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a b s t r a c t

The immunosuppressant drug rapamycin is a complex polyene-containing natural product which under-
goes autoxidation. The resulting product mixtures contained numerous monomeric and oligomeric
compounds, which represented challenges for addressing mass balance in forced degradation studies
and in analysis of aged developmental drug-eluting stents. A combination of SEC with ultraviolet and
refractive index detection and RP-HPLC was used to account for drug loss and product formation. The
vailable online 30 September 2008

eywords:
apamycin
utoxidation
ass balance

mass balance methodology was subsequently validated for the determination of rapamycin and compos-
ite rapamycin autoxidation product material in developmental stent samples. This mass balance approach
may find general applicability in other situations where drugs degrade to a plethora of products, which
cannot be determined individually and summed.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Understanding the degradation chemistry of a drug is vital for
he development of stable and safe pharmaceutical dosage forms
nd is a regulatory requirement [1]. Furthermore, this knowledge is
prerequisite for the systematic development of validated stability-

ndicating methods [2]. Forced degradation reactions are used for
hese drug chemistry studies in conjunction with the analysis of
tressed dosage forms [3–5]. One goal of such studies is to account
or product material in addition to determining the amount of
rug lost [6,7]. Typically, mass balance is achieved by adding the
rug assay value to the amounts of individual degradation prod-
cts and comparing the resulting sum to the initial drug amount.
ome possible reasons and corresponding solutions for the lack of
ass balance have been presented [6,8]. Alternative HPLC detec-

ors, such as the chemiluminescent nitrogen-specific detector, have

een used to address the variability of UV response factors in some
ass balance determinations [9–10]. Radiotracers have been used

n a few difficult cases [11].
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Achieving mass balance may become especially problematic
hen dealing with individual drug product units (e.g., a single

ablet or a single medical device) because of uncertainty in the ini-
ial drug amounts. Thus, the amount of drug actually incorporated
nto each unit during the manufacturing process may be some-

hat different from the label claim because variations in the drug
ddition step or loss of drug during processing (e.g., physical loss,
rug–excipient interactions, or drug degradation). Therefore deter-
ining mass balance in any given product unit or composite, at

he time of manufacture and later, will require the ability to mea-
ure the total degradation product amounts directly. A similar need
o directly determine impurities has also been expressed for drug
ubstances [7].

Unfortunately, some drugs may degrade to especially complex
roduct mixtures under certain circumstances and present major
nalytical challenges for the determination of the total degradation
roduct amounts and mass balance. For example, polyene com-
ounds, such as vitamin D analogs [12], simvastatin [13], carotenes
14], retinoids [15], and various polyene-containing lipids [16–21]
an readily react with atmospheric oxygen (autoxidation) to give
uch mixtures. These reactions are typically radical chain pro-

esses involving peroxyl radicals as key intermediates [16–23],
ut additional pathways may be involved in some cases [24].
mong other reactions, a peroxyl radical (that is derived from a
olyene molecule) can abstract a hydrogen atom from another
olecule or add to a double bond of a second polyene molecule

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:aoyler@d.umn.edu
dx.doi.org/10.1016/j.jpba.2008.09.030
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Fig. 1. Rapamycin structural formula.

23,25]. Ultimately these types of reactions can yield numerous
onomeric products (e.g., hydroperoxides, epoxides, aldehydes,

etones, alcohols) as well as numerous dimeric and oligomeric
roducts, which contain monomeric units joined by peroxide link-
ges and containing some terminal hydroperoxide groups [12–21].
ome dimeric polyene autoxidation products have been demon-
trated to be the major source of autocatalytic radical generation
16,17]. Small amounts of such material in drug substance or drug
roducts could lead to future rapid drug degradation. Therefore
hese product types should be considered in any effort directed
oward mass balance determinations and the development of suit-

ble stability-indicating methods.

The immunosuppressant drug rapamycin (Fig. 1) is used in
rug-eluting stents [26–29]. This polyene drug, like the polyenes
entioned above, was found to undergo autoxidation [30] and, in

he present study, to produce a complicated mixture of monomeric

w
(
a
a

able 1
ethod parameters.

ethod RPa RPb

olumn Eclipse® XDB-C18 ”

article size (�m) 3.5 ”
imensions (mm) 150 × 4.6 ”
upplier Agilent ”
olumn temperature (◦C) 35 ”
obile phase A Formic acid–water–THF

(0.02:95:5, v/v/v)
Formic acid (0.02% v
water)–THF (95:5, v

obile phase B Formic acid–water–THF
(0.02:5:95, v/v/v)

Formic acid (0.02% v
water)–THF (5:95, v

low rate (mL/min) 1.0 ”
inear gradient (step #1) A:B (65:35, v/v) to A:B (50:50)

over 35 min
A:B (65:35, v/v) to A
over 30 min

inear gradient (step #2) A:B (50:50, v/v) to 100% B over
30 min

–

quilibration time (min) 12 ”
njection volume (�L) 5 30
etector #1 278, 230 nm ”
ange (mg/mL) 0.02–2 0.05–0.25
lope 1.440 ± 0.006 × 104 mAU s mL/mg 9.32 ± 0.04 × 104 �V
ntercept 58 ± 47 mAU s 3 ± 6 × 104 �V s
2 0.99969 0.99986
etector #2 – –
ange (mg/mL) – –
lope – –
ntercept – –
2 – –

–) not used. (”) same as cell to left. Detector response linearity data (slope, intercept, and
iomedical Analysis 48 (2008) 1368–1374 1369

nd oligomeric products during forced degradation studies and in
ging developmental stents. As described below, mass balance was
ddressed by using a novel combination of size-exclusion chro-
atography (SEC) with refractive index (RI) detection and HPLC to

etermine the amounts of composite monomeric and oligomeric
egradation product material.

SEC has not typically been used in such pharmaceutical mass
alance studies [6] although SEC (sometimes in conjunction with
P- and RP-HPLC) has been used to analyze autoxidation prod-
ct mixtures [16–18,31–33] and related materials [34–37]. For
xample, SEC was used to measure the composite monomeric
nd oligomeric autoxidation products of some polyene-containing
ipids as well as unreacted starting material [18,31]. Resolution
etween monomeric products and starting compounds (molecu-

ar weight, MW = ∼300 g/mol) was not totally complete. In the case
f rapamycin (MW = 914 g/mol), the drug and monomeric products
ere not resolved by SEC (see below). Therefore, the combination

EC/HPLC approach was developed.

. Experimental

.1. Materials and equipment

Rapamycin was supplied by Wyeth Pharmaceutical (Pearl River,
Y). All solvents were HPLC grade (EMD, Gibbstown, NJ). Azobi-

isobutyronitrile (AIBN) was obtained from Aldrich (Milwaukee,
I) and formic acid from EM Science (Gibbstown, NJ). Water
as purified with a Millipore Milli-Q® system (Billerica, MA).

olystyrene standards with narrow molecular weight distributions
ere provided by Phenomenex (Torrance, CA; PN AL0-2761). Agi-

ent (Santa Clara, CA) 1100 series HPLC systems which consisted of
ere used. HPLC-MS data were acquired with a Thermo-Finnigan
Madison, WI) LCQ Deca® XP Plus instrument equipped with ESI
nd APCI probes. Columns were supplied by Phenomenex, Agilent,
nd Waters (Milford, MA).

SECa SECb

Three Phenogel® columns (50,
100, and 500 Å)

Styragel® HR 1 THF

5 ”
300 × 7.8 ”
Phenomenex Waters
35 ”

/v in
/v)

THF ”

/v in
/v)

– ”

0.9 ”
:B (52:48) 100% A for 35 min 100% A for 15 min

– ”

1 ”
10 30
230 nm ”
0.02–5 0.00015–0.25

s mL/�g 3.92 ± 0.05 × 103 mAU s mL/mg 1.22 ± 0.004 × 104 �V s mL/�g
−6 ± 9 × 101 mAU s 9 ± 5 × 103 �V s
0.99817 0.99980
RI –
0.02–20 –
8.98 ± 0.02 × 104 nRIU s mL/mg –
−3 ± 11 × 102 nRIU s –
0.99995 –

R2) are for drug.
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Table 2
SEC-RI data (Method SECa) for a typical rapamycin autoxidation product mixture.

Rapamycin and products Hypothetical structure Corres-ponding MW (g/mol) Retention time (min) Mp, predicted from observed
retention time (g/mol)

Rapamycin Drug 914 22.4 951
Monomers Drug + 1O 930 22.4 951
Dimers 2 drug + 4O 1892 20.4 2175
T
T
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distinct peaks on top of very broad bands covering much of the
elution time range. These bands represented numerous low-level
products with varying response factors (different UV spectra; see
below). The individual or small collections of individual products
that were represented by distinct chromatographic peaks did not
rimers 3 drug + 6O 2839
etramers 4 drug + 8O 3785

eaction: 20 mg/mL with AIBN; 1.5 h; 81% rapamycin remaining. Drug: C51H79NO13

.2. Autoxidation of rapamycin

In a typical study, a reaction solution containing 0.0215 M
19.7 mg/mL) rapamycin and 0.108 M AIBN was prepared in ace-
onitrile. Aliquots of this solution were placed into vials and the
ials were placed into each of seven 450 mL stainless steel reac-
ors (Parr Instruments, Moline IL). Additional vials of acetonitrile
ere included to saturate the atmospheres with solvent. The reac-

ors were pressurized to 300 psi with oxygen and maintained at
0 ◦C in an oven. Periodically, a reactor was removed and the reac-
ion solutions were analyzed by RP-HPLC-UV and by SEC-UV-RI at
0 mg/mL (no dilution) and 1 mg/mL (after appropriate dilutions
ith acetonitrile).

The autoxidation product mixture used for SEC method valida-
ion contained rapamycin (0.1 mg/mL; 1%), monomeric products
12.5 mg/mL; 73%), and dimeric plus oligomeric degradation prod-
cts (4.5 mg/mL; 26%) according to RP-HPLC and SEC.

.3. RP-HPLC-UV-MS

RP-HPLC-UV was used to determine an assay value for
apamycin (and to separate rapamycin from degradation product
aterial). HPLC-MS data were collected for selected samples in

oth the (+)-ESI and (−)-APCI modes. The initial research RP-HPLC-
V method (Method RPa) was slightly modified to give Method RPb,
hich was validated for the assay of rapamycin in developmental

tent samples (Table 1). The modifications included reducing the
ormic acid content of the mobile phases, increasing the injection
olume, and eliminating the last segment of the solvent program.
eference standard solutions were typically prepared at concen-
rations of 150 �g/mL in acetonitrile. Dosage form samples were
repared at a concentration of approximately 150 �g/mL by placing
n appropriate number of stents into an 8-mL vial, adding acetoni-
rile, and shaking for 30 min.

.4. SEC-UV-RI

SEC-UV-RI was used to determine the composite amounts of
onomeric and oligomeric degradation products of rapamycin. The

nitial research method (Method SECa) utilized 50 Å, 100 Å, and
00 Å columns in series to provide selectivity over the molecular
eight range of approximately 160–10,000 g/mol (Table 1). Solu-

ions of polystyrene molecular weight standards (peak-maximum
W, Mp = 10,400, 5440, 2240, 1220, 685, 381, 266, and 162 g/mol)
ere prepared in THF (0.5–1.3 mg/mL). The polystyrene calibration
ata were fitted to Log (Mp mol/g) = (A × T2) + (B × T) + C where Mp is
eak maximum-molecular weight and T is elution time in minutes;
= 0.0073 ± 0.002 min−2; B = −0.495 ± 0.09 min−1; C = 10.4 ± 1.0;
2 = 0.9942. This research method (Method SECa) was slightly

odified to give Method SECb, which was validated for the deter-
ination of autoxidation product material in developmental stent

amples (Table 1). The original column train was replaced with
single column covering the MW range of 1000–5000 g/mol,

he injection volume was increased, and UV (230 nm) detection

F
r
l
g
t
p

19.7 3120
19.1 4090

= 914.17.

as used. Solutions were prepared as described for Method RPb.
he elution times for rapamycin + monomeric products (monomer
eak), dimeric products (dimer peak), and oligomeric products
oligomer peak; combined trimeric and tetrameric products) with

ethod SECb were approximately 7.6, 7.0, and 6.6 min, respectively.
he corresponding values for the research method (Method SECa)
re given in Table 2.

. Results and discussion

.1. Forced degradation studies

Forced degradation studies of rapamycin to address autoxida-
ion were conducted in acetonitrile under oxygen with AIBN as an
nitiator [38–40]. The resulting product mixtures were analyzed
y RP-HPLC-UV (Fig. 2) and SEC-UV-RI (Fig. 3; Tables 1 and 2). A
ey requirement for these studies was a universal chromatographic
etector and in this situation a RI detector was found to be suitable
41–43]. Nearly identical chromatographic data (not shown) were
ollected for aged developmental stents which indicated that the
orced degradation studies were relevant to drug products.

.2. Mass balance

The gradient RP-HPLC-UV chromatograms (Fig. 2) showed a few
ig. 2. RP-HPLC chromatograms (230 nm; Method RPa) for a reaction with
apamycin at 20 mg/mL in acetonitrile under oxygen at 50 ◦C using AIBN (5 M equiva-
ents; see Table 3). The distinct peaks eluting between 15 and 20 min and at ∼28 min
ave m/z values of 952.5 ([drug + 1O + Na]+) and 934.5 ([drug − 2H + Na]+), respec-
ively. The peak eluting just before the drug was a drug isomer (not a degradation
roduct).
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where subscripts M, D, O indicate monomeric, dimeric, and
oligomeric products, respectively. ATotal Monomers refers to the area
of the composite chromatographic peak that represented non-
resolved drug and monomeric degradation products.
ig. 3. SEC-RI chromatograms (Method SECa) for a reaction with rapamycin at
0 mg/mL in acetonitrile under oxygen at 50 ◦C using AIBN (5 M equivalents; see
able 2).

ccount for a major portion of drug loss. Most importantly, inte-
ration of the very broad bands, even with other detector types,
as impractical. Thus, mass balance could not be readily achieved
ith the RP-HPLC-UV alone since the total amount of drug-related
egradation product material in any given stent (or collection of
tents) could not be easily deduced by this technique.

To address this broad-band problem with RP-HPLC, SEC was
ursued as a means to compact the elution of various product
ypes into narrow bands for quantitation as composite mixtures.
he SEC-RI chromatograms showed a large peak at 22.4 min which
orresponded to unreacted rapamycin and monomeric degradation
roducts (Fig. 3 and Table 2). This chromatographic peak (monomer
eak) broadened as the degradation proceeded but unfortunately
EC was not able to resolve the monomeric products from the
rug, as in the case of smaller substrate molecules [18,31]. In fact,
onomer/drug separation was not expected here since the addition

f only one or two oxygen atoms to the large rapamycin molecule
hould not alter the molecular size significantly. A second dis-
inct SEC peak appeared at 20.5 min and, according to polystyrene
alibration, represented dimeric products (Table 2). Likewise, a
hird distinct peak appeared at 19.7 min which corresponded to
rimeric products. There was also an indistinct band at ∼19.1 min
Table 2) which corresponded to tetrameric products according to
he polystyrene calibration. For quantitation purposes the areas
or these fused trimeric and tetrameric peaks were combined
oligomer peak). Fig. 4 presents UV spectra recorded at differ-
nt retention times in the course of SEC analysis. The UV spectra
Fig. 4) corresponding to the dimer and oligomer peaks showed
hat the triene UV bands of rapamycin (∼260–300 nm) had mostly
isappeared and new UV bands appeared at lower wavelengths
∼210–260 nm). Thus, the triene functional group region of the
rug was a major site of degradation in dimers and oligomers.
he UV spectrum recorded at the apex of the monomer peak still
hows strong triene absorption, even for the sample with ∼25%
rug remaining.

Clearly, the RP-HPLC and SEC-UV-RI data together showed that
complicated mixture of monomeric, dimeric, and oligomeric

roducts were being formed from the beginning of the reaction.
owever, neither method could be used by itself for mass balance

eterminations. Therefore RP-HPLC, which gave excessively broad
ands, was used only to determine the drug amount and this value
as used to deal with the problem of the non-resolved drug and
onomeric product bands with SEC as described below.

F
m
(

iomedical Analysis 48 (2008) 1368–1374 1371

A refractive index detector was used for SEC since the autoxi-
ation products had varying UV spectra and therefore varying UV
esponse factors. However, the RI response factors may also vary.
or oligomers, the RI detector signal may have a dependence upon
he molecular weight of the individual oligomer as described else-
here [44]. To address this potential issue, the total RI response was
onitored over the course of two autoxidation reactions (Table 3)

nd found to be reasonably constant. For example, after 76% of the
apamycin had oxidized (in a 20 mg/mL AIBN reaction), the com-
ined SEC-RI area for all peaks was still 94% of the initial area for
apamycin. Therefore, equal RI response factors for the drug and
ach product were assumed.

Conclusions about the absolute amounts of monomeric, dimeric,
nd oligomerc products were deduced from the SEC-RI data. While
he monomeric products and unreacted rapamycin nearly coeluted,
he concentration of the drug (CDrug) in the same sample was
etermined independently by RP-HPLC-UV. By knowing the drug
oncentration and the SEC-RI response factor (area/concentration)
or the drug by itself (RFDrug), the area contributed by the drug
CDrug × RFDrug) to the area of the composite (monomer) SEC peak
ATotal Monomers) was calculated. Hence (by difference) the area for
he total monomeric products (AM) could be calculated (Eq. (1)).
urthermore, the RI peak areas for the dimeric products and the
ligomeric products could be directly determined since the cor-
esponding peaks were separated from the monomer peak. Thus,
ith this area information and RFDrug, the concentration (C) of each

f composite product type was calculated (Eq. (2)–(4); Table 3).
ypically, the monomeric products represented the majority of the
roduct material.

M = ATotal Monomers − (CDrug × RFDrug) (1)

M = AM ×
(

1
RFDrug

)
(2)

D = AD ×
(

1
RFDrug

)
(3)

O = AO ×
(

1
RFDrug

)
(4)
ig. 4. SEC-UV spectra for components of a typical rapamycin autoxidation product
ixture: rapamycin at 20 mg/mL in acetonitrile under oxygen at 50 ◦C using AIBN

5 M equivalents; 3.5 h; see Table 2).
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In order to perform similar analyses on HPLC instruments with-
ut RI detectors, the composite SEC-UV (230 nm) relative response
actors (RRF230; with respect to the drug) were estimated for each
f the three types of autoxidation products (Table 3). The 230 nm
ata channel was chosen for this exercise because the parent drug
xhibited relatively little absorbance at this wavelength while the
roducts had significant absorption (Fig. 4). By analogy to SEC, the
V 230 nm area contribution of the drug to the composite monomer
eak (CDrug × RF230Drug) was calculated from the drug concentra-
ion (CDrug) obtained from RP-HPLC data and from the measured
rug response factor for SEC-UV (230 nm; RF230Drug). The area con-
ribution by the monomeric products (A230M) was simply the total
rea (A230Total Monomers) for the monomer peak minus the area con-
ributed solely by the drug (Eq. (5)). The SEC-UV (230 nm) areas for
he dimeric and oligomeric products could be determined by direct
eak integration. These three composite product areas and their
orresponding concentrations from SEC-RI (Eqs. (2)–(4)), as well as
he SEC-UV response factor for the drug, were then used together
o calculate the relative response factors (RRF230; Eqs. (7) and (8);
able 3).

230M = A230Total Monomers − (CDrug × RF230Drug) (5)

RF230M = (A230M/CM)
RF230Drug

(6)

RF230D = (A230D/CD)
RF230Drug

(7)

RF230O = (A230O/CO)
RF230Drug

(8)

For dimeric and oligomeric products, there did not seem to
e any trends for the RRF230 values with respect to the level of
egradation or with respect to the initial concentration of drug.
RF230M seemed to increase with the level of rapamycin degrada-
ion. However, the uncertainty in the average RRF230M value was
reater than the uncertainties in the average RRF230D and RRF230O
alues and this prevented more detailed evaluation of the data
t low levels of conversion. The higher uncertainty in the former
alue was probably due to the need to incorporate the separate
P-HPLC drug assay value in the individual RRF230M determina-
ions.

Finally, these mass balance studies showed the formation of
imeric and oligomeric products which were presumably related
tructurally to the dimeric autoxidation products from polyene-
ontaining lipids, which were shown to be a major source of
utocatalytic activity [16–17]. Thus, the presence of such com-
ounds in any given drug product could portend a future propensity
or autoxidative drug degradation. However, the methodology
escribed herein detected and quantitated the total amounts
f these potentially problematic dimeric/oligomeric degradation
roducts.

.3. Validation of RP-HPLC-UV method

The Method RPb (Table 1) was formally validated for the anal-
sis of developmental stents. Specificity was addressed by noting
he absence of significant changes in the UV and MS spectra across
he rapamycin peak for a typical autoxidation product mixture
20 mg/mL reaction; 1.5 h; Fig. 2). Moreover, there were no inter-
erences from components in extracts of placebo developmental

tents. Linearity was addressed with rapamycin solutions that were
repared in duplicate over the range of 50 �g/mL to approximately
49 �g/mL (Table 1). Accuracy was addressed by determining the
ecovery of rapamycin from placebo stents spiked with rapamycin
t 33%, 50%, 67%, 83%, 100%, 133%, and 167% of the target assay
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oncentration. Six replicate solutions were prepared at the 100%
evel and triplicate solutions were prepared at the other levels. The
ecovery values ranged from 100.1% to 101.5% (R.S.D. = 0.2–1.0%).
recision (analysis repeatability) was addressed by analyzing six
evelopmental stents at each of two target assay concentrations of
apamycin. The R.S.D. values were 1.0% and 2.0%, respectively. Inter-
ediate precision (accuracy) was addressed with six placebo stents

piked with rapamycin at 100% of the target assay concentration.
hese samples were analyzed by two different analysts in different
aboratories. The recovery values were 100.9% (R.S.D. = 0.4%) and
7.1% (R.S.D. = 0.3%), respectively. Intermediate precision (repeata-
ility) was addressed by the analysis of two sets of six stents
y two different analysts in two laboratories. The R.S.D. values
ere 1.0% and 2.0% for the first analyst and 0.8% and 1% for the

econd analyst. The limit of detection (LOD) was studied with a
olution of rapamycin at a nominal concentration of 0.03% of the
arget assay concentration (150 �g/mL). Six replicate injections
r this solution gave signal-to-noise-ratios of 10–12. The limit of
uantitation (LOQ) was studied with a solution of rapamycin at a
oncentration of 0.15 �g/mL (0.1% of the target rapamycin assay
oncentration of 150 �g/mL). Six replicate injections of this solution
ave signal-to-noise ratios of 82–105. Robustness of the method was
valuated by modifying various method parameters and comparing
esults to those obtained with the prescribed method. Parame-
er (% difference): 20 min extraction time (0.7%), 40 min extraction
ime (0%), 1.1 mL/min flow rate (1.3%), 0.9 mL/min flow rate (1%),
3 ◦C column (1%), 37 ◦C column (0%), 27 min gradient (1%), 33 min
radient (2%). Standard and sample solution stability was evalu-
ted by analyzing solutions stored at ambient conditions and at
efrigerated conditions (0–8 ◦C) protected from light over a 5-day
eriod. The values for % difference (versus initial assay) were: stan-
ard/ambient (0.1%), standard/refrigerated (2.2%), sample/ambient
0.3%), and sample/refrigerated (0.3%).

.4. Validation of SEC-UV method

The Method SECb was also validated for developmental stent
amples. Specificity was addressed by noting the absence of
nterference from components in extracts of placebo stents.
owever, this method was intended to be non-specific for
onomeric autoxidation products (i.e., they eluted together

long with rapamycin). Linearity was addressed with solutions
f rapamycin and with solutions of autoxidation product mate-
ial that resulted from an AIBN-initiated reaction in which
early all of the rapamycin had been consumed. Linearity
ata for rapamycin are presented in Table 1. The range of the
ethod for the monomeric and dimeric/oligomeric products
as 0.15–80 �g/mL. Based upon accuracy results (see below),

he accuracy range for monomeric and dimeric/oligomeric
roducts was established at 1.5–37.5 �g/mL concentration.
inearity was observed for the monomeric products with
30 nm data: Area (in �V s) = M × concentration (in �g/mL) + B,
here M = 2.52 ± 0.01 × 104 �V s mL/�g, B = 4 ± 3 × 103 �V s, and

2 = 0.99981. Linearity was observed for the dimeric/oligomeric
roducts with 230 nm data: Area (in �V s) = M × concentration
in �g/mL) + B, where M = 2.53 ± 0.01 × 104 �V s mL/�g,
= −1.1 ± 0.3 × 104 area counts, and R2 = 0.99988. The accu-

acy of the method was evaluated by determining the recovery of
onomeric and dimeric/oligomeric products in the presence of

lacebo stents. The levels evaluated were 1%, 5%, and 25% of the

arget assay value (150 �g/mL). Six solutions were prepared at the
% level and triplicate solutions were prepared at the 1% and 25%

evels. The corresponding recovery values were 96, 98, and 100%
R.S.D. = 2%, 3%, and 3%) for the monomers and 88%, 101%, and
06% (R.S.D. = 11%, 3%, and 3%) for the oligomers. Precision (analysis [
iomedical Analysis 48 (2008) 1368–1374 1373

epeatability) was addressed with six aged developmental stents.
he R.S.D. values for the monomers and dimers/oligomers were
% and 7%, respectively. Intermediate precision (accuracy) was
valuated with six placebo stents spiked with monomeric and
imeric/oligomeric products at 5% of the target assay concentra-
ion (150 �g/mL). These samples were analyzed by two different
nalysts in two different laboratories. The average recovery val-
es were 98% (R.S.D. = 3%) for monomers and 101% (R.S.D. = 4%)
or dimers/oligomers for the first analyst. The corresponding
alues for the second analyst were 97% (R.S.D. = 0.4%) and 92%
R.S.D. = 4%). Intermediate precision (analysis repeatability) was
ikewise evaluated with six aged developmental stents and two
nalysts. R.S.D. values for both monomers and dimers/oligomers
ere 9% for the first analyst and 5% for the second analyst. The LOD
as evaluated with spiked solutions prepared with monomeric

nd dimeric/oligomeric products present at 0.03% of the target
apamycin assay concentration of 150 �g/mL. Triplicate injections
f each solution were made. The signal-to-noise-ratios for the
onomeric and dimeric/oligomeric products were 8–10 and 3–4,

espectively. The LOQ was evaluated with solutions containing
onomeric and dimeric/oligomeric products at 0.1% of the tar-

et rapamycin assay concentration of 150 �g/mL. Six replicate
njections of each solution were made. The signal-to-noise-ratios
or the monomeric and dimeric/oligomeric products were 10–15
nd 10–13, respectively. Robustness of the method was evaluated
y modifying various method parameters and comparing results
o those obtained with the prescribed method. Parameter (%
ifference): 20 min extraction time (0%), 40 min extraction time
4%), flow rate 1 mL/min (9%), flow rate 0.8 mL/min (9.7%), column
emperature 32 ◦C (4%), and column temperature 38 ◦C (8%). A
osage form extract solution was stable when refrigerated (0–8 ◦C)
or up to 3 days (3% difference from initial value).

. Conclusions

A combination of SEC-UV-RI and HPLC-UV analytical data was
sed to address mass balance in a situation where the summation
f individually determined drug degradation products was not fea-
ible. Furthermore, these combined methods were subsequently
alidated for the determination of rapamycin and rapamycin autox-
dation product material in drug-eluting stents. This mass balance
pproach may have general applicability to other drugs which
egrade to a plethora of products in pathways such as autoxidation
nd photooxidation.

cknowledgement

This work was supported in part by a grant from Cordis Corpo-
ation.

eferences

[1] Guidance for Industry Q1A(R2) Stability Testing of New Drug Substances and
Products. U.S. Department of Health and Human Services Food and Drug
Administration (CDER; CBER), November 2003 ICH Revision 2.

[2] M. Bakshi, S. Singh, J. Pharm. Biomed. Anal. 28 (2002) 1011–1040.
[3] S.W. Baertschi (Ed.), Drugs and the Pharmaceutical Sciences Volume 153, Phar-

maceutical Stress Testing, Predicting Drug Degradation, Taylor & Francis, New
York, 2005.

[4] R.A. Jackson, Am. Pharm. Rev. 10 (2007) 59–79.
[5] J. Ruan, P. Tattersall, R. Lozano, P. Shah, Am. Pharm. Rev. 9 (2006) 46–53.

[6] M. Nussbaum, P.J. Jansen, S.W. Baertschi, in Ref. [3], pp. 181–204.
[7] J.D. Hofer, B.A. Olsen, E.C. Rickard, J. Pharm. Biomed. Anal. 44 (2007) 906–913.
[8] P. Lukulay, G. Hokanson, Pharm. Technol. 29 (2006) 106–112.
[9] M.A. Nussbaum, S.W. Baertschi, P.J. Jansen, J. Pharm. Biomed. Anal. 27 (2002)

983–993.
10] A. Koerner, LCGC N. Am. 20 (2002) 364–373.



1 l and B

[
[

[

[

[
[
[

[

[
[
[
[
[
[

[
[
[

[

[

[

[

[
[
[

[
[
[
[

[

374 A.R. Oyler et al. / Journal of Pharmaceutica

[11] H.-C.H. Lutzhoft, C. Foged, S.R. Rasmussen, S. Lehmann, H. Olsen, J. Pharm. Sci.
93 (2004) 1142–1153.

12] X. Jin, X. Yang, L. Yang, Z.-L. Liu, F. Zhang, Tetrahedron 60 (2004) 2881–2888.
13] G.B. Smith, L. DiMichele, L.F. Colwell Jr., G.C. Dezeny, A.W. Douglas, R.A. Reamer,

T.R. Verhoeven, Tetrahedron 49 (1993) 4447–4462.
14] R.C. Mordi, J.C. Walton, G.W. Burton, L. Hughes, K.U. Ingold, D.A. Lindsay, D.J.

Moffatt, Tetrahedron 49 (1993) 911–928.
15] A.R. Oyler, M.G. Motto, R.E. Naldi, K.L. Facchine, P.F. Hamburg, D.J. Burinsky, R.

Dunphy, M.L. Cotter, Tetrahedron 45 (1989) 7679–7694.
16] M. Morita, M. Tokita, Lipids 41 (2006) 91–95.
17] M. Morita, M. Tokita, Lipids 43 (2008) 589–597.
18] P. Luna, M.A. de la Fuente, D. Salvador, G. Marquez-Ruiz, Lipids 42 (2007)

1085–1092.
19] C. Schneider, W.E. Boeglin, H. Yin, N.A. Porter, A.R. Brash, Chem. Res. Toxicol. 21

(2008) 895–903.
20] C. Schneider, N.A. Porter, A.R. Brash, J. Biol. Chem. 283 (2008) 15539–15543.
21] T.I. Pajunen, M.P. Johansson, T. Hase, A. Hopia, Lipids 32 (2008) 599–610.
22] S.W. Hovorka, C. Schoneich, J. Pharm. Sci. 90 (2001) 253–269.
23] K.U. Ingold, Acc. Chem. Res. 2 (1969) 1–9.

24] K.B. Clark, J.A. Howard, A.R. Oyler, J. Am. Chem. Soc. 119 (1997) 9560–9561.
25] J.A. Howard, in: Z.B. Alfassi (Ed.), Peroxyl Radicals, Wiley, Chichester, UK, 1997,

pp. 283–334.
26] S. Ramcharitar, S. Vaina, P.W. Serruys, Am. J. Cardiovasc. Drugs 7 (2007) 81–93.
27] A. Abizaid, Vascular Health and Risk Management 3 (2007) 191–201.
28] G.D. Curfman, N. Engl. J. Med. 346 (2002) 1770–1771.

[
[
[

[

iomedical Analysis 48 (2008) 1368–1374

29] T. Suzuki, G. Kopia, S-i. Hayashi, L.R. Bailey, G. Llanos, R. Wilensky, B.D. Klugherz,
G. Papandreou, P. Narayan, M.B. Leon, A.C. Yeung, F. Tio, P.S. Tsao, R. Falotico,
A.J. Carter, Circulation 104 (2001) 1188–1193.

30] T. Zhu, United States Patent No. US 6,399,625 B1, June 4, 2002 (Chem. Abstr.
136 (2002) 294672).

31] G. Marquez-Ruiz, F. Holgado, M.C. Garcia-Martinez, M.C. Dobarganes, J. Chro-
matogr. A 1165 (2007) 122–127.

32] G. Marquez-Ruiz, M.C. Perez-Camino, M.C. Dobarganes, J. Chromatogr. 514
(1990) 37–44.

33] I.C. Burkow, R.J. Henderson, J. Chromatogr. 552 (1991) 501–506.
34] M. Lopez-Serrano, A.R. Barcelo, J. Chromatogr. A 919 (2001) 267–273.
35] P. Li, D.W. Coleman, K.M. Spaulding, W.H. McClennen, P.R. Stafford, D.J. Fife, J.

Chromatogr. A 914 (2001) 147–159.
36] E.E. Mansouri, N. Yagoubi, D. Ferrier, J. Chromatogr. A 771 (1997) 111–118.
37] W. Schwald, R. Concin, G. Bonn, O. Bobleter, Chromatographia 20 (1985) 35–40.
38] G. Boccardi, in Ref. [3], pp. 205–234.
39] E.D. Nelson, P.A. Harmon, R.C. Szymanik, M.G. Teresk, L. Li, R.A. Seburg, R.A.

Reed, J. Pharm. Sci. 95 (2006) 1527–1539.
40] K.C. Waterman, R.C. Adami, K.M. Alsante, J. Hong, M.S. Landis, F. Lombardo, C.J.
Roberts, Pharm. Dev. Technol. 7 (2002) 1–32.
41] B. Zhang, X. Li, B. Yan, Anal. Bioanal. Chem. 390 (2008) 299–301.
42] A.M. Striegel, Anal. Bioanal. Chem. 390 (2008) 303–305.
43] C. Wu, Handbook of Size Exclusion Chromatography and Related Techniques,

Second Edition, Marcel-Dekker, New York, 2004.
44] S.S. Hang, in Ref. [43], pp. 481–499 (Chapter 17).


	Mass balance in rapamycin autoxidation
	Introduction
	Experimental
	Materials and equipment
	Autoxidation of rapamycin
	RP-HPLC-UV-MS
	SEC-UV-RI

	Results and discussion
	Forced degradation studies
	Mass balance
	Validation of RP-HPLC-UV method
	Validation of SEC-UV method

	Conclusions
	Acknowledgement
	References


