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Abstract

A normal phase (NP) high performance liquid chromatography (HPLC) method was developed for analysis of paclitaxel incorporated in
poly(sebacic-co-ricinoleic acid), a lipophilic polymer matrix utilized for preparation of an injectable formulation for the localized delivery
of paclitaxel. Thin layer chromatography experiments revealed that separation of paclitaxel from the polymer is dependent on the eluting
strength (solvent strength) of the mobile phase. The HPLC system consists of a PR®BPRAR Si analytical HPLC column (@m,
250 mmx 4 mm, Merck), and 1-2.5% (v/v) methanol in dichloromethane as the mobile phase. Detection was by UV absorbance at 240
and 254 nm. The effect of the mobile phase composition on paclitaxel retention, peak shape and column efficiency, and the influence of the
sample loading on the shape of the paclitaxel peak were studied. The mobile phases used for the chromatography consisted of 1.5% (v/v)
methanol in dichloromethane. Paclitaxel was determined in the formulation and in the samples from degradation studies using UV detection
at a wavelength of 254 nm. UV detection at 240 nm has advantages for following polymer matrix degradation products due to higher detector
response at this wavelength. The utility of the proposed NP HPLC approach was demonstrated by assessment of intra- and inter-batch conten
uniformity, and by the determination of paclitaxel content after 7 and 60 days exposure of the paclitaxel-loaded polymer matrix to in vitro
and in vivo degradation.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction research groups have attempted to develop alternative pacli-

taxel formulationg1,2]. Biodegradable polymers have been
Paclitaxel is an antineoplastic agent with poor water solu- used as carriers for the systerf8¢ and localized delivery of

bility (Scheme A). The paclitaxel clinical formulation con-  paclitaxel[4] in the form of microspheref,6], pasteq7],

sists of a 1:1 (v/v) mixture of ethanol and Cremophor EL, implants[4,8] and micellar dispersions8,9].

which is diluted 5-20 folds in normal saline or dextrose iso- During the development of pharmaceutical formulations,

tonic solution prior to infusion. This formulation, however, it is necessary to specify their quality in terms of the

presents a number of problems including stability, incompat- drug content, formulation stability and content uniformity.

ibility with the components of infusion sets and the apparent This characterization is important for precise dosing of the

side effects of Cremophor E[1]. Therefore, a number of therapeutic agent and assurance of the desired treatment
efficiency.

Due to the low water solubility of paclitaxel, its separa-
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Scheme 1. Chemical structure of paclitaxel (A) and poly(sebacic—ricinoleic ester—anhydride) (p(SA-RA)) (B).

of practical techniques have been described for determina-in microspheres made from poly(lactic-co-glvcolic acid)
tion of paclitaxel without separating it from polymer carri- (PLGA) and poly{-lactic acid) (PLLA). However, it was re-

ers. These include indirect assessment of paclitaxel loadingported that application of this approach might have resulted in
in microparticles[10], direct assessment of paclitaxel con- inefficient extraction of paclitaxel by as much as 80% of the
tent in a polymeric device using radiolabeled paclitg8g! initially incorporated drugpb]. Incomplete recovery was also
and UV absorbance measuremditk]. These methods are  observed for other substandds]. Liggins and coworkers
useful research tools, but they do not provide information described a sophisticated and successful method for separa-
about drug stability or drug carrier interactions that could tion of paclitaxel from a hydrophobic polymer carrjér19].

occur during fabrication and storage. Chromatographic sep-They used a phase separation technique based on precipita-
aration techniques using an RP HPLC have been successtion of PLLA at the interface between organic and agueous
fully employed for the quantificatiofb,6], impurity deter- phases. The extraction efficiency of paclitaxel from micro-
mination[12], and characterization of paclitaxel metabolites spheres using this approach was shown to be greater than
[13,14] 98%.

Application of chromatographic analytical methods re- Recently, we described a new type of an injectable poly-
quires preparation of the homogenous samples. Physico-meric carrier—poly(sebacic acid—ricinoleic acid anhydride)
chemical properties of polymers, including solubility, are de- 3:7 (p(SA-RA) 3:7) and its applicability for paclitaxel local-
pendent on their chemical composition, structure and molec-ized delivery[20]. This polymeric carrier is based on two nat-
ular weigh{15]. Biodegradable polymeric matrices, based on urally occurring fatty acids, ricinoleic acid and sebacic acid
lactic acid and glycolic acid, were dissolved in mobile phases (Scheme B). The ester—anhydride copolymers of these fatty
containing residual dichloromethane (DC)16,17] This acids are highly hydrophobic with very low solubility in com-
approach was utilized for analysis of paclitaxel incorporated monly applied solvents in RP HPLC, including acetonitrile,
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methanol and ethanol. They are insoluble in non-polar sol- of the samples, requires recovery validation due to batch-to-
vents such as saturated hydrocarbons (e.g., hexane and hefpatch retention variability of cartilage packif@yr], and is a
tane), but sufficiently soluble in dichloromethane and chlo- time-consuming and laborious process if not automgis
roform. Different approaches were considered for separation NPLC could be an alternative to reverse phase LC analyt-
of paclitaxel from the polymer. Sample processing by se- ical protocols for determination of paclitaxel incorporated in
lective polymer precipitation from the formulation’s solution lipophilic polymer matrices. In NPLC, the ability to operate
in dichloromethane according to the method of Liggins and with totally organic mobile phases and the flexibility in se-
coworkers revealed that p(SA—RA) 3:7 failed to precipitate lection of the applied solven{&8] allows for adjusting the
atthe interface between the aqueous and organic phases. Thisiobile phase composition to control the polymer solubility. A
was in contrast to PLLA and PLGA. p(SA-RA) 3:7 formed homogenous solution of polymeric matrices containing pacli-
in organic phase clouded dispersion system that composedaxel can be injected directly into the chromatographic system
of polymer particles. This different behavior of the polymers without extracting the drug from an organic solvent. NPLC
arises from differences in their physicochemical properties. was utilized for preparative isolation of paclitaxel from the
It was found that application of this separation method using yew tree crude extra¢29-31] This approach caused wide
pP(SA-RA) 3:7 resulted in irreproducible recovery ranging interest because RP HPLC was not sufficiently selective for
from 75 to 85% of the initially incorporated drug. Prepara- closely eluting taxanes which need a gradient mode of elu-
tion of the sample, by dissolving the formulation in mixture tion. In addition, the low solubility of taxanes in aqueous solu-
of DCM/ACN with a high content of DCM for maintaining  tions often results in increased column back-pressure, caused
polymer solubility, resulted in peak distortion. The influence by precipitation of products in the crude sample whereas the
of DCM on the chromatographic behavior of paclitaxel was higher solubility of taxanes in mobile phases of NPLC al-
found to be a function of the amount of DCM entering the lows for purification of a larger quantity of paclitaxel when
chromatographic system. The impact of the strong solventsthe separation procedure is performed under mass-overload
on the peak characteristics is well outlined in the literature conditions[30,31].

[21]. In contrast, in the phase separation apprdéctb]and The objectives of the present study were to develop an
the approach based on dissolving the polymeric device in theNPLC analytical method for analysis of paclitaxel incorpo-
mobile phases containing dichloromethane resjfiie,17] rated in a lipophilic polymer matrix and to assess the ap-

the amount of strong solvent entering the chromatographic plicability of the NPLC method for paclitaxel determination
system is low, and therefore, the analytical procedure is notduring hydrolytic degradation of the polymeric device under
comprised. Dissolving the formulation based on p(SA-RA) in vitro and in vivo conditions.
3:7 in a mixture of DCM/ACN with a high content of DCM
can also cause the polymer precipitation in the chromato-
graphic system as samples diluted with mobile phase. 2. Experimental
Polyanhydrides were found to be chemically incompati-
ble with the reactive model drugsara substituted anilines, 2 1. Chemicals and reagents
when injection molded with the polymers at 120D [22].
However, no reaction was observed using compressionmold-  paciitaxel (Lot. DF14, purity of 99.1%) was obtained

ing at room temperature. As a result of this study, Leong and from Bioxel Pharma (Sainte-Foy, Canada). HPLC grade ace-
coworkers suggested that other groups such as hydroxyls andppitrile, tetrahydrofuran, methanol, dichloromethane, and
sulfhydryls, which are less reactive toward anhydrides, have ,_hexane were purchased from BioLab Ltd (Jerusalem, Is-
the potential to react with polyanhydrides with the formation rael). Poly(sebacic acid-co-ricinoleic acid) 3:7 (p(SA-RA)
of ester and thioester bonds. It was also important that the3:7) was prepared as previously descrif2@32] The rici-
drug should not react slowly with the matrix during storage. noleic acid reference (Lot 77102, purity 99%) was purchased

The nucleophilic properties of -hydroxyl group of pacli-  from ICN Biomedicals Inc. (Ohio, USA).
taxel have been utilized for synthesis of its derivatives for

targeted therapy of cancgt3,24] Therefore, an analytical

procedure that will allow reproducible and complete recov- 2.2. Thin layer chromatographic analysis (TLC)

ery of paclitaxel from the formulation, based on the carrier

containing anhydrides bonds, is important for assessing the TLC assessment of paclitaxel separation from the poly-
formulation’s stability during preparation and storage. meric matrix was performed on silica gel 6@sk (Merck,

In the literature, two approaches were considered as suit-Darmastadt, Germany), 0.25 mm thick, 20 r20 cm plas-
able for paclitaxel separation from the lipophilic polymer: tic sheets, utilizing a mobile phase consisting of mixtures of
solid phase extraction (SPE) and normal phase liquid chro- dichloromethane with methanol, acetonitrile or tetrahydrofu-
matography (NPLC). SPE of paclitaxel based on a cyano ran at different ratios (se€ble 1. Sample solutions were
or C1g modified stationary phase is described in the liter- prepared in dichloromethane. Spots were detected by a UV
ature, especially for its separation from biological samples lamp at 254 nm and confirmed by non-specific adsorption of
[14,17,25,26] This approach necessitates multiple handling iodine.
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Table 1
Assessment by TLC of the influence of solvent B type on paclitaxel retention and separation from polymer
Solvent no. Dichloromethane:MeOH Dichloromethane:ACN Dichloromethane: THF

Ratio (v/v) Rbacl Rfpol Ratio (v/v) Rbacl Rfpol Ratio (v/v) Rbacl Rfpol
1 99:1 0.04 0.05 98:2 0.00 0.00 98:2 0.00 0.56
2 98:2 0.22 SF 96:4 0.00 SF 96:4 0.00 0.64
3 97:3 0.29 SF 80:20 0.14 SF 91:9 0.12 SF
4 96:4 0.35 SF 70:30 0.42 SF 80:20 0.52 SF
5 95:5 0.46 SF 50:50 0.82 SF 70:30 0.88 SF

Dichloromethane only: Rfci=0; Rfyo =0.00. Abbreviations: MeOH, methanol; ACN, acetonitrile; THF, tetrahydrofuragRifetention factor of paclitaxel;
Rfpo1, retention factor of the polymer; SF, solvent front.

2.3. Normal phase HPLC (NPLC) 2.6. In vivo degradation

2.3.1. Apparatus The in vivo degradation was performed by subcutaneous

NPLC analysis was carried out using an HPLC system injection of the polymer formulation (200 into the dorsal
consisting of an HP 1050 quaternary pump, an HP 1050 auto-side of 8—-9 weeks old Balb/c male mice (Harlan laboratories,
sampler with a 20Q.l loop, and an HP 1050 Photodiode Ar-  Jerusalem, Israel). The injected formulation was p(SA-RA)
ray Detector coupled with an HP ChemStation for LC 3D 3:7 loaded with 5% (w/w) paclitaxel. After 1 week, the mice
Systems intended for data processing and peak purity analwere sacrificed by cervical dislocation, the polymeric de-
ysis (Agilent Technologies, Palo Alto, USA). A Purospgher  vices were removed from the injection site, lyophilized to
STAR Sianalytical HPLC column (250 mm4 mm; particle dryness, and weighted. All samples were dissolved in a suffi-
size, 5um) was used, which was protected with a Purospher  cient amount of dichloromethane so that the final concentra-
STAR Si guard column (4 mm 4 mm; particle size, p.m) tion of paclitaxel did not exceed 0.15 mg/ml, assuming that
(Merck, Darmstadt, Germany). The column was at ambi- paclitaxel content in the device is equal to the initial loading.
ent temperature (25 1°C). The mobile phase consisted of Each group consisted of four mice.
DCM and MeOH at different ratios (1-2.5%, v/v). An iso- All animals were kept under specific pathogen-free con-
cratic mode of elution was utilized with a rate of 1 ml/min, ditions and given free access to irradiated food and acidi-
and injection volumes varied as specified in the text. UV de- fied water throughout the experiment. The ethics committee
tection was at two wavelengths, 240 and 254 nm. Column at the Hebrew University in Jerusalem (National Institutes
maintenance was performed by flushing overnight with dry of Health approval number: OPRR-A01-5011) reviewed our
methanol once in 2 weeks as required. This maintained con-application for animal study and found it compatible with the
stantwater content of the stationary phase and prevented widestandards for care and use of laboratory animals (ethics com-
variations in the retention time of the analyzed compound mittee research number: MD-80.04-3, date: 05/01/2003).
[33].

2.7. Recovery study
2.4. Polymeric device fabrication
Recovery studies included the determination of paclitaxel
Paclitaxel powder was incorporated in p(SA—RA) 3:7 by content in the dichloromethane solution containing both ex-

trituration[20]. amined polymer and paclitaxel. The following two solutions
were analyzed in triplicate for recovery studies: 0.2 mg/ml
2.5. In vitro degradation of paclitaxel and 3.8 mg/ml p(SA—RA) 3:7; and 0.2 mg/ml of

paclitaxel and 1.8 mg/ml of p(SA—RA) 3:7. These solutions

In vitro degradation was performed as previously de- mimic the samples prepared from polymeric formulations
scribed[20]. Briefly, 20 mg of the polymeric formulation ~ containing 5 and 10% (w/w) paclitaxel. The injection vol-
containing 10, 15 or 20% (w/w) of paclitaxel were incu- Ume was 13l to fit the concentration range of the validated
bated in 50 ml of 0.1 M phosphate buffer solution pH 7.4 at calibration curve (0.04-0.18 mg/ml).
37°C with constant shaking (100 rpm). The phosphate buffer
solution was replaced periodically After 60 days in phos- 2.8. Validation
phate buffer, the remnants of the polymer formulation were
lyophilized, weighted and dissolved in a sufficientamount of ~ The validity of the analytical procedure was established
dichloromethane so that the final concentration of paclitaxel through a study of specificity, precision, linearity, and accu-
did not exceed 0.15 mg/ml, assuming that the paclitaxel con-racy according to the compliance criteria laid down in the
tentin the device was equal to the initial loading. Degradation ICH guidelineg[34,35] The ability to assess unequivocally
studies were performed in triplicates. the analyte in the presence of matrix components was val-
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uated by analyzing the polymer matrix and paclitaxel sepa- 2.10. Calculations

rately. The selectivity of paclitaxel determination in the sam-

ples from the degradation studies was achieved by adjusting The column’s dead volumég) was determined from the
the separation and detection conditions (see explanationin theime of the negative peak of hexaf8¥]. Linear regression
text). The linearity of the analytical procedure was evaluated analysis and all calculations of peak characteristics’ parame-
by plotting the detector response (peak area) against analytaers were performed by HP ChemStation for LC 3D Systems
concentration. Linear regression analysis was applied to cal-(Revision: A.04.01) according to guidelines of the US Phar-
culate the slope, intercept and linear correlation coefficient macopoeid38].

(R?) [35]. The precision (RSD) of the analytical procedure

was evaluated by determining the intra- and inter-day coef- 2.11. Peak purity assessment

ficients of variation[34,35] The intra-day precision of the

selected methods was estimated by analysis of six replicates Peak purity testing is based on evaluation of the degree
of the quality control samples at four concentrations covering of similarity of UV spectra across the peak. The peak purity
the specified range. The inter-day precision was assessed byas calculated using the HP ChemStation for LC 3D Sys-
analyzing quality control samples in the same mode as for thetems software for peak purity evaluation. Noise contribution
intra-day precision assay, and was repeated for three consecwas calculated from the first 14 spectra in the run that con-
utive days[34,36] The intermediate precision of linear re- sisted only of baseline and did not contain any peak in this
sponse was also evaluated. The accuracy was established bgegion[14]. Linear interpolation of the two reference spec-
quantitative determination of the paclitaxel amount in qual- tra (the integrated peak start and end) was subtracted from
ity control samples and was expressed as percent recoveryeach spectrum in order to compensate for influence of the
by the assay of a known amount of analyte in the samplesmobile phase spectral absorption. An appropriate threshold
[35]. For this determination, five different injected volumes for each spectrum in the peak was calculated automatically
of the quality control samples of known concentrations were by the software. Comparison of the degree of similarity of
repeatedly injected six times. The limit of detection (LOD) all spectra across the peak was performed against the apex
was calculated as signal-to-noise ratio of 3:1, and the limit of spectrum within the pedl 4]. Spectra were obtained during
the quantification (LOQ) was determined as signal-to-noise the entire separation run for each sample over a wavelength

ratio of 10:1[35]. range of 240-450 nm. The peak was classified as pure if the
purity factor was within the threshold value and at least 97%
2.9. Calibration standards and quality control samples of the spectra were within the calculated threshold limit. Peak

purity evaluation was performed with the purpose of obtain-

Standard solutions and quality control samples for NPLC ing additional supportive information during selection of the
were prepared by dissolving a known amount of paclitaxel in appropriate detection conditions that allowed specific deter-
dichloromethane. The number of points used in each curvemination of paclitaxel.
was 8. Calibration curves were obtained by programmed in-
jection of different aliquots (10—45l) of a standard solution
with increments of ful. The concentration of standard so- 3. Results and discussion
lutions was 0.1 mg/ml. For calculation of the concentration
range, a fixed injection volume of 28 was assumed. Quality TLC was applied for initial evaluation of the influence
control samples were prepared separately at the same concerf mobile phase composition on the interaction of the so-
tration and injected in the five different volumes that cover lute with silica as adsorberj28,29] Three different polar
the specified rangeTéble 3. Each quality control sample  modifiers, acetonitrile, methanol and tetrahydrofuran, were
and standard solution was divided into a number of vials and selected for the investigation of their influence on the pacli-
from each vial only one injection was taken to prevent con- taxel separation from the polymeric matricdsifle J. Pa-
centration changes due to solvent evaporation after piercingclitaxel and p(SA-RA) 3:7 eluted as single spots. All mobile

of the vials’ seal. phases showed a similar trend of faster elution of the polymer
in comparison to paclitaxel.

Table 2 According to results obtained in the TLC studies the local-

Accuracy assessment of the NPLC analytical method for paclitaxel assay jzation capacity of paclitaxel and p(SA-RA) 3:7 are different,

Sample no. Spiked concentration Recovery Deviation because paclitaxel and polymeric matrix retention exhibited
(mg/ml) (%,n=6) (%) significant differences in the sensitivity to the content of the

1 0.04 98.89 -1.11 polar modifiers in the mobile phase. This difference is origi-

2 0.07 98.77 -1.23 nated from the diversity of their physicochemical properties.

i 8'14 gi'gg :;'3‘5‘ P(SA-RA) 3:7 is a polyester-co-polyanhydridecheme

5 018 96.96 _3024 1B), made from ricinoleic and sebacic acid moieties con-

nected by ester and anhydride bofi]. The high content

0, — . . .. . .
Average absolute error (%) 1.77-0.80 of fatty side chains of ricinoleic acid along the polymer back-
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Fig. 1. Representative chromatograms obtained for the polymer carrier with paclitaxel. Elution conditions: mobile phase: dichloromethmahe98dtha
(vIv); flow rate: 1 ml/min; UV detection was at 240 nm. Peak identification: (a) polymer carrier; (b) paclitaxel; (c) ricinoleic acid; (d) low malexighar
oligomers.

bone mask the majority of ester and anhydride bonds and thusalso followed by changes in peak symmetry. At a fixed an-
determine the polymer lipophilicity in comparison with pa- alyte load the paclitaxel peak shape specified by the USP
clitaxel. Paclitaxel, on the other hand, is characterized by atailing factor (T) [33,40] also expressed power dependence
more polar nature3cheme )L These TLC experiments indi-  as analyte retentiorif = 0.1158¢5 %% R?=0.9957 (=86,

cate that regardless of the type of polar modifier, the polymer RSDs were in the range of 0.5-1.0%). As peak asymmetry
is easily separated from paclitaxel. increases, integration and hence precision, becomes less re-

The HPLC experiments confirmed the TLC results, which liable. Since peak tailing is also influenced by sample size
showed that the polymer elution occurred very rapidly when [30,33]it is important to assess the influence of the sample
paclitaxel was retained on the silidag. 1). Moreover, HPLC loading on the paclitaxel peak shape at different contents of
experiments revealed that under the conditions studied, themethanol in the mobile phasEig. 3 showed the influence
main components of the p(SA-RA) 3:7 eluted mainly before of solute loading and mobile phase composition on the peak
to, indicating that the high molecular weight components of shape. The impact of band tailing on the alteration of column
the polymer were excluded from the pores of the column efficiency is well outlined in the literaturg33,40] Typical
packaging material.

Studies on the influence of the mobile phase composition
on paclitaxel retention and peak shape were performed using i
mixtures of methanol-dichloromethane as the mobile phase.
This simple binary mobile phase composition was selected,
because methanol can control and maintain the activity of the
silica surfacg33]. The relationship between analyte reten-
tion and the eluting strength of mobile phase was investigated
in the range of 1-2.5% (v/v) methanol in dichloromethane.
Fig. 2shows the paclitaxel retention factdsf)(as a function
of the methanol content in the mobile phase. This experi- 00_01 0015 002 025 003 0035 004
menFaIIy obtained depgndence fits the power type equitation. Methanol mole fraction, Xg
Plotting the log retention factor against log methanol mole
fraction in the mobile phase yields alinear dependence, whichFig. 2. Paclitaxel retention factokj as a function of methanol content
is described by the Soczewihski equati@®], and which  in the mobile phasek’ = 5E-05x5>%%% R?=0.9971. Analysis was per-

was supported experimentally by a |arge number of reports formed using dichloromthane containing methanol _(1; 1.25; 1.5; 1.75; 2
. and 2.5%, all v/v) as mobile phase. Flow rate: 1 ml/min, sample concentra-
of NPLC applicationg28].

. . . . tion: 0.1 mg/ml, injection volume: 2@I; and UV detection at 240 nm. Each
_ Changes in the retent|0n time of the an_alyte with the point represents the average value of six measurements; RSDs were in the
increase of the eluting strength of the mobile phase were range 0.2-0.9%.

Retention fractor, k'
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changes in theoretical plate numbers with increase of mobile merged to one that has the retention time of ricinoleic acid

phase strength were in the range of 4090-9050.
Use of protic organic modifiers instead of water for the

under these condition§ig. 5C).
The utilization of the proposed chromatographic method

control of silica surface activity is generally successful in for paclitaxel determination during hydrolytic degradation
NPLC [33]. However, misshaping or tailing some solutes’ of the polymeric device was assessed by analysis of the sam-
peaks could occur when the mobile phase containing low ples obtained from degradation studies. Representative chro-
concentrations of protic solvent modifier is ugéd]. Kirk- matograms of polymeric formulations containing 10% (w/w)
land et al.[33] suggested that for the mobile phases based paclitaxel exposed to degradation in 0.1 M buffer phosphate
on dichloromethane the level of protic modifiers should ex- pH 7.4 for 60 days at 37C are shown irfrig. 4. According to
ceed 0.2% (v/v) for most silicas. Park and coworkers studied the retention times, the following peaks: a, b, ¢, and d were
the chromatographic behavior of paclitaxel in NPLC on bare attributed to low molecular weight oligomers of the polymer
silica with a fixed mobile phase composition and different carrier Fig. 5A) and ¢ is of ricinoleic acid.

sample loadings including mass-overload conditi@. In In vivo degradation of the polymeric matrix with and
this study, the mobile phase was hexane:2-propanol:MeOH,without paclitaxel showed that incorporation of paclitaxel
90:4:6% (v/v) and the isocratic mode of elution was utilized. changed the overall profile of matrix degradatidtig. 5
They found that at a low paclitaxel amount, which is com- shows representative chromatograms of the polymeric for-
parable with the maximum loading examined in the present mulation following in vivo degradation. After 1 week in mice
work, the paclitaxel peak had a Gaussian elution profile. In both the blank polymer matrix and polymer containing 5%
the present work, results with the Puros$h&TAR Si an- paclitaxel gave characteristic peaks of the partially degraded
alytical column show that when the methanol concentration polymeric matrix Fig. 5A and B, peak a). The profile of

in the mobile phase exceeds 2% (v/v), the paclitaxel peakthis peak is different form that of the non-degraded poly-
shape approaches the ideal Gaussian prdfitg Q). Park et mer (Fig. 5C). This difference could be explained by the
al. as well as other researchers found that adjusting the separapid release of the sebacic acid component inserted among
ration conditions can be achieved by applying a mobile phaseoligomeric esters chains of ricinoleic a¢i®,42]. Additional
consisting of a major non-polar component such as hexane.degradation products of the blank polymeric matrix appeared
They used a higher concentration of protic solvent modifiers in the chromatogram until 6.5 min. The height of the two
than was used in the present w¢P@—31] Thus, the future  peaks (peaks b, &ig. 5A) was found to be similar to the
optimization approach could be based on the incorporation peaks of the partially degraded polymeric matrix, whereas
of a non-polar diluent into the mobile phase and increasing in the paclitaxel-loaded formulation the relative response to
the content of the protic solvent modifiers. peak (a) of the same peaks (b) and (c) was dramatically low

Fig. 1 shows the chromatographic behavior of the poly- (Fig. 5B). A comparison between the chromatographic pro-
meric matrix during elution with dichloromethane containing files of the degradation products in vivo of the polymer with
1% (v/v) methanol. Only two additional peaks were observed and without paclitaxel indicates that the paclitaxel-loaded for-
together with the main peak of the polymer (peak a). One peakmulation degrades at a slower rate than the polymer blank
was ricinoleic acid as determined by an independent ran of alone. This observation supports the in vitro degradation re-
standard ricinoleic acid (peak c) and the other was attributed sults[20], which showed that incorporation of paclitaxel in
to short oligomers (peak d). When the content of methanol the polymeric matrix increases the overall hydrophobicity of
was increased to 1.5% (v/v), two additional peaks (c and d) the system and does not allow water to penetrate and de-
grade the polymer. Therefore, the subsequent hydrolysis of
the partially degraded polymeric matrix (peakFig. 5 to
lower molecular weight oligomers (peaks b andFig). 5) is
- retarded. Applying NPLC supported the interpretation of the
TR ) hydrolytic degradation of the polymeric matrix and the influ-
ence of the drug carrier interactions on this process. Under
) conditions at which paclitaxel quantification was favored, the
et detailed separation of polymer degradation products was not
T achieved, because of the large difference in the physicochem-
ical properties of the investigated drug, the polymer, and the
products of its degradation.

The selection of the method for paclitaxel determination
was based on peak performance characteristics and the speci-
ficity of the analyte assessment ensured by chromatographic
separation and selective detection at a specified wavelength.
Separation of paclitaxel from the non-degraded polymer can
be achieved easily by the proposed appro&ady 6C). How-
ever, evaluation of purity of the paclitaxel peak obtained from
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Fig. 3. Effect of sample loading and mobile phase composition on peak sym-
metry. Paclitaxel eluted by dichloromethane containing different amounts of
methanol: 1% (v/v) §); 1.25% (v/v) @); 1.5% v/v @); 1.75% v/v (*); 2%

viv (A); 2.5% viv @). RSDs were in the range of 0.5-1.2%.
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Fig. 4. Chromatographic separation of paclitaxel from polymer degradation products in vitro. Elution conditions: mobile phase dichlorora#thank:m
98.5:1.5 (v/v); flow rate: 1 ml/min; injection volume: 2@; and UV detection at 240 nm. Peak identification: low molecular weight polymer degradation
products: a, b, c and d;:gicinoleic acid and other low molecular weight oligomers (B&gs. 3, 5A and ¢, e: paclitaxel.

the samples from the in vitro and in vivo degradation when inter-day retention time repeatability with 0.51-0.67% RSD
detection was performed at 240 nm revealed that they are nofThe fluctuations of paclitaxel retention time between mainte-
completely pure. Probably, this results from the simultane- nance procedures were around 3%. The intra-assay precision
ous elution of the short oligomers and paclitaxel. These shortwas 1.25% and inter-day assay precision was 1.35%. The
oligomers are created during polymer degradation and theirassay accuracy was within 2%aple 9. Recovery studies
leaching from the polymer matrix bulk is delayed because showed that utilization of the NPLC analytical approach al-
of hydrophobic interactions with the drug. This is one of the lows good recovery as high as 9787.22% for methods
causes of slower weight loss of the formulation in compar- utilizing mobile phases with 1.5% (v/v) methanol.
ison to polymer blank20]. In order to overcome the prob- The utility of the method was demonstrated by assessment
lem of the simultaneous elution of interfering compounds, of the intra- and inter-batch content uniformity and determi-
chromatography using a mobile phase containing 1.5% (v/v) nation of the paclitaxel amount remaining after its release
methanol and detection at a wavelength of 254 nm was se-from the polymeric device exposed to in vivo and in vitro
lected. The choice of these conditions was made by testingdegradation. The content uniformity test was performed on
the degree of similarity of UV spectra across the paclitaxel three different batches of polymeric formulations containing
peak in the different ranges of wavelengths at maximum pa- 5 and 10% (w/w) of paclitaxel prepared by manual tritura-
clitaxel loading with acceptable peak characteristigg.(3). tion. The obtained results are summarizedrable 3 The
At the range of 254-450 nm paclitaxel peaks for samples of inter-batches and inter-formulations statistical comparison
in vitro and in vivo degradation studies was classified as pure. revealed that there is no significant difference between man-
It should be noted that that UV detection at 240 nm has ad- ually prepared batches containing 5% (w/w) paclitaxel, how-
vantages for following polymer matrix degradation products ever, differences were found among batches containing 10%
due to the higher detector response at this wavelength. (w/w) paclitaxel. Despite the statistical difference, the ob-
The linearity of the selected method was established at atained data indicate that the proposed method of paclitaxel in-
concentration range of 0.04-0.18 mg/ml. Linear regression corporation in p(SA-RA) 3:7 is characterized by good inter-
analysis yields a slope of 10951 with an RSD of 0.06% for batch reproducibility (RSD < 6%, USP limitation for content
inter-day variation; th&-intercept was 10 with RSD of 15%  uniformity variability) and enables an acceptable degree of
for inter-day variation and a linear correlation coefficigRft)( intra-batch homogeneity that lies within the generally speci-
0f0.99971. The limit of quantification (LOQ) and the limitof  fied by USP tolerance limits of 85—-115% of the labeled claim
detection (LOD) were determined using six injections of in- (RSD <6%,n= 10 for first tier of the test}43].
dependently prepared solutions at different concentrations. The estimated paclitaxel remnantsin the polymeric formu-
LOD was 1.4Qug/ml (14.3% RSD) and LOQ was deter- lation after 60 days of degradation in vitro indicated that the
mined as 3.42.g/ml (5.3% RSD). Inter-day retention time cumulative release of paclitaxel was influenced by the initial
repeatability was assessed during three consecutive daysdrug content in the formulatiorTéble 4. Moreover, recov-
These chromatographic conditions showed good intra- andered paclitaxel content was higher in comparison to the initial
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Fig. 5. Chromatographic separation of paclitaxel from polymer degradation products in vivo. Polymer carrier (A) and polymeric formulationg:6fitain
paclitaxel (B) after 1 week of degradation in vivo, non-degraded polymeric formulation with paclitaxel (C). Chromatographic separation weesiperéter
conditions described iRig. 4. Peak identification: (a) partially degraded polymef) (@n-degraded polymer matrix; (b—d) low molecular weight oligomers;
(¢') ricinoleic acid; (e) paclitaxel.
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Table 3
Content uniformity of polymer formulation based on p(SA-RA) 3:7 containing 5 and 10% (w/w) of paclitaxel
Formulation Batch Maximum Minimum Mean SD RSD (%) Inter-batch Inter-formulation comparison
content content content comparison
p(SA-RA) 3:7; 1 114.5 93.6 102.4 5.9 5.8 ns%0.05) versus  vs (p<0.01) p(SA-RA) 3:7
paclitaxel 5% (w/w) batch 2 and 3 paclitaxel 5% w/w batch 2
2 113.3 98.1 105.8 4.9 4.6 ns¥0.05) versus versus p(SA—RA) 3:7 paclitaxel
batch 1 and 3 10% batch 1
3 105.3 97.0 101.6 2.9 2.9 ns% 0.05) versus
batch 1 and 2
p(SA-RA) 3:7; 1 109.7 92.0 97.7 55 5.6 vp € 0.01) versus
paclitaxel 10% (w/w) batch 2
2 109.9 97.2 103.6 4.1 4.0 ng% 0.05) versus
batch 3
3 108.3 97.3 102.0 3.1 3.0 ng% 0.05) versus

batch 1 and 2

2 Maximum, minimum and mean paclitaxel content expressed as percentage (w/w) of the labeled claim. Statistical comparison among batches das performe
applying Kruskal-Wallis test (nonparametric ANOVA) followed by post-test Dunn’s multiple comparisofid4gdtiumber of the samples in each batch was
10. The samples ranged between 18 and 23 mg.

Table 4

Paclitaxel release from different polymer formulations exposed to degradation in vitro for 60 days (see details in text)

Formulation Paclitaxel loading S.D. Recovered paclitaxel ~ S.D. Recovered paclitaxel ~ S.D.

(%, wiw) (%, wiw,n=4)  amount (percentage of (%,n=23) content (%, w/w) (%, wiw, n=23)
initial)

p(SA-RA) 3:7; paclitaxel  10.3 0.59 456 34 184 14
10% (w/w)

pP(SA-RA) 3:7; paclitaxel ~ 14.65 081 517 4.0 248 20
15% (w/w)

p(SA-RA) 3:7; paclitaxel  21.0 10 944 11 438 53
20% (w/w)

contentindicating that dissolution of the polymer degradation ment of stability indicated analytical method for more de-
products is higher than that of paclitaxel. tailed characterization of the drug fate during formulation

Paclitaxel loading of the formulation utilized inthe invivo  storage and at different stages of formulation production,
studies was 5.20% (w/w-0.29%,n=4). After 1 week of such as fabrication, container filling and sterilization. They
degradation in vivo, the paclitaxel content in the polymeric will also include utilization of the NPLC for the simulations
formulation increased to 6.24% (w/w;0.92%,n=4) and of possible paclitaxel-polymer interactions.
the average recovered paclitaxel amount was 71.5% (w/w,
+12%,n=4) of the initial content. This data indicates that
the formulation degrades in vivo much faster than in vitro
conditions[20] thus the release of paclitaxel is enhanced.

In conclusion, a useful NPLC method for determination of 15 ok singla, A. Gard, D. Aggarwal, Int. J. Pharm. 235 (2002) 179.
paclitaxelincorporated inthe lipophilic polymeric matrixwas  [2] A.B. Dhanikula, R. Panchagnula, Int. J. Pharm. 183 (1999) 85.
developed. This method allows complete chromatographic [3] X. Zhang, H.M. Burt, D. Von Hoff, D. Dexter, G. Manglod, D.
Separation and recovery Of pac"taxe' from a po'ymeric ma- Degen, A.M. Oktaba, W.L. Hunter, Cancer Chemother. Pharmacol.
trix. Itis characterized by gQOd I_iljearity, reproducibility and [4] 3\? \(/%Jzzmuile.r, T. Sprul3, G. Bernhardt, A. Buschauer, A. Gopferich,
accuracy. The method applicability was demonstrated by as- =~ |t 5 “pharm. 238 (2002) 111.
sessment of the intra- and inter-batch content uniformity and [s) L. Mu, S.S. Feng, J. Control. Release 76 (2001) 239.
determination of the paclitaxel remaining after its release [6] R.T. Liggins, S. D’Amours, J.S. Demetrick, L.S. Machan, H.M. Burt,

from a polymeric formulation exposed to degradation in vitro Biomaterials 21 (2000) 1959.
and in vivo. [7] C.I. Winternitz, J.K. Jackson, A.M. Oktaba, H.M. Burt, Pharm. Res.
13 (1996) 368.
[8] E.S. Park, M. Maniar, J.C. Shah, J. Control. Release 52 (1998) 179.
3.1. Prospective [9] S.C. Lee, C. Kim, I.C. Kwon, H. Chung, S.Y. Jeong, J. Control.
Release 89 (2001) 437.

Future investigations will include the optimization of the 1] ’Qg-, F(’;Sg;)ng'\" Lynn, R. Langer, M.M. Amiii, J. Control. Release

mobile phase composition that will allow better peak perfor- [11] S.Y. Kim, Y.M. Lee, Biomaterials 22 (2001) 1697
mance characteristics and guarantee of Iong-term retennoqu] M.J. Rocheleau, C. Jean, J. Bolduc, D. Carazzato, J. Pharm. Biomed.
time repeatability. This optimization will focus on develop- Anal. 31 (2003) 191.

References



B. Vaisman et al. / J. Chromatogr. A 1064 (2005) 85-95

[13] I. Ringel, S.B. Horwitz, J. Pharmacol. Exp. Ther. 242 (1987)
692.

[14] M.T. Huizing, A. Sparreboom, H. Rosing, O. van Tellingen, H.M.
Pinedo, J.H. Beijnen, J. Chromatogr. B 674 (1995) 261.

[15] A. Hatefi, B. Amsden, J. Control. Release 80 (2002) 9.

[16] S.S. Feng, G. Huang, J. Control. Release 71 (2000) 53.

[17] Y.M. Wang, H. Sato, I. Horikoshi, J. Control. Release 49 (1997)
157.

[18] X.M. Deng, X.H. Li, M.L. Yuan, C.D. Xiong, Z.T. Huang, W.X. Jia,
Y.H. Zhang, J. Control. Release 58 (1999) 123.

[19] R.T. Liggins, H.M. Burt, Int. J. Pharm. 222 (2001) 19.

[20] A. Shikanov, B. Vaisman, M.Y. Krasko, A.J. Domb, J. Biomed.
Mater. Res. 69A (2004) 47.

[21] L.R. Snyder, J.J. Kirkland, J.L. Glajch (Eds.), Practical HPLC
Method Development, Wiley, New York, 1997, p. 134.

[22] K.W. Leong, P.D. D’Amore, M. Marietta, R. Langer, J. Biomed.
Mater. Res. 20 (1986) 51.

[23] A. Safavv, K.P. Raisch, M.B. Khazaeli, P.J. Buchsbaum, J.A. Bonner,
J. Med. Chem. 42 (1999) 49109.

[24] M.O. Bradley, C.S. Swindell, F.H. Anthony, P.A. Witman, P. De-
vanesan, N.L. Webb, S.D. Baker, A.C. Wolff, R.C. Donehower, J.
Control. Release 74 (2001) 233.

[25] J.G. Supko, R.V. Nair, M.V. Seiden, H. Lu, J. Pharm. Biomed. Anal.
21 (1999) 1025.

[26] L.Z. Wang, P.C. Ho, H.S. Lee, H.K. Vaddi, Y.W. Chan, C.S. Yung,
J. Pharm. Biomed. Anal. 31 (2003) 283.

[27] L.R. Snvder, J.J. Kirkland, J.L. Glaich (Eds.), Practical HPLC
Method Development, Wiley, New York, 1997, p. 131.

[28] E. Soczewinski, J. Chromatogr. 388 (1987) 91.

[29] J.H. Cardellina 1l, J. Lig. Chromatogr. 14 (1991) 659.

95

[30] Y.K. Park, K.H. Row, S.T. Chung, Sep. Purif. Technol. 19 (2000)
27.

[31] D.-R. Wu, K. Lohse, H.C. Greenblatt, J. Chromatogr. A 702 (1995)
233.

[32] M.Y. Krasko, A. Shikanov, A. Ezra, A.J. Domb, J. Pol. Sci.: Part A
41 (2003) 1059.

[33] J.J. Kirkland, C.H. Dilks Jr., J.J. DeStefano, J. Chromatogr. 635
(1993) 19.

[34] Proceedings of the International Conference on Harmonization
(ICH), Topic Q2A: Validation of Analytical Procedures: Definitions
and Terminology, 1995.

[35] Proceedings of the International Conference on Harmonization
(ICH), Topic Q2B: Validation of Analytical Procedures: Method-
ology, 1996.

[36] C. Maraschiello, E. Miranda, E. Millan, P. Floriano, J. Vilageliu, J.
Chromatogr. B 791 (2003) 1.

[37] A. Hashash, P.L. Killkpatick, M.J. Egorin, L.H. Block, J.S. Lazo, J.
Chromatogr. B 768 (2002) 239.

[38] USP 24/NF 19, United State Pharmacopoeia Convention Inc., Na-
tional Publishing, Philadelphia, PA, USA, 2000, pp. 1923-1924.

[39] L.R. Snvder, J.J. Kirkland, J.L. Glaich (Eds.), Practical HPLC
Method Development, Wiley, New York, 1997, p. 271.

[40] B. Law, S.J. Houghton, P. Ballard, J. Pharm. Biomed. Anal. 17
(1998) 443.

[41] E.L. Weiser, A.W. Salotta, A.M. Flash, L.R. Snvder, J. Chromatogr.
303 (1984) 840.

[42] D. Teomim, A.J. Domb, Biomacromolecules 2 (2001) 37.

[43] R.L. Williams, W.P. Adams, G. Poochikian, W.W. Hauck, Pharm.
Res. 19 (2002) 359.

[44] J.H. Zar, Bio statistical Analysis, Prentice-Hall, NJ, 1996.



	Normal phase high performance liquid chromatography for determination of paclitaxel incorporated in a lipophilic polymer matrix
	Introduction
	Experimental
	Chemicals and reagents
	Thin layer chromatographic analysis (TLC)
	Normal phase HPLC (NPLC)
	Apparatus
	Polymeric device fabrication
	In vitro degradation
	In vivo degradation
	Recovery study
	Validation
	Calibration standards and quality control samples
	Calculations
	Peak purity assessment


	Results and discussion
	Prospective

	References


