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a  b  s  t  r  a  c  t

We  aimed  to develop  a delivery  system  capable  of  maintaining  a sustained  release  of  protein  drugs  at
specific  sites  using  potentially  biocompatible  biomaterials.  Here,  we  used  bovine  serum  albumin  (BSA)
as a  test  protein  to  explore  the  potential  utility  of  an  injectable  small  intestine  submucosa  (SIS)  as  a  depot
for  protein  drugs.  The  prepared  SIS  powder  was  dispersed  in PBS.  The  SIS  suspension  easily  entrapped
BSA  in  pharmaceutical  formulations  at room  temperature.  When  this  was  suspension  subcutaneously
eywords:
mall intestine submucosa
njectable
el
SA
rotein

injected  into  rats,  it  gelled,  forming  an  interconnecting  three-dimensional  network  SIS  structure  to allow
BSA to penetrate  through  it.  The  amount  of  BSA-FITC  released  from  the SIS  gel  was  determined  in  rat
plasma  and monitored  by  real-time  in  vivo  molecular  imaging.  The  data  indicated  the  sustained  release
of BSA-FITC  for  30  days  in  vivo.  In  addition,  SIS  gel  provoked  little  inflammatory  response.  Collectively,
our  results  show  that  the SIS  gel  described  here  could  serve  as  a minimally  invasive  therapeutics  depot
with  numerous  benefits  compared  to  other  injectable  biomaterials.
. Introduction

The success of any therapeutic protein drug delivery depends
ot only upon improving its bioactivity, but also on improving its
ioavailability in the human body (Tiwari et al., 2010; Shegokar and
üller, 2010). Although several drug delivery strategies have been

ocused on systems to improve bioactivity and bioavailability, none
ave proved fully satisfactory due to limitations posed by the sensi-
ivity of protein structures in biological environments. Thus, there
s a need for delivery systems that are capable of maintaining the
herapeutic efficacy of protein drugs inside various extracellular

atrices for predefined periods, from one or more times a week to
onthly or longer intervals at specific action sites, thereby improv-

ng bioactivity and bioavailability (Lee et al., 2008; Uebersax et al.,
009).

One such approach is the use of an injectable drug depot,
hich achieves greater therapeutic efficacy of protein drugs than
oes conventional drug delivery via oral or intravenous routes.
arious injectable drug depots, like those using collagen, gelatin,

yaluronate, cellulose, and fibrin, as well as synthetic materials,
ave been developed for this purpose (Kim et al., 2011; Kang
t al., 2010; Lee et al., 2010; Yang et al., 2009; Yu and Ding, 2008;
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Lupton and Alster, 2000). Among them, collagen has the advantage
of mimicking many features of the extracellular matrix (ECM) of
mammals and it has high mechanical strength, good biocompati-
bility, low antigenicity, and water-uptake properties (Bhang et al.,
2009; Kim et al., 2009; Ruozi et al., 2009; Pollack, 1999; Wallace
and Rosenblatt, 2003). In addition, collagens easily flow in biolog-
ical mediums, suggesting the possibility of it acting as an easily
injectable drug depot (Wallace and Rosenblatt, 2003).

Small intestine submucosa (SIS), derived from the submucosal
layer of porcine intestine, is also an ECM and consists of types I and
III collagens, which together comprise greater than 90% of the total
collagen content; small amounts of types IV, V, and VI collagens also
are present in addition to several biologic factors (Badylak, 2007;
Cheng and Kropp, 2000). It is widely known as an ideal bioma-
terial because of its good biocompatibility and non-immunogenic
property (Badylak, 2007).

Recently, a broad range of biomedical products based on SIS have
been developed and commercialized (Badylak, 2007). Recently, we
investigated SIS sheets and sponges for use as scaffolds for tissue
engineering (Ahn et al., 2007; Kim et al., 2006, 2007a,b, 2010). SIS
could be prepared as a SIS suspension via SIS powder through a
variety of processing steps, including mechanical manipulation,

digestion, and sterilization. Ideally, the SIS suspension would be
easily used for pharmaceutical formulations by simply mixing it
with the therapeutic protein drug. When injected by syringe at
the target location, this protein-loaded SIS suspension can form a

dx.doi.org/10.1016/j.ijpharm.2011.08.047
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:moonskim@ajou.ac.kr
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rotein-loaded SIS gel that acts as a depot for sustained delivery of
he protein drug.

The overall aim of the current study was to develop a biocom-
atible drug carrier capable of serving as depots for protein drugs.
o the best of our knowledge, the SIS-based protein drug carrier act-
ng as in vivo drug depots is at the early stages of research (Freytes
t al., 2008). In this study, we prepared bovine serum albumin-
uorescein isothiocyanate (BSA-FITC) – loaded SIS suspensions. We
anted to assess the in vivo release of BSA-FITC as a model protein

nd to evaluate the formation of drug depots in vivo by admin-
stering the BSA-FITC – loaded SIS suspension subcutaneously to
ats. Our second aim was to characterize the host tissue response
o determine whether BSA-FITC – loaded SIS gels could be used for
ustained in vivo protein delivery.

. Materials and methods

.1. Preparation of SIS suspension

Sections of porcine jejunum were harvested from market pigs
Finish pig, F1; Land race + Yorkshire, around 100 kg at 6 months)
ithin 4 h of sacrifice and they were prepared according to the
ethod of our previous work (Kim et al., 2006). Briefly, to sepa-

ate SIS in porcine jejunum, fat was first removed from the porcine
ejunum, followed by careful washing with water. The porcine
ejunum was cut in lengths of approximately 10 cm and then

ashed with a saline solution. SIS was obtained by mechanical
emoval of the tunica serosa and tunica muscularis. Finally, the
btained SIS was washed again with a saline solution and it was
reeze–dried at −80 ◦C for 48 h using a freeze dryer (FD 8505,
lshinlab, Daejeon, Korea). The dried SIS was pulverized using a
reezer mill (6700, SPEX Inc., USA) at –198 ◦C to yield 10∼20 �m
ize SIS powder. The obtained SIS powders were added to 10 mL
ials with an aqueous solution consisting of 3% acetic acid and
.1% pepsin, and then stirred for 48 h. The solution was followed
y freeze-drying to yield the final SIS powders. The SIS pow-
er was sterilized using ethylene oxide (EO) gas. The SIS powder
as dispersed in PBS to yield the desired concentrations (10, 15,

nd 20 wt%) of SIS. The final SIS suspension was a translucent
mulsion-sol form. Viscosity measurements of 10, 15, and 20 wt%
IS suspension were performed using a Brookfield DV-III ultra
iscometer equipped with a programmable rheometer and circu-
ating baths with a programmable controller (TC-502P, Brookfield
ngineering Laboratories, Middleboro, MA). The viscosity of sus-
ension was investigated using a T-F spindle rotating at 0.2 rpm
t 37 ◦C.

.2. In vivo gel formation and protein release

Twenty-four 8-week-old Sprague-Dawley rats (320–350 g),
ivided into two groups (BSA-FITC-loaded SIS gel for twenty-one
ats and BSA–FITC solution for only three rats), were used in the in
ivo release tests. All animals were treated in accordance with the
jou University School of Medicine Animal Care Guidelines. Three

ormulation types of BSA-FITC-loaded SIS suspension and BSA–FITC
nly solution (containing 1 mg/mL  BSA-FITC) were individually
njected into each rat for each formulation for the in vivo release
xperiments. Within 30 minutes of adding BSA-FITC to the SIS sus-
ensions, 0.5 mL  of the solution was injected subcutaneously (1 cc
yringe, 21-gauge needle) into the dorsum of a rat anesthetized
ith ethyl ether.
For the in vivo detection of BSA-FITC, an aliquot of blood was
rawn from the tail vein of each rat at specified times. A 0.3-
L aliquot of blood from the catheterized tail vein was collected

nto a microfuge tube, mixed with 0.2 mL  of a 1:499 mixture
harmaceutics 420 (2011) 266– 273 267

of heparin and saline, and vortexed. Plasma was obtained by
centrifuging the blood solution at 10,000 rpm for 5 min  at room
temperature. Distilled water (100 �L), 66 mM EDTA (300 �L), and
50 mM  HEPES, pH 7.4 (400 �L), were added to the plasma. The
obtained sample was  immediately analyzed by fluorescence spec-
troscopy (F-6500, Jasco, Tokyo, Japan). To analyze the state of the
probe and to assess the reliability of the method, we recorded
the fluorescence spectra of solutions of BSA-FITC in plasma con-
taining known concentrations of BSA-FITC using an excitation
wavelength of 490 nm with a bandwidth of 3 nm,  an emission
wavelength of 525 nm with a bandwidth of 3 nm,  and a response
time of 2 s. The amount of BSA-FITC cumulatively released by the
BSA-FITC-loaded SIS gels was  calculated by reference to standard
calibration curves prepared with known concentrations of BSA-
FITC. The release experiment was performed separately on each
group, and the results were averaged. The amount of BSA-FITC
remaining at predetermined times was measured in individual gels
removed from the sacrificed rats. Gels were first dissolved in dis-
tilled water (5 mL)  and then filtered. The amount of remaining
BSA-FITC was  calculated by reference to standard calibration curves
prepared with known concentrations of BSA-FITC in deionized
water.

2.3. Scanning electron microscopy of in vivo gels

The morphology of the in vivo-formed gels was examined by
scanning electron microscopy (SEM) using a JSM-6380 SEM (JEOL,
Tokyo, Japan). Immediately after removing a sample from a rat,
the gel samples were mounted on a metal stub pre-cooled in liq-
uid nitrogen. After mounting the gel, the metal stub was quickly
immersed in a liquid nitrogen bath to minimize alterations of the
gel. The stub was  then freeze–dried at −75 ◦C using a freeze dryer,
coated with a thin layer of gold using a plasma-sputtering appa-
ratus (Ted Pella, Cressington 108 Auto, CA, USA) under an argon
atmosphere, and examined by SEM.

2.4. In vivo fluorescence imaging

Three formulation types of SIS suspension containing 1 mg/mL
BSA-FITC and SIS suspension only were prepared and injected
subcutaneously into the left dorsum of a 6-week old male nude
mouse (anesthetized with ethyl ether) using a 21-gauge needle. At
selected times, side-view images of the mouse were collected at
a wavelength of 515 nm (excitation wavelength, 470 nm) using a
fluorescence imaging system (FO ILLUM PL-800, Edmund Optics,
NJ, USA, 150 W EKE Quartz Halogen light, glass reference num-
ber OG515 filter). After digitization using a charge-coupled device
(CCD), fluorescence images were visualized with Axiovision Rel. 4.8
software.

2.5. Histological analysis

At 1, 5, and 10 days after implantation, the rats were sacrificed
and the gels were individually dissected and removed from the sub-
cutaneous dorsum. The tissues were immediately fixed with 10%
formalin and embedded in paraffin. The embedded specimens were
sectioned (4 �m)  along the longitudinal axis of the implant, and
the sections were stained with hematoxylin and eosin (H&E), 4′,6-
diamino-2-phenylindole dihydrochloride (DAPI, Sigma–Aldrich, St
Louis, MO,  USA) and mouse anti-rat CD68 antibody macrophage
marker (ED1; 1:1000; Serotec, Oxford, UK). The staining proce-
dures for DAPI and ED1 were as follows. The slides were washed

with PBS-T (0.05% Tween 20 in PBS), and blocked with 5% bovine
serum albumin (BSA; Bovogen, Melbourne, Australia) and 5% horse
serum (HS; GIBCO, Paisley, UK) in PBS for 1 h at 37 ◦C. The sec-
tions were incubated overnight at 4 ◦C with the ED1 antibodies,
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Fig. 1. Schematic diagram for t

ashed with PBS-T, and then incubated with the secondary anti-
ody (goat anti-mouse Alexa Fluor® 594; Invitrogen, San. Diego,
A, USA) for 3 h at room temperature in the dark. The slides were
ashed again with PBS-T, counterstained with DAPI, and then
ounted with a fluorescent mounting solution (DAKO, Calif, USA).

mmunofluorescent images were obtained using an Axio Imager
1 (Carl Zeiss Microimaging GmbH, Göttingen, Germany) and ana-

yzed with Axiovision Rel. 4.8 software (Carl Zeiss Microimaging
mbH). Before the visualization of immunofluorescence images,

he delimitation between gel and host tissue was determined
rom the image of the optical microscopy with digital camera
DIC).

.6. Statistical analysis

ED1 assays of SIS gel were carried out in independent experi-
ents with n = 9 for each data point, with data given as the mean

nd standard deviation (SD). The results were analyzed with one
ay-ANOVA using the Prism 3.0 software package (GraphPad Soft-
are Inc., San Diego, CA, USA).

. Results

.1. Preparation of SIS suspension

A schematic diagram of the SIS suspension is represented in
ig. 1. The inside and outside layer of the porcine jejunum was
emoved mechanically and was then freezer milled to yield SIS fine
owder with a size range of approximately 10–20 �m.  The SIS pow-
er was only swelling in water as well as in a biological solution
nd was not soluble, so the SIS powder was added to an aqueous
ixture solution of acetic acid and pepsin, and stirred to cleave

nly non-triplehelical domains of collagen. The collagen molecules
hich had native triplehelical structures were solubilized from

issue. Accordingly, the suspension of SIS powder changed to a
welled form after 24 h and finally a SIS suspension was  made after

8 h. The suspension of SIS was neutralized to prevent the acid

nflammation. The SIS suspensions of 10, 15, and 20 wt% SIS were
repared in PBS. All SIS suspensions were translucent emulsion–sol
orms.
paration of the SIS suspension.

3.2. Viscosity of SIS suspension

To gain an understanding for the concentration-dependent of
SIS suspension, we  examined the viscosity of SIS suspensions of 10,
15, and 20 wt% at 37 ◦C. The maximum viscosities of SIS suspensions
of 10, 15, and 20 wt% were 2.5 × 103 cP, 3.8 × 103 cP, and 1.0 × 104

cP, respectively. This demonstrates that the SIS gels may  become
more tightly as the concentration is increased.

3.3. In vivo gelation

We  injected an SIS suspension into Fisher rats to test its utility
as an in vivo depot for BSA (Fig. 2). The SIS suspension gelled in
the rat that was  subjected to subcutaneous (s.c.) injection (Fig. 2a).
The resulting in situ-formed gel was  allowed to develop in vivo and
was  biopsied after implantation. The injected SIS gel maintained
its shape at the injection site for the full experimental observation
period. Following removal of the gel at 14 days (Fig. 2b), a jelly
form was obtained (Fig. 2c). These results indicate that the BSA-
FITC-loaded SIS gels maintained sufficient structural integrity to
act as a drug depot in vivo.

3.4. Morphology of the in vivo-formed SIS gel

To investigate the morphology of the in vivo-formed gel, we
removed a SIS gel from one rat 7 days after s.c. injection. The gel was
frozen in liquid nitrogen, freeze-dried, and observed by SEM (Fig. 3).
SEM micrographs of the gel cross-section indicated that it consisted
of two  layers: a dense outer region and an inner region with an
interconnected structure with a pore diameter of 10–50 �m.  The
SIS gel that formed in vivo exhibited a structure sufficiently porous
to not only allow biological medium to diffuse into and out of the
gel, but also to enable BSA to pass out of the gel. These observations
provide further support for in vivo-formed SIS gel’s capability as a
candidate for an in vivo protein drug depot.
3.5. In vivo release

To determine the in vivo BSA-FITC release, we prepared
a BSA-FITC-only solution (1 mg/mL) and BSA-FITC-loaded SIS
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Fig. 2. Subcutaneous injection of SIS suspension (a), for

uspension using different SIS concentrations (10, 15, and 20 wt%)
ith BSA-FITC (1 mg/mL), and injected them into rats. BSA-FITC was

llowed to release from BSA-FITC-loaded SIS gels in vivo for 20 days
nd was monitored by measuring the plasma of the BSA-FITC con-
entrations using fluorescence spectroscopy. Fig. 4 shows a plot of
he plasma BSA-FITC concentration versus time.

In rats injected with the BSA-FITC-only solution, the plasma
SA-FITC concentrations reached a maximum 5 h after s.c. injection
nd then rapidly declined, approaching zero after 1 day. In contrast,
lasma BSA-FITC concentrations in rats injected with a BSA-FITC-

oaded SIS suspension reached a maximum at 9 h, but exhibited a
ustained-release profile, producing detectable levels of BSA-FITC
n plasma for up to 20 days.

The Tmax, Cmax, and absolute bioavailability data, calculated from
ig. 4, are summarized in Table 1. The Tmax and Cmax values of the
SA-FITC-loaded SIS gel were significantly higher and lower than
hose for the BSA-FITC-solution only, respectively. In addition, the
max values decreased as the SIS concentration increased. AUC0−t
alues were calculated by measuring the area under the plasma
SA-FITC curves from t0 to time t using the trapezoidal rule, and
he relative bioavailability of BSA-FITC was determined from the
lasma concentration profiles. The AUC0−t values were 27, 45, and
2 �g/mL for BSA-FITC-loaded SIS gels prepared with 10, 15, and
0 wt% SIS, respectively. The relative bioavailability of BSA-FITC
rom SIS gels prepared with 10, 15, 20 wt% SIS was 101%, 227%,
nd 234% of the AUC0−t for the BSA-FITC-only solution at these

ame BSA-FITC concentrations. The Tmax, Cmax, and bioavailability
epended on the SIS concentration. This result indicates that BSA-
ITC-loaded SIS gels were capable of sustained and effective release
f BSA-FITC.
el (b, c), and (d) removed gels from a rat after 2 weeks.

3.6. In vivo fluorescence imaging

We used real-time molecular imaging, which has been shown
to be effective for assessing in vivo drug release processes in live
animals, in order to evaluate in vivo BSA-FITC release. Fluorescent
images were acquired from a nude mouse after s.c. injection of a
BSA-FITC-loaded SIS suspension with and without BSA-FITC (Fig. 5).
There is no green fluorescence image in the SIS suspension without
BSA-FITC (Fig. 5a) for live mice and even in the removed gel (Fig. 5b
and c). This indicates that the SIS gel did not yield a self-fluorescence
image.

Meanwhile, the s.c. injection of the BSA-FITC-loaded SIS sus-
pension exhibited a green fluorescence image at the injection site
(Fig. 5d). The area of fluorescence gradually increased and there-
after, reached a maximum area around 5–12 h after administration.
After 24 h, both the intensity and area of the fluorescence image
gradually decreased. The green fluorescence image was sustained
for 4 weeks. Even though the plasma BSA-FITC concentration after
20 days dropped to zero due to the detection limits of the fluo-
rescence spectroscopy, a negligible in vivo fluorescence image was
observed even after 28 days. This result indicated that BSA-FITC
release was sustained after administration of BSA-FITC-loaded SIS
gels.

3.7. Host tissue response
BSA-FITC-loaded SIS gels injected into rats could be easily iden-
tified and isolated from the surrounding tissue. To assess the local
biocompatibility of the SIS gel, we  examined tissues surrounding
the area into which the SIS gel had been transplanted. After 1,
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ig. 3. SEM micrographs showing the morphology of an in vivo-formed SIS gel after 7 days. 

agnification: (a) 50×, (b, c) 400×, (d, e) 1000×.

ig. 4. Time course of BSA-FITC concentration in plasma over 20 days after s.c. injec-
ion of BSA-FITC-only solution only and BSA-FITC-loaded SIS prepared with 10, 15,
nd 20 wt%  SIS.
(a), (b, d), and (c, e) represent images of whole, outer, and inner regions, respectively.

5, and 10 days, the extent of host cell infiltration and inflamma-
tory cell accumulation within and near the transplanted SIS gel
was  characterized by H&E and ED1-stained tissue (Fig. 6). A few
macrophages, neutrophils, and/or lymphocytes and new blood ves-
sels were observed in the H&E staining tissue. In the staining tissue
with the ED1 antibody and the nuclear DAPI stain, ED1 staining
(red) had a few macrophages near the SIS gel and in the surround-
ing tissues after 1, 5, and 10 days. Positive ED1 staining (red) of
the harvested SIS gel was  observed in the border zone and near the
SIS gel. The ED1-positive cells were counted and normalized to the
total stained tissue area in order to determine the extent of inflam-
mation (Fig. 7). Significantly less macrophage was  observed in the
SIS gel even at 1 day. In addition, the macrophages decreased from
12% to 6%.

4. Discussion

The emerging and promising next generation of injectable drug
depot relies on the production of biocompatible carriers to mimic
the ECM of mammals (Badylak et al., 2009; Freytes et al., 2008).
Thus, it is necessary to examine the extracellular matrix as the

in situ drug depot for a protein drug in vivo. SIS is an acellular, col-
lagenous extracellular matrix material derived from the submucosa
of porcine small intestine and it has various bioactive molecules
(Badylak, 2007; Cheng and Kropp, 2000). Despite the good results of
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Fig. 5. In vivo fluorescent image of a nude mouse injected with (a) SIS suspension only, (b) removed gel, and (c) fluorescent image of the removed gel; also, in vivo fluorescent
image of a nude mouse injected with BSA-FITC-loaded SIS suspension, taken (d) 2 min, (e) 10 min, (f) 30 min, (g) 90 min, (h) 5 h, (i) 12 h, (j) 24 h, (k) 48 h, (l) 4 day, (m)  9 days,
(n)  2 weeks, and (o) 4 weeks after initial s.c. injection (Line represents 1 cm).
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IS in practical biomedical applications, few studies have evaluated
he SIS suspension as a drug depot (Freytes et al., 2008).

In this work, the SIS powder was prepared through mechani-
al manipulation, digestion, and sterilization. The SIS powder was
ispersed in PBS to form injectable suspensions of SIS. SIS suspen-
ions are not covalent and not cross-linked. Alternatively, SIS in an
njected tissue body can have viscous properties through entan-
lements through hydrophobic and electrostatic interactions of

ollagenous fibers (Wallace and Rosenblatt, 2003). This behavior
s advantageous for injectable delivery, since the SIS suspension
an be easily fluidized at room temperature, but become relatively
igid at body temperature. The viscosity of SIS suspension increased
as the SIS concentration increased. The observation suggests that
in vivo SIS gels may  become more rigidly as the SIS concentration
increased.

With respect to drug delivery, one can readily envision applica-
tions in which SIS suspensions are injected into target sites, so SIS
seems to be a promising drug depot. The translucent emulsion–sol
form of SIS suspension easily retains BSA as pharmaceutical for-
mulations by physical entrapment at room temperature. Simple

subcutaneous injection of the BSA-loaded SIS suspensions into
rats afforded a gel. SEM images of the SIS gel showed that it has
sufficiently interconnected pores. The pore network in these gels
can allow permeation of the biologic medium to allow BSA to



272 K.N. Kang et al. / International Journal of Pharmaceutics 420 (2011) 266– 273

Fig. 6. H&E (a, b, c) and ED1 (d, e, f) -stained section of in situ-formed SIS gel after (a, d) 1 day, (b, e) 5 days, and (c, f) 10 days in vivo. Magnification: 200×.

Table  1
Relative bioavailabilities of BSA-FITC after subcutaneous injection of SIS and BSA-FITC-only solution containing 1 mg/mL of BSA-FITC.

Formulation SIS concentration (mg/mL) Tmax (h) Cmax AUC0−t (�g/mL day) Relative bioavailabilitya (%)

SIS gel 10 9 16.2 ± 0.6 27.0 ± 16.8 101.0 ± 31.0b

15 9 12.5 ± 5.2 44.9 ± 19.7 227.4 ± 99.8b

20 9 10.1 ± 3.8 51.5 ± 17.6 234.1 ± 89.3b

C valu

p
S
d

w
s
w
t
d
g
Y

F
*

BSA-FITC solution only – 5 

a Relative Bioavailability (%) = [(AUC value for each gel administration)/(mean AU
b P < 0.05 vs BSA-FITC solution only.

enetrate through it. This injectable property strongly suggests that
IS is suitable for use as a minimally invasive therapeutic protein
rug carrier.

The release of the BSA solution lasted for only 2 days. Mean-
hile, in the release test of BSA from the in vivo SIS gels, SIS gels

howed an initial burst in their release profiles. This initial burst
as possibly due to the high BSA concentration gradient between
he gel surface and the surrounding tissue for the initial stage
uring and after injection, since the concentration gradient after
elation is the driving force for BSA diffusion (Chen et al., 2009;
e et al., 2010). Then, the prolonged release of BSA was observed

ig. 7. The number of ED1-positive cells on SIS gel at 1, 5, and 10 days (*P < 0.01,
P  < 0.001).
43.4 ± 3.4 19.7 ± 0.3 100

e for BSA solution only administration)] × 100.

from the SIS gels for longer than 20 days. Thus, the Tmax, Cmax, and
bioavailability values were significantly different for the injection
of BSA-loaded SIS suspension and BSA only solution. The bioavail-
ability values increased as the SIS concentration increased. The in
vivo release of BSA from the 20 wt%  SIS gel was  sustained for longer
than that of the 10 wt%  SIS gel, indicating that the former gel has
a higher bioavailability. These observations suggest that in vivo,
the SIS gels may  become more tightly entrapped as the SIS con-
centration increases due to greater hydrophobic and electrostatic
interactions. This tighter entrapping, which is expected to be more
pronounced for the 20 wt%  gel, may  retard the interactions between
the biologic media and BSA or increase the interactions between
the BSA and the gel network, thereby hindering BSA release. This
explains the higher bioavailability of the 20 wt%  gel than that of the
15 wt%  gel. Although the BSA release seemed to have stopped after
about 20 days due to the detection limits of the plasma BSA-FITC
concentration in fluorescence spectroscopy, the sustained release
of BSA from the SIS gel for 30 days was confirmed by real-time
in vivo fluorescence imaging.

With the eventual goal of optimizing our SIS gel system for
applications as an injectable drug depot in mind, we  studied the
biocompatibility of our injected SIS gels. Many cells were found
scattered within the injected in vivo SIS gel. A number of newly
formed blood vessels were also observed, demonstrating that
in vivo-formed SIS gels might support vascular ingrowth. DAPI
staining (blue) showed many host cells surrounding the SIS gel.
The ED1 staining (red), which recognizes the macrophage marker
CD68, is considered a unique in vivo indicator of an inflammatory
response. ED1 staining of SIS gel (red) showed few macrophages
even after 10 days. This response was significantly lower than

that of the FDA-approved biomaterial, poly(lactic-co-glycolic acid)
(PLGA) (Kranz et al., 2000), which promotes a substantial infil-
tration of macrophages and neutrophils (Lee et al., 2007; Long
et al., 2006). Collectively, these results highlight the value of
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n situ-formed SIS gels, showing that BSA-loaded SIS gels not only
ffectively sustain release of the loaded BSA, but are also biocom-
atible, and are therefore likely to successfully serve as drug depots.

. Conclusion

Here, we explored the potential utility of in situ-formed SIS
els as drug depots. We  showed that a BSA-loaded SIS suspension
t room temperature gelled upon s.c. injection into rats. We also
emonstrated the sustained release of BSA-FITC from the in vivo
IS gel over extended experimental periods. The present findings
how that a SIS gel maintains its structural integrity under physi-
logical conditions and can act as an injectable drug depot. Thus,
ur in situ gel-forming SIS system may  provide numerous benefits
s a minimally invasive therapeutics depot and as a useful experi-
ental platform for testing the sustained in vivo pharmacological

erformance of protein drugs.
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