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Abstract

Microspheres (2.91 wm diameter) were formed from poly(fumaric-co-sebacic anhydride) (P(FASA)) using a phase inversion microen-
capsulation technique. Blank microspheres, protein-loaded microspheres, and raw polymer were degraded in water for varying lengths of
time to determine how degradation affects morphology and crystallinity. The rate of degradation was subsequently characterized using
differential scanning calorimetry (DSC) and step-scan alternating DSC (SSADSC). As evident by the changing melting peak ratios during
degradation, the protein-loaded microspheres were found to degrade at a more rapid rate than both the blank microspheres and the raw
polymer, respectively. This was most likely because the release of protein from the microsphere surface led to an increased surface area
available for degradation of this surface-eroding polymer. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Use of polymeric drug delivery systems offers many
advantages over a single bolus administration of drug.
Patient compliance, protection of the drug from highly
acidic and potentially harmful environments of the body,
e.g. the stomach, and sustained drug levels in the blood
are all benefits of using polymers to deliver drugs.
Polymeric drug delivery systems include rods [1-3], slabs
[4,5], discs [6—8], films [9,10], and microspheres of various
sizes [11,12].

Polymeric microspheres are drug delivery systems in the
size range of 1 wm to about 2 mm. These spherical shaped
devices are used to entrap small molecules, large proteins,
and even DNA. The main purpose of these systems in our
studies is protection during oral delivery to the human
digestive tract or when injected under the skin, as in a
depo formulation. In addition, these delivery systems are
designed to enable controlled release of drug for a
prolonged period of time. Microspheres are a useful type
of delivery for systemic administration of drugs, since they
can be used to encapsulate and protect a wide variety of
drugs, and their small size can enable them to be injected
intravenously and actually allow them to circulate in the
bloodstream [13]. Additionally, delivery of sensitive
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drugs, such as plasmid DNA and proteins with short half-
lives, can be conducted more efficiently by uptake of micro-
spheres by target cells and subsequent release of therapeutic
agent intracellularly [14].

Microspheres are fabricated by encapsulating a drug
within a polymer matrix which is then released either by
means of diffusion through the polymer matrix or degrada-
tion of the polymer when placed in a physiological environ-
ment [9]. Degradation, or hydrolytic cleavage of the
polymeric backbone, begets one of the two types of erosion,
bulk erosion or surface erosion, with the type based mostly
on the hydrophilic/hydrophobic properties of the polymer
and partly on the morphology of the system. Polymers
which are relatively hydrophilic degrade by bulk erosion,
allowing water to fully penetrate the polymer before begin-
ning homogeneous degradation throughout the structure
[15], whereas those that are relatively hydrophobic with
extremely water-labile bonds degrade by surface erosion,
breaking the bonds at the surface before allowing water to
penetrate [16]. The morphology of a microsphere can play a
significant role in the erosion mechanism by creating a very
large surface area to volume ratio, which can actually make
a surface-eroding polymer partially bulk eroding.

Polyanhydrides which are typically surface-eroding
polymers, have been used to encapsulate and release a
wide variety of drugs from polymeric systems of diverse
morphologies [11,17-21]. Poly(fumaric-co-sebacic anhy-
dride) (P(FASA)), the polymer we are examining in this
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paper, is a highly crystalline member of the polyanhydride
family and has been used recently for delivery via the oral
route because of its highly bioadhesive properties [19].
These properties allow for an increase in gastrointestinal
transit time and consequential increase in the opportunity
for drug to be delivered to the desired area. In addition, high
sebacic acid content in copolymers has been shown to
increase crystallinity [22].

When one develops a drug delivery system, one must
focus on both the drug as well as polymer characterization.
We have chosen to study a new method of encapsulation and
analyze how morphology is affected during degradation of
the system. We compare pure polymer, blank microspheres,
and drug loaded microspheres. In this case, the drug is a
protein, bovine serum albumin (BSA). Since addition of
protein may alter the structure of the microsphere, it is
important to study how it will affect microsphere degrada-
tion as well. Encapsulating a drug or protein may also lead
to a change in the morphology. Therefore, it is important to
characterize the degradation profiles of microspheres
containing protein, compared to blank microspheres and
the raw polymer. In this study, we will focus on character-
ization of polymer crystallinity by both conventional
differential scanning calorimetry (DSC) and step-scan
alternating DSC (SSADSC).

2. Materials and methods
2.1. Materials

Monomeric sebacic acid and fumaric acid were obtained
from Sigma and copolymerized as previously reported to
give P(FASA) [23].

Protein. The protein used to load microspheres, BSA, was
obtained from Sigma.

HPLC grade dichloromethane was obtained from Allied
Signal and analytical grade petroleum ether from Mallinck-
rodt.

2.2. Microsphere fabrication

Protein-loaded microspheres were made by a phase inver-
sion technique [24]. Briefly, a 2% P(FASA) (20:80) (M,,
3212) polymer solution in dichloromethane (392 mg/
19 ml) was mixed with a second solution of protein in
water (8 mg/1 ml) at a ratio of 20:1. This two-phase system
was probe sonicated on a Cole Parmer ultrasonic homo-
genizer at an amplitude setting of 20% for 30 s to form a
fine water-in-oil emulsion of the two phases. This step is
necessary to evenly disperse the protein within the polymer
solution. Following sonication, the resulting emulsion was
frozen in liquid nitrogen in order to stabilize it and prevent
complete phase separation. The frozen emulsion was then
lyophilized for 48 h to remove all water and solvent, leaving
behind a solid product of protein particles entrapped within
a polymer matrix. The dried product (400 mg) was then

resuspended in dichloromethane (20 ml), producing a
suspension of insoluble protein particles in solubilized
polymer (2% solution). This suspension was then quickly
introduced into a non-solvent bath of petroleum ether at a
solvent:non-solvent ratio of 1:50. Upon contact with the
non-solvent, the polymer spontaneously precipitated from
solution, forming spherical polymeric particles encapsulat-
ing the protein. These resulting microspheres, which were
theoretically loaded with 2% BSA protein (w/w), were then
collected with a high pressure filtering system. Unloaded
microspheres containing no protein were also fabricated as
a control using the same method in order to impart the same
thermal history. Microsphere particle size was found to have
a median diameter of 2.91 wm by laser light scattering tech-
niques. Additional aliquots of raw polymer were pulverized
into a fine powder and also tested.

2.3. Microsphere degradation

Blank microsphere, protein-loaded microsphere, and bulk
polymer aliquots of 10—-20 mg were placed in microcentri-
fuge or 15 ml conical tubes and allowed to degrade at 37°C
in HPLC-grade water at a concentration of 10 mg/ml for
various amounts of time: 1, 4, 8, 24, 48, and 72 h, and 1
and 4 weeks. At each timepoint, the tubes were centrifuged,
the supernatant was removed and discarded, and the remain-
ing pellet was frozen and lyophilized. Prior to lyophilization
of each sample, the water was changed several times at
regular intervals. This step removed water soluble low
molecular weight degraded species from the remaining
insoluble polymer samples. These additional changes
aided in maintenance of a neutral pH which helped to
prevent acid-catalyzed degradation of the polymer which
would otherwise contribute a further variable to affect the
degradation rate [25].

2.4. Differential scanning calorimetry

Dried P(FASA) pellets were used to determine the chan-
ging thermal properties of the degrading microspheres and
bulk polymer. Samples were analyzed on a Perkin—Elmer
Model DSC-7 differential scanning calorimeter. The DSC
was calibrated for temperature and enthalpy using the melt
of indium (AH = 28.4 J/g). Samples (5.00 * 0.2 mg) were
contained in an aluminum pan with lid, and an empty pan
with lid was used as a reference. A baseline subtraction was
made to correct for any slope or variation in heat transfer
effects by heating the DSC with an empty pan in both the
sample and reference holders under identical conditions as
in the experiment and then subtracting the resultant curve.
Polymer was analyzed to determine the effects of degrada-
tion and thermal history imparted to it during fabrication.
Samples were heated from —20 to 200°C at 10°C/min, using
nitrogen as a purge gas at 20 ml/min. Thermograms (traces)
were analyzed to determine the melting point (7},) and the
enthalpy of melting (AH,,) of the samples. Percentage of
total enthalpy of each observed melting peak was calculated
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and attributed to crystalline species assumed to be present in
the sample.

2.5. Step-scan alternating DSC

SSADSC measurements were performed on a Perkin—
Elmer Pyris 1 DSC, using the SSADSC software provided.
Samples prepared in the same manner as for conventional
DSC were heated at various rates and held for various
isothermal periods to determine the conditions that gave
the best resolution of the deconvoluted curves. Heating
rates varied between 1.0 and 5.0°C/min for the overall heat-
ing rate over the range of 0—130°C. Helium was used as a
purge gas at 20 ml/min. A baseline subtraction was made to
correct for any slope or variation in heat transfer effects by
heating the DSC with an empty pan in both the sample and
reference holders under identical conditions as in the experi-
ment and then subtracting the resultant curve. The data was
subsequently analyzed to determine the reversing and non-
reversing components.

2.6. Fourier transform infrared spectroscopy (FTIR)

Degraded and undegraded samples were analyzed on a
Perkin—Elmer model 1725 X FTIR. Samples were ground
with a mortar and pestle and mixed with KBr at a ratio of
1:100. The mixture was then pressed into a pellet and spec-
tra analyzed from 400 to 4000 cm™'. The anhydride
(1807.12cm™Y) and acid (1701.91 cm ™) peaks were
measured and their relative areas compared in order to
determine the composition of the remaining sample.

3. Results and discussion
3.1. Differential scanning calorimetry

Microspheres with a mean diameter of 2.91 wm were
made by a phase inversion technique during which the poly-
mer spontaneously precipitated from solution upon contact
with a non-solvent. Encapsulation of protein during this
process produced microspheres with a matrix type morphol-
ogy in which the 2% loaded protein was homogeneously
dispersed.

P(FASA) protein-loaded microsphere samples exhibited
interesting thermal transition patterns following degrada-
tion. Initially, a bimodal melting peak was observed with
the primary melting peak of greater magnitude than the
secondary melting peak. Over time, the relative magnitude
of the primary melting peak decreased and the secondary
melting peak increased. A tertiary melting peak also devel-
oped which was assumed to be a result of oligomers forming
due to degradation (for example see Fig. 1 over the time
period of 1 week). We speculate that this melting peak is
due to oligomers since low molecular weight pre-polymers
were shown previously to melt at 67 and 79°C (for sebacic
acid and fumaric acid prepolymer respectively), while
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Fig. 1. DSC thermograms of P(FASA) microspheres loaded with protein
(2% loading) up to a degradation time of 1 week.

sebacic acid monomer melted at 136°C. Fumaric acid
monomer sublimes at approximately 200°C. Smaller, less
prominent peaks that appear on some of the thermograms
(traces) between 73 and 110°C are also assumed to be smal-
ler polymeric or oligomeric fragments due to degradation
but are not analyzed or included in the overall enthalpy of
melting. Additional evidence for the identification of the
tertiary peak comes from the data obtained via FTIR. For
samples analyzed from time zero to 1 week degradation, it is
evident that the acid peak (1701.91 cm™') is becoming
larger, relative to the anhydride peak (1807.12 cm_l) as
degradation time progresses (An example is shown for
protein-loaded microspheres in Fig. 2 and Table 1). Initially,
the undegraded sample contained 2.6% acid species which
increased to 37.6% by 8 h. After this point, the acid content
continued to increase linearly, at a rate of about 7.2% per
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Fig. 2. FTIR scans of protein-loaded P(FASA) microspheres degraded over
time.
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Table 1
Correlation between degradation time and relative peak areas for anhydride
and acid species in protein-loaded microspheres analyzed by FTIR

Degradation time Percentage anhydride (%) Percentage acid (%)

Oh 97.4 2.6
1h 60.6 39.4
4h 56.6 434
8h 62.4 37.6
24h 59.0 41.0
48 h 54.0 46.0
72h 49.3 50.7
1 week 15.1 84.9

day, reaching a maximum of 84.9% by 1 week. Since the
anhydride bonds of P(FASA) are extremely water-labile,
they are broken during degradation, and each creates two
acid end groups. The presence of this relatively increasing
acid peak, then, gives evidence that as degradation is occur-
ring, anhydride bonds are breaking, and more and more
shorter chain oligomers are retained within the sample. It
is believed that these shorter chain oligomers are the species
which gives rise to the tertiary melting peak. Additionally,
these acidic oligomeric species have been found to melt at
higher temperatures than those of their pre-polymer
counterparts [26] which would explain why they melt in
the range of 73— ~ 115°C.

On closer examination of the DSC thermograms (traces)
for protein loaded microspheres, the total change in
enthalpy upon melting remained fairly constant for each
of the degradation timepoints, even though the relative
percent of total enthalpy for each peak varied (see Table
2). This constant enthalpy was maintained by a significant
decrease over time of the primary melting peak (attributed
to smaller crystals), a fairly constant enthalpy for the
secondary melting peak (attributed to the melting of large
crystals), and a significant increase over time in the melting
of oligomers (the tertiary melting peak).

The degradation behavior of protein-loaded microspheres
was compared to both unloaded control microspheres and
raw polymer. When undegraded samples were initially
heated, the raw polymer showed a single endotherm with
an enthalpy of melting of 110.4 J/g and a T, with a AC, of
0.35J/g at 32.9°C, control microspheres showed a single
endotherm with a low temperature shoulder of total enthalpy

Table 2
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Fig. 3. Comparison between DSC thermograms for raw polymer (dashed
line), control microspheres (dotted line), and protein loaded microspheres
(solid line) at time zero.

98.8J/g and a T, with a AC, of 0.15J/g at 32.9°C, and
protein-loaded microspheres displayed two distinct
endotherms with total enthalpy change on melting of
99.1J/g (£0.2) and no detectable 7,. (see Fig. 3). The
enthalpy of melting values for both the control and protein
loaded microspheres were within experimental error of each
other, indicating that protein probably does not interfere
with the crystalline structure of the undegraded micro-
spheres. The enthalpy of melting for both types of
microspheres was shown to be smaller than that of the
raw polymer. The only difference in the treatment of these
materials that might account for the variation in thermal
history was the rapid precipitation into a non-solvent experi-
enced by the microspheres during fabrication in contrast to
the slow cooling to room temperature followed by polymer-
ization of the raw polymer.

With the commencement of degradation, the enthalpies
of melting of all the samples increased significantly initially

Correlation between degradation time and enthalpy for protein loaded microspheres; partial and total enthalpy

Degradation time Primary melt (J/g)

Secondary melt (J/g)

Tertiary melt (J/g) Total enthalpy (J/g)

Oh 51.6 474
1h 68.0 56.5
4h 83.6 473
8h 49.4 47.7
24h 39.5 72.5
48 h 222 66.7
72h 9.5 66.7

1 week 3.8 33.7

- 99.1
- 124.6
- 131.0
- 97.1
- 112.0
37.6 126.5
423 118.5
95.7 133.2
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but remained fairly constant between 1h and 1 week
degradation, averaging 120.4 = 12.6 J/g for the protein
loaded microspheres, 121.6 = 14.5J/g for the control
microspheres and 131.7 = 8.0 J/g for the raw polymer.
The increases in the enthalpy of fusion are attributed to
the loss of amorphous surface material in both the control
microspheres and the polymer, thus relatively decreasing
the amorphous fraction and increasing the crystalline
fraction of the sample. The preferential loss of amorphous
material has been previously reported [27] and is evident by
the decrease in AC,, at 39°C from 0.352 J/g for raw polymer
and 0.145J/g for control microspheres, respectively, to
negligible values by 1 h of degradation.

Differences in these overall enthalpies led to a closer
examination of individual enthalpies and melting tempera-
tures following various intervals of hydrolytic degradation.

Fresh undegraded protein-loaded microspheres exhibited
a bimodal melting peak (inclusive of a primary and a
secondary melting peak) at 57.4 and 66.2°C. After 1 h of
exposure to water, the melting points shifted to 60.0 and
68.5°C, and showed a corresponding increase in enthalpy
from 99.1 to 124.6 J/g. The 8 h timepoint yielded a primary
melting peak with an enthalpy (49.4 J/g) that was signifi-
cantly lower than that of the previous primary melting
peaks. The overall enthalpy of the sample at this point
was also reduced to 97.1 J/g. Although this melting trace
appeared similar to one broad melting peak (see Fig. 1), its
appearance was actually due to the simultaneous decreasing
of the primary peak and increasing of the secondary peak at
similar rates. This type of behavior was also observed for
microspheres loaded with other proteins, such as alcohol
dehydrogenase and thyroglobulin (data not shown).

The overall enthalpy of protein loaded microspheres
increased again to 112.4 J/g at 24 h as both melting points
also increased significantly (60.0 and 71.78°C) and
remained elevated without further significant changes in
melt temperature for the remainder of the experiment
(4 weeks).

It was also at this 24 h timepoint that the bimodal melting
peak, which before had been viewed as two overlapping
peaks, was resolved into two completely distinct peaks
with a small shoulder (65.4°C) developing on the beginning
of the secondary melting peak. At this point, the relative
sizes of the two enthalpies had also been transposed, with

Table 3

the secondary melting peak increasing in size relative to the
primary melting peak. Although P(FASA) degrades mainly
by surface erosion, the size of the microspheres might
actually contribute to an erosion profile that is partly
surface-erosion and partly bulk-erosion. The spaces left by
degraded amorphous material might enable water to further
enter the structure to begin erosion of small crystals, which
are more susceptible to degradation than large crystals as a
result of higher surface energy. Leaching of protein from the
protein loaded microspheres most likely contributed to even
further destabilization of their crystalline structure since by
8 h of exposure to water, 53.6% of the loaded protein had
been released (data not shown), leaving large pores on the
surface of the microsphere, and both the T}, of the primary
species and its enthalpy of melting decreased.

Loss of small crystals leads to a relative increase in the
number of large crystals per unit mass, and therefore the
enthalpy of the primary melting peak would decrease as
the secondary melting peak increases. Alternatively, the
lower molecular weight species that are forming due to
degradation may have more mobility which would allow
for a more rapid partial melting. These shorter chains would
then be free to contribute to the formation of a more perfect
crystal and, therefore, the size of the second melting peak
would grow in size relative to the first melting peak.

At 48 h, a smaller, broader melting peak also began to
appear at higher temperatures on the thermograms (traces)
of the protein-loaded microspheres (see Fig. 1). Some of the
polymer has been reduced to insoluble oligomers which can be
seen to melt at higher temperatures on the thermogram (trace).
The formation of these oligomers maintains the total enthalpy
of the sample, although a smaller proportion is now from the
polymer itself. By 4 weeks, the melting peak appeared as a
single broad peak, with a melting temperature very similar
to that of the secondary melting peak of the polymer.

The degradation thermograms (traces) were then
analyzed for the raw polymer and control microspheres
and compared to those for the protein loaded microspheres
(see Tables 3 and 4 for the changes in enthalpy of the control
microspheres and raw polymer, respectively).

Thermogram (trace) changes for control microspheres
were similar to that of protein-loaded microspheres, with
the inception of a bimodal melting peak (55.6 and 67.0°C)
that became more distinct after 1 h degradation. From 1 to

Correlation between degradation time and enthalpy for control microspheres; partial and total enthalpy

Degradation time Primary melt (J/g)

Secondary melt (J/g)

Tertiary melt (J/g) Total enthalpy (J/g)

Oh 16.3 80.4
1h 84.3 47.9
4h 92.7 29.1
8h 114.3 10.2
24h 39.2 79.8
48 h 24.5 72.1
72h 17.9 69.4

1 week 7.0 50.8

2.1 98.8
- 132.2
4.2 126.0
0.3 124.8
5.1 124.1
36.0 132.6
2.8 90.1
63.5 121.3
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Table 4

Correlation between degradation time and enthalpy for raw polymer; partial and total enthalpy

Degradation time Primary melt (J/g)

Secondary melt (J/g)

Tertiary melt (J/g) Total enthalpy (J/g)

Oh 109.1 -
1h 122.6 -
4h 119.2 -
8h 121.4 -
24 h 101.8 26.8
48 h 82.6 30.5
72h 69.1 39.9
1 week 64.3 28.4

1.3 110.4
0.5 123.1
11.6 130.8
7.5 128.9
3.1 131.7
15.0 128.1
21.4 130.4
56.0 148.7

8 h, the change in enthalpy of the secondary melting peak
decreased relative to the first. At 24 h, just as in the protein-
loaded microspheres, two distinct peaks became evident
(60.4 and 70.9°C). These two peaks were evident through
1 week of degradation.

Although control microspheres, for the most part,
behaved very similarly to those loaded with protein, a
difference was seen at 4 and 8 h degradation. Control micro-
spheres have a sharp reduction in the endotherm at 4 h
exposure to water (Table 3), whereas a reduction does not
occur for the protein-loaded microspheres until 8 h (Table
2). This gives evidence that the protein was aiding in the
maintenance of the polymer crystal structure. Large
amounts of protein (particle size 5—150 nm by TEM) are
entrapped within the polymer near the surface of the micro-
sphere (approximately 1-3 pm in diameter), allowing less
space to be taken up by amorphous material. Once protein
has escaped from the surface of the microspheres, the over-
all surface area is increased, creating an opportunity for
water to further penetrate the microspheres and degrade
the smaller crystals. The infiltration of water into the
structure of the microspheres is even greater than that
allowed by the loss of amorphous material in the control
microspheres and alters the degradation profile by creating
an even larger surface area than that of the control micro-
spheres. This leads to an increased degradation rate, which
is evident by the increase in the percentage of the enthalpy due
to the tertiary melting peak for protein-loaded microspheres as
compared to that of the control microspheres (Fig. 4).
Additionally, a small baseline transition resembling a T, at
32.9°C is evident for fresh control microspheres that is not
present for the protein-loaded microspheres, indicating that
the control microspheres have a higher amorphous content.

In contrast, P(FASA) raw polymer did not exhibit
thermograms similar to those of the control or protein-
loaded microspheres. The fresh raw polymer yielded a
single melting peak at 64.7°C with a small shoulder at
51.9°C which could no longer be identified by 4 h degrada-
tion. This single melting peak corresponded well with the
primary melting peak seen in the protein-loaded micro-
spheres. A bimodal melting peak began to materialize at
24 h degradation (64.8 and 70.4°C) and was evident through
1 week, but never separated into two distinct peaks as seen
in the control and protein-loaded microsphere samples. The

primary melting point of each bimodal melting peak corre-
sponded to the single melting peak that existed earlier in the
degradation. This data indicates that processing of the
polymer to produce microspheres enables larger crystals
to form, since only microspheres, and not raw polymer
itself, yielded a more perfect, larger crystal as shown in
the secondary melting peak. The solubilization of the poly-
mer in dichloromethane during microencapsulation allows
the chains to move freely which then immediately precipi-
tate/crystallize upon contact with the non-solvent. It is also
possible, however, that the microspheres which are smaller
than the pulverized raw polymer particulate will degrade
more quickly, given their higher surface area to volume
ratio. The materialization of the secondary crystalline
species might be partially due to the speed of degradation.

3.2. Step-scan alternating DSC

SSADSC is a recently commercialized technique in
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Fig. 4. Comparison between DSC thermograms for raw polymer (dashed
line), control microspheres (dotted line), and protein loaded microspheres
(solid line) degraded for 24 h.
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Fig. 5. Modulated heat flow (solid line) and reversing (dashed line) components of SSADSC thermogram of P(FASA) control microspheres at time zero.

which the sample follows a heat-hold temperature program
to obtain additional information about the samples proper-
ties. By conventional DSC, the resolution of the trace can be
improved by using a slower heating rate or smaller sample,
resulting in a loss in sensitivity, as the signal-to-noise ratio
decreases and the limit of the instrument is approached. The
only way to improve sensitivity is by increasing the heating
rate or sample mass, resulting in a loss in resolution. The
complexity of this issue led to the development of modu-
lated temperature DSC (MTDSC) and later SSADSC. In
MTDSC, a heat—cool temperature profile, generally sinu-
soidal, is superimposed on the linear heating rate of the
DSC. The addition of the sinusoidal signal results in a
constantly varying heating rate and allows the type of
complex analysis which would only be possible in conven-
tional DSC by doing multiple experiments at various heat-
ing rates. The modulated temperature and resultant
modulated heat flow can be deconvoluted using a Fourier
transform to give reversing and non-reversing components,
allowing separation of overlapping transitions. SSADSC is
a more simplified approach since there is no complex Four-
ier transform involved in data deconvolution and is similar
to the approach outlined by Reading [28] since it does not
involve a phase lag and because the data is separated into

reversing and non-reversing components rather than in-
phase and out-of-phase.

The equation to describe heat flow is derived from a
simple equation based on thermodynamic theory in which

dH/dt = Cy(dT/dr) + f(T, 1) (1)

where dH/dt is the heat flow, C, is the reversible part (heat
capacity term) and f(7,t) is the kinetic or non-reversing
term (isothermal) and is a function of time and temperature
[29,30]. Therefore, the heat capacity on heating is simply
related to the change in heat flow divided by the change in
temperature:

C, = (dH/dr)/(dT/dr) 2

The non-reversing heat flow is, therefore, simply the
change in heat flow that occurs during the isothermal
segment of the heat-hold experiment. The total heat flow
is taken to be the average of the heat flow response to the
heat-hold temperature program. In this way, the total heat
flow can be separated into the reversing and non-reversing
components, because the reversing component is only
observed on the heating part of the cycle and the non-rever-
sing only on the isothermal. Since both the heat capacity
equilibration and DSC equilibration are rapid, the C,
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calculation is said to be independent of kinetic processes
[30]. This differs from MTDSC as there is no Fourier trans-
formation for deconvolution of the traces and no phase lag
component to the analysis [29,31,32]. The term non-rever-
sing indicates that at the time and temperature of the
measurement, the process was not reversing even though
it may have been reversible (e.g. crystallization). Similarly
at the glass transition, the reversing signal does not include
all the enthalpy that is reversible because it is time depen-
dent. Rather, it comprises only the part that is reversing at
that modulation frequency. Therefore, the term reversing is
chosen over reversible and non-reversing over irreversible
[31]. Reported advantages of MTDSC over conventional
DSC include improved sensitivity and resolution [29,33],
separation of overlapping reversing and non-reversing tran-
sitions [34] and more accurate heat capacity values [35].
SSADSC is said to further offer advantages over MTDSC
in that as previously stated there is no complex Fourier
transform involved, there is no curve subtraction as the
irreversible (non-reversing) response is directly extracted
from the isothermal response, and it is three times faster
than MTDSC. As the main application of SSADSC is
enhanced characterization of the T, it was used to try to
determine the glass transition of the degraded samples, not
detectable by conventional DSC, and improve the resolution
of the melting peaks.

Variation in sample analysis parameters was initially
investigated to determine the parameters that gave the best
overall resolution for raw polymer, control microspheres,
and protein loaded microspheres which have been degraded
in water for 24 h. This included heating at 10.0, 5.0 and
2.0°C and holding for 0.5 min in all cases. The heat flow
response to the step scan temperature measurements was
recorded and the data subsequently analyzed to determine
the reversing and non-reversing components (see Fig. 5).
The reversing trace showed clearly defined peaks with
improved resolution compared to those by conventional
DSC. As expected, the slower overall heating rate gave
the best resolved peaks (see Fig. 6, for reversing compo-
nents at an overall heating rate of 5.0, 1.0 and 0.5°C/min).
SSADSC enabled improved resolution at slower heating
rates whilst maintaining the sensitivity of the instrument
(in conventional DSC, at slower heating rates the signal-
to-noise ratio decreases, obscuring the trace). Despite the
improved sensitivity, no glass transition could be detected
on the degraded samples. This may mean that there is no
amorphous material left in the sample and that it degraded
rapidly as indicated by the conventional DSC results.

A study of the melting traces agreed with those obtained
by conventional DSC, with the protein loaded microspheres
degrading at a faster rate than either the blank microspheres
or the polymer, respectively (see Fig. 7). The degraded
protein loaded microspheres produced a single peak
corresponding to the secondary melting peak observed
with conventional DSC, indicating that smaller crystals
(assumed to melt at a lower temperature, the primary
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Fig. 6. SSADSC reversing components of undegraded P(FASA) control
microspheres when heated at an overall heating rate of 0.5°C/min (solid
line), 1.0°C/min (dashed line), and 5.0°C/min (dotted line).

melting peak) were degraded more readily than larger
crystals. It was also assumed that they degraded more
rapidly than control microspheres because protein leached
from the microspheres, leaving a larger surface area for
degradation to occur. Slight variations in degradation time
may explain why a single peak is observed by SSADSC
whereas a bimodal peak was observed by conventional
methods. A more pertinent question is why this did not
occur for the control microspheres. These microspheres
produced peaks corresponding to the melting of both
small and large crystals, but not oligomer. This can possibly
be attributed to the slower degradation of control
microspheres as opposed to protein loaded microspheres
which have no remaining small crystals at this point. Alter-
natively, it may be a result of melt and recrystallization as a
result of the heat-hold temperature program producing more
perfect crystals. This may occur preferentially in the protein
loaded spheres as there is more freedom for the polymer
chains in the bulk material to reorganize due to the higher
surface area. However, a further study is needed to confirm
this. There was some evidence of the melt-recrystallization
process occurring on heating observed as an exothermic
peak in the non-reversing component as it passes through
the melt. As both the reversing and non-reversing compo-
nents contain elements of endothermic melting, the propor-
tion of the melt that is reversing is relative to the other
experimental conditions and is not a finite value [36].
Many of the problems in analyzing modulated data in this
region are due to the factors effecting relative contributions
of the reversing and non-reversing components and much
research considers the validity of analysis in this region.
Endotherms were observed in the degraded raw polymer
at temperatures corresponding to the melting of both small
and large crystals, as well as that of oligomer [27]. It was
proposed that the small size of the degrading particles might
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Fig. 7. SSADSC reversing components of P(FASA) raw polymer (dashed line), control microspheres (dotted line), and protein loaded microspheres (solid line)

degraded for 24 h.

contribute to partial bulk erosion which would lead to some
degradation and formation of oligomer within the micro-
sphere as well as the expected degradation on the particle
surface. In the microspheres which have a larger surface
area to volume ratio, any oligomer formed within can easily
diffuse into the buffer. However, in the raw polymer whose
particles have a smaller surface area to volume ratio, oligo-
mers have to diffuse further through the sample and may
become trapped within, yielding an evident melting peak.

The non-reversing trace gave little additional information
but this may be as a result of the small sample size used
(1-2 mg) and so a more detailed study should be carried out
using a larger sample size and increased number of
degradation time points. Previous work by MTDSC has
shown that the results obtained for melting traces by this
technique should be treated with caution as the proportion of
the reversing to non-reversing peak varies with experimen-
tal parameters, e.g. the non-reversing peak increases with
increasing heating rate [37].

4. Conclusions

The degradation rates of control and protein loaded
microspheres were compared to that of raw polymer to

determine whether the microsphere fabrication process or
protein loading has a significant effect. The rate of degrada-
tion was studied quantitatively using DSC and SSADSC.

Both protein loaded and control microspheres had a
higher initial amorphous content than the pulverized raw
polymer, most likely due to the spontaneous precipitation/
crystallization involved in the microencapsulation process.
The melting endotherm of P(FASA) microspheres was
shown to be unaffected by protein loading, indicating that
this process does not interfere with the crystallization
behavior on formation of microspheres. However, micro-
spheres loaded 2% with protein degraded at a faster rate
as shown by the more rapid loss of amorphous material
compared to blank microspheres. This was due to protein
diffusion from the microsphere surface, leaving behind an
increased surface area and enabling more rapid penetration
by water which begets more rapid degradation. Because of
their small size, P(FASA) microspheres seemed to exhibit
traits indicative of bulk erosion in addition to the expected
surface erosion profile.

SSADSC gave better resolved peaks than conventional
DSC as a result of the slower overall heating rates.
However, further investigation of the effect of the modula-
tion parameters on the relative reversing and non-reversing
components is required. Once the ideal modulation
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parameters have been determined, the use of SSADSC for
studying degradation may become more significant. Using a
larger sample size may also improve the resolution of the
non-reversing trace, allowing for further investigation of the
relative degree of reversing to non-reversing melting in
these systems.
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