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ABSTRACT: While the physical properties of pharmaceutical excipients have been well
characterized, impurities that may influence the chemical stability of formulated drug
product have not been well studied. In this work, the hydroperoxide (HPO) impurity
levels of commonpharmaceutical excipients aremeasured and presented for both soluble
and insoluble excipients. Povidone, polysorbate 80 (PS80), polyethylene glycol (PEG)400,
and hydroxypropyl cellulose (HPC) were found to contain substantial concentrations of
HPOs with significant lot-to-lot and manufacturer-to-manufacturer variation. Much
lower HPO levels were found in the common fillers, like microcrystalline cellulose
and lactose, and in high molecular weight PEG, medium chain glyceride (MCG), and
poloxamer. The findings are discussedwithin the context ofHPO-mediated oxidation and
formulating drug substance sensitive to oxidation.Of the four excipientswith substantial
HPO levels, povidone, PEG 400, and HPC contain a mixture of hydrogen peroxide and
organic HPOs while PS80 contains predominantly organic HPOs. The implications of
these findings are discussed with respect to the known manufacturing processes and
chemistry of HPO reactivity and degradation kinetics. Defining critical HPO limits for
excipients should be driven by the chemistry of a specific drug substance or product and
can only be definedwithin this context. � 2006Wiley-Liss, Inc. and theAmericanPharmacists

Association J Pharm Sci 96:106–116, 2007
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INTRODUCTION

Excipients in pharmaceutical dosage forms are
increasingly viewed as important contributors to
the overall properties of the dosage form. As such,
excipient characterization efforts have become
more prevalent. The physical properties of exci-

pients have received the most attention, and the
topics of excipient functionality testing and multi-
source excipient equivalence have been largely
discussed in this context.1,2 However, the chemi-
cal impurity profiles of excipients have not, in
general, received similar attention. Excipient
chemical impurity profiles can be very important
in influencing the long-term chemical stability
performance of the formulated drug product,
particularly if an oxidatively sensitive drug is
being formulated.

Oxidative degradation leads to the loss of drug
potency over time and may challenge formulation
development, reduce shelf life for a drug candi-
date, prolong development, and delay time to
market. In this context, trace level hydroperoxide
(HPO) impurities can play a major role. HPOs can
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be an ‘‘organic’’ hydroperoxide (ROOH), where R is
a carbon atom, or hydrogen peroxide (H2O2).HPOs
can be catalytically decomposed by trace levels of
transition metals (such as iron(III)) as well as by
heat and light to give peroxy and alcoxyl radicals.
These radicals can initiate chain propagation of
peroxy radicals, which subsequently react with
and degrade oxidatively sensitive drug substances
(single-electron transfer).3–5 Direct reaction of
HPOs with nucleophilic groups (two-electron
transfer) such as amines and thio-ethers is also
possible and leads to degradation of drug sub-
stance.3,6 Despite this known reactivity, there has
generally been only scattered reporting of HPO
levels in common pharmaceutical excipients.

Most of these investigations have focused on
liquid phase excipients such as polysorbates and
polyethylene glycols.7–13 These measurements
were performed using several different techni-
ques: the ferrous oxidation-xylenol orange (FOX2)
method, the coupled oxidation of NADPH method
and the iodometric method. More recently, Huang
et al.14 described the liquid chromatographic-
electrochemical determination of residual H2O2

in polyethylene glycol (PEG) 400, polyvinlypyrro-
lidone (PVP), and polysorbate. This work demon-
strated significant and variable trace levels of
H2O2 in these excipients. The drawback to this
methodology is that it does notmeasure theROOH
content of the excipients. The goal of this workwas
to monitor ‘‘total’’ HPO content (ROOHþH2O2)
witha simple, rapid, and sensitivemethodology for
common pharmaceutical excipients, both soluble
and insoluble. The need for a rapid and sensitive
method that can be used to measure total HPOs in
excipients led to the selection of the FOX2 assay, a
sensitive and relatively simple technique for
measuring total HPOs.15 The FOX2 assay has
been used to evaluate oxidative damage in human
and plant tissues, and in polysorbate 80
(PS80).11,16–18 For comparative purposes, we have
also used a second HPO assay, involving triphe-
nylphosphine (TPP), which is also selective for
both ROOH and H2O2.

19,20 The TPP assay pro-
ceeds via a different reaction mechanism than
FOX2and this attribute can beused to validate the
results from the two methods.

We report total HPO levels in 10 common
pharmaceutical excipients, including PVP, hydro-
xypropyl cellulose (HPC), PS80, PEG400,medium
chain glycerides (MCGs), poloxamer, lactose,
sucrose, microcrystalline cellulose, and mannitol.
Total HPO levels range over three orders of
magnitude for these excipients; from <10 nmole

HPO/g for microcrystalline cellulose, lactose,
sucrose, and mannitol to over 10000 nmole HPO/
g for certain lots of PVP. A more detailed study of
HPO content of HPC, PVP, and PS80 is presented,
with data on multiple lots and different excipient
grades. These studies include an evaluation of the
HPO content of the same excipients from different
vendors. Finally, for excipients with the highest
total HPO content, the individual contributions
from H2O2 and ROOH are measured and the
implications discussed.

EXPERIMENTAL

Materials

The following excipients were used as received
from commercial vendors: povidone supplied by
BASF Corporation (Mount Olive, NJ), Interna-
tional Specialty Products (ISP, Wayne, NJ), and
Acros Organics (Morris Plains, NJ), PEG supplied
by Dow Chemical Company (Nitro, WV), PS80
supplied by Croda, Inc. (Mill Hall, PA), NOF
Corporation (Tokyo, Japan), and Acros Organics,
HPC supplied by Hercules/Aqualon (Wilmington,
DE), lactose supplied by Foremost Farms USA
(Rothschild, WI), mannitol supplied by Roquette
(Gurnee, IL), avicel supplied by FMC Corporation
(Philadelphia, PA), sucrose supplied by Mallinck-
rodt (Phillipsburg, NJ), poloxamer supplied by
BASF (Roxbury, NJ), andMCGs supplied by Sasol
(Witten, Germany). All excipients are compendial
grade unless otherwise noted. The specific lot
numbers of the excipients are included in the data
tables. Catalase from bovine liver, xylenol orange
(sodium salt), and butylated hydroxytoluene
(BHT) were obtained from Sigma (St. Louis,
MO). Ferrous ammonium sulfate was purchased
from Aldrich (Milwaukee, WI). TPP and triphe-
nylphosphine oxide (TPO) were purchased from
Acros Organics. Sulfuric acid, methanol, and
water were obtained from Fisher Scientific (Phi-
ladelphia, PA). All other purchased chemicals
were of analytical grade or higher.

Hydroperoxide Assay 1: FOX2 Methodology

The FOX2 assay has been used in total HPO
measurements for a range of applications and the
chemical principles of the assay have been well
studied.21 The assay is based on the reduction of
the HPO by Fe(II) under acidic conditions. The
resulting ferric ion forms a strong complex with
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xylenol orange that is measured spectrophotome-
trically at 560 nm. The reaction stoichiometry is
approximately 2 moles of Fe(III) formed from
1 mole of HPO, for either H2O2 or ROOH.21 For
this work, the FOX assay version II (FOX2) is
selected because it permits more accurate quanti-
tation of the HPOs in common pharmaceutical
excipients without detailed knowledge of the type
of HPO (ROOH or H2O2) or the structure of the
R group on ROOH.

The FOX2 reagent is prepared according to the
method described in previous work.22 The final
FOX2 color reagent (CR) contains 4 mM BHT,
0.10 mM xylenol orange, 0.25 mM ferrous ammo-
nium sulfate, and 25 mM sulfuric acid in 10/90:
water/methanol. The final blank reagent (BR)
contains the same components as the CR except
ferrous ammonium sulfate. The CR and BR are
prepared fresh daily in sufficient volume such that
all sample controls and the standard solutions can
be prepared using the identical preparation of
reagent solutions. UV/Vis analysis is performed
using anHP 8453UV/Vis Spectrophotometer from
Agilent (Palo Alto, CA) with a 1 mL micro volume
quartz cuvette. The absorbance of sample and
standard solutions is measured at 560 nm with
background subtraction at 900 nm.

Excipients samples are prepared between 0.02
and 0.001 g/mL of the color reagentwhich iswithin
the linear response of the UV measurement. In
most cases the excipient is added into a vigorously
stirring solution in order to avoid gel formation.
Multipoint stir plates areused to stir all samples at
a fixed RPM. The solutions of insoluble excipients
are clarified through a two-step process involving
centrifugation and then filtration before UV
analysis. The filtration procedure requires pre-
treating the syringes with the color reagent, as the
syringes appear to have some HPOs present. A
standard curve of H2O2 with several concentra-
tions between 0 and 15 mM is prepared each day
and the response is used to calculate the concen-
tration of HPOs in excipients.

The sample testing methodology is optimized to
increase the method precision. For each excipient
tested, four sample solutions are prepared: in the
color reagent, in the reagent blank, and two control
solutions (CR and RB without excipient). All
solutions are stirred at a controlled RPM for the
same length of time (2 h) to ensure sample
homogeneity and reproducible background oxida-
tion of Fe(II). The control solution of color reagent
is used to account for Fe(III) present in the ferrous
ammonium sulfate and for the background oxida-

tion of color reagent—Fe(III) formed by the slow
oxidation of Fe(II). The reagent blank control is
used to account for interfering species such as
residual Fe(III) in glassware, manufacturing
equipment, and excipients.

Hydroperoxide Assay 2: TPP/TPO Methodology

Triphenylphosphine is a convenient HPLC-based
methodology for determining the H2O2 and
ROOH content of solutions. The methodology
has been published previously.19 TPP reacts
rapidly and quantitatively with H2O2 or ROOH
to give 1 mole of TPO for each mole of HPO
reacted.20 TPP and TPO are easily resolved
chromatographically. Excipients are added to a
standard solution of 0.1 mg/mL TPP in 100%
methanol. The sample is then allowed to react for
15 min prior to HPLC analysis. TPO area is
compared to that from an identical sample with-
out excipient added as a control. With a detection
wavelength of 203 nm, the response factors of TPP
and TPO are similar. The TPO peak area is
converted to TPO concentration by using the TPP
standard area and concentration. The TPP/TPO
chromatographic conditions are as follows: col-
umn; 5 cm� 4.6 mm Synergi Polar-RP, column
temperature 408C, flow rate 1.0 mL/min, injection
volume 10 mL, detection wavelength 203 nm,
isocratic mobile phase of 75% methanol/25%
water with a run time of 12 min. All HPLC
analyses were performed on an Agilent 1100
(Agilent, Wilmington, DE) HPLC instrument
with diode array detection.

Organic HPO and Hydrogen Peroxide
Distribution: Catalase Methodology

Catalase is used to identify the type of HPOs
present in PEG, HPC, PVP, and PS80. Catalase
reacts with H2O2 but not with ROOH, and can be
used to distinguish between these two HPOs in
excipients. Excipient is reacted with catalase and
then tested by the FOX2 assay for the remaining
HPO concentration, which is only ROOH. The
difference in FOX2 absorbance between excipient
with catalase and excipient without catalase
shows the amount of H2O2 in excipient. Spike
and recovery experiments are conducted to
demonstrate the activity of catalase in the
presence of PS80.

A solution of catalase is prepared at 1200
activityunits/mL inwater.Concentrated excipient
solutions are prepared in water at approximately
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3–10� the concentration used in the FOX2 assay
experiments. After mixing, the concentrated exci-
pient solution is divided into two portions and
mixed in a 5:1 ratiowith catalase solution andwith
water, respectively. After 1 h of reaction, these two
portions are each mixed with the FOX2 color
reagent. All other testing methodology is as
described for FOX2.

RESULTS

Overview of HPOs in Common
Pharmaceutical Excipients

The HPO results for 10 common pharmaceutical
excipients are presented in Table 1 with measure-
ments performed using the FOX2 assay. Table 1
gives average HPO values as well as the highest
and lowest HPO values determined for multiple
lots tested. The excipients in Table 1 are listed in
order from the highest average HPO determined
(PVP, 7300 nmole/g) to the lowest values of
<10 nmole/g for MCG, microcrystalline cellulose,
mannitol, lactose, and sucrose. Overall PVP, PEG
400, PS80, and HPC contain significant levels of
HPOs. In these cases, the difference in HPO
content between different excipient lots and
grades can be significant and is much larger than
the measured RSD (<10%) for multiple prepara-
tions of the same lot. MCG and the common
formulation diluents/fillers like mannitol and
lactose contain low HPO levels. The HPO content
of microcrystalline cellulose (avicel PH 101, 102,

105, and 200 grades) was also found to be less
than 10 nmole/g.

A comparison of HPO values from the manu-
facturer certificate of analysis to the FOX2method
is shown in Table 2. It is evident that there is no
standardized practice for measuring or reporting
peroxide values for oxidizable excipients like
PS80, PEG, and povidone. For example, not all
grades of povidone or batches of PS80are tested for
peroxides even thoughperoxides are expected tobe
present. The certificate of analysis for HPC does
not contain HPO-testing results (data not shown).
Even when peroxide values are reported, these
values are lower than when determined using the
FOX2 (andTPP)method. These differences under-
score the need for active monitoring of excipients
by end users and also highlight the importance of
using one assay methodology to test all excipients.

Table 3 shows total HPO determinations for
specific lots of povidone, PEG 400, PS80, HPC,
MCG, and avicel using both the FOX2 and the
TPP/TPOmethodologies. Overall the HPO results
from both methodologies agree well in that the
same ranking of highHPOand lowHPO content is
generally obtained across all the various excipi-
ents as well as within the multiple lots of each
excipient tested. This shows there are no large
differences in selectivity between the reactivity of
the Fe (II) reagent and the reactivity of TPP. There
are, however, some interesting excipient-specific
trends in Table 3. The agreement between the
HPO values measured by FOX2 and TPP/TPO
assay is essentially quantitative for HPC and

Table 1. Measured Level of Hydroperoxides in a Set of Common Pharmaceutical
Excipients

Excipient
# Lots
Tested

Average HPOa

(nmole/g)
High HPO Lot

(nmole/g)
LowHPO Lot
(nmole/g)

PVP 5 7300 11000 3600
PEG 400 4 2200 3300 1000
PS80 8 1500 4600 180
HPC 21 300 890 50
Poloxamerb 7 30 50 10
PEG solidc 4 20 40 <10
MCG 3 <10 <10 <10
Microcrystalline cellulose 5 <10 10 <10
Mannitol 5 <10 <10 <10
Lactose 5 <10 10 <10
Sucrose 5 <10 20 <10

aHydroperoxide levels were acquired using the FOX2 assay. In some cases data reflect mulitiple
vendors and grades of excipient. The overall trend shows that PVP, PEG 400, and PS80 have
consistently higherHPO levels. HPC can also have significant levels. PoloxamerHPO content is low
and the remaining excipients have very lowHPO content at the detection limit of the FOX2method.

bDifferent batches and grades (188, 338, and 407) of poloxamer solid are included.
cTesting is performed on batches of PEG 3400, 4600, and 6000.
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PS80. However, for PVP and PEG 400, the TPP/
TPOmethodology gives total HPO values approxi-
mately two times larger than the FOX 2 assay.
These excipient-specific trends will be discussed
later.

Variable HPO According to Lot and Grade

Table 3 shows three- to sixfold variation in HPO
content between different lots of the same
excipient from the same vendor. Different HPO
contents of different grades of the same material
are also evident. This variation prompted a
further investigation into the HPO content of
several excipients. First, the total HPO content of
various grades and lots of HPC was investigated,
the resulting HPO data are shown in Table 4a,b.
Table 4a shows 15 lots of LF grade HPC from the
same vendor. The HPO content ranges from about
100 to 900 nmoles/g with no clear trend. Table 4b
shows HPO data for different grades of HPC listed
from the highest molecular weight material to the
lowest. Once again there is no trend between the
total HPO content and the average molecular
weight of the HPC.

Polyvinlypyrrolidone and PS80 (Tabs. 1, 3)
show high and variable HPO content and were
also examined in more detail. Table 5 shows
the PVP HPO content as a function of average
molecular weight and vendor. From Table 5
there is a correlation between HPO content and

Table 2. Comparison of HPO Content: FOX2 Assay and Excipient Certificate
of Analysis

Excipient & Grade
Manufacturer and

Lot Number
HPO/Peroxides
from C of A

HPO
(nmole/g)

PVP K17 BASF 20713588Q0 67 mg/kg 7800
PVP K29 ISP 05200087543 24 ppm 3900
PVP K29 ISP 05500129956 24 ppm 5200
PVP K90 ISP 03400121902 NR 7000
PVP K90 ISP 03500132524 NR 8800
PS80 Croda T4H-1033 0.00 mEq^02/kg 1100
PS80 Croda T4H-1034 0.00 mEq^02/kg 2100
PS80 Croda 0000114277 0.10 mEq^02/kg 750
PS80 Croda 0000136437 0.08 mEq^02/kg 570
PS80 NOF 402TA52 NR 1600
PS80 NOF 502TA51 NR 7700
PEG 400 Dow RD0755S4D2 NR 730
PEG 400 Dow QJ1155S4D5 NR 1100
PEG 4000 Dow RF1755S7B1 NR <10
PEG 4600 Dow QK0555S7D1 NR <10

NR, A peroxide # is not reported on the vendor certificate of analysis.
It is estimated that 1 ppm peroxide or mg peroxide/kg¼ 30 nmole HPO/g and 0.1 mEq^02/

kg¼300 nmole HPO/g.

Table 3. Comparison of HPO Content: TPP/TPO
Versus FOX2 Methodologies

Excipient ID of Lot & Grade

HPO (nmole/g)

FOX2 TPP/TPO

PVP K12, Acros A0180479a 2300 4300
K17, BASF 20713588Q0 7800 15000
K29, Acros A0189374a 3500 6700
K29, ISP 05200087543 3900 7400
K90, Acros A0159153a 13000 22000
K90, ISP 03400122434 8900 15000

PEG 400 Dow RD0755S4D2 730 2500
Dow QJ1155S4D5 1100 3300
Dow QH2355S4D3 3200 5700

PEG 3350 Dow SB2655S7B1 <10 20
PEG 4000 Dow RF1755S7B1 <10 20
PEG 4600 Dow QK0555S7D1 <10 <10
PS 80 Croda T4H-1033 1100 1100

Croda T4H-1014 1500 1400
Sigma Aldrich 09414KOa 4600 4300

HPC LF Grade Lot 9899 440 630
LF Grade Lot 9159 450 390
LF Grade Lot 4718 750 680
EF Grade Lot 9897 560 760

Avicel PH 101 FMC Lot 1321 <10 30
PH 102 FMC Lot 2462 <10 20

Comparison of hydroperoxide assay results using FOX2 and
TPP/TPOassays. In this case each excipient is sourced from the
same vendor. The results are in good agreement in regard to
overall HPO trends among the different excipients.

aNoncompendial grade.
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the average molecular weight of the PVP; the
larger themolecular weight the larger the amount
of HPO/g. Table 5 also highlights that significant
differences in HPO content (for similar average
molecular weight material) between different
vendors can be expected. Table 6 shows HPO data
for PS80 from different vendors and batches. The
HPO content in PS80 varied most significantly by
manufacturer. As noted earlier, not all vendors
report HPO levels for PS80. Interestingly, non-
compendial PS80 from Acros contains low HPO
levels comparable to many compendial batches.

Hydrogen Peroxide and Organic HPOs in Excipients

The distribution of the total HPO content into
ROOH and H2O2 in selected lots of PVP, PEG 400,
PS80, and HPC is shown in Table 7 using the
catalase methodology. Three of the four excipients
(PEG 400, PVP, and HPC) contain various
mixtures of ROOH and H2O2, while PS80 is
shown to contain essentially all ROOH and no
H2O2. Our catalase validation results confirm
that the catalase was not inactivated by PS80
(data not shown). Similar research on polysorbate
20 and 80 has found significant H2O2 levels.14,19

These results may not be comparable to our work
because of differences in storage conditions
(exposure to fluorescent light for 11 days) and
possible chromatographic interference observed
in the LC-wired enzyme testing methodology.

DISCUSSION

Formulating Oxidatively Sensitive Drug Substances

Solid Dosage Forms

Our findings are the first report of the total HPO
levels using the same assay methodology in a
broad range of common pharmaceutical excipi-
ents. It is clear that certain excipients like PVP,

Table 4a. Detailed Study of Hydroperoxides in HPC
(LF Grade)

Lot ID
HPO

(nmole/g) RSD (%)

3994 890 0.2
4362 440 4.0
4360 500 5.4
4718 750 1.3
5047 110 1.7
5825 140 6.3
6648 200 1.2
6832 210 3.2
9137 220 3.3
7622 270 3.9
9159 450 1.2
7616 220 11.2
8592 150 9.9
8604 100 17
8940 130 9.6

HPO Assay of 15 different lots of HPC LF grade material.
Significant variation of HPO content is observed. All HPC are
from same vendor.

Table 4b. Detailed Study of Hydroperoxides in HPC
(Six Different Grades of HPC)

Grade

Average
Molecular
Weight Lot #

HPO
(nmole/g) RSD (%)

HF 1150000 9821 330 14
GF 850000 9642 80 11
JF 370000 9686 50 1.5
LF A 140000 9843 150 2.0
LF B 95000 9899 440 0.6
EF 80000 9897 560 5.8

HPO Assay of six batches of HPC, one lot from grade of
commercially available material. No clear trend between HPC
molecular weight and HPO assay is evident.

Table 5. Study of Hydroperoxides in Different Grades
and Batches of PVP

Grade Manufacturer Lot #
HPO

(nmole/g)

K17 BASF 20713588Q0 7800
K17 BASF 34-0462 6900
K29 ISP TX70720 10000
K29 ISP 05100056272 3600
K29 ISP 05200087543 3900
K29 ISP 05500129956 5200
K90 ISP 03400121902 7000
K90 ISP 03400122434 9000
K90 ISP 03500132524 8800

Manufacturer & Lot
Number

Average
Molecular
Weight

HPO
(nmole/g)

Acros Lot A0180479a 3500 2300
Acros Lot A0199571a 8000 2800
Acros Lot A0189374a 58000 3500
Acros Lot A0159153a 1300000 13000

Significant differences in HPO content is observed for
different grade of PVP.ThemethodRSD forHPOmeasurement
of povidone is 1.7%.

aNoncompendial grade.
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PEG 400, PS80, and HPC have significant HPO
levels and that these levels may vary across
different grades and between manufacturers of
the same grade of excipient. In solid dosage forms,

PVP is commonly used as a binder for wet
granulation and is often used at fairly low levels.
However, the total HPO content is high enough in
PVP to promote significant degradation levels
when formulating an oxidatively sensitive drug
substance. Five percent PVP was shown to be
responsible for N-oxide formation of raloxifene
hydrochloride, due to the high HPO content.6

Similarly, HPC is used at low levels in solid
dosage forms and may introduce HPOs into the
formulation. During a wet granulation process of
a thio-ether with HPC, we observed sulfoxide
formation which was related to the HPOs in the
HPC.23 HPO growth was also observed during wet
granulation of the HPC containing placebo. The
degradation of raloxifene hydrochloride and of the
thio-ether are examples of the two-electron
nucleophilic reaction that can occur between
HPO and drug substance. Low-level HPO content
may also be sufficient to participate in peroxy
radical chain propagation (initiated by metal,
heat, or light). The radicals can behave as
initiators for radical chain processes leading to
significant HPO and radical concentrations from
a small amount of starting HPO. These radical
processes may result in significant degradation
of drug substance via single- and two-electron
reactions. Fortunately microcrystalline cellulose,
lactose, and mannitol commonly used in solid

Table 6. Variation of Hydroperoxides in
Polysorbate 80

Manufacturer Lot #
HPO

(nmole/g)

Croda T4h-1014 1500
Croda T4h-1024 1000
Croda T4h-1027 980
Croda T4h-1028 710
Croda T4h-1033 1100
Croda T4h-1034 2100
Croda 0000114277 750
Croda 0000136437 570
NOF 402TA52 1600
NOF 502TA51 7700
ACROS A017181501a 800
ACROS A016198601a 290
Sigma-Aldrich 09414KOa 4600
Sigma-Aldrich 1312CAa 1600

Significant differences in HPO content are observed for
differentmanufacturers of polysorbate 80. ThemethodRSD for
HPO measurement of polysorbate 80 is 2.3%.

aNoncompendial grade.

Table 7. Distribution of Hydrogen Peroxide and Organic Hydroperoxides in PEG,
PS80, PVP, and HPC

Excipient ID of Lot

Distribution of Hydroperoxides
HPO

(nmole/g)% ROOH % H2O2

PVP K12 Acros Lot A0180479a 80 20 2300
K17 Acros Lot A0199571a 40 60 2800
K29 Acros Lot A0189374a 60 40 3500
K29 ISP Lot 05200087543 70 30 3900
K90 Acros Lot A0159153a 80 20 13000
K90 ISP Lot 03400121902 80 20 7000

PEG 400 Dow RD0755S4D2 50 50 730
Dow QJ1155S4D5 60 40 1100
Dow QH2355S4D3 80 20 3200

PS 80 Croda T4H-1033 100 0 1100
Croda T4H-1014 100 0 1500
Croda T4H-1028b 100 0 3900

HPC LF Hercules Lot 4360 30 70 500
Hercules Lot 9899 40 60 440
Hercules Lot 9159 50 50 450
Hercules Lot 4718 30 70 750
Hercules EF Lot 9897 80 20 560

aNoncompendial grade.
bStored under ambient laboratory conditions for approximately 18 months.
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dosage forms are relatively low in HPO content.
Controlling HPO–drug reactions in solid dosage
forms can be achieved by selecting excipients with
low HPO levels, controlling crystallinity of the
drug substance, and by adding antioxidants to
stop HPO propagation and single-electron degra-
dation processes.

Lipid-Based Oral Formulations

Achieving adequate exposure of the drug sub-
stance can be a challenge especially for poorly
water-soluble compounds. This goal has driven
use of lipid-based dosage forms, in which drug
substances are formulated with glycerides or
surfactants such as MCG, PEG 400, poloxamer,
and PS80.24,25 The HPO data in Tables 1–4
clearly show that PS80 and PEG 400 have much
higher HPO levels than MCG and poloxamer.
Liquid formulations using PS80 and PEG 400
represent a highly ‘‘oxidizing’’ environment that
can be conducive to radical chain degradation
reactions as well as the two-electron nucleophilic
reactions. The reactivity of drug substance with
HPO is further enhanced by the amorphous
nature of drug substance and excipients in these
types of formulations. Thus, every effort should be
made to understand the reactivity of the drug
substance toward both HPOs (N-oxide, sulfoxide
type reactivity) as well as toward peroxy radi-
cals.26 If a drug substance is shown to be sensitive
to these types of oxidation reactions, PS80 and
PEG 400 should be avoided and surfactants such
as MCG and poloxamer should be evaluated. The
addition of antioxidant may also be necessary for
drug substances that are sensitive to oxidation.

Relationship between HPOs and
Excipient Manufacturing

An important finding of this article is that the
HPO content of excipients may contain significant
contributions from both ROOH and H2O2. These
findings also introduce the possibility that differ-
ent HPOs may yield different degradation
kinetics. Although it may not be necessary to
distinguish between ROOH and H2O2 in all cases,
the potential different reactivities of different
HPOs may have to be considered in specific
cases of drug substance or product sensitive to
oxidation.

A final aspect of the HPO distributions is to
generally rationalize the data shown in Table 7
with respect to each excipient’s known manufac-

turing process. In the case of PS80, there is no
hydrogen peroxide used in the manufacturing
process. PS80 itself has low energy C�H bonds
which can react with peroxy radicals via hydrogen
atom abstraction. Addition of molecular oxygen
can then lead to a HPO group on the PS80 (an
organic HPO). The oleic acid raw material also
carries HPO groups. In Table 7, the HPO content
for PS80 is exclusively ROOHwith no appreciable
H2O2. Similarly, the PEG 400 manufacturing
process does not use hydrogen peroxide, and PEG
400 also has oxidizable C�H bonds. Thus, we
would anticipate PEG 400 would be dominated by
ROOH. Table 6 shows that 20–50% of the HPO
content in PEG 400 is actually due to hydrogen
peroxide. We can only speculate that after manu-
facture, PEG 400 slowly oxidizes and some HPO
groups are eliminated as hydrogen peroxide. It is
also possible that the starting materials contain
low-level hydrogen peroxide impurities from their
respective syntheses or that some type of bleach-
ing with H2O2 has been utilized.

Polyvinlypyrrolidone is synthesized from N-
vinylpyrolidone via a free-radical polymerization
reaction from which oxygen is often excluded as
much as possible.27 However, trace levels of
oxygen remain that react with the polymerizing
free radicals to form HPO on the PVP backbone.
Thus a clear rationale for ROOH in PVP exists.
Hydrogen peroxide is also used at elevated
temperatures to initiate the free-radical polymer-
ization andmaybepresent as an impurity from the
manufacturing process. Table 7 shows that PVP
HPO content is typically dominated by ROOH,
but can have between 20% and 60% hydrogen
peroxide.

Finally,HPC is a slightly different case inwhich
the base cellulose is extracted and purified from
natural sources. The cellulose ether is then reacted
with propylene oxide under elevated temperature
and pressure. Hydrogen peroxide or tert-butyl
hydroperoxide treatment is commonly used to
reduce the average molecular weight of the
cellulose and residual levels may remain in HPC
as a processing impurity.28–30 However, no trend
of HPO content with molecular weight was noted
in Table 4a,b. Increasing degrees of cellulose
chain cleavage do not lead to systematically
higher HPO levels. It is possible that the
starting cellulose material carries some amount
of intrinsic HPO content. The oxidation of low
energy C�H bonds on HPC or on impurities
may also be responsible for some of the HPO
content.
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Attributes of HPO Testing Methodology

Although most of our HPO characterization has
been performed using the FOX2 method, a
comparison of the key method attributes shows
that either FOX2 or TPP/TPO may be used for
HPO testing of excipients. One key similarity is
that both methods are sensitive to the two classes
of HPO: hydrogen peroxide and organic HPOs. In
addition, each method can be used to generate
rapid and sensitive HPO measurements with a
precision (typical RSD< 3%) that is low enough
for discriminating comparisons of different
batches of excipients. These methods also yield
HPO results showing good agreement for excipi-
ents like PS80 and HPC. However, as shown in
Table 3 the HPO results for PVP and PEG were
significantly higher when using the TPP/TPO
method. For all samples, this difference appears
to be reproducible, systematic, and excipient
specific and was therefore investigated. The
possibility of differential reactivity of FOX2 and
TPP reagents with peroxides (ROOR) and HPOs
was explored. Based on our own findings, the
difference is not related to incomplete reactivity
with hydrogen peroxide or organic HPOs. In
addition, the reactivity of FOX2 and TPP with
peroxides does not explain the trends for PVP and
PEG since our research indicates neither method
is reactive with simple alkyl peroxides and other
investigators have shown that FOX2 is more
reactive with cyclic peroxides.31 One explanation
for this difference is that non-HPO impurities or
functional groups specific to PVP and PEG are
responsible for the different HPO results. It is
important to note that these non-HPO impurities
appear related to the HPO levels in the excipient.
For example, the HPO content of PVP tested by
TPP/TPO and FOX2 is different by a factor of
approximately 1.8� for all batches and grades
even spanning a 5� range of HPO values. This off-
target reactivity leads to the different and yet
reproducible HPO results observed for PVP and
PEG by either of two scenarios: reaction with TPP
to yield inflated HPO results compared to FOX2
or by reduction of the FOX2 signal (xylenol
orange–Fe(III) complex) leading to depressed
HPO results compared to the TPP result. It is
difficult to identify the exact cause without
detailed knowledge of the full excipient matrix
for PVP and PEG as well as the exact structure
of the organic HPOs which appear related to
this off-target reactivity/matrix effect. Hence,
an important objective for future work will be

characterization of the off-target reactivity/
excipient matrix for PVP and PEG as well as
structural information on the HPOs that appear
to influence this effect. Despite the differences in
Table 3, the HPO values obtained by FOX2 and
TPP/TPO have the same general trends among all
excipients and among different grades of the same
excipient (ex. PVP). Either method can be used to
provide similar information on common pharma-
ceutical excipients with the exception that the
same HPO assay should be used when running
comparative studies of excipients that include
PEG and PVP.

Acceptable HPO Limits Are Related to
Chemistry of Drug Substance or Drug Product

Our findings show that common excipients like
PVP, PEG 400, PS80, andHPC contain significant
HPO levels even though these are compendial
grade. In addition our results indicate consider-
able variability according to grade, batch, and
vendor and different practices for peroxide mon-
itoring by manufacturers. Some of the variability
may be related to differences in manufacturing
process, impurities in raw materials, bleaching or
storage conditions. These differences in addition
to HPO levels may not be communicated to end
users by the manufactures in part because it is
difficult to assign general limits on HPO levels in
excipients. These limits can only be properly
assigned in the context of a particular formulation
and active pharmaceutical ingredient. Thus,
when formulating oxidatively sensitive drug sub-
stances (especially those in an amorphous state),
carefully monitoring HPO content falls to the
excipient user.

Even when oxidation of drug substance is not a
problem, the HPO levels in excipients may lead to
other formulation challenges. Other researchers
have shown that HPO levels and oxidizability of
excipients can lead to significant changes in pH,
appearance, and viscosity.32–34 Furthermore, the
decomposition of HPO may yield unwanted impu-
rities such as aldehydes and carboxylic acids.
Aldehydes are also known to promote undesirable
capsule cross-linking in both hard and soft gelatin
capsules.35 Once again acceptable HPO limits can
only be assigned within the context of a particular
formulation that is known to be sensitive to the
HPOs and oxidation. In this case, the acceptable
limits for HPO content could be defined by under-
standing the relationship between HPOs and
formulation quality. We hope that our findings
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emphasize that excipient equivalence can not be
assumed when considering HPO content and that
monitoring HPO content of excipients may be
prudent in specific cases defined by the chemistry
of the drug substance or drug product.

CONCLUSION

The role of HPOs in the oxidative degradation of a
drug substance necessitates monitoring the HPO
content of excipients and formulated product. In
this study, the FOX2 and TPP/TPO assays were
used to produce quick, accurate, and sensitive
measurements of HPO concentrations for 10
common pharmaceutical excipients. Some excipi-
ents like HPC, PEG, PVP, and PS80 were found to
contain significant HPO levels. Other excipients
such as lactose, sucrose, avicel, and mannitol
have very low HPO levels. For those excipients
with significant HPO content, considerable varia-
tion in HPO content across different batches and
vendors may occur. For these excipients, active
monitoring and control of HPOs by the suppliers
may be necessary. The application of the HPO
measurement described in this article is not
limited to the testing of starting excipients but
may also be performed on the formulated drug
product when needed. The HPO assays could be
used in comparative studies of HPO levels. These
studies could involve different batches and types
of excipients and may lead to the selection of
excipients and manufacturing processes that
minimize HPO concentration and enhance drug
product stability. This methodology would be
particularly useful for drug substances prone to
HPO-mediated degradation pathways and could
be an effective way to avoid, solve, or minimize
unexpected stability problems.
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