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ABSTRACT: The purpose of this study was to characterize the phase
separation behavior of fusidic acid (FA) and rifampicin (RIF) in poly(D,L-
lactic acid-co-glycolic acid) (PLGA) using a model microsphere
formulation. To accomplish this, microspheres containing 20% FA with
0%, 5%, 10%, 20%, and 30% RIF and 20% RIF with 30%, 20% 10%, 5%,
and 0% FA were prepared by solvent evaporation. Drug−polymer and
drug−drug compatibility and miscibility were characterized using laser
confocal microscopy, Raman spectroscopy, XRPD, DSC, and real-time
video recordings of single-microsphere formation. The encapsulation of
FA and RIF alone, or in combination, results in a liquid−liquid phase
separation of solvent-and-drug-rich microdomains that are excluded from
the polymer bulk during microsphere hardening, resulting in amorphous
spherical drug-rich domains within the polymer bulk and on the
microsphere surface. FA and RIF phase separate from PLGA at relative droplet volumes of 0.311 ± 0.014 and 0.194 ±
0.000, respectively, predictive of the incompatibility of each drug and PLGA. When coloaded, FA and RIF phase separate in a
single event at the relative droplet volume 0.251 ± 0.002, intermediate between each of the monoloaded formulations and
dependent on the relative contribution of FA or RIF. The release of FA and RIF from phase-separated microspheres was
characterized exclusively by a burst release and was dependent on the phase exclusion of surface drug-rich domains. Phase
separation results in coalescence of drug-rich microdroplets and polymer phase exclusion, and it is dependent on the
compatibility between FA and RIF and PLGA. FA and RIF are mutually miscible in all proportions as an amorphous glass, and
they phase separate from the polymer as such. These drug-rich domains were excluded to the surface of the microspheres, and
subsequent release of both drugs from the microspheres was rapid and reflected this surface location.
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■ INTRODUCTION
Polymeric microspheres composed of the polyesters poly(lactic
acid) and poly(lactic acid-co-glycolic acid) (PLGA) copolymers,
loaded with a wide range of drugs, have been the subject of
extensive studies over the past three or four decades.1 Drug
loaded microspheres injected subcutaneously, intramuscularly,
or locally at target sites can provide controlled release of
bioactive agents over days, weeks, or months to treat a variety
of disease states.2−6 Accordingly, there are several successful
marketed PLGA microsphere formulations loaded with drugs,
such as leuprolide acetate, triptorelin pamoate, octreotide
acetate, lanreotide, risperidone, naltrexone, and exenatide, for
the treatment of a range of conditions, including alcohol
dependence, prostate cancer, acromegaly, endometriosis, and
type II diabetes.7

Recently, our group examined the loading of fusidic acid
(FA), an antimicrobial agent active against a number of Gram
positive microorganisms, including S. aureus, S. epidermidis, and
coagulase negative staphylococci, including strains that are
methicillin resistant, into PLGA microspheres for potential
application for the controlled and localized delivery of FA to

sites of orthopedic infection.8 In these studies, a very distinctive
microsphere morphology was observed as a result of phase
separation of FA from PLGA as FA-rich, amorphous micro-
domains producing uniform and spherical protrusions on the
microsphere surface. During microsphere formation, PLGA and
FA were codissolved in the organic solvent dichloromethane
(DCM). Upon formation of the initial oil in water emulsion,
DCM rapidly leaves the dispersed phase, diffusing into the
surrounding aqueous, continuous phase. Consequently, the
polymer and FA solution concentrates, and just before
solidification of the polymer, a FA-rich DCM phase appears
to separate. Using a variety of techniques, including real-time
recording of single-microsphere formation, it was shown that
coalescence of these liquid FA-rich microdroplets, throughout
the forming microsphere and at the interface, resulted in the
appearance and growth of rounded protrusions at the surface.8
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This same phenomenon has also been observed by two other
groups studying the encapsulation of cyclosporine A in PLGA
microspheres9,10 and was described as “islands” of drug
surrounded by the polymer matrix. It was suggested by both
groups that the “islands” were composed of amorphous phase-
separated drug, based on the fact that the “island” diameters
increased with increasing drug loading. We agree with this
conclusion, and our single microsphere studies directly
demonstrated a similar phase separation process for FA.8

Phase separation of drug within the polymer matrix and at
the surface of microspheres can occur during fabrication, most
commonly using the solvent evaporation method, and has been
extensively reported.11,12 It is well established that drug may
precipitate in the polymer in a crystalline form or as an
amorphous form within the carrier.13−16 Interestingly, phase
separation may be accompanied by changes in microsphere
morphology from the completely smooth surfaces observed for
control (no drug) microspheres to a concave dimpled
appearance, as in, for example, paclitaxel loaded poly(L-lactic
acid) microspheres14 and progesterone loaded PLGA micro-
spheres,15 or “rough” or “porous” surfaces, as in, for example,
quinidine loaded poly(D,L-lactic acid) microspheres13 and
peptide loaded PLGA microspheres.17 Phase separation of
drug in a number of binary and ternary solvent-cast films has
also been reported.18−21

Several reports have shown surface-associated drug phase
separation from the polymer matrix, after the microspheres
have been formed. However, there are only a few reports
attempting to explain the underlying mechanisms of formation
behind these phenomena. DeLuca and co-workers have carried
out detailed kinetic and thermodynamic modeling of the
formation of polymeric microspheres using the solvent
evaporation method, and the processes underlying the
formation of porous microspheres.22,23 In these investigations,
porous microspheres were formed when salmon calcitonin
peptide was loaded into PLGA microspheres using dichloro-
methane (DCM) as solvent and methanol as a cosolvent (to
dissolve the loaded peptide). The authors explain that as
solvent is transported out of the liquid phase droplet, the liquid
droplet becomes increasingly viscous and eventually forms a gel
at what is termed the viscous boundary (VB). Loss of more
solvent results in crossing the glassy boundary, eventually
leading to a glassy state composed of solid polymer and drug.22

Using a ternary phase diagram of DCM, methanol, and PLGA,
Li et al.23 described the droplet phase composition changing
with solvent loss and two phases being produced as the viscous
boundary is approached, referred to as a polymer-rich phase,
containing primarily polymer and solvent with small amounts
of cosolvent and drug, and a polymer-poor phase, containing
the bulk of the drug. Pores within the resulting microspheres
were postulated to be due to the peptide, either trapping
absorbed cosolvent (methanol), and/or imbibed continuous
phase (water) in the bulk matrix or dissolved peptide in water
adsorbing onto PLGA via hydrophobic bonding.23 Using the
micropipet techniques discussed in this investigation, it is
possible to view, in real time, the events of phase separation to
confirm or refute any of these postulated mechanisms.
An understanding of the phase behavior of drugs and

methods to study these phenomena in polymeric carriers is
critical for the optimization of drug-delivery formulations, as
phase separation can impact drug release profiles and drug
stability. We have expanded our investigations of the phase
separation phenomena of FA from PLGA microspheres to

include dual FA and rifampicin (RIF) loaded microspheres. RIF
is active against S. aureus and S. epidermidis, but it also shows
activity against Streptococcal organisms (including Streptococcus
pneumoniae), Clostridium welchii, Neisseria meningitidis, and
Pasteurella multocida.24,25 The broad spectrum of activity of
both FA and RIF confers protection against ≥70% of organisms
that commonly cause prosthetic joint infections,26 and thus
there is considerable clinical use of combinations of FA and RIF
in implant associated orthopedic infections.27,28 Therefore, a
combination product that provides controlled release of FA and
RIF at the site of infection may be of clinical benefit. In this
work, we explore the ternary phase separation behavior and the
miscibility characteristics of FA and RIF in PLGA microspheres
prepared by solvent evaporation from DCM, and we bring a
new mechanistic understanding to these complex, and thus far
unseen, phase separation behaviors using real-time video
recording of forming microspheres.

■ MATERIALS

Fusidic acid (FA), rifampicin (RIF), and poly(vinyl alcohol)
(PVA; 98% hydrolyzed; MW 13−23 g/mol) were purchased
from Sigma Aldrich (Oakville, ON, CA). Poly(D,L-lactic acid-co-
glycolic acid) (PLGA; 50:50) with a number-averaged
molecular weight (Mn) of 49,100 Da was purchased from
Lactel Absorbable Polymers (Pelham, AL, USA). The solvents
dichloromethane (DCM), acetonitrile (ACN), methanol
(MeOH), and phosphoric acid, were of HPLC grade and
purchased from Sigma Aldrich (Oakville, ON, CA). Micro-
pipets were made from borosilicate glass capillaries (0.75 mm
(o.d.), 0.4 mm (i.d.) × 6 in. (A-M Systems, Inc., Everett, WA,
USA)).

■ METHODS

Fabrication of Antibiotic-Loaded PLGA Microspheres.
Drug loaded PLGA microspheres were prepared by an oil-in-
water (O/W) single emulsion and solvent evaporation method.
Briefly, PLGA (50:50), FA, and/or RIF were codissolved at
various concentrations in 5 mL of DCM to achieve a final
combined drug−polymer concentration of 10% (w/v). Ratios
were 20% FA with 0%, 5%, 10%, 20%, and 30% RIF and 20%
RIF with 30%, 20% 10%, 5%, and 0% FA. The drug/PLGA
solution was then added dropwise into a flask containing 100
mL of 2.5% (w/v) aqueous PVA solution with overhead
propeller stirring at 600 rpm (BDC 2002; Caframo, Wiarton,
ON, CA) to form the O/W emulsion. The resulting emulsion
was stirred continuously for 2.5 h at room temperature to
evaporate the organic solvent. The microspheres were allowed
to sediment in the flask on the benchtop for 5 min and
subsequently washed three times with distilled water with
benchtop sedimentation for 5 min to remove unencapsulated
drug, residual DCM, and PVA. The microspheres were then
dried under 635 mmHg vacuum at room temperature for 24 h
using a benchtop vacuum oven (Napco No. 5831) and stored
in a desiccator until further analysis.

Microsphere Particle Size Distribution. The mean
particle size and size distributions of FA, RIF, and FA-RIF-
co-loaded PLGA microspheres were determined using a
Malvern Mastersizer 2000 laser diffraction particle size analyzer
(Malvern Inc., Malvern, Worcestershire, U.K.). Briefly,
approximately 5 mg of microspheres was weighed and
suspended in 5 mL of distilled water along with two drops of
1% polysorbate 80 (Tween 80) and sonicated for 2 min to
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prevent aggregation of microspheres. The particle size
distribution of microspheres was expressed as mean diameter
along with the span, where the span is calculated according to
the following equation:

=

−

span {[diameter at 90% cumulative size]

[diameter at 10% cumulative size]}

/[diameter at 50% cumulative size] (1)

Drug Encapsulation Efficiency. To determine the
encapsulation efficiency of the FA and RIF antibiotics, ∼2.5
mg of antibiotic-loaded microspheres was weighed and
dissolved in 1 mL of ACN in a screw-top test tube with a
Teflon-coated cap. Five milliliters of phosphate buffered saline
(PBS; pH 7.4) was added, and the resulting solution was mixed
via vortex for 60 s to precipitate the polymer. The solution was
centrifuged at 18,000g (Microfuge 18; Beckman Coulter,
Mississauga, ON, CA) for 5 min to pellet any precipitate, and
the supernatant was sampled for FA and RIF content.
The FA content of the dissolved PLGA microspheres was

quantified using a HPLC (Waters Millennium System) assay
utilizing a mobile phase of 50/30/20 (v/v/v) ACN/MeOH/
0.01 M phosphoric acid solution, flowing at 1 mL/min through
a C18 reverse phase Nova-Pak column (Waters), with a 20 μL
sample injection volume and UV vis detection at 235 nm. FA
was quantified against a standard curve prepared by dissolving
FA in ACN over the range 0.1 to 500 μg/mL.
RIF content was evaluated using a UV-spectrophotometer

(Varian Cary 50-BIO) assay with a medium scan speed and
detection at 475 nm. RIF was quantified against a standard
curve prepared by dissolving RIF in DMSO/PBS over the range
0.2−25 μg/mL.
In Vitro Drug Release from PLGA Microspheres.

Antibiotic-loaded microspheres were accurately weighed (∼5
mg) and placed into 15 mL of PBS (pH 7.4; 0.1 mg/mL
ascorbic acid) in screw-top test tubes with a Teflon-coated cap.
Ascorbic acid was added to the PBS release media as an
antioxidant, since it has been shown to stabilize RIF and
prevent oxidative degradation.29 Each tube was tumbled end-
over-end at 10 rpm in a thermostatically controlled oven at 37
°C. At predetermined time intervals, release tubes were
removed and centrifuged at 1400g (GS-6 Centrifuge; Beckman
Coulter, Mississauga, ON, CA) to sediment the microspheres,
and 1 mL of the supernatant was withdrawn for HPLC or UV
analysis as described above. The remaining media was removed
and replaced with fresh PBS (pH 7.4; 0.1 mg/mL ascorbic acid)
to maintain sink conditions. The solubility of FA is 5.2 × 10−3

g/L, and that of RIF is 4.13 × 10−2 g/L, and at no point did the
concentration of either drug reach these limits during this
measurement of drug release from the PLGA microspheres.
Laser Confocal Microscopy. The detailed surface

morphologies of the FA, RIF, and coloaded PLGA microsphere
formulations were characterized using confocal laser scanning
microscopy. Samples were placed on double-sided tape adhered
to a glass microscope slide, and images were captured using a
LEXT OLS3100 confocal laser scanning microscope (Olympus;
Markham, ON, CA).
Raman Spectroscopy. High spatial resolution Raman

spectroscopy surface mapping analyses of FA, RIF, and FA-RIF
coloaded PLGA microsphere formulations were kindly
performed by Dr. Tim Smith of Renishaw, plc (Wotton-
under-Edge, U.K.). Specifically, Raman spectra were obtained

on a Renishaw RM100 confocal Raman Microscope (Renishaw,
plc), recorded at a spatial resolution of 1 μm. Images were
subsequently created using a component method (using FA,
RIF, and PLGA reference spectra), and images were generated
from StreamLine images of an Anadin Extra tablet as a
reference with argon ion laser excitation at λ = 785 nm.

X-ray Powder Diffraction. X-ray powder diffraction
(XRPD) patterns of FA, RIF, and FA-RIF coloaded micro-
spheres, and physical drug-polymer mixtures were obtained at
25 °C with a Bruker APEX DUO diffractometer equipped with
an area detector, cross-coupled multilayer optics, and Cu Kα
radiation. Samples were packed into thin-walled capillary tubes
(special glass; Charles Supper Company, Natick, MA, USA)
and sealed using a small amount of capillary wax. For each
sample, three frames of data were collected at different 2θ
angles, and the frames were merged together, producing a scan
range of 4−60° 2θ. The sample to detector distance was 150
mm, and each sample was rotated 360° about the phi axis with
a 5 min data collection time per frame. The data were merged
and integrated using Bruker XRD2 EVAL software and analyzed
using the Bruker EVA program.

Differential Scanning Calorimetry. DSC analysis of FA,
RIF, and FA-RIF coloaded PLGA microspheres, and physical
drug−polymer mixtures was carried out using a TA Instru-
ments DSC Q100 (New Castle, DE, USA) with a liquid
nitrogen cooling system. The heat flow and heat capacity of the
instrument were calibrated routinely using a high purity indium
standard. Briefly, accurately weighed samples between 4−6 mg
were hermetically sealed in aluminum pans with a pinhole and
heated from 25 to 300 °C at a rate of 10 °C/min under
nitrogen flow. The initial heat scan was followed by a rapid
quench cooling scan from 300 to −50 °C at a rate of 35 °C/
min and a second heating scan from −50 to 250 °C at a rate of
10 °C/min. All DSC thermograms were analyzed using TA
Instruments Universal Analysis (v. 4.7A).
DSC was used to determine the ability of FA and RIF to

form a miscible blend. FA and RIF were cosolidified from
DCM at room temperature in the absence of PLGA.
Approximately 5 mg of cosolidified drug was hermetically
sealed in aluminum pans with a pinhole and heated from 25 to
300 °C at a rate of 10 °C/min under nitrogen flow. Using
published Tg values for FA (117 °C),8 and RIF (160 °C),30 the
Fox equation, which defines the weight fraction-dependent shift
in glass transition temperature of any blend (Tg,BLEND), was
used to generate a reciprocal plot over a range of FA:RIF
weight fractions and was plotted along with the experimental Tg
values observed in the drug-loaded microspheres and as
cosolidified drug. The Fox equation is expressed as follows:

= +
T

w
T

w
T

1

g BLEND

FA

g FA

RIF

g RIF, , , (2)

where wFA and wRIF are the weight fractions of FA and RIF and
Tg,FA and Tg,RIF are the glass transition temperatures for FA and
RIF, respectively.

Micromanipulation and Video Imaging of Single
Microsphere Formation. Real-time recordings of the
formation of single FA, RIF, and FA-RIF coloaded PLGA
microspheres were captured using a micropipet manipulation
system as described in detail elsewhere.31 Briefly, single
droplets of FA/RIF/PLGA solution in DCM were formed at
the tip of a 5 μm diameter borosilicate glass micropipet into a
solution of 0.025 M SDS. Once the emerging droplet reached
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