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bstract

A unique polymer-based sustained-release implant was formulated using biodegradable hemostatic gauze as the scaffold. A piece of commercial
auze, SurgicelTM was coated with a poly(lactic-co-glycolic) acid (PLGA) solution in which drugs were loaded, followed by evaporating the solvent.
rug release kinetics from the PLGA coating was examined using phenol red (PhR, a hydrophilic dye) and carmustine (BCNU, a hydrophobic

nti-tumor agent) as model drugs. With an additional drug-free PLGA over-layer coated on top of the drug-loaded PLGA coating, nearly zero order
elease was archived for both of the model drugs for a period of 12–14 days when the implants were incubated in PBS buffer at 37 ◦C. However,
he drug release rate was independent of types of PLGA polymers such as lactide/glycolide ratio. A degradation study showed that the hydrophilic
urgicelTM scaffold itself degraded in 3 days of the release incubation regardless of the thickness of the polymer coating on top of it, suggesting
hat the loaded drug may be released through the diffusion channels created by the scaffold degradation. Characterization of this formulation using
RD and DSC indicated that the drug, BCNU, was distributed in the PLGA matrix in amorphous state. Images of scanning electron microscope

howed that PLGA was coated on the outer and inner surfaces of the porous SurgicelTM.
2008 Published by Elsevier B.V.
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. Introduction

Biodegradable polymeric systems have been well studied
s sustained-release drug implants in last decades (Brem and
abikian, 2001; Yasukawa et al., 2005; Huynh et al., 2006).
his type of sustained-release implants is especially attractive

or post-surgical treatment of brain tumors because these for-
ulations may offer a simple solution to overcome the drug

ransporting hurdles by the brain–blood barrier (BBB) (Sipos et
l., 1997; Brem and Gabikian, 2001; Wang et al., 2002; Guerin
t al., 2004). By taking the advantage of surgical operation, a
rug-loaded sustained-release polymer implant may be admin-
strated directly at the site of brain so that the systemic toxicity

nd side effects can be minimized.

While many injectable or implantable sustained-release
osage forms, such as microspheres (Painbeni et al., 1998; Woo
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t al., 2001; Hickey et al., 2002), nanoparticles (Brannon-Peppas
nd Blanchette, 2004), wafers (Dang et al., 1996; Seong et al.,
003; Chae et al., 2005; Kim et al., 2005; Lee et al., 2005), films
Witt and Kissel, 2001; Gómez et al., 2004; Wang et al., 2004)
nd fibers (Xu et al., 2006), are developed for local administra-
ion to brain tumors, there are still a number of technical aspects
hat need to be further improved. These technical issues include
rug loading capacity (Dang et al., 1996), release kinetics (Lee
t al., 2005; Xu et al., 2006), drug stability (Painbeni et al.,
998; Chae et al., 2005), and manufacture simplicity (Domb
t al., 1999; Jain, 2000). For example, the sustained-release
CNU–PLGA wafer, 3.85% of drug loading, has to be prepared
ia a lengthy procedure involving spray-drying a PLGA solution
f higher drug loading to microparticles and compressing the
articles into a wafer (Dang et al., 1996). Direct compressing
LGA and drug powders into a wafer resulted in a formula-

ion giving severe burst release (Chae et al., 2005; Lee et al.,

005). Since formulation complexity is undesired for large scale
anufacture (Domb et al., 1999), a formulation strategy that

ffers effective yet simple solution for burst-free and complete
ustained-release is highly demanded.

mailto:tjin@sjtu.edu.cn
dx.doi.org/10.1016/j.ijpharm.2007.12.019
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The approach to address the above issues in the present study
s to coat drugs with a sustained-release PLGA layer onto a clini-
ally available biodegradable hemostatic material as the support
or scaffold). SurgicelTM is a biodegradable fibrous hemostat
aterial that can be left at the surgical cavity to stop post-

peration bleeding (Lagman et al., 2002; Sabel and Stummer,
004). We found that SurgicelTM is an excellent scaffold mate-
ial to support a sustained-release polymer coating. First, its
iodegradability makes it possible for implant applications. Its
brous and porous structure enables sufficient amount of drug-

oaded-polymer to be coated.
Phenol red (PhR) and carmustine (BCNU) were used as

odel drugs to examine the SurgicelTM-involved formulation
pproach in the present study. PhR is a water soluble dye and eas-
ly detectable, and can therefore serve as a model for hydrophilic
rugs (Takahashi et al., 2004). BCNU is a poorly soluble com-
ound and one of the most frequently used chemotherapeutic
rug for cancer therapy whose efficacy in treatment of brain
umor can be greatly improved by sustained-release implant
GliadelTM) (Sipos et al., 1997; Wang et al., 1999; Brem and
abikian, 2001). Its hydrophobic nature may serve as another

ype of model drug to examine the applicability of the gauze-
oated sustained-release system.

The present study, the SurgicelTM-supported polymer-based
ustained-release formulations of PhR and BCNU will be exam-
ned and characterized by in vitro release kinetics, storage
tability, X-ray powder Diffraction (XRD), Differential Scan-
ing Calorimetry (DSC) and Scanning Electron Microscopy
SEM).

. Materials and methods

.1. Materials

Poly(dl-lactide-co-glycolic acid) (PLGA; L/G = 50/50, MW
7 kDa; L/G = 65/35, MW 45 kDa; L/G = 75/25, MW 45 kDa;
/G = 50/50, MW 20 kDa) was purchased from Lakeshore Bio-
aterials, Inc. (OH, USA). SurgicelTM (oxidized regenerated

ellulose) was supplied by Ethicon SARL (Neuchatel, Switzer-
and). Phenol red (PhR) was obtained from Sinopharm Chemical
eagents Co., Ltd. (Shanghai, China). Carmustine (BCNU) was
urchased from Dalian Hongfeng Pharmaceutical Co., Ltd.
Dalian, China).

.2. Preparation of PLGA-based SurgicelTM implants

Drug-loaded PLGA-coated SurgicelTM implants were fabri-
ated by painting a piece of SurgicelTM (2.5 cm × 1 cm) with
drug-containing PLGA solution dissolved in ethyl acetate,

ne of the most frequently used organic solvent in pharmaceu-
ical industry. BCNU was loaded by co-dissolving it with the
olymer in the solvent, while PhR was loaded by dispersing
ts fine powder in the PLGA solution due to its insolubil-

ty in ethyl acetate. After initial drying, the polymer-printed
urgicelTM was placed in a refrigerator set to −20◦C for
0 h or longer, followed by further evaporation in vacuum
elow 0.1 mbar for 48 h to remove solvent residues. Some

w
a
u
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rug-loaded samples were printed with an additional drug-
ree PLGA over-layer for improving drug release kinetics.
able 1 summarizes all the formulations examined in this
tudy.

.3. Determination of drug loadings

The PhR loaded implants were washed with a co-solvent con-
aining methanol and dichloromethane (1:1, v/v) (Takahashi et
l., 2004). The resulted PhR solution was diluted and subjected
o a UV–vis spectrophotometer (Unicon UV-2000) to measure
bsorbance at 425 nm.

The BCNU-loaded implants were washed with
ichloromethane, followed by adding methanol (9 parts of
ichloromethane) to precipitate the PLGA polymer. After cen-
rifugation at 12,000 rpm for 5 min, the supernatant (20 �l) was
njected to a Shimazu HPLC system (SPD-10AVP) equipped
ith a ODS column (Shim-pack VP-ODS, 150 mm × 4.6 mm)

nd a UV detector. A mobile phase containing methanol
nd water (7:3, v/v) were used at a flow rate of 1.0 ml/min.
hromatography was recorded by UV absorption at 237 nm

Seong et al., 2003; Lee et al., 2005).
The drug loads of the implants were determined by dividing

he weight of recovered drug from an implant with the weight-
ain after coating the SurgicelTM piece with the drug–PLGA
ayer. Standard deviation for the drug loading was calculated
ased on three repeated coating experiments.

.4. In vitro release studies of PLGA-based SurgicelTM

mplant

Drug and PLGA-coated SurgicelTM (2.5 cm × 1 cm, 18 mg)
mplants were incubated in a 100 mM PBS buffer (pH 7.4) at
7 ◦C under shaking. For PhR, the release medium was replaced
y fresh buffer at scheduled date and its drug contents were
ssayed using a UV–vis spectrophotometer as described above.
or BCNU, since the compound is not stable in the release
edium, drugs left in the implants were measured at scheduled

ates. At the experimental procedure, an implant to be sampled
as removed from the release medium and lyophilized. Then
CNU in the sample was recovered and assayed by the same
rocedure used for determining drug loading as above. For each
ample, the drug release experiment was repeated three times
nd the release profiles were calculated based on the average of
he three experiments.

.5. Degradation kinetics

Degradation kinetics of plain SurgicelTM and coated
urgicelTM implants were investigated by incubating the sam-
les to be measured in a PBS buffer under identical conditions as
rug release experiments. In brief, accurately weighted samples

ere placed in a test tube containing 2 ml of the PBS (pH 7.4)

nd shacked at 37 ◦C. The incubation was terminated at sched-
led date, and the remaining solid samples were lyophilized
nd weighted. The sample degradation rates were calculated
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Table 1
Formulations of drug-loaded PLGA-based SurgicelTM implants

Sample Drug PLGA (L/G) Targeted drug-loaded rate (%) Drug-loaded polymer
solution coated (�l)

Drug-free polymer
solution coated layer (�l)

PLGA MW
(g/mol)

P1 PhR 50/50 5.00 100 – 47 kDa
P2 PhR 50/50 10.00 100 – 47 kDa
P3 PhR 50/50 20.00 100 – 47 kDa
P4 PhR 50/50 5.00 100 – 20 kDa
P5 PhR 65/35 5.00 100 – 45 kDa
P6 PhR 75/25 5.00 100 – 45 kDa
P7 PhR 50/50 5.00 100 100 47 kDa
P8 PhR 50/50 5.00 100 200 47 kDa
P9 PhR 50/50 5.00 100 400 47 kDa
P10 PhR 50/50 10.00 100 100 47 kDa
P11 PhR 50/50 10.00 100 200 47 kDa
P12 PhR 50/50 10.00 100 400 47 kDa
P13 PhR 50/50 20.00 100 100 47 kDa
P14 PhR 50/50 20.00 100 200 47 kDa
P15 PhR 50/50 20.00 100 400 47 kDa
B1 BCNU 50/50 5.00 100 – 47 kDa
B2 BCNU 50/50 10.00 100 – 47 kDa
B3 BCNU 50/50 20.00 100 – 47 kDa
B4 BCNU 50/50 5.00 100 – 20 kDa
B5 BCNU 65/35 5.00 100 – 45 kDa
B6 BCNU 65/35 10.00 100 – 45 kDa
B7 BCNU 65/35 20.00 100 – 45 kDa
B8 BCNU 75/25 5.00 100 – 45 kDa
B9 BCNU 50/50 5.00 100 200 47 kDa
B10 BCNU 65/35 5.00 100 200 45 kDa
B
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11 BCNU 65/35 10.00
12 BCNU 65/35 20.00

ccording to the following equation:

ystem Degradation Rate = Wi − Wr

Wi
× 100%

here Wi is the initial sample weight and Wr is the remaining
ample weight after lyophilization.

.6. Scanning electron microscopy (SEM)

Scanning electron microscopic (SEM) images of SurgicelTM

nd drug-loaded SurgicelTM implants were obtained using a
itachi S-2150 SEM system. Prior to image scanning, the

amples were coated with gold vapor under argon atmo-
phere.

.7. X-ray powder diffractometry (XRD)

Crystalline structures of BCNU loaded with PLGA polymer
n SurgicelTM implants were determined by X-ray diffraction
ecorded on a Rigaku D/MAX 2000 XRD system equipped
ith Cu K� radiation source (40 kV, 20 mA). The BCNU-

oaded SurgicelTM implants were cut into small pieces and
rounded to powder. Then the powder was loaded on a quartz
ample holder and subjected to the XRD machine for mea-

urement. The 2θ scan-rate was 8◦ min−1 from 5◦ to 80◦. As
ontrols, physical mixture of BCNU, PLGA and powdered
urgicelTM were subjected to the identical XDR measure-
ent.

w
o
p
c

100 200 45 kDa
100 200 45 kDa

.8. Differential scanning calorimetry (DSC)

The samples were characterized using a differential scan-
ing calorimeter (DSC, TA Q10) for their thermal properties. A
CNU-loaded SurgicelTM implant, 8 mg in weight, was placed

n an aluminium pan, sealed hermetically and heated in a nitro-
en flow from 0 ◦C to 180 ◦C at the rate of 10 ◦C/min.

. Results

.1. Drug load and yield of drug loading

The projected and actual drug loads of some coated
urgicelTM implants and the yield of the drug–polymer coating
re summarized in Table 2. For PhR, the drug loading yield was
4% for the samples projecting 5% drug loads (the drug reached
% of the total mass of the coating material). For the samples
ith higher projected PhR loads, (10% and 20%), however, the
rug-loading yield dropped to 72%. In the case of BCNU-coated
urgicelTM implants, high drug loading yields (99% and 98%)
ere observed for the samples of 5% and 10% projected drug

oads. When the drug loads increased to 20%, the yield of drug
oading dropped to 78%. For the SurgicelTM implants loaded
ith various amount of drugs, same amount of PLGA solution

as used (see Table 1). The dependence of PhR loading yields
n projected drug loads may partially be due to the small scale
reparation for which PhR particles stuck on the surfaces of the
ontainer and the spraying equipment represent a considerable
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Table 2
Drug loading capacity and yield of drug loading of the implants

Sample Drug PLGA (L/G) Targeted drug-loaded rate (%) Actual drug-loaded rate (%) Yield (%)

P1 PhR 50/50 5.00 4.72 ± 0.21 94.34 ± 4.25
P2 PhR 50/50 10.00 7.22 ± 0.25 72.17 ± 2.50
P3 PhR 50/50 20.00 14.41 ± 0.10 72.06 ± 0.50
B5 BCNU 65/35 5.00 4.99 ± 0.29 99.76 ± 6.34
B6 BCNU 65/35 10.00 9.80 ± 0.23 98.03 ± 2.33
B
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7 BCNU 65/35 20.00

raction of total PhR. For BCNU-loaded SurgicelTM implants,
ince the drug was evenly dissolved in the PLGA solution, the
rug loading yield remained as high as 98% for the sample of
0% projected drug load. The result that further increase in pro-
ected drug load resulted in a decrease in actual drug loading
ield may be attributed to that for high drug concentration, some
CNU may precipitated during the spraying process for which

he solvent was evaporated by the spraying gas. While drug load-
ng yield is, in general, an important issue for manufacture, the
actors that cause low yield of drug loading are only seen in small
cale preparation, and will not affect large scale manufacture.

.2. Release kinetics of PhR loaded in PLGA-coated
urgicelTM implants

The cumulative release profiles of phenol red (PhR), the
ydrophilic model drug, from all 15 formulations of PLGA-
oated SurgicelTM implants were summarized in Fig. 1. Fig. 1A
hows cumulative release profiles of PhR from the PLGA (aver-
ge molecular weight = 47 kDa) coated SurgicelTM as a function
f drug loads. The rate of cumulative release increased as the
rojected drug load was increased from 5%, 10% to 20%. For
he samples loaded with 5% and 10% PhR, 40% of the loadings
ere released in the first day, followed by a linear release till day
0. After day 10, the drug release ceased and the release curve
uggests 85% of the total loading was depleted (Fig. 1A). For
he samples with 20% drug load (actual loading was 14%), the
mount of first day release drastically increased to 82% of the
otal drug load, and the drug release ceased in only 3 days by
hich 85% of the loading was released.
Fig. 1B compares PhR release profiles from SurgicelTM

mplants loaded with the same amount of drug (5%), but with
LGA of different molecular weights and lactide/glycolide
L/G) ratio. The samples having L/G ratio of 50/50, 65/35 and
5/25 but same molecular weight (47 kDa) showed similar drug
elease profiles: a burst release of 45% of drug loading in the first
ay, followed by a linear release curve up to 85–90% of drug
oading till day 10–15. For the sample coated with shorter PLGA
20 kDa, L/G = 50/50), however, the drug release was remark-
bly faster: the first day burst was doubled as compared with
amples coated with the high molecular weight PLGA, and the

oaded drugs were depleted within 4 days (Fig. 1B). The dras-
ic increase in PhR release rate when the PLGA (L/G = 50/50)

olecular weight decreased from 47 kDa to 20 kDa is interest-
ng.

p

S
t

15.66 ± 1.13 78.28 ± 5.64

Fig. 1C–E display the PhR release profiles from the
urgicelTM implants coated with an additional layer of drug-free
LGA (L/G = 50/50, MW = 47 kDa) of different thickness on top
f the drug-loaded PLGA (L/G = 50/50, MW = 47 kDa) coatings
ith various drug loads (5%, 10% and 20%), respectively. The

hickness of the drug-free PLGA top-layer was adjusted by the
olumes of the drug-free PLGA solution (100 �l, 200 �l and
00 �l) applied to coat a SurgicelTM. For comparison, release
rofiles of the sample with corresponding drug load but with-
ut the additional drug-free PLGA top-layer (0 �l) are shown in
ach the figure, respectively. For all the drug loadings, coating of
he additional drug-free PLGA top-layer substantially reduced
n burst release. As the amount of the drug-free PLGA coat-
ng increased from 0 �l (no additional coating), to 400 �l, the
umulative drug release in day 1 decreased from 50% to 5%
or the samples that the first PLGA coating contained 5% and
0% drug (Fig. 1C and D). For the sample loaded with 20%
rug, the cumulative drug release in the first day dropped from
0% to 12% when the drug-free PLGA coating was increased
rom 0 �l to 400 �l (Fig. 1E). In addition, linear release pro-
les for the initial 12, 9 and 6 days were achieved for the drug

oadings of 5%, 10% and 20%, respectively, by coating 400 ◦C
the drug-free PLGA solution to top of the drug loading PLGA
ayer (Fig. 1C–E). The cumulative release of PhR in day 1 for
he three drug loads (5%, 10% and 20%) are plotted against
he amount of drug-free PLGA coating (0 �l, 100 �l, 200 �l
nd 400 �l), respectively, in Fig. 1F. As the top-coating of the
rug-free PLGA layer increased, drug release in day 1 decreased
ignificantly for all the drug loads. These results strongly suggest
hat the top-coating of the drug-free PLGA layer effectively sup-
ressed the burst release and involved in determining the drug
elease mechanism.

.3. Release kinetics of BCNU loaded in PLGA-coated
urgicelTM implants

Fig. 2A and B summarize release profiles of BCNU from
oated SurgicelTM of various drug loadings and PLGA types.
nterestingly, as shown in Fig. 2A, the samples without the drug-
ree PLGA top-coating all showed a similar first order BCNU-
elease profile regardless of the differences in drug loadings and

olymer types (L/G ratio and molecular weight).

Fig. 2B shows the BCNU-release profiles from drug-loaded
urgicelTM which had a drug-free PLGA layer coated on the

op of the drug-loaded PLGA layer. For comparison, the same
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Fig. 1. Release profiles of PhR-loaded implants: (A) different drug loading rate and polymer MW (without layer): P1 (5%), P2 (10%), and P3 (20%) PLGA (50/50,
47 kDa); (B) different monomer ratio (5% without layer): P1, PLGA (50/50, 47 kDa); P5, PLGA (65/35, 45 kDa); P6, PLGA (75/25, 47 kDa); P4 PLGA (50/50,
2 , P8 a
P 5 with
i

d
c
fi
t
t

3

0 kDa). Different drug-free PLGA (50/50, 47 kDa) coated amount: (C) P1, P7
12 with 0 �l, 100 �l, 200 �l, and 400 �l layer at 10%. (E) P3, P13, P14 and P1

nitial burst at different drug loading rate: R1 (5%), R2 (10%) and R3 (20%).

rug-loaded SurgicelTM but without the drug-free PLGA top-

oating are re-displayed in Fig. 2B. As clear as shown in this
gure, diffusion-limited drug release profiles were obtained for

he samples of all the three drug loads with the drug-free PLGA
op-layer.

i

S

nd P9 with 0 �l, 100 �l, 200 �l, and 400 �l layer at 5%. (D) P2, P10, P11 and
0 �l, 100 �l, 200 �l, and 400 �l layer at 20%. (F) Different coated amount on

.4. Degradability of SurgicelTM and coated SurgicelTM
mplants

To elucidate the drug release mechanism, degradability of
urgicelTM and SurgicelTM coated with BCNU and PLGA poly-
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Fig. 2. Release profiles of BCNU-loaded implants: (A) B1, 5% PLGA (50/50, 47 kDa); B2, 10% PLGA (50/50, 47 kDa); B3, 20% PLGA (50/50, 47 kDa); B4, 5%
P 45 kD
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LGA (50/50, 20 kDa); B5, 5% PLGA (65/35, 45 kDa); B6, 10% PLGA (65/35,
ithout layer. (B) B10, 5% PLGA (65/35, 45 kDa); B11, 10% PLGA (65/35, 4

ayer.

er were examined in this study. Fig. 3 summarizes the result
f the degradation study by plotting weight of each formulation
gainst the time of release incubation at 37 ◦C. When a piece
f un-coated SurgicelTM (2.5 cm × 1 cm, 18 mg) was incubated
n 2 ml PBS at 37 ◦C, the total mass completely disappeared
ithin 3 days (Fig. 3). As unique as shown in Fig. 3, the coated
urgicelTM scaffold with a drug-loaded PLGA layer and with
dditional drug-free PLGA layer all showed the same weight
oss in the same time period, suggesting that the rapid weight
oss was due to degradation of SurgicelTM was independent of
he PLGA coatings.
.5. Morphologic study of coated SurgicelTM

To better understand the controlled-release patterns of drug
rom the PLGA layers coated on SurgicelTM, morphology of the

ig. 3. System degradation diagram: B1, 5% PLGA (50/50, 47 kDa); B2, 10%
LGA (50/50, 47 kDa); B3, 20% PLGA (50/50, 47 kDa); B5, 5% PLGA (65/35,
5 kDa); B6, 10% PLGA (65/35, 45 kDa); B7, 20% PLGA (65/35, 45 kDa); B8,
% PLGA (75/25, 47 kDa) were implants without layer. B9, 5% PLGA (50/50,
7 kDa); B10, 5% PLGA (65/35, 45 kDa); B11, 10% PLGA (65/35, 45 kDa);
12, 20% PLGA (65/35, 45 kDa) were implants with 200 �l blank polymer

ayer. SurgicelTM was also tested for comparison.
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a); B7, 20% PLGA (65/35, 45 kDa); 5% PLGA (75/25, 45 kDa) were implants
); B12, 20% PLGA (65/35, 45 kDa) were implants with 200 �l blank polymer

amples were characterized using scanning electron microscopy
SEM). Fig. 4 shows the SEM images of the samples treated by
tepwise PLGA coatings. The left column are the images taken
rom top of the SurgicelTM after each coating step, while the right
olumn are images taken from cutting edges of the SurgicelTM

fter each step. The SurgicelTM scaffold itself showed a fibrous
tructure in which a group of fine fibers piled into each larger
ouquet fiber, roughly 10 �m in diameter (by which Surgicel
as weaved, Fig. 4A). Fig. 4B shows the cross-section of the
ouquet fibers. Coating SurgicelTM with a PLGA layer, with
nd without 5% BCNU, lead to complete coverage of the top
f the bouquet fibers from which the fibrous structure became
nvisible (Fig. 4C and E). Images of the cross-section of the
bers showed that each of the bouquet fiber is surrounded
y PLGA layer (Fig. 4D and F). For the sample with addi-
ional drug-free PLGA coating on top of drug-loaded coating
Fig. 4G and H), the SurgicelTM fibers (Fig. 4H) were cov-
red by significantly thicker and more complete PLGA layers.
learly, this thicker and complete PLGA coating was respon-

ible for regulating the release rate of both PhR and BCNU
Figs. 1 and 2).

.6. Crystalline structure of BCNU loaded on
ustained-release implants

BCNU is a drug with polymorphism character. In order to
lucidate effect of the in-polymer dispersion of BCNU on poly-
orphs of the drug, the drug loaded in PLGA coatings was

haracterized using X-ray diffraction (XRD). For crystalline
CNU, the XRD patterns featured with a series of peaks, of
hich the peak at 18.46◦ is the highest (Fig. 5A). PLGA with-
ut BCNU did not show sharp XRD peaks but a broad one from
5◦ to 25◦ (Fig. 5B). The sample composed of physically mixed
LGA and crystalline BCNU showed a combined XRD pattern
n Fig. 5A–C. SurgiceTM, coated with drug-free PLGA, with
LGA containing 5% BCNU, and with both 5% BCNU-loaded
LGA and drug-free PLGA layer showed no XRD patterns but
broad bulge curve of the base line (Fig. 5D–G). The XRD
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ig. 4. SEM profile of surface and cross-section of SurgicelTM (A and B); blan
); 5% BCNU-loaded implant with blank layer (G and H).

atterns suggest that BCNU loaded in the PLGA layer were in
morphous state.

.7. Thermal properties of the implants
The SurgicelTM samples loaded with BCNU were character-
zed using differential scanning calorimetry (DSC) for possible
nteraction between the drug and the sustained-release polymer.
s shown in Fig. 6. pure BCNU exhibited a sharp endother-
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rgicelTM implant, (C and D); 5% BCNU-loaded implant without layer, (E and

ic peak at 33.6 ◦C (its melting point), indicating its crystalline
tructure (Fig. 6A), while pure PLGA generated a curve with
point of inflection at 49.3 ◦C, indicating its phase transition

emperature (Fig. 6B). Mixing BCNU and PLGA caused broad-
ning of the peak for BCNU melting point and shifting of PLGA

hase transition temperature, suggesting that there might be
ome interaction between BCNU and PLGA within the phys-
cally mixed powders (Fig. 6C). The SurgicelTM scaffold itself
howed a broad endothermic curve centered at 77.8 ◦C (Fig. 6D).
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Fig. 5. XRD spectra of the following sample particles: (A) BCNU; (B) PLGA;
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his may be due to dehydration of this cellulose-based material.
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nd the both (with the drug-free layer at the top) lead to flatting
f the dehydration curve (Fig. 6E–G), suggesting that dehydra-

ig. 6. DSC thermograms of sample particles tested: (A) BCNU, (B) PLGA
65/35, 45 kDa), (C) mixture of BCNU and PLGA (65/35, 45 kDa), (D)
urgicelTM, (E) blank SurgicelTM implant (65/35, 45 kDa), (F) sample B5: 5%
CNU-loaded implant and (G) sample B10: 5% BCNU-loaded implant with
00 �l blank layer.
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ion occurred during the coating process. The likelihood may
e that the water adsorbed on SurgicelTM was desorbed during
vaporation of ethyl acetate, the solvent used to dissolve PLGA.
or all the samples coated with PLGA layers, the weak signal
or PLGA phase transition (Fig. 6B) became invisible probably
ecause of attenuation of PLGA as a thin layer on the SurgicelTM

caffold (Fig. 6E–G). The peak for melting point of BCNU was
ot seen in the drug-loaded PLGA coatings (Fig. 6F and G).

. Discussion

.1. Release mechanism of PhR from PLGA-coated
urgicelTM

While for many PLGA-based controlled-release systems,
egradation of the polymer is often the rate-limiting step for
elease of therapeutics, it is not the case for the system developed
n the present study. Because the time taken for complete release
f PhR and BCNU (<12 days, Figs. 1 and 2) is substantially less
han that taken for PLGA degradation (normally from 2 weeks to

onths), the rate-limiting step for PhR release is unlikely to be
LGA degradation, but some other factors. The main difference
f the gauze-supported PLGA sustained-release drug delivery
ystem is that the hydrophilic gauze scaffold degrades much
aster than the PLGA coatings (Fig. 3). This degradation may
reate diffusion channels for the drugs to release from the sys-
em. Since degradation of Surgicel to molecular pieces takes 1–2
eeks [http://store.k12webstore.com/mkgz24.html], the com-
lete weight loss due to Surgicel degradation at day 4 of the
elease incubation (Fig. 3) suggests that degradated pieces might
e fragments larger than single molecules. By taking degradation
f the gauze scaffold into account, the conceivable mechanisms
or drug release from the gauze-supported PLGA-based system
nclude: (1) diffusion through the channels created by Sugicel
egradation; (2) diffusion through the channels created by disso-
ution of hydrophilic drug itself; (3) diffusion of drugs through
ydrated PLGA matrix.

For the PhR loaded SurgicelTM implants, the highly solu-
le drug may be dissolved by water absorbed into the implants
nd create diffusion channels. For the implants loaded with
% and 10%, PhR showed similar sustained-release profiles
Table 1 and Fig. 1A), while that loaded with 20% PhR showed
remarkably increased release (Table 1 and Fig. 1A), suggest-

ng that dissolution of PhR played an important role in for the
mplant of high PhR load. Probably for implants of low PhR
oading (5% and 10%), the drug was mainly released through
he diffusion channels created by hydration and degradation of
he gauze support (scaffold), and the diffusion channels cre-
ted by PhR dissolution can be negligible. For the implant with
igh PhR loading (20%), however, diffusion channels created
y increased PhR loading probably became comparable to these
reated by degradation of the Surgicel support. Drugs diffused
hrough the channels created by dissolved PhR became consider-

ble. This speculation is supported by comparison between PhR
elease profiles from SurgicelTM implants coated with PLGA
f different L/G ratio (Table 1 and Fig. 1B). In general, PLGA
icrospheres made of PLGA of various L/G ratio (such as 50/50,

http://store.k12webstore.com/mkgz24.html
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5/35 and 75/25) release their loadings at significantly decreased
ate with increase in L/G ratio due to decreased hydration and
egradation rate of the polymer (Feng et al., 2006). The almost
dentical release profiles of PhR from the implants coated with
LGA of different L/G ratio and 45 kDa in molecular weight
trongly suggest that cross-PLGA diffusion was not an impor-
ant contributing mechanism for PhR release for the samples
oated with PLGA, 45 kDa in molecular weight (Table 1 and
ig. 1B). For the implant coated with low molecular PLGA
MW = 12 kDa, L/G = 50/50), however, the PhR (5% loading)
elease was drastically accelerated (Fig. 1B). Low molecular
eight PLGA, especially those with the L/G ratio of 50/50

nd with the end carboxylic groups un-blocked, are extensively
ydrated and swollen in an aqueous environment so that cross-
LGA diffusion of PhR became comparable to other diffusion
hannels.

.2. Release mechanism of BCNU from PLGA-coated
urgicelTM

Release of BCNU from PLGA-coated SurgicelTM underwent
ifferent profiles from those of PhR (Fig. 2A and B). A first
rder profile of BCNU-release was observed from the PLGA-
oated SurgicelTM regardless drug loading, L/G ratio of PLGA
nd molecular weight of PLGA, suggesting that the rate limit
tep for BCNU-release was dissolution of this less soluble drug.
apid degradation of the SurgicelTM scaffold creates sufficient
ater-filled diffusion channels for BCNU-release for all the

mplants coated with different types of PLGA. With these dif-
usion channels, diffusion rate of BCNU became significantly
igher than that of BCNU dissolution, thus the overall release
ate was limited by dissolution of BCNU. For the implants coated
drug-free with PLGA top-layer, diffusion-limited release pro-
les of BCNU were observed (Fig. 2B). Clearly the drug-free
LGA top-layer created a diffusion barrier for BCNU by which

he cross-PLGA diffusion of BCNU became the rate-limiting
tep.

For the effect of BCNU morphology on release kinetics, while
he XRD study showed that the drug dispersed in the PLGA
oating layer was amorphous (Fig. 5), it is not clear why the
morphous BCNU loaded in PLGA of different L/G ratio and
olecular weight (which reflect degree of hydrophilicity and
ater penetration rate) showed similar release profiles (Fig. 2A).

.3. Advantages and potential applications of
urgicelTM-supported PLGA sustained-release implants

Compared with previously reported systems, the primary
dvantages of this new system is its simplicity in formulation
rocess and its flexibility in adjusting release kinetics. While
ormulating BCNU into PLGA microspheres prior to wafer fab-
ication lead to relatively satisfied drug release kinetics (Painbeni
t al., 1998), the microencapsulation process involved lengthy

nd laborious steps. Direct compressing a BCNU and PLGA
olymer mixture to sustained-release a wafer or tablet may sim-
lify the formulation process, it results in severe burst release
Lee et al., 2005). By coating drug-loaded PLGA solution on a

s
n
c
d
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auze scaffold, satisfied sustained-release delivery of the drug
an easily be achieved without complicated microencapsulation
rocess. In addition, desired release kinetics such as level of
nitial burst release can easily be achieved for both hydrophilic
nd hydrophobic drugs and regardless drug loading simply by
dditional coating of a drug-free PLGA top-layer of different
hickness (Figs. 1 and 2). By right thickness, the drug-free top-
ayer of PLGA may provide an additional control of drug release
verwhelming other release mechanisms. This approach of using
dditional PLGA coating to adjust drug release profiles cannot
e easily applied to fibers, wafers and microspheres (Dang et al.,
996; Seong et al., 2003; Chae et al., 2005; Kim et al., 2005; Lee
t al., 2005; Witt and Kissel, 2001; Gómez et al., 2004; Wang
t al., 2004; Xu et al., 2006). For these micrometer-sized sys-
ems, drug release kinetics is strongly affected by drug loading.
or example, the PLGA-based implant tablet prepared through
irect compressing by Takahashi et al., 70% of PhR load was
eleased in the initial 5 h when the drug loading was over 20%
Takahashi et al., 2004).

In addition to formulation simplicity for sustained-release
elivery of BCNU, the system is flexible and applicable to other
pplications. For example, the PLGA-coated gauze (although
ost the capability to absorb blood) can easily be attached with an
n-coated SugicelTM and applied on the wound surface during
urgical operation to slop post-surgical bleeding or to prevent
car formation together with sustained-release drug therapy.

The system can also be used to load protein drugs on
mplants for sustained-release delivery without protein dena-
uring. Development of sustained-release delivery systems for
rotein drugs encountered a series of formidable difficulties due
o conformational instability of these macromolecules (Sven
nd Daniel, 2005). Water-soluble proteins are easily denatured
uring formulation processes involving water–organic solvent
nterfaces used to form sustained-release microspheres (Ugo et
l., 2005). While delicate proteins can be loaded in solvent-
esistant polysaccharide particles without exposing them to
ater–oil interfaces, known to denature proteins, using a sta-
ilized aqueous–aqueous emulsion (Jin et al., 2006), further
icroencapsulation process involves a “solid-in-oil-in-water”

mulsification during which the protein-containing polysac-
haride particles may be hydrated, leading an aqueous–oil
hase interface. For the present gauze-coating system, the
rotein–polysaccharide particles can be suspended in the PLGA
olution and coated onto gauze scaffold without contacting with
ater.

. Conclusion

Using a clinically available hemostat as a scaffold, we
emonstrated a unique PLGA-based formulation to achieve
ontrolled-release delivery of both highly soluble and less sol-
ble drugs. Drugs were released from this system through a
nique mechanism due to rapid degradation of the SurgicelTM
caffold inside of the PLGA coatings that created diffusion chan-
els independent of drug-loaded PLGA polymer. Such diffusion
hannels can be rationally blocked by an additional coating of
rug-free polymer to reach desired drug release rate. In addi-
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ion to nearly zero order and burst-free release kinetics, this
ormulation approach is simple and does not need complicated
icroencapsulation process, thus can easily be scaled up.
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