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A B S T R A C T

A spray drying technique was developed to prepare injectable and biodegradable poly(lactic-co-glycolic acid)
(PLGA) microspheres encapsulating a model luteinizing hormone-releasing hormone agonist (LHRHa)-based
peptide, leuprolide. Various spray drying parameters were evaluated to prepare 1-month controlled release
formulations with a similar composition to the commercial Lupron Depot® (LD). A single water-in-oil emulsion
of aqueous leuprolide/gelatin solution in PLGA 75/25 acid capped (13 kDaMw) dissolved in methylene chloride
(DCM) was spray-dried before washing the microspheres in cold ddH2O and freeze-drying. The spray-drying
microencapsulation was characterized by: particle size/distribution (span), morphology, drug/gelatin loading,
encapsulation efficiency, and residual DCM and water content. Long-term release was tested over 9 weeks in
PBS+ 0.02% Tween 80+0.02% sodium azide pH 7.4 (PBST) at 37 °C. Several physical-chemical parameters
were monitored simultaneously for selected formulations, including: water uptake, mass loss, dry and hydrated
glass transition temperature, to help understand the related long-term release profiles and explore the under-
lying controlled-release mechanisms. Compared with the commercial LD microspheres, some of the in-house
spray-dried microspheres presented highly similar or even improved long-term release profiles, providing viable
long-acting release (LAR) alternatives to the LD. The in vitro release mechanism of the peptide was shown to be
controlled either by kinetics of polymer mass loss or by a second process, hypothesized to involve peptide
desorption from the polymer. These data indicate spray drying can be optimized to prepare commercially re-
levant PLGA microsphere formulations for delivery of peptides, including the LHRHa, leuprolide.

1. Introduction

Long-acting-release products (LARs) are an important strategy to
microencapsulate small and large biomacromolecules (e.g., peptides,
proteins and DNA/RNA) for long-term controlled release. A number of
LARs have resulted in successful pharmaceutical products including
Lupron Depot® (LD), Zoladex®, Trenantone®, Eligard®, Decapetyl® and
Profact® [1]. Biodegradable poly(lactic-co-glycolic acids) (PLGAs) are
the most commonly used biocompatible and biodegradable polymers
[2]. It has been well accepted that long term release kinetics of mi-
crospheres is generally dominated by three mechanisms as follows [3]:
(i) diffusion-controlled release through the polymer matrix or through

water-filled pores; (ii) hydration-controlled release through swelling of
polymers, new pore formation and osmotic pumping; (iii) erosion-
controlled release by generating new pores in the polymer matrix after
polymer degradation and mass loss. We have proposed additionally the
role of polymer pore healing [4] and peptide desorption [5] as im-
portant for affecting controlled release from PLGA. These release me-
chanisms may separately or jointly govern the drug release in different
release stages.

The pulsatile release of luteinizing hormone-releasing hormone
(LHRH) from the hypothalamus plays a critical role in the normal
function of the hypothalamic-pituitary-ovarian axis [6]. In women and
men, desensitization of pituitary gonadotropin and silence of gonadal
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function can be pharmacologically achieved by continuous LHRH
treatment and long-term LHRH agonist (LHRHa) administration [7]. In
the past thirty years, various LHRHa have been applied in the therapy
of prostate cancer, endometriosis, precocious puberty and uterine fi-
broids via parenteral administration [8]. LHRHa such as leuprolide or
goserelin have short half-lives due to peptidase degradation, and are
commonly formulated as implants and administered parenterally.
Leuprolide and goserelin have been formulated into FDA-approved
long-acting-release (LAR) injectable depot products (e.g., LD, Eligard®
and Zoladex®) using microspheres and implant platforms [9]. Despite
success in the delivery of LHRHa, some challenges remain. LHRHa
commercial microsphere products (e.g., LD) are typically made by
conventional emulsion/solvent evaporation methods, often resulting in
a substantial initial burst release [10]. Generic entry into the LAR
market has also been a challenge [11]. Therefore, it would be beneficial
to explore alternative manufacturing approaches in the development of
LHRHa-loaded biodegradable long-acting injectable controlled release
microspheres.

Spray drying is attractive as an energy efficient and scalable drying
and formulation strategy for pharmaceutical processing compared to
other manufacturing methods [12]. Spray drying is a controllable
continuous process and can convert various solutions into dried micron-
and even nano-sized particles in a relatively short time by forming an
atomized spray in a high-temperature gaseous environment [13]. The
spray drying technique has been frequently applied in the field of food
and chemistry and quickly expanded to other fields such as fabrics,
cosmetics, and electronics. In the pharmaceutical field, spray drying is
often employed to formulate small molecule drugs. However, there is
an increasing trend towards processing of biomacromolecules and
biopharmaceuticals into various carriers such as microspheres, micro-
capsules and nanoparticles [14]. Spray drying is suitable for different
feedstocks including emulsions, slurries, melts and pastes, and is ap-
plicable to heat-insensitive and heat-sensitive compounds. However,
despite these merits, the heat and mass transfer and fluid dynamics are
complicated in terms of their temporal and spatial diversity [15], which
has an important impact on the final formulation properties. The spray
drying process includes typical steps such as atomization, drying and
separation [14,16]. First, the feedstock solutions are prepared and
pumped into the atomizer chamber of an atomizing nozzle. Then,
droplets are generated from the nozzle tip and are atomized in the
drying chamber in the presence of the hot drying gas. Second, atomized
wet particles are dried through solvent evaporation by a hot gas stream,
where process settings and the device dimensions may influence the
residence time and drying efficiency. Finally, the dried products are
achieved by separating them from the drying gas flow using a cyclone
principle and are collected in the product receiver device [15]. Spray-
drying process parameters may affect the heat/mass transfer and other
thermodynamic behaviors, and lead to different physicochemical
properties of particles produced. These processing parameters include
feed solution properties, inlet air temperature, drying gas flow rate,
pump rate and atomization from the nozzle (airflow or size). These
processing variables have had a critical impact on yield, particle size
and distribution, morphology, drug loading and encapsulation effi-
ciency, residual solvent and moisture content in previous studies in-
volving amorphous solid dispersions [13,17,18] and are therefore ex-
pected to impact the glass transition (Tg), long-term release profiles and
mechanisms of engineered microparticles especially when peptides
(e.g. LHRHa) are loaded in LAR microspheres. Current understanding of
these aspects is insufficient and a deeper knowledge of their relation-
ships is needed.

The current study provides a systematic presentation and basic
understanding on the characterization of PLGA microspheres loaded
with LHRHa-based peptides when employing spray-drying technology.
This study should be useful to aid in the development of new and
generic microsphere formulations. Leuprolide is a synthetic nine amino
acid sequence (p-Glu-His-Trp-Ser-Tyr-D-Leu-Leu-Arg-Pro-NHEt)

hormone that is similar to the natural hormone LHRH in the brain, and
was selected as a representative of LHRHa. Leuprolide is approximately
40-fold higher in potency, is much less polar and can desensitize pi-
tuitary gonadotropin receptors at a far lower dose than the natural
LHRHa [19]. The 1-month LD, is a commercial PLGA microsphere
product for the encapsulation and sustained release of leuprolide
acetate [20]. After its FDA-approval in 1989, the LD has been a
benchmark in the study of LAR biodegradable microsphere formula-
tions. For development of generic injectable PLGA LAR formulations,
the proposed products are required to be qualitatively (Q1) and quan-
titatively (Q2) the same as the reference-listed drug products for ap-
proval in an Abbreviated New Drug Application (ANDA) according to
the 505 (j) pathway [21]. From previous work in our lab on reverse-
engineering the 1-month LD [21], PLGA 75/25 (Mw ~13 kDa), type-B
gelatin and leuprolide acetate were established as main components to
match the composition of the 7.5mg LD for 1-month administration. A
ProCepT 4M8-TriX spray dryer with a two-fluid nozzle and co-current
airflow pattern was adopted. Nozzle, atomizing and feed thermo-
dynamics as well as process settings of spray drying were considered in
microparticle formation engineering including inlet air temperature
(Tinlet), polymer (i.e., PLGA) concentration (Cfeed), airflow in nozzle
(AFnozzle), Ratio (RatioA/L) between inlet atomization air flow (AFinlet)
and the liquid mass flow rate (LFfeed), nozzle size (Snozzle) and initial
sample (feedstock) temperature (Tfeed) at different levels. Microparticle
formation was evaluated by characterizing physicochemical properties
including yield, particle size (D10, D50, D90) and size distribution
(span), drug loading and encapsulation efficiency, gelatin loading and
encapsulation efficiency, morphology of particles, residual methylene
chloride content, residual moisture content, dry Tg and hydrated Tg.
Long-term release profiles and mechanisms were evaluated based on
kinetics of long-term cumulative release, initial burst release, water
uptake, mass loss, the change/loss in molecular weight, and change in
dry Tg and hydrated Tg.

2. Materials and methods

2.1. Materials

The 7.5mg leuprolide dose for 1-month administration Lupron
Depot® (AbbVie Inc., North Chicago, IL, USA) was purchased from the
pharmacy at the University of Michigan Health System. Type B gelatin
derived from bovine bone with bloom number 250 was supplied from
Nitta Gelatin Inc. (Osaka, Japan). Wako PLGA 7515 polymer (13 kDa,
acid terminated, LA/GA:75/25, catalog no. 823–11,966) was purchased
from Wako Pure Chemical Industries, Ltd. Leuprolide acetate with
purity >98% by HPLC assay was provided by Bachem Inc. (Bubendorf,
Switzerland). The AccQ∙Tag Chemistry kit was purchased from Waters
(Waters Corporation, Milford, MA, USA). All solvents used were HPLC
grade and were purchased from Fisher Scientific.

2.2. Preparation of microspheres by spray-drying

LD-like microparticles (Table 1) were prepared using a spray-drying
method. The water phase consisted of a suitable amount of leuprolide
and gelatin in 1mL of water and was maintained at 60 °C for 5min.
Drug and gelatin dissolved completely. Poly(lactic-co-glycolic) acid
(PLGA) 75/25 was dissolved in methylene chloride (DCM) at a final
concentration of 50–300mg/mL. The overall batch size was 6mL. The
water phase and the oil phase were mixed by vortexing for 20 s and
then emulsified for 2min using a homogenizer at a speed of 15,000 rpm
(Virtis Tempest I.Q.2 Homogenizer, Sentry Microprocessor, Kent City,
Michigan) to form a W/O emulsion. The obtained W/O emulsion was
cooled in an ice-bath for 1min to decrease the evaporation of methy-
lene chloride in the emulsion. As shown in Fig. 1, the W/O emulsion
was subjected to spray drying by a ProCepT 4M8-TriX spray dryer
(ProCepT, Zelzate, Belgium) with a 0.6–1.2mm bifluid nozzle (Snozzle)
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and a 7–16 L/min airflow in the nozzle (AFnozzle). Cyclone airflow
(AFcyclone) was open at a value of 0.12m3/min and cooling airflow
(AFcooling) was shut off. The emulsion was fed (LFfeed) at a rate of
50–200mL/min and atomized at an inlet airflow of 0.4–0.7m3/min
(AFinlet) at 50–80 °C (Tinlet). The spray-dried powder was collected by
the device product receiver. The spray-dried crude powder was rinsed
with 50mL of cold ddH2O at 4 °C and centrifuged at a speed of
4000 rpm, and the procedure was performed three times to wash off the
unencapsulated drug from the microsphere surface. The microspheres
were freeze-dried under reduced pressure for at least 48 h. Blank mi-
crosphere formulations were prepared using the Basic Formulation
(Table 1) but without leuprolide acetate.

2.3. Determination of yield and particle size/distribution

The yield of microspheres was recorded by the ratio of the weight of
samples received in the product receiver and the initial sample weight.
Microspheres were dispersed in ddH2O and particle size distribution
was analyzed three times using a laser diffraction (Master Sizer 2000,
Malvern Instruments Ltds, Malvern, UK). The D10, D50, D90 and span
of microspheres were recorded to determine the particle sizes and
distribution. The span of the microsphere size distribution can reflect
the dispersity of particles and was calculated as follows:

= D90 D10
D50

Span (1)

where D90, D50 and D10 are the microsphere diameters measured at
the 90th, 50th and 10th percentiles of undersized microparticles, re-
spectively. Sizes are expressed by volume-average values.

2.4. Determination of leuprolide loading and encapsulation efficiency

Leuprolide loading was determined by two-phase extraction

followed by ultra performance liquid chromatography (UPLC) analysis.
Briefly, 5mg of leuprolide-loaded PLGA microspheres were dissolved
with 1mL of methylene chloride by vortexing for 5min. Then, 2mL of
0.03mM phosphate buffer pH 6.0 was added and vortexed for 5min to
guarantee sufficient extraction. After centrifugation at 4000 rpm for
5min, 1mL of the aqueous phase was collected. The amount of leu-
prolide in aqueous phase was determined using UPLC (Acquity, Waters,
Milford, MA, USA) composed of a BEH C18 column (Waters, Milford,
MA, USA) and a UV detector with an absorption wavelength of 280 nm
and an injection volume of 2 μL. A gradient of acetonitrile with 0.1%
(v/v) trifluoroacetic acid (TFA) (solvent A) and ddH2O with 0.1% TFA
(solvent B) at a flow rate of 0.5mL/min was performed as follows:
0min (25:75, A:B), 2 min (35:65, A:B) and 2.5min (25:75, A:B) for a
1min recovery to initial conditions. A new standard curve was estab-
lished during each UPLC run for determination of drug loading. Based
on control recovery experiments we have verified that efficiency of
extraction is complete. Drug encapsulation efficiency was calculated by
the determined drug loading divided by the theoretical loading.

2.5. Determination of gelatin loading and encapsulation efficiency

Amino acid analysis was used to determine gelatin content in the
spray-dried formulations. The amino acid alanine was used to de-
termine the gelatin content and norleucine was added to the samples
during the derivatization as the internal standard. About 15mg of mi-
crospheres were weighed into hydrolysis tubes and 1.0mL of 6 N HCl
constant boiling solution (Fisher Chemical, Fair Lawn, NJ, USA) was
added. The headspace gas of the tubes was reduced under vacuum to
prevent breakage of the vessel during heating for hydrolysis. After in-
cubation, the solution was frozen with liquid nitrogen and lyophilized
under vacuum at room temperature. Then, 400–800 μL of 20mM HCl
was added into each tube to reconstitute the samples. Standards were
prepared by dilution of hydrolyzed gelatin samples. Derivatization and

Table 1
The compositions and formulations of spray-dried leuprolide-PLGA microspheres with altered spray drying parameters including inlet air temperature (Tinlet, °C),
PLGA concentration (Cfeed, %), airflow in nozzle (AFnozzle, L/min), ratio between atomization gas flow rate and the liquid mass flow rate (RatioA/L=AFinlet/LFnozzle),
nozzle size (Snozzle, mm) and initial sample temperature (Tfeed, °C).

Formulations Tinlet Cfeed AFnozzle RatioA/L Snozzle Tfeed
Drug
(mg)

PLGA
(mg)

Gelatin
(mg)

DCM
(mL)

H2O
(mL)

Basic Formulation 80 20 10 4.0 (400 mL/min/100 mL/min) 1.0 4 150 1000 19.9 5 1

Inlet Air Temp70°C 70 20 10 4.0 (400/100) 1.0 4 150 1000 19.9 5 1

Inlet Air Temp60°C 60 20 10 4.0 (400/100) 1.0 4 150 1000 19.9 5 1

Inlet Air Temp50°C 50 20 10 4.0 (400/100) 1.0 4 150 1000 19.9 5 1

PLGA30% Formulation 80 30 10 4.0 (400/100) 1.0 4 225 1500 29.85 5 1

PLGA10% Formulation 80 10 10 4.0 (400/100) 1.0 4 75 500 9.95 5 1

PLGA5% Formulation 80 5 10 4.0 (400/100) 1.0 4 37.5 250 4.975 5 1

Airflow in Nozzle (7.0L/min) 80 20 7.0 4.0 (400/100) 1.0 4 150 1000 19.9 5 1

Airflow in Nozzle (13.0L/min) 80 20 13.0 4.0 (400/100) 1.0 4 150 1000 19.9 5 1

Airflow in Nozzle (16.0L/min) 80 20 16.0 4.0 (400/100) 1.0 4 150 1000 19.9 5 1

Ratio2.0 Formulation 80 20 10 2.0 (400/200) 1.0 4 150 1000 19.9 5 1

Ratio3.0 Formulation 80 20 10 3.0 (300/100) 1.0 4 150 1000 19.9 5 1

Ratio6.0 Formulation 80 20 10 6.0 (600/100) 1.0 4 150 1000 19.9 5 1

Ratio8.0 Formulation 80 20 10 8.0 (640/80) 1.0 4 150 1000 19.9 5 1

Ratio10.0 Formulation 80 20 10 10.0 (650/65) 1.0 4 150 1000 19.9 5 1

Nozzle Size (1.2mm) 80 20 10 4.0 (400/100) 1.2 4 150 1000 19.9 5 1

Nozzle Size (0.8mm) 80 20 10 4.0 (400/100) 0.8 4 150 1000 19.9 5 1

Nozzle Size (0.6mm) 80 20 10 4.0 (400/100) 0.6 4 150 1000 19.9 5 1

Initial Sample Temp13°C 80 20 10 4.0 (400/100) 1.0 13 150 1000 19.9 5 1

Initial Sample Temp25°C 80 20 10 4.0 (400/100) 1.0 25 150 1000 19.9 5 1

Initial Sample Temp37°C 80 20 10 4.0 (400/100) 1.0 37 150 1000 19.9 5 1
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analysis were performed using Waters AccQ∙Tag Chemistry kit. Briefly,
hydrolyzed amino acids were derivatized using the borate buffer (<5%
sodium tetraborate in water) with the Waters AccQ∙Fluor reagent (6-
aminoquinolyl-N-hydroxysuccinimidyl carbamate). The derivatized
samples were separated by reverse phase UPLC using a C18 column
(AccQ∙Tag Ultra C18, 1.7 μm (Millipore Corporation, Milford, MA)) and
a gradient elution of 5% solution of Waters AccQ∙Tag Eluent A con-
centrate (19 wt% sodium acetate, 6–7 wt% phosphoric acid and 1–2%
wt% triethylamine) in water (solvent A) and 2% formic acid in acet-
onitrile solution (solvent B) at a flow rate of 0.5 mL/min as follows:
0min (99.9% A), 1min (98.5% A), 11.5min (78% A), 13.5 min (40% A)
and 15min (99.9% A), followed by a 2min recovery with initial con-
ditions. The urea derivatives yielded during the derivatization were
detected at 250/395 nm excitation/emission wavelengths by fluores-
cence detection. The ratios of peak area of the alanine and the internal
standard, norleucine, were plotted against the concentrations of gelatin
(mg/mL) to obtain the standard curve. The concentration of gelatin in
the samples was determined using their ratio of peak area of alanine to
the internal standard and the standard curve of gelatin to determine
mg/mL of gelatin, and finally, the % gelatin in the sample based on the
originally weighed out mass of the sample. Gelatin encapsulation effi-
ciency was calculated by the determined gelatin loading divided by the
theoretical loading.

2.6. Scanning electron microscopy

The surface morphology of microspheres was observed via a Hitachi
S3200 N scanning electron microscope (SEM) (Hitachi, Tokyo, Japan).
The various microspheres including spray-dried microspheres and
commercial LD were fixed on a brass stub using double-sided carbon
adhesive tape and the samples were generated electrically conductive
by coating with a thin layer of gold for 120 s at 40W under vacuum.
Commercial LD microspheres were rinsed with 5mL of cold water at
4 °C and centrifuged at a speed of 4000 rpm, and the procedure was
performed three times to remove lyoprotectants. Then, microspheres
were freeze-dried under reduced pressure for at least 48 h. LD micro-
spheres with or without washing were used as controls.

2.7. Determination of residual solvent

Residual solvent (methylene chloride) in the spray-dried formula-
tions and in LD was determined by gas chromatography using a
ThermoSci Trace 1310 gas chromatograph. Approximately 10mg of
microspheres and 1mL of DMSO were weighed into a vial and sealed.
Each sample was run in triplicate using headspace injection with the
following GC conditions: nitrogen gas was used as the carrier solvent at
a flow of 25mL/min; air flow was 350mL/min and hydrogen flow was
35mL/min; the front detector temperature was 240 °C and the front

Fig. 1. Schematic illustration of spray drying set-up for the preparation of leuprolide acetate-loaded PLGA microspheres. The ProCepT 4M8-TriX spray dryer used
includes five units: (1) Atomizing chamber for atomization process; (2) Cyclone device for separation of generated microspheres; (3) Product receiver for collection of
produced crude microspheres; (4) Control panel for the control of inlet air speed, inlet air temperatures and cyclone air temperature; and (5) Pump system for the
transport of feed mixture into nozzle by adjusting pump speed, nozzle size and airflow in nozzle. Drugs or materials employed in the present investigation include
leuprolide acetate, gelatin and PLGA 75/25.
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inlet pressure was a constant flow at 2mL/min. Each sample was agi-
tated for 20min at 80 °C and 1mL of the headspace sample was injected
into the front inlet with the temperature of 140 °C, split flow of
40.0 mL/min, and a split ratio of 20. The GC column temperature was
initially set at 40 °C for 15min, then increased at 10 °C/min to 240 °C
and held at 240 °C for 2min. A standard curve was prepared by adding
methylene chloride to DMSO at 1, 10, 25, 50, 75 and 100 ppm.

2.8. Determination of residual moisture

Residual water content in spray-dried microsphere formulations and
in the LD were determined by Karl Fischer (KF) titration (Metler
Toledo, C20 Coulometric Titrator, Columbus, OH). Approximately
10mg of microspheres and 1mL of anhydrous, septum-sealed, DMSO
(Fisher Scientific, AS0811, Hampton, NH) were weighed into a vial and
sealed with a septum cap. The samples (n= 3) were injected into the
KF for titration and blank DMSO (n=3) injections were subtracted
from the test samples to account for contribution of solvent moisture.
All septum-sealed DMSO and sample vials were kept under anhydrous
conditions by purging with nitrogen gas while removing liquid.

2.9. Long-term release

Ten mg of leuprolide-loaded spray-dried microspheres or 11.8 mg of
LD microspheres (~1mg leuprolide equivalence) were dispersed in
1mL 10mM phosphate-buffered saline with 0.02% tween 80 (PBST)
(containing 0.02% sodium azide) at pH 7.4. Then, the microspheres
were incubated at 37 °C with agitation at 240 rpm (KS 130 basic, IKA
Works Inc., Wilmington, NC, USA) and after centrifugation at 8000 rpm
for 5min, the supernatant (~0.8mL) were collected and replaced with
fresh media at days 1, 3, 7 and every 7 days up to day 63. The amount of
leuprolide released was determined by UPLC as described in Section
2.4.

2.10. Determination of Molecular weight (Mw) decline

Each formulation was incubated in the same manner used for con-
ducting the long-term release study including replacement of media.
After collection from the release media, microspheres were washed
with ddH2O and dried at room temperature under reduced pressure.
Tetrahydrofuran (THF) was added to dissolve the microspheres to ob-
tain approximately 10mg/mL polymer concentration and then super-
natants were subjected to gel permeation chromatography (GPC) using
two styragel columns (HR 1 and HR 0.5 columns, Waters, Milford, MA,
USA) with Waters 1525 HPLC system. Samples were eluted with THF at
1.0 mL/min and monitored by refractive index detection. Breeze soft-
ware was used to obtain weight-averaged molecular weight (Mw). The
Mw was calculated using monodisperse polystyrene standards ranging
from 2 k to 30 kDa.

2.11. Quantification of microsphere water uptake and mass loss

Microspheres were incubated as in the release kinetics evaluation
and collected on pre-weighed nylon membrane filters under vacuum
and washed off with ddH2O. Then, the surface water was removed by
further filtration under vacuum for 5 s and the wet weight of the mi-
crospheres was immediately measured. The samples were dried at room
temperature under reduced pressure and then the dry weight was re-
corded. To correct for the interparticle water, dry microspheres were
dispersed in each buffer solution at 4 °C and the wet and dry weights
were measured after filtering and drying, respectively, as described
above. The weight difference between wet and dry particles was em-
ployed to calculate the fraction of interparticle water (Wint), as follows:

=W (W W )/Wint wet
0

dry
0

dry
0 (2)

where Wwet
0 and Wdry

0 are the weights of wet microspheres and dry
microspheres, respectively, after immediate collection at t=0. The
water uptake of microspheres at time t (Wu

t) was thus assessed by:

= ×W (W W W W )/Wt t t t
int

t
u wet dry dry dry (3)

where Wwet
t and Wdry

t are the wet and dry microsphere weights after
incubation at 37 °C in the release media at time t. The percent mass loss
was calculated according to:

= ×Mass loss (%) (W W )/W 100t0
dry

0 (4)

where W0 is the initial weight of dry microspheres.

2.12. Determination of dry glass transition temperature (dry Tg)

The Tg of microspheres was determined with a modulated differ-
ential scanning calorimeter (mDSC) (Discovery, TA instruments, New
Castle, DE). Both fresh microspheres and microspheres collected at
various time points during the long-term release testing were used as
samples. Approximately 0.5–3mg of microspheres were sealed in DSC
aluminum pans and lids. Briefly, temperatures were ramped between
−20 °C and 90 °C at 3 °C/min. All samples were subjected to a heat/
cool/heating cycle. The results were analyzed by TA TRIOS software.

2.13. Determination of hydrated glass transition temperature (hydrated Tg)

Approx. 0.5–1mg of microspheres were placed into DSC aluminum
pans and 20 μL ddH2O was added, and sealed with aluminum hermetic
lids. Both fresh microspheres and microspheres collected at various
time points during the long-term release testing were used as samples.
The hydrated samples were incubated for 24 h at room temperature.
The hydrated Tg was measured with a modulated differential scanning
calorimeter (mDSC) (Discovery, TA instruments, New Castle, DE).
Briefly, temperatures were ramped between 5 °C and 75 °C at 3 °C/min.
All samples were subjected to a heat/cool/heating cycle. The results
were analyzed by TA TRIOS software.

2.14. Statistical analysis

Statistical analysis was performed using Excel software. Data were
expressed as the mean± standard deviation (SD) and statistical ana-
lysis was performed using an unpaired Student's t-test. Data were con-
sidered significantly distinct from controls at p< .05. Moreover,
p< .01 or p< .001 was also given to reflect the degree of significance.
Excel was used to analyze and obtain time for 50% release (t50, release),
50% mass loss (t50, erosion) and 50% Mw loss (t50, degradation).

3. Results and discussion

3.1. Process, parameters and yield in spray drying

There are several types of atomization methods and mass fluid
patterns in spray drying. The common atomization devices include
rotary atomizers, hydraulic (pressure) nozzles, pneumatic nozzles and
ultrasonic nozzles [16,22]. Mass fluid patterns involve co-current air-
flow, counter-current airflow and mixed (combined) fluid according to
the direction of droplet and drying gas from the top of the chamber to
the bottom [23]. Gas types are also important for atomization and
drying processes and can impact droplet sizes, mass fluid density, ve-
locity and separation process [16]. Here, a ProCepT Formatrix 4M8-
Trix spray dryer was used. The spray dryer is equipped with a pneu-
matic nozzle with a two-fluid (liquid fluid and gas liquid) channel and a
co-current mass fluid pattern in the atomizing chamber. Air was se-
lected as the drying gas fluid because of its practicality. As shown in
Fig. 1, there are five units for this spray dryer, including the atomizing
device, cyclone apparatus, product receiver, control panel and pump
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system. The control panel can control the inlet air flow speed (AFinlet),
inlet/outlet air temperature (Tinlet or Toutlet), cooling air flow (AFcool)
and cyclone air flow (AFcyclone). The pump speed (i.e. liquid mass flow
rate, LFfeed) and airflow in nozzle (AFnozzle) can be regulated by the
pump system. Before spray drying, the primary emulsion was prepared
as the feedstock by homogenizing the mixture of PLGA/DCM organic
solution and leuprolide/gelatin solution. 7.5mg once-monthly LD was
adopted as a commercial product control. The current spray-drying
process consisted of the following fundamental stages: (i) preparation of
emulsion feedstock by homogenization; (ii) transport of the feedstock
from the initial position to the atomizing chamber through the pump
system and atomization of the liquid feed by the atomizing nozzle; (iii)
drying of spray in hot air flow and formation of dry microparticles; and
(iv) separation from the circulating drying air and cyclone device, and
collection of dry particles in the product receiver.

As indicated in Fig. 2, the feed, atomization, drying and product
recovery stage with various critical process parameters were chosen for
consideration: (A) the Tinlet was varied from 80 °C to 50 °C at

atomization and drying stages; (B) PLGA concentration (Cfeed) was from
5% to 30% at feed stage; (C) AFnozzle was from 7.0 to 16.0 L/min at the
atomization stage; (D) the Ratio (RatioA/L, also termed ALR) between
atomization gas flow rate (AFinlet) and the liquid mass flow rate (LFfeed)
was from 2.0 to 10.0 at feed, atomization and separation stages; (E)
Snozzle was from 0.6mm to 1.2mm for nozzle size at atomization stage;
(F) initial sample temperature (Tfeed) was from 4 °C to 37 °C at feed
stage. Since high initial burst release (IBR) commonly exists in com-
mercial and conventional microsphere formulations and can be affected
by loosely bound drug on the surface [3], cold water-washing and
freeze-drying was used as additional post-treatment procedures to re-
move surface-bound peptide and minimize the IBR effect. The drug
loading and gelatin loading in LD is 10% and 1.7%, respectively. From
these standard values, the basic formulation was established as the
standard formulation for adjusting the composition of other spray-dried
formulations. Results of pilot studies indicated that: (i) Compared with
Tinlet, outlet temperature (Toutlet) has relatively lower impact on the
formation of droplets, thus Toutlet was set as a fixed value (60 °C); and

Fig. 2. (A) Formulation variables and their corresponding levels examined during spray drying to form microspheres using ProCepT 4M8-TriX spray dryer; (B)
Schematic illustration of these variables investigated.
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(ii) Instrument equilibrium time (Teq) requires at least 30min before
initiating the spray drying process after setting parameters. Detailed
compositions of designed formulations and representative process
parameters are summarized in Table 1.

It should be noted that yield strongly relies on the scale of work
when employing a conventional spray dryer. In lab scale production,
the yield is far below optimal, and is in the range of 20–70% [24]. Yield
can be considered as the external result of internal heat/mass transfer
process in spray drying. Generally, there are two main factors resulting
in low yields. First, the design of the cyclone separation device cannot
capture particles with diameters <2 μm [23,25], and these fine parti-
cles usually pass through with the exhaust air. Second, unsuitable
process variables can cause particles to deposit and adhere on the wall
of the spray dryer. For the spray dryer we used, cooling airflow is un-
favorable to separate particles and can induce particle adhesion on the
nearby surface and result in a lower yield, so cooling airflow was turned
off (i.e. AFcool = 0). AFcyclone is helpful to separate particles, but there
was no obvious effect on yield when the parameter was varied, so
AFcyclone was set at a constant value, ~0.12m3/min. In addition, after
each use, it is crucial to wash the spray dryer using organic solvent
(e.g., methylene chloride) to avoid the use of soap that can induce static
electricity and result in remarkable particle absorption on the wall of
the chamber and cyclone, and decrease yield significantly. Yield (%)
was defined here in the normal way as the % weight fraction of the
amount of materials originally contained in feedstock that could be
collected from the product receiver and particles on the inside wall of
the cyclone were not calculated as a part of the yield.

As indicated in Fig. 3, particle yields were in the range 30–60%. It
was determined that a higher Tinlet was favorable to improve yield and
the lowest Tinlet at 50 °C led to the lowest yield (~43.5%). The tem-
perature in the atomizing chamber could also influence atomization
and drying efficiency of generated droplet/particles. Higher Tinlet can
accelerate the formation of droplets and solidifying of particles in the
chamber and subsequent drying/transfer from the chamber. Moreover,
higher Tinlet can reduce droplet/particle deposition on the wall of the
atomizing chamber because it can shorten the formation time (~mil-
liseconds [12]) of the core-shell structure of particles when atomizing

droplets to convert into particles. The feed concentration, Cfeed, has a
remarkable impact on the viscosity of the feedstock which is critical for
the generated atomizing state and the appearance of droplet/particles.
For example, the highest Cfeed (30%) caused a serious decline in the
yield (~33.4%), whereas a Cfeed of 5%~20% maintained yields of
48%–60%. Also, lower yield (<40%) was observed with a lower nozzle
air flow, AFnozzle (7.0 L/min), or higher, AFnozzle (16.0 L/min). Too high
of an AFnozzle enhanced the loss of some liquid droplets onto the wall of
the chamber. Too low of an AFnozzle tended to generate insufficient
forces of liquid atomization and makes it difficult to achieve a large
amount of micron size particles. When AFinlet was at the lowest level
(i.e., RatioA/L 2.0), collection of particles was noticeably reduced
(~37.5% yield) because of ineffective separation ability. Higher RatioA/
L (3.0, 4.0, 6.0 and 8.0) caused an obvious increase of yield (> 50%),
with a slight decrease in yield (~47.7%) with the highest RatioA/L of
10.0. The nozzle size, Snozzle, at 1.2 mm and 0.6mm resulted in slightly
lower yields (~45%–48%), while 1.0 mm and 0.8mm of Snozzle en-
hanced yields beyond 50%. However, despite the minor influence of
Snozzle on yield, Snozzle should be considered an important factor because
it can directly affect the formation routes of atomizing and impact
shapes or morphology of droplets/particles. Tfeed is usually ignored in
previous published studies [12,13,16], despite it being a crucial vari-
able affecting feed properties, and impacting the atomization process
and droplet geometry in particle formation engineering. Tfeed at 4 °C
had the highest yield (~52.6%), suggesting that lower Tfeed is beneficial
to minimize evaporation of the feedstock and maintain a lower viscosity
and optimal mobility for subsequent atomization.

3.2. Microsphere size distribution and morphology analysis

Variables of atomization, feed and nozzle thermodynamics were
adjusted to identify their effect on particle sizes and distributions. The
commercial LD was used as a control for particle size analysis. For air
thermodynamics, Tinlet and RatioA/L were selected as two important
variables. Fig. 4 depicts the particle size of the microspheres. As shown
in the figure, altering Tinlet from 80 °C to 50 °C seemed to have less of an
effect on the change of sizes, D10, D90; spans were similar under

Fig. 3. Yields of spray-dried microspheres using ProCepT 4M8-TriX spray dryer. Symbols represent mean±S.D. when n=3 except for PLGA 5% and 10%, Airflow
in Nozzle (7.0 L/min) and RatioA/L 10.0 formulations which were n=1. ⁎p< .05; ⁎⁎p< .01; ⁎⁎⁎p< .001.
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different Tinlet, with the exception that the size of smaller particles
(D10) significantly increased under lower Tinlet (p< .01 or p< .001).
Decreased Tinlet led to the size increase of small-scale particles. How-
ever, for low RatioA/L at 2.0, 3.0 and 4.0, particle sizes were sig-
nificantly lower (p< .001 or p< .05). Increasing RatioA/L led to the
occurrence of large particles. Higher RatioA/L represents a faster airflow
during atomization and too high of an inlet airflow (RatioA/L 10.0)
caused insufficient drying and even agglomeration, adhesions and
caking of powders. Feed thermodynamics were investigated in terms of
two crucial parameters, feed concentration (Cfeed) and feed temperature
(Tfeed). The highest level of Cfeed (PLGA 30%) caused a significant in-
crease in D10 (p< .001), D50 (p< .001), D90 (p< .01) and span
(p< .05), and resulted in the generation of larger particles, probably
owing to the higher polymer solution viscosity. Nozzle properties such
as the airflow in nozzle and nozzle size are other critical influencing
factors for particle sizes. At the lowest AFnozzle (7.0 L/min), particle
sizes of D10, D50 and D90 were the largest. Particle size was gradually
reduced with increasing AFnozzle. The airflow of the nozzle can influence
the atomization process and high AFnozzle may enhance the atomization

effect and form smaller droplets through a faster breakthrough from
liquid sheet into a droplet shape during the atomizing process. RatioA/L
10.0 (i.e. high inlet airflow) induced higher span and dispersity,
probably due to too high flowability of particles and insufficient drying
and separation. Larger particle sizes and span were significantly found
in nozzle sizes of 1.0mm and 1.2mm relative to those of 0.6 and
0.8 mm (p< .001, p< .01 or p< .05). Tfeed had a minor impact on
D10, D50, D90 and span. Different Tfeed resulted in similar values of
particle sizes and span. Generally, Cfeed, AFnozzle, RatioA/L, Snozzle had
significant influence on particle sizes and dispersity.

The morphology of microspheres is shown in Fig. 5. Almost all
microspheres prepared by spray drying were more spherical than the
commercial product, except the PLGA 30% Formulation (Fig. 5E).
Higher Cfeed (PLGA 30%) likely made it difficult to form droplets during
atomization. Higher Cfeed could result in over-strengthened surface
enrichment because of a high evaporation rate/low diffusion rate,
probably leading to the appearance of irregular particles. The surface of
spray-dried microspheres generally was slightly rough and wrinkled,
and had some irregular pores. The appearance of LD particles is also

Fig. 4. Particle sizes, including D10 (A), D50 (B) and D90 (C) of spray-dried microspheres and Lupron Depot® (LD), were determined by dynamic light scattering. The
span (D) was calculated to examine size distribution. Symbols represent mean± S.D. (n= 3). ⁎p< .05; ⁎⁎p< .01; ⁎⁎⁎p< .001.
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spherical when removing lyoprotectants and there are some pores on
the surface (Fig. 5R and S).

3.3. Loading and encapsulation efficiency of drug and gelatin

During the evolution of droplet/particles, the component migration
and radial distribution occurs, accompanied with solvent evaporation,
usually resulting in homogenous and heterogeneous re-orientation of
components on the surface, in the formation of the internal matrix or
the core of microspheres [13,26,27]. It is possible that there are dif-
ferences in performance (e.g., loading, residuals and release behavior)
derived from microscopic heterogeneity (uneven component distribu-
tion) despite similar macroscopic appearance (e.g., particle size).
During the drying of droplets (Fig. S2), there is a known tendency for
solvents to move towards the surface during phase separation and
solvent evaporation from the surface [28,29]. Drug loading is an ex-
ternal outcome of internal drug re-construction or re-arrangement.
Fig. 6 describes the drug loading (Fig. 6A), drug encapsulation effi-
ciency (EE) (Fig. 6B), gelatin loading (Fig. 6C) and gelatin EE (Fig. 6D)
of various microspheres. Commercial LD with 10% drug loading and
1.7% gelatin loading was used as a standard control.

As shown in Fig. 6A and B, a decrease in Tinlet slightly decreased
drug loading (~9–10%). However, the effect of Tinlet on drug loading is
minor. Notably, Cfeed, AFnozzle, RatioA/L, Snozzle had a remarkable impact
on drug loading and EE relative to other two parameters. Cfeed had a
pronounced impact on the drug loading and EE (p< .001), the higher
Cfeed, the higher the drug loading/drug EE. The lowest Cfeed (10% PLGA
or 5% PLGA) caused reduced drug loading (~7% or ~5%, respectively,
p< .001) and drug EE (~58% or ~40%, respectively, p< .001). These
results suggest that significant levels of drug distribute on the particle
surface leading to reduced drug content after washing. A lower con-
centration of feed solution would take longer for the drug to reach the
solidification point during the particle formation process [29]. The

slowed deposition caused by a low Cfeed might decelerate the translo-
cation of drug towards the inner space of the droplets and cause the
relative increase in drug on the surface. A low Cfeed would be expected
to decrease the evaporation rate and inversely increase the evaporation
or drying time. The decrease in Cfeed was unfavorable and might lead to
smaller size and over-enrichment of the drug at droplet surface due to
divergent phase behavior. Another influencing parameter is the nozzle
airflow (AFnozzle). The highest drug loading (~11.4%) and drug EE
(~88.6%) were found in the formulation with the lowest AFnozzle
(7.0 L/min) (p< .01). The lower the nozzle airflow, the larger the
droplet/particle size, due to the enhanced feed flow rate (LFfeed). Under
these conditions, larger droplets provide a lower surface area/mass
ratio and therefore less surface drug is expected to be present and
susceptible to washing off. Microspheres with the highest Ratio (RatioA/
L 10.0) caused a significant decrease (p< .05) in drug loading (~8.8%)
and drug EE (68.5%), which can be accounted for in the fact that too
high AFinlet might induce insufficient migration of drug towards the
inner particle space and enhance its translocation to the surface. Si-
milarly, with the effect of airflow in nozzle, the increase of nozzle size
tends to promote the formation of larger droplets/particles and rela-
tively lower the drug distribution to surface. Snozzle (0.8mm and
0.6mm) showed lower drug loading (~9.1%) and drug EE (~70%)
relative to a higher Snozzle (1.2mm and 1.0mm) (p< .05 or p< .01). As
for the impact of the feed temperature, all Tfeed values investigated did
not cause differences in drug loading and EE, with values around
~9–10% and ~70–80%, respectively, and was not a dominant factor in
controlling drug loading and EE. Tinlet and Tfeed had relatively little
impact on drug/gelatin loading and EE. Among the process parameters
tested, it was obvious that the feed concentration was the most critical
factor affecting drug loading and EE and must be strictly controlled
[27]. Generally, post-treatment washing causes a decrease in drug
loading and EE due to the loss of surface peptide. For example, after
washing, the basic formulation resulted in 2.35% and 18.35% decrease

Fig. 5. SEM images of various formulations including three different magnifications (1–3) for the following variables (see Table 1): (A) Basic Formulation; (B) Inlet
Air Temp 70 °C; (C) Inlet Air Temp 60 °C; (D) Inlet Air Temp 50 °C; (E) PLGA 30%; (F) Airflow in Nozzle 13.0 L/min; (G) Airflow in Nozzle 16.0 L/min; (H) RatioA/L
2.0; (I) RatioA/L 3.0; (J) RatioA/L 6.0; (K) RatioA/L 8.0; (L) Nozzle Size 1.2mm; (M) Nozzle Size 0.8mm; (N) Nozzle Size 0.6mm; (O) Initial Sample Temp 13 °C; (P)
Initial Sample Temp 25 °C; (Q) Initial Sample Temp 37 °C; (R) LD without washing; (S) LD control with washing; and (T) Empty microspheres.
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of drug loading and EE, respectively (see Fig. S1). However, this pro-
cedure is essential to achieve viable or more practical microspheres that
are intended for commercialization.

Among all prepared microspheres, the ones with 9–11% drug
loading were selected for further evaluation as they had similar drug
loading as the 1-month LD. In addition to drug loading, gelatin loading
and gelatin EE must also be investigated because the control of long-
term drug release mainly derives from the introduction of gelatin
[10,30]. Microspheres equivalent in terms of drug/gelatin loading are
prerequisites for further comparison of other attributes with the com-
mercial product. Fig. 6C and D show the gelatin loading and gelatin EE
of candidate microspheres. The results revealed that most microspheres
had ~1.7% gelatin loading, comparable to the LD (1.7%), except some
formulations such as RatioA/L 6.0 Formulation (~1.47%), Nozzle size
(1.2 mm) Formulation (~1.48%) and Nozzle size (0.6mm) Formulation
(~1.53%). For most microsphere formulations, gelatin is expected to
have a more homogenous radial distribution relative to drug distribu-
tion since gelatin is more resistant against water washing and has a
much higher EE relative to the drug. The possible reason is that gelatin
is expected to be distributed in the interior pores of the polymer matrix,

whereas the peptide is expected to mostly exist as a salt in the polymer
phase (and to a limited extent on or near the particle surface) while ion-
paired with the carboxylate terminus of polymer chains, oligomers, and
monomers.

3.4. Drying kinetics, residual solvent and conventional/hydrated Tg

During the solvent evaporation process in the formation of droplets/
particles, there are four typical drying stages as outlined below (Fig. S2)
[27,30]: (i) the initial heating stage of the droplets commences with the
beginning of droplet formation. Droplets are rapidly heated to the
atomizing chamber temperature, accompanied with solvent evapora-
tion and slight reduction in droplet sizes (from D0 to D1); (ii) a constant
drying period when temperature becomes constant and droplet mass
decreases, accompanied with droplet shrinkage (D1>D12>D2); (iii)
the falling drying stage (i.e., the drying stage during which solvent
evaporation rate declines) where wet particles consist of a dry outer
layer and an inner wet core. The dry outer layer hinders the drying of
the inner wet core and solvent evaporation rate declines. The outer
layer becomes thick and formatting matrix is gradually consolidated

Fig. 6. Drug loading (A) and drug encapsulation efficiency (B) was determined by two-phase extraction method. Gelatin loading (C) and gelatin encapsulation
efficiency (D) of various spray-dried microspheres was determined by amino acid analysis. Dashed lines in A and C panels refer to LD values. Symbols represent
mean± S.D. (n=2). ⁎p< .05; ⁎⁎p< .01; ⁎⁎⁎p< .001.
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(D2>D3>D4); and (iv) in the final sensible heating stage, the solvent
content decreases to a minimal possible value and a dry non-evapor-
ating solid sphere is generated. Particle temperatures increase without a
remarkable size change (D4) [31].

The effect of parameters on residual solvents should be considered
during these basic drying stages. As shown in Fig. 7A and B, for residual
methylene chloride (DCM) or water, the increase in inlet air tempera-
ture reduced the residual content of both solvents. It is reasonable that
the increase of Tinlet would accelerate the formation of the outer crust
layer and hinder the solvent evaporation from the wet matrix or core at
drying stage ii. We did not detect any residual DCM content in LD or
empty microspheres. The introduction of drug (leuprolide acetate)
seems to slow down the organic solvent removal due to the interaction
of the drug and polymer/gelatin [32]. Similarly, water content was also
low in the LD (~0.14% w/w) and empty microspheres (~0.47%) be-
cause of this reason. It should be noted that thick feed concentration
(higher Cfeed, PLGA 30%) resulted in a dramatic increase in residual
DCM (~0.076%) and water (1.66%) relative to the PLGA 20% for-
mulation. The higher Cfeed may generate dry particles at an enhanced

density that might be a crucial factor at drying stage iii and stage iv that
impedes the removal of organic solvent and water at drying. The higher
nozzle airflow noticeably lowered the residual DCM and there was no
detectable residual DCM in formulations with AFnozzle 13.0 L/min and
AFnozzle 16.0 L/min. A higher AFnozzle would generate smaller particles,
which is beneficial to remove organic solvents. However, water content
was similar in formulations under varying levels of AFnozzle, at around
~1.5%. Because of differing boiling points of DCM and water, there are
different diffusion/evaporation rates during the formation of droplets/
particles, leading to the differences in residuals. For smaller Snozzle
(0.8mm and 0.6mm), there was no detectable residual DCM, while
higher sizes resulted in a higher residual DCM. Larger particles formed
under a larger Snozzle resulted in appreciable residual DCM. A higher
Tfeed resulted in a lower residual DCM, mainly due to the shortened
time during the initial drying stage (stage i). Feed temperature has a
significant impact on the removal of DCM and accelerates the drying
process through enhancing mass transfer rates in terms of the lower
boiling point (~39 °C) of DCM. However, the residual water content
was higher in formulations under all feed temperatures (Tfeed). It is

Fig. 7. (A) Residual methylene chloride (DCM) was measured by gas chromatography (n= 3). # no detection of DCM; (B) Residual moisture content was determined
by Karl Fischer titration (n= 3); (C-D) Conventional glass-transition temperature (Tg) (C, n= 3) and hydrated Tg (D, n= 2) were detected by modulated differential
scanning calorimeter (mDSC). #p< .05 vs spray-dried microspheres; & p< .05 vs spray-dried microspheres. Symbols represent mean± S.D. ⁎p< .05; ⁎⁎p< .01;
⁎⁎⁎p< .001.
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possible that evaporation of organic solvent might have a competitive
effect on the removal of water during drying stages (especially stages iii
and iv) because both solvents probably use the same evaporation
pathway from inside to outside (especially at drying stages iii and iv)
when solid outer crust, matrix or core is generated. Because of the
enhanced airflow speed, higher inlet air flow (RatioA/L 6.0 and RatioA/L
8.0) obviously shortened drying time at drying stages i-iv and led to
decreased residual DCM. Nozzle airflow, RatioA/L, and nozzle size had
no obvious impact on residual water content. Generally, most spray-
dried drug-loaded microspheres had higher residual DCM or water
content than the commercial product or empty microspheres, indicating
that further work may be necessary to optimize final drying conditions
during process scale-up.

The thermal behavior of microspheres is very informative to de-
termine the effects of excipients, residual solvents, and processing on
the final microspheres. Due to their amorphous nature, PLGA polymers
and PLGA-based microspheres may generate distinctive glass transition
temperature (Tg) values. The relationship between Tg and storage
temperature is known to affect the process of physical aging of poly-
mers or microspheres due to the underlying enthalpy of relaxation
[33,34]. Because spray drying is a rapid heating-drying process com-
bined with complicated heat and mass transfer, Tg profiles of products
should be evaluated. As shown in Fig. 7C, unprocessed PLGA 75/25 had
the lowest Tg (~38.4 °C, p< .001) and the spray-drying process in-
creased Tg values to various levels. Empty microspheres had a Tg of
~44 °C. It is obvious that the introduction of leuprolide significantly
elevated Tg levels (p< .001), owing to the previously reported peptide-
polymer interaction [35]. Spray-dried microspheres resulted in similar
Tg values, around 47.5–48.5 °C, which were significantly lower than the

Tg of commercial LD (49.2 °C, p< .001). These microspheres made by
spray drying had a higher Tg beyond room temperature and could be
stable under storage conditions. The effect of hydration on Tg of PLGA
75/25, commercial and spray-dried products was investigated to better
understand different performances during release incubation. As in-
dicated in Fig. 7D, water caused a Tg decrease of all samples below
physiological temperature, as has been reported extensively [34] and as
predicted by the Gordon-Taylor equation and Tg of water (~135 K)
[35,36]. Water decreased Tg values of PLGA 75/25 to similarly low
values (~25 °C, p< .05). A more noticeable decrease of hydrated Tg
was found in commercial LD and empty microspheres during plastici-
zation, reaching ~30 °C. However, all spray-dried microspheres ex-
hibited a slightly higher hydrated Tg value (~30–32 °C) than the LD.
This finding suggests that spray-dried microspheres would be expected
to be more resistant to water-induced hygrothermal aging, degradation
or erosion of internal amorphous structure during long-term release
process.

3.5. Release kinetics and erosion behavior

The controlled release behaviors of spray-dried microsphere for-
mulations were evaluated in comparison to the commercial LD (Fig. 8).
The initial burst release (IBR) observed after the first day of incubation
was significantly higher for LD relative to all other samples (~29.5%,
p< .01) (Fig. S3A). Microspheres with higher Tinlet (80 °C) exhibited
lower IBR (~18%, p< .01), likely due to formation of a denser outer
crust layer. The higher Cfeed (PLGA 30%) formulation had a higher IBR
compared with PLGA 20% formulation (p< .01). Increased AFnozzle
(13.0 and 16.0 L/min) resulted in higher IBR relative to AFnozzle

Fig. 8. Cumulative release of leuprolide from all formulations of spray-dried microspheres and the Lupron Depot® (LD). Microspheres were incubated in PBST
(pH 7.4) at 37 °C. Panels are grouped according to formulations with varied spray drying parameters, including: inlet air temperature (Tinlet, A), PLGA concentration
(Cfeed, B), airflow in nozzle (AFnozzle, C), ratio between atomization gas flow rate and the liquid mass flow rate (RatioA/L, D), nozzle size (Snozzle, E) and initial sample
temperature (Tfeed, F). The Basic formulation (orange symbols) and LD are listed in each panel as controls. Symbols represent mean±S.D. (n=3).
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Fig. 9. Kinetics of physical-chemical properties of the microspheres accompanying release during normal incubation in PBST (pH 7.4) for selected formulations. (A)
Long-term release of leuprolide is replotted for comparison compared with kinetics of: (B) water uptake (n=3); (C) microsphere mass loss (n= 3); (D) Mw decline
(n=3); (E) dry Tg (n=1–3); and (F) hydrated Tg (n= 1–2). Symbols represent mean± S.D.
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(10.0 L/min) (p< .01). Inlet airflow also played an important role on
IBR. Higher AFinlet (i.e. higher RatioA/L) resulted in an enhanced IBR
(p< .05, p< .01 or p< .001), which is probably attributed to de-
creased hardness of microspheres caused by insufficient drying pro-
cesses. Smaller nozzle size resulted in an increased IBR effect, as the
generated microspheres under this condition had increased available
surface area for release. Formulations made using different Tfeed values
had similar IBR (~17%), which was lower compared to LD.

Following the initial burst release, slow and continuous release was
observed throughout 63 days (Fig. 8). From day 0 to day 42, the LD
presented a higher release than spray-dried microspheres. It was de-
termined that microspheres prepared with Tfeed 13 °C, 25 °C and 37 °C
(especially 25 °C) had relatively lower overall release tendencies
(Fig. 8). A Tinlet of 80 °C led to the lower release from microspheres
during the initial 28 days compared with the lower inlet temperatures
(Fig. 8A), probably due to a higher density or harder outer crust of
microspheres fabricated under a higher Tinlet. More irregular structures
and fragments in higher Cfeed (PLGA 30%) may have contributed to its
higher release relative to PLGA 20% formulation (Fig. 8B). Other spray-
dried microsphere formulations generally resulted in slower long-term
release relative to commercial product (Fig. 8C, D and E). The slow
release (Fig. 8F) under high Tfeed might derive from the possibility that
increased Tfeed could cause the formation of denser microparticles due
to the viscosity increase of feed solution, and these particles would be
more resistant against the erosion in the release media. If the one-day
IBR effect is removed from consideration for mechanistic analysis, an
IBR-deducted long-term release for 62 days can be generated, as shown
in Fig. S4. The LD and PLGA 30% had a slightly higher release during
the initial 34 days and then had a similar release thereafter (Figs. S4A
and C). Spray-dried microspheres under different Tinlet (Fig. S4B),
AFnozzle (Fig. S4D), RatioA/L (Fig. S4E) and Snozzle (Fig. S4F) conditions
had a slower release especially from 0 to 34 days. However, most of the
spray-dried microspheres released more slowly during the entire release
period. It is worth noting that Tfeed had a crucial impact on long-term
release and remarkably lowered the release compared with the com-
mercial product (Fig. S4G). For microspheres prepared under different
Tfeed values, despite having similar release from days 0 to 27, a higher
Tfeed obviously delayed the latter release (day 27 to day 62). After in-
itial burst, 50% release time (t50,release) of all microspheres were cal-
culated, as listed in Fig. S4B. The LD had a shorter t50, release, around
26 days. Generally, microspheres by spray drying resulted in longer t50,
release values. The highest t50, release values (40–45 days) were recorded
for some formulations such as RatioA/L 2.0 and 3.0, and Initial Sample
Temp 37°C formulations. The t50, release of the PLGA 30% Formulation
was close to that of LD, which probably is due to its irregular structures
from SEM observations.

Based on the criteria of 95%–105% for drug loading (10%) and
gelatin loading (1.7%), as shown in Fig. 9, six formulations were se-
lected for further long-term release testing (Fig. 9A) and related release
mechanisms through the determination of water uptake, mass loss,
molecular weight (Mw) change, conventional Tg and hydrated Tg

(Fig. 9B–F). After the IBR, these changes are also summarized in Fig. S5.
The initiation of hydrolytic degradation requires water uptake in the
microspheres [28]. Higher water uptake (Fig. 9B) was found in the LD
during 7–28 days of release, which agrees with its higher release curve
during this period (Fig. 9A). From day 35 to day 63, PLGA 30% and
basic formulations displayed higher water uptake, which correlates
with their increased release. The increase of feed temperature, Tfeed,
decreased the water uptake of generated microspheres and slowed
down the release, which further demonstrated the possibility that spray
drying-generated denser microspheres under higher Tfeed impeded/de-
layed the water entry from release media. Compared with spray-dried
microspheres, water uptake of LD during the earlier release stage (day
0–28) was stronger than that at the latter release stage (day 28–63).
Water uptake directly led to PLGA erosion and degradation and release
of leuprolide from microspheres [37]. The earlier hydration in LD
contributed to its higher mass loss (Fig. 9C) and rapid Mw decline
(Fig. 9D). The mass losses and Mw changes/decline were similar
amongst spray-dried microspheres and weaker when compared to the
commercial product. Erosion, reflected by mass loss, is considered one
of the primary mechanisms of controlled release of drugs from PLGA
microspheres. During the release period, Tg and hydrated Tg of samples
collected from each time point were examined in Fig. 9E and F, re-
spectively. In Fig. 9E, upon incubation with release media, all micro-
sphere Tg values similarly increased (~50 °C) before declining to dif-
fering values (42–46 °C) through day 42 followed by varying
fluctuations. During the initial 28 days, the Tg of incubated LD seemed
to decline more rapidly than spray-dried formulations. Basic and PLGA
30% formulations exhibited higher Tg values at latter release periods
probably due to higher swelling/hydration, which was consistent with
their elevated water uptake profiles (Fig. 9B). The unstable changes of
Tg in other formulations at the latter release stage is probably attributed
to different thermal behaviors of complicated degradants and varied
molecular interactions. Plasticization (i.e. water) decreased Tg of all
microspheres during the release period compared with that at day 0.
The sudden Tg increase at day 56 was found for Initial Sample Temp
37 °C and the RatioA/L 2.0 formulations. It is possible that a rapid re-
lease of sequestered acid could have resulted in less plasticization over
this period. LD was less resistant to the water-mediated degradation
from the observation of its faster decline of hydrated Tg relative to
spray-dried microspheres. In comparison, the basic formulation had a
stronger capacity to resist the erosion and resulted in the slower decline
of hydrated Tg. Diffusion/pore-mediated release played an important
role at the latter release stage besides mass loss (i.e. erosion). Moreover,
changes of these profiles versus cumulative leuprolide release percen-
tage are summarized in Fig. S6.

3.6. Analysis of mechanisms in long-term release of peptide

For the microspheres selectively investigated, 50% mass loss time
(t50,erosion), 50% release time (t50,release) and 50% Mw decline time
(t50,degradation) after initial burst release were calculated according to

Table 2
Characteristic times of release (after initial burst), erosion (after initial burst) and degradation (after initial burst), t50,release, t50,erosion and t50,degradation (in days).
Symbols represent mean±S.D. (n=3).

Formulations t50,release (day) t50,erosion (day) t50,degradation (day) t50,release/t50,erosion t50,release/t50,degradation t50,erosion/t50,degradation

Group 1a Lupron Depot® 26.45± 1.69 35.17± 0.71 27.00±0.29 0.75± 0.04 0.98±0.06 0.77± 0.01
Basic formulation 31.74± 0.29 43.34± 0.76 36.69±0.31 0.73± 0.01 0.87±0.01 0.85± 0.02
PLGA30% formulation 27.27± 1.71 41.86± 1.75 35.42±0.13 0.65± 0.06 0.77±0.05 0.85± 0.03

Group 2a Ratio 2.0 formulation 39.58± 1.28 41.20± 1.40 33.35±0.51 0.96± 0.03 1.19±0.05 0.81± 0.03
Ratio 3.0 formulation 41.58± 0.87 38.58± 2.23 31.19±0.82 1.03± 0.03 1.33±0.05 0.78± 0.00
Ratio 8.0 formulation 36.61± 0.24 38.82± 0.49 32.48±2.39 0.94± 0.01 1.13±0.09 0.84± 0.07
Initial Sample Temp 37°C 40.89± 0.41 39.66± 0.16 28.64±0.57 1.04± 0.00 1.43±0.04 0.72± 0.02

a Group 1 and Group 2 are designated as without (1) and with (2) erosion control, respectively.
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Fig. 10. Mechanistic analysis of leuprolide release from spray-dried and Lupron Depot® (LD) formulations. Release after initial burst is plotted vs. mass loss (A) and
Mw loss (B). Separation of the data sets in A and B according to Group 1 (C and D) with faster release than mass loss and similar release to Mw loss; and Group 2 (E
and F) with similar release to mass loss and slower release to Mw loss. Symbols represent mean± S.D. (n=3).
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corresponding curves, as shown in Table 2. For formulations that
t50,release/t50,erosion is close to 1, an erosion-controlled release me-
chanism is implicated. An erosion-control trend with t50,release/t50,erosion
ranging from 0.96–1.04 was observed for the four formulations at the
bottom of the table (Group 2). By contrast, in Group 1 formulations, the
ratio was <<1, namely 0.75±0.04 for the LD, 0.73±0.01 for the
basic formulation, and 0.65±0.06 for the PLGA 30% formulation.
Separation of these groups was also evident when release was plotted
against dry Tg for the eroded microspheres, as shown in Fig. 10. For
example, the Group 1 formulations showed superimposable behavior
reaching 70% release at just a Tg of ~ 47 °C, whereas Group 2 for-
mulations had much lower Tg (42–45 °C) at this stage. The latter be-
havior is reasonable considering that the Group 1 formulations release
more drug from the polymer before the polymer had reached its very
low Mw form. There are a couple of possibilities to explain the more
rapid release behavior observed for Group 1. The most plausible ex-
planation is that the peptide is bound as a salt to the polymer, giving
rise to the elevated Tg [35]. The peptide under suitable conditions is
expected to desorb from the polymer, for example, when water-soluble
monomers are released. The water-soluble monomers, which have
carboxylic acids with only slightly higher pKa's than the carboxylic acid
moieties on longer PLGA chains [37], would be expected to exchange
peptide ionically bound with long chains of PLGA, to form a soluble salt
of peptide and glycolic or lactic acids to leave the polymer. Consistent
with this hypothesis, it was observed that leuprolide can rapidly form a
salt with, and absorb in, solid particles of low Mw PLGAs from aqueous
solution at 37 °C [30]. Desorption could also theoretically occur if there
is some frequency of cycling of the leuprolide-PLGA salt to the polymer
surface where the drug could then exchange with cations (e.g., Na+,
H+) in the release medium. Other possibilities for the more rapid drug
release than mass loss could be due to osmotically induced mechanisms
[5]. The underlying factor(s) responsible for the slightly different re-
lease mechanisms from Group 1 and Group 2 formulations is not known
at this time. Possible reasons include variations in: a) rate and extent of
clumping of microspheres in the centrifuge tubes, which may reflect
differences in polymer surface and particle size, and b) other factors
relatively affecting rates of peptide desorption vs. mass loss such as
microsphere size and morphology (i.g., shape, density and depth of
pores on the surface, or irregular structures) [4].

4. Conclusions

Spray drying of formulations for controlled release of peptides and
larger molecules remains a developing field yet the technology is ex-
tremely promising in terms of extensive applications and versatility. By
systematically altering a series of parameters based on nozzle, ato-
mizing and feed thermodynamics, we designed a spray-drying process
capable of preparing LD-equivalent composition formulations that be-
have similarly or different to the one-month LD. Decreasing Tinlet results
in generation of small-scale particles and reduced residual solvent le-
vels; however, Tinlet has relatively little impact on drug/gelatin loading
and EE. Cfeed has a critical influence on the microsphere formation and
performance. Higher Cfeed leads to a larger particle size and wider size
distribution. Decreased Cfeed causes a significant decline in drug loading
and noticeable residual solvent due to prolonged solidifying time. The
highest Cfeed (30% PLGA) generates irregular particles and triggers
accelerated long-term release, similar to the LD. Therefore, the Cfeed
parameter should be critically controlled in practice. The increase in
AFnozzle induces the production of smaller particles, and reduces drug
loading/EE. Elevated RatioA/L results in larger particles. The highest
RatioA/L (10.0) tested causes a significant decline in drug loading/EE.
Larger values of Snozzle generated larger particles and enhanced drug
loading/EE. Tfeed is a key factor to control residual moisture content
and influence the long-term release profiles/mechanisms. By contrast,
Tfeed affects less particle size/distribution, drug loading/EE or gelatin
loading/EE. Higher Tfeed causes a delayed long-term release. Generally,

except with the higher Cfeed formulation (PLGA 30%), most of spray-
dried microspheres present a slower controlled release behavior than
commercial LD. There is no detectable residual DCM for LD and some of
spray-dried particles. All spray-dried microspheres displayed higher
moisture content than the LD. Spray-dried particles display similar dry
Tg values and higher hydrated Tg compared with the LD. The presence
of drug in microspheres elevated the dry Tg. There is a decreasing trend
of dry Tg and hydrated Tg over the long-term release period. There are
multiple underlying release mechanisms for these spray-dried micro-
spheres. Some spray-dried microspheres display more sustained long-
term release profiles and offered viable long-acting release (LAR) al-
ternatives to commercial products. For certain spray dried and LD
particles, after the initial burst release proceeds erosion kinetics ac-
cording to a hypothesized desorption mechanism. For other slower re-
leasing formulations, release and erosion kinetics are superimposable,
indicating erosion-controlled release. The current study provides a
systematic presentation and basic understanding on the characteriza-
tion of PLGA microspheres loaded with LHRHa-based peptides when
employing the spray-drying technology. This study should be useful to
aid developing new and generic microsphere formulations.

Acknowledgements

This research was funded by FDA contract HHSF223201510170C.
This paper reflects the views of the authors and should not be construed
to represent the FDA's views or policies.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jconrel.2020.01.023.

References

[1] C. Wischke, S.P. Schwendeman, Principles of encapsulating hydrophobic drugs in
PLA/PLGA microparticles, Int. J. Pharm. 364 (2008) 298–327.

[2] X. Li, X. Jiang, Microfluidics for producing poly (lactic-co-glycolic acid)-based
pharmaceutical nanoparticles, Adv. Drug Deliv. Rev. 128 (2018) 101–114.

[3] S.P. Schwendeman, R.B. Shah, B.A. Bailey, A.S. Schwendeman, Injectable con-
trolled release depots for large molecules, J. Control. Release 190 (2014) 240–253.

[4] J. Wang, B..M. Wang, S.P. Schwendeman, Characterization of the initial burst re-
lease of a model peptide from poly(D,L-lactide-co-glycolide) microspheres, J.
Control. Release 82 (2002) 289–307.

[5] K. Hirota, A.C. Doty, R. Ackermann, J. Zhou, K.F. Olsen, M.R. Feng, Y. Wang,
S. Choi, W. Qu, A.S. Schwendeman, S.P. Schwendeman, Characterizing release
mechanisms of leuprolide acetate-loaded PLGA microspheres for IVIVC develop-
ment I: in vitro evaluation, J. Control. Release 244 (2016) 302–313.

[6] P.E. Belchetz, T.M. Plant, Y. Nakai, E.J. Keogh, E. Knobil, Hypophysial responses to
continuous and intermittent delivery of hypopthalamic gonadotropin-releasing
hormone, Science 202 (1978) 631–633.

[7] F. Comite, G.B. Cutler Jr., J. Rivier, W.W. Vale, D.L. Loriaux, W.F. Crowley Jr.,
Short-term treatment of idiopathic precocious puberty with a long-acting analogue
of luteinizing hormone-releasing hormone. A preliminary report, N. Engl. J. Med.
305 (1981) 1546–1550.

[8] P.M. Conn, W.F. Crowley Jr., Gonadotropin-releasing hormone and its analogues,
N. Engl. J. Med. 324 (1991) 93–103.

[9] G. Zhu, S.R. Mallery, S.P. Schwendeman, Stabilization of proteins encapsulated in
injectable poly (lactide- co-glycolide), Nat. Biotechnol. 18 (2000) 52–57.

[10] T. Zhou, H. Lewis, R.E. Foster, S.P. Schwendeman, Development of a multiple-drug
delivery implant for intraocular management of proliferative vitreoretinopathy, J.
Control. Release 55 (1998) 281–295.

[11] Y. Wang, Q. Wen, S.H. Choi, FDA's regulatory science program for generic PLA/
PLGA-based drug products, Am. Pharm. Rev. 19 (2016) 5–9.

[12] A. Singh, G. Van den Mooter, Spray drying formulation of amorphous solid dis-
persions, Adv. Drug Deliv. Rev. 100 (2016) 27–50.

[13] A. Ziaee, A.B. Albadarin, L. Padrela, T. Femmer, E. O'Reilly, G. Walker, Spray drying
of pharmaceuticals and biopharmaceuticals: critical parameters and experimental
process optimization approaches, Eur. J. Pharm. Sci. 127 (2019) 300–318.

[14] A. Al-Khattawi, A. Bayly, A. Phillips, D. Wilson, The design and scale-up of spray
dried particle delivery systems, Expert. Opin. Drug. Deliv. 15 (2018) 47–63.

[15] L.O. Simon, Application of computational fluid dynamics to spray drying, Lait 85
(2005) 353–359.

[16] K. Cal, K. Sollohub, Spray drying technique. I: hardware and process parameters, J.
Pharm. Sci. 99 (2010) 575–586.

[17] N. Mhajel, A. Roholamini Najafabadi, K. Azadmanesh, A. Vatanara, E. Moazeni,

N.-Q. Shi, et al. Journal of Controlled Release 321 (2020) 756–772

771

https://doi.org/10.1016/j.jconrel.2020.01.023
https://doi.org/10.1016/j.jconrel.2020.01.023
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0005
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0005
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0010
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0010
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0015
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0015
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0020
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0020
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0020
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0025
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0025
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0025
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0025
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0030
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0030
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0030
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0035
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0035
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0035
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0035
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0040
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0040
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0045
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0045
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0050
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0050
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0050
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0055
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0055
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0060
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0060
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0065
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0065
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0065
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0070
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0070
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0075
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0075
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0080
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0080
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0085


A. Rahimi, K. Gilani, Optimization of a spray drying process to prepare dry powder
microparticles containing plasmid nanocomplex, Int. J. Pharm. 423 (2012)
577–585.

[18] G. Rassu, E. Gavini, G. Spada, P. Giunchedi, S. Marceddu, Ketoprofen spray-dried
microspheres based on Eudragit(R) RS and RL: study of manufacturing parameters,
Drug Dev. Ind. Pharm. 34 (2008) 1178–1187.

[19] G.L. Plosker, R.N. Brogden, Leuprorelin. A review of its pharmacology and ther-
apeutic use in prostatic cancer, endometriosis and other sex hormone-related dis-
orders, Drugs 48 (1994) 930–967.

[20] H. Okada, One- and three-month release injectable microspheres of the LH-RH
superagonist leuprorelin acetate, Adv. Drug Deliv. Rev. 28 (1997) 43–70.

[21] J. Zhou, K. Hirota, R. Ackermann, J. Walker, Y. Wang, S. Choi, A. Schwendeman,
S.P. Schwendeman, Reverse engineering the 1-month Lupron depot®, AAPS J. 20
(2018) 105.

[22] F. Wan, M. Yang, Design of PLGA-based depot delivery systems for biopharma-
ceuticals prepared by spray drying, Int. J. Pharm. 498 (2016) 82–95.

[23] A. Sosnik, K.P. Seremeta, Advantages and challenges of the spray-drying technology
for the production of pure drug particles and drug-loaded polymeric carriers, Adv.
Colloid Interf. Sci. 223 (2015) 40–54.

[24] C. Zhu, Y. Shoji, S. McCray, M. Burke, C.E. Hartman, J.A. Chichester, J. Breit,
V. Yusibov, D. Chen, M. Lal, Stabilization of HAC1 influenza vaccine by spray
drying: formulation development and process scale-up, Pharm. Res. 31 (2014)
3006–3018.

[25] M. Maury, K. Murphy, S. Kumar, L. Shi, G. Lee, Effects of process variables on the
powder yield of spray-dried trehalose on a laboratory spray-dryer, Eur. J. Pharm.
Biopharm. 59 (2005) 565–573.

[26] R. Vehring, W.R. Foss, D. Lechuga-Ballesteros, Particle formation in spray drying, J.
Aerosol Sci. 38 (2007) 728–746.

[27] M. Maury, K. Murphy, S. Kumar, A. Mauerer, G. Lee, Spray-drying of proteins: ef-
fects of sorbitol and trehalose on aggregation and FT-IR amide I spectrum of an

immunoglobulin G, Eur. J. Pharm. Biopharm. 59 (2005) 251–261.
[28] M. Dürrigl, A. Kwokal, A. Hafner, M. Segvić Klarić, A. Dumičić, B. Cetina-Čižmek,

J. Filipović-Grčić, Spray dried microparticles for controlled delivery of mupirocin
calcium: process-tailored modulation of drug release, J. Microencapsul. 28 (2011)
108–121.

[29] A. Paudel, Z.A. Worku, J. Meeus, S. Guns, G. Van den Mooter, Manufacturing of
solid dispersions of poorly water soluble drugs by spray drying: formulation and
process considerations, Int. J. Pharm. 453 (2013) 253–284.

[30] A.C. Doty, K. Hirota, K.F. Olsen, N. Sakamoto, R. Ackermann, M.R. Feng, Y. Wang,
S. Choi, W. Qu, A. Schwendeman, S.P. Schwendeman, Validation of a cage implant
system for assessing in vivo performance of long-acting release microspheres,
Biomaterials 109 (2016) 88–96.

[31] M. Mezhericher, A. Levy, I. Bordea, Spray drying modelling based on advanced
droplet drying kinetics, Chem. Eng. Process. 49 (2010) 1205–1213.

[32] A.M. Sophocleous, K.G. Desai, J.M. Mazzara, L. Tong, J.X. Cheng, K.F. Olsen,
S.P. Schwendeman, The nature of peptide interactions with acid end-group PLGAs
and facile aqueous-based microencapsulation of therapeutic peptides, J. Control.
Release 172 (2013) 662–670.

[33] J.M. Mazzara, M.A. Balagna, M.D. Thouless, S.P. Schwendeman, Healing kinetics of
microneedle-formed pores in PLGA films, J. Control. Release 171 (2013) 172–177.

[34] P. Blasi, S.S. D'Souza, F. Selmin, P.P. DeLuca, Plasticizing effect of water on poly
(lactide-co-glycolide), J. Control. Release 108 (2005) 1–9.

[35] H. Okada, Y. Doken, Y. Ogawa, H. Toguchi, Preparation of three-month depot in-
jectable microspheres of leuprorelin acetate using biodegradable polymers, Pharm.
Res. 11 (1994) 1143–1147.

[36] B.C. Hancock, G. Zografi, The relationship between the glass transition temperature
and the water content of amorphous pharmaceutical solids, Pharm. Res. 11 (1994)
471–477.

[37] A.G. Ding, A. Shenderova, S.P. Schwendeman, Prediction of microclimate pH in
poly(lactic-co-glycolic acid) films, J. Am. Chem. Soc. 128 (2006) 5384–5390.

N.-Q. Shi, et al. Journal of Controlled Release 321 (2020) 756–772

772

http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0085
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0085
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0085
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0090
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0090
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0090
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0095
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0095
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0095
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0100
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0100
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0105
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0105
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0105
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0110
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0110
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0115
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0115
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0115
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0120
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0120
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0120
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0120
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0125
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0125
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0125
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0130
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0130
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0135
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0135
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0135
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0140
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0140
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0140
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0140
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0145
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0145
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0145
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0150
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0150
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0150
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0150
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0155
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0155
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0160
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0160
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0160
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0160
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0165
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0165
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0170
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0170
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0175
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0175
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0175
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0180
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0180
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0180
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0185
http://refhub.elsevier.com/S0168-3659(20)30039-0/rf0185

	Microencapsulation of luteinizing hormone-releasing hormone agonist in poly (lactic-co-glycolic acid) microspheres by spray-drying
	Introduction
	Materials and methods
	Materials
	Preparation of microspheres by spray-drying
	Determination of yield and particle size/distribution
	Determination of leuprolide loading and encapsulation efficiency
	Determination of gelatin loading and encapsulation efficiency
	Scanning electron microscopy
	Determination of residual solvent
	Determination of residual moisture
	Long-term release
	Determination of Molecular weight (Mw) decline
	Quantification of microsphere water uptake and mass loss
	Determination of dry glass transition temperature (dry Tg)
	Determination of hydrated glass transition temperature (hydrated Tg)
	Statistical analysis

	Results and discussion
	Process, parameters and yield in spray drying
	Microsphere size distribution and morphology analysis
	Loading and encapsulation efficiency of drug and gelatin
	Drying kinetics, residual solvent and conventional/hydrated Tg
	Release kinetics and erosion behavior
	Analysis of mechanisms in long-term release of peptide

	Conclusions
	Acknowledgements
	Supplementary data
	References




