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INTRODUCTION

Polylactic acid microspheres are well established as de-
livery vehicles for a range of low molecular weight and pro-
teinaceous drugs (1-3). However, there is arguably a paucity
of information available regarding the physical characteristics
of these spheres, with few studies (4) addressing the issue of
the manner in which drugs are distributed through the poly-
meric matrix. Following earlier studies (5,6) we recently in-
vestigated the use of modulated temperature DSC (MTDSC)
as a means of monitoring the distribution of progesterone
within poly(d,l-lactide) spheres using a range of loadings up
to 50% w/w (7). By monitoring the thermal response of the
spheres we obtained strong evidence for the drug being pre-
sent as a separate amorphous phase at 30% w/w loading and
as a distinct crystalline phase at 50% w/w loading. Comple-
mentary SEM studies showed marked changes in the surface
morphology of the spheres at these two concentrations, lead-
ing to the suggestion of surface drug deposition. However, it
was not possible at that stage to definitively establish the
location of the drug using the methodologies available.

A recent advance within the thermal analysis field has
been the introduction of micro-thermal analysis (micro-TA,
8-10). This method is based on the same principles as con-
ventional AFM but involves the replacement of the probe tip
with a Wollaston wire loop. The apex of the wire is etched
away to leave the silver filament exposed, resulting in a higher
resistance in this section of the tip. Application of a voltage
therefore results in Joule heating, hence one may apply a
thermal signal to highly specific regions of a sample. In addi-
tion, the technique allows isothermal measurement of ther-
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mal conductivity by rastering over the surface and measuring
the tip resistance. The technique has attracted considerable
interest, particularly within the polymer science field, as it
represents a unique method of performing thermal analysis
on highly specific regions of a sample without the necessity of
heating the material in its entirety. Early studies on pharma-
ceutical materials have also yielded highly encouraging results
(11,12). The ability of micro-TA to perform localised thermal
analysis suggests that the method may be a means of estab-
lishing whether the progesterone is indeed present on the
surface of the aforementioned microspheres. The objective of
the present study was therefore to investigate the use of mi-
cro-TA as a novel means of characterising the surface of the
PLA microspheres, with a particular view to obtaining further
evidence for the presence or absence of progesterone on the
exterior of the spheres.

Methods

Poly(d,l-lactide) microspheres containing 0%, 30% and
50% w/w progesterone were manufactured using the proce-
dure and materials outlined in an earlier investigation (7).
Topographical and surface thermal measurements were con-
ducted using a 2990 Micro-Thermal Analyzer (TA Instru-
ments Inc., New Castle, DE). Calibration was performed us-
ing benzoic acid by melting and recrystallizing the material on
a glass slide to produce an homogeneous flat surface. The
probe was placed onto the surface of the benzoic acid and an
initial current of 10nA passed through the Z-axis piezo. The
probe was heated at 20°C/s with a temperature modulation of
2°C and a frequency of SHz. The downward probe deflection,
representing the melting of the sample, was taken as the cali-
bration point (122.2°C).

Isothermal sample measurement took place by placing
the spheres on double-sided adhesive tape on a microscope
slide. The probe was lowered onto the surface of a sphere to
a height of 1-2 Angstrom above the surface, with this distance
being kept constant via a Z-axis piezo feedback loop. For
isothermal imaging a force equivalent to 10nA of sensor de-
flection (approximately 100nN) was applied and the tip ras-
tered over an area of 20pm x 20pm using a rate of SOpum/s
with a resolution of 300 lines. Localised thermal analysis ex-
periments were performed using the same protocol as that
described for the calibration. Once clear of the sample, the tip
was heated to 450°C to burn off any material that may have
adhered to the probe. Each experiment was repeated at least
six times. HSM studies were conducted using an Olympus
BX50 microscope fitted with a Mettler hot stage. A scanning
rate of 1°C/minute was used for each study, with indium being
used to check the calibration.

RESULTS

The surface topographies for the spheres containing 0, 30
and 50% w/w progesterone are shown in Figure 1. Examina-
tion of the topologies indicate a similar trend to that observed
using SEM (7). In the earlier study, the unloaded spheres had
smooth surfaces, the 30% spheres showed a ‘honeycomb’ sur-
face structure which coincided with evidence from the
MTDSC studies for the drug being present in an amorphous
form, while the 50% spheres had a ‘plate-like’ surface struc-
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Fig. 1. Surface topologies of polylactic acid microspheres containing
a) 0% w/w, b) 30% w/w and c) 50% w/w progesterone.

ture, with MTDSC studies indicating that the drug was pre-
sent in a crystalline form at this concentration. Inspection of
the thermal conductivity profiles indicated that these images
followed the surface topographies (data not shown). This
phenomenon of the conductivity being a mirror of the topog-
raphy reflects the change in the quantity of sample immedi-
ately adjacent to the tip on moving the probe up or down a
‘slope’” on the sample surface, hence any observed apparent
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changes in thermal conductivity do not necessarily reflect
changes in the fundamental physical or chemical structure of
a sample other than surface roughness. The topography de-
pendance of the measured conductivity is a major issue within
the field and is the subject of a separate study by our group
(12).

Figure 2 shows the localised thermal data for the three
systems. For the 50% w/w drug loaded spheres, a clear dis-
continuity in sensor position is seen at 124 + 2°C, indicating
that sensor penetration increases dramatically at this tem-
perature, which corresponds well to the melting point of pro-
gesterone (128°C (7)). It may therefore be concluded that the
localised thermal analysis technique has provided strong evi-
dence for the presence of crystalline progesterone on the sur-
face of the spheres at 50% w/w drug loadings. Examination of
the 0% w/w and 30% w/w systems indicate a discontinuity at
circa 84°C in both cases (onsets 87 + 9°C and 82 + 4°C re-
spectively). In these cases, the temperature dependent pen-
etration takes place over a wider temperature range, with the
more gradual onset resulting in higher standard deviation val-
ues than seen for the systems containing 50% w/w progester-
one.

HSM studies were conducted to ascertain whether any
change in appearance could be detected over the temperature
range under study. Observation of the unloaded spheres dur-
ing heating showed no marked changes in appearance up to
approximately 80°C, at which point the spheres appeared to
soften under the weight of the coverslip (Figure 3a). As the
temperature was increased to 110°C the spheres were seen to
progressively ’flow’ on the slide, as indicated in Figure 3b.
This almost certainly reflects gravitational forces overcoming
the surface tension of the >Tg spheres, as is well known for
the collapse of freeze-dried products (13). To our knowledge,
however, this process has not been previously described for
PLA microspheres.

DISCUSSION

The study has provided clear evidence from the micro-
TA studies that the drug is indeed present in crystalline form
on the surface of the microspheres at 50% w/w loadings, as
suggested in an earlier study. However, the behaviour of the
0% w/w and 30% w/w systems require careful consideration.
Intuitively, one may expect the discontinuity for the 0%
sample to be associated with the glass transition of the PLA,
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Fig. 2. Localised thermal analysis experiments for polylactic acid mi-
crospheres containing 0% w/w, 30% w/w and 50% w/w progesterone.
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Fig. 3. Hot stage microscopy studies for unloaded microspheres a) 80°C and b) 110°C.

at least for the unloaded systems. The similarity in localised
thermal behaviour of the 30% w/w systems does not in itself
contradict this. Previous studies (15) have indicated that the
glass transition of progesterone is circa 5°C, hence even if the
30% w/w loaded spheres do have an amorphous surface pro-
gesterone layer, this layer will be well above Tg at the pen-
etration temperature and may not contribute greatly to the
thermomechanical response. However, it is noted that the
30% wi/w systems showed greater temperature dependent
penetration than did the unloaded spheres, possibly due to
plasticization of the PLA by the drug. It should also be noted
that the absence of any evidence for progesterone recrystal-

lisation is almost certainly a function of the rapid heating rate
used.

There is, however, a large discrepancy between the Tg
values measured using MTDSC and the ‘softening’ values
measured using micro-TA, the former being 48°C and 40°C
for the unloaded and 30% w/w systems respectively (7).
There are two possible explanations for this. Firstly, the high
heating rate may result in superheating of the <7g system
such that the glass transition occurs at temperatures above
that normally expected. This is well established for DSC stud-
ies in that high heating rates may result in increases in 7g
compared to the value measured on cooling. The second ex-
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planation is that the discontinuity is not a direct reflection of
the Tg itself but is instead an indication of some form of
post-Tg viscoelastic response. This is also a well-established
phenomenon in the thermomechanical analysis field, whereby
temperature-dependent deformations are more correctly re-
ferred to as softening points, hence the detection of a glass
transition is not automatically assumed. It should also be
noted that no softening was observed using micro-TA for
HPMC at temperatures corresponding to the glass transition
(11), hence again it should not be automatically assumed that
the changes in mechanical properties associated with 7Tg will
necessarily be directly detected by micro-TA in every case.
While either of the two explanations outlined above may
be correct based solely on the micro-TA data, both the HSM
and MTDSC (7) studies indicate that there is a distinct >Tg
event that occurs in the same temperature region as the dis-
continuity seen with the localised thermal studies. In terms of
MTDSC, this event is seen in the phase angle ¢ which rep-
resents the ratio of the imaginary and real components of the
complex heat capacity. Hill et al (7) reported a step increase
in ¢ between 70°C and 110°C for the unloaded spheres. For
the 30% w/w system, a positive phase peak was seen between
70°C and 75°C, the temperature range at which an exothermic
peak was seen in the total heat flow data indicating a recrys-
tallisation process. No such discontinuity was seen over this
temperature range for the 50% w/w systems. The interpreta-
tion of the phase angle remains a source of debate within the
thermal analysis field. However, it is currently believed (14)
that the phase lag arises from a combination of sample and
instrumental effects. In terms of the glass transition, the value
of ¢ is theoretically 0 before the 7g region due to the relax-
ation time of the glass being longer than the temperature
modulation period, hence the relaxation processes do not fol-
low the heating signal. Above 7g, the molecular relaxation
times (7) are short in relation to the period and hence the
structure can follow all the imposed temperature modula-
tions. In the region of 7g, however, the phase angle passes
through a minimum of up to a few tenths of a radian due to
the equivalence of the relaxation times to the applied modu-
lation period, with the midpoint of the transition occurring
when 7 Operiod. In practice, however, the phase angle tends
to be non-zero above and below 7g due to non-ideal heat
transfer between the instrument and sample. This effect is
dependent on experimental parameters and may be given by
b =arctan (mC,* w/K) Eq.1
where m is the sample mass C,,* is the complex heat capacity,
wis the period and K is an instrument parameter describing
the heat transfer characteristics of the system. Hill et al (7)
tentatively ascribed the phase angle effect to changes in the
physical integrity of the spheres within the pans (i.e., flow
effects). We believe that this explanation is correct and that it
is now possible to interpret the phase angle behaviour in
terms of the change in contact between the sample and the
base of the pan as the spheres lose their physical integrity.
Such increased contact will result in alterations to the param-
eter K in Eq. 1 over a fairly narrow temperature range.
Overall, therefore, the evidence for all three techniques
supports the concept of there being a distinct softening re-
sponse circa 80°C. Clearly, it is unlikely that spheres will be
exposed to these temperatures post manufacture. However, it
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should be borne in mind that this softening is almost certainly
a kinetic rather than a first order thermodynamic event. Con-
sequently the softening observed here could occur over
longer time periods at lower temperatures. Indeed, the pre-
vious study (7) highlighted the fact that the Tg may be low-
ered to temperatures in the region of body temperature by
the presence of incorporated drugs, hence it is feasible that
certain formulations may soften over the period of drug ad-
ministration within the body.

CONCLUSIONS

The study has investigated the use of micro-TA in con-
junction with MTDSC and HSM as a means of characterising
the surface of progesterone-loaded microspheres. Strong evi-
dence for the presence of crystalline progesterone on the sur-
face of the 50% w/w spheres was obtained from localised
thermal analysis, while a softening was seen for the unloaded
and 30% w/w systems. It is suggested that this softening may
be a reflection of flow rather than a direct reflection of the Tg.
The technique of micro-TA therefore appears to be of con-
siderable potential use as a means of characterising the sur-
face properties of microspheres, although it is necessary to
exercise caution in the interpretation of the data obtained. In
particular, the study suggests that the technique may be more
sensitive to softening at temperatures >7g than to the glass
transition itself. This is not in itself a disadvantage but it is
clearly essential to know the nature of the thermal event un-
der study in order to further the development and applica-
tions of this method.
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