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bstract

In order to investigate the thermal-related properties and thermal stability of 10-hydroxycamptothecin (10-HCPT) in the solid state, differential
canning calorimetry (DSC), thermogravimetric analysis (TGA) and Fourier transform infrared (FT-IR) microspectroscopy were used. A novel
ombination of FT-IR microspectroscopy with thermal analyzer was applied simultaneously to monitor the dehydration and rehydration processes
f the 10-HCPT sample. The thermal-induced decomposition of the 10-HCPT sample was also determined by using electrospray-ion trap mass
pectrometry (ES-ITMS). The results indicated that the 10-HCPT sample used in this study was a monohydrate in structure, this form that can
ehydrate to an anhydrate form if the temperature goes beyond 90 ◦C. The 10-HCPT anhydrate was first suggested to have two polymorphs, in
hich the form I might transform to form II when the 110 ◦C-preheated sample was cooled to 30 ◦C. The polymorphic transformation temperature
as shown within 90–120 ◦C with 10.46 kcal/mol of enthalpy. The peak at 1723 cm−1 found in the IR spectrum of 10-HCPT monohydrate might

orrespond to the hydrogen-bonded C O stretching vibration of lactone, which shifted to 1750 cm−1 assigned to a free C O group of lactone
fter the destruction of hydrogen bonding via dehydration. This suggests that monohydrate seems to interact intramolecularly with 10-HCPT by
ydrogen bonding. However, the rehydration process of the 10-HCPT anhydrate might cause it to return to being a monohydrate, depending on
he storage condition. In addition, the thermal-induced decarboxylation of the solid-state 10-HCPT when the temperature is beyond 226 ◦C was
roven by the appearance of a new IR peak at 1701 cm−1 and one major mass spectral peak at m/z 321. This unique IR spectral peak at 1701 cm−1
as due to the conjugated carbonyl group in the degraded product of 10-HCPT. The m/z 321 assigned to the decarboxylation of 10-HCPT was
qual to the molecular weight loss of 44 from mass spectra; which was consistent with the weight loss of 11.9% (molecular weight of 43.3) from
GA curve of 10-HCPT anhydrate.
2006 Elsevier B.V. All rights reserved.

eywords: 10-HCPT; Dehydration; Rehydration; Thermal behavior; Decarboxylation; DSC; TGA; FT-IR/DSC; Mass spectroscopy; Chemical stability
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. Introduction

10-Hydroxycamptothecin (10-HCPT) is one of the camp-
othecin (CPT) analogues with a powerful cytotoxic effect for
ancer therapies [1–3]. 10-HCPT has a unique mechanism that
llows it to inhibit the DNA topoisomerase I of tumors and at
he same time, control the proliferation of cancer cells. When

he aromatic A ring of the quinoline moiety in the CPT structure
s hydroxylated at position C-10 to form a hydroxylated product
Fig. 1), it is more active and less toxic than CPT. In addition,

∗ Corresponding author. Tel.: +886 22 875 7397; fax: +886 22 873 7200.
E-mail address: sylin@vghtpe.gov.tw (S.-Y. Lin).
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he 20S-isomer of 10-HCPT is 10–100 times more able than the
0R-isomer to show anticancer activity [4,5].

The structure–activity relationship of CPT shows that the lac-
one ring is an essential pharmacophore in the ring E structure
f CPT to have the antitumor activity, despite the fact that the
actone ring is pH-liable [6,7]. It has also been reported that
igher chemical reactivity of �-hydroxylactone may induce a
apid equilibration between the lactone form and the ring-opened
arboxylate form in physiological conditions [8,9]. Although
oth forms of 10-HCPT are effective against tumor growth, the

actone form is more effective than carboxylate form [10]. This
mplies that the process of keeping the lactone ring in the 10-
CPT structure is the key factor in controlling the stability and

fficacy of 10-HCPT. Since oral solid dosage is for the most con-

mailto:sylin@vghtpe.gov.tw
dx.doi.org/10.1016/j.jpba.2006.07.023
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Fig. 1. Chemical structure of 10-hydroxycamptothecin (10-HCPT).

enient form of drug administration, many solid formulations of
0-HCPT have been developed to protect the lactone ring in the
0-HCPT structure from the rapid ring-opening process [11–13].
hus, more attention should be paid to the basic properties of the
olid-state 10-HCPT, including the thermal behavior and ther-
al stability in the solid state.
A number of studies have focused on the relationship between

actone-stability and structure–activity of 10-HCPT [3,14,15],
ut there is lack of study on the solid-state properties for the
aw material of 10-HCPT. The intramolecular hydrogen bond-
ng between the 20S-hydroxyl and the carbonyl of lactone has
een found not only to activate the lactone but also to diminish
he interaction with DNA topoisomerase [15]. Consequently, we
nd it quite interesting to study 10-HCPT in its solid state. In

he present study, differential scanning calorimetry (DSC), ther-
ogravimetric analysis (TGA) and Fourier transform infrared

FT-IR) microspectroscopy were applied to investigate the solid-
tate properties of 10-HCPT [16,17]. At the same time, in order
o determine the correlation between the thermal response and
he structural change in the 10-HCPT structure, a novel tech-
ique of FT-IR microspectroscopy equipped with a thermal ana-
yzer was also used [18,19]. In addition, an electrospray-ion trap
ass spectrometry (ES-ITMS) was used to examine the thermal-

nduced degradation of the 10-HCPT powder in the solid state.

. Experimental

.1. Materials

10-Hydroxycamptothecin (10-HCPT, pharmaceutical grade)
as prepared by Huangshi Fy Pharmaceutical Co. Ltd. (Huang
hi, Hubei, China) as a powder. The KBr crystal was of analytical
eagent grade and purchased from Jasco Parts Center (Jasco Co.,
okyo, Japan).

.2. Thermal analysis of 10-HCPT

A certain amount of the 10-HCPT powder was examined
y using differential scanning calorimetry (DSC; DSC-910, TA
nstruments Inc., New Castle, DE, USA) at a heating rate of
◦C/min with an open pan system from 30 to 300 ◦C, both
n a stream of N2 gas and without N2 gas. The DSC cell was
alibrated with indium. In addition, several samples were respec-
ively preheated to a prescribed temperature and cooled to 30 ◦C,
nd then reheated with the DSC system. The enthalpy was

a
p
(
s

d Biomedical Analysis 43 (2007) 457–463

erformed in triplicate to provide mean values and standard devi-
tions (S.D.). Thermogravimetric analysis (TGA; TGA-951, TA
nstruments Inc., New Castle, DE, USA) was also performed at
he same heating rate without N2 gas to measure the weight loss
f the sample. The typical amount of sample used on DSC and
GA studies were about 10 mg.

.3. FT-IR microspectroscopic determination

A trace of the 10-HCPT powder was either smeared on
nly one piece of KBr pellet without further compression (the
meared method) or sealed into two pieces of KBr pellets with

compression pressure of 200 kg/cm2 for 15 s (also known
s the compressed method). After each treatment, all the KBr
amples were determined by using FT-IR microspectroscopy
Micro FTIR-200, Jasco, Japan) with a mercury cadmium tel-
uride (MCT) detector by a transmission mode. Several of the
00 ◦C-preheated 10-HCPT samples that were stored at different
elative humidity (RH) conditions were also investigated.

.4. Thermal FT-IR microspectroscopic study

The KBr samples prepared by either the smeared or com-
ressed method mentioned previously were placed onto a micro
ot stage (DSC microscopy cell, FP 84, Mettler, Greifensee,
witzerland). The DSC microscopy cell was then directly placed

n an FT-IR microspectroscopy in transmission mode. The tem-
erature of the DSC microscopy cell was monitored with a
entral processor (FP 80HT, Mettler, Switzerland). The heat-
ng rate of the DSC assembly was maintained at 3 ◦C/min in the
oom temperature (25 ◦C, 82% RH). The KBr sample was pre-
iously equilibrated to the starting temperature (30 ◦C) and then
eated from 30 to 300 ◦C. The thermal-responsive IR spectra
ere then recorded [20,21].

.5. Rehydration process

1) The different 200 ◦C-preheated 10-HCPT samples were
stored at 25 ◦C under 27, 39 or 69% RH for 4 h, and then
determined their IR spectra.

2) The rehydration process of each 200 ◦C-preheated 10-
HCPT sample from 200 to 30 ◦C was investigated by a
non-isothermal FT-IR measurement in the 25 ◦C, 82% RH
condition.

3) The above sample was further studied isothermally in a
25 ◦C, 56% RH condition with an isothermal FT-IR micro-
scopic system by a time-scanned program for 4 h, and their
IR spectra was continuously recorded.

.6. Mass spectroscopy

The raw material and the 265 ◦C-preheated 10-HCPT sam-
les were dissolved in methanol that was acidified with 0.1%

cetic acid and then centrifuged. The supernatant was then sam-
led for analysis. Finnigan LCQ ion-trap mass spectrometer
Finnigan Corp., CA, USA) equipped with a Finnigan electro-
pray source was used in the process [22]. The flow rate of the
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yring pump was 20 �l/min. For ES-ITMS, the capillary volt-
ge was 26.0 V and the stainless steel capillary temperature was
et to 180 ◦C. The pressure of the sheath gas was 35 psi and the
pray voltage of ES-ITMS system was operated at 4.5 kV in the
ositive mode. Data acquisition was performed in the full scan
ode from m/z 100 to 500 for ITMS with an injection time of

00 ms and 2 � scans.

. Results and discussion

.1. Thermal analysis of the 10-HCPT powder

The DSC thermograms of the 10-HCPT powder after the
ifferent treatments are shown in Fig. 2. The TGA curve was
btained from the non-purging N2 gas condition. Obviously,
hree steps of weight loss were found from the TGA curve for
he 10-HCPT powder: 1.0% when the temperature was within
0–75 ◦C, 4.7% when the temperature was within 90–120 ◦C and
1.9% when the temperature was within 220–280 ◦C. The first
eight loss of 1.0% within 30–75 ◦C was the desorption of pre-
iously adsorbed water [20,21]. The second weight loss of 4.7%
ithin 90–120 ◦C might have been caused by the dehydration of
ater from the sample. After all, the 4.7% weight loss was almost

qual to the loss of the 1 mol of water from the 10-HCPT powder
23]. Thus, the 10-HCPT powder used in the study may possibly
e defined as a 10-HCPT monohydrate at first (molecular weight
82.4), but it gradually became a 10-HCPT anhydrate when the
eating temperature went beyond 90 ◦C. Moreover, an endother-
ic peak at 110 ◦C with 11.99 ± 0.21 kcal/mol of enthalpy and

wo exothermic peaks at 223 and 250 ◦C were observed in the
SC thermogram under non-purging N2 gas condition, as shown
n Fig. 2a. The endothermic peak at 110 ◦C seemed to be con-
istent with the dehydration process in the TGA curve. The final
eight loss of 11.9% within 150–280 ◦C might be due to the oxi-
ation/degradation process of the sample, which was related to

w
m
t
t

ig. 2. TGA curve and DSC thermograms of 10-HCPT sample without (a) or with (b
solid line) and then reheated (dash line), (d) preheated to 240 ◦C (solid line) and then
d Biomedical Analysis 43 (2007) 457–463 459

he exothermic peaks in the DSC curve [23–25]. Furthermore,
n endothermic peak at 100 ◦C with 11.98 ± 0.18 kcal/mol of
nthalpy and three exothermic peaks near 226, 254 and 276 ◦C
ere observed in the DSC thermogram under a continuously
urging N2 gas condition (Fig. 2b). The appearance of endother-
ic and exothermic peaks in the DSC thermogram under purging
2 gas was clearly different from that of the DSC thermogram
ithout purging N2 gas; thus suggesting the importance of inert
2 gas in thermoanalysis.
In order to verify each peak found in the DSC thermogram,

he 10-HCPT monohydrate was previously heated from 30 to
10 ◦C or from 30 to 240 ◦C. Then it was cooled to 30 ◦C and
eheated again by the DSC system under inert N2 gas con-
itions. When the 110 ◦C-preheated sample was reheated, its
SC thermogram evidenced an endothermic peak at 96 ◦C with
0.46 ± 0.14 kcal/mol of enthalpy and another three exother-
ic peaks at 226, 254 and 276 ◦C (Fig. 2c), which was similar

o the data of Fig. 2b. If the endothermic peak was related
o the dehydration of water from sample, it should disappear
rom the DSC thermogram after the reheating process since
he DSC system was maintained under dry N2 gas conditions.
he endothermic peak at 96 ◦C for the 110 ◦C-prereheated 10-
CPT sample after reheating still existed (Fig. 2c). However, it
as only different on its peak position (100 versus 96 ◦C) and

ts enthalpy (11.98 ± 0.18 versus 10.46 ± 0.14 kcal/mol). Thus,
he appearance of this endothermic peak might be considered
s a polymorphic transformation for the 10-HCPT anhydrate.
t is reasonable to deduce that the 10-HCPT monohydrate was
rst dehydrated to an anhydrate form of 10-HCPT at 90–120 ◦C,
ut this 10-HCPT anhydrate (defined as form I) transformed to
nother polymorph (defined as form II) when the heated sample

as cooled to 30 ◦C. This suggests that the10-HCPT anhydrate
ay possess two polymorphs. However, the detailed prepara-

ion and identification of these polymorphs will be examined in
he future by using X-ray powder diffraction, thermal and spec-

–d) purging N2 gas. Key: (b) heated from 30 to 300 ◦C, (c) preheated to 110 ◦C
reheated (dash line).
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Fig. 4. FT-IR spectra of different 10-HCPT samples stored at various storage
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ig. 3. DSC thermogram and thermal-dependent changes in the specified FT-IR
pectra of 10-HCPT monohydrate prepared by smeared (A) or compressed (B)
ethod.

roscopic techniques. When the 240 ◦C-preheated sample was
eheated, the endothermic peak that was near 96 ◦C and two
xothermic peaks at 226 and 254 ◦C were all absent from the
SC thermogram (Fig. 2d). The disappearance of these thermal
eaks might be due to the thermal-related degradation of the 10-
CPT powder, which can be verified by the following ES-ITMS
etermination.

.2. Thermal-dependent FT-IR spectral changes for the
0-HCPT monohydrate

Three-dimensional plots of the FT-IR spectra of the 10-HCPT
onohydrate prepared by different methods as a function of

emperature are obtained by determining with FT-IR microspec-
roscopy equipped with a micro hot stage. The FT-IR spectra of
he 10-HCPT monohydrate prepared by both the smear and com-
ressed methods at 30 ◦C are similar, implying that the method
f compression has little effect. Several characteristic IR absorp-
ion bands and their assignments are shown as follows: 3494 and

346 cm−1 (the O H stretching mode), 3100–2750 cm−1 (the

H stretching vibration), 1723 cm−1 (C O stretching vibra-
ion of lactone), 1653 cm−1 (the C O stretching vibration of
mide), 1593 and 1502 (1503) cm−1 (the aromatic ring mode),

a
t
t
(

Scheme 1. Possible pathway for thermal-dependent dehydration/rehydratio
onditions. Key: (a) 10-HCPT monohydrate before preheating, (b) 10-HCPT
onohydrate after heating to 200 ◦C, and 200 ◦C-preheated sample stored at

c) 27% RH condition for 4 h, (d) 39% RH condition for 4 h, and (e) 69% RH
ondition for 4 h.

266 and 1051 cm−1 (the C O and/or C N stretching mode
26]. By increasing the temperature, however, two dramatic
hanges near 97 and 226 ◦C for the 10-HCPT monohydrate pre-
ared by smeared method were noted from the contour profile
f FT-IR spectra. The peak at 1723 cm−1 that was originally
aused by the hydrogen-bonded C O in lactone structure dis-

ppeared from 97 ◦C, but a new peak at 1750 cm−1 assigned
o free carbonyl group of lactone gradually appeared when the
emperature went beyond 97 ◦C and disappeared again at 226 ◦C
Scheme 1). In addition, two additional new peaks, at 1771

n, polymorphic transformation and degradation of 10-HCPT sample.
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nd 1701 cm−1, were gradually observed when the temperature
xceeded 226 ◦C for the 10-HCPT sample. This might be due
o the functional groups of the degraded products (evidenced by
ig. 2d). Compared to the 10-HCPT monohydrate that was pre-
ared by the smeared method, the 10-HCPT monohydrate that
as prepared by the compressed method showed clear changes at
88 and 226 ◦C, specifically in the contour profile of FT-IR spec-
ra. The peak at 1723 cm−1 disappeared when the temperature
ent beyond 188 ◦C, and the peak at 1750 cm−1 was evident

t from 188 ◦C but disappeared after 226 ◦C. There was only
ne peak at 1701 cm−1 that was present when the temperature
eached 226 ◦C.

The changes in peak intensity for the representative IR bands
f the 10-HCPT monohydrate with the increase of temperature
re shown in Fig. 3. The peak intensity was obtained from
he peak height via baseline correction. Because the atoms or

olecules of 10-HCPT occupied the fixed site with very little
onformational freedom in the solid state at lower temperature,
he IR bands maintained their peak frequency and intensity
onsistently until thermal response. For the smeared sample, it is
vident that the peak intensities at 3494 and 1723 cm−1 dropped

harply when the temperature reached 97 ◦C (Fig. 3A). At the
ame time, another IR peak at 1750 cm−1 quickly appeared at
7 ◦C after the dehydration of water and also strengthened its
eak intensity until 226 ◦C (Scheme 1). The changes of these

p
f

ig. 5. Three-dimensional FT-IR spectral changes of 200 ◦C-preheated 10-HCPT sam
ts isothermal three-dimensional FT-IR spectra at 25 ◦C, 56% RH condition for 4 h (B
d Biomedical Analysis 43 (2007) 457–463 461

pecific IR peak intensities at 97 ◦C for the solid-state 10-HCPT
owder might be caused by the dehydration from monohydrate
o anhydrate, which was confirmed by the temperature of
ehydration that appeared in the DSC and TGA curves (Fig. 2).
eyond 226 ◦C, two new peaks at 1701 and 1771 cm−1 for

he sample that was prepared by the smeared method were
lso found, which can be attributed to the functional groups of
he degraded products. In contrast, the sample prepared by the
ompressed method induced an appearance of 1750 cm−1 peak
t 188 ◦C rather than at 97 ◦C (Fig. 3B). Two peaks at 3494
nd 1723 cm−1 constantly maintained their peak positions and
ntensities until 188 ◦C, when their peak intensities reduced.
n addition, the temperature of dehydration for the 10-HCPT
onohydrate prepared by the compressed method was delayed

rom 97 to 188 ◦C, as compared with that of the smear method.
his delaying phenomenon during the dehydration process
ight be due to the sealing of the 10-HCPT monohydrate
ithin the KBr pellets, which hinders the movement of water

n the tight compact.

.3. Rehydration of 10-HCPT anhydrate
Fig. 4 displays the FT-IR spectra of different 200 ◦C-
reheated 10-HCPT samples stored at various RH conditions
or 4 h. Here, the KBr sample was prepared by the compressed

ples prepared by compressed method in the cooling process (A-1 and A-2) and
-1 and B-2).
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ethod. When the 200 ◦C-preheated sample was stored at a 27%
H condition, its IR spectrum (Fig. 4c) was noticeably different

rom the IR spectrum of the raw material (Fig. 4a), but similar
o the IR spectrum of the anhydrous sample (Fig. 4b). When
he 200 ◦C-preheated sample was stored at a 69% RH condi-
ion, however, the anhydrate of 10-HCPT completely returned
o a monohydrate (Fig. 4e). On the other hand, once the 200 ◦C-
reheated sample was stored at a 39% RH condition for 4 h, a
ixture of both monohydrate and anhydrate of 10-HCPT was

btained, as shown in Fig. 4d. It should be noted that in both
ases, the IR spectral frequency of the C O stretching vibra-
ion of six-ring lactone was always located at 1740 cm−1 [27].
owever, when the C O stretching vibration of lactone in the
0-HCPT structure appeared at 1723 cm−1 it was reasonable to
uppose that an extra intermolecular interaction, such as hydro-
en bonding, existed in the 10-HCPT structure. The monohy-
rate seems to interact intramolecularly and/or intermolecularly
ith the 10-HCPT in the 10-HCPT monohydrate structure by
ydrogen bonding, as shown in Scheme 1. Once the sample
ecame dehydrated, the location of the IR peak for the non-
ydrogen-bonded C O stretching vibration of lactone appeared
t high wavenumber positions of either 1747 or 1751 cm−1.

In order to further confirm the detailed rehydration process of
he 10-HCPT anhydrate, the 200 ◦C-preheated 10-HCPT sample
as investigated by a non-isothermal FT-IR measurement in the

oom temperature condition (25 ◦C, 82% RH). The 10-HCPT
onohydrate sample prepared by the compressed method was

reheated to 200 ◦C isothermally for 10 min, then cooled from
00 to 30 ◦C; the changes in three-dimensional FT-IR spec-
ra from higher temperature to lower temperature are shown
n Fig. 5A. In the cooling course, which lasted 60 min, the
R spectral peaks at 3490 and 1723 cm−1 were absent but the
eak at 1750 cm−1 still existed. This might be due to the fact
hat the anhydrous 10-HCPT still existed during this cooling
eriod. Since the 10-HCPT sample was embedded and tightly
ompacted within two pieces of KBr pellets, the rehydration
rocess of 10-HCPT sample failed to occur. However, once the
ooled sample was further studied isothermally in a 56% RH
ondition with an isothermal FT-IR microscopic system with a
ime-scanned program for 4 h at 25 ◦C, the peak at 3494 cm−1

radually increased its peak intensity with time. Meanwhile, the
eak intensity at 1750 cm−1 that was assigned to the free C O
tretching vibration of the anhydrate state slowly decreased,
hough it still remained (Fig. 5B). However, at 1723 cm−1, the
eak intensity that was assigned to the hydrogen-bonded C O
tretching vibration of the monohydrate state was significantly
nhanced, implying that a mixture of monohydrate and anhy-
rate of 10-HCPT was found in this storage condition. This
evealed that under a 25 ◦C, 56% RH condition, the 200 ◦C-
reheated 10-HCPT sample prepared by the compressed method
ill not completely recover to a 10-HCPTmonohydrate.

.4. Thermal-induced degradation of the 10-HCPT samples
The intact 10-HCPT, 265 ◦C-preheated 10-HCPT samples
ere evaluated by using electrospray-ion trap mass spectrometry

ES-ITMS) to determine the molecular weights of the degraded

4

T

ig. 6. Mass spectra for native 10-HCPT (A) and 265 ◦C-preheated (B) 10-
CPT samples.

roducts, as shown in Fig. 6. Only one mass spectral peak, at
65, was found, coming from the [C20H16N2O5 + H]+ peak for
he raw material of 10-HCPT (molecular weight 364). How-
ver, one major mass spectral peak at 321 was observed alone
or the 265 ◦C-preheated 10-HCPT sample. The peak at 321 was
aused by the decarboxylated 10-HCPT sample since it appeared
t a lower molecular weight than the parent drug, by 44 mass
nits. The molecular weight loss from mass spectra was consis-
ent with the weight loss of 11.9% (equal to molecular weight
f 43.3) from the TGA curve of the 10-HCPT anhydrate. The
hermal-induced decarboxylation of lactone is well known [27]
nd as a result, it is therefore reasonable to assume that the
hermal-induced decarboxylation from lactone ring in the 10-
CPT structure might occur at high temperatures. Thus, the
roposed Scheme 1 is a possible reaction pathway for the ther-
ally induced degradation of the 10-HCPT anhydrate. Since
unique IR peak at 1701 cm−1 was found in Fig. 3 when the

0-HCPT sample was heated beyond 226 ◦C, we propose that
carbonyl group might exist in the decarboxylated 10-HCPT

ample. However, the formation of tautomerization of the eno-
ic group in the degraded 10-HCPT product is assumed.
. Conclusions

The 10-HCPT sample used in this study was a monohydrate.
his 10-HCPT monohydrate could thermally be dehydrated
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o form an anhydrate near 100 ◦C. Moreover, the 10-HCPT
nhydrate had two polymorphs, in which the enthalpy of this
olymorphic transformation was 10.46 kcal/mol. The 10-HCPT
nhydrate could be rehydrated to a monohydrate at a high RH
ondition. At a high temperature, the solid-state decarboxylation
f the lactone ring was the main thermally induced degradation
echanism for the 10-HCPT anhydrate.
This paper is just a starting point towards a deeper investiga-

ion of the 10-HCPT sample. The physicochemical characteri-
ations of the solid-state 10-HCPT such as the preparation and
roperties of different crystal forms, physical stability, etc., will
e studied by X-ray diffraction, thermal and spectral determina-
ions in the future.
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