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The Influence of Surfactant on PLGA Microsphere Glass Transition
and Water Sorption: Remodeling the Surface Morphology
to Attenuate the Burst Release
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Purpose. The stability of protein unloaded and loaded poly(lactic-co-glycolic acid) (PLGA) micro-

spheres fabricated with surfactant was challenged through exposure to environmental conditions of

different relative humidity.

Methods. Polyvinyl alcohol (PVA) or Triton X-100 was added to the primary emulsion of the double-

emulsion solvent evaporation technique. After storage at ambient humidity and 75% relative humidity,

the mechanical stability of the polymer was tested to reveal PLGA chain mobility using differential

scanning calorimetry. Subsequent surface modifications were examined by atomic force microscopy

(AFM), and protein release profiles were collected.

Results. Residual amounts of PVA and particularly Triton X-100 raised the hydrophilicity of the

microspheres. When exposed to ambient humidity or 75% relative humidity, PVA and Triton X-100

had, respectively, an antiplasticizing and a plasticizing effect upon PLGA, and both led to physical aging.

The high-resolution AFM imaging of microspheres containing model protein and Triton X-100 showed

that the depth of the surface pores was reduced when exposed to 75% relative humidity, and the initial

burst release subsequently decreased.

Conclusion. These studies suggested that the mechanical stability of PLGA was influenced by the

addition of surfactants, which, depending on the formulation, led to surface pore remodeling under high

humidity, reducing the initial burst release while maintaining the spherical integrity of the microsphere.

KEY WORDS: burst release; plasticization; PLGA glass transition; pore remodeling; relative humidity;
surfactant.

INTRODUCTION

The use of biodegradable poly(lactic-co-glycolic acid)
(PLGA) has shown considerable promise for drug delivery
and as scaffolds for tissue engineering (1). PLGA micro-
spheres have been extensively studied as delivery vehicles for
labile macromolecules, such as peptides, proteins, and DNA
(2Y4). The method of double-emulsion solvent evaporation
for microsphere fabrication, introduced almost 30 years ago,
has become particularly popular (5Y7). Of particular concern
is the water/oil interface, which induces protein denaturation
(8Y10), requiring the addition of surfactant or emulsifier to
the primary emulsion (11,12). The addition of surfactant has
proved, in some cases, to have beneficial effects (13), but in
others proved to be detrimental or have no effect (14).

In this study, we have used polyvinyl alcohol (PVA) and
Triton X-100 as stabilizers of the primary emulsion (15).
There is a paucity of research dedicated to dissecting the

underlying molecular interactions between surfactant and
drug/PLGA in microsphere formulations. One reason may be
the difficulty in elaborating appropriate protocols when
working at a submicron scale. However, it is possible to
assess the overall physical properties of PLGA microspheres
and indirectly determine the effects of surfactant.

The mobility of the PLGA chains in their glassy state
(16) will depend on how any additive, either drug or
surfactant, interacts with the polymer during solvent evapo-
ration and following lyophilization. To characterize the
amorphous nature of the polymer and to investigate its
physical properties, the glass transition temperature Tg

becomes a critical parameter. Here, the thermal properties
of surfactant-free and surfactant-containing microspheres
were investigated with and without encapsulated protein.
The mechanical stability of the resulting microspheres was
interpreted alongside respective data for water vapor adsorp-
tion/desorption.

Characterizing the mechanical stability of microspheres
at increasing relative humidity is also important in the
assessment of storage lifetimes. Because water is a known
plasticizer of amorphous polymers such as PLGA, the result
of storage at high relative humidity may influence micro-
sphere morphology. It has been shown that after 24-h
immersion in water, a Bskin^ may envelope the outer surface
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of the microspheres (6). The concomitant loss of external
pores was suggested to result in the subsequent termination
of the burst release period. In a similar manner, it seems
reasonable that closure of surface pores will attenuate drug
release. For example, simulations of the burst release of
drugs from microspheres with very few external pores show a
first-order release rate (11,17).

In this study, we have imaged the surface of microspheres
maintained at increasing relative humidity to investigate the
plastic nature of the PLGA. The ability to controllably reduce
the number of exit pores at the microspheres surface would be
of considerable interest with respect to the study or control of
drug release. Currently, double-walled microspheres have
been developed to fully attenuate or delay the burst release
of encapsulated protein (18). Shaping the microsphere surface
subsequent to fabrication lyophilization may provide a novel
route. The model protein we have used as the encapsulated
drug is the fibronectin central cell-binding domain, termed
BFIII90-10,^ which binds integrin a5b1 with high affinity (19)
and forms part of our ongoing research (20). Briefly, FIII90-
10 is a 198-amino-acid His-tagged b-sandwich domain pair,
belonging to the IgG superfamily, and exists as a monomer
(ca. 21.5 kDa, pI 8.1). Here, we investigate the potential of
surface remodeling to control the burst release and discuss
the implications of these data.

MATERIALS AND METHODS

Materials

Triton X-100 (MW 625, HLB 13.5) was supplied by Sigma
(Poole, Dorset, UK). PVA (MW 30,000) was obtained from
ICN Biomedicals Inc. (Beckenham, Kent, UK). The PLGA
copolymer (50:50) of an inherent viscosity of 0.18 dL/g
(molecular weight õ15,000 g/mol) was purchased from Purac
Biochem (Gorinchem, Netherlands). The water used was
Milli-Q water (18 MW cm). The protein FIII90-10 was ex-
pressed and purified as described in a previous paper (20). All
other chemicals and solvents were purchased from Sigma.

Preparation of the Microspheres

A water-in-oil-in-water (w/o/w) double emulsionYevapo-
ration technique was employed. For the preparation of the
primary emulsion, an inner aqueous phase, 90 2L of FIII90-10
at 20 mg/mL in phosphate-buffered saline (PBS) with 5 2L of
surfactant or water, was injected into 950 2L of oil phase,
dichloromethane containing 5% w/v PLGA, and homoge-
nized at 22,000 rpm for 15 s (IKA Ultra Turrax T18). To
investigate the role of surfactant in the primary emulsion, the
surfactant added here was either Triton X-100 or PVA, with
the corresponding fabricated microspheres referred as
Bcontaining FIII90-10 and Triton X-100^ or Bcontaining
FIII90-10 and PVA.^ Where water was added in place of
surfactant, these microspheres are referred to as Bcontaining
FIII90-10.^ Where PBS without protein or surfactant was
added to the primary emulsion, the microspheres are referred
to as Bblank microspheres.^

The primary emulsion was transferred into 40 mL of
water containing 0.5% w/v PVA, a requirement for micro-

sphere preparation (15), and stirred at 500 rpm for 2 h at
room temperature (IKA BLab Egg^ RW11). The solvent
was subsequently evaporated and the capsides allowed to
harden. The microspheres were then harvested by centri-
fugation (4000 � g, 1 min), washed three times in distilled
water, snap-frozen in liquid nitrogen, and finally lyophilized
overnight (Micro Modulyo, ThermoSavant). Lyophilized
microspheres were kept at 4-C in a sealed container with
silica gel.

Storage Conditions

Approximately 5 mg of lyophilized microspheres were
placed into open Eppendorf tubes in a sealed box. The relative
humidity of the air in the box was controlled using saturated
salt solutions. The saturated salt solution was prepared by
spreading about 3 mm of dry salt in a shallow beaker and
adding water to it to moisten the salt. The desiccant was
selected according to the humidity required (21).

Dynamic Vapor Sorption

Water sorption/desorption studies of the prepared
microspheres were conducted with a calibrated dynamic
vapor sorption (DVS)-Advantage-1 (Surface Measurement
Systems Ltd., London, UK). The glass pan was carefully
filled with approximately 10 mg of microspheres and
analyzed against an identical empty glass pan as the
reference; with the system able to resolve 0.1 2g, a 1%
change in mass of the 10-mg sample can be measured re-
peatedly. The relative humidity was set to 0% and was in-
creased in steps of 23.7 up to 95% relative humidity. The
change in mass of the microspheres as a function of the dry
mass at 0% relative humidity was recorded at each incre-
mental step. Equilibrium mass, at each relative humidity, was
determined with a dm/dt of 0.001%/min. Two sorption/de-
sorption cycles were recorded for each batch of microsphere
formulation in triplicate. Experiments were recorded at 20-C,
and the microspheres used for analysis from each batch were
free flowing, rather than Bcompacted.^

Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) plots were
obtained using dynamic DSC (DSC 822e, Mettler Toledo).
Samples were prepared by carefully weighing õ1Y2 mg of
microspheres into an aluminum pan and then hermetically
sealed. An empty pin-holed aluminum pan was used as a
reference. Both the reference pan and the sample pan were
allowed to equilibrate isothermally for 5 min at 0-C. The
pans were then heated at a rate of 10-C/min from 0 to 85-C,
quench cooled to j20-C (to eliminate any sample history),
and then heated again to 85-C at 10-C/min. The results were
analyzed using Mettler STARe software. The glass transition
temperature (Tg) was reported as the onset of the
corresponding glass transition.

Scanning Electron Microscopy

Lyophilized microspheres were sprinkled onto a carbon
adhesive disc mounted on an aluminum stub. Samples were
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coated with a thin layer of gold in an Edwards Sputter Coater
S150B, and electron micrographs of the microspheres were
recorded in a JEOL JSM6310 scanning electron microscopy
(SEM) operating at 10 kV. Conditions inside the SEM were
as follows: temperature õ20-C and vacuum õ10j5 torr.

Atomic Force Microscopy

Atomic force microscopy (AFM) images were performed
using a NanoScope IIIa controller, a multimode AFM head
(Digitial Instruments, Santa Barbara, CA, USA), and a J-type
scanner. Microspheres were mounted to the AFM magnetic
stubs by a layer of Tempfix, a thermoplastic adhesive resin. All
AFM surface topography images were recorded in Tapping-
Modei operation. Tetrahedral-tipped silicon etched canti-
levers (OTSP, Digitial Instruments) with a nominal tip radius
of curvature <10 nm and a resonant frequency 200Y400 kHz
were utilized for imaging. Surface analyses of the topograph-
ical images were undertaken with the built-in AFM software.

Particle Size

Microspheres were suspended in distilled water in a
small stirring cell of the Malvern Mastersizer X (Malvern
Instruments Ltd., Malvern, UK), and particle size was
measured using laser diffraction with a range lens of 300
mm, a laser obscurity between 12 and 25%. The values
reported are the volume-based distribution, relative to the
mode diameter and standard deviation of the size in one
batch of the particles.

In Vitro Protein Release

Approximately 10 mg of dried microspheres were
weighed into an Eppendorf tube and suspended in 1 mL of
PBS, pH 7.4, containing 0.02% w/v sodium azide to prevent
microbial growth. The tubes were placed horizontally with-
out shaking at 37-C for 12 weeks. At predetermined time
points (30 min; 1, 2, 4, 8, 24, 72 h; 1, 2, 4, 8, and 12 weeks), the
tubes were centrifuged (13,000 � g, 1 min), and the su-
pernatant was removed and replaced with fresh buffer. The
microspheres were resuspended by short sonication when
necessary and reincubated. The supernatant collected was
analyzed to determine the protein concentration using the
bicinchoninic acid (BCA) microassay (calibrated and verified
against a protein concentration curve). Blank capsides were
also incubated following the same procedure as reference
against the test samples.

Protein Encapsulation

Seven milligrams of lyophilized microspheres was added
to 1 mL of 0.1 N NaOH containing 2% w/v sodium dodecyl
sulfate (SDS), and the solution was shaken overnight at room
temperature. After centrifugation (12,000 rpm, 5 min), the
supernatant was used to estimate the protein content using
the BCA assay (Sigma, following the manufacturer’s in-
structions). Background readings were corrected for using
supernatant of blank microspheres of a corresponding batch,
and all readings were repeated in triplicate for independent
samples.

RESULTS AND DISCUSSION

Effect of the Variations of Microsphere Formulations
on Their Size

The mode diameter of the microspheres ranged from
97.0- to 125.3-2m diameter as presented in Table I. The
addition of Triton X-100 into the internal water phase led to
the formation of larger microspheres. Possibly, this change
resulted in a high viscosity of the primary emulsion, and
therefore larger droplet size, as previously reported in the
literature (11).

Addition of Surfactant Increases Microsphere
Water Sorption

The change in mass of a sample upon water uptake is a
highly sensitive way of investigating the hydrophilic nature of
materials (22). Moisture sorption profiles for microspheres
fabricated with and without surfactant or protein in the
primary emulsion are shown in Fig. 1. Although the per-
centage change in mass seems small (up to 2%), this is
consistent with previous DVS data for poly(D,L-lactic acid)
showing percent weight changes between ca. 1.1 and 1.3% for
poly(D,L-lactic acid) with MWs of 12,500Y136,500, respective-
ly (23). The profiles in Fig. 1 show no discernable differences
between blank microspheres and microspheres containing
FIII90-10 alone over all relative humidities tested. The water
sorptionYdesorption profile for microspheres containing
PVA and FIII90-10 was poorly discernable from blank- and
FIII90-10-containing microspheres until a relative humidity of
95% was reached; in contrast, the profile for microspheres
containing Triton X-100 and FIII90-10 was discernibly
different above a relative humidity of 45%. This suggests
that microspheres containing Triton X-100, and to a lesser
extent PVA, within the PLGA matrix are, as a consequence,
more hydrophilic and readily hydrated.

It is known that PVA, when used in the continuous
phase of the secondary emulsion, adsorbs onto the micro-
sphere surface (24). Despite washing prior to lyophilization,
it is very difficult to completely remove the PVA coating
(25). In the case of PVA added to the internal aqueous
phase, it is reasonable to expect that PVA also coats the
inner pores and/or exits within the polymer matrix. Other
groups have also suggested that PVA chains penetrate the
PLGA matrix (26). This will be discussed further in relation
to DSC data. While DVS data cannot predict the extent of
PVA penetration throughout the PLGA matrix, a homoge-
nous distribution of PVA within PLGA seems unlikely given
their respective physical properties. Ultimately, the total
amount of PVA remaining on/in the microspheres only
increases water uptake at high relative humidities. In

Table I. Size Distribution Measurements of Microspheres (TSD)

Microsphere formulation Mode diameter (2m)

Blank microspheres 97.0 T 14.2

FIII90-10 alone 112.9 T 6.2

FIII90-10 and PVA 109.3 T 11.7

FIII90-10 and Triton X-100 125.3 T 6.3
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contrast, Triton X-100 seemed to increase the hydrophilicity
of the microspheres more readily: the change in mass for
these microspheres being around 4% at 95% relative
humidity (cf. the corresponding percent change in mass for
microspheres containing PVA and FIII90-10, FIII90-10, and
blank microspheres of 2, 1.5, and 1.5%, respectively). The
small molecular size of Triton X-100 (RMM 625) compared
to PVA may enable its greater infiltration of the PLGA
network. Moreover, the PEO headgroup of Triton X-100 is
known to be miscible with PLGA (27). It is not surprising
then that the washing steps did not completely remove the
surfactant.

The mode of water vaporYmicrosphere interaction was
revealed by the hysteresis for loss of mass in response to
decreasing relative humidity. Microspheres containing no
surfactant showed almost no hysteresis (Fig. 1 and Table II).
It can be argued that water diffusion and mobility in the
amorphous PLGA is dependent on the waterYPLGA inter-
action. At low humidity, the waterYPLGA interaction is
expected to be high, hence a low mobility of the water
molecules. As humidity increased, the water affinity toward

the amorphous PLGA decreased, eventually changing to a
water-vapor interaction favoring water mobility. At this
point, the hydration limit of the polymer is reached (28,29),
and the subsequent water vaporYmicrosphere interaction is
accompanied with the hysteresis as visualized by the differ-
ence in between the sorption and desorption cycles. Our data
showed that the hydration limit was between 47 and 71%
relative humidity for microspheres containing PVA and
FIII90-10 and between 23 and 47% relative humidity for
microspheres containing Triton X-100 and FIII90-10.

Upon exposure to 95% relative humidity, SEM micro-
graphs showed irreversible aggregation of the microspheres
(Fig. 2). The formation of interparticulate bridges suggested
a high degree of molecular mobility of the PLGA chains.
Presumably, a high adsorbance of water at the microsphere
surface caused the PLGA chains of neighboring particles to
aggregate. The resulting clusters were not free flowing, as
necessary for pharmaceutical criteria or intravenous admin-
istration. Therefore, the relative humidity for controlled
surface remodeling without microsphere aggregation was
thought to be around 75%.

Thermal Properties of the Microspheres Showed Aging
and Plasticity

The thermal properties of amorphous microspheres
reflect the mobility between the PLGA chains (30,31). Any
modification in the structure could therefore be detected and
characterized using DSC (32Y34). As a result of solvent
removal and lyophilization, the polymeric chains are immo-
bilized while trying to reach equilibrium (35). A glassy state
is entered when the molecular mobility is so slow that the
material is kinetically unable to fully relax (36). However,
depending on the formulation and the storage conditions,
aging may occur where the physical properties continue to
change slowly with time as the polymer tends to thermal
equilibrium with its surroundings (37,38). The period of
storage used in these studies was 2 weeks, guided by the rapid
absorbance of water vapor observed by DVS. It is accepted
that long-term events, dependent on prolonged PLGA
hydrolysis, would not be observed.

The effect of the storage history on Tg and glass
transition profile of the microspheres upon ambient and
75% relative humidity are shown in Fig. 3A and summarized
in Table III. All Tg values are relative to the experimental
conditions used here, and every precaution was taken during
sample preparation to minimize variation in sample weight

Fig. 1. Change in mass of microspheres over increasing relative

humidity. The water uptake was recorded during sorption (solid

lines), and the water loss was inversely sampled during desorption

(dotted lines). Symbols: circles, blank microspheres; up triangles,

microspheres containing FIII90-10; squares, microspheres containing

PVA and FIII90-10; down triangles, microspheres containing Triton

X-100 and FIII90-10. Error bars (smaller than symbols) represent the

standard deviation.

Table II. Difference between the Gain and the Loss of Mass for Microspheres during Water Vapor Sorption and Desorption Cycles, Shown

in Fig. 1

Percentage difference in gain and loss of mass

Percentage

relative humidity

Blank

microspheres

FIII90-10

microspheres

FIII90-10 and

PVA microspheres

FIII90-10 and Triton

X-100 microspheres

0.00 0.02 0.02 j0.07 j0.01

23.80 0.02 0.00 j0.03 j0.03

47.50 j0.02 0.00 j0.09 j0.29

71.30 j0.06 0.00 j0.18 j0.37

95.00 0.00 0.00 0.00 0.00
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and heating rate. As expected, a difference was measured
between blank and protein- or surfactant-loaded micro-
spheres. Clearly, addition of protein or surfactant altered
the glassy state of the PLGA chains. Alone, the FIII90-10
protein acted as an antiplasticizing agent, raising the Tg of the
polymer (cf. the respective Tg0

values in Table III). Although
this result may in itself be surprising given the weight ratio of
protein to PLGA, a tentative explanation of the data may
involve protein denaturation during emulsification: leaving
unfolded (insoluble) and folded fractions with the possibility
that PLGA preferentially interacts with one protein form
over the other. The folded protein fraction, being soluble,
leaves the microsphere during the burst release phase
because it is only loosely associated with the inner pores of
the microsphere. The protein fraction interacting with the
PLGA is therefore likely to be the unfolded fraction. Thus,
PLGA may interact with the unfolded protein fraction via
van der Waals forces, reducing polymer chain mobility. This
interpretation is consistent with other related work (39,40),
although further validation and the underlying mechanism
regarding the antiplastic activity of the protein remain to be
determined.

The DSC data showed that the addition of PVA to the
primary emulsion raised the Tg of the resultant microspheres,
whereas Triton X-100 dramatically reduced the Tg (cf. the

respective Tg0
values in Table III). It would be difficult to

unambiguously define the intermolecular interactions occur-
ring between the surfactants and PLGA (41); however, the
role of surfactant penetration within the PLGA matrix is
likely to be involved given the known miscibility of the PEO
headgroup of Triton X-100 with PLGA (27). This is
consistent with the noticeable broadening of the FIII90-10
and Triton X-100 curve in the region of the glass transition as
illustrated in Fig. 3A. Consequently, Triton X-100 may have
increased the free volume within the entangled PLGA
chains, facilitating diffusion of water and PLGA molecular
mobility, acting as a plasticizer. Conversely, PVA seemed to
only weakly influence the molecular mobility (or free
volume) of the PLGA, tending toward an antiplasticizing
effect because small increases in the Tg values were observed
between microspheres encapsulating FIII90-10 and micro-
spheres encapsulating FIII90-10 with PVA.

The change in Tg upon storage at ambient and elevated
humidity revealed an interesting behavior. For blank micro-
spheres stored at ambient humidity, Tg increased rapidly
within the first 24 h, with relatively little change thereafter
(Table III). The increase in Tg may have been a result of
local molecular rearrangements (b-relaxations) occurring in
any free spaces available as the polymer tended toward
thermal equilibrium. The increased density would give rise to
mechanical loss, which, under these circumstances, is known
as physical aging and is commonly seen for glasses frozen in
nonequilibrium conformation because of reduced mobility
upon vitrification (42), reviewed by Chartoff (43). Concom-
itant with the increase in Tg is the Boverheating peak^
(enthalpy of relaxation) observed at the glass transition in
Fig. 3A. (The overheating peak superposed on the Tg may be
confused with an endotherm corresponding to the fusion
temperature, but, crucially, the distinguishing feature is that
the baseline does not return to its original level.) As
expected, when the microspheres were quench cooled
following the first heating cycle and their thermal behavior
was analyzed over a second identical cycle, the overheating
peak almost disappeared, given the minimal potential for
relaxation (Fig. 3B). Comparative DSC data for polylactide
microspheres showing aging of polylactide microspheres are
provided by Passerini and Craig (44).

For blank microspheres stored at 75% relative humidity,
a similar aging was observed within the first 24 h; but after 2
weeks, the Tg had almost returned to its initial value. This
could be expected given the uptake of water vapor at the
higher humidity and the resultant plasticization effect on the
PLGA. For microspheres containing PVA, the decrease in Tg

at 75% relative humidity vs. ambient humidity was also
consistent with the plasticizing effect of adsorbed water,
which increased the free volume and molecular mobility of
PLGA (45,46). The drop in Tg for microspheres containing
only protein and stored at high humidity was only apparent
after 2 weeks. This suggested that protein was a poor
mediator of water uptake in comparison to surfactant, which
was borne out in the DVS data. These data show that the
mechanical properties (Tg) of the microspheres are depen-
dent on the balance between the kinetics of physical aging vs.
water-induced plasticization.

Microspheres incorporating Triton X-100 also showed
physical aging, with a rise in the Tg following storage either at

Fig. 2. Scanning electron microscopic (SEM) images of microspheres

containing FIII90-10 and Triton X-100 at magnification of 45� (A)

and 300� (B) upon storing at 95% relative humidity for 24 h. Bar,

100 2m.
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ambient humidity or 75% relative humidity. However, the
overheating peak for microspheres encapsulation FIII90-10
with Triton X-100 was relatively small in comparison to PVA
and protein-loaded microspheres. This suggested that phys-
ical aging was relatively little, presumably involving minimal
local PLGA rearrangements. Because Triton X-100 was
strongly plasticizing by increasing the free volume, the

PLGA may have instead tended toward large molecular
rearrangements involving entire chains (a-relaxations). Fur-
thermore, this high degree of molecular mobility could have
been facilitated by water sorption (cf. DVS data and the
increase in Tg following storage at 75% relative humidity).
The resultant plasticization dominated the thermal character-
istics of the microspheres containing Triton X-100. Given the

Table III. Evolution of the (Onset) Tg of Microspheres Stored at Ambient Humidity and 75% Relative Humidity Over Time

Microsphere

formulation

Time 0,

Tg0
(-C)

Ambient humidity 75% relative humidity

24 h 2 weeks 24 h 2 weeks

DTg1
¼ Tg24h

� Tg0
DTg2

¼ Tg2w
� Tg0

DTg1
¼ Tg24h

� Tg0
DTg2

¼ Tg2w
� Tg0

Blank 27.6 +0.8 +1.4 +1.1 +0.2

FIII90-10 29.9 j1.7 j1.0 j1.5 j1.9

FIII90-10 + PVA 29.2 j0.1 +0.9 j1.0 0.0

FIII90-10 + Triton X-100 20.1 +5.7 +4.3 +2.8 +1.4

Microspheres analyzed immediately after lyophilization served as references (Tg0
) against measurements obtained after 24 h (Tg1

) and 2 weeks

(Tg2
)Vshown as the change to the Tg.

Fig. 3. (A) Total heat flow differential scanning calorimetry heating thermograms over the glass

transition region for microspheres, with and without protein and surfactant, stored for 2 weeks at

ambient humidity (AH; solid lines) and at 75% relative humidity (RH; dotted lines). (B) Thermograms

of microspheres kept at ambient humidity for 2 weeks illustrating the thermal response of the polymer

before (first heat run) and after (second heat run) quench cooling.
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evidence for significant molecular rearrangement of the
PLGA chains, it was anticipated that associated changes to
the microspheres’ surface morphology may be observed.

Moisture Induces Microsphere Surface Smoothing
and Pore Closer

Scanning electron microscopic analysis of the micro-
spheres before and after exposure to 75% relative
humidity showed a general smoothing of the microsphere
surface (Fig. 4). To further investigate the effects of moisture
on the morphological properties of the microspheres, AFM
was used, the resolution of which is far beyond the capacity of
the SEM.

A representative AFM image of the porous structure of
a microsphere (containing FIII90-10 and PVA) at ambient
humidity is shown in Fig. 5. The image highlights the
significant variance in the size and diameters of the pores of
the microspheres, which were not observable via SEM
imaging. To examine the direct influence of increasing
relative humidity on pore stability, individual pores of the
microparticles were directly imaged while varying the rela-
tive humidity. The high-resolution AFM images showed
subtle remodeling to the pore structure of all microspheres
(data not shown), but only microspheres containing FIII90-10
and Triton X-100 showed alteration of the pore depth as seen
in Fig. 6. Cross-sectional analysis of the external dimensions

of the selected pore in Fig. 6 for increasing relative humidity
is summarized in Table IV. It should be noted that below
75% relative humidity, the geometry of the AFM tip may
partially prevent imaging of the true profile of the pore
because of loss of contact. It is immediately clear that pore
depth was markedly reduced as the relative humidity was
increased from 55 to 75%. The modification of this pore’s
structure may be related to the increased chain mobility of
the polymeric matrix associated with the decrease in the Tg,
as suggested by the DSC data. Thus, as the relative humidity
increased, the plasticizing effect of the water vapor facilitated
chain mobility (the Tg tending toward the experimental room
temperature). However, plasticization of the PLGA matrix
was clearly not sufficient for complete structural collapse of
the microsphere’s surface.

Further analysis of the pore’s profile (Fig. 6) also showed
a progressive increase in the diameter of the pore upon
increasing the relative humidity between 25 and 75%. This
increase in pore diameter may indicate a degree of swelling
of the microsphere associated with the absorption of water
within the matrix (47). However, the increasing diameter
may, in part, be a result of the very shallow slope at ca. 4.5 2m
across and relative positioning of the XYY plane.

Previously, it has been reported that collapse of the
microsphere surface (complete pore closure) was caused by
internal modifications when microspheres were incubated in
solution (48). It would be interesting to further investigate
the effect of PLGA molecular weight on the process
observed because Tg is related to chain length. Here, for
example, the PLGA used had a low MW and Tg, which may
have been favorable to the rapid remodeling process
observed; yet the chains were long enough to resist a
complete collapse of the structure.

It is clear that the remodeling process seen in Fig. 6
required a degree of plasticity from the PLGA matrix, which
presumably caused the associated surface changes observed
by SEM. Whether internal changes ensued from exposure to
humidity was not known, although it was strongly expected to

Fig. 5. Representative topography of the surface of a microsphere

containing FIII90-10 and PVA, recorded using the atomic force

microscopy (AFM) contact mode at ambient humidity.

Fig. 4. SEM images of microspheres containing FIII90-10 and Triton

X-100, immediately after lyophilization (A), and after storage for

24 h at 75% relative humidity (B).
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take place. By understanding moisture effects on the Tg of
the matrix, chain mobility, and surface structure, it may be
possible to controllably modify the surface properties of the
PLGA microspheres for controlled release while conserving
a structural integrity. Because pore closure is known to be
concomitant with attenuation of burst release (6), and
microspheres with limited exit pores show first-order rate
release (17), it was considered here that reduction of external
pore’s depth via high humidity would facilitate similar
control over drug release. This behavior was investigated
for the release of FIII90-10.

In Vitro Protein Release

The process of drug release from polyester microspheres
is an area of intense study and draws on data from erosion
models (49,50) and studies of the burst release and drug
dispersal within a matrix (51). In this case, the primary
emulsion was found to be best stabilized with Triton X-100
yielding the highest encapsulation efficiencies for the FIII90-
10 (20). Accordingly, the absolute concentrations of protein
released in vitro over the 12-week period were greatest for
microspheres prepared with Triton X-100 (Table V). It
should be added that our previous work investigated the
structural integrity and bioactivity of the protein using
SDSYpolyacrylamide gel electrophoresis and in vitro cell
adhesion assays (20). We found that the protein had not been
degraded and retained a high biological activity compared to
nonencapsulated FIII90-10.

For all the microsphere formulations, it is interesting
to note that, for incubation at 37-C, the PLGA matrix of
the microspheres will have existed in a rubbery state (the
Tg being <37-C, Table III). This is accompanied by an

Table IV. Diameter and Depth of the Surface Pore Imaged in

Fig. 6

Relative humidity (%) Pore diameter (2m) Pore depth (2m)

25 2.095 1.576

40 2.139 1.376

55 2.241 1.336

75 2.256 0.479

Fig. 6. AFM topography of a surface pore for a microsphere containing FIII90-10 and Triton X-100

under ambient humidity at 20-C. The cross section along the line marked XYY revealed the modification

of the pore’s profile under relative humidity of 25% (A), 40% (B), 55% (C), and 75% (D).

1302 Bouissou, Rouse, Price, and van der Walle



increase in chain mobility, facilitating the diffusivity of both
the escaping drug and the penetrating water (52). The in vitro
protein release profiles of all microspheres showed a typical
burst release (Fig. 7AYC), with at least 30% of the protein
encapsulated released within the first hour. However, the
extent of release within the first hour was dependent on the
formulation and, especially, the storage at ambient humidity
or high humidity prior to immersion in aqueous buffer. At
ambient humidity, for microspheres prepared with either
FIII90-10 or FIII90-10 and Triton X-100 in the primary
emulsion, above 80% of the encapsulated protein was
released within the first hour with comparatively little
subsequent release. For the same microsphere formulations
stored at 75% relative humidity, the burst release was
significantly attenuated, and a large proportion of the
protein was released in a secondary phase occurring at
the 4- to 8-week period. This was particularly noticeable
for the microspheres prepared with Triton X-100, which
were observed to undergo pore reduction at 75% relative
humidity. The strong attenuation of the burst release is
very likely to be related to surface pore modification,
although a first-order release was not observed as may
have been expected from a previous study (17). The reason
for this may have been that the number of pores in this study
remained the same, albeit partially closed, whereas Ehtezazi
et al. (17) prepared microspheres with minimal numbers of
surface pores.

Also, in the case of microspheres containing FIII90-10
and Triton X-100, the second burst recorded after 8 weeks
was equivalent in terms of protein release to the primary
release phase (Fig. 7B). Occurrence of a secondary release
phase at around 8 weeks is frequently observed and
accountable to erosion of the PLGA matrix. However,
the secondary release phase seen here is unusually rapid
(given the logarithmic scale), and we suspect points to
remodeling of the internal pores upon exposure to high
humidity. Remodeling of the internal matrix could be
expected because the movement of a water molecule
within PLGA matrix is rapid (53) and would be enhanced
by the hydrophilic nature of Triton X-100. This large
secondary release may have been a result of Btemporary
storage^ of protein within the remodeled microsphere, which
otherwise have escaped, under ambient humidity, in the burst
release (Fig. 7B). In effect, protein reservoirs were entrapped
within the microsphere, with little protein actually entangled
with the PLGA matrix.

These release data also corroborated the strong plasti-
cizing effect induced by Triton X-100, and the smaller
attenuation of the burst release for microspheres containing
no surfactant in the primary emulsion suggested minimal

Fig. 7. In vitro FIII90-10 release from microspheres first maintained

at ambient humidity (squares) or at 75% relative humidity (circles)

for 24 h, and then immersed in PBS over 12 weeks, at 37-C. The data

are normalized to the cumulative protein concentration at 12 weeks.

(A) Microspheres prepared without surfactant in the primary

emulsion; (B) microspheres prepared with Triton X-100 added to

the primary emulsion; (C) microspheres prepared with PVA in the

primary emulsion.

Table V. Encapsulation Efficiency and Total Protein Concentrations Released from Microspheres with Prior Storage at Ambient Humidity

and 75% Relative Humidity for 24 h

Storage conditions

FIII90-10 released

from surfactant-free

microspheres (2g/mL)

FIII90-10 released from

microspheres fabricated

with PVA (2g/mL)

FIII90-10 released from

microspheres fabricated with

Triton X-100 (2g/mL)

Ambient humidity 21.91 13.64 38.44

75% Relative humidity 18.35 17.60 33.85

Encapsulation efficiencies (TSD) 13.2% (T4.5%) 23.0% (T12.9%) 48.2% (T17.2%)
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PLGA plasticization. This was further consistent with the
observation that addition of the antiplasticizer (PVA) to the
primary emulsion did not attenuate the burst release
following exposure of the microspheres at high humidities
(Fig. 7C).

CONCLUSIONS

Residual PVA and Triton X-100 were found to increase
the hydrophilicity of the resultant microspheres. Triton X-
100 had a strong plasticizing effect on the PLGA matrix with
an associated increase in the free volume. In contrast, PVA
and encapsulated protein were antiplasticizing. The mechan-
ical properties of surfactant-free microspheres were influ-
enced by the environmental humidity: at ambient humidity,
PLGA chain reorganization resulted in a denser matrix and
increased the Tg, whereas at 75% relative humidity, the
plasticizing effect of water vapor was observed by depression
of the Tg. AFM imaging demonstrated that the PLGA
surface is amenable to remodeling under 75% relative
humidity, with a tendency toward surface smoothing and
pore closure. This is consistent with previous work by Wang
et al. (6) showing complete pore closure upon microsphere
immersion in aqueous buffer. However, despite the reduction
in pore depth facilitated by water-vapor-induced plasticiza-
tion, complete pore collapse was not observed. Remodeling
of pores in this manner for microspheres containing FIII90-10
with Triton X-100 halved the burst release, the accompanying
secondary release being of equal magnitude and rate,
suggesting remodeling of the internal porous matrix. There-
fore, depending on the stability of the drug encapsulated,
brief exposure of PLGA microspheres to high humidities
may prove to be an effective and novel method to attenuate
the initial burst release.
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