidified with a
calculated amount of formic acid in a centrifuge tube to a resulting pH value of about
3.2 and MTBE was added. It was necessary to use glass centrifuge tubes instead of
polypropylene tubes, because the organic solvent is capable of extracting substanc-
es from the plastic material, which can be detected by the CAD and may interfere
with the analysis. For the complete separation of the two phases, the solution was
centrifuged for 5 min. The organic phase was collected and dried under a stream of
nitrogen. The residue was dissolved in water/acetonitrile (25:75, v/v). The liquid—
liquid extraction was found to be superior to SPE in terms of the removal of residues
from the solution. Additionally, it required less time as the evaporation of MTBE was
much faster than that of chloroform/methanol.

As a first approach, we selected compendial fatty acids for our method complying
with the monographs for polysorbate 80 in the European (EP, 8" edition) and the
U.S. pharmacopoeias (USP 37 NF 32). In particular, specifications in both mono-
graphs are as follows: myristic acid (£5.0%), palmitic acid (£16.0%), palmitoleic acid
(<8.0%), stearic acid (<6.0%), oleic acid (=58%), linoleic acid (<18.0%) and
a-linolenic acid (<4.0%). An artificial mixture of these fatty acids, mirroring the afore-
mentioned FA composition could readily be separated by HPLC under isocratic con-
ditions using water/acetonitrile/formic acid (20:80:0.05, v/v/v) as a mobile phase with-
in about 10 min (data not shown). However, when it came to the analysis of the PS80
batches, the occurrence of additional peaks required a slight adaptation of the chro-
matographic conditions. In order to increase the retention of an early eluting but un-
known peak, we decreased the amount of acetonitrile in the mobile phase to 75%.
Additionally, a gradient starting at 5 min increasing the proportion of acetonitrile to
85% had to be applied to shorten the analysis time and provide narrow peaks for late

eluting FAs, i.e. stearic acid.

Unknown peaks were detected at about 2 and 9 min and characterized by HPLC-
MS/MS, accordingly. Since only volatile mobile phases can be used with the CAD,

the method is mass-compatible without any modification. The early eluting peak at a
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retention time of about 2 min (Fig. 1d and e) gave an m/z of 297 in ESI-negative
mode. The facile in-source loss of 18 u giving an m/z of 279 pointed to a mono-
unsaturated FA with chain length of 18 containing a hydroxyl group. Applying MS/MS,
an ion at m/z of 169 was observed. Taking into account that a-cleavage is a common
fragmentation for aliphatic alcohols, we concluded that the hydroxyl group is posi-
tioned at C11 (see Fig. 3). The peak was, therefore, assigned to 11-hydroxy-9-
octadecenoic acid. The presence of this hydroxy-FA in thermally stressed PS80 has
previously been reported by Hvattum et al. [13]. The primary oxidation products of
unsaturated FAs are hydroperoxides formed after abstraction of one of the allylic hy-
drogens via a radical mechanism [32]. For oleic acid, the hydroperoxide group is in-
troduced at C8 or C11. These primary oxidation products decompose to a variety of
compounds, such as short chain FAs, aldehydes, epoxy-, keto- and hydroxy-FAs
[33]. Even though we did not find any oxidation products different from 11-hydroxy-9-
octadecenoic acid, the formation of the hydroxylated FA is likely to be reasoned by
the autoxidation.

The peak eluting after oleic acid at about 9 min was found in every batch studied,
showing an m/z of 283 in ESI-positive mode and thus indicating the presence of an
additional monounsaturated FA with a chain length of 18. The substance was identi-
fied as petroselinic acid, a double bond positional isomer to oleic acid, via retention

time and HPLC-MS analysis of an authentic standard.

For the quantification of the free FAs, we intended to extract them from a PS80 solu-
tion using the same extraction procedure analysis (vide supra). As the aqueous sam-
ple solution was vortexed with MTBE and intact surfactant was present, an emulsion
was formed during the extraction. This required considerably higher centrifugation
time with 45 min to achieve complete phase separation compared to 5 min as re-

quired for the compositional analysis.

Due to the amphiphilic character of PS80 it was impossible to extract the free FAs
without carrying over surfactant into the organic phase. Having an HLB value of
14.4-15.6 [34], PS80 is a hydrophilic surfactant, hence most of PS80 remained in the
aqueous phase. This residual PS80 species in the organic phase eluted as several
peaks between about 2 and 8 min, rendering the detection of most of the FAs impos-
sible due to peak overlap. However, the oleic acid peak eluted after these PS80

peaks (Fig. 2). Therefore, we decided to quantify the oleic acid peak via an internal
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standard (IS). The total amount of the free FAs was calculated taking into account the
FA composition determined as described above. Margaric acid, a saturated FA with a
chain length of 17, was chosen as IS as it was not present in any of the batches, did
not co-elute with any other peak (retention time of about 10 min) and provided com-
parable physico-chemical properties as our analyte. The IS was added to the sample
solution before the extraction step at a concentration of 0.5% referred to the sample
weight of PS80.

°
>
1

C T

i

o
s
o
®
2
:
3

T T T T T T T
o 2 4 L] 8 10 12 14 min

Fig. 1. Chromatograms of the studied batches are shown with a focus on the baseline (i) and in total
(ii): a) blank extraction showing no interfering peaks from the sample preparation step; b) manufactur-
er A; ¢) manufacturer C; d) manufacturer D; e€) manufacturer E (extra pure PS80). Elution order: 1-11-
Hydroxy-9-decenoic acid; 2-palmitoleic acid; 3-linoleic acid; 4-palmitic acid; 5-oleic acid; 6-petroselinic
acid; 7-stearic acid.
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Fig. 2. Chromatogram of a solution of PS80 spiked with 0.5% of each oleic acid and the internal
standard after extraction with MTBE. Chromatographic conditions and sample preparation are de-
scribed in chapters 2.3 and 2.4.
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Fig. 3. Product ion spectrum (ESI-negative) of the peak at about 2 minutes with m/z 297 in batch 2
from manufacturer E and proposed fragmentation pattern. Chromatographic conditions and MS set-
tings are described in chapters 2.4 and 2.5. The CID voltage was set to 2.50 V.

According to EP and USP, the amount of free FAs is determined by means of titration
with potassium hydroxide and is expressed as the acid value, i.e. the quantity of po-
tassium hydroxide in milligrams required to neutralize the free acids present in 1 g of
the substance [35]. By converting the % (m/m) FA composition into mol-% and con-

sidering the amount of free FAs, the acid value can be calculated using our method.
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3.2. Validation

The method was validated with regard to ICH guideline Q2(R1) [36]. Specificity, re-
peatability, limit of quantification (LOQ), linearity, range, accuracy and robustness

were investigated.

Specificity was assessed by analyzing a solution containing all possible fatty acids.
All substances were separated from each other. Furthermore, a blank extraction was
performed in order to evaluate probable extraction from materials or residues from
any solvents used. No interfering peaks were found. For the determination of the free
FAs, it was demonstrated that oleic and margaric acids were separated from each

other and from the residues of PS80 in the sample (Fig. 2).

For each fatty acid, repeatability was determined at three different concentration lev-
els (1, 25 and 50 pug/mL) in triplicate. All values found for the relative standard devia-

tion (% RSD) were in the range from 0.01% to 1.69% indicating a precise method.

The limits of quantification were determined with the signal-to-noise (S/N) approach
and corresponded to the concentration introduced into the analysis and giving an S/N
of 10. For fatty acids with a chain length of 14 or greater, we achieved satisfactory
sensitivity with LOQs between 2.1 and 6.1 ng on column. With shorter chain length
and thus higher volatility, the LOQs increased considerably. The quantification of lau-
ric acid (C12) required an amount of at least 46 ng on column, and of capric (C10)
and caprylic acids (C8) required 0.47 and 2.4 ug, respectively. This considerable de-
crease in sensitivity impeded the application of this method to surfactants containing
FAs with a chain length of 12 or less, such as polysorbate 20. However, the shorter
chain lengths are not present in PS80.

Linearity and range. A calibration curve including at least five concentration levels
was established for each analyte, equally covering a range from 1 to 100 pg/mL.
Analogous to other evaporation-based detectors, the CAD does not show a linear
response curve over the whole dynamic range [16]. Therefore, the logarithm of the
peak area was plotted against the logarithm of the concentration to obtain a linear
calibration curve (Table 1). We found a satisfactory linearity for all investigated fatty

acids. The correlation coefficients (R?) were between 0.9933 and 0.9998.

For the determination of the free FAS, we investigated the linearity of oleic acid in the
range of 0.1-1.5% referred to a 10 mg/mL solution of PS80 in the presence of the IS
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at a concentration of 0.5%. Five solutions were prepared equally distributed among
this concentration range. R? was 0.9963 without log—log transformation which al-

lowed the quantification with one single reference solution.

Table 1. Correlation coefficient of the calibration curve (after log-log transformation), LOQ, correction
factor and relative retention of investigated FAs.

R2 LOQ (ng on correction factor r_elative ret_entio_n

column) time to oleic acid
a-linolenic 0.9998 2.1 1.10 0.43
myristic 0.9933 6.1 1.15 0.48
palmitoleic 0.9985 5.4 0.89 0.53
linoleic 0.9993 3.0 0.98 0.66
palmitic 0.9974 4.0 1.00 0.90
oleic 0.9986 3.9 1.00 1.00
petroselinic 0.9995 3.2 0.88 1.09
stearic 0.9992 3.4 0.86 1.59

Accuracy. Quantification was performed by establishing a calibration curve with oleic
acid as external standard. A stock solution of oleic acid was diluted with a mixture of
water/acetonitrile to give the desired concentrations (1, 25, 50, 75 and 100 pg/mL).
Linear regression was done after log—log-transformation of concentration and peak
area. In order to take possible differences in response into account, correction factors
(CFs) were determined for all analytes (see Table 1). Accuracy was determined at
three different levels (1, 25 and 50 pg/mL) with mean recoveries ranging from
100.0% to 101.8% (n = 3, %RSD 1.94-5.30%).

For robustness testing, the HPLC parameters were varied as follows: column tem-
perature (x2.5 °C), mobile phase flow rate (x0.06 mL/min), % mobile phase B at the
begin of the gradient (z1%), % mobile phase B at the end of the gradient (£1%) and
amount of formic acid in the mobile phase (+0.005%). No considerable changes in
resolution of the critical peak pair (oleic acid—petroselinic acid) and recoveries were

observed (see Table 2).
3.3. Batch investigation

16 PS80 samples of five qualities (A—E, qualities being different manufacturers or
different grades provided by one manufacturer) were investigated (Table 3). Several
of the batches were advertised by the supplier as being refined and manufactured
with a higher purity of the oleic acid.

From these experiments, we observed considerable differences among batches. The
amount of oleic acid varied from 67.8% to 96.6%, with the linoleic and palmitic acid

contents showing the largest fluctuation (0.0-11.8% for linoleic and 0.8-14.6% for
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palmitic acid). Lauric acid or a-linolenic was not found in any sample. Free FAs were
not present in any of the batches from B and E, but could be detected in all other
batches in concentrations between 0.2% and 1.2% (m/m). Despite these differences,
all batches were found to be within specification limits for the parameters reported
here given in EP and USP. For further information on statistical analysis of the data
and correlations of the chemical composition to functionality related characteristics,
e.g. critical micelle concentration, hydrophilic—lipophilic-balance, cloud point or mi-

celle molecular weight see [34].

As described in Section 3.1 we found and identified two FAs which are not mentioned
in the EP or USP. The monographs do not limit any compounds different from the
specified FAs. Petroselinic acid, a double-bond positional isomer to oleic acid was
found in every batch in contents of up to 2.6%. The stability investigation of oleic acid

proved that petroselinic acid was not formed during sample preparation.

11-Hydroxy-9-octadecenoic acid was found in all batches from manufacturer B, D
and E except from E1. This indicated oxidative degradation during storage, which has
been shown to impact the stability of active pharmaceutical ingredient which is prone

to oxidation [5].

In order to evaluate the applicability to other polysorbates, one batch each of PS20,
40 and 60 was investigated. The results are shown in Table 3. Both PS40 and 60
complied with the Ph.Eur specifications. The FA fraction of these polysorbates con-
sists of palmitic and stearic acids in different amounts (PS40: 292.0% palmitic acid,
PS60: 40.0-60.0% stearic acid, sum of palmitic and stearic acid 290.0%).

In PS20, the content of palmitic acid was found to be out of specification (16.41%,
specification: 7.0-15.0%). This was likely to be caused by the lacking sensitivity for
short chain FAs of our analytical method. The sum of the contents of caproic, caprylic
and capric acids can make up a content of up to 21.0% of the total FAs in PS20 re-
garding the Ph. Eur. specifications. By disregarding the short chain FAs in the calcu-
lation of the overall composition, the contents of all other detectable FAs can be
overestimated. Thus, this method was shown to be applicable to PS40, 60 and 80,
but not PS20.



Table 2. Robustness of the HPLC method. The influence of major HPLC parameters on recovery and resolution of the critical peak pair (oleic and petroselinic acid)

is shown.
no yaria- temperature (°C) flow rate (mL/min) % mobile phase B % mobile phase B % formic acid
tion at start at end
22.5 27.5 0.54 0.66 74 76 84 86 0.045 0.055
a-linolenic 100 100 100 103 99 96 107 100 98 107 103
myristic 100 104 104 101 97 100 108 106 103 93 100
palmitoleic 100 101 98 100 97 97 103 100 101 100 102
linoleic 100 99 100 101 99 94 101 97 96 105 100
% recovery
palmitic 100 100 100 100 98 93 100 96 96 101 99
oleic 100 100 100 102 100 97 99 97 97 103 100
petroselinic 100 104 103 107 99 96 101 98 99 103 103
stearic 100 102 100 104 99 98 98 97 98 106 105
resolution (oleic 2.41 2.44 2.31 2.41 2.44 2.50 2.34 2.37 2.39 2.44 2.40

— petroselinic)
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Table 3. FA composition of the investigated polysorbate batches. n = 2. In.s. = not specified. 2additional specification for PS60: sum of the contents of palmitic
and stearic acid: minimum 90.0%.

orT

hydroxy- a-linolenic  myristic  palmitoleic  linoleic palmitic . petroselinic  stearic % (m/m) .
oleic [%] [%] [%] (%] [%)] [%)] oleic [%0] [%] [%] f free' acid value
atty acids

PS40 Specifég?htiggisﬁorli)h. Eur. n.s.t n.s. n.s. n.s. n.s. 292.0 n.s. n.s. n.s. n.s. <20
- - - - - 93.0 - - 7.0 0.5 1.1
PS60 Spedgﬁ?{;}ﬁogq' Eur. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. %%% n.s. <20
- - - - - 41.1 - - 58.9 0.5 1.0
PS80 Spec”ég?h“ggisﬁosh' Eur. n.s. <4.0 <5.0 <8.0 <180 <160 2580 n.s. <6.0 n.s. <2.0
Al - - - 0.8 6.6 5.4 85.2 0.8 1.2 0.6 1.1

A2 - - - 0.5 9.6 5.4 81.9 1.2 1.4 0.6 1.1

A3 - - - 0.8 10.1 5.8 80.6 1.0 1.7 1.2 2.3

A4 - - - 0.6 6.8 5.7 84.1 1.2 1.6 0.6 1.2

B1 2.2 - - - - 0.8 96.6 - 0.4 0.0 0.0

B2 2.1 - - - - 1.0 96.4 - 0.5 0.0 0.0

B3 3.7 - - - - 0.7 95.3 - 0.4 0.0 0.0

C1 - - - 0.6 9.4 12.2 74.0 1.0 2.7 0.7 1.3

c2 - - - 0.5 7.1 10.6 78.0 0.9 2.9 0.2 0.3

C3 - - - 0.7 10.7 14.6 67.8 2.6 3.6 0.3 0.5

D1 0.5 - - - 11.3 8.3 77.7 0.3 2.0 0.4 0.8

D2 0.5 - 0.2 - 11.6 7.5 78.2 0.3 1.9 0.2 0.4

D3 0.5 - 0.1 - 11.8 7.4 78.1 0.3 2.0 0.3 0.6

E1l - - - - 1.1 2.5 92.6 1.2 2.7 0.0 0.0

E2 0.7 - - - - 3.0 92.2 1.0 3.1 0.0 0.0

E3 1.6 - - - - 2.4 92.3 1.0 2.8 0.0 0.0
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Table 3. (Continued).

batch

myristic
[%]

Specifications Ph. Eur.

PS20 (8t edition)

14.9

14.0-
25.0

stearic linoleic % (m/m)
o oleic [%] o free acid value
[%] [%] fatty acids
6.2 13.9 25 n.s. <20
<7.0 <11.0 <3.0 not determined
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4. Conclusions

We developed and validated an alternative method for the determination of the FA
composition in PS80 using HPLC-CAD after saponification and liquid—liquid extrac-
tion. Two FAs not known by current pharmacopoeias in the context of PS80 were
identified as petroselinic acid, a double-bond positional isomer of oleic acid and 11-
hydroxy-9-octadecenoic acid, an oxidation product of oleic acid. Although all studied
batches fulfilled the specifications in the pharmacopoeias with respect to the anal-
yses reported here within, their FA composition was quite heterogeneous. The con-
tent of oleic acid ranged from 67.8 £ 0.7% to 96.6 + 1.4%. The method was success-
fully applied to other polysorbates (PS40 and 60). However, due to the lacking
sensitivity for short chain FAs, PS20 was not reliably analyzed. Therefore, we report
an alternative approach to GC method of the current pharmacopeias, with compara-

ble effort in terms of sample pretreatment that can detect degradation products.
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Abstract

This manuscript addresses the capability of compendial methods in controlling poly-
sorbate 80 (PS80) functionality. Based on the analysis of sixteen batches, functionali-
ty related characteristics (FRC) including critical micelle concentration (CMC), cloud
point, hydrophilic—lipophilic balance (HLB) value and micelle molecular weight were
correlated to chemical composition including fatty acids before and after hydrolysis,
content of non-esterified polyethylene glycols and sorbitan polyethoxylates, sorbitan-
and isosorbide polyethoxylate fatty acid mono- and diesters, polyoxyethylene
diesters, and peroxide values. Batches from some suppliers had a high variability in
functionality related characteristic (FRC), questioning the ability of the current mono-
graph in controlling these. Interestingly, the combined use of the input parameters
oleic acid content and peroxide value — both of which being monographed methods —
resulted in a model adequately predicting CMC. Confining the batches to those com-
plying with specifications for peroxide value proved oleic acid content alone as being
predictive for CMC. Similarly, a four parameter model based on chemical analyses
alone was instrumental in predicting the molecular weight of PS80 micelles. Improved
models based on analytical outcome from fingerprint analyses are also presented. A
road map controlling PS80 batches with respect to FRC and based on chemical

analyses alone is provided for the formulator.
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1. Introduction

Polysorbate 80 (PS80) is a frequently used surfactant for biopharmaceutical product
formulation. This non-ionic emulsifier is typically formulated at concentrations of
0.01-0.1% (v/v) for active pharmaceutical ingredient (API) stabilization, reduction of
surface adsorption, or to avoid stress-induced aggregation (e.g., freezing, storage,
transport, reconstitution of lyophilized products) [1-3]. Compendial grade PS80 is
composed of polyoxyethylene sorbitan esters with fatty acids, at least 58% of which
being specified as oleic acid along with myristic, palmitic, palmitoleic, stearic, linoleic,
and a-linolenic acid esters, respectively [4,5]. Critical PS80 material attributes were
derived from a focus on its impact on API or excipient stability, as e.g., residual per-
oxides within PS80 batches may drive oxidation. However, PS80 attributes were to a
lesser extent selected based on galenical considerations/functionality related charac-
teristics (FRC), an aspect which is thoroughly addressed here within. The batch-to-
batch variability e.g., in residual peroxides was linked to the supplier's manufacturing
and purification processes, packaging, or storage [6]. Polysorbates are inherently
prone to radical autoxidation, leading to hydrolysis [2,7-9], and placing formulated
proteins at risk of oxidative damage [10-12]. Apart from peroxides, variability is intro-
duced by the type and amount of esterified and free fatty acids, unbound ethoxylates
as well as the level of impurities [13-16]. Consequently, the United States Pharmaco-
peia (USP) and the European Pharmacopeia (Ph. Eur.) specify the entire (free and
esterified) fatty acid composition, the peroxide value as well as the acid, saponifica-
tion, and hydroxyl value, respectively. In addition, ethylene oxide, dioxin and heavy
metal content are specified [4,5]. In more recent efforts, both pharmacopoeias allude
to functionality related characteristics (FRCs; Ph. Eur. 5.15) or excipient performance
(USP <1059>) in non-mandatory sections, detailing an approach for reliable excipient
performance through additional specifications designed on top of compendial re-
guirements. Several studies within the context of PS80 suggest a need for such addi-
tional specifications. For example, the stability of biologic formulations during pro-
cessing or storage has been linked to the surface activity of polysorbates [17]. Other
reports detailed the impact of polydispersed oxyethylenes on colloidal properties
[18,19]. However, neither surface activity nor colloidal properties are monographed at
present. It is for these exemplary selected reports on PS80 that compliance with
compendial specifications alone has been questioned before yielding stable formula-

tion outcome [20,21].
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Consequently, we are addressing the need to set additional PS80 specification. We
are also addressing the hypothesis, that monographed methods are sufficient in
specifying PS80 batches for stable outcome with respect to FRC, when these are
released based on adequate models. In order to identify possible input parameters
for model building, PS80 batches were broadly characterized by numerous methods.
For that, we correlated galenical functionality from sixteen PS80 batches (CMC,
cloud point, hydrophilic-lipophilic balance (HLB) value and micelle molecular weight)
with batch composition from thorough analytical studies (PS80 fatty acid compaosition
before and after hydrolysis [22], unbound PEGSs, sorbitan polyethoxylates, and mono-

and diesters) as well as with peroxide value.
2. Experimental details
2.1. Materials

Sixteen PS80 batches of 5 different qualities (qualities being different suppliers or
different supplier grades being distributed from one supplier) were used for the study.
The polysorbate samples were from Croda (East Yorkshire, UK), Kolb (Hedingen,
Switzerland), Merck (Darmstadt, Germany) and NOF (Tokyo, Japan). The order of
the supplier names does not necessarily coincide with the order of the codes used
within the manuscript. Grade, supplier and date of manufacture from each sample
were detailed (Table 1). All samples were stored at room temperature, under nitrogen
and protected from light and the experiments were conducted after storage times as
indicated. Sorbitan monooleate 80 (Span 80), methylene blue, paraffin oil were from
Sigma—Aldrich (Taufkirchen, Germany). Type 2 water (ASTM D1193, ISO 3696) was
used (Millipore, Billerica, MA). All other chemicals or solvents were of at least analyti-
cal or pharmaceutical grade and obtained from Sigma—Aldrich or VWR (Darmstadt,

Germany).
2.2. Sample preparation

For the cloud point determination, the polysorbate 80 samples were dissolved at 3%
(w/v) in freshly prepared 1 M sodium chloride in water on a roller mixer to minimize
foaming (SRT1, Sigma—Aldrich, Germany) until the solution was visibly clear and free
from foam before further processing. Samples for surface tension measurement were

dissolved in water.
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Table 1. Overview of the PS80 batches.

Quality Batch Months of Peroxide value at Peroxide value after

storage time of release* storage
A 1 26 0.6 8.2
A 2 18 1.3 8.2
A 3 21 0.2 9.2
A 4 21 0.5 16.5
B 1 17 0.4 21.2
B 2 20 0.0 19.7
B 3 31 0.6 16.1
cC 1 27 1.0 4.8
cC 2 27 1.0 3.7
cC 3 16 0.0 4.4
D 1 10 0.1 4.9
D 2 20 0.1 4.4
D 3 18 0.8 2.9
E 1 6 0.2 11.6
E 2 18 1.3 3.9
E 3 14 17 8.7

* taken from CoA

2.3. Critical micelle concentration (CMC) by surfac e tension measurement

The CMC was determined by surface tension measurements using the Wilhelmy
plate method with a Kriss K12 (Hamburg, Germany). Temperature was controlled at
20 £ 0.5 °C (Fryka, G. Heinemann, Schwabisch-Gmund, Germany) and experiments
were conducted at atmospheric pressure. The surface tension of water was deter-
mined prior to measurements of the surfactant samples and to ensure agreement
(5 mN/m) with the reference value of 72.75 mN/m [23]. Freshly prepared, serial dilu-
tions of the surfactants each in about 75-80 mL of water were equilibrated at
20 £ 0.5 °C for at least 30 min and then stirred for 60 s [24], and again equilibrated
for 5 min before measurement (n = 3). The surface tension was recorded from ten
different dilutions per sample and the CMC was fitted from the intersection of the
straight lines for the linear concentration-dependent section and the concentration-

independent section using Kriiss tensiometer software (version 5.05) [25-27].
2.4. Cloud point

The cloud point was turbidimetrically determined from a 3% (w/v) PS80 sample solu-
tion in 1 M sodium chloride, measured in a water bath at increasing temperature. Vi-
als with 8 mL of the surfactant solution were placed in the water bath with heating at
a rate of 1.2 °C/min. from room temperature to 45 °C and then at a rate of 0.3 °C/min.
until the cloud point, controlled with a thermometer accuracy of 0.2 °C. The cloud

point was visually assessed by phase separation. Furthermore, the cloud point was
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confirmed by microcalorimetry. For that, 3 mL of identically prepared samples as
used for the turbidimetric method were heated at a rate of 0.5 K/min from 35 to 90 °C
in the small volume sample vessel of a C80 calorimeter (Setaram, Caluire, France)
and recorded against 3 mL of the identical solution without PS80 in the reference

cell. Cells were equilibrated at 35 °C until heat flow between the cells was constant.
2.5. Hydrophilic—lipophilic balance (HLB) value

Determination of HLB values was performed using the “Blender-Centrifuge Method”
[28], combining polysorbate 80 sample (HLB ~ 15), sorbitan oleate (Span 80;
HLB ~ 4.3), paraffin (required HLB (RHLB) ~ 10.5) and water. In brief, stock emul-
sions of 25 mg emulsifier per gram emulsion were prepared by diluting the polysorb-
ate sample with water and diluting Span 80 with the paraffin oil and mixing them in
varying proportions, with stock A yielding a HLB of 12.33 and stock B yielding a HLB
of 6.98, respectively. Stocks were homogenized for 2 min after addition of a small
amount of methylene blue. A series of emulsions were prepared from stocks, brack-
eting the RHLB by weighing each stock emulsion into a 15 mL centrifuge tube to yield
a total amount of 10 g emulsion. Tubes were shaken to ensure mixing, centrifuged at
4000 r.p.m. for 20 min and stored at room temperature. After 15 days, the heights of
the agueous phase were measured and the HLB value of the emulsion showing the
least phase separation was recorded as the RHLB value, from which the PS80 HLB

value was calculated.
2.6. Static light scattering

All static light scattering experiments were conducted at 23 °C using a CGS-3 MD
Goniometer (ALV, Langen, Germany). The laser light source was a He—Ne laser op-
erating at A = 632.8 nm. All measurements were collected at scattering angles in the
range of 30-150° using 8 separate detectors. Serial dilutions of the PS80 samples in
the concentration range between 1 and 5 g/L were freshly prepared and filtered
through a 0.22 ym PVDF syringe filter (Carl Roth, Karlsruhe, Germany) prior to use.
The refractive index increment of the sample dilutions was measured using a SEC-
3010 refractometer (WGE Dr. Bures, Dallgow-Doeberitz, Germany). The micelle mo-
lecular weight and the second virial coefficient were calculated by means of the mul-

tiangular Zimm-Plot using ALV-Fit & Plot software.
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2.7. HPLC-CAD

Fatty acid composition and free fatty acid content were determined by high perfor-
mance liquid chromatography with charged aerosol detection as described by llko et
al. [22]. In brief, following hydrolysis with 1 M potassium hydroxide solution, the fatty
acids were extracted with methyl-tert.-butylether (MTBE) modified from a previous
protocol [29]. For the determination of free fatty acids, heptadecanoic acid was used
as internal standard and mixed with the samples and MTBE followed by centrifuga-
tion and collection of the organic phase. Measurements were performed with a 1100
HPLC system (Agilent, Waldbronn, Germany) and a Kinetex C18 (100 x 3.0 mm,
2.6 um particle size) analytical column (Phenomenex, Aschaffenburg, Germany). A
gradient was applied (mobile phase A being 0.05% formic acid in water, and mobile
phase B being 0.05% formic acid in acetonitrile) starting with 75% mobile phase B for
5 min followed by a linear increase to 85% within 10 min at a flow rate of 0.6 mL/min.
Detection was performed with a Corona charged aerosol detector (Thermo Scientific,
Idstein, Germany) using a gas inlet pressure (nitrogen) of 35 psi and settings set to

no filter at an electric current range of 100 pA.
2.8. Fingerprint analyses

Fingerprinting was performed as described before with modification [30]. The separa-
tion was carried out on an LC1100 (Agilent) using a Kinetex C18 (100 x 3.0 mm,
2.6 um particle size) analytical column. Mobile phase A consisted of 0.1% (v/v) formic
acid in water and mobile phase B of 0.1% (v/v) formic acid and 5% water in acetoni-
trile. A gradient was used increasing the portion of mobile phase B from 10-100%
within 12 min and holding this for further 12 min. The flow rate was 0.6 mL/min. and
the injection volume 10 yL. A CAD was used for detection with following settings:

range: 100 pA, filter: “none”.
2.9. Peroxide value

Peroxide content was determined using a peroxide quantification kit (Pierce Quantita-
tive Peroxide Assay Kit, Thermo Scientific, Rockford, USA). Samples were diluted
with water to 2% (w/v). 20 uL of the diluted samples were mixed with 200 uL of the
reagent (250 yM ammonium ferrous(ll) sulfate, 125 yM xylenol orange, 100 uM sor-

bitol in 25 mM sulfuric acid), incubated for 20 min at room temperature prior to read-
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ing at A = 595 nm on a SPECTRAmax 250 automated microtiter plate reader (Molec-
ular Devices, Sunnyvale, USA). Hydrogen peroxide was used to prepare standard
curves and peroxide levels in polysorbate 80 were obtained as peroxide equivalent to

the hydrogen peroxide concentration.
2.10. Statistics

Comparisons were performed using one way ANOVA and normality was tested ac-
cording to Shapiro—Wilk. Post hoc test was performed according to Tukey (pairwise
comparison). The statistical software Minitab® 16 (Minitab, Coventry, UK) was used
for analysis. Statistically significant results were concluded for p < 0.05 (the use of
the term “significant” is exclusively used in a statistical way within the manuscript).
Results are displayed as mean with standard deviation (SD) and measurements were
in triplicate, unless otherwise noted. Linear models were derived, analyzed and plot-

ted using the statistical framework R and associated packages.
3. Results

3.1. Critical micelle concentration, cloud point, a nd hydrophilic—lipophilic bal-

ance values

Sixteen PS80 samples from 4 suppliers (including two different qualities of one sup-
plier, which are for simplicity categorized as if from two suppliers) were assigned A-E
and numbers indicate the different batches from the respective supplier (e.g., E1-E3
are three different batches from E). Structural formulas are provided for polysorbate
80 and relevant molecules referred to within this manuscript (Fig. 1). The batches
were sorted according to CMC outcome, covering a range from 13.4 £ 0.6 mg/L to
24.7 £ 1.4 mg/L (Fig. 2A). Batches E1-E3 clustered at a low CMC range and were
significantly lower as compared to all other samples apart from Al. Batches B1-B3
were significantly different as compared to batches E1-E3, or A4. C3 was significant-
ly higher as compared to C1 and C2 and D1 was significantly lower as compared to
D2 and D3. Therefore, significant within-quality differences were observed for A, C,
and D but not for B and E.

A similar distribution was observed for the results of the cloud point measurements
(Fig. 2B) covering a range from 56.0 £0.2 °C to 65.3 £ 0.4 °C with the majority of
samples ranging from 59.8 °C to 61.4 °C. Quality E was significantly higher as com-



154 RESULTS - POLYSORBATE 80

pared to all other qualities other than sample Al. Quality A had a high variability
ranging from 56.0 £ 0.2 °C to 64.3 £ 0.1 °C, whereas qualities B and C had a narrow
distribution in the range of 60.7 +0.2°C to 61.2+0.2°C and 60.4+0.2°C to
61.1 £ 0.1 °C, respectively. Within-batch variability was observed for qualities D and
E (one batch being significantly different compared to the other two) and A (all batch-
es differed significantly from each other) but no differences among samples as ob-

served within B and C.
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Fig. 1. Selected structures contained in polysorbate 80: (A) main structure of polysorbate 80, (B) struc-
ture of oleic acid, (C) structure of palmitic acid, (D) structure of 11-hydroxy-9-octadecenoic acid, and
(E) structure of petroselinic acid.

Cloud points determined by the turbidimetric method (Fig. 2B) correlated strongly

with cloud point assessment by calorimetric measurements

Tcturbidimetric [OC] = 0.89 X chalorimetric[oc] — 4.4

(r2 = 0.97, Supplementary Fig. 1A and B)
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and were consistently found 2 °C above those measured by the turbidimetric meth-
od, likely due to pressure differences (turbidimetric method was performed under iso-

baric while the calorimetric method was performed under isochoric conditions, re-

spectively).
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Fig. 2. (A) Critical micelle concentration (CMC) [mg/L] and (B) cloud point [turbidimetric; °C] of the
different batches. (C) Hydrophilic—lipophilic balance (HLB) of the different batches (n = 1). (D) Correla-
tion of CMC and cloud point. Please note that axes do not start at zero.

HLB values scattered within 14.4-15.6 with the majority of the batches scattering
within a range from 14.5 to 15.1 (n = 1; Fig. 2C). Outcome from E suggested cluster-
ing of HLB values exceeding 15.0, in contrast to the other qualities which clustered

below that threshold. A linear correlation following

CMC[mg/L] = —1.25X Tcturbidimetric[oc] - 95;

(r2=0.79);
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was observed between CMC and cloud point (Fig. 2D). We correlated HLB with CMC
and cloud point for the reason that these physicochemical parameters reflect the am-
phiphilic structure of the surfactant and the variability in the hydrophilic or lipophilic
moieties may impact both parameters [31-34]. Linear regression of CMC over HLB
and cloud point over HLB demonstrated a poor correlation when fitted linearly
(r> = 0.47; Supplementary Fig. 1C and r? = 0.51; Supplementary Fig. 1D), however,
demonstrating a relationship among these parameters.

3.2. Impact of supplier/quality and storage on crit  ical micelle concentration and

peroxide value

The CMC of batches from A scattered widely (Fig. 3A) in contrast to qualities B and
more strongly E. The CMC of E was significantly lower as compared to all other quali-
ties. Generally, no trend (increase or decrease) in CMC was recorded with storage
time (Fig. 3B). For example, E1-E3 (covering storage of 6—18 months) were not sig-
nificantly different in CMC whereas — in spite of identical storage times — batches A3
and A4 differed significantly.

Peroxide values of the polysorbate batches were determined at the same time when
all experiments were conducted (and do not reflect values as provided from manufac-
turers at the time of release at which all batches complied with specifications of the
monograph at <10 ppm according to the certificates of analyses [4]; Fig. 3C; Table 1).
5 Batches exceeded 10 ppm (Fig. 3C). Generally, the peroxide values of the different
batches covered a range from 2.9 to 21.2 ppm with storage times of 6—31 months.
The highest peroxide values were observed for batches B1-B3 (16.1-21.2 ppm) and
A4 (16.5 ppm). Interestingly, no impact of storage time on peroxide value was de-
tected (Fig. 3D), with e.g., low-peroxide batches C1 and C2 being stored for
27 months in contrast to high-peroxide-batches B1 and B2 being stored within 17—
20 months. Peroxide value variability was strikingly different among suppliers, with C,
and D, displaying low, A, and E intermediate and B high variability, respectively
(Fig. 3E). A correlation between oleic acid content and CMC was apparent (Fig. 3F).
However, 4 batches clearly deviated from the linearity and all these did not comply
with the compendial specifications for peroxide value (€10 ppm) and the relationship
is further analyzed in more detail (vide infra). A potential trend of increasing peroxide

value with elevated amount of polyethoxylate diesters may be postulated (Supple-
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mentary Fig. 3E). At this point we concluded that oleic acid and peroxide value may

be instrumental input parameters for model building of a predicted CMC.
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Fig. 3. (A) Critical micelle concentration [mg/L] as a function of the supplier/quality. (B) CMC as a func-
tion of months of storage. (C) Peroxide value [ppm] of the different batches. (D) Peroxide value [ppm]
as a function of months of storage. (E) Peroxide value [ppm] as a function of the supplier/quality. (F)
Correlation of CMC with the content of oleic acid [%; after hydrolysis]. Arrows in (B) and (F) highlight
the low outcome variability of batches E1-E3 in spite of different storage times (B) or oleic acid con-
tent (F). Arrowheads in (F) indicate supplier A which in spite of a narrow distribution of oleic acid con-
tent displays large variability in CMC.
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3.3. Impact of the PS80 chemical batch composition on CMC

Following hydrolysis, the fatty acid composition of all batches was analyzed by
HPLC-CAD (Table 2). The monographs request oleic acid contents of at least 58%
upon hydrolysis [4]. The content of oleic acid complied with compendial specifications
for all batches and ranged from 67.8 £0.7% to 96.6 + 1.3% (Fig. 3F), representing
differences of up to 30% among batches. HPLC-CAD analyses were also conducted
on non-hydrolyzed (i.e., crude) PS80 samples, referred to as “free acid” in this manu-
script ([15,22,35], Supplementary Fig. 2A). A general trend of increasing CMC with
increasing free fatty acid content was observed (Supplementary Fig. 2B). Batches
from B and E had a significantly lower free fatty acid content as compared to the oth-
er qualities, and variability was strikingly low for B, D, and E and in contrast to A and
C (Supplementary Fig. 2C). Storage did not impact the amount of free fatty acids
(Supplementary Fig. 2D; [22]).

Table 2. Fatty acid composition of the PS80 batches after hydrolysis and liquid-liquid extraction (n=3).

|i§r7§5$| Batch spee||trr1(|)c Linoleic T;g]cl Stearic  Palmitic  Oleic x?/yggc
ity acid [%] acid [%] acid [%] acid [%] acid [%] acid [%] acid [%]
A 1 0.82 6.58 0.76 1.24 5.40 85.22 0.00
A 1.20 9.59 0.52 1.40 5.38 81.92 0.00
A 3 1.00 10.13 0.79 1.65 5.83 80.61 0.00
A 4* 1.20 6.80 0.60 1.62 5.74 84.08 0.00
B 1 0.00 0.00 0.00 0.38 0.82 96.58 2.24
B 2 0.00 0.00 0.00 0.48 1.01 96.44 2.08
B 3 0.00 0.00 0.00 0.35 0.67 95.29 3.69
C 1 1.03 9.44 0.64 2.72 12.16 74.05 0.00
C 2 0.87 7.10 0.49 2.94 10.56 78.04 0.00
C 3* 2.65 10.74 0.66 3.55 14.58 67.84 0.00
D 1 0.28 11.34 0.00 2.04 8.25 77.65 0.45
D 2* 0.33 11.55 0.00 1.86 7.52 78.24 0.50
D 3 0.25 11.79 0.00 2.01 7.38 78.09 0.54
E 1* 1.16 1.06 0.00 2.66 2.53 92.62 0.00
E 2 1.03 0.00 0.00 3.08 2.99 92.21 0.70
E 3 0.96 0.00 0.00 2.80 241 92.25 1.60
Specification
Ph.Eur (8th Edi-
tion) NOLSPE-  <18.0% <80% <60% <160% =258% oLSPE
Specification USP cified cified
37 NF 32

* Data was previously reported and is summarized again for completeness [22]
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Besides free fatty acid composition and fatty acid composition upon hydrolysis, the
content of unesterified PEG/sorbitan polyethoxylates (peaks are reported together),
sorbitan- and isosorbide polyethoxylate mono- and diesters, as well as polyoxyeth-
ylene diesters, was followed by “fingerprinting” analyses (Supplementary Fig. 3A-D).
Among qualities, some differences were observed especially in content of free PEGs
and sorbitan polyethoxylates. For example, batches of E were low in terms of free
PEGs and sorbitan polyethoxylates (Supplementary Fig. 3A). Polyethoxylate-fatty
acid diesters were found in batches of qualities A and B but only in selected batches
of the other qualities (Supplementary Fig. 3D). None of these parameters alone
(unesterified PEG/sorbitan polyethoxylates, sorbitan-, isosorbide polyethoxylate
mono- and diesters, polyoxyethylene diesters) correlated with CMC or peroxide val-

ue.

3.4. Impact of supplier, critical micelle concentra  tion, or fatty acid composition

on micelle molecular weight (MM w)

MM. was characterized for selected batches (Fig. 4A), covering a range from 111.2
to 126.8 kDa (n =1) and the highest MMy was observed for batches C1, and B2.
Substantial differences for MMy were observed within all qualities apart from suppli-

er/quality E.
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Fig. 4. (A) Micelle molecular weight [kDa] as a function of different batches. (B) Correlation of micelle
molecular weight with oleic acid content [%; after hydrolysis]. Arrows highlight the low outcome varia-
bility in (A) within quality E and for the correlation of micelle molecular weight with (B) oleic acids, re-
spectively. Arrowheads (A and B) indicate supplier D which in spite of a narrow distribution of unsatu-
rated fatty acid content displayed large variability in micelle molecular weight.



160 RESULTS - POLYSORBATE 80

MMy was correlated with oleic acid content (Fig. 4B). In spite of a low variability in the
oleic acid composition within qualities, substantial differences in MM, were found
other than for E. In summary, oleic acid content alone is not adequately predicting
MM, outcome (Fig. 4B). However, the pattern of variability as identified by the CMC
(Fig. 3A) was also reflected by the MMw (Supplementary Fig. 4A and B). The static
light scattering experiments with which the MM\ was determined were also used to
calculate the second virial coefficient (B2) of the batches (Supplementary Fig. 4C)
and no correlation was found to any of the parameters mentioned above (data not

shown).

3.5. Model building for the prediction of CMC and M Mw by the input parameters
fatty acids, fingerprint data and peroxide value

Our general inability to reliably predict CMC and MMy, as galenical parameters for
PS80 performance by individual values (vide supra) prompted us to combine all input
parameters for model building (Fig. 5; Table 3). On the basis of outcome from all
batches, a valuable prognostic model was built for CMC by use of oleic acid content
and peroxide value (Fig. 5A). Both of these input parameters are specified in the
compendial monographs. These results demonstrated that once both parameters
were used in combination, a prediction of CMC is possible. They also demonstrated
that independent use of these parameters — as currently done — did not necessarily
control CMC. A second model using data obtained from all batches proved valuable
deploying the amount of polyoxyethylene diesters as additional input parameter (Fig.
5B) thus refining the model based on peroxide value and oleic acid content alone
(Fig. 5A). Complicated models using more than four factors are not presented here
due to their complexity likely rendering them useless in daily practice but are reported
(Supplementary Fig. 5A). In a second set of model building for the prediction of CMC,
we restricted the analysis to batches which complied with the release specifications
of the pharmacopeias for peroxide values. Thereby, we excluded data from batches
E1l, B1-B3 and A4 due to the peroxide values exceeding 10 ppm (as specified by the
monographs). Interestingly, the 10 ppm value specification for peroxide content was
sufficient to allow building of a valuable model with a single input parameter — oleic
acid content — yielding a precise prediction of CMC (Fig. 5C). In more detail, the first

model (Fig. 5A) was

CMC[mg/L] = 48.2 — 0.4 X c(oleic acid[%]) + 0.5 X c(peroxides[ppm])
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n=16; r2=0.66; F = 12.4;: model built with data from all batches; these and the fol-

lowing factors were rounded. In this model, all parameters were significant (p < 0.01).
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Fig. 5. (A) Measured CMC [mg/L] versus predicted CMC [mg/L] including 90% confidence intervals
calculated by oleic acid content and peroxide value for the complete data set from all batches (r? =
0.66) and (B) with oleic acid content, peroxide value and amount of polyoxyethylene diesters for the
complete data set from all batches (r? = 0.74) and (C) with oleic acid content alone for reduced data
(excluding batches not complying with compendial specifications for peroxide value; r?2 = 0.77). (D)
Measured MMw [kDa] versus predicted MMw [kDa] calculated by CMC, hydroxy-oleic acid content,
amount of sorbitan- and isosorbide-polyethoxylate monoesters and sorbitan- and isosorbide-
polyethoxylate diesters (r2 = 0.80). Please note that axes do not start at zero.

The second model was built from the same batches/samples and included 3 parame-

ters as of

CMC[mg/L] = 52.1 + 0.8 X c(polyoxyethylene diesters[%]) — 0.4
X c(oleic acid[%]) + 0.3 X c(peroxides[ppm]);

n=16; r> =0.74; F = 11.3; (Fig. 5B). By involving polyoxyethylene diester content as
additional parameter, the correlation resulted in increased accuracy (> =0.74 as
compared to r?> = 0.66) with comparable F value, indicating that the additional param-

eter and the associated increase in r? did not negatively impact the F value, as the
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evidence that the extended model did not result in overfitting (F = 11.3 compared to
F = 12.4 for the first model with 2 parameters). The level of significance for polyoxy-
ethylene diester content (p <0.1) was lower as compared to the two parameters,

peroxide value and oleic acid content (p < 0.05).

For model building using readouts from batches complying with compendial specifi-
cations for the peroxide value (<10 ppm), a (surprisingly) simple model was adequate
as of

CMC[mg/L] = 44.6 — 0.3 X c(oleic acid[%]);

n=11;r2=0.77; F = 29.6; (Fig. 5C).

Oleic acid was a highly significant input parameter for the model (p < 0.001). There-
fore, the specification by the monograph for the peroxide value at 10 ppm was suffi-
cient to render the model independent of peroxide content (Supplementary Fig. 5B).

The CMC as measured input parameter also proved suitable for the prediction of the
micelle molecular weight of PS80. For the prediction of MMy, building of a valuable
prognostic model required 4 parameters (Fig. 5D). By using the experimental CMC in
combination with hydroxy-oleic acid content, amount of sorbitan- and isosorbide-
polyethoxylate monoesters and sorbitan- and isosorbide-polyethoxylate diesters,

MM was predicted by

MMy, [kDa] = 91.4 + 1.4 X CMC[mg/L] — 0.7 X c(Monoester[%]) + 1.7
X c(Diester[%]) + 5.4 X c(hydroxy — oleic acid[%]);

n=11; r2=0.80; F=5.9; (Fig. 5D). In this model, all parameters were significant
(p < 0.05). Again, even more complicated models were not reported in detail here but

are provided (Supplementary Fig. 5C).
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Table 3. Glossary (Input or output parameters for models are highlighted in bold)

Parameter

Method of measurement

Impact on a model

Critical micelle concentration
(CMC, [mg/L])

Cloud point [°C]

Hydrophilic-lipophilic balance
(HLB)

Micelle molecular weight
(MMw; [kDa])

Second virial coefficient
(B2,[mol*L/g?])

Peroxide value [ppm]

Oleic acid content [%0]

Hydroxy-oleic acid [%] 2

Palmitic acid content [%]
Stearic acid content [%]
Palmitoleic acid content [%]
Linoleic acid content [%]

Petroselinic acid content [%]°
Free fatty acids [%]

Free PEGs and sorbitan-
polyethoxylates [%6]

Sorbitan- and isosorbide-
polyethoxylate monoesters
(%]

Sorbitan- and isosorbide-
polyethoxylate diesters [%]

Diester-polyethoxylates [%]

Surface tension measurement

Turbidimetric / calorimetric

Stability evaluation on emulsion
series

Static light scattering

Static light scattering

FOX Assay (colourimetric)

Fatty acid composition determi-
ned after hydrolysis (according
to monograph) using HPLC-
CAD [22]

HPLC-CAD analysis on crude
(non-esterified) material

Fingerprint analyses using
HPLC-CAD [30]

Output parameter for models
1-3 (Fig. 5A-C), Input parame-
ter for model 4

d

Output parameter for model 4
(Fig. 5D)

Input parameter for models 1
and 2 (Fig. 5A and B)

Input parameter for models 1-3
(Fig. 5A-C)

Input parameter for models 4
(Fig. 5D)

C

C

Input parameter for models 4
(Fig. 5D)

Input parameter for models 4
(Fig. 5D)

Input parameter for model 2
(Fig. 5B)

a Oxidation product of Oleic acid (Fig. 1D).

b Double bond positional isomer to oleic acid (Fig. 1E).

¢ Had no significant impact on model (Supplementary Fig. 5 ).

dWas not used as an output parameter due tot he correlation with CMC.

€ Could not be predicted by a model based on the input parameters addressed here within.
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4. Discussion

Striking physical, geometrical and chemical differences were observed among batch-
es (in spite of complying with specifications), with some qualities (e.g., E) demon-
strating significantly lower variability in outcome than others (e.g., Fig. 3A). The sup-
plier variability in CMC was neither a function of storage time nor predicted by one
chemical parameter in isolation such as free fatty acid content (Supplementary Fig.
2). As a result, one may conclude that a careful selection of the supplier is perhaps
the most important parameter impacting the quality of PS80 containing formulations,
and presumably at least as important as storage conditions or storage time at the
supplier or the end user. The demonstrated homogeneity in chemical and physical
properties e.g., observed for E suggested that refined manufacturing and purification
processes lead to controlled physicochemical properties and overall low variability
among all parameters tested. However, a pharmaceutical manufacturer likely resists
relying on the supplier alone; instead one requires reliable and standardized methods
to internally control/predict PS80 quality. The challenge in the previous sentence is
the term “standardized methods”. For example, batches of quality A — demonstrating
significant variability in chemical and physicochemical features — can be adequately
controlled if additional release specifications are set on outcome from cloud point or
CMC measurements, respectively. However, neither CMC, nor cloud point, nor static
light scattering are compendial methods (Ph. Eur.; light scattering is mentioned in
method < 851 > of the United States Pharmacopeia (USP) [5]). It is easier for the
manufacturer and supplier alike if specifications are set on methods known by the
pharmacopeias. We studied the possibility to use compendial methods for the control
over the CMC (with CMC serving as the surrogate to address functionality related
characteristics (FRC) as it correlated with other physical parameters including cloud
point (Fig. 2D), HLB (Supplementary Fig. 1C) but not readily detectable to MMy
(Supplementary Fig. 4A).

Surprisingly simple models were built, allowing easy implementation in manufactur-
ers’ and suppliers’ laboratories. One of the models suggested, that if the peroxide
value does not exceed 10 ppm (the specified threshold in the monographs), oleic ac-
id content alone is sufficient and appropriate in predicting CMC outcome (Fig. 5C).
Hence, for those batches matching peroxide value specifications, precise determina-

tion of oleic acid content correlates with sufficient prediction of the CMC. An illustra-
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tion is provided to demonstrate the potential use of the models outlined here within.
For example, batches E2 and C3 complied with compendial specifications regarding
the peroxide value (3.9 versus 4.4 ppm, respectively; Table 1). Consequently, the

model described as of
CMC[mg/L] = 44.6 — 0.3 X c(oleic acid[%])

(Fig. 5C) would be selected for the prediction of the CMC and resulted in 17 mg/L
and 24.5 mg/L for E2 and C3, respectively, with a difference of 7.5 mg/L among
batches. Experimental data indicated a mean CMC of 14 mg/L and 22 mg/L for E2
and C3, respectively (Fig. 2A), hence a difference of 8 mg/L. The intercept with the
ordinate as of 44.6 mg/L indicated, that extrapolation of the model outside the design
space assessed here within might be misleading whereas prediction within the range
used for model building was robust (67.8-96.6%, Table 2). Possibly, the model can
be extended to the specification limit of 58% provided by the current monograph but
more data are required to substantiate this extrapolation. This also corroborated the
excellent compendial choice of 10 ppm for the peroxide value, not only from the per-
spective of oxidative stress on APIl/excipients, but also from a galenical perspective.
Another conclusion is that the oleic acid content was linked to the respective CMC by
a factor of 0.3. Therefore, batches complying with compendial specifications (range
as of 58% to perhaps practically less than 98% leading to a difference as of maximal-
ly 40%) have predicted differences in CMC up to 12 mg/L (and accepting the extrapo-
lation of the model to 58% as outlined above). The model built on outcome from all
batches (including those with peroxide values =10 ppm), required the peroxide value
as input parameter along with oleic acid content (Fig. 5A). Therefore, we conclude
that CMC (as a surrogate for FRCs) can indeed be adequately predicted by current
compendial methods. We also conclude, that once peroxide values comply with
compendial specifications (<10 ppm), oleic acid content alone (for which a compen-
dial method is described) is sufficient to control FRCs of polysorbate 80 with respect

to micelle related processes/CMC.

In each model, oleic acid concentration in batches was negatively correlated with
CMC. Thermodynamic considerations may help to approach the fundamentals of this
observation. To assess the effectiveness of a surfactant, the free enthalpy balance
between two processes may be discussed (i) of micelle formation and (ii) the migra-
tion of surfactant molecules from the bulk into interfaces [31-34]. One potential model
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is that during the process of micelle formation, the polar head groups of the surfac-
tant remain in the polar environment of the aqueous environment (changes before
and after micelle formation are negligible), whereas the hydrophobic chains get in
close contact with each other (driving the change). Therefore, the change in Gibb’s
free enthalpy — as a result of micelle formation — is mainly from the new hydrophobic
environment and due to the arrangement of the hydrophobic tails within the spherical
micelles. A possible entropy change due to arrangement of these tails within the mi-
celles is ignored in this consideration as is any effect of changes of solvent molecule
arrangements as a result of micelle formation. The adsorption at the interface/surface
follows similar considerations as for micelles, but the hydrophobic element of the sur-
factant in the interface is between two phases and not within a micelle. Therefore, the
packaging of the hydrophobic tail is different (like staked palisades) and likely more
arranged as compared to the spherical micelles. The higher the degree of order the
lower is the respective Gibb’s free enthalpy. In addition, the difference of the free en-
thalpies of the micelle formation process and the adsorption at the interfaces, respec-
tively, directly correlates to the logarithm of the quotient of the CMC and Czo [36]. C20
is the concentration of the surfactant yielding a reduction of the surface tension by
20 mJ/m: starting off the pure solvent (C2o; <<CMC for polysorbate 80). C20 — a meas-
ure for the efficiency of a surfactant — is presumably less impacted by structural
changes as a result of oleic acid content differences among batches, as C2o relevant
events are at concentrations by far lower than the CMC (but typically in the area in
which the maximal surface excess max has already been reached in all experiments).
To this point we assume, that enthalpic terms can be neglected (as suggested before
[2]), that C20 as a characteristic for surfactant efficiency is equivalent among batches
and, that entropy changes to the surrounding solvent molecules can be ignored.
Based on these assumptions, one may speculate that the impact of “kinked” oleic
acid (Fig. 1) on the molecular order can be higher in the more ordered interface as
compared to the less ordered micelles. In other words, the potential of the “kinked”
structure to more effectively induce disorder in the relatively more ordered surface of
the interface as compared to the (generally less ordered) micelle would explain a dif-
ference in entropy among batches with high versus low oleic acid content and as de-
tailed (Table 2). Under these assumptions (vide supra), the indirect correlation of ole-
ic acid content and CMC would be partially explained. Obviously, the assumptions

above reflect the simplicity of this explanation and the lack of required experiments to
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substantiate our explanation. With peroxide value being a parameter impacting many
possible events within polysorbate 80 batches, we refrain from linking this to basic
considerations based on the data set reported here within and leave this observation
at an empirical level. Previous attempts have linked autoxidation to degradation
products (generation of short chain ethoxylates), and linking the surface activity of

these impurities/degradation products to differences in CMC [37].

The model was further refined by integrating the next parameter, the amount of poly-
oxyethylene diesters (Supplementary Fig. 5). The more complex model corroborated
the negative correlation for oleic acid with CMC and positive correlation of peroxide
value with CMC while in addition suggesting a positive correlation for polyoxyeth-
ylene diesters. Manufacturers are also confirmed by these models in their strong ef-
fort to control peroxide values until use, as the strong impact of this input parameter
was again demonstrated in this multifactorial model. Lastly, a model was postulated
for the prediction of the micelle molecular weight (MMy). The correlation of MMw with
CMC alone was weak, with the model indicating that higher CMC may result in an
increase in MMy (Supplementary Figs. 5C and 4A). Notably, this model indirectly
confirmed the predictive value of peroxide value and oleic acid content for the CMC.
Similarly, the model suggested that fatty acid monoesters correlate negatively, while
fatty acid diesters and hydroxyl-oleic acid correlated positively.

5. Conclusion

Our data demonstrated that PS80 batches in spite of complying with compendial
specifications demonstrated high variability in physical characteristics, as described
by CMC, cloud point, HLB, and micelle molecular weight, respectively. The pharma-
ceutical manufacturer should translate this insight in that complying with compendial
specifications alone may not necessarily yield reliable galenical outcome in instances
in which a high reproducibility e.g., of CMC is desired. Homogenous outcome among
batches is important in controlling PS80 quality, as demonstrated. Surprisingly, func-
tionality related characteristics (FRC) — as demonstrated for CMC as a surrogate for
micelle related processes — were excellently predicted by oleic acid content alone,
when the analysis was restricted to batches complying with compendial specifications
for the peroxide values (<10 ppm). Another conclusion from our data is that compen-
dial specifications are elegantly set for peroxide value and oleic acid content and no
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changes in the current specifications are needed based on the data reported here

within.

Supplementary data
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(A) Correlation of micelle molecular weight [kDa] and CMC [mg/L]. (B) Micelle
molecular weight [kDa] as a function of supplier. (C) Second virial coefficient [e-® (mol = L)/g?] as a
function of different batches (n = 1). Arrows indicate batches with low, arrowheads batches with high
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Supplementary Fig. 5. Parameter selection for model building with calculated r? as a function of con-
sidered parameters for (A) CMC prediction for the complete data set from all batches and (B) from the
data set excluding batches not complying with compendial specifications for peroxide value, and (C)
for MM,, prediction based on the complete data set from all batches. For example, using oleic acid
content alone in panel (A) yielded an r2 of 0.22, using the peroxide value in addition increased r? to
0.66, including PEG diesters on top resulted in a model with a r2 of 0.74, etc. Thereby, the reader can
see the impact of the various outcomes reported here within on model building. One should not be
misled by the improvement of the correlation when oleic acid and palmitic acid are used together, as
both parameters are confounded. Nevertheless, we mention both parameters here as they were inde-
pendently determined. However, model building using both parameters would be useless. For each
output parameter, the best possible model was identified (Fig. 5).
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5 Final Discussion

The aim of the studies performed here was to evaluate the suitability of the CAD in
pharmaceutical analysis. Therefore, substances from different compound classes
were investigated. Depending on the type of analytical procedure, i.e. content deter-
mination or impurity control, requirements for performance characteristics differ.
While high precision and accuracy is demanded for the content determination of
pharmaceutical bulk ware, the method sensitivity is an important factor when impuri-
ties have to be quantified down to a concentration of 0.03% of the drug substance
[1]. The following sections give an overall evaluation of the performance of the CAD.

5.1 Sensitivity

The charged aerosol detector is reported to provide universal response independent
from physico-chemical properties of the respective analyte. The only prerequisite is
that the analyte is non-volatile, as semi-volatile substances are partly evaporated dur-
ing the detection process and the response is therefore diminished [2]. For the CAD’s
user, it would be helpful to predict whether a compound is detectable with sufficient

sensitivity or not.

The sensitivity needed is depending on the type of analytical test. For a content de-
termination in bulk drug substance, the main peak in the chromatogram is of interest.
It is evident that sufficient sensitivity is provided as long as the substance is giving a
detector signal and is not completely evaporated in the detector — assuming that all
validation characteristics, such as repeatability, linearity or signal-to-noise ratio are
fulfilled. For impurity control however, higher requirements are demanded. To comply
with current ICH guidelines, impurities must be reported down to a content of 0.05%
or even 0.03%, depending weather the daily intake of the drug substance is less or

more than 2 g [1].

An LOQ of 100 ng on column or less is postulated as sufficient to achieve proper im-
purity control. Assuming an injection volume of 25 pL, a concentration of 13.3 mg/mL
would then be necessary for the test solution so that an impurity can be quantified at
0.03%. The use of such highly concentrated solutions is common practice in pharma-

ceutical analysis.
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Volatility is determined by a compound’s vapor pressure. Table 4-1 and Figure 4-1
show the LOQs and the vapor pressures of the analytes investigated in this thesis (if
the analyte possesses an ionizable group, the vapor pressure of the uncharged spe-
cies is given). No linear correlation was found between vapor pressure and LOQ
(R? =0.0457). Nevertheless, a trend can be observed. For all analytes with a vapor
pressure of less than 10° Torr the CAD was sufficiently sensitive (B in Figure 4-1).
No analyte with a vapor pressure of less than 10° Torr had an LOQ of more than
100 ng on column (A in Figure 4-1).

Analytes with a higher vapor pressure had an LOQ of more than 100 ng on column
and sensitive detection was not possible (C in Figure 4-1). However, there were
some exceptions to this observation. Laurate, sulfate, mesylate, besylate, phosphate,
chloride, bromide, and nitrate (D in Figure 4-1) have a vapor pressure of more than
10° Torr LOQ but can be detected with sufficient sensitivity (LOQ of less than 100 ng
on column). All these analytes are acids and therefore capable of forming a salt. Vol-
atility of a compound is considerably decreased through salt formation [3]. It was
shown that volatile analytes can be detected presumed that they are charged at the
respective pH value of the mobile phase and a buffer additive is present that can
serve as counterion [4]. Then, the molecular species causing the detector signal is
the salt of the analyte with the buffer additive [5].
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Figure 4-1. LOQs from the analytes given in Table 4-1 plotted against the logarithm of their vapor
pressure (Torr) at 25 °C. CAD is considered sufficiently sensitive for the detection of compounds as
impurities when the LOQ is below 100 ng on column presented by the horizontal line.
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The pKa values of the corresponding acids of sulfate, mesylate, besylate, chloride,
bromide, and nitrate are all less than 0, and phosphoric acid has a pKa of about 2.1
[6]. Since the pH value of the respective mobile phase was 4.0 (cf. chapter 3.2), they

are deprotonated and, thus, sensitively detectable.

Lauric acid has a pKa of 4.5 [7] and the calculated pH of the mobile phase (0.05%
formic acid in water) is 2.8. Hence about 98% of lauric acid is present in its protonat-
ed and thus in a more volatile form. As expected, its LOQ is higher compared to other
analytes detected with the same method with a vapor pressure below the limit of
10° Torr, e.g. myristic acid (cf. Table 4-1). Still, lauric acid can be detected with satis-

factory sensitivity.

Table 4-1. LOQs and vapor pressure of the analytes studied within this thesis.

Vapor pressure at

Analyte LOQ (ng on column) 25 °C (Torr) Reference
Besylate 14 7.00*104a (2)
Bromide 11 gaseous? 1)
Calcium 17 02 2
Capric acid 4.7%102 3.66*10% 2
Caprylic acid 2.4%103 3.71*103 1)
Chloride 8 gaseous? 1)
Choline 2 4.93*10-10 (4)
Citrate 1.2*108 5.73*105 (1)
Fumaric acid 51 5.19*10°% 1)
Lactate 8.6*103 0.0150 1)
Lauric acid 46 1.60*105 2
Linoleic acid 3 8.68*107 2
a-Linolenic acid 2 4.24*10°° 1)
Magnesium 2 02 (2)
Malate 8.0*102 7.19%10° 1)
Maleate 14 5.19*106 (1)
Meglumine 7 1.12*1011 1)
Mesylate 12 4.28*104a (2)
Myristic acid 6 1.39*10¢ (2
Nitrate 10 49.82 1)
Oleic acid 4 5.46*107 2
Palmitic acid 4 3.80*107 2
Palmitoleic acid 5 2.82*106 1)
Petroselinic acid 3 1.76*107 (1)
Phosphate 38 1.412 1)
Polidocanol 9 7.50*1011 (2)
Potassium 2 1 (at 714 °C)?2 2
Procaine 9 8.84*106 1)
Sodium 2 1.82*102 (2)
Stearic acid 3 8.58*10° 1)
Succinate 9 1.91*107 2
Sulfate 34 3.35*105a (2)

Tartaric acid 82 4,93*108 (1)
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Vapor pressure at

Analyte LOQ (ng on column) 25 °C (Torr) Reference
Topiramate 48 6.76*108 (1)
Topiramate impurity A 3.8%104 1.04*10°% 1)
Topiramate impurity B 29 no value reported -
Topiramate impurity C 20 2.69*1012 1)
Topiramate impurity D 22 no value reported -
Topiramate impurity E 40 1.79%1014 1)
Tosylate 19 2.70*10°%a (3
TRIS 5 1.57*106 (1)
Zinc 20 02 (2)

a vapor pressure of the corresponding acid or base; (1): https://scifinder.cas.org/ (calculated values
using Advanced Chemistry Development (ACD/Labs) Software V11.02 (© 1994-2015 ACD/Labs); (2):
http://pubchem.ncbi.nim.nih.gov; (3): http://toxnet.nlm.nih.gov/cgi-bin/sis/search/a?dbs+hsdb: @term
+@DOCNO+2026; (4): http://www.inchem.org/documents/sids/sids/67481.pdf.

Topiramate impurity A (diacetonide) has the highest LOQ among all analytes tested
in this thesis while its vapor pressure is only slightly above the limit of 10 Torr
(1.04*10° Torr). Topiramate impurity A has no ionizable group that could lower its
volatility through salt formation. Sensitivity could be enhanced by means of post-
column addition of acetonitrile and lowering of the nebulizer temperature of the CAD
ultra RS. LOQ was lowered by a factor of nine (cf. chapter 3.3). However, it was still

about 1000-fold higher than Topiramate impurities B, C, D and E.

The LOQ of a substance in the CAD cannot be predicted. However, in a first ap-
proach it can be estimated if a compound might show reduced response. The dataset
given here suggests that there is a limit for the analyte’s vapor pressure of 10 Torr
above which the CAD'’s sensitivity is diminished. In contrast, if an analyte possesses
an ionizable functional group, its volatility can be considerably lowered at a pH of the
mobile phase that enables salt formation.

5.2 Linearity

It is reported that the CAD provides a linear signal when the measuring range does
not exceed two orders of magnitude [8-11]. Table 4-2 shows the results of the lineari-
ty studies for the analytes investigated in this thesis. The coefficient of determination
(R?) of the linear regression and the measuring range is presented. In case R? was
less than 0.995, a log-log transformation was applied for R? calculation.

The linearity of besylate, citrate, fumaric acid, malate, maleate, mesylate, nitrate,
phosphate, polidocanol, tartaric acid, topiramate, topiramate impurities B, C, D, and
E, and tosylate was investigated in a range of less than two orders of magnitude.
Thus, it was expected that sufficient linearity will be achieved without log-log-
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transformation. However, R? of citrate, malate, and topiramate impurity E was less
than 0.99. Applying the logarithm to concentration and peak area, R? of malate and
topiramate impurity E was satisfactory, while that for citrate was considerably dimin-
ished (from 0.9835 to 0.8992).

It can be seen from the linearity plot of citrate (Figure 4-2) that the low R? value might
be due to an outlier in the calibration curve. The diminished linearity of malate might
be due to partly evaporation of the analyte during the detection process. Malate has
a relatively high vapor pressure (cf. chapter 4.1.1 and Table 4-1). The theory of parti-
cle forming in the CAD claims that the diameter of the particles increases with in-
creasing analyte concentration. The relative surface area of a particle is indirectly
proportional to its diameter. Assuming that an analyte molecule can only vaporize
from the surface of the particle, it can be concluded that a larger portion of the ana-
lyte is lost due to evaporation when the particle diameter is small. From the linearity
plot of malate, it can be seen that the correlation of concentration and peak area is
best described by a power function (y = a x®, dotted line in Figure 4-3). The curvature
is concave upward (increasing slope, exponent > 1) indicating a better detector effi-
ciency at higher concentrations which is opposing to the usual observations for the

CAD [12]. The linearity of the detector signal is therefore negatively affected.
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Figure 4-2. Linearity plot of citric acid.
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linearity plot of malate
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Figure 4-3. Linearity plot of malate with linear (solid) and quadratic (dotted) regression line.

In the topiramate study, topiramate impurity E was the only analyte showing an R? of
less than 0.99. Compared to the other analytes in this study, it had the widest meas-
uring range. However, compounds with similar range from other studies, e.g. nitrate
gave better results for linearity. Thus, it seems to be depending on the actual method
setup and the analyte itself in addition to the range, if satisfactory linearity is achieved

without log-log transformation, or not.

For bromide, chloride, potassium, sodium, sulfate, linoleic, a-linolenic, oleic, palmitic,
palmitoleic, petroselinic, and stearic acid the measuring range was more than or
equal to two orders of magnitude. Despite the large range, all analytes except for so-
dium showed satisfactory linearity with an R? of more than 0.995. R? of the log-log-
linear calibration curve of sodium was 0.9960. It should be expected that the CAD
provides similarly linear response curves for sodium and potassium as both are inor-
ganic cations and the same range was investigated. As concluded above, it is de-

pending on the analyte if a good linearity without log-log-transformation is reached.

5.3 Precision

Table 4-2 displays the repeatability expressed as % RSD for the analytes investigat-
ed in this thesis. For all compounds % RSD was not more than 3%, for 32 of the 37
substances this value was not more than 2%. In the topiramate study (cf. chapter

3.3), the performance of the CAD was compared to that of an ELSD. The CAD was
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much more precise than the ELSD (% RSD between 0.2 and 2.4% for the CAD and
1.2 and 18% for the ELSD).

The CAD is reported to provide the highest precision among all aerosol-based detec-
tors [13] with typical values of less than 2% [14]. The results found here are in full

accordance with the reported precision.

Table 4-2. Repeatability of the analytes investigated in this thesis. *In case one value is reported,
n = 6. Where three values are given, n = 3 for each of these values.

Analyte % RSD* R 2 (linear) R? (log-log- Range (ng on
linear) column)
Besylate 1.4 0.9979 - 7.5 -500
Bromide 1.7 0.9970 - 5-500
Calcium 2.0 not determined
Chloride 0.6 0.9996 - 10 - 500
Choline 0.6 not determined
Citrate 2.9 0.9835 0.8992 475 - 880
Fumaric acid 0.5 0.9953 - 30 - 2000
Linoleic acid 02-0.0-0.2 0.9993 - 10 — 1000
a-Linolenic acid 04-0.1-0.1 0.9998 - 10— 1000
Magnesium 0.5 not determined
Malate 2.3 0.9697 0.9981 350 - 600
Maleate 1.2 0.9979 - 7.5-500
Meglumine 0.8 not determined
Mesylate 0.7 0.9973 - 7.5-500
Myristic acid 09-11-0.8 not determined
Nitrate 1.0 0.9971 - 7.5-450
Oleic acid 11-09-04 0.9986 - 10 - 1000
Palmitic acid 12-05-13 0.9974 - 10— 1000
Palmitoleic acid 11-11-10 0.9985 - 10— 1000
Petroselinic acid 02-07-1.2 0.9995 - 10 — 1000
Phosphate 1.7 0.9969 - 40 - 500
Polidocanol (assay) 0.9 0.9973 - 400 — 600
Polidocanol (release) 0.9 - 0.9969 50 — 1500
Potassium 1.4 0.9986 - 1-500
Procaine 1.9 not determined
Sodium 0.8 0.9871 0.9960 1-500
Stearic acid 07-17-1.7 0.9992 - 10 - 1000
Succinate 2.3 not determined
Sulfate 1.0 0.9978 - 20 — 2000
Tartaric acid 1.2 0.9950 - 300 — 1000
Topiramate 0.2-05-0.2 0.9983 - 400 - 600
Topiramate impurity B 24-13-0.8 0.9991 - 25-75
Topiramate impurity C 11-04-038 0.9956 - 25-75
Topiramate impurity D 0.3-0.5-0.7 0.9924 - 25-75
Topiramate impurity E 06-0.4-0.7 0.9880 0.9966 25 -250
Tosylate 2.2 0.9984 - 13-830
TRIS 1.1 not determined

Zinc 1.2 not determined
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5.4 Quantification

An important characteristic of a method is that the analyte can be accurately quanti-
fied. Table 4-3 summarizes the accuracy values express as % recovery of the ana-
lytes investigated here. For some analytes, there seems to be a trend in accuracy.
Linoleic and a-linoleic acid show an increasing recovery with increasing concentra-
tion, while the recoveries of myristic, palmitic, palmitoleic, and petroselinic acid,
polidocanol (assay), topiramate, topiramate impurity C, and topiramate impurity E
decrease with higher concentration. No trend was observed for oleic acid, polido-
canol (release), topiramate impurity B, and topiramate impurity D. Thus, no general

conclusion can be given.

The highest accuracy was reached for the content determination of topiramate and
polidocanol (assay) with recoveries ranging from 98.3 to 101.1% and 99.2 to 101.3%,
respectively. Here, the measuring range was rather small, i.e. + 20% of the concen-
tration of the test solution. This allowed for the utilization of single-point-calibration
with an external standard. Generally, the CAD is reported to provide a precision of
less than 2% RSD [14]. Therefore, the results obtained here indicate a high accuracy
for an aerosol-based detector.

Table 4-3. Accuracy of analytes investigated in this thesis expressed as % recovery at the lower (low)
and upper (high) limits and in the middle (mid) of the measuring range, and corresponding measuring
range (ng on column).

Recovery (%) (n=3) Type of cali- Range (ng
Analyte low mid high bration on column)
Linoleic acid 94.9 100.5 105.1 LLL! + CF? 50 — 500
a-Linolenic acid 98.1 99.0 103.1 LLL + CF 50 — 500
Myristic acid 114.3 100.7 88.4 LLL + CF 50 — 150
Oleic acid 104.1 95.8 100.5 LLL 50 — 1000
Palmitic acid 105.5 100.2 94.9 LLL + CF 50 — 150
Palmitoleic acid 104.4 97.9 97.9 LLL + CF 50 — 500
Petroselinic acid 101.4 98.7 - LLL + CF 50 — 250
Polidocanol (assay) 101.1 98.4 98.3 Sp3 400 - 600
Polidocanol (release) 95.3 102.7 92.7 LLL 50 — 1500
Stearic acid - 100.0 - LLL + CF 50
Topiramate 101.3 100.3 99.2 SP 400 — 600
Topiramate impurity B 99.3 104.9 101.1 SP + CF 50 — 150
Topiramate impurity C 112.6 108.5 104.4 SP + CF 50 — 150
Topiramate impurity D 99.8 101.6 99.1 SP + CF 50 — 150
Topiramate impurity E 104.8 101.5 94.5 SP + CF 50 - 300

1 LLL: quantification with a log-log-linear calibration curve consisting of at least five concentration lev-
els was performed; 2 CF: the external standard was different from the analyte and a correction factor
was applied in order to compensate unequal response; 3 SP: quantification using single-point-
calibration with an external standard was performed.
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Topiramate impurities B, C, D and E were quantified with single-point-calibration us-
ing topiramate as external standard. Correction factors were applied. The measuring
range was +50% (- 50%/+ 200% for topiramate impurity E) corresponding to the
concentration of the test solution. The recoveries ranged from 94.5 to 112.6%. Alt-
hough much higher recovery values were found compared to the determination of
polidocanol (assay) and topiramate, these are still satisfactory results for the quantifi-
cation of impurities. The higher deviation from the true value may be attributed to the

larger relative measuring range.

All other analytes were quantified over a larger concentration range. Therefore, a log-
log-linear calibration curve was established. Furthermore, correction factors were
applied in case that the external standard was a different substance than the analyte.
Recoveries found were higher compared to the analyte determined via single-point-
calibration, i.e. between 88.4 and 114.3%. This is in accordance with the highest

measuring ranges among all analytes.

5.5 Conclusion

Compared to routinely employed HPLC detectors, such as UV/Vis or MS detectors,
the CAD is less sensitive (UV/Vis: LOD of 10 pg on column, MS: LOD of less than
1 pg on column, [15]). Also, UV and MS detectors provide a perfectly linear signal
over the entire measuring range which makes quantification less troublesome.
Hence, if an analyte possesses a suitable chromophor, UV detection would be pre-
ferred over CAD. If a decision should be made between MS and CAD, it has to be

considered individually for the respective analytical problem.

The purchase and maintenance costs of an MS detector are considerably higher than
for the CAD. Therefore, many laboratories for routine pharmaceutical analysis do not
run an MS system due to economic reasons. Here, the CAD presents a cost efficient
alternative to mass detection. This applies only to analyses where no structural eluci-
dation is intended, i.e. assay and impurity determination. For structure elucidation or
guantification of low quantities of analytes and/or in the presence of a matrix, MS de-

tection should be chosen.

The CAD is best suited for analyses where at least one compound of interest has a
poor or no UV/Vis chromophore. Among all alternatives to UV/Vis and MS, i.e. ELSD,

NQAD or RI detection, CAD provides the best sensitivity, linearity and precision.
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A promising field of research might be the characterization of excipients using the

CAD. Many of these substances do not provide a suitable UV/Vis chromophore and

many of the current analysis methods are no longer considered state of the art. Here,

the added value of this universal detection technique for the analysis of polysorb-

ate 80 and polidocanol was well demonstrated.

Table 4-4. Compilation of advantages and disadvantages of the Corona® CAD.

Advantages Disadvantages
R independent of physico-chemical properties,  diminished for semi-volatile and vola-
esponse ) .
e.g. no UV/Vis chromophore tile substances
independent of compound class gﬁigindent on mobile phase compo-
not linear
Mobile phase  compatible with MS detectors only volatile buffer additives
Sensitivity sufﬂmgnt sensitivity for pha_rmaceutlcal appli- less sensitive than UV and MS
cations especially excipients
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6 Summary

The Corona® charged aerosol detector (CAD) is an aerosol-based detector first de-
scribed by Dixon and Peterson in 2002. It is capable of detecting compounds inde-
pendent from their physico-chemical properties presumed the analyte is sufficiently
non-volatile. Consequently, the CAD is often applied to the analysis of substances
that do not possess a suitable UV chromophore. Major drawbacks are however, the
detector signal is non-linear and depending on the content of organic solvent in the

mobile phase.

This thesis tried to explore possible applications of the CAD for pharmaceutical anal-
ysis. Therefore, several substances from different compound classes were investi-
gated. Newly developed or existing methods were validated. Thus the performance of
the CAD could be examined. Both assay and impurity determination were evaluated
for their compliance with ICH Q2(R1) “Validation of Analytical Procedures” and the

“Technical Guide for the Elaboration of Monographs”.

In the course of the establishment of reference substances at the EDQM, a generic
screening method for the identification of organic and inorganic pharmaceutical coun-
terions was needed. An HPLC-CAD method developed by Zhang et al. was therefore
investigated for its suitability for pharmacopoeial purpose. Method validation was per-
formed. It was found that 23 ions could be separated and detected. Identification was
achieved via retention time of an authentic standard of the corresponding ions. Alter-
natively, peak assignment was performed by determination of the exact mass using
TOF-MS. lons could be quantified as impurities or for stoichiometric purpose.

For the impurity control in topiramate, the performance characterstics of the CAD
were compared to that of an ELSD. CAD was superior to ELSD in terms of repeata-
bility, sensitivity and linearity. However, impurities could be quantified with satisfacto-
ry accuracy with both detectors. The application of the ELSD was not feasible due to
non-reproducible spike peaks eluting after the principle peak in the chromatogram of
the test solution. One of the impurities, topiramate impurity A (diacetonide), gave no
or a vastly diminished signal in the ELSD and the CAD, respectively. It is evaporated
during the detection process due to its relatively high vapor pressure. The response
could be enhanced by a factor of nine via post-column addition of acetonitrile and a
lower nebulizer temperature. As the response of topiramate impurity A was still about

thousand-fold lower than the response of all other impurities, its quantification was
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not feasible. Additionally, the HPLC-CAD was successfully validated as an assay

procedure for topiramate.

There seems to be a great potential in the application of the CAD to the analysis of
excipients as most compounds do not possess a suitable UV chromophore. Here, a
simple and rapid HPLC-CAD method for the determination of polidocanol (PD) was
developed. The method was successfully validated as a potential assay procedure
for the Ph. Eur. as none is described in either of the two PD monographs. The same
method was applied to the determination of the PD release from a pharmaceutical

polymer matrix.

A method for the determination of the fatty acid (FA) composition of polysorbate 80
(PS80) was developed and validated. Using the CAD and mass spectrometry, we
were able to identify two new FAs in 16 batches from four manufacturers. All batches
complied with pharmacopoeial specification. Furthermore, the overall composition of
the different PS80 species (“fingerprinting”) and the peroxide content were deter-
mined. In addition to the chemical characterization, functionality related characteris-
tics (FRCs) were determined. Correlations between chemical composition and FRCs

were found.

The validation data of the above mentioned methods suggests that the CAD repre-
sents a viable detection technique for pharmaceutical analysis. The CAD was suffi-
ciently sensitive for non-volatile analytes. Impurity control down to concentrations of
0.05 or 0.03%, as demanded by ICH Q3A (R2), is achievable. However, the re-
sponse of semi-volatile compounds may be drastically diminished. It could be con-
firmed that the response of the CAD is linear when the range does not exceed two
orders of magnitude. Exceptions may be observed depending on the actual method
setup. When the measuring range is sufficiently narrow, quantification can be done
using single-point calibration which is common practice in pharmaceutical anlysis.
Impurities may also be quantified against a single calibration solution. However, cor-
rection factors may be needed and the accuracy is considerably lower compared to
an assay method. If a compound is to be quantified over a large concentration range,
log-log transformation of the calibration curve is needed and a decreased accuracy

has to be accepted.
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7  Zusammenfassung

Der “Corona® charged aerosol detector” (CAD) ist ein aerosol-basierter Detektor,
welcher 2002 von Dixon und Peterson vorgestellt wurde. Damit lassen sich nicht-
flichtige Substanzen unabhangig von ihren physiko-chemischen Eigenschaften de-
tektieren. Daraus folgt, dass der CAD oft zur Analyse von Substanzen ohne UV-
Chromophor angewandt wird. Grol3es Manko ist jedoch, dass das Signal nicht linear

und abhéngig vom Anteil organischen Lésemittels in der mobilen Phase ist.

Ziel dieser Arbeit war es, mogliche Anwendungen des CAD in der pharmazeutischen
Analytik zu erschliel3en. Dies wurde anhand von Beispielen aus unterschiedlichen
Substanzklassen untersucht. Dabei wurden neu entwickelte oder bestehende Me-
thoden validiert um die Leistung des CAD beurteilen zu kénnen. Sowohl Gehaltsbe-
stimmungen als auch Methoden zur Erfassung von Verunreinigungen wurden hin-

sichtlich ihrer Konformitat mit dem Européischen Arzneibuch (Ph. Eur.) gepruft.

Im Zuge der Charakterisierung von Referenzsubstanzen beim EDQM wurde eine
Methode zur Identifikation von pharmazeutischen Gegenionen bendétigt. Zu diesem
Zweck wurde eine HPLC-CAD-Methode von Zhang et al. hinsichtlich ihrer Eignung
fur das Ph. Eur. Uberprift. Mit dieser Methode lieRen sich 23 pharmazeutisch rele-
vante lonen trennen und detektieren. Die lonen wurden durch Vergleich der Retenti-
onszeiten eines Standards erreicht. Zusatzlich wurde die Peakzuordnung mittels der
Bestimmung der Prazisionsmasse des Gegenions oder des Arzneistoffes durch ein
TOF-MS durchgefuhrt. Die Methode liel3 die Quantifizierung von lonen als Verunrei-

nigung oder zur Bestimmung der Stoéchiometrie eines Salzes zu.

Bei der Bestimmung von Verunreinigungen von Topiramat wurde ein Vergleich zwi-
schen CAD und ELSD angestellt. Es zeigte sich, dass der CAD in den Punkten Wie-
derholbarkeit, Empfindlichkeit und Linearitat Gberlegen war. Mit beiden Detektoren
wurde eine ahnlich gute Richtigkeit erzielt. Durch das Auftreten von nicht reprodu-
zierbaren Peaks, welche nach dem Hauptpeak im Chromatogramm der Testlésung
auftraten, war die Anwendung des ELSD hier auszuschlieBen. Eine der Verunreini-
gungen, Topiramat Verunreinigung A (Diacetonid) lieferte kein bzw. ein verringertes
Signal in ELSD und CAD. Aufgrund des relativ hohen Dampfdrucks der Substanz
wurde sie wahrend des Detektionsvorgangs verdampft. Das Signal konnte durch Zu-
gabe von Acetonitril nach der Saule und durch eine Verringerung der Temperatur

des Vernebler um das neunfache vergrél3ert werden. Da aber die Empfindlichkeit fur
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alle anderen Verunreinigungen dennoch um das tausendfache héher war, war eine
Quantifizierung von Topiramat Verunreinigung A nicht moglich. Die HPLC-CAD Me-
thode wurde zusétzlich als Gehaltsbestimmungsmethode fur Topiramat validiert.

Die Anwendung des CAD zur Analyse von Hilfsstoffen birgt groRes Potenzial, da vie-
le Substanzen nicht Uber ein Chromophor verfigen. Im Zuge dieser Arbeit wurde ei-
ne einfache und schnelle Methode zur Gehaltsbestimmung von Polidocanol (PD)
entwickelt. Diese wurde als mdgliche Methode fur das Ph. Eur. validiert. Zusatzlich
wurde die Methode zur Bestimmung der Freisetzung von PD aus einer pharmazeuti-

schen Matrix verwendet.

Es wurde eine Methode zur Bestimmung der Fettsdurezusammensetzung von Poly-
sorbat 80 (PS80) entwickelt und validiert. Mittels CAD und Massenspektrometrie war
es maoglich zwei neue Fettsduren in 16 Chargen von vier verschiedenen Herstellern
zu identifizieren. Alle Chargen entsprachen den Anforderungen des Ph. Eur. Weiter-
hin wurde die Zusammensetzung der einzelnen PS80-Spezies (,fingerprinting”) so-
wie der Peroxidgehalt untersucht. Neben dieser chemischen Charakterisierung wur-
den auch funktionalitditsbezogene Eigenschaften (FRCs) bestimmt. Korrelationen

zwischen chemischen Zusammensetzung und FRCs wurden gefunden.

Die Validierungsdaten der genannten Methoden legen nahe, dass der CAD sinnvoll
zur pharmazeutischen Analytik angewendet werden kann. Fir nicht-flichtige Sub-
stanzen wurde stets eine ausreichende Empfindlichkeit erreicht. Somit kénnen Ver-
unreinigungen bis zu einer Konzentration von 0.05 bzw. 0.03%, wie von der ICH
Richtlinie Q3A (R2) gefordert, quantifiziert werden. Jedoch kann das Detektorsignal
bei halb-flichtigen Substanzen stark erniedrigt sein. Es konnte bestatigt werden,
dass sich das Detektorsignal Uber zwei Grélienordnungen linear verhalt. Abweichun-
gen davon sind in Abhéngigkeit der jeweiligen Methode mdglich. Ist der Messbereich
genugen klein, so kann ein Stoff mittels Einpunkt-Kalibrierung quantifiziert werden.
Dieses Vorgehen sollte bei Gehaltsbestimmungen angewandt werden. Ebenfalls mit-
tels Einpunkt-Kalibrierung kdnnen Verunreinigungen erfasst werden. Jedoch kann es
notwendig sein, Korrekturfaktoren zu bestimmen. Die Richtigkeit ist hier deutlich
niedriger als bei einer Gehaltsbestimmungsmethode. Uber einen groRen Konzentra-
tionsbereich muss eine Ausgleichskurve mit log-log-Transformation verwendet wer-

den. Die Richtigkeit ist hierbei ebenfalls geringer als bei einer Gehaltsbestimmung.
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