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The objective of this study was to prepare silk fibroin SF microspheres containing the enhanced green flu-
orescent protein (EGFP) by using a novel ultra-fine particle processing system (UPPS) and to evaluate the
microspheres as possible carriers for long-term delivery of sensitive biologicals. The drug content, encap-
sulation efficiency, and in vitro release were evaluated by Microplate Absorbance Reader. The particle
size distribution and morphology of the microspheres were analyzed by Malvern Master Sizer 2000 and
scanning electron microscopy. The distribution of EGFP and the interactions between SF and EGFP were
. . investigated by Confocal Laser Scanning Microscopy, FTIP, Raman and NMR spectroscopy. The results
Ultra-particle processing system . . ) ! L
Microspheres showed that spherical microspheres with narrow size distribution, glossy and dense surface were suc-
EGEP cessfully manufactured by using UPPS technology and over 95% of EGFP encapsulation efficiency and
Silk fibroin uniform drug distribution in the microspheres were achieved. Furthermore, a burst free and sustained
release of encapsulated EGFP for a period of 50 days in deionized water was obtained. In conclusion, the
novel UPPS technology could be used to manufacture SF matrix microspheres as a potential long-term
protein delivery system to improve patient compliance and convenience.
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1. Introduction

Long-term protein delivery system, which contains biocompat-
ible and biodegradable carriers to protect the therapeutic from
degradation or denaturation and to control release profile, has been
studied widely to improve patient compliance (Freiberg and Zhu,
2004; Ye et al., 2010). Up to now, the suitable carrier matrix and
the practicable industrial preparation method are still two crucial
challenges.

Silk fibroin (SF) is a structural protein that comprises silk fibers
derived from cocoons which are produced by the domestic silk-
worm Bombyx mori (Wang et al., 2007). Previous research showed
that SF did not cause immune response in practical applications
(Meinel et al., 2005), and it could undergo proteolytic degrada-
tion and be absorbed over a long period in vivo (Altman et al.,
2003; Horan et al., 2005; Prasong Srihanam, 2009). The important
advantages of SF in the formulation of delivery systems for sen-
sitive biologics such as therapeutic proteins and peptides are its
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aqueous solubility and processability under very mild conditions
(Hofmann et al., 2006; Uebersax et al., 2007, 2008). For instance, SF
could be recrystallized and its secondary structure could change to
beta-sheet conformation by simply exposing the microspheres to
an atmosphere with 96% RH (Hino et al., 2003). Preparation of SF
microspheres under very mild conditions could avoid those harsh
preparation conditions such as the presence of non-aqueous sol-
vents, water/solvent interfaces, use of cross-linking reagents for
hardening, or elevated temperatures (Wang et al., 2006; Wenk
et al., 2008). In addition, the protective properties of SF matrices
for several proteins (Demura et al., 1992; Kikuchi et al., 1999) and
the long absorbing period of SF in vivo are of benefit to develop-
ing long-term protein delivery system which could continuously
release protein drug over 7 weeks (Horan et al., 2005). Thus, SF
with impressive processability, mechanical strength, biocompati-
bility and biodegradability, has been intensively investigated for
biomedical applications as surgical suture, wound covering mate-
rial, soft contact lens, scaffold for tissue engineering, and carrier for
controlled release system (Cao et al., 2007; Hofmann et al., 2007;
Meinel et al., 2005; Shao and Vollrath, 2002).

In general, a practicable manufacturing technology for long-
term protein delivery microspheres should meet the following
main requirements. Firstly, it should achieve reasonably high
encapsulation efficiency and loading capacity, and the loaded pro-
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Fig. 1. Schematic illustration of UPPS equipment for manufacturing particles.

tein should retain its bioactivity and be sustainedly released (Ye
et al,, 2010). Secondly, the technology should demonstrate high
dependability and simple operation repeatability under mild con-
ditions to avoid detrimental effect on sensitive drugs.

A novel ultra-fine particle processing system (UPPS) was ini-
tially developed by our group, which can continuously manufacture
micron-sized spherical particles with a simple and reproducible
operation to control mechanical parameters. The microspheres
manufactured by UPPS presented characteristics of narrow parti-
cle size distribution, glossy and dense surface, and good sphericity.
The main components of UPPS include: (1) arotating disc, (2) a feed
nozzle in point shape located above the center of the rotating disc,
(3) an airflow system which consists of three parts including endo-
centric airflow, tangent airflow, and subpressure airflow to control
the movement of micro-droplets suspension, and (4) a collecting
vessel with carrier gas or liquid nitrogen. The carrier gas is often the
dry and cool air or nitrogen, which is controlled in process opera-
tion according to the properties of microsphere matrix. Carrier gas
is necessary to further assure the particles completely dry and to
move forward to the sample collector. As schematically illustrated
in Fig. 1, the operating principle of UPPS can be simply described
as following: a solution of drug and materials is pumped uniformly
through the nozzle to the center of the high-speed rotating disc;
then the liquid is compressed and sheared (Boodhoo and Jachuck,
2000; Brechtelsbauer et al., 2001; Leach et al., 2009; Tozzini et al.,
2003) to a thin liquid film; subsequently, the liquid film is pro-
pelled out of the edge of the disc and forms micro-droplets. Moving
with the air-flow, the micro-droplets are gradually dried to form
solid microspheres. Finally, the dry microspheres are collected into
the collector vessel by centrifugal forces using a high-performance
cyclone.

The operating parameters of UPPS process can be precisely con-
trolled, which include solution feeding rate, disc rotating speed,
and airflow temperature, pressure and direction, etc. Therefore, this
process is suitable for scale-up and industrial production, which
could be applied to manufacture microspheres as drug delivery
system. More importantly, UPPS has advantages in preparation
of microspheres containing therapeutic proteins and peptides
because of its mild operating conditions.

In this work, EGFP-silk fibroin microspheres were produced by
the simple, single-step process UPPS to avoid exposing protein to
harmful organic solvents. In order to develop SF matrix for the
delivery of sensitive biologicals, in vitro evaluation and the spec-
troscopy investigation of the drug containing SF microspheres were
carried out to study the mechanism of controlled drug release.

2. Materials and methods
2.1. Materials

Cocoons of B. mori were purchased from Guangxi Silk Group Co.,
Ltd. (Guangxi, China). Enhanced green fluorescent protein (EGFP)
was kindly provided by Laboratory of Molecular Biology (School
of Pharmacy of Sun Yat-sen University). All other chemicals were
obtained commercially at analytical grade.

2.2. Preparation of EGFP-SF microspheres by UPPS

SF was prepared from cocoons of B. mori as previous reference
described (Ajisawa, 1998; Bayraktar et al., 2005; Yamada et al.,
2001). Briefly, cocoons were boiled in an aqueous solution of 0.02 M
Na,CO3 for 20 min twice and thoroughly rinsed with deionized
water to remove sericin (degumming). The extracted SF was then
dissolved in a CaCl,-ethanol-water solution (mole ratio=1:2:8,
Ajisawa’s reagent) under stirring at 78°C for 2h. The resulting
fibroin solution was centrifugally separated at 5000 rpm for 15 min,
and the supernatant was dialyzed in a cellulose tube (Viskase, USA;
MWCO 14 kDa) against deionized water for 3 days until the dia-
lyzate was tested negative for chloride ion using AgNOs. Finally,
the dialyzated solution was freeze dried at —20 °C for 30 h (CHRIiST,
Germany) and cotton-like SF solid was obtained and stored in an
airtight container at room temperature.

In an ice-water bath, 1g of SF solid was dissolved in 19 ml and
10 ml of deionized water under magnetic stirring to obtain 5% and
9% (w/w) of SF solution, respectively. Then 10 mg of EGFP was dis-
solved in each of the SF solutions.

Under the computer control of UPPS process parameters, the
EGFP-SF solution was supplied to the nozzle by a peristaltic pump
(EYELA MP-1000, Japan) at a flow rate of 4.0 ml/min. The disc spin-
ning speed was set at 9000 rpm, the pressure and temperature
of endocentric airflow and tangent airflow were set at 15 psi and
35°C, 10psi and 25 °C, respectively, and the pressure of subpres-
sure airflow was set at 5 psi. These parameters were chosen on the
basis of pilot experiments which produced acceptable solid parti-
cles repeatedly. Nevertheless, a number of experiments were also
performed at different disc spinning speeds and EGFP-SF solution
concentrations to establish a proof-of-principle.

The product of SF microspheres was vacuum dried at 0.18 mbar
and room temperature for 2 h (CHRiST, Germany) to remove any
residual water.

For water vapor treatment, the dried microspheres were
exposed to water vapor of 96% relative humidity in the presence
of a saturated aqueous solution of Na;SO,4 at room temperature for
24 h as previously described (Hino et al., 2003).

2.3. Characterization of EGFP-SF microspheres

2.3.1. Particle size analysis

The particle size determination of microsphere was conducted
using a dry method mode of Malvern Master Sizer 2000 (Malvern
Instruments, UK). The particle size was determined by measuring
the diameter of spheres in the same sample volume and dispersing
the particles with a 2 bar compressed air stream.

2.3.2. Confocal laser scanning microscopy (CLSM)

The distribution of EGFP inside the SF microspheres was ana-
lyzed on the basis of microscopic images taken by a confocal
laser scanning microscopy ZEISS LSM 710 (Carl Zeiss, Germany).
Dry powdery samples of microspheres were sown on glass slides
and photographed. The excitation wavelength was selected as
488 nm.
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2.3.3. Scanning electron microscopy (SEM)

To image the interior structure of the EGFP-SF microspheres, dry
microspheres were fractured by a razor blade to show their cross-
sections. Intact or fractured microspheres were placed on metal
sample holders and gold coated using a gold sputter module in a
high vacuum evaporator. Coated samples were then examined by
SEM (JSM-6330F, JEOL Ltd., Japan) at 15kV.

2.3.4. Fourier-transform infrared spectroscopy (FTIR)

EGFP-SF microspheres or comparing samples were mixed with
KBr and compressed to KBr disks for FTIR spectroscopy exam-
ination performed on a Bruker Tensor 37 spectrophotometer
(Bruker, Germany). All the spectra were recorded in the range of
400-4000cm~1. The spectrum of each sample was acquired by
accumulating 32 scans with a resolution of 4cm™1.

2.3.5. Laser micro-Raman spectroscopy

Raman microscope analyses were performed in order to under-
stand the interactions between EGFP and SF, which may affect
the long-term release of EGFP from the microspheres. Dry EGFP-
SF microspheres were sown on glass slides and analyzed with
Raman microscopic (Renishaw Invia Raman Microscope, UK). The
raw spectra were not smoothed and the baseline features of fluo-
rescence intensity of the samples were remained.

2.3.6. Hydrogen nuclear magnetic resonance (HNMR)
spectroscopy

HNMR analysis was performed on EGFP-SF microspheres to
check any structure changes of EGFP and SF in the microspheres.
At least 10 mg of microspheres was placed into glass NMR sample
tube with 0.5 ml of Deuterium Oxide (Cambridge Isotope Labora-
tories, Inc., USA). The proton NMR spectra were acquired on a NMR
spectrometer (Bruker Ultrashield 400 Plus, Germany) operating at
400 MHz and 25 °C. All data were processed using MestReNova soft-
ware.

2.4. Drug content and encapsulation efficiency

The actual content of model drug EGFP in the SF microspheres
was determined by dissolving 5 mg of untreated microspheres in
1 ml of deionized water. The concentration of EGFP was analyzed
by measuring absorbance with the excitation and emission of flu-
orescence at 488 nm and 510 nm, respectively, using a Multimode
Microplate Reader (Infinite M1000, Tecan, Switzerland). No drug
leakage from SF microspheres was expected to occur upon expos-
ing to water vapor. Therefore, the actual drug content was assumed
identical in both water vapor treated and untreated SF micro-
spheres.

Theoretical drug content was calculated by assuming the entire
amount of drug added to the SF solution was encapsulated and
no drug loss occurred at any stage of SF microsphere preparation.
Encapsulation efficiency was calculated as the percentage of actual
versus theoretical drug content.

2.5. Invitro drug release

The study of EGFP release from SF microspheres was conducted
by incubating 5mg of microsphere sample in 5ml of deionized
water at 25 °C for 55 days. Previously it was found that the fluores-
cence invariableness of EGFP aqueous solution could be preserved
at this temperature for at least 7 days. The release medium was
fully replaced with fresh medium after 1, 2,4, 8, 12h, and 1, 2, 3,
5,7, 10, 14, 21, 28, 35, 42, 50, and 55 days. At each sampling time
point, 200 pl of release medium was pipetted to each well of a black
96-well plate for detection of fluorescence assay using a Microplate

Absorbance Reader with excitation and emission of fluorescence at
488 nm and 510 nm, respectively.

The fluorescence absorbance of solution without EGFP (nega-
tive control) was defined as 0. Additionally, absorbance of standard
solutions containing 0.1, 0.5, 1.0, 5.0 and 10.0 wg/ml of EGFP
(positive controls) was measured to assure the range of linear rela-
tionship between absorbance and EGFP concentration.

3. Results and discussion
3.1. Characterization of EGFP-SF microspheres

3.1.1. Particle size analysis

In the preparation of microspheres using UPPS, 9% of SF solu-
tion was processed into SF microspheres at varying disc rotating
speed of 6000, 9000, and 12,000 rpm, respectively. The mean vol-
ume diameters of microspheres prepared with 9% SF solution at
6000, 9000, 12,000 rpm, and 5% SF solution at 9000 rpm were 63.2,
42.3, 29.8, and 38.3 wm, respectively, as shown in Fig. 2. These
results indicated the microspheres had narrow size distribution.
Though the size distribution was not apparently affected by the
rotating speed of UPPS disc, it was found microspheres with smaller
mean size were produced at higher rotating speed.

At a set disc rotating speed of 9000 rpm, the particle size of
microspheres was also affected by the concentration of SF solu-
tion. When the concentration of SF solution was decreased from 9%
to 5%, the produced microspheres showed slightly larger mean size
and wider size distribution, which could be ascribed to the smaller
liquid droplet formed during spinning process and slower solidifi-
cation led to more chance merging droplets together with the lower
concentration SF solution.

3.1.2. Microscopic properties

Microspheres produced at disc rotating speed of 9000 rpm from
5% and 9% SF solutions, which were simply denoted as 5% and 9%
microspheres, were examined for surface morphology.

SEM micrographs in Fig. 3A and C revealed that the SF micro-
spheres were typically in spherical shape, but the sags on the
dense surface leaving the microspheres a dry jujube-like surface.
Formation of this surface could be explained as following: in the
processing of microspheres, SF micro-droplets moved with the air-
flow to gradually dry and form solid microspheres relatively slowly.
It could be speculated that as the solvent evaporated, the micro-
droplet could be encapsulated by a layer of thin film formed by
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Fig. 2. Influence of UPPS disc rotating speed and SF concentration on the size dis-
tribution of SF microspheres.
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Fig. 3. SEM micrographs of EGFP-SF microspheres, (A) 5% SF; (B) cross-section of 5% SF; (C) 9% SF; and (D) cross-section of 9% SF.

the material which was continuously separated from the SF solu-
tion. Then the evaporation of the inner solvent would cause the
droplets to contract inward and the outside thin film was not strong
enough to withstand this retraction strength, hence the relatively
weak parts of the film would sink to form sags and leave a dry
jujube-like surface.

The cross-section micrographs of SF microspheres in Fig. 3B and
D showed that the internal parts of the microspheres were dense,
and there was not apparent difference between 9% and 5% SF mico-
spheres.

3.2. Encapsulation efficiency and drug distribution in
microspheres

The encapsulation efficiency of 5% and 9% microspheres calcu-
lated from EGFP assay was 98.8 +0.95 and 99.5 + 1.25, respectively.
Actually, a high encapsulation efficiency of 95% above was con-
sistently achieved by UPPS and it was not related to the carrier

LT

@
@

material and drug (microspheres with other model drugs and car-
rier materials were prepared using UPPS and the high encapsulation
efficiency data were not shown here). This is because the non-
volatile drugs have no chance to leak during the preparation of
microspheres in UPPS.

The distribution of EGFP in 9% microspheres was analyzed using
CLSM, and the micrographs under fluorescence and nature lights
were shown in Fig. 4. By merging the graph of EGFP displayed under
fluorescence (Fig. 4A) with the image of EGFP-SF microspheres
under natural light (Fig. 4B), a uniform distribution of EGFP in the
matrix of SF microspheres was revealed (Fig. 4C).

3.3. Invitro drug release
The cumulative release profiles of EGFP in deionized water from
5% and 9% microspheres which were water vapor treated under 96%

RH for 24 h to gain the property of sustained-release of bioactive
agents from SF matrix are shown in Fig. 5 (Wenk et al., 2008). The 9%

é° P €7 ¢

e,

Fig. 4. CLSM micrographs of EGFP-SF microspheres under different lights, (A) fluorescence; (B) natural light; and (C) mergence of (A) and (B).
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Fig. 5. Release profiles of EGFP in deionized water from EGFP-SF microspheres after
water vapor treated under 96% RH for 24 h (n=5).

microspheres showed an initial release of 3.2 wt¥% in the first hour
and 13.0 wt% release in the first day. Overall, 85 wt% of encapsulated
EGFP was released from 9% microspheres over a period of 50 days.
For 5% microspheres with less SF, 3.5 wt% of EGFP was released in
the first hour, 14.7 wt% was released in the first day, and a total of
82 wt% was released in 50 days. Clearly, a long-term release of EGFP
from the SF matrix was obtained.

No obvious burst release in the first hour was shown in EGFP
release profiles which further confirmed that the drug was indeed
encapsulated and distributed inside the SF microspheres through
the UPPS preparation process, rather than attached on the surface
of microspheres.

3.4. FTIR, Raman, and HNMR spectroscopies of SF microspheres

It was observed that SF material and SF microspheres produced
by UPPS dissolved in water quickly, while water vapor treated
SF microspheres could suspend in water to achieve a long-term
release of EGFP. This suggested that some changes occurred in the
EGFP-SF microspheres during the vapor treatment which induced
a sustained release mechanism. FTIR, Raman, and HNMR spectro-
scopies were employed to investigate the interactions between
encapsulated EGFP and SF matrix in the microspheres. The spec-
tra of EGFP-SF microspheres prepared from 9% SF solutions were
recorded and shown in Fig. 6 to compare with the spectra of SF and
EGFP materials.

As shown in Fig. 6A, the FTIR spectra of SF material and SF micro-
spheres in the region of 3000 to 3600 cm™" all presented bands
at 3300cm~! and 3200cm~! which were due to the hydrogen-
bonded N-H and O-H stretching vibration, respectively. For SF
material, the strong band at 3260 cm~! with an extending shoul-
derat3500 cm~! suggested that there was intra- or inter-molecular
hydrogen bond formed in SF. For untreated EGFP-SF microspheres,
the corresponding band was greatly broadened and slightly shifted
to high frequency to form a very wide band ranged from 3200 to
3500 cm~. This indicated that a new hydrogen bond was formed
in EGFP-SF microsphere due to the interactions between EGFP and
SF. As comparing to the spectrum of vapor treated EGFP-SF micro-
spheres, the band shifted more and became narrower with a range
from 3385 to 3450 cm~!. This may be related to the reconstruction
of hydrogen bond caused by the conformation change of EGFP and
SF molecules in vapor treated microsphere (Gao et al., 2000).

It was reported previously that the characteristic peaks at 1660,
1545, and 1230cm~! in SF spectrum were corresponding to the
random coil/or a-helix structure of amide I, amide II, amide III

regions, respectively. And these bands would shift to 1630, 1520,
and 1260 cm~! for SF with B-sheet structure.

For amide I region (mainly attributed to the C=0 stretching
vibration), the single band at 1655cm~! in SF spectrum showed
that there was mainly random coil structure in SF material. In spec-
trum of EGFP-SF microspheres, the broad band ranged from 1700 to
1640 cm! suggested that the structure of SF was changed and the
1700 cm~! band was an evidence for C=0 partially involving the
formation of hydrogen bond. The spectrum of vapor treated micro-
pheres showed the band shifted to 1625cm~! and it implied the
random coil conformation of SF transited to [3-sheet conformation.

For amide II region, SF spectrum showed a single-peak at
1545cm!. In spectrum of untreated EGFP-SF microspheres, the
band shifted to 1520 cm~! leaving a shoulder at 1545 cm~!, which
suggested there was [3-sheet conformation of SF in microspheres.
In spectrum of vapor treated microspheres, the 1545cm~! band
shifted to 1550 cm~! with increased intensity and the 1520 cm™!
band remained with weakened intensity, and this revealed the
effect of EGFP and SF interaction on [3-sheet conformation of SF.

For amide III region with one band appearing at 1230cm™1,
there was no obvious difference between spectra of SF material and
microspheres. However, in the spectrum of vapor treated micro-
spheres this band was weakened and shifted to 1260 cm~!, where
the characteristic band of (3-sheet conformation typically exists.

Overall, the comparison of FTIR spectra in Fig. 6A demonstrated
that the hydrogen-bonding interaction between SF and EGFP in
microspheres caused the conformation change of SF molecules, and
this effect was more noticeably on N-H stretching vibration, amide
I and amide Il regions. The structure of SF in EGFP-SF microspheres
was mainly random coil conformation, while the structure of SF
in vapor treated microspheres was transformed to (3-sheet confor-
mation. This was consistent with the water solubility of random
coil and 3-sheet conformation of SF. The results also suggested the
process of UPPS was moderate and did not significantly impact the
conformation of SF during the microsphere preparation (Litvinenko
and Meech, 2004; Monti et al., 2007).

The Raman spectrum (Fig. 6B) of untreated EGFP-SF micro-
spheres showed amide I bands at 1660 cm~!, amide IIl bands at
1251, and v skeletal stretching band at 1102cm~!. All these
bands were attributed to a-helix and/or random coil conforma-
tion of SF (Hino et al., 2003; Lefevre et al., 2007; Zheng et al.,
2010). For vapor treated EGFP-SF microspheres, the characteristic
bands appeared near 1667 cm~! (amide I), 1232cm~! (amide III),
and 1085 cm~! (v skeletal stretching), respectively, which repre-
sented the characteristic bands of [3-sheet structure of SF (Monti
et al.,, 2001; Tozzini et al., 2003). The Raman spectroscopy results
further confirmed that the molecular conformation of SF in matrix
microspheres obviously changed from random coil conformation
to 3-sheet structure during vapor treatment.

By comparing the HNMR spectra of SF, EGFP, vapor treated and
untreated EGFP-SF microspheres in Fig. 6C, it was observed the
chemical shifts of SF [3-sheet structure at 6.7 and 7.0 ppm (N-H)
and the chemical shift of EGFP at 1.8 ppm ([3-H) all disappeared
in the spectrum of vapor treated EGFP-SF microspheres (Ashida
et al., 2002; Hori et al,, 2001; Kameda et al., 2003; McLachlan et
al.,, 2009; Jackson et al., 2006; Zhao and Asakura, 2001). Although it
was not clear what specific effects occurred in vapor treated EGFP-
SF microspheres, it could be speculated that the hydrogen bonding
formed between SF and EGFP molecules might impact the HNMR
spectra.

Moreover, the characteristic absorption bands of FTIR and
Raman were not significantly different between untreated EGFP-SF
microspheres and SF material, as main features of a-helix and/or
random coil conformation were presented. This indicated UPPS is
a relatively mild processing technology for preparation of micro-
spheres and it is benefit to the stability of sensitive drugs. Previous
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Fig. 6. Comparison of spectra to show the interactions between EGFP and SF matrix in microspheres. (A) FTIR; (B) Raman spectroscopy; and (C) HNMR.

documents demonstrated that silk fibroin has excellent properties and over longer periods it would be absorbed (Cao and Wang, 2009;
such as biocompatibility, biodegradation, non-toxicity, adsorption Wang et al., 2008). There was not obvious difference in 3-sheet con-
properties and that the silk-based biomaterials including 3-sheet formation SF between the SF microspheres after treated at 96%RH
conformation SF was susceptible to proteolytic degradation in vivo and treated SF material reported in the literatures (Wang et al.,
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2008). Therefore the SF microspheres after treated at 96% RH could
have similar biodegradability to the silk fibroin.

It was observed in a separate study that the peptide with higher
molecular weight achieved a longer term of release from SF matrix
microspheres (data were not shown). Thus, it can be speculated that
van der Waals force might play an important role in the interactions
between SF and protein. The joint interactions of hydrogen bonds
and van der Waals force between EGFP and SF may be the main
mechanisms for sustained release of EGFP from SF matrix.

4. Conclusions

The current study demonstrated that microspheres manufac-
tured with UPPS presented many advantageous characteristics
such as narrow particle size distribution, glossy and dense sur-
face, satisfying sphericity, and uniform drug distribution in matrix.
Through controlling of the processing parameters, UPPS was proved
to be a single-step simple process and encapsulation efficiency
suitable for scale-up to industrial production. Comparing to the
emulsifying microsphere preparation methods, UPPS could pro-
vide a useful new idea to bypass the common problems such as
the use of potential toxic surfactants and cross-linking agents, low
encapsulation efficiency, no the water-washed step for removing
residual agents in preparation of microsphere. More importantly,
the mild UPPS operation conditions are of benefit to protecting
the encapsulated proteins and peptides in SF matrix. The prepared
microspheres could be use as a carrier for sustained-release injec-
tions due to the biocompatibility and biodegradation of SF and
long-term release of therapeutic proteins and peptides from SF
matrix. However, UPPS method may be limited by material proper-
ties of viscosity and solubility, because it is difficult to manufacture
microspheres from too sticky material. Some materials need spe-
cial studies to identify the proper range of concentration for UPPS
processing.
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