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Abstract

This work describes the development of a non-invasive means of simultaneously delivering insulin-like growth factor-1

(IGF-1) and transforming growth factor-h1 (TGF-h1) to injured cartilage tissue in a controlled manner. This novel delivery

technology employs the water-soluble polymer, oligo(poly(ethylene glycol) fumarate) (OPF), in the fabrication of

biodegradable hydrogels which encapsulate gelatin microparticles. Release studies first examined the effect of gelatin

isoelectric point (IEP) and crosslinking extent on IGF-1 release from these microparticles. In the presence of collagenase,

highly crosslinked, acidic gelatin (IEP=5.0) provided sustained release of IGF-1, 95.2F2.9% cumulative release at day 28,

while less crosslinked microparticles and microparticles of alternate IEP exhibited similar release values after only 6 days.

Encapsulation of these highly crosslinked microparticles in a network of OPF provided a means to further control release,

reducing final cumulative release to 70.2F4.7% in collagenase-containing PBS. Final release values from OPF–gelatin

microparticle composites could be altered by incorporating less crosslinked, non-loaded microparticles within these

constructs. Finally, this technology was extended to the dual delivery of IGF-1 and TGF-h1 by loading these growth factors

into either the OPF hydrogel phase or gelatin microparticle phase of composites. Release profiles were successfully

manipulated by altering the phase of growth factor loading and microparticle crosslinking extent. For instance, by loading

TGF-h1 into the gelatin microparticle phase, a burst release of 10.8F0.7% was achieved, while loading this growth factor

into the OPF hydrogel phase resulted in a burst release of 25.2F1.5%. With either system, simultaneous, slow release of

IGF-1 over a 4-week period was accomplished by selectively loading this protein into highly crosslinked, encapsulated
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microparticles. These results demonstrate the utility of these systems in future studies to assess the interplay and time course

of multiple growth factors in cartilage repair.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Severe cartilage degeneration afflicts an estimated

20.7 million Americans with joint pain and, in some

cases, lifelong debilitation [1]. Degeneration may

often be initiated by lesions to articular cartilage

during sports activities, accidents, or improper joint

loading, making this tissue more susceptible to

additional injuries [2,3]. This tendency toward

repeated injury, coupled with the tissue’s low cellu-

larity and isolation from the vascular network’s rich

supply of bioactive molecules, severely limits intrinsic

cartilage repair [4,5]. Accordingly, surgical strategies

for repair have focused on accessing the regenerative

signaling molecules and cells within the subchondral

bone marrow. Unfortunately, these techniques require

invasive drilling or abrasion through the overlying

articular cartilage and into the marrow, and thus,

inflict further tissue damage before any therapeutic

effect is achieved. Furthermore, the biomechanical

and biochemical properties of the resulting tissue

generally fail to match that of uninjured cartilage

[3,6].

As an alternative to these harsh surgical techni-

ques, our laboratory has developed a class of novel,

injectable materials for the delivery of bioactive

molecules to cartilage lesions to enhance tissue repair.

These systems are based on oligo(poly(ethylene

glycol) fumarate) (OPF), a synthetic polymer which

can be used to fabricate biodegradable and biocom-

patible hydrogels [7,8]. OPF, a water-soluble polymer,

can be injected into a defect site and crosslinked in

situ at physiological conditions, thereby eliminating

the need for invasive implantation and retrieval

surgeries. Furthermore, we have shown that gelatin

microparticles may be incorporated to these gels at the

time of crosslinking to act as enzymatically, digestible

porogens to speed scaffold degradation [9]. More

specifically, the rate of scaffold degradation may be

controlled by altering the crosslinking extent of these

microparticles and their loading within the OPF
network. Additional research has demonstrated the

utility of gelatin microparticles as simultaneous

carriers of growth factors within these synthetic

hydrogel scaffolds [9,10]. In particular, controlled

drug release can be achieved by altering either the

microparticle composition or hydrogel mesh size of

these delivery systems.

Thus far, these novel release systems have focused

on the delivery of transforming growth factor-h1
(TGF-h1), a 25-kDa protein which has been shown to

promote the chondrogenic differentiation of progen-

itor cells [11–13], to increase cartilage extracellular

matrix synthesis [14–16], and to enhance chondrocyte

proliferation [17,18]. However, numerous other bio-

active molecules are involved in the maintenance and

repair of articular cartilage. In particular, insulin-like

growth factor-1 (IGF-1) has been shown to act

primarily in an anabolic fashion to increase proteo-

glycan and type II collagen synthesis [19–23]. In fact,

IGF-1, also know as somatomedin C, was initially

discovered as result of its ability to promote sulfate

incorporation into proteoglycans [19,21]. Mainte-

nance of the proper level and distribution of proteo-

glycan networks and collagen fibers in articular

cartilage is of utmost importance, since these extrac-

ellular matrix components, respectively, impart carti-

lage tissue with its compressive and tensile strength

[2,4,24]. Thus, sustained delivery of IGF-1 provides a

potential means to stimulate proteoglycan and colla-

gen synthesis in injured cartilage, enhancing the

biomechanical and biochemical properties of repaired

tissue.

Accordingly, the following work investigates the

delivery of IGF-1 from gelatin microparticles, OPF

hydrogels, and OPF–gelatin microparticle composites.

In particular, initial studies were performed to identify

how gelatin isoelectric point (IEP) and crosslinking

extent affect IGF-1 release from microparticles in

standard phosphate-buffered saline (PBS) and colla-

genase-containing PBS (CC-PBS). Upon identifica-

tion of the appropriate microparticle carrier for IGF-1,
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further release studies were performed to assess

release from microparticles encapsulated in a network

of OPF. To examine IGF-1 diffusion through the OPF

network alone, IGF-1 release from OPF hydrogels

(with no encapsulated microparticles) was also exam-

ined. Additionally, the effect of co-encapsulation of

non-loaded microparticles with IGF-1-loaded micro-

particles in composites was also assessed.

Finally, this technology for the release of IGF-1 was

extended towards the development of systems for dual

release of TGF-h1 and IGF-1. Since IGF-1 has been

shown to function mainly as a progression factor [19–

23], effectively stimulating in vitro matrix synthesis

when continuously delivered to chrondrocyte cultures

for 6 weeks [20], dual release systems were designed

to provide sustained delivery of IGF-1 over the course

at least 4 weeks. In contrast, since TGF-h1 has been

shown to act effectively as a chemotractant [25,26],

morphogen [11,12,27], and progression factor [14–

16], the carrier of TGF-h1 in these composites was

manipulated between the hydrogel or microparticle

phase, to achieve varied TGF-h1 release profiles. In

addition to assessing how carrier of TGF-h1 affected

the release kinetics of this growth factor, further

studies were conducted to assess how TGF-h1 release

affected IGF-1 release from these systems.
2. Experimental methods

2.1. Gelatin microparticle fabrication

Basic and acidic gelatin (Nitta Gelatin, Osaka,

Japan) with respective isoelectric points of 9.0 and 5.0

were used separately to fabricate basic or acidic

microparticles according to an established method

[28]. Briefly, 5 g gelatin was dissolved in 45 ml

distilled, deionized water (ddH20) by mixing and

heating (60 8C). This aqueous gelatin solution was

added dropwise to 250 ml olive oil while stirring at

500 rpm. The temperature of the emulsion was then

decreased to approximately 15 8C with constant

stirring. After 30 min, 100 ml chilled acetone (4 8C)
was added to the emulsion. After 1 h, the resulting

microspheres were collected by filtration and washed

with acetone to remove residual olive oil.

Microspheres were crosslinked in a 0.1 wt.%

solution of Tween 80 (Sigma, St. Louis, MO)
containing either 10 or 40 mM glutaraldehyde (GA)

(Sigma) for 15 h at 15 8C. By altering the GA

concentration in this reaction, the crosslinking extent

of the resulting microparticles may be systematically

controlled [10]. Crosslinked microparticles were

collected by filtration, washed with ddH2O, and then

agitated in a 25-mM glycine solution to block residual

aldehyde groups of unreacted GA. After 1 h, micro-

particles were again collected by filtration, washed

with ddH2O, and then vacuum dried overnight. After

drying, the microparticles were sieved to obtain

particles 50–100 Am in size.

2.2. Microparticle loading

Acidic microparticles crosslinked with 10 mM GA

were diffusionally loaded with TGF-h1 following

previously established methods [10,28]. In particular,

microparticles were partially swollen in aqueous TGF-

h1 solutions at pH 7.4. At this pH, the TGF-h1–
gelatin binding is enhanced by an ionic complexation

between positively charged TGF-h1 (IEP of 9.5) and

negatively charged acidic gelatin (IEP of 5.0) [9,29].

However, at physiological pH, a significant charge

density is not expected to be associated with IGF-1

(IEP of 7.5). Therefore, both basic and acidic gelatin

microparticles were loaded with this growth factor and

utilized in release studies to examine their potential as

a carrier of IGF-1.

Growth factor loading solutions were composed of

trace I125 labeled-growth factor (Perkin Elmer Life

Sciences, Boston, MA) and unlabeled-growth factor

(R&D Systems, Minneapolis, MN) to allow for

detection of drug release. Microparticle loading was

achieved by adding 5 Al of the growth factor solution

per mg dried microparticles. This solution volume is

below the microparticles’ theoretical, equilibrium

swelling volume to allow for complete drug absorp-

tion. The resulting mixture was vortexed and incu-

bated at 4 8C for 15 h. A loading solution of 2.38 ng

TGF-h1/Al PBS was applied to loaded microparticles

with this growth factor. The loading solution for IGF-

1-loaded microparticles was composed of 1.19 ng

IGF-1/Al PBS. These growth factor concentrations

were chosen to provide a total, initial loading of

approximately 200 ng TGF-h1/g crosslinked gel and

100 ng IGF-1/g crosslinked gel in composites

fabricated for dual growth factor delivery. These



Table 1

Composition and loading of systems for IGF-1 release

Formulation Gel composition Total IGF-1 loading

(H) Hydrogel (10) MPs crosslinked with

10 mM GA

(40) MPs crosslinked with

40 mM GA

Loading

solution

g MPs per

g polymer

Loading

solution

g MPs per

g polymer

Loading

solution

(ng IGF-1 per g gel)

HIGF* IGF* – – – – 100

Hb40IGF* PBS – – 0.20 IGF* 200

Hb10b40IGF* PBS 0.10 PBS 0.10 IGF* 100
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growth concentrations are within the range of those

shown to be therapeutic in the treatment of full and

partial thickness rabbit and porcine articular cartilage

defects [25,30]. For consistency, these respective

solutions were applied to all TGF-h1- and IGF-1-

loaded microparticles. Accordingly, the total growth

factor loading in some formulations varied from the

total loading in composites for dual growth factor

release. Loadings are shown in Tables 1 and 2.

Systems with blank microparticles were loaded with

PBS (5 Al PBS/mg dried microparticle).

2.3. In vitro growth factor release from gelatin

microparticles

IGF-1 release from acidic and basic gelatin micro-

particles, each crosslinked with 10 mM GA, was

assessed in standard PBS or collagenase-containing

PBS (CC-PBS). TGF-h1 release from acidic gelatin

microparticles was also examined under the same

conditions. This enabled comparison of the extent of

the IGF-1–gelatin complexation to the TGF-h1–
gelatin complexation, which has been shown to persist

in standard PBS for at least 4 weeks [10]. The effect
Table 2

Composition and loading of systems for dual IGF-1 and TGF-h1 release

Formulation Gel composition

(H) Hydrogel (10) MPs crosslinked with

10 mM GA

Loading

solution

g MPs per

g polymer

Loading

solution

Hb10TGF*40IGF PBS 0.10 TGF*

Hb10TGF40IGF* PBS 0.10 TGF

HTGF*10b40IGF TGF* 0.10 PBS

HTGF10b40IGF* TGF 0.10 PBS
of microparticle crosslinking extent on IGF-1 release

from microparticles was also assessed.

After the 15-h incubation period, loaded micro-

particles of the indicated composition were then

placed into vials with 3 ml of PBS or 3 ml PBS

containing 373 ng bacterial collagenase 1A (E.C.

3.4.24.3, Sigma) per ml. This collagenase concen-

tration was chosen to model tissue collagenase

concentrations in the synovial fluid of patients with

osteoarthritis [31]. All specimens were agitated on a

shaker table (70 rpm) at 37 8C. The supernatant of

each specimen was collected and replaced by fresh

buffer following a schedule designed to maintain an

enzyme activity at least 25% of initial enzymatic

activity throughout the study [9].

At each time point, the supernatant of each

specimen was analyzed for radioactivity using a

gamma counter (Cobra II Autogamma, Packard,

Meridian, CT). The amount of growth factor in the

supernatant was determined by correlation to a

standard curve. Cumulative release was determined

by normalizing the total growth factor released at each

time point with the sum of the total growth factor

released over the course of 28 days and the growth
Protein loading

(40) MPs crosslinked with

40 mM GA

TGF-h1
(ng TGF-h1

IGF-h1
(ng IGF-h1

g MPs per

g polymer

Loading

solution

per g gel) per g gel)

0.10 IGF 200 100

0.10 IGF* 200 100

0.10 IGF 200 100

0.10 IGF* 200 100
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factor remaining in the specimens at day 28. Release

rates were determined by taking the slope of the

percent cumulative release curve for each sample over

the stated range and averaging the resultant slopes for

each formulation. Accordingly, rates are stated in

terms of the change in the percent cumulative release

per day. For all treatments, n was 4 to 6.

2.4. OPF synthesis and characterization

OPF with an initial number average molecular

weight of 21,600F1400 and weight average molec-

ular weight of 144,300F5200 was synthesized

according to a method developed in our laboratory

[32]. Molecular weight determination was likewise

conducted using established procedures for gel per-

meation chromatography [9] with samples run in

triplicate.

2.5. Hydrogel and composite fabrication

The OPF hydrogel and composite formulations

assessed during the course of this work are shown in

Tables 1 and 2. As indicated, these systems were

comprised of at least one of three phases: the OPF

hydrogel phase (H), acidic microparticles crosslinked

with 10 mM GA (10), and acidic microparticle

crosslinked with 40 mM GA (40). Abbreviations of

each phase in a given formulation are followed by the

subscripts b, TGF, or IGF, and respectively, refer to

phases which were blank (loaded with PBS), loaded

with TGF-h1, or loaded with IGF-1. Asterisks

indicate the use of trace I125 labeled-growth factor to

detect growth factor release.

All gel formulations were fabricated by first

dissolving 0.15 g OPF in 395 Al of PBS containing

14 mg N,NV-methylene bisacrylamide (Sigma) as a

crosslinking agent. Although crosslinking may

proceed solely through the OPF double bonds,

methylene bisacrylamide is added to accelerate the

reaction. For composite fabrication, 0.2 g gelatin

microparticles per g OPF were then added to the

polymer solution, and the mixture thoroughly

vortexed. For hydrogels with no microparticle

component, microparticles were omitted. Finally,

for both composites and hydrogels, 118 Al PBS,

51 Al of 0.3 M tetramethylethylenediamine (in PBS)

(Sigma), and 51 Al of 0.3 M ammonium persulfate
(in PBS) (Sigma) were added to initiate cross-

linking. The cytocompatibility of this tetramethyle-

thylenediamine/ammonium persulfate initiating

system has previously been demonstrated by the

successful encapsulation of rat marrow stromal cells

in OPF hydrogels during the time of crosslinking

[33,34]. For systems designed with growth factor

loading in the OPF hydrogel phase (H), the PBS

aliquot in this step contained the appropriate

concentration of the desired protein to achieve the

loading indicated in Table 1. After vortexing, the

suspension was injected into a Teflon mold and

incubated at 37 8C. After 10-min incubation, this

formulation of OPF forms crosslinked hydrogels or

composites [10]. After completion of crosslinking,

gels were removed from their mold, and a cork bore

used to cut discs of approximately 3 mm in

diameter and 1 mm in thickness.

2.6. Single and dual growth factor release from

hydrogels and composites in vitro

Initial release studies examined IGF-1 release

alone from hydrogels and two composite formulations

(Table 1). The first composite formulation, abbrevi-

ated Hb40IGF*, was composed of two phases: 0.20 g

IGF-1-loaded microparticles (crosslinked with 40 mM

GA) per g polymer and the surrounding OPF hydrogel

phase. This formulation allowed for examination of

the effect of microparticle encapsulation on release

kinetics. The second composite formulation, abbre-

viated Hb10b40IGF*, was composed of three phases:

unloaded 10 mM microparticles, IGF-1-loaded 40

mM microparticles, and the surrounding OPF hydro-

gel phase. For these constructs, the microparticle

density was again 0.20 g microparticles per g

polymer, with a 1:1 mass ratio between the two

microparticle types. IGF-1 release from this composite

formulation was examined since dual release systems

utilized the same material composition. Accordingly,

comparing the release profiles of Hb10b40IGF* and

Hb40IGF* constructs allowed for assessment of the

effect of co-encapsulating a population of non-loaded

gelatin microparticles on IGF-1 release. Additionally,

the IGF-1 release profiles of Hb10b40IGF* constructs

were later compared to IGF-1 release profiles in dual

release systems to assess the effect of co-loaded TGF-

h1 on IGF-1 release.
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As shown in Table 1, dual release systems were

based on the three phase composition discussed

above, with IGF-1 delivery from encapsulated 40

mM microparticles. TGF-h1 was delivered from

either the encapsulated 10 mM microparticles

(Hb10TGF40IGF) or from the surrounding OPF hydro-

gel (HTGF10b40IGF). For each dual release formula-

tion, two sets of gels were fabricated to separately

follow TGF-h1 and IGF-1 release, as noted with an

asterisk in abbreviations. For the first set, the loading

procedure was performed with an IGF-1 solution

containing trace I125 labeled-IGF-1, while loading of

the second set was performed with a TGF-h1 solution

containing trace I125 labeled-TGF-h1. All specimens

(for both single and dual release studies) were placed

in 3 ml of PBS or CC-PBS and maintained according
Fig. 1. Effect of gelatin microparticle IEP and crosslinking extent on gro

microparticles in PBS and in CC-PBS is shown in (a) and (b), respectively

microparticles in PBS (c) and in CC-PBS (d). Error bars represent Fstanda

and (d) CC-PBS.
to the methods described above for release studies

with non-encapsulated microparticles. For all formu-

lations, n was 4 to 6.

2.7. Statistical analysis

The F test and Tukey’s multiple comparison test

( pb0.05) was used to statistically compare the

cumulative release values and release rates exhibited

by the three treatments of non-encapsulated, IGF-1-

loaded microparticles [35]. Likewise, these tests were

used to compare measured release values and rates in

OPF systems for IGF-1 delivery. For dual delivery

systems, the F test ( pb0.05) was used to assess

potential statistical differences in IGF-1 release values

and rates obtained between the two composite
wth factor release: Average percent cumulative IGF-1 release from

, and compared to average percent cumulative TGF-h1 release from

rd deviation with n=4 to 6 for each formulation. (a) and (c) PBS. (b)
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formulations. Potential statistical differences in TGF-

h1 release values and rates were assessed in the same

manner. For all statistical comparisons, treatments in

each buffer were separately compared. Additional

statistical analysis was performed as discussed below.
Table 3

Burst release, phase 2 and 3 release rates, and final cumulative IGF-

1 release from various microparticle formulations in PBS (a) and in

CC-PBS (b)

Microparticle

formulation

Burst

release

Phase

2 rate

Phase

3 rate

Cumulative

release

IEP GA

concentration

(%) (%/day) (%/day) (%)

(a)

9 10 mM 74.4F5.1# 8.0F2.0 0.1F0.0^ 93.3F1.1#

5 10 mM 22.2F8.2^ 1.4F0.3^ 0.3F0.1# 31.6F9.1^

5 40 mM 48.0F18.4 6.4F1.3 0.2F0.1 67.1F18.7

(b)

9 10 mM 75.5F3.1# 8.8F1.3 0.1F0.0 99.5F0.1#

5 10 mM 64.3F4.3 10.7F0.7# 0.2F0.1 95.0F0.6

5 40 mM 49.6F7.8^ 6.7F0.5^ 1.6F0.2# 95.2F2.9

For each measurement, the highest and lowest values ( pb0.05)

amongst formulations are indicated by (#) and (^), respectively.
3. Results

To quantify observed trends, release profiles were

divided into four phases following the methods of

previous investigations [9,10,36]. Phase 1 was clearly

defined by a 24 -h burst release from non-encapsu-

lated microparticles, hydrogels, and composites. Dis-

tinct release rates were then noted between days 1–3

(Phase 2) and days 6–21 (Phase 3), especially for

composites and microparticles in the presence of

collagenase. Final cumulative release values were

determined to describe the later portion of the

observation period (Phase 4) and appeared to correlate

well with the extent of visible gel or microparticle

degradation.

3.1. In vitro growth factor release from gelatin

microparticles

IGF-1 release profiles from basic (IEP=9.0) and

acidic (IEP=5.0) gelatin microparticles crosslinked

with the indicated GA concentration are shown in Fig.

1a (PBS) and Fig. 1b (CC-PBS). Release studies

performed in standard PBS allowed for the evaluation

of the extent of the gelatin–IGF-1 complexation. TGF-

h1 release from acidic gelatin microparticles (cross-

linked with 10 mM GA) was performed as a control

since this growth factor is known to have a persistent

complexation with acidic gelatin (Fig. 1c). Parallel

studies, conducted in CC-PBS, examined the effect of

microparticle crosslinking on gelatin digestion and

growth factor release.

3.1.1. Release in standard PBS

As shown in Fig. 1a, after only 24 h, basic

microparticles crosslinked with 10 mM GA demon-

strated a very high burst release (74.4F5.1%). The

remaining IGF-1 in these microparticles appeared to

diffuse over the next few days, with 90.3F1.4%

release by day 3 and 93.3F1.1% by day 28. On the

contrary, when acidic gelatin was employed in the
fabrication of gelatin microparticles, significantly

lower burst release and final cumulative release values

were obtained (Table 3a). In fact, the IGF-1 release

profile from acidic gelatin microparticles crosslinked

with 10 mM GA appeared to correlate well with the

observed TGF-h1 release profile (Fig. 1c) from this

same microparticle formulation. These results con-

firmed expectations that gelatin of an IEP below

physiological pH would act as a more effective

complexation agent due to the slight positive charge

character associated with IGF-1 (IEP=7.5) in PBS. It

should be noted that microparticle crosslinking extent

appeared to affect the extent of complexation as IGF-1

burst release from microparticles crosslinked with 10

mM GA (22.2F8.2%) was statistically lower than

burst release from microparticles crosslinked with 40

mM GA (48.0F18.4%). Likewise, final cumulative

release in PBS was statistically lower for micro-

particles crosslinked with 10 mM GA (31.6F9.1%)

rather than 40 mM GA (67.1F18.7%).

3.1.2. Release in CC-PBS

However, in the presence of collagenase, the more

tightly crosslinked structure of microparticles cross-

linked with 40 mM GA appeared to slow enzymatic

gelatin digestion and subsequent IGF-1 release when

compared to release from less crosslinked 10 mM

microparticles. As shown in Fig. 1b and Table 3b, the

highest IGF-1 burst (75.5F3.1%) and final cumula-
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tive (99.5F0.1%) release values were observed with

basic microparticles, presumably due to their low

crosslinking density and poor ability to complex with

IGF. Statistically lower burst (64.3F4.3%) and final

cumulative (95.0F0.6%) release values were obtained

with acidic microparticles crosslinked with 10 mM

GA. However, acidic gelatin microparticles cross-

linked with 40 mM GA demonstrated the lowest burst

release (49.6F7.8%) among all formulations since

their tight network structure resists degradation by

collagenase.

Trends in Phase 2 and 3 release rates further

demonstrated that release and degradation kinetics

may be controlled by altering the crosslinking extent

of these microparticles. As shown in Table 3b, the

Phase 2 release rate (10.7F0.7% per day) for acidic

microparticles crosslinked with 10 mM GA was

statistically higher than the corresponding rate

(6.7F0.5% per day) for microparticles crosslinked

with 40 mM GA. However, by the beginning of

Phase 3 (day 6), release from the less crosslinked

microparticles had risen to approximately 91%, and

accordingly, IGF-1 release during this period fell to

0.2F0.1% per day. In contrast, the more crosslinked

microparticles exhibited only 66% release by day 6,

and thus, demonstrated a Phase 3 release rate of

almost ten fold higher (1.6F0.2% per day). More-

over, both TGF-h1 and IGF-1 release (Fig. 1b and d)

from acidic microparticles crosslinked with 10 mM
Fig. 2. OPF systems for IGF-1 delivery: Average percent cumulative IGF-

OPF-gelatin microparticles composites (Hb40IGF* and Hb10b40IGF*) are sh

deviation with n=4 to 6 for each formulation. (a) PBS and (b) CC-PBS.
GA proceeded with very similar release kinetics in

CC-PBS.

3.2. IGF-1 release from hydrogels and composites in

vitro

3.2.1. Release in standard PBS

Since acidic microparticles crosslinked with 40 mM

GA provided sustained release of IGF-1 for 28 days in

CC-PBS, this microparticle formulation was utilized in

preparing OPF–gelatin microparticle composites. Fig.

2a provides IGF-1 release profiles from two formula-

tions of composites (Hb40IGF* and Hb10b40IGF*) in

standard PBS, as well as the IGF-1 release profile from

OPF hydrogels (HIGF*) with no microparticle compo-

nent. By comparing Figs. 1a and 2a, the dramatic

reduction in burst release, obtained by encapsulating

these microparticles in a network of OPF, is seen. More

specifically, burst release in standard PBS was reduced

from approximately 48% with non-encapsulated

microparticles to approximately 14% with both for-

mulations of composites. As shown in Table 4a, both

composite formulations also exhibited burst release

values statistically lower than the burst release from

OPF hydrogels (47.0F3.9%). Likewise, the final

cumulative release from both composite formulations

(44.6F1.4% for Hb40IGF* and 48.3F1.7% for

Hb10b40IGF*) was statistically lower than the final

cumulative release from OPF hydrogels (79.2F3.3%)
1 release from both OPF hydrogels (HIGF*) and two formulations of

own in PBS (a) and in CC-PBS (b). Error bars represent Fstandard



Table 4

Burst release, phase 2 and 3 release rates, and final cumulative IGF-1

release from OPF hydrogels (HIGF*) and two formulations of OPF–

gelatin microparticle composites (Hb40IGF* and Hb10b40IGF*) in

PBS (a) and in CC-PBS (b)

Gel

formulation

Burst

release

(%)

Phase

2 rate

(%/day)

Phase

3 rate

(%/day)

Cumulative

release

(%)

(a)

HIGF* 47.0F3.9# 8.0F0.9# 0.6F0.0 79.2F3.3#

Hb40IGF* 14.2F0.4 6.0F0.3 0.8F0.1 44.6F1.4^

Hb10b40IGF* 13.5F0.4 5.5F0.2 1.0F0.1# 48.3F1.7

(b)

HIGF* 52.5F3.7# 7.4F1.0^ 0.5F0.1^ 80.9F0.6

Hb40IGF* 16.3F1.7 15.1F2.9 0.8F0.2 70.2F4.7^

Hb10b40IGF* 14.3F1.6 12.9F0.4 1.3F0.1# 88.3F2.6#

For each measurement, the highest and lowest values ( pb0.05)

amongst formulations are indicated by (#) and (^), respectively.
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in PBS, indicating that the use of a gelatin carrier for

IGF-1 within these networks provides a means to

tightly control release. It should also be noted that the

final cumulative release values exhibited with compo-

sites were below the value exhibited by non-encapsu-

lated microparticles, indicating that the OPF

crosslinking procedure does not disrupt the IGF–

gelatin complexation and binding.

As previously mentioned, two composite formula-

tions were examined to assess the effect of a

population of co-encapsulated, non-loaded micro-

particles on IGF-1 release kinetics. As shown in Fig.

2a, initially the non-loaded, 10 mM microparticles

appeared to have no effect on IGF-1 release from the

40 mM microparticles as no significant differences in

either the burst release values or Phase 2 release rates

were observed between composite formulations in

PBS (Table 4a). However, composites encapsulating

microparticles crosslinked with both 10 and 40 mM

GA (Hb10b40IGF*) eventually yielded statistically

higher Phase 3 release rates and cumulative release

values than constructs encapsulating only the more

crosslinked microparticles (Hb40IGF*). As later dis-

cussed, this trend appeared to be more pronounced in

release studies conducted in CC-PBS.

3.2.2. Release in CC-PBS

In the presence of collagenase, reduced micro-

particle burst release was still achieved by encapsu-

lation in a network of OPF. Likewise, composite burst
release values (16.3F1.7% for Hb40IGF* and

14.3F1.6% for Hb10b40IGF*) were dramatically lower

than the burst release value from hydrogels

(52.5F3.7%) in CC-PBS (Fig. 2b). However, as

encapsulated microparticles were enzymatically

digested by collagenase, the rate of IGF-1 release

from composites began to exceed the rate of release

from hydrogels. In fact, both Phase 2 and Phase 3

composite release rates were statistically higher the

corresponding rates obtained with hydrogels. And by

day 28, final cumulative release from Hb10b40IGF*
composites (88.3F2.6%) exceeded final cumulative

release from hydrogels (80.9F0.6%).

More interestingly, gels encapsulating a popula-

tion of less crosslinked microparticles exhibited

statistically higher Phase 3 and final cumulative

release values than gels only encapsulating the more

crosslinked (40 mM) microparticles (see Table 4b).

Specifically, the final cumulative release from

Hb40IGF* composites (70.2F4.7%) was intermediate

to those values mentioned for hydrogels and

Hb10b40IGF* composites. By day 28, only fragments

of Hb10b40IGF* composites remained in CC-PBS,

while Hb40IGF* composites were in tact, yet highly

swollen networks. Accordingly, the less crosslinked,

non-loaded microparticles in Hb10b40IGF* constructs

appear to accelerate degradation and IGF-1 release,

when compared to Hb40IGF* and HIGF* gels, by

acting as digestable porogen which were quickly

degraded by collagenase. A faster rate of enzymatic

digestion of microparticles crosslinked with 10 mM

GA (vs. microparticles crosslinked with 40 mM GA)

was also observed in studies with non-encapsulated

microparticles.

3.3. Dual IGF-1 and TGF-b1 release from hydrogels

and composites in vitro

Two different formulations of three phase compo-

sites (Hb10TGF40IGF or HTGF10b40IGF) were utilized

to simultaneously deliver IGF-1 and TGF-h1. The

method of IGF-1 delivery was kept constant between

formulations to provide a means of sustained delivery

of this growth factor for approximately 4 weeks. IGF-

1 release profiles from both formulations are shown in

Fig. 3a (PBS) and Fig. 3b (CC-PBS). Since TGF-h1
plays a number of different regulatory roles in

cartilage tissue, the method of TGF-h1 delivery was



Fig. 3. OPF systems for IGF-1 and TGF-h1 delivery: (a) and (c), respectively, show simultaneous release of IGF-1 and TGF-h1 from two

formulations of OPF–gelatin microparticle composites (Hb10TGF40IGF and HTGF10b40IGF) in PBS. (b) and (d), respectively, display IGF-1 and

TGF-h1 release from these composites in CC-PBS. Error bars represent Fstandard deviation of average percent cumulative release values with

n=4 to 6 for each formulation. (a) and (c) PBS. (b) and (d) CC-PBS.

T.A. Holland et al. / Journal of Controlled Release 101 (2005) 111–125120
altered to achieve different release profiles. TGF-h1
release profiles from both formulations are shown in

Fig. 3c (PBS) and Fig. 3d (CC-PBS).

3.3.1. Release in standard PBS

As shown in Fig. 3a and Table 5a, IGF-1 release

proceeded in an almost identical fashion from both

composite formulations in standard PBS. A burst

release of approximately 16% was exhibited after 24

h, followed by Phase 2 and 3 release rates of 5–6%

per day and 1% per day, respectively. Final cumu-

lative release from both formulations was approxi-

mately 50% in PBS. In fact, no statistical differences

between composite formulations were present in any

of these measured parameters.
IGF-1 burst release, Phase 2 and 3 rates, as well as

final cumulative release in these dual release systems

(Hb10TGF40IGF* and HTGF10b40IGF*) were also stat-

istically compared to respective values obtained from

constructs formulated with the same material compo-

sition but loaded only with IGF-1 (Hb10b40IGF*). No

statistical differences were seen among Phase 2 rates,

Phase 3 rates, or final cumulative release values.

However, the burst release (13.5F0.4%) from com-

posites only loaded with IGF-1 (Hb10b40IGF*) was

statistically lower than burst release from composites

loaded with both TGF-h1 and IGF-1 (16.6F1.1% for

Hb10TGF40IGF* and 16.3F2.1% for HTGF10b40IGF*),

indicating that TGF-h1 loading in these composites

may slightly accelerate initial IGF-1 release. A similar



Table 5

Burst release, phase 2 and 3 release rates, and final cumulative IGF-

1 and TGF-h1 release from dual release systems (Hb10TGF40IGF and

HTGF10b40IGF) in PBS (a) and in CC-PBS (b)

Gel formulation Burst

release

(%)

Phase

2 rate

(%/day)

Phase

3 rate

(%/day)

Cumulative

release

(%)

(a)

IGF-1 release

Hb10TGF40IGF* 16.6F1.1 5.9F0.5 0.9F0.0 50.9F2.3

HTGF10b40IGF* 16.3F2.1 5.4F0.7 0.8F0.3 46.1F7.1

TGF-b1 release

Hb10TGF*40IGF 15.5F1.4 4.5F0.5 1.6F0.1# 58.8F1.8

HTGF*10b40IGF 24.8F0.5# 5.7F0.6# 1.1F0.0 63.4F0.6#

(b)

IGF-1 release

Hb10TGF40IGF* 17.4F1.3 12.5F0.5 1.2F0.1# 86.6F2.2

HTGF10b40IGF* 18.8F2.2 12.7F0.5 0.9F0.0 77.9F9.4

TGF-b1 release

Hb10TGF*40IGF 10.8F0.7 5.7F0.7 2.3F0.1# 86.6F1.2

HTGF*10b40IGF 25.2F1.5# 5.4F0.5 1.1F0.1 76.3F14.1

IGF-1 release values from composites are statistically compared

( pb0.05) and higher values indicated by (#). The same statistical

evaluation is provided for TGF-h1 release values from composites.
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trend among IGF-1 burst release values was noted in

CC-PBS and is discussed below.

The rate of TGF-h1 release in standard PBS (Fig.

3b) was altered by loading this growth factor within

either the OPF hydrogel phase or within encapsulated

10 mM microparticles. As shown in Table 5a, when

TGF-h1 was delivered from the hydrogel phase, faster

overall delivery of this growth factor was achieved. In

fact, burst release values, Phase 2 rates, and final

cumulative TGF-h1 release values were statistically

higher for HTGF*10b40IGF composites. Since the use

of a gelatin carrier for IGF-1 was shown to greatly

slow release in the absence of gelatin digesting

enzymes, these results were expected for TGF-h1
and agree with previous findings [9,10].

3.3.2. Release in CC-PBS

Since these delivery systems will ultimately be

used in vivo in the presence of tissue collagenase

and other matrix metalloproteinases, release studies

in CC-PBS may more accurately model expected

release trends. Under these conditions, very similar

IGF-1 release profiles (Fig. 3b) were again observed
when comparing composite formulations. However,

release values were higher than those observed in

standard PBS. Initial burst release values from both

formulations were approximately 18%, with subse-

quent Phase 2 release rates of approximately 13%

per day (Table 5b). However, Phase 3 rates were

found to be statistically different between formula-

tions (1.2F0.1% per day for Hb10TGF40IGF* and

0.9F0.0% per day for HTGF10b40IGF*). Final cumu-

lative release from Hb10TGF40IGF* composites

(86.6F2.2%) was higher, though not statistically,

than cumulative release from HTGF10b40IGF* con-

structs (77.9F9.4%). Accordingly, these results may

suggest that free TGF-h1 in the OPF hydrogel phase

of composites may migrate and help to eventually

stabilize the IGF–gelatin interactions.

Statistical comparison of IGF-1 release profiles

from composites loaded only with IGF-1

(Hb10b40IGF*) with dually loaded composites pro-

vides further evidence that TGF-h1 may interact

with IGF-1 to slightly alter release kinetics. More

specifically, IGF-1 burst release values from compo-

sites loaded with both IGF-1 and TGF-h1 (17.4F
1.3% for Hb10TGF40IGF* and 18.8F2.2% for

HTGF10b40IGF*) were statistically higher than the

burst release from composites loaded with only IGF-

1 (14.3F1.6%). This trend was also seen in standard

PBS. Thus, initially, free TGF-h1 (TGF-h1 in the

OPF hydrogel phase or TGF-h1 which is not tightly

complexed to gelatin) may accelerate IGF-1 release.

However, in the later stages of release experiments

(Phases 3 and 4), IGF-1 release from HTGF10b40IGF*
composites was seen to be slower than release from

either Hb10TGF40IGF* or Hb10b40IGF* composites.

For instance, final cumulative IGF-1 release from

HTGF10b40IGF* composites (77.9F9.4%) was statisti-

cally lower than release from Hb10TGF40IGF*

(86.6F2.2%) or Hb10b40IGF* (88.3F2.6%) compo-

sites. This later trend may indicate the free TGF-h1
in the OPF hydrogel phase ultimately migrates to the

gelatin phase to stabilize IGF-1–gelatin interactions.

In Hb10TGF40IGF* constructs, tightly complexed

TGF-h1 may be unable to dissociate from its gelatin

carrier and serve the same role.

TGF-h1 release profiles from these dual release

systems are shown in Fig. 3d. Initially, significantly

higher burst release was observed when TGF-h1
was loaded into the hydrogel phase of composites.
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As shown in Table 5b, release after 24 h was

25.2F1.5% from HTGF*10b40IGF composites but

only 10.8F0.7% from Hb10TGF*40IGF composites.

However by the beginning of Phase 3 (day 6),

enzymatic digestion of gelatin allowed TGF-h1
release from Hb10TGF*40IGF composites to exceed

release from HTGF*10b40IGF composites. In fact, the

Phase 3 TGF-h1 release rate for composites with

TGF-h1 loading in the microparticle phase (2.3F
0.1% per day) was statistically greater than the rate

for composites with TGF-h1 loading in the hydro-

gel phase (1.1F0.1% per day). Final cumulative

TGF-h1 release from Hb10TGF*40IGF composites

rose to approximately 87%, while the correspond-

ing value in HTGF*10b40IGF composites was only

76%. Accordingly, these results indicate that TGF-

h1 release rates in the presence of collagenase may

be systematically adjusted by altering the material

phase of TGF-h1 loading.
4. Discussion

Since IGF-1 has been shown to function

primarily as a progression factor, stimulating the

synthesis of collagen and proteoglycans in carti-

lage tissue, a series of in vitro release experiments

conducted to determine an effective means of

providing sustained IGF-1 release over the course

of several weeks. Because gelatin has been shown

to form an effective ionic complexation with a

number of growth factors, allowing for controlled

drug delivery [29], gelatin microparticles were

explored as a possible IGF-1 carrier. Initial release

experiments were assessed the effect of gelatin

microparticle IEP and crosslinking extent on IGF-1

release. Since gelatin is primarily degraded by

enzymatic digestion, growth factors which effec-

tively complex or bind to these microparticles will

generally display release profiles with two prom-

inent features in standard, enzyme-free PBS [10].

First, any non-complexed or poorly bound growth

factor will be primarily released during the first

24 h as these microparticles reach equilibrium

swelling. However, unlike diffusion controlled

release systems, relatively little subsequent release

may be observed due to the growth factor–gelatin

complexation.
As shown in Fig. 1a and Table 3a, IGF-1 did not

appear to effectively complex with basic gelatin

microparticles (IEP of 9.0). However, acidic gelatin

microparticles crosslinked with 10 mM GA retained

approximately 68% of their loaded IGF-1 over the

course of 28 days in standard PBS. Similar retention

values were observed when this microparticle for-

mulation was loaded with TGF-h1, a growth factor

which has been shown to form an effective ionic

complexation with acidic gelatin [29], indicating that

acidic gelatin was a promising IGF-1 carrier. How-

ever, lower retention of IGF-1 in PBS was observed

with acidic microparticles crosslinked with 40 mM

GA. Since TGF-h1 retention in gelatin microparticles

in standard PBS is not affected by their crosslinking

extent [9,10], these results may suggest that the lysine

and hydroxylysine amino acid residues in gelatin,

which react with the aldehyde groups of GA, are also

utilized in IGF–gelatin binding. Alternatively, the

more tightly crosslinked network of these gelatin

microparticles may prevent efficient diffusional load-

ing of IGF-1. Yet, since decreased growth factor

retention in these highly crosslinked microparticles is

not observed with TGF-h1, a protein with a substan-

tially higher molecular weight (25 kDa) than IGF-1

(7.5 kDa), it is unlikely that this behavior is due to

diffusional limitations during IGF-1 loading.

However, since gelatin is enzymatically degraded,

release studies in CC-PBS more accurately model

expected in vivo release profiles. As shown in Fig. 1b,

both basic and acidic microparticles crosslinked with

10 mM GA were rapidly digested by collagenase,

releasing 90% of their IGF-1 as early as day 6. Only

the more crosslinked (40 mM) acidic microparticles

provided a means of sustained IGF-1 delivery over the

course of 28 days in CC-PBS. Accordingly, this

microparticle formulation was utilized in subsequent

studies aimed at optimizing IGF-1 delivery.

More specifically, further experiments examined

IGF-1 release when these microparticles were encap-

sulated in a network of OPF. The encapsulation

procedure provides a means of maintaining micro-

particles within a defect site to localize growth factor

delivery. Additionally, as shown in Fig. 2, encapsu-

lated IGF-1-loaded microparticles exhibited much

lower burst release values than both non-encapsu-

lated microparticles and OPF hydrogels (with no

microparticle component) in PBS and CC-PBS,
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allowing for sustained IGF-1 release over the course

of 4 weeks.

While release profiles from the two composite

formulations were very similar, the final extent of

IGF-1 release from these systems in CC-PBS was

shown to be dependent on microparticle crosslinking.

Hb10b40IGF* composites, which encapsulated both

IGF-1-loaded 40 mM microparticles and non-loaded

10 mM microparticles, exhibited statistically higher

release (88.3F2.6%) than Hb40IGF* composites

(70.2F4.7%), which encapsulated only IGF-1-loaded

40 mM microparticles. Accordingly, the non-loaded,

less crosslinked microparticles appear to speed release

by acting as a porogen which is readily digested in the

presence of collagenase. Furthermore, since higher

final release from Hb10b40IGF* composites was also

observed in standard PBS, these results indicate that

non-loaded microparticles do not act as a significant

reservoir for IGF-1. Accordingly, by adjusting the

amount and crosslinking extent of encapsulated

microparticles, release kinetics may be systematically

tailored.

A final set of release experiments examined dual

delivery of IGF-1 and TGF-h1 from three phase

composites. IGF-1 was again loaded into the 40-

mM microparticle phase to allow for sustained

release. However, TGF-h1 loading was varied

between the 10-mM microparticle phase (Hb10TGF
40IGF) and the OPF hydrogel phase (HTGF10b40IGF).

As expected, very similar IGF-1 release profiles in

were observed with both composite formulations

since IGF-1 was delivered from the same phase in

each formulation. As discussed above, statistical

comparison of IGF-1 release values from Hb10TGF
40IGF* and HTGF10b40IGF* composites with values

from composites loaded only with IGF-1

(Hb10b40IGF*) indicated that the presence of co-

loaded TGF-h1 slightly alters IGF-1 release. In

particular, as shown in Fig. 3b, when TGF-h1 was

loaded into the OPF hydrogel phase, lower final

IGF-1 release was observed, indicating that free

TGF-h1 may eventually diffuse to sites of IGF-1–

gelatin interactions and help to stabilize this

complex. While further experiments are needed to

explore this phenomenon, these release systems

proved successful in providing sustained release of

IGF-1 with very similar release profiles. As

designed, these dual release systems exhibited less
than 90% final cumulative IGF-1 release in CC-PBS

over a 4-week period.

As shown in Fig. 3d, altering the phase of TGF-h1
loading proved to be a successful means of altering

TGF-h1 release kinetics. Significantly lower burst

release (10.8F0.7%) was observed when this growth

factor was released from the 10-mM microparticle

phase, rather than the hydrogel phase (25.2F1.5%).

Gradual release of TGF-h1 from Hb10TGF*40IGF
composites then continued as encapsulated micro-

particles were digested by collagenase. However,

TGF-h1 release from HTGF*10b40IGF proceeded in a

diffusion-controlled manner with a higher burst

release and a steady subsequent release rate. Final

cumulative release values for both systems were not

statistically different at day 28. Accordingly, since the

total amount of TGF-h1 released from these systems

over a 4-week period was approximately equal, yet

delivered via unique release profiles, implementation

of these two systems in vivo would allow a means of

assessing how TGF-h1 release kinetics affect tissue

repair.
5. Conclusions

This research details the development of a non-

invasive means of simultaneously delivering both

IGF-1 and TGF-h1 to damaged articular cartilage

through the use of an injectable, biodegradable

scaffold comprised of the polymer OPF and gelatin

microparticles. More specifically, a series of release

studies assessed the effects of gelatin IEP and cross-

linking extent on IGF-1 release from gelatin micro-

particles and demonstrated that highly crosslinked,

acidic microparticles (IEP=5.0) serve as an effective

carrier of IGF-1, providing sustained delivery of this

progression factor over the course of 4 weeks.

Furthermore, encapsulation of these IGF-1-loaded

microparticles in a network of the biodegradable

polymer OPF, provided a means to further control

and localize release. Using these OPF–gelatin micro-

particle composites, dual release of TGF-h1 and IGF-

1 was achieved with growth factor loading in either

the microparticle phase or OPF phase of gels.

Parameters such as microparticle crosslinking extent

and density within these gel networks, as well as the

phase of growth factor loading, provided an effective
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means of controlling the release profiles of these

growth factors. Accordingly, this ability provides a

powerful tool by which researchers can now assess the

release kinetics of one or more growth factors on

tissue repair.
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