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Abstract

Biodegradable oligo(poly(ethylene glycol) fumarate) (OPF) composite hydrogels have been
investigated for the delivery of growth factors (GFs) with the aid of gelatin microparticles (GMPs)
and stem cell populations for osteochondral tissue regeneration. In this study, a bilayered OPF
composite hydrogel that mimics the distinctive hierarchical structure of native osteochondral
tissue was utilized to investigate the effect of transforming growth factor-g3 (TGF-B3) with
varying release kinetics and/or insulin-like growth factor-1 (IGF-1) on osteochondral tissue
regeneration in a rabbit full-thickness osteochondral defect model. The four groups investigated
included (i) a blank control (no GFs), (ii) GMP-loaded IGF-1 alone, (iii) GMP-loaded IGF-1 and
gel-loaded TGF-B3, and (iv) GMP-loaded IGF-1 and GMP-loaded TGF-3 in OPF composite
hydrogels. The results of an in vitro release study demonstrated that TGF-B3 release kinetics could
be modulated by the GF incorporation method. At 12 weeks post-implantation, the quality of
tissue repair in both chondral and subchondral layers was analyzed based on quantitative
histological scoring. All groups incorporating GFs resulted in a significant improvement in
cartilage morphology compared to the control. Single delivery of IGF-1 showed higher scores in
subchondral bone morphology as well as chondrocyte and glycosaminoglycan amount in adjacent
cartilage tissue when compared to a dual delivery of IGF-1 and TGF-B3, independent of the TGF-
3 release kinetics. The results suggest that although the dual delivery of TGF-B3 and IGF-1 may
not synergistically enhance the quality of engineered tissue, the delivery of IGF-1 alone from
bilayered composite hydrogels positively affects osteochondral tissue repair and holds promise for
osteochondral tissue engineering applications.
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Introduction

Avrticular cartilage is a flexible connective tissue that facilitates the articulation of bone in
major synovial joints via the dissipation of friction and physiological compressive forces [1-
5]. With a limited endogenous ability for self-repair, damaged cartilage as a result of disease
or trauma oftentimes leads to premature arthritis. Although current clinical methods are
insufficient for long-term treatment [6], tissue engineering strategies provide promising
alternatives for cartilage repair. To date, many research groups have adapted a wide variety
of natural or synthetic polymers for the fabrication of scaffolds for cartilage tissue
engineering. In particular, hydrogel scaffolds derived from these materials can be used as a
vehicle to deliver biochemical factors that stimulate the chondrogenic differentiation of host
progenitor cells within a tissue defect site [7, 8]. Our laboratory has developed a novel class
of water-soluble synthetic macromers based on oligo(poly(ethylene glycol) fumarate) (OPF)
that can be chemically crosslinked to yield hydrolytically degradable hydrogels. Injectable
and biodegradable hydrogels formed from OPF have been leveraged for the controlled
delivery of chondrogenic growth factors (GFs) with the aid of gelatin microparticles
(GMPs), which serve as GF delivery vehicles and enzymatically digestible porogens [9-16].
Previously, such composite hydrogel systems have been utilized to deliver chondrogenic
GFs for the elicitation of osteochondral tissue repair within osteochondral defect sites in
animal models [17-19]. However, the simultaneous delivery of multiple GFs and how these
GFs interact in vivo to repair osteochondral tissue remains an area of investigation.

In the present work, OPF composite hydrogels are used to deliver transforming growth
factor-p3 (TGF-B3) and/or insulin-like growth factor-1 (IGF-1) to an osteochondral defect to
facilitate cartilage regeneration and subchondral tissue formation. TGF-B3 is a potent GF
that can induce the chondrogenic differentiation of progenitor cell populations in vitro [20-
23] as well as augment cartilage tissue formation in vivo [24-27]. IGF-1 primarily acts as an
anabolic maturation factor to stimulate the cellular synthesis of proteoglycans and type 11
collagen [28, 29]. Previously, OPF composite systems were employed to deliver TGF-B1, an
isoform of TGF-B3 with similar chondrogenic effects, to the chondral space of an
osteochondral defect [18]. Although the presence of TGF-p1 alone did confer some
therapeutic advantage, such as the improvement of joint surface regularity over controls at 4
and 14 weeks, the GF did not effect a different overall healing response when compared to
controls [18]. To achieve an overall improvement in osteochondral regeneration and to study
the effects of a dual GF delivery system in a wound healing environment, the delivery of
TGF-B1 with IGF-1 on osteochondral tissue repair was evaluated [19]. This study was based
on results in literature demonstrating the synergistic effects of TGF-B1 with IGF-1 on
increased chondrogenic gene expression and proteoglycan synthesis by articular
chondrocytes [30, 31] and mesenchymal stem cells (MSCs) in vitro [32]. The in vivo study
however, showed that an initial burst release of TGF-p1 during early stages of cartilage
healing followed by a sustained release of IGF-1 was not effective at regenerating
osteochondral tissue under the conditions investigated [19]. Despite the lack of synergy
between TGF-B1 and IGF-1, the controlled delivery of multiple GFs merits further
investigation when one considers the complex interplay of GFs during different stages
chondrogenesis and cartilage regeneration [33—-35]. Indeed, several in vitro studies have
demonstrated that the anabolic effects of TGF-f isoforms on progenitor cells are dependent
on the time of delivery [36, 37]. Recently, it was shown that the sequential exposure of
umbilical cord-derived MSCs to TGF-B3 followed by IGF-1 enhanced their production of
cartilage-like extracellular matrix (ECM) components in vitro [38]. Moreover, our
laboratory has found that the TGF-B3 isoform was more effective than TGF-1 at inducing
the chondrogenic differentiation of rabbit MSCs encapsulated within bilayered OPF
composite hydrogels [9]. Therefore, we hypothesize that the delivery of TGF-B3, when
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combined with the sustained release of IGF-1, may influence the differentiation of host
progenitor cell populations and thereby affect the degree of osteochondral tissue repair.

It has been demonstrated that release kinetics of GFs from OPF composite hydrogels can be
modulated by hydrogel construction parameters, which include the degree of crosslinking of
GMPs, the molecular weight of the poly(ethylene glycol) block in the OPF macromer, the
resultant mesh size of such crosslinked OPF hydrogels, and the method of GF incorporation
within the composite hydrogel [11, 12, 18, 19]. Such a level of tunability with OPF
composite hydrogels may be leveraged for the timed delivery of multiple chondrogenic GFs
to progenitor cell populations in the host tissues to repair an osteochondral defect. Indeed,
the release kinetics of TGF-B3 when delivered together with IGF-1 from OPF composite
hydrogels might be an important parameter to regulate for the induction of high quality
cartilage tissue remodeling and regeneration in vivo. The present study investigates how
different release kinetics of TGF-p3, in the presence of IGF-1, from OPF composite
hydrogels affect the tissue response in an osteochondral defect.

The global hypothesis of this study is that the release of TGF-B3, when combined with the
sustained release of IGF-1, from OPF composite hydrogels will synergistically facilitate
osteochondral tissue regeneration in a rabbit osteochondral defect model relative to the
delivery of IGF-1 alone. Furthermore, it is hypothesized that the release kinetics of TGF-p3,
when delivered together with a sustained release of IGF-1, will influence the degree and
quality of osteochondral tissue repair. To this end, the specific objectives of this study are:
(1) to characterize the in vitro release kinetics of IGF-1 and TGF-p3 from composite
hydrogels over 28 days, (2) to investigate the synergistic effect of a dual delivery of TGF-p3
with IGF-1 on osteochondral tissue regeneration, and (3) to evaluate the effect of modulated
TGF-pB3 release kinetics with sustained IGF-1 release on the quality of cartilage and
subchondral bone tissue regeneration in a rabbit full-thickness osteochondral defect model.

Materials and Methods

OPF synthesis

According to a method developed in our laboratory [39, 40], poly(ethylene glycol) with a
number average molecular weight (M) of 35,000 (Sigma-Aldrich, St. Louis, MO) was
utilized to synthesize OPF. The resulting OPF with an M,, of 42,500 + 180 and a weight
average molecular weight (M,,) of 120,300 £ 6,500 was used throughout the study. Prior to
hydrogel fabrication, OPF was sterilized by exposure to ethylene oxide (EO) for 12 hrs
according to established methods [15-17].

Gelatin microparticle fabrication

Gelatin microparticles (GMPs) were fabricated using acidic gelatin with an isoelectric point
of 5.0 (Nitta Gelatin INC., Osaka, Japan) and were crosslinked with 10 or 40 mM
glutaraldehyde (Sigma-Aldrich, St. Louis, MO) according to previously established methods
[12]. After lyophilization, GMPs with a diameter of 50 — 100 um were selected by sieving
and sterilized with EO prior to hydrogel fabrication. Sterile GMPs were swollen with
phosphate buffered saline (PBS) or GF solutions at 4°C for 15 hrs, according to previously
described methods [11]. For equilibrium swelling of GMPs, 55 uL of PBS or GF solution
was applied to 11 mg of dried GMPs. For the degradation study, blank GMPs were swollen
with PBS alone. For the in vitro release study and in vivo implantation, 40 mM GMPs were
loaded with an IGF-1 solution with a concentration of 24.42 g of human recombinant
IGF-1 (R&D Systems, Minneapolis, MN) per mL PBS to achieve a concentration of 2000
ng IGF-1 per mL crosslinked OPF composite hydrogel prior to equilibrium swelling.
Similarly, 10 mM GMPs were loaded with a TGF-3 solution with a concentration of 21.97
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pg of human recombinant TGF-g3 (R&D Systems) per mL PBS to achieve 1800 ng TGF-3
per mL crosslinked OPF composite hydrogel prior to equilibrium swelling. 10 and 40 mM
GMPs, which have different degradation rates, were selected to deliver dual GFs in a
fashion that first induces chondrogenic differentiation of progenitor cells by TGF-p3,
followed by IGF-1 induced stimulation of the ECM production [19]. Furthermore, a 2.5
times higher concentration for both IGF-1 and TGF-B3 solutions was used in the preparation
of additional groups for the in vitro release study.

Bilayered composite hydrogel fabrication

Degradation

Bilayered composite hydrogels to deliver GFs were fabricated via a two-step crosslinking
procedure as previously described [9, 10, 19]. The subchondral layer was partially
crosslinked first and the chondral layer was fabricated on top of the subchondral layer.
Specifically, 100 mg of sterile OPF and 50 mg of sterile poly(ethylene glycol) diacrylate
(PEG-DA, Glycosan, Alameda, CA) with a molecular weight of 3400 were dissolved in 468
pL PBS and mixed with 110 pL of blank GMPs swollen with PBS (GMP/PBS). Equal parts
(46.8 pL) of the thermal radical initiators, 0.3 M of ammonium persulfate (APS, Sigma-
Aldrich) and 0.3 M of N,N,N’,N’-tetramethylethylenediamine (TEMED, Sigma-Aldrich),
were then mixed into the polymer solution. The polymeric mixture was quickly injected into
a cylindrical Teflon mold (2.2 mm in diameter and 2.2 mm in thickness) and partially
crosslinked at 37°C for 4 min. Subsequently, the polymer-GMP mixture for the chondral
layer was prepared. 100 mg of sterile OPF and 50 mg of sterile PEG-DA were dissolved in
468 pL PBS and mixed with 110 pL of blank GMP solution swollen with PBS for the
control group, 55 pL of GMP/PBS and 55 uL of GMP solution swollen with IGF-1 (GMP/
IGF-1) for Group 1, and 55 pL of GMP/IGF-1 and 55 pL of GMP solution swollen with
TGF-B3 (GMP/TGF-B3) for Group 3 (Table 1). For Group 2 (Gel phase loading), the same
amount of OPF/PEG-DA was dissolved in 413 pL PBS, mixed with 55 pL of TGF-B3
solution, and subsequently mixed with 46.8 pL of 0.3 M of APS and 46.8 pL of 0.3 M of
TEMED. The mixture for the chondral layer was then injected onto the partially crosslinked
subchondral layer, and crosslinked at 37°C for 8 min.

For the swelling and degradation studies, two different sizes of bilayered composite
hydrogels containing only GMP/PBS for both chondral and subchondral layers were
fabricated as described above. The composite hydrogels were placed in either 3 mL of PBS
or collagenase-PBS (370 ng collagenase 1A per mL PBS) in a 12 well plate, and incubated
at 37°C for 28 days on a shaker table (70 RPM). At days 1, 4, 7, 14, 21, and 28, the swelling
ratio, sol fraction, and mass remaining for OPF hydrogel composites were determined (n=4)
using the following equations; swelling ratio = (W5 — W) / Wy, % sol fraction = (W; — Wq) /
Wi; x 100 (%), and mass remaining = Wy / W; x 100 (%), where W;, W, and W represent
the weight of dried hydrogel immediately after fabrication prior to swelling, the weight of
wet hydrogel after swelling at each time point, and the weight of dried hydrogel after
swelling at each time point, respectively.

Quantification of in vitro release kinetics

Release kinetics of the total amount of GFs from bilayered composite hydrogels was
assessed by measuring the radioactivity of 12|-labeled GFs [12, 18]. Briefly, 1251-labeled
IGF-1 and TGF-B3 (Perkin Elmer Life Sciences, Boston, MA) were incorporated with
unlabeled GFs (Peprotech, Rocky Hill, NJ) for GMP swelling. 3% of the required GF
solution volume for GMP swelling was replaced with 1251-labeled GF solution of the same
concentration. Bilayered OPF composite hydrogels were fabricated as described above. For
the IGF-1 release study, 40 mM GMPs were loaded with 1251-labeled IGF-1 and unlabeled
IGF-1 for the hydrogels in all groups, while unlabeled TGF-p3 was used for hydrogel
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samples in Group 2 (Gel phase loading) and Group 3 (GMP loading) (Table 1). For the
TGF-B3 release study, 10 mM GMPs were loaded with 12°]-labeled TGF-B3 and unlabeled
TGF-B3 in the presence of unlabeled IGF-1 was used for the samples in Group 2 (Gel phase
loading) and Group 3 (GMP loading). In addition, a 2.5 times higher GF amount (i.e., 2.5
times higher concentration of GF solution with same volume for GMP swelling or gel phase
loading) was loaded in hydrogels to investigate the effect of GF concentration on release
kinetics. After fabrication, hydrogels were placed in 3 mL of PBS or collagenase-PBS in a
12 well plate, and incubated at 37°C for 28 days on a shaker table (70 RPM). At 2 hrs, 12
hrs, days 1, 2, 4, 7, 10, 14, 18, 21, 24, and 28, the supernatant of each hydrogel was
collected and replaced with fresh buffer solution. The amount of released GF was
determined by the correlation of measured radioactivity to a standard curve using a gamma
counter (Cobra Il Autogamma, Packard, Meridian, CT) (n=5).

Bioactivity of released growth factors

Release kinetics of biologically active GFs were assessed by cellular assays, as described in
previous studies [41, 42]. Bilayered composite hydrogels 3 mm in diameter and 3 mm in
thickness were utilized. For the IGF-1 activity assay, hydrogels in Group 1 were fabricated
as described above. Hydrogels delivering both IGF-1 and TGF-3 were not examined with
the cellular assays, as the presence of TGF-f3 may confound the results. Four hydrogels
were placed in 1 mL of collagenase-PBS in a 12 well plate, and incubated at 37°C for 28
days on a shaker table (70 RPM). At 2 hrs, 12 hrs, days 1, 2, 4, 7, 10, 14, 18, 21, 24, and 28,
the supernatant of each hydrogel was collected and replaced with fresh buffer solution.
Collected supernatants were stored at —80°C until the assay time. A MCF-7 cell line
proliferation assay was used to measure the biologically active fraction of released IGF-1
from the composite hydrogels [42]. 5,000 MCF-7 cells (HBT-22, ATCC, Manassas, VA) in
serum-free DMEM:F12 medium (Life Technologies, Grand Island, NY) were plated in a 96
well plate. 25 pL of collected supernatant or 25 pL of an IGF-1 standard (0.15 — 20 ng/mL
range) were then added. The cells were cultured in an incubator (37°C, 5% CO») for 72 hrs.
Proliferative activity of plated cells was measured by a CellTiter Blue assay (Promega,
Madison, WI) according to the manufacturer’s protocol. Fluorescence intensity was
measured using a microplate reader (excitation 560 nm/emission 590 nm). A standard curve
was generated by a 4 parameter fit and the active amount of released IGF-1 was calculated
at each time point (n=4) [42]. The cumulative % active release was plotted based on the
released amount of IGF-1 as measured with 12°I-labeled GFs in the “Quantification of in
vitro release kinetics” section. For the TGF-B3 activity assay, composite hydrogels in Group
2 and Group 3 were fabricated as described above. Similarly, IGF-1 was not included in
these composite hydrogels as its presence may confound the results of the TGF-p3 activity
assay. Three gels in each group were placed in 1 mL of collagenase-PBS in a 12 well plate,
and incubated at 37°C for 28 da ys on a shaker table (70 RPM). Sample collection and
storage were the same as described above. A Mink lung epithelial cell line (CCL-64, ATCC,
Manassas, VA) inhibition assay was used to measure the biologically active fraction of
released TGF-B3 from OPF composites [41]. 10,000 CCL-64 cells (HBT-22, ATCC,
Manassas, VA) in DMEM media (Life Technologies, Grand Island, NY) were plated in a 96
well plate. 25 pL of collected supernatant or 25 uL of a TGF-B3 standard (0.005 — 5 ng/mL
range) were then added. The cells were cultured in an incubator (37°C, 5% CO») for 72 hrs.
The level of inhibition, the active amount of released TGF-B3, and the cumulative % release
of active TGF-B3 were analyzed as described above.

Animal surgery

A total of 24 skeletally mature (i.e., 6 months old) male New Zealand white rabbits were
utilized in this study based on a previously established full-thickness osteochondral defect
model [17-19]. The number of defects and animals per each group were determined by
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power analysis and consideration of previous studies [17-19]. All surgical procedures were
approved by the Institutional Animal Care and Use Committees of Rice University and
University of Texas Health Science Center at Houston. Animal surgeries for implantation in
bilateral defects were performed as previously described [17-19]. Prior to surgery,
anesthesia was induced by subcutaneous injection of Ketamine (25-40 mg/kg) and
Acepromazine (1-2 mg/kg). General anesthesia was then maintained through ventilator
administration of a mixture of isoflurane and oxygen. Osteochondral defects (3 mm in
diameter and 3 mm in thickness) were created on the medial femoral condyles. Pre-
fabricated bilayered composite hydrogels were swollen in sterile PBS for 30 minutes and
these swollen composite hydrogels with the same dimensions as the defect were press-fitted
into the osteochondral defect. Then, the muscle and skin were closed. This procedure was
repeated for the contralateral knee using a hydrogel of the same formulation. Therefore, each
animal received two hydrogels (one per knee) and a total of 12 hydrogels (n=12) were
implanted in 6 animals per experimental group. To minimize postoperative discomfort,
Carprofen (4 mg/kg) was administrated for 2 days post-operatively.

Tissue Processing

Rabbits were euthanized by intravenous administration of Beuthanasia (0.22 mL/kg) at 12
weeks post-surgery. The tissue surrounding the medial femoral condyle was retrieved en
bloc, fixed in 10% buffered formalin (pH 7.4) for 1 week, decalcified in EDTA solution for
6 weeks, dehydrated through a graded series of ethanol baths, and then embedded in
paraffin. Longitudinal sections of 6 um thickness were taken from the center (within the
central 1 mm), lateral edge (within the lateral 1 mm), and medial edge (within the medial 1
mm) of each defect using a microtome. Two sections from each location were stained with
hematoxylin and eosin (H&E), Safranin O/Fast Green, and van Gieson’s Picrofuchsin.

Histological Scoring

Histological sections were blindly and independently scored by three evaluators (J.L.,

P.P.S., and F.K.K.) using a previously established scoring system for osteochondral repair,
as shown in Table 2 [17]. A total of 11 parameters to evaluate osteochondral repair were
used to analyze the whole defect for both chondral (within the upper 1 mm of the defect) and
subchondral (within the bottom 2 mm of the defect) regions.

Statistical Analysis

Results

The data from the in vitro assays were analyzed by one-way analysis of variance (ANOVA)
and Turkey’s multiple-comparison test. The means and the standard deviations were
reported in each figure. For the histological analysis, ordered logistic regression of
histological scores was performed to analyze the potential effect of experimental group,
location within the defect, and knee joint [17-19]. p<0.05 was considered to indicate a
significant difference.

Degradation of bilayered OPF composite hydrogels

The swelling ratio of bilayered OPF composite hydrogels remained stable over 28 days in
PBS, but started to increase after 7 days in collagenase-PBS (Fig 1A). The sol fraction of
composite hydrogels in PBS was also stable (about 40%) over 28 days (Fig 1B). However,
the sol fraction in collagenase-PBS started to increase after 7 days of incubation and
maintained a gradual increase until day 28. Similarly, the fraction of the initial mass
remaining continuously decreased over time in collagenase-PBS (Fig 1C).
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In vitro IGF-1 release kinetics

The % cumulative release profiles of IGF-1 (as measured by radiolabeled IGF-1) over 28
days for Groups 1-3 are shown in Fig 2A — 2C, respectively, while the % cumulative release
profile of the active amount of released IGF-1 for Group 1 (as measured by cellular assays)
is shown in Fig 2D. The release kinetics of IGF-1 were similar between groups in both PBS
and collagenase-PBS conditions as seen in Fig 2A — 2C. Initial burst release of IGF-1 within
the first 4 days in collagenase-PBS was 43.9 + 3.4 % in Group 1 (GMP-loaded IGF-1 only),
46.2 £ 1.7 % in Group 2 (GMP-loaded IGF-1 and gel-loaded TGF-p3), and 40.8 + 3.7 % in
Group 3 (GMP-loaded IGF-1 and GMP-loaded TGF-B3). 28-day % cumulative IGF-1
release in collagenase PBS was 83.2 = 1.4 % in Group 1, 85.0 £ 0.9 % in Group 2, and 85.2
+ 3.0 % in Group 3. In addition, the IGF-1 release rate (% release of IGF-1 per day) is
shown in Table 3A. No statistical difference was observed between groups in collagenase-
PBS during all phases. For all groups, approximately 30% of IGF-1 was released in phase 1
(up to 24 hrs), while approximately 1% of IGF-1 was released each day in phase 4 (days 18
— 28) (Table 3A). Biologically active IGF-1 released from the OPF composites (i.e., the
released IGF-1 to actively enhance the proliferation of the MCF-7 cell line) was analyzed by
using the same formulation in Group 1 in collagenase-PBS. Fig 2D showed that 36.6 + 8.8
% of active IGF-1 was released within the first 4 days and that a total cumulative release of
66.6 + 15.5 % was achieved by day 28. Release rate of active IGF-1 in collagenase-PBS
(Table 3B) was similar to release rate determined by gamma counter (Table 3A) in all
phases.

In vitro TGF-B3 release kinetics

The % cumulative release profile of TGF-B3 over 28 days is shown in Fig 3A and 3B, while
the % cumulative release profile of the active amount of TGF-B3 is shown in Fig 3C. When
comparing Group 2 and Group 3, a significantly higher burst release of TGF-B3 is seen
within the first 2 days in Group 2 in collagenase-PBS (Fig 3A). Specifically, the 2-day burst
release of TGF-B3 is 26.4 £ 3.3 % in Group 2 (GMP-loaded IGF-1 and gel-loaded TGF-p3)
and 19.5 + 3.5 % in Group 3 (GMP-loaded IGF-1 and GMP-loaded TGF-f3), although the
4-day release for both groups has no statistical difference (32.2 + 3.3 % in Group 2 and 36.5
+ 4.0 % in Group 3). From day 7 to day 28, the % cumulative release is higher in Group 3
than in Group 2 at each time point (Fig 3A). The 28-day % cumulative TGF-p3 release in
collagenase-PBS is 71.4 £ 9.2 % in Group 2 and 84.8 + 2.6 % in Group 3. Similar release
kinetics were found in the standard PBS condition (Fig 3B). The release rate of TGF-3 (%
release per day) in Table 4A also indicates the difference between Groups 2 and 3. The
release rate in Group 2 is higher than that in Group 3 in phase 1, but the release rate in
Group 3 is higher than that in Group 2 in phases 2 and 3 in collagenase-PBS. The release of
a higher (2.5 times) concentration of TGF-3 in composite hydrogels featured similar %
cumulative release profiles and the release rate (data not shown).

Biologically active released TGF-B3 (i.e., the released TGF-p3 to actively inhibit the
proliferation of the CCL-64 cell line) was analyzed by using the same formulations for
Groups 2 and 3 (Fig 3C) in collagenase-PBS. Initial burst release of active TGF-pB3 as
measured by a cell assay is similar within the first 2 days for both formulations. The 28-day
% cumulative release of active TGF-B3 is 58.4 £ 11.9 % in Group 2 and 69.0 £ 18.6 % in
Group 3. The release rate of active TGF-3 in Group 3 is higher than that in Group 2 for
phases 2 and 3 from days 1 to 18 (Table 4B).

Histological observation and scoring

Sections from three locations (lateral edge, medial edge, and center) per sample were
obtained for histological evaluation. Representative images from each group are shown in
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Fig 4 — 7, respectively. Fig 8 shows the histological scores for the 11 parameters listed in
Table 2.

In all groups, partially degraded OPF gels were observed in the subchondral layer (Fig 4 —
7). No significant difference was observed in both overall tissue filling and overall hydrogel
degradation (Fig 8A). In all formulations, a mean score of about 2 was recorded in overall
filling at the 12 week time point. This observation was closely related to a mean score of 2
in the percent degradation of the implant. Partially degraded gels in the subchondral layer in
all formulations contributed to this score. In addition, statistical analysis revealed that
location in the defect (lateral/medial/center) was a significant factor in overall degradation.
Specifically, degradation in the lateral edge was greater than that in the center, which is
correlated with the observation of remaining hydrogel in the center area.

Although mean scores for overall hydrogel degradation in Fig 8A are similar in all groups,
none of the samples in the control group (Fig 4), which lacked GF incorporation, showed
complete degradation, while groups incorporating GF showed at least one sample with
complete degradation (i.e., all three sections per sample with a score of 3; one sample in
Group 1, one in Group 2, and two in Group 3). In particular, the size of partially degraded
gels in the subchondral region in Group 1 was generally smaller than those found in the
control (i.e., approximately less than 30% of subchondral area in all sections), as shown in
Fig 5. Specimens in groups delivering both IGF-1 and TGF-B3 (Groups 2 and 3) showed
similar subchondral characteristics to samples seen in the control group, such as the
frequency of partially degraded gels, the presence of inflammatory cells, and the area
covered with newly formed bone tissues in the defect site (Fig 6E and 7E).

In the evaluations for subchondral bone regeneration including percent bone filling, bone
morphology, and bonding between newly formed bone tissue and adjacent bone (Table 2),
the mean score for bone filling was slightly above 2 (Fig 8B) in all groups. However, the
frequency of complete bone filling in Group 1 is greater than the other groups (data not
shown). Although inflammatory cells and surrounding fibrous tissue were also observed in
samples from Group 1 (Fig 5E), the quality and frequency of trabecular bone formation was
higher than the specimens in the control group. Location in the defect was also a significant
factor in bone filling; scores for the lateral edge were significantly higher than those for the
center.

In subchondral bone morphology, a mean score (1.67 £+ 0.96) for Group 1 (GMP-loaded
IGF-1 only) was higher than that (1.11 + 0.62) for Group 3 (GMP-loaded IGF-1 and GMP-
loaded TGF-B3). In the blank control, the morphological characteristics of newly formed
subchondral tissue in the defect were generally a mixture of compact bone with fibrous
tissues (Fig 4 and 9A). As indicated by the score distribution in Fig 9A, sections in Group 1
showed higher levels of trabecular bone regeneration as well as less compact bone with
fibrous tissue formation than other groups. However, the presence of partially degraded OPF
gels that were surrounded by fibrous tissues maintained a mean score between 1 and 2 for
each group. Despite this result, bone bonding between newly formed tissue and adjacent
native bone within the subchondral region was found to be complete on both edges of the
defect and received a score of 3 for all sections in all experimental groups (Fig 8B).

Cartilage regeneration was evaluated in the categories of cartilage morphology, thickness of
newly formed cartilage, surface regularity, chondrocyte clustering, chondrocyte and
glycosaminoglycan (GAG) amount in newly formed cartilage, and chondrocyte and GAG
amount in adjacent cartilage tissue (Table 2). Histological analysis of the cartilage region
indicated that the formulation significantly affected the cartilage morphology as well as the
cell and GAG content in adjacent cartilage tissue (Fig 8C). However, location (lateral/

J Control Release. Author manuscript; available in PMC 2014 June 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kim et al.

Page 9

medial/center) within the defect was not a significant factor. For cartilage morphology, all
GF groups (Group 1, 2, and 3) received statistically higher mean scores when compared to
the blank control (without GF loading). The score distribution for cartilage morphology (Fig
9B) indicated that higher levels of hyaline cartilage regeneration as well as less fibrous
tissue formation were more frequent in Groups 1, 2, and 3 than the blank control. The
cartilage layer in samples in the control group (Fig 4) was usually composed of thick fibrous
tissue and fibrocartilage and the complete disruption of neo-cartilage surface or deep
fissures in the cartilage layer was also observed in some samples. Neo-cartilage tissue in the
chondral layer in GF groups (Fig 5-7) was usually fibrocartilage (Fig 9B). However, it
should be noted that the frequency of hyaline cartilage accompanied with a smooth surface
and zonal organization was higher in GF groups than the control (Fig 9C). Group 2 (GMP-
loaded IGF-1 and gel-loaded TGF-B3) received the highest mean score (2.17 + 0.61) (Fig
8C) and frequency of hyaline-like cartilage tissue formation (Fig 9B), which indicated the
presence of a mixture of newly formed hyaline cartilage and fibrocartilage within the
cartilage defect space. Samples with hyaline cartilage formation generally demonstrated
intensive GAG staining and less chondrocyte clustering, as shown in Fig 6D. Overall
cartilage morphology observed in Group 3 was similar to that in Group 2, except with less
GAG staining (Fig 7B and 7D).

Although no statistical differences were observed in cartilage thickness, surface regularity,
and chondrocyte clustering (Fig 8C), all GF incorporating groups (Groups 1, 2, and 3)
received higher mean scores for these parameters than the blank control. Mean scores for
surface regularity (between 1 and 2) and chondrocyte clustering (around 1) reflected that
newly formed cartilage tissues in all formulations contained some fissures and clustered
chondrocyte populations, respectively. Scores for cell and GAG amount in neo-cartilage did
not show any statistical difference between groups (Fig 8C). In cell and GAG amount in
adjacent cartilage tissue, normal chondrocyte cellularity and normal Safranin O staining
(i.e., amean score close to 3) were observed for all formulations. Specifically, the mean
score (3.00 = 0.00) in Group 1 (GMP-loaded IGF-1 only) for this parameter was statistically
higher than that (2.75 £ 0.50) in Group 2 (GMP-loaded IGF-1 and gel-loaded TGF-B3).

Discussion

The main objective of this study was to determine the effect of dual GF delivery using
IGF-1 and TGF-B3 in bilayered OPF composite hydrogels for osteochondral tissue
regeneration. Specifically, we investigated (1) how the in vitro release kinetics of TGF-p3
could be modulated by differing the incorporation method in OPF composite hydrogels, in
the presence of IGF-1, (2) whether the delivery of TGF-B3 in the presence of IGF-1 would
enhance the osteochondral tissue regeneration over delivery of IGF-1 alone, and (3) whether
varied release kinetics of TGF-g3 when delivered with IGF-1 would affect the degree of
osteochondral tissue regeneration in a rabbit defect model. While we have previously
studied the effects of TGF-B1 delivery alone and the dual delivery of TGF-B1 and IGF-1 in
a rabbit osteochondral model [18, 19], questions regarding how interactions between
multiple GFs and how varying the release kinetics of these GFs affect osteochondral tissue
regeneration in vivo remain to be investigated.

An increase in GF release (Fig 2 and 3), especially in phase 3 (Day 4-18) was related to
GMP degradation by collagenase and subsequent mass loss (Fig 1). The release profile
demonstrated that the release kinetics of IGF-1 were not influenced by the incorporation of
the other GF (i.e., TGF-B3) in the same layer of a bilayered hydrogel construct, while the
release kinetics of TGF-B3 could be modulated by loading the GF in the GMP or OPF phase
of the hydrogel composites (Fig 2, 3 and Tables 3, 4). In addition, the release kinetics of
TGF-p3 were not influenced by the concentration of GF solution used to swell the GMPs. It
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was hypothesized that the ionic complexation of GFs with GMPs would reduce any loss of
their activity [43]. Indeed, higher amounts of active TGF-B3 released were detected in
Group 3 (GMP-loaded TGF-B3) compared to Group 2 (gel-loaded TGF-B3) using a Mink
lung epithelial cell line, especially in phase 2 and 3 (Table 4).

Histological data demonstrated that improved cartilage morphology in the defect by GF
incorporation was observed when compared to the control (Fig 8C), indicating a beneficial
effect of GF delivery (TGF-B3 and/or IGF-1) using OPF composite hydrogels. The released
bioactive GFs may have contributed to the migration of host cell populations to the defect
site, stimulated the chondrogenic differentiation of progenitor stem cells, and subsequently
improved cartilage-like tissue regeneration. Histological data also demonstrated that TGF-
B3 delivery in the presence of IGF-1 (specifically, Group 2) resulted in a greater frequency
of hyaline-like cartilage formation (Fig 8C and 9B). No major degenerative effect on
surrounding host tissues was observed throughout the samples in the dual delivery groups
(i.e., Group 2 and 3). Highly localized TGF-B3 delivery in the present study did not
influence fibrous tissue formation in both chondral and subchondral layers when histological
sections in Group 2 and 3 were compared to those in the blank control. Although a higher
frequency of hyaline cartilage formation (Fig 9B) was observed in Group 2, any synergistic
effect of dual GF delivery of TGF-B3 with IGF-1 over a single delivery of IGF-1 was
limited. Both dual GF delivery groups (i.e., Group 2 and 3) did not show higher levels of
osteochondral tissue regeneration over delivery of IGF-1 alone (Fig 8C). The significant
differences between GF loading groups were found in bone morphology (Fig 8B) and
adjacent GAG (Fig 8C). Delivery of IGF-1 alone (Group 1) showed an improved
subchondral bone morphology over Group 3 (GMP-loaded IGF-1 and GMP-loaded TGF-
B3) as well as a higher cell and GAG amount in adjacent cartilage tissue over Group 2
(GMP-loaded IGF-1 and gel-loaded TGF-B3).

These results show that delivery of IGF-1 alone for osteochondral tissue repair improves the
subchondral bone morphology and the interaction with the surrounding chondral tissue over
a dual GF delivery with IGF-1 and TGF-B3. Since TGF-f3 has been shown to have an
inhibitory effect on the osteogenic differentiation of MSCs and osteoblastic cells in vitro [9,
44, 45], it is possible that the amount of TGF-p3 released in this study suppressed
subchondral bone formation. Indeed, greater amounts of active TGF-B3 were released in
Group 3 as compared to Group 2, potentially resulting in the significantly lower bone
morphology score observed in Group 3 than in Group 1. Further research could help
elucidate the effects of TGF-B3 on in vivo subchondral bone repair. Additionally, other in
vivo studies using the dual delivery of IGF-1 and TGF-B1 in a rabbit full-thickness defect
model for osteochondral tissue regeneration also demonstrated a lack of synergy despite the
fact that different hydrogel materials and different types and doses of GF were applied [19,
46]. One study using self-assembled peptide hydrogels demonstrated that the incorporation
of chondrogenic factors including IGF-1 and TGF-B1 did not significantly improve cartilage
regeneration over hydrogels without chondrogenic factors [46]. In a previous in vivo study
from our laboratory [19], the single sustained delivery of IGF-1 using OPF composite
hydrogels showed significantly improved cartilage regeneration over the single burst
delivery of TGF-B1 within an osteochondral defect. IGF-1 alone also resulted in a
significantly higher score for chondrocyte clustering when compared to the dual delivery of
IGF-1 and gel-loaded TGF-B1 [19]. Furthermore, several in vivo studies showed a positive
result of IGF-1 delivery in cartilage tissue regeneration using other animal models [47-49].
Taken together, the delivery of TGF-B3 (at the varying release kinetics examined) with
IGF-1 did not improve osteochondral tissue regeneration over the delivery of IGF-1 alone,
suggesting a lack of synergy between these two growth factors. Further research
investigating the dose-dependent effect of IGF-1 alone on osteochondral tissue regeneration
is warranted.
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A comparison between Group 2 and Group 3 reveals no statistical differences in histological
scores for subchondral bone evaluation and cartilage regeneration. While in vitro results
demonstrate distinct release kinetics between gel-loaded and GMP-loaded TGF-B3, in vivo
release kinetics may have been different. Indeed, previous studies have shown differences
between in vitro and in vivo release kinetics of GFs from composite scaffolds using
microparticles as delivery vehicles [50-52]. In one study, the release of BMP-2 from a
poly(DL-lactic-co-glycolic acid)/calcium phosphate composite was found to be faster in
vivo than from similar composites in vitro [52, 53]. This highlights the complexity of an in
vivo environment and suggests that the release kinetics of TGF-B3 in vivo in this study may
not have been sufficiently different to elicit a change in osteochondral regeneration. As a
result, with the amount of TGF-B3 incorporated within the OPF composite hydrogels for
Groups 2 and 3, differing release kinetics of TGF-B3 together with the presence of IGF-1
did not significantly influence the quality of regenerated osteochondral tissue in a full-
thickness defect model.

Compared to a series of previous in vivo studies using OPF composite hydrogels [17-19],
PEG with a higher molecular weight (M, of 35,000) was utilized to synthesize OPF in the
present study. As the molecular weight of the PEG chain between crosslinks increases, one
would expect that the crosslinking density of the hydrogels would decrease, thus resulting in
an increased level of hydrogel degradation [13, 54, 55]. In addition to the faster degradation,
it has also been reported that larger network mesh sizes and better transport of nutrients/
signaling molecules as modulated by higher molecular weight of PEG enhanced the
chondrogenic differentiation of encapsulated MSCs in OPF composite hydrogels [13].
Furthermore, such modulation in hydrogel properties offers a mode of control over the
diffusion of soluble components within hydrogel composites, which is a critical factor for
determining the release kinetics of GFs that are incorporated in hydrogels. For instance,
when compared to a previous study that used OPF synthesized from PEG with M,, of 25,000
and methylene bisacrylamide as a crosslinker [19], a higher cumulative release of IGF-1 on
day 28 (Fig 2) was observed in the present study with the same crosslinking density of
GMPs (67.4 % vs 83-85%).

However, the in vivo degradation of implanted gels using OPF synthesized from PEG with a
Mp, of 35,000 and PEG-DA as a crosslinker in this study was not complete after 12 weeks.
One possible factor to affect the degradation is the molar crosslinking ratio of OPF and
PEG-DA. When compared to using a lower PEG block M,, at the same OPF:PEG-DA
weight ratio and total polymer content for hydrogel fabrication [17], the current system had
a higher molar crosslinking ratio of OPF and PEG-DA which explains the prolonged in vivo
degradation. Although the newly formed subchondral bone tissue and neo-cartilage tissue at
the site of implant edges were well integrated with the surrounding native tissues, partially
degraded gels were often observed in the center of the subchondral region of the defect,
regardless of GF loading formulation (Fig 4, 5, 6, and 7). The observation suggests that bone
infiltration begins from the defect margin toward the center of the implantation region in the
subchondral layer, but bone remodeling in the core area is limited. In addition, the presence
of inflammatory cells and fibrous tissue in the subchondral area resulted in low histological
scores in bone morphology.

Conclusions

IGF-1 and TGF-B3 were independently released from bilayered OPF composite hydrogels
and the release kinetics of TGF-p3 could be modulated by the incorporation method. Higher
amounts of active TGF-3 were released when it was incorporated with GMPs as compared
to gel phase loading. Single delivery of IGF-1 and dual delivery of both IGF-1 and TGF-p3
significantly enhanced cartilage morphology over a blank hydrogel control in a full-
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ickness osteochondral defect model after 12 weeks. Although IGF-1 delivery alone

contributed to enhanced cartilage repair compared to the dual delivery of IGF-1 and TGF-
B3, there was no significant effect of the TGF-B3 release kinetics on osteochondral tissue
repair. The lack of synergy between IGF-1 and TGF-B3, regardless of TGF-p3 kinetics,
demonstrates that the dual delivery of GFs does not necessarily confer an improved healing
response over the single delivery of GFs in certain tissue engineering applications in vivo.
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Degradation profile of bilayered OPF composite hydrogels. Swelling ratio (A), sol fraction
(B), and mass remaining (C) were measured over 28 days in collagenase containing PBS (H)

and PBS (O) (n=4). Error bars correspond to standard deviation.
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% cumulative IGF-1 release from a bilayered OPF composite hydrogels in Group 1 (A),
Group 2 (B), and Group 3 (C) over 28 days (n=5). Solid line indicates collagenase-PBS
condition while dashed line indicates PBS condition. % cumulative active IGF-1 release
from a hydrogel in Group 1 (IGF-1 only) in collagenase-PBS is shown in (D) (n=4). Error
bars correspond to standard deviation. (*) indicates a significant difference between groups

(p<0.05).
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% cumulative TGF-B3 release from a bilayered OPF composite hydrogels in Group 2 (solid
line) and Group 3 (dashed line) in collagenase-PBS (A) and PBS (B) over 28 days (n=5). %
cumulative active TGF-B3 release from a hydrogel in Group 2 (solid line) and Group 3
(dashed line) in collagenase-PBS is shown in (C) (n=4). Error bars correspond to standard
deviation. (*) indicates a significant difference between groups (p<0.05).
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Fig. 4.

Representative histological sections of osteochondral tissue formation after 12 weeks of
implantation of OPF composite hydrogels in control (blank without GFs). Sections were
stained with H&E (A), Safranin-O/Fast Green (B), and van Gieson’s Picrofuchsin (C) (Scale
bar: 1000 um). Images indicate a thick fibrous layer with a discontinuity in morphology
compared to adjacent host cartilage tissue and incomplete degradation of hydrogels in the
subchondral area along with inflammatory cell infiltration. Boxed regions are shown with a
higher magnification (D, E) (Scale bar: 250 um). (*) indicates some partially degraded OPF
composite hydrogels remaining in the defect site.
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Fig. 5.

Representative histological sections of osteochondral tissue formation after 12 weeks of
implantation of OPF composite hydrogels in Group 1 (IGF-1 only). Sections were stained
with H&E (A), Safranin-O/Fast Green (B), and van Gieson’s Picrofuchsin (C) (Scale bar:
1000 um). Images with higher magnification indicate hyaline-like cartilage morphology with
a hierarchical aligning of chondrocytes in the cartilage region (D) and a small fraction of
partially degraded OPF composite hydrogels (indicated by *) in the subchondral area (E)
(Scale bar: 250 pm)
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Fig. 6.

Representative histological sections of osteochondral tissue formation after 12 weeks of
implantation of OPF composite hydrogels in Group 2 (IGF-1 and gel-loaded TGF-$3).
Sections were stained with H&E (A), Safranin-O/Fast Green (B), and van Gieson’s
Picrofuchsin (C) (Scale bar: 1000 pm). Images with higher magnification indicate hyaline-
like cartilage morphology with GAG staining in the cartilage region (D) and partially
degraded OPF composite hydrogels (indicated by *) that are surrounded by regenerated
bone tissue in the subchondral area (E) (Scale bar: 250 pm)
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Fig. 7.

Representative histological sections of osteochondral tissue formation after 12 weeks of
implantation of OPF composite hydrogels in Group 3 (IGF-1 and GMP-loaded TGF-B3).
Sections were stained with H&E (A), Safranin-O/Fast Green (B), and van Gieson’s
Picrofuchsin (C) (Scale bar: 1000 pm). Images with higher magnification indicate
fibrocartilage formation in the cartilage region (D) and a similar subchondral bone
morphology with large volume of partially degraded OPF composite hydrogels (indicated by
*) compared to the control specimen (E) (Scale bar: 250 um)
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Fig. 8.

Histological scoring for overall defect (A), subchondral region (B), and cartilage region (C).
Overall evaluation (A) includes overall tissue filling and overall implant degradation;
subchondral evaluation (B) includes bone filling, bone morphology, and bonding to adjacent
tissue; cartilage evaluation (C) includes cartilage morphology, cartilage thickness, surface
regularity, chondrocyte clustering, chondrocyte and GAG amount in neocartilage, and
chondrocyte and GAG amount in adjacent cartilage. Data are shown as average scores with
error bars representing standard deviation. (*) indicates a significant difference between
groups (p<0.05).
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Table 2

Histological scoring system for (A) overall tissue evaluation, (B) subchondral bone evaluation, and (C)
cartilage evaluation in rabbit osteochondral defects [17].

Score

(a) Overall defect evaluation (throughout the entire defect depth)
1. Percent filling with newly formed tissue
100%
>50%
<50%
0%
2. Percent degradation of the implant
100%
>50%
<50%
0%
(b) Subchondral bone evaluation (within the bottom 2 mm of defect)
3. Percent filling with newly formed tissue
100%
>50%
<50%
0%
4. Subchondral bone morphology
Normal, trabecular bone
Trabecular bone, with some compact bone
Compact bone
Compact bone and fibrous tissue
Only fibrous tissue or no tissue
5. Extent of new tissue bonding with adjacent bone
Complete on both edges
Complete on one edge
Partial on both edges
Without continuity on either edge
(C) Cartilage evaluation (within the upper 1 mm of defect)
6. Morphology of newly formed surface tissue
Exclusively articular cartilage
Mainly hyaline cartilage
Fibrocartilage (spherical morphology observed with = 75% of cells)
Only fibrous cartilage (spherical morphology observed with < 75% of cells)
No tissue
7.Thickness of newly formed cartilage
Similar to the surrounding cartilage

Greater than the surrounding cartilage

J Control Release. Author manuscript; available in PMC 2014 June 10.

o P N W

o B N W o P N W b o P N W o P N W

o P N W b

Page 26



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Kim et al.
Score
Less than the surrounding cartilage 1
No cartilage 0
8. Joint surface regularity
Smooth, intact surface 3
Surface fissures (<25% of new surface thickness) 2
Deep fissures (=25% of new surface thickness) 1
Complete disruption of the new surface 0
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Table 4

(A) Release kinetics (% release per day) of TGF-y3 (n=5) and (B) release kinetics (% release per day) of
active TGF-y3 (n=4) from OPF composite hydrogels in phase 1 (~ 24 hrs), phase 2 (1-4 days), phase 3 (4-8
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days), and phase 4 (18-28 days).

GV
Experimental Phase 1 Phase 2 Phase 3 Phase 4
Groups (%l/day) (%/day) (%/day) (%/day)
(~ 24 hrs) (Days 1 -4) (Days 4 -18) (Days 18-28)
Collagenase- PBS Collagenase- PBS Collagenase- PBS Collagenase PBS
PBS PBS PBS -PBS
Group 2, 1x 250+31% | 288+33% 25+04 1.7+0.3 21+03 21+0.3 1.3+0.7 1.2+0.3
Group 3, 1x 17.1+£3.2 195+1.0 6.5il.2* 1.7+03 3.110.1* 3.310.4* 1.1+£0.2 09+0.1
(B
Experimental Phase 1 Phase 2 Phase 3 Phase 4
Groups (%/day) (%/day) (%/day) (%/day)
(~24hrs) | (Days1-4) | (Days4-18) | (Days 18-28)
Group 2, 1x 256127 16+0.6 1.0+£0.3 14+0.6
Group 3,1x 24451 31+067 18+017 1.0+0.1
).
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indicates a significant difference between Group 2 (Gel loading) and Group 3 (GMP loading) in the same phase (p<0.05).




