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ABSTRACT: The effect of pH grade of silicates on chemical stability of amorphous drugs
coground with silicates (Neusilin and Aerosil) was investigated using quinapril HCl
(QHCl) as a model drug. The ability of pH-modifiers (ascorbic acid and MgO) to improve
chemical stability was explored. PXRD and polarized light microscopy indicated com-
plete amorphization of all samples by cryo-grinding. All samples remained amorphous
during stability study at 408C and 48% RH. In general, drug degradation was greater in
the QHCl/silicate (1:3) coground amorphous samples than the neat amorphous QHCl.
The rate of diketopiperazine formation by cyclization of QHCl was higher in the presence
of lower pH grades than higher pH grades of silicates. However, the pH-stability profile
of coground amorphous systems prepared with different pH grades of silicates was not
consistent with the pH-stability profile of the drug in solution. A basic pH-modifier
(MgO) in a lower pH grade silicate (Neusilin US2) stabilized coground amorphous QHCl.
Also, an acidic pH-modifier (ascorbic acid) in a higher pH grade silicate (Neusilin FL2)
suppressed QHCl hydrolysis. The pH grade of silicates is a major factor affecting the
chemical stability of a coground amorphous drug and pH-modifiers are useful for
chemical stabilization without compromising physical stability. � 2009 Wiley-Liss, Inc.

and the American Pharmacists Association J Pharm Sci 98:3358–3372, 2009
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INTRODUCTION

Amorphous systems of active pharmaceutical
ingredients have been used to enhance dissolution
rate and bioavailability of poorly soluble drugs.1–4

However, in general, amorphous forms are
chemically less stable than their corresponding
crystalline forms.5–8 For instance, completely
amorphous aspirin in controlled pore glass solid
dispersions resulted in a higher drug degradation
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than partially amorphous aspirin.8 Studies on
oxidation and UV-induced degradation of amor-
phous and crystalline peptides indicated faster
degradation of the amorphous forms.5 Also, higher
drug degradation through a cyclization reaction is
reported in amorphous quinapril hydrochloride
(QHCl) and spirapril hydrochloride than in the
corresponding crystalline forms.5,7 These diffe-
rences in chemical stability are attributed to the
higher molecular mobility and reactivity of the
amorphous states compared to the crystalline
forms. As a result, the practical application of
amorphous drugs for improved dissolution rate
and bioavailability may be limited due in part to
lower chemical stability.
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Silicates are used in pharmaceutical formula-
tions as glidants, anticaking agents, adsorbents,
disintegrants, and suspending agents.9 In addi-
tion, various silicates have been investigated for
their ability to improve the physical stability of
amorphous drugs, and hence to enhance dissolu-
tion rate and bioavailability of poorly soluble
drugs.2–4,10–14 Formation of physically stable
amorphous drugs by cogrinding with silicates
has been attributed to drug–silicate interactions,
for instance, through hydrogen bonding.12,13 It is
reasonable to expect that the interaction of drug
molecules with silicates would also result in
lower molecular mobility of drugs as compared
to the neat amorphous drug alone, thereby
improving the chemical stability of coground
amorphous drug as well. However, silicates are
catalysts known to facilitate hydrolysis, oxidation,
and other reactions commonly involved in
drug degradation.8,15–17 Therefore, it is unclear
whether drug amorphization with silicates
improves chemical stability due to lower molecu-
lar mobility and/or facilitates degradation due to
the catalytic effect of silicates.

Reports in the pharmaceutical literature show
inconsistent effects of silicates on chemical
stability of drugs.8,15–18 Daniels et al.16,17 reported
the hydrolysis of acetylsalicylic acid and pro-
pantheline bromide adsorbates on silica surfaces.
The authors indicated that drug degradation
was influenced by surface impurities of silica,
adsorbed water and pH of drug–silica suspen-
sions. However, in those studies, the pH was
adjusted by addition of NaOH or phosphate buffer
during the preparation of drug–silica adsorbates
rather than using different pH grades of silicates.
Therefore, their studies may not reflect the effect
of inherent pH of silica. Lau-Cam et al.15 reported
hydrolytic degradation of amorphous digoxin in
silicon dioxide and ascribed the results to the
acidity, surface area, and pore size of silica. On the
other hand, Gore et al.18 showed stabilization of
aspirin in tablets containing 1–15% colloidal silica
as compared to the control aspirin tablets at 82%
RH and 408C. The authors proposed that in
addition to other factors, the stabilization was due
to internal moisture scavenging by silica. How-
ever, samples were open to the humidity and
moisture scavenging may not provide a suitable
explanation, since there would be equilibration of
humidity. Yonemochi et al.8 reported an inverse
relationship between %RH and degradation rate
constants for the hydrolysis of 1% amorphous
aspirin in controlled pore glass at 508C. The
DOI 10.1002/jps JOURN
results were attributed to the competitive adsorp-
tion of aspirin and water molecules on silica
surface, which would result in reduced catalytic
effect of silica surface at higher %RH.

In the present study, the effect of pH grade of
silicates on chemical stability of a drug amor-
phized by cogrinding with silicates was investi-
gated. The potential use of acidic and basic pH-
modifiers to improve the chemical stability of
amorphous drugs coground with silicates was also
explored. QHCl, an ACE-inhibitor, which is prone
to degradation involving cyclization and hydro-
lysis reactions (Scheme 1) was selected as the
model drug. Since both cyclization and hydrolysis
of QHCl are pH-sensitive, QHCl is a useful probe
to investigate the effect of pH grade of silicates on
chemical stability and to study the potential use of
pH-modifiers for stabilization. Most ACE-inhibi-
tors are structurally related and known to
degrade by cyclization and hydrolysis. Therefore,
QHCl is a representative drug for structurally
related ACE-inhibitors and other drugs, which
degrade by similar mechanisms. QHCl was
received as a partially amorphous drug. Neat
amorphous QHCl, which has a glass transition
temperature (Tg) of 918C,19 remained amorphous
for the entire period of stability study. Therefore,
neat amorphous QHCl prepared by grinding of the
drug alone was used as a control during the
chemical stability study of QHCl/silicate coground
amorphous samples.

The conversion of crystalline drugs to amor-
phous states in the presence of silicates is known
to be a spontaneous process.10–13 Therefore, this
research may be useful for crystalline drug
formulations containing pharmaceutical silicates.
However, the focus in the present study is on
amorphous systems prepared by grinding, so that
the chemical degradation kinetics will not be
confounded by the crystalline form of the drug
that would have been present during the sponta-
neous conversion to the amorphous form.
MATERIALS AND METHODS

Materials

Quinapril hydrochloride (3-isoquinolinecarboxylic
acid, 2-[2-[[1-(ethoxycarbonyl)-3-phenylpropyl]-
amino]-1-oxopropyl]-1,2,3,4-tetrahydro-, mono-
hydrochloride, [3S-[2[R�(R�)],3R�]]), QHCl, was
purchased from Farmhispania, S.A. (Barcelona,
Spain). Reference standards of the two major
AL OF PHARMACEUTICAL SCIENCES, VOL. 98, NO. 9, SEPTEMBER 2009



Scheme 1. Degradation pathways of quinapril hydrochloride (QHCl).
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degradation products of QHCl, quinapril diketopi-
perizine (ethyl[3S-[2(R�),3a,11ab]]-1,3,4,6,11, 11a-
hexahydro-3-methyl-1,4-dioxo-a-(2-phenylethyl)-
2H-pyrazino[1,2-b]isoquinoline-2-acetate) and qui-
napril dicarboxylic acid (3-isoquinolinecarboxylic
acid, 2-[2-[(1-carboxy-3-phenylpropyl)amino]-1-oxo-
propyl]-1,2,3,4-tetrahydro-,[3S-[2[R�(R�)],3R�]]),were
obtained from USP (Rockville, MD). Neusilin
(magnesium aluminometasilicate) and Aerosil
(silicon dioxide) were obtained from Fuji Chemicals
(Inglewood, NJ) and Degussa Corporation (Parsi-
panny, NJ), respectively. The pH grade of silicates
along with surface area specifications are given
in Table 1. Acetonitrile (Optima LC/MS grade),
methanol (HPLC grade), Mg(NO3)2�6H2O, HCl
(1N), NaOH (1N), formic acid (88%), ascorbic acid
(Certified ACS), and MgO (Certified ACS) were
obtained from Fisher Scientific (Atlanta, GA).
Preparation of Amorphous Samples

Neat amorphous QHCl and QHCl/silicate co-
ground amorphous samples with or without a
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 98, NO. 9, SEPTEMBER 2009
pH-modifier (MgO or ascorbic acid) were prepared
by cryo-grinding using a cryo-mill (6750 Freezer/
Mill1, SPEX SamplePrep, Metuchen, NJ) equipped
with polycarbonate sample tubes (2 cm diameter
and 10 cm length) and a stainless steel impactor
(0.9 cm diameter and 6 cm length). A sample size
of 2 g material was used in each cryo-grinding
batch. Samples were first precooled for 15 min
in the cryo-mill filled with liquid nitrogen, then
ground for a total of 30 min with alternating cycles
of 2 min grinding and cooling at an impactor
frequency of 10 cycles/s.

Neat amorphous quinapril samples were also
prepared by lyophilization from aqueous QHCl
solutions (5 mg/mL) adjusted with 1N HCl or
NaOH to pH values of 1–7. The solutions (1 mL)
were filled into 5 mL serum tubing vials and
loaded onto a Dura-Stop Freeze Dryer (FTS
Systems, Stone Ridge, NY). The shelf temperature
was first held at �58C for 30 min. Then the
temperature was lowered to �408C at 18C/min
and held for 6 h for freezing. Primary drying was
carried out at �258C with a chamber pressure of
100 mTorr for 24 h. For secondary drying, the
DOI 10.1002/jps



Table 1. Types and Properties of Silicates Used in This Study

Silicate Type Abbreviationsa

Specificationsb Experimental pHc,d

Nominal pHc
Surface

Area (m2/g)
Silicate as
Received

QHCl/Silicate (1:3)
30 min Coground

Neusilin: magnesium aluminometasilicate
Neusilin US2 NUS2 6.0–8.0 300 7.13 5.68
Neusilin NFL2N NNFL2N 6.5–8.0 250 7.34 5.46
Neusilin FL2 NFL2 8.5–10.0 150 9.21 7.60
Neusilin FH2 NFH2 8.5–10.0 110 9.26 7.01

Aerosil: silicon dioxide
Aerosil 200 A200 3.7–4.7 200 4.33 2.03
Aerosil R812S AR812S 5.5–7.5 220 6.23 2.02
Aerosil 90 A90 3.7–4.7 90 4.49 2.04
Aerosil 380 A380 3.7–4.7 380 4.06 2.01

aUsed in this article for simplicity.
bProduct specifications from suppliers.
cpH of 4% (w/v) suspension in water.
dSD<0.13 for n¼3.
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temperature was increased to 258C at 0.28C/min
and held at 258C and 100 mTorr for 15 h.
Lyophilized samples were sealed in the vial under
vacuum and stored at �208C until analyzed or
placed on stability. A change in reconstituted pH
of lyophilized quinapril as compared to the initial
solution pH was observed (up to 1 pH unit) in some
samples, which is expected due to evaporation of
HCl during freeze drying process. Therefore, the
reconstituted pH, which represents the pH of
lyophilized samples, was used to determine the
chemical stability profiles of lyophilized samples.
Characterization of Amorphous Samples

Neat amorphous QHCl and QHCl/silicate
coground amorphous samples were characterized
using X-ray diffractometry and polarized light
microscopy to qualitatively evaluate the amor-
phous state of systems. Powder X-ray diffraction
(PXRD) was performed using Cu Ka radiation at
45 kV and 40 mA. PXRD data was collected at an
interval of 0.028 and a scanning rate of 28/min over
a 2u range of 5–408. Both fresh samples prepared
by cryo-grinding and samples stored at specified
conditions for 6 months were characterized to
monitor any reversion to crystalline form on
storage. The absence of birefringence under the
polarized light microscope was considered as
confirmation of the amorphous state.

The Tg of neat amorphous QHCl lyophilized
from solutions of different pH were determined
DOI 10.1002/jps JOURN
using differential scanning calorimetry (DSC
Q1000, TA Instruments, New Castle, DE) in
modulated mode using amplitude �18C, fre-
quency 150 s and ramp rate 28C/min. About
10 mg of the lyophilized samples were transferred
into aluminum pans and hermetically sealed in a
glove bag purged with dry nitrogen. Tg measure-
ments were conducted under a dry nitrogen purge
in the DSC.
Surface Area Measurement

Surface areas of QHCl and silicate samples (before
and after grinding) and QHCl/silicate (1:3)
coground samples were obtained using a surface
area analyzer (FlowSorb II 2300, Micromeritics,
Norcross, GA). A mixture of 30% nitrogen and 70%
helium was used for surface area measurement.
Sample sizes ranging from 50 to 300 mg were
used, depending on the density of the powder. All
samples were degassed at least for 8 h at 258C
prior to surface area measurement.
Chemical Stability of Amorphous Systems and
Assay Using LC/MS and HPLC/UV

Neat amorphous QHCl and QHCl/silicate
coground amorphous samples were stored at
elevated temperature, below Tg of the drug, to
study the chemical stability in the absence of
reversion to the crystalline form. The Tg of neat
amorphous QHCl equilibrated at 408C and
AL OF PHARMACEUTICAL SCIENCES, VOL. 98, NO. 9, SEPTEMBER 2009



Figure 1. PXRD patterns of QHCl and silicate sam-
ples at different time of cryo-grinding; (a) QHCl-0 min,
(b) QHCl-10 min, (c) QHCl-30 min, (d) QHCl:A200 (1:3)-
30 min, (e) QHCl:NUS2 (1:3)-30 min, (f) AR812S-0 min,
and (g) NUS2-0 min ground.
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different %RH was determined. The Tg values at
0, 6.3, 31.6, 48, and 53% RH were 91.4, 65.3, 60.9,
51.5, and 44.78C, respectively. Therefore, both
neat amorphous QHCl and QHCl/silicate
coground amorphous samples were stored at
408C and 48% RH (Mg(NO3)2�6H2O saturated
solution) in open vials. Stored samples were
periodically assayed for the drug and major
degradation products using LC/MS (Navigator1

MS, Thermo/Finnigan, Waltham, MA) and HPLC/
UV (HP Series 1100, Agilent Technologies, Santa
Clara, CA).

The mass spectrometry method was electro-
spray ionization in positive ion mode (ESIþ) using
a single quadrupole mass analyzer. The mobile
phase was methanol/0.1% formic acid/acetonitrile
(60/30/10) at a flow rate of 1 mL/min with a split of
1/3 of the flow directed into the mass spectro-
meter. For both LC/MS and HPLC/UV a C18
column (5 mm, 3.9 mm� 150 mm, Symmetry1,
Waters Corporation, Milford, MA) was used.
Sample solutions were prepared in methanol/
water (50/50) to make a concentration equivalent
to 20 mg/mL QHCl for LC/MS and 50 mg/mL QHCl
for HPLC/UV, based on the initial amount of drug
present in the sample. The injection volume was
10 mL. The mobile phase for HPLC/UV was 50 mM
potassium phosphate buffer (pH 4)/methanol/
acetonitrile (50/25/25) at a flow rate of 1 mL/
min. A diode array detector monitored peaks at
215 nm. During sample preparation, drug solu-
tions and drug/silicate suspensions were soni-
cated for 15 min and filtered through 0.2 mm
regenerated cellulose filters (Corning1 syringe
filters) before injection.

Both LC/MS and HPLC/UV methods yielded
well-resolved peaks for QHCl and its degradation
products (dicarboxylic acid (DCA), cyclized
and hydrolyzed quinapril (CHQ), and Diketopi-
perazine (DKP), Scheme 1). For instance, by
using the HPLC/UV method, retention times for
DCA, CHQ, QHCl, and DKP were 1.9, 4.9, 8.2, and
15.0 min, respectively. The peaks in the LC/MS
chromatogram were identified by the masses
of molecular ions (MþH) of 393, 411, 421,
and 439 corresponding to CHQ, DCA, DKP, and
QHCl, respectively. HPLC/UV calibration curves
were developed using pure QHCl and USP
reference standards of the two degradation
products (DKP and DCA) for quantification of
the drug remaining and major degradation
products formed. The calibration curves were
linear (r2� 0.999) in the concentration range of
0.5–250 mg/mL.
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Determination of pH-Stability Profile of QHCl in
Aqueous Buffer Solutions

Aqueous buffer solutions (pH 1–10) with total
buffer concentration of 10 mM were prepared
according to the USP.20 QHCl solutions of 100 mg/
mL were prepared in the buffer solutions at each
pH. The pH of the buffer solutions was adjusted, if
necessary, after addition of the drug. Drug
solutions were stored at 408C in closed vials and
assayed periodically by HPLC/UV.
RESULTS

Characterization of Amorphous Samples by PXRD
and Polarized Light Microscopy

PXRD and polarized light microscopy were used to
verify drug amorphization by cryo-grinding.
Figure 1 shows sample PXRD patterns of QHCl,
silicate and QHCl/silicate systems after different
cryo-grinding times. All silicates (Tab. 1) used in
this study were confirmed amorphous by their
initial PXRD pattern (at 0 min grinding) in
Figure 1, as indicated by the absence of diffraction
peaks and a broad halo at 20–258 2u. The PXRD
pattern of QHCl before grinding shows two
diffraction peaks at 78 and 98 2u, and a broad
halo at 16–228 2u indicating the partially amor-
phous nature of QHCl as received (Fig. 1). Cryo-
grinding of QHCl alone for 10 min resulted in a
decrease but not an elimination of the two
diffraction peaks at 78 and 98, and therefore, the
drug was not completely amorphous. However,
DOI 10.1002/jps
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upon grinding for 30 min the diffraction peaks
were completely eliminated, indicating that the
drug was X-ray amorphous. In addition, a physical
mixture of QHCl and silicate coground for 30 min
resulted in an X-ray amorphous powder (Fig. 1).
Polarized light microscopy confirmed the PXRD
results as indicated by the absence of birefrin-
gence for X-ray amorphous samples (data not
shown). The preparation of amorphous QHCl by
grinding with a heavy-duty electric motor grinder
and by solvent evaporation techniques has been
reported,19,21 which agrees with the results
obtained in this study by using the cryo-grinding.

Neat amorphous QHCl and coground amor-
phous QHCl/silicate samples stored at 48% RH
and 408C were also analyzed by PXRD and
polarized light microscopy to examine recrystalli-
zation upon storage. Neither neat amorphous
QHCl (Fig. 2, diffractogram b) nor coground
amorphous samples (Fig. 2, diffractogram d)
showed diffraction peaks after storage for
6 months at 48% RH and 408C, indicating that
there was no recrystallization of the drug upon
storage to confound the interpretation of chemical
stability in the amorphous state. The absence of
reversion of amorphous QHCl stored at 808C and
0% RH was also reported,19 which is consistent
with our observation. The absence of recrystalli-
zation of amorphous QHCl on storage is not
surprising, since crystalline QHCl is known to
exist only as solvated crystals.7,19,22
Effect of the pH Grade of Silicates on Chemical
Stability of Coground QHCl

The effect of silicate pH on chemical stability of
coground amorphous QHCl was investigated by
Figure 2. PXRD patterns of neat amorphous QHCl:
(a) before and (b) after, and QHCl:NUS2 (1:3) coground
amorphous samples: (c) before and (d) after, 6 months of
storage at 48% RH and 408C.

DOI 10.1002/jps JOURN
using several pH grades of Neusilin and Aerosil
(Tab. 1). In general, for both Neusilin and Aerosil,
the coground amorphous samples were found to be
less stable than the neat amorphous QHCl (Figs. 3
and 4). More degradation was observed for QHCl
coground with the lower pH grades of Neusilin
(NUS2 and NNFL2N) than the higher pH grades
Figure 3. Chemical stability of neat amorphous
QHCl and QHCl:Neusilin (1:3) coground amorphous
samples at 48% RH and 408C; (a) QHCl remaining,
and (b) Diketopiperazine (DKP), and (c) Dicarboxylic
acid (DCA) products formed.

AL OF PHARMACEUTICAL SCIENCES, VOL. 98, NO. 9, SEPTEMBER 2009



Figure 4. Chemical stability of neat amorphous
QHCl and QHCl:Aerosil (1:3) coground amorphous sam-
ples at 48% RH and 408C; (a) QHCl remaining, and (b)
Diketopiperazine (DKP) and (c) Dicarboxylic acid (DCA)
products formed.
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(NFL2 and NFH2), Figure 3. The cyclization
reaction product (DKP) was more dependent on
the pH of Neusilin than was the hydrolysis
product (DCA), Figure 3b and c.

For all QHCl:Neusilin coground samples, about
95% of the total mass was accounted for by QHCl
remaining and the two major degradation pro-
ducts (DKP and DCA) formed. Incomplete mass
balance on storage, particularly for QHCl alone,
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was due to other degradation products of QHCl
and further degradation of DKP and DCA as
indicated by additional peaks in LC/MS and
HPLC/UV chromatograms (data not shown). For
example, the peak for CHQ resulted from the
hydrolysis of DKP and cyclization of DCA
(Scheme 1) was observed and identified by its
molecular ion peak (MþH¼ 393) in the LC/MS
analysis. However, CHQ was not quantified due to
the lack of a reference standard.

Similar to the results for Neusilin, higher
production of DKP was observed for the more
acidic Aerosil (A200) than the less acidic Aerosil
(AR812S), Figure 4b. However, the amount of
QHCl remaining was lower for AR812S than for
A200 coground sample, particularly at 6 months of
storage (Fig. 4a). This was due to other degrada-
tion products formed, as indicated by additional
peaks in the chromatogram (data not shown),
which were higher in the presence of AR812S than
A200. As a result, in the presence of Aerosil,
the total mass balance accounted for by QHCl
remaining and the two degradation products
(DKP and DCA) was low. At 6 months storage,
the mass balance was 52.0� 4.1 and 79.1� 0.9%
for QHCl coground with AR812S and A200,
respectively (Fig. 4). The presence of several
unknown degradation products in QHCl:Aerosil
coground amorphous samples and the resulting
low mass balance indicated the possibility of a
change in reaction pathway or further degrada-
tion of DKP and DCA. In either case, without
better mass balance, a mechanistic understanding
of the effect of Aerosil pH on the chemical
degradation of coground amorphous QHCl could
not be gained with any degree of confidence.
Effect of Surface Area of Silicates on Chemical
Stability of Coground QHCl

The surface areas of silicates used to investigate
the effect of the pH grade on chemical stability of
coground amorphous QHCl differ (Tab. 1) and
therefore, had the potential to skew the effect of
pH. For instance, as seen in Table 1, the lower pH
grades of Neusilin (NUS2 and NNFL2N) have
higher surface areas than the higher pH grades
(NFL2 and NFH2). So, the greater drug degrada-
tion in the presence of lower pH grades could be
attributed to the higher surface area. However,
comparison of the results for the same pH grades
of Neusilin with different surface areas showed no
significant differences in chemical stability of the
DOI 10.1002/jps



Figure 5. Chemical stability of QHCl:Aerosil (1:3)
coground amorphous samples at 48% RH and 408C;
& QHC1:A90 and & QHC1:A380.
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drug (Fig. 3). For example, the difference in
chemical stability of QHCl coground with NUS2
and NNFL2N, which have the same pH grade
but different surface areas, was insignificant. In
addition, QHCl coground with NFL2 and NFH2
showed no significant difference in chemical
stability, indicating that surface area was not a
major factor, at least at the 1:3 drug/silicate ratio
used in this study.

Surface area changes upon grinding of silicates
and cogrinding of drug/silicate samples and
therefore, the absence of a clear surface area
effect on chemical stability could be due to
changes in surface area during sample prepara-
tion. To investigate this possibility, the surface
areas of silicates (before and after grinding) and
QHCl/silicate (1:3) coground samples were mea-
sured. Grinding of silicates alone and cogrinding
with QHCl resulted in a decrease in surface area
(Tab. 2). The surface area values before grinding
obtained in this study (Tab. 2) are different
from product specifications (Tab. 1). This is not
unexpected, since surface area measurements
may not have been carried out under the same
conditions. In this study, the surface area
measurements of all samples were conducted
under the same conditions so that relative
comparison of the results can be made.

From the results of surface area measurement,
it can be argued that the lack of surface area effect
on chemical stability of coground amorphous
QHCl for NFL2 and NFH2 (and perhaps for
NUS2 and NNFL2N) could be due to the collapse
of surface area differences after cogrinding
with the drug (Tab. 2 and Fig. 3). It is also
possible that the surface area differences, even
before grinding, are not large enough to show the
effect on chemical stability of the coground
amorphous drug. To further investigate these
possibilities two silicates of the same pH grade
with a large difference in surface area (A90 and
Table 2. Surface Area of QHCl, Silicate and
Samples Measured Experimentally

Sample

Surface

Sample Alone
Not Ground

S
30

QHCl 1.3� 0.1
Neusilin FH2 83.7� 1.3
Neusilin FL2 111.3� 0.9
Aerosil 90 109.7� 2.6
Aerosil 380 348.0� 4.0

DOI 10.1002/jps JOURN
A380, Tab. 1) were studied. The surface areas of
A90 and A380 alone (before and after grinding)
and coground with QHCl were determined
(Tab. 2). Only 3–10% greater degradation was
observed for QHCl coground with A380 than A90
(Fig. 5), despite a large difference in surface area
between the two Aerosils before and after grinding
or cogrinding (Tab. 2). Therefore, at the drug/
silicate ratio (1:3) investigated here, surface area
was not a significant factor affecting the chemical
stability of the coground drug.

The catalytic effect of silicates on acid–base,
oxidation–reduction, polymerization, and other
reactions is ascribed to their ability to donate/
accept protons (Bronsted acid/base) and electrons
(Lewis base/acid).23 For silicates of the same
surface chemistry (i.e., pH grade), the number of
reactive sites per unit surface area is considered to
be the same. For instance, the number of silanol
(Si-OH) groups on silica surface per nm2 is about
5, which is independent of the specific surface
area, porosity, pore size distribution, etc.24 So,
the total number of reactive sites increases
proportionately with increasing the total surface
QHCl/Silicate (1:3) Coground Amorphous

Area�SD (m2/g), n¼ 3

ample Alone
min Ground

QHCl/Silicate (1:3)
30 min Coground

4.6� 0.1 —
8.6� 0.1 3.2� 0.1

10.3� 0.6 5.3� 0.3
70.8� 0.9 34.5� 1.8

143.4� 1.8 75.3� 4.8

AL OF PHARMACEUTICAL SCIENCES, VOL. 98, NO. 9, SEPTEMBER 2009
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area of silicate in the formulation. Therefore, any
difference in total surface area is also expected to
affect the chemical stability of amorphous drugs
prepared with silicates of the same pH grade
proportionately. The absence of a significant effect
of surface area in this study could be due to the
presence of excess silicate surface at the 1:3 drug/
silicate ratio. To more definitively determine the
effect of surface area, an investigation of chemical
stability at both low and high drug/silicate ratios
is required, which is underway. However, to a first
approximation, the absence of surface area effect
in this study at 1:3 drug/silicate ratio indicates
that the effect of the pH grade of silicates on
chemical stability of coground amorphous QHCl
was not confounded by the effect of surface area.
Effect of pH-Modifiers on Chemical Stability of
QHCl Coground With Silicates

The pH grade of silicates is a major factor affecting
the chemical stability of coground amorphous QHCl
(Fig. 3). Thus, it is reasonable to use pH-modifiers to
adjust the surface pH of silicates for improved
drug stability. To better understand the effect of
the pH grade of silicates on chemical stability of the
coground amorphous QHCl, the pH-stability profile
of the drug in aqueous buffer solutions was
determined. The results indicate that cyclization
of QHCl to form DKP occurs predominantly at lower
pH and hydrolysis to form DCA at higher pH
(Fig. 6), which is similar to the reported pH-stability
profile of moexipril.25–27 Therefore, QHCl should be
useful as a model to investigate the ability of basic
pH-modifiers to reduce cyclization and acidic pH-
modifiers to reduce hydrolysis of amorphous drugs
coground with silicates.
Figure 6. pH-stability profile of QHCl in buffer
solutions at 408C for 90 h; QHCl remaining and
degradation products, DKP and DCA, formed.
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QHCl coground with the lower pH grade
Neusilin (NUS2) resulted in higher DKP forma-
tion due to cyclization of quinapril. Therefore, a
basic pH-modifier (MgO) was used to potentially
increase the surface pH and reduce the cyclization
of quinapril in QHCl:NUS2:MgO (1:2.6:0.4)
coground amorphous formulations. On the other
hand, since hydrolysis of quinapril occurs at
higher pH, an acidic pH-modifier (AA) was used
with a higher pH grade Neusilin (NFL2) to
potentially lower the surface pH and reduce
the hydrolysis of quinapril in QHCl:NFL2:AA
(1:2.6:0.4) coground amorphous samples. The
level of the pH-modifier was set at 10% of the
total formulation.

The use of MgO as a basic pH-modifier in
QHCl:NUS2:MgO coground amorphous samples
greatly improved QHCl stability (Fig. 7). In the
presence of MgO, only 2% DKP was observed at
6 months as compared to 45% in the absence of
MgO (Fig. 7b). MgO also reduced the hydrolysis of
QHCl in QHCl:NUS2:MgO coground amorphous
samples (Fig. 7c). Acid catalyzed hydrolysis of ACE
inhibitors at lower pH has been suggested.25,28 The
hydrolysis product formed in QHCl:NUS2 (1:3)
coground amorphous samples could be from the
acid catalyzed hydrolysis. Therefore, in the pre-
sence of a basic pH-modifier, the surface pH would
be modified to a higher pH resulting in reduced
DKP and DCA formation. Indeed, the 4% (w/v)
suspension pH of QHCl:NUS2:MgO coground
sample is higher (9.0) than that of the QHCl:NUS2
coground sample (5.7, Tab. 1). However, it should
be noted that the suspension pH may not represent
the actual surface pH of the formulation. For
example, solid state surface acidity measurement
of pharmaceutical excipients by diffuse reflectance
spectroscopy using pH indicators showed that
surface pH was consistently lower than suspension
pH.29,30 Measurement of surface pH of QHCl/
silicate coground amorphous systems in solid state,
which is under investigation, will provide more
information on the actual surface acidity and
surface pH-stability profile of the QHCl/silicate
amorphous formulations.

The addition of ascorbic acid (AA) as an acidic
pH-modifier in QHCl:NFL2:AA coground amor-
phous samples reduced QHCl hydrolysis (Fig. 8c),
which is consistent with a reduction in the
surface pH of the coground system. Moreover,
the 4% (w/v) suspension pH of QHCl:NFL2:AA
coground sample is 5.8, which is lower than that of
the QHCl:NFL2 coground sample (7.6, Tab. 1).
The decrease in surface pH by the acidic pH-
DOI 10.1002/jps



Figure 8. Chemical stability of QHCl:NFL2 (1:3),
, and QHCl:NFL2:AA (1:2.6:0.4), , coground amor-

phous samples at 48% RH and 408C; AA¼ ascorbic acid;
(a) QHCl remaining, and degradation products, (b) DKP
and (c) DCA, formed.

Figure 7. Chemical stability of QHCl:NUS2 (1:3), ,
and QHCl:NUS2:MgO (1:2.6:0.4), , coground amor-
phous samples at 48% RH and 408C; (a) QHCl remain-
ing, and degradation products, (b) DKP and (c) DCA,
formed.
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modifier is also indicated by an increased DKP
formation as compared to QHCl:NFL2 (1:3)
coground amorphous samples (Fig. 8b). As a
result, the stability of QHCl decreased (Fig. 8a)
due to increased DKP formation in the presence of
AA. However, this result shows the potential use
of acidic pH-modifiers to prevent alkaline hydro-
lysis of amorphous drugs coground with high pH
grade silicates.
DISCUSSION

Previous studies reported both stabilizing and
destabilizing effects of silicates on chemical stabi-
DOI 10.1002/jps JOURN
lity of drugs.8,15–18 However, the effects of charac-
teristics such as silicate properties (pH grade and
surface area), drug/silicate ratio and relative
humidity were not always provided in detail.
Therefore, the mechanisms involved in stabiliza-
tion and/or destabilization of drugs in the presence
of silicates are not unambiguously understood.
Since preparation of physically stable amorphous
drugs using silicates has been established,2–4,10–14

the current studies on chemical stability provide
useful data to those formulators interested to use
amorphization with silicates as an approach to
improve dissolution rate and bioavailability.

The results of this study show that pH grade of
silicates is a major factor affecting the chemical
AL OF PHARMACEUTICAL SCIENCES, VOL. 98, NO. 9, SEPTEMBER 2009
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stability of coground amorphous QHCl. Although
the silicates used to investigate the effect of the
pH grade have different surface areas, the effect of
surface area on chemical stability at 1:3 drug/
silicate ratio was not significant. Therefore,
differences in stability profiles of coground amor-
phous systems prepared with various silicates
were primarily due to differences in the pH grade
of silicates.

The rate of DCA product formation by hydro-
lysis of QHCl was not significantly different in the
presence of either higher or lower pH grades of
Neusilin (Fig. 3c). Based on the suspension pH of
Neusilin (Tab. 1), greater formation of DCA would
be expected in the presence of NFL2 and NFH2
(i.e., higher pH grades of Neusilin), since hydro-
lysis of the drug predominantly occurs at higher
pH (Fig. 6). The insignificant effect of Neusilin pH
on DCA formation could be due to lower surface
pH of QHCl:Neusilin coground systems than that
of Neusilin alone. Indeed, as shown in Table 1, the
suspension pH of QHCl:Neusilin (1:3) coground
systems is lower than that of the corresponding
Neusilin, due to the presence of QHCl in the
coground systems. In the lower pH range, the rate
of hydrolysis would be slower and less sensitive to
pH, as observed in Figure 6. However, it should be
noted that the solubility of the coground drug in
the suspension varies with pH and the suspension
pH of the coground system may not represent the
surface pH in solid state. A more direct measure of
surface acidity of silicates and drug/silicate
coground amorphous systems is preferred.

Another possible explanation for the lack of
significant effect of silicate pH grade on DCA
formation is the limited moisture (48% RH) during
the stability study of the coground amorphous
samples. At the limited moisture level, water can
be a rate limiting reactant for the hydrolysis
process and the rate of DCA formation would be
suppressed so that any effect of pH would not be
seen clearly. The water content of drug:Neusilin
formulations could not be determined by Karl
Fischer (KF) titration, because of the interference
of structural water and silanols of Neusilin, which
react with KF-reagents. The water content of
Neusilin includes adsorbed water and structural
water. Adsorbed water can be released by heating
at 70–1508C. Removal of structural water, mainly
by condensation of silanols, requires heating at
150–8008C. Since these high temperatures are not
applicable for drug:Neusilin formulations, water
content of the formulation could not also be
determined by TGA.
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However, in this study, the water content
of QHCl:Neusilin coground samples was deter-
mined relative to the water content at 0% RH
using dynamic vapor sorption (DVS, Q5000,
TA Instruments). QHCl:Neusilin amorphous sam-
ples were first equilibrated at 408C/0% RH for 6 h
and then at 408C/48% RH for another 6 h.
The weight gain at 48% RH over the weight at
0% RH was 4.4% and 3.4% for QHCl coground
with Neusilin US2 and FL2, respectively. The lack
of significant effect of Neusilin pH on DCA
formation could be due in part to the small
difference in water content (1%) between the
two formulations. To further understand the
effect of water content, the chemical stability of
QHCl:Neusilin amorphous samples at different
%RH is under investigation.

The degradation of QHCl in drug/silicate
coground amorphous samples by cyclization to
form DKP was significantly dependent on the
pH grade of silicates. In general, greater forma-
tion of DKP, which is the primary degradation
product of QHCl, was observed in lower pH grades
of silicates than the higher pH grades. For
example, lower pH grades of Neusilin (NUS2
and NNFL2N) resulted in greater DKP formation
than the higher pH grades of Neusilin (NFL2 and
NFH2), Figure 3b. These results are in general
agreement with the pH-stability profile of QHCl in
solution, which also shows predominantly higher
DKP formation at lower pH (Fig. 6). However, the
pH-stability profile of QHCl in solution is not in
complete agreement with the stability profile of
drug/silicate coground amorphous samples of
different pH grade silicates. For example, QHCl
coground with lower pH grade Neusilin (NUS2)
has a suspension pH of 5.7 (Tab. 1) and resulted in
a very high rate of DKP formation (Fig. 3b),
whereas in solution DKP formation primarily
occurs below pH 4 (Fig. 6).

To further evaluate the discrepancy in pH-
stability profiles, the pH-rate profiles of QHCl in
solution and coground amorphous systems were
determined using first order rate equation. First
order kinetics has been used to describe the
degradation of moexipril and quinapril in solution
and amorphous systems.19,21,25–27,31 Figure 9
shows first order kinetic plots of QHCl degrada-
tion in solution and amorphous systems. For the
QHCl/silicate coground amorphous samples, data
over the initial 30–40% degradation were used to
determine the observed rate constant (kobs), since
the kinetics were not well described by the first
order beyond that.
DOI 10.1002/jps



Figure 9. First order kinetic plots of QHCl degrada-
tion in (a) solutions of different pH, and (b) neat
amorphous QHCl and QHCl/silicate (1:3) coground
amorphous samples.
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In solution, quinapril exists as a cation (Qþ),
zwitterion (Q�), or anion (Q�) depending on the
pH (Scheme 2). The pH-rate profile of QHCl
(Fig. 10) indicated that the degradation of QHCl in
solution involved spontaneous degradation of Qþ
and Q�, and spontaneous and specific base
catalyzed degradation of Q�. The kobs can be
expressed in terms of the fractions of quinapril
species and apparent rate constants of the
degradation processes involved, as follows.

Rate ¼ kobs½QHCl
t
where [QHCl]t is the total concentration of QHCl
at time t.

kobs ¼ k1fQþ þ k2fQ� þ ðk3 þ k4aOHÞfQ�

where fQþ, fQ�, and fQ� are fractions of quinapril
present as Qþ, Q�, and Q�, respectively. The
fractions are given by fQþ ¼ a2

H=x, fQ�¼ aHKa1/x,
and fQ�¼Ka1Ka2/x, where x ¼ a2

H þ aHKa1þ
Ka1Ka2, and Ka1 and Ka2 are dissociation
constants of quinapril (Scheme 2). aH and aOH

are activities of hydrogen and hydroxide ions,
respectively. The parameters, k1, k2, k3, and k4 are
apparent rate constants for the spontaneous
DOI 10.1002/jps JOURN
degradation of Qþ, Q�, and Q�, and specific
base catalyzed degradation of Q�, respectively.
The agreement between the experimental results
of kobs and the nonlinear curve fit (Fig. 10) along
with a similar expression reported for moexi-
pril25–27 indicates that the expression given for
kobs is appropriate to describe the influence of
solution pH on QHCl degradation.

As shown in Figure 10, the degradation rate
constants for coground amorphous systems are
significantly lower than that of the solutions, with
the very notable exception of the lower pH grades
of Neusilin (NUS2 and NNFL2N). In general, the
slower reaction rate observed in the amorphous
powders is expected due to limited moisture (48%
RH) used for stability study, which would lower
the apparent rate constants, as compared to the
drug in solution. However, the reaction rates of
QHCl coground with lower pH grades of Neusilin
(NUS2 and NNFL2N) are comparable to the
reaction rates in solution (Fig. 10). Moreover,
the coground amorphous systems showed a
maximum kobs in the pH range where the kobs

in solution is a minimum. For example, the pH-
rate profile has a maximum for QHCl coground
with NUS2, which has a suspension pH of 5.7,
whereas the pH-rate profile of the solution has a
minimum at about the same pH (Fig. 10), clearly
indicating the deviation in pH-stability profile
of quinapril between coground amorphous and
solution systems.

The pH-stability profile of neat amorphous
quinapril lyophilized from solutions of different
pH (adjusted with NaOH or HCl) was determined
(Fig. 11) to compare with the pH-stability profile
of QHCl/silicate coground amorphous samples
(Fig. 10). The results indicate that the pH-
stability profiles of lyophilized and coground
amorphous samples are similar, both of which
show high degradation rates in the pH range of
about 3–6. However, the pH-stability profile of
lyophilized quinapril (Fig. 11) is quite different
from the pH-stability profile of the solution
(Fig. 6). For lyophilized samples, a relatively high
degradation rate is observed between pH 3–6,
where the degradation rate in solution is rela-
tively low.

The discrepancy in pH-stability profiles of
QHCl between solution and amorphous states
can be explained by the mechanisms and
quinapril species involved in the degradation
process. Other authors have proposed the cycliza-
tion pathways for ACE inhibitors including
QHCl (Scheme 2).7,19,21,22,25–27 Intramolecular
AL OF PHARMACEUTICAL SCIENCES, VOL. 98, NO. 9, SEPTEMBER 2009



Scheme 2. Mechanisms of quinapril degradation by cyclization reaction to form
diketopiperazine (DKP) product; Qþ: cation, Q�: zwitterion, Q�: anion, and Q: neutral
quinapril.
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cyclization to form DKP involves the reaction
between the amine and the carboxylic groups of
quinapril. Since the carboxylate anion of Q� does
not have a leaving group, no cyclization occurs
Figure 10. pH-rate profiles of QHCl in buffer solu-
tions at 408C, and neat amorphous QHCl and QHCl/
silicate (1:3) coground amorphous powders at 408C and
48% RH. Neat amorphous QHCl and QHCl/silicate (1:3)
coground amorphous samples are plotted at the pH of
4% QHCl solution (pH 1.9) and 4% suspensions of
coground systems (Tab. 1), respectively.
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from the Q�. The mechanisms involved in
cyclization of quinapril (Scheme 2) include proton
transfer or loss of HCl and trans–cis conforma-
tional change prior to nucleophilic attack to form
Figure 11. pH-stability profile of lyophilized amor-
phous quinapril at 408C and 0% RH for 60 days; QHCl
remaining and degradation products, DKP and

DCA, formed.
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Figure 12. Tg of quinapril lyophilized from solutions
of different pH.
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the tetrahedral intermediate followed by dehy-
dration forming DKP product.7,19,21,22,25–27 In
quinapril solutions of pH 3–5.4 (between pKa1

and pKa2), Q� is the major species. However, in
amorphous solids of the same pH range, quinapril
would be primarily found as the neutral form (Q),
Scheme 2, since zwitterions are often less stable in
solid state due to lack of hydration of ions. Since
cyclization of neutral quinapril (Q) to form DKP in
amorphous solids does not require the proton
transfer step (Scheme 2), Q is expected to be more
reactive contributing in part to the deviation of
the amorphous pH-stability profile from the
solution profile. Also, determination of the Tg of
lyophilized quinapril against pH shows that the
pH range where Tg is lower (Fig. 12) corresponds
to the pH range of higher DKP formation (Fig. 11),
indicating that Q is more reactive also due in part
to its lower Tg. Therefore, the higher rate of DKP
formation between pH 3–6 in the amorphous
samples is due to the neutral quinapril (Q), which
is a major species in this pH range. A higher
degradation rate of Q than QHCl in the amor-
phous state and its correlation with Tg has been
reported.21,31 Furthermore, the pH-stability pro-
file reported for lyophilized moexipril is consistent
with our results.27

The pH-stability profile of lyophilized quinapril
with high degradation rates between pH 3–
6 (Fig. 11) and the high degradation rate observed
for QHCl coground with lower pH grades of
Neusilin (NUS2 and NNFL2N), Figure 10, sug-
gests a surface pH of about 3–6 for the coground
samples, which is significantly different from the
Neusilin suspension pH.
DOI 10.1002/jps JOURN
CONCLUSIONS

The pH grade of silicates is a major factor affecting
the chemical stability of amorphous drugs
coground with silicates. The use of pH-modifiers
is a useful approach for chemical stabilization
without compromising physical stability. The
pH-stability profile of quinapril in solution does
not predict the pH-stability profile of quinapril in
the amorphous state. Rather, the pH-stability
profile in the amorphous solid along with an
understanding of the mechanisms and kinetics of
reactions involved in the solid state is necessary to
select a stable formulation. Even with the under-
standing of pH in neat amorphous systems, an
effective surface pH in coground or other compo-
site systems remains more complex and cannot be
approximated by suspension pH. Effective surface
pH measurement of silicates and drug/silicate
systems in solid state is required to determine
surface pH-stability profile.
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