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Abstract

First generation, photo-crosslinkable dendrimers consisting of natural metabolites (i.e. succinic acid,
glycerol, and p-alanine) and non-immunogenic poly(ethylene glycol) (PEG) were synthesized
divergently in high yields using ester and carbamate forming reactions. Aqueous solutions of these
dendrimers were photo-crosslinked with an eosin-based photo-initiator to afford hydrogels. The
hydrogels displayed a range of mechanical properties based on their structure, generation size, and
concentration in solution. All of the hydrogels showed minimal swelling characteristics. The
dendrimer solutions were then photo-crosslinked in situ in an ex vivo rabbit osteochondral defect (3
mm diameter and 10 mm depth), and the resulting hydrogels were subjected to physiologically
relevant dynamic loads. Magnetic resonance imaging (MRI) showed the hydrogels to be fixated in
the defect site after the repetitive loading regimen. The ([G1]-PGLBA-MA),-PEG hydrogel was
chosen for the 6 month pilot in vivo rabbit study because this hydrogel scaffold could be prepared at
low polymer weight (10wt%) and possessed the largest compressive modulus of the 10%
formulations, a low swelling ratio, and contained carbamate linkages which are more hydrolytically
stable than the ester linkages. The hydrogel treated osteochondral defects showed good attachment
inthe defect site and histological analysis showed the presence of collagen Il and glycosaminoglycans
(GAGS) in the treated defects. By contrast, the contralateral unfilled defects showed poor healing
and negligible GAG or collagen Il production. Good mechanical properties, low swelling, good
attachment to the defect site, and positive in vivo results illustrate the potential of these dendrimer-
based hydrogels as scaffolds for osteochondral defect repair.
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Osteoarthritis (OA) is the most common form of arthritis, and affects over 20 million people
each year.! Early treatments include the use of anti-inflammatory drugs and physical therapy
to relieve pain and maintain motion. When these methods are no longer effective, they are
followed by cartilage grafting to repair discrete chondral lesions and ultimately total joint
arthroplasty for advanced arthritis.2:3 In the initial stages of OA, proteoglycans are lost from
the cartilage tissue followed by loss of the collagenous proteins.2:* These events lead to
formation of small discrete lesions in the cartilage tissue. With disease progression these lesions
increase in size and depth, eventually reaching the subchondral bone.>~7 Next, bone marrow
cells migrate to the defect site, affording a healing response consisting of the formation of
fibrocartilage.8 Fibrocartilage is mechanically inferior to the native hyaline cartilage, and is
thus not as effective for load-bearing at this location. This natural healing response is the basis
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for many treatment strategies and surgical techniques to treat discrete osteochondral defects
and OA such as abrasion, mosaicoplasty, and microfracture.9711 These procedures have seen
variable degrees of success, but always lead to the formation of fibrocartilage. An alternative
approach is autologous chondrocyte implantation. This cell therapy-based procedure for
osteochondral defect repair (Carticel™, Genzyme, Cambridge, MA) is being used in clinics,
but it has met with only partial success, especially in treating large size defects of the
patellofemoral joint.12:13 Additional complications such as donor site morbidity and the
difficulty of the surgical technique itself limit the utility of this procedure. Thus, there is a
clinical need for more effective OA treatments.

Strategies to repair cartilage using tissue engineering typically involve polymer-based
scaffolds, cells, and/or growth factors to create the required hyaline cartilage.2:14716 The
scaffold plays a key role in the repair of osteochondral defects, and must meet a number of
criteria; it must: 1) possess similar mechanical properties as the native tissue; 2) support the
growth and proliferation of the required local cell phenotype; 3) be a resorbable three-
dimensional porous structure; 4) be biocompatible and non-immunogenic in vivo; and 5)
remain integrated in the defect while subjected to repetitive physiological loads until the tissue
repair is complete.

Hydrogels have been used successfully as scaffolds to encapsulate cells in a three dimensional
environment.17723 The high water content of the scaffold allows for efficient diffusion of
nutrients and oxygen in to, and waste and carbon dioxide out of the hydrogel. One example of
a hydrogel-based tissue engineering scaffold was prepared from poly(ethylene glycol)
diacrylate. This photo-crosslinkable linear polymer can be polymerized in situ to form a
hydrogel.2 Hydrogels based on these simple bifunctional PEG diacrylates are able to match
the mechanical properties of cartilage at high polymer concentrations, and have shown short-
term support for chondrocytes at lower polymer concentrations. However, the efficacy of the
PEG diacrylate scaffolds in vivo is limited by their excessive swelling after crosslinking and
their resistance to timely biodegradation. These materials can swell up to 150%, which is
detrimental for any application in a confined defect. The lack of scaffold degradation inhibits
the cell growth and the deposition of natural extracellular matrix, decreasing long-term
viability. Consequently, PEG-based scaffolds have been modified to degrade in vivo by
introducing a polylactide segment resulting in a PLA-PEG-PLA diacrylate block co-polymer.
The photocrosslinked PLA-PEG-PLA scaffolds support cellular proliferation, but are limited
by non-optimal mechanical properties. Anseth et al. have also reported scaffolds based on
polyvinyl alcohol and polyesters that allow for biodegradation.2> An elegant approach was
reported by Hubbell and coworkers who prepared a scaffold possessing a peptide sequence
cleavable by enzymes (e.g., fibrinogen) and a linear PEG diacrylate.26 This work was extended
to the use of crosslinkable 4- and 8- arm PEG-based hydrogels with a peptide sequence
susceptible to matrix metalloproteinase degradation for encapsulation of primary bovine calf
chondrocytes.27

Two important design criteria for these in situ photocrosslinkable polymers are effective
delivery to a defect site and the resulting formation of a crosslinked hydrogel. We believe that
a biocompatible polymer containing multiple crosslinking sites is an ideal macromer for
cartilage defect repair, because this approach allows for an increase in the crosslink density of
the gel without significantly increasing the polymer concentration. This approach affords
improved mechanical properties and reduced swelling while maintaining degradable sites such
as ester linkages. Dendrimers—highly branched and regularly structured macromolecules—
offer a number of important advantages for scaffold optimization over linear or branched
polymers. Specifically, dendrimers exhibit low solution viscosities, high solubility, narrow
molecular weight distributions, and multiple end groups for functionalization.28-36
Additionally, the synthesis and the choice of monomers is highly flexible, since these
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macromolecules are synthesized in a repetitive manner by either a convergent or divergent
approach. Our current focus is on dendritic macromolecules composed of natural metabolites
(i.e., succinic acid, glycerol, and 3-alanine) connected to a non-immunogenic poly(ethylene
glycol) core by ester and/or carbamate functionalities in an ABA-type architecture,3 as shown
schematically in figure 1. These new macromolecules belong to a family of dendritic polymers
which we are investigating for drug delivery,38=41 corneal wound repair,*2=48 and tissue
engineering applications.21:49=54 We have previously reported a polyester-PEG dendritic
linear copolymer for preparing hydrogel scaffolds and the resulting hydrogel supported
chondrocytes and the production of extracellular matrix such as GAG and collagen type Il in
vitro.21

Most cartilage tissue engineering strategies attempt to use a cell-encapsulated polymer-based
scaffold to grow the desired tissue in vitro, and then implant the healthy tissue into the defect
site of the patient. Our interest is in evaluating whether a scaffold alone can have a positive
outcome on repair of osteochondral defects. To this end, we designed and synthesized four
different biocompatible photocrosslinkable dendrimer-PEG-dendrimer block co-polymers and
evaluated their mechanical properties after crosslinking and hydrogel formation. One hydrogel
formulation was chosen based on its mechanical similarity to native articular cartilage, low
swelling properties, and macrofixation to the defect site and evaluated in a pilot in vivo study
of osteochondral defect repair. This approach offers several advantages over other cartilage
tissue engineering methods in that it requires no cell implantation and will simplify surgical
procedures through the use of an injectable polymer solution that can be photocrosslinked in
situ.

Experimental Section

Results

For complete details on the syntheses, characterization, hydrogel preparation, rheological
measurements, hydrogel swelling, dynamic mechanical testing for tissue integration, magnetic
resonance imaging (MRI), and pilot in vivo studies, please see the supporting information
document.

The four dendritic macromolecules with varying layers of carbamate and ester linkages under
investigation are shown in Figure 2. The poly(glycerol succinic acid) and poly(glycerol beta-
alanine) units are denoted as PGLSA and PGLBA, respectively, and polyethylene glycol is
denoted as PEG, while the zeroth and first generations are denoted as [GO] and [G1]. Thus, the
abbreviated names for the dendritic macromolecules are: ([G0]-PGLBA-[G1]-PGLSA-
OH),-PEG, ([G1]-PGLBA-OH),-PEG, ([G0]-PGLSA-[G1]-PGLBA-OH),-PEG, and
([G1]-PGLSA-OH),-PEG.

To prepare the generation one (([G0]-PGLBA-[G1]-PGLSA-OH),-PEG) macromolecule,
PEG (average Mw of 3400) was reacted with 4 eq of 1 (see Sl for preparation) in DCM with
a catalytic amount of dibutly tindilaruate (DBTDL). This afforded the zeroth generation (GO0)
carbamate benzyl protected (bn) PEG dendrimer, 2 ([G0]-PGLBA-bn),-PEG), in 89% yield.
This was followed by a hydrogenolysis reaction in THF with 10% wt Pd/C catalyst to afford
the deprotected zeroth generation carbamate PEG dendrimer, ([G0]-PGLBA-OH),-PEG), 3,
in quantitative yield. An esterification reaction with 8 eq of PGLSA anhydride, 4, coupled to
3 in pyridine gave the benzylidine protected (bzld) first generation carbamate-ester PEG
dendrimer, (([GO]-PGLBA-[G1]-PGLSA-bzld),-PEG, 5, in 91% yield. The benzylidene
acetal group was cleaved by a hydrogenolysis reaction in THF in the presence of a Pd/C catalyst.
The deprotected (OH) first generation carbamate-ester PEG dendrimer, ([G0]-PGLBA-[G1]-
PGLSA-OH) ,-PEG, 6, was obtained in quantitative yield, figure 3a.
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The carbamate-linked ([G1]-PGLBA-OH),-PEG dendritic copolymer was synthesized by
reacting 8 eq of 1 with 3 in DCM with a catalytic amount of DBTDL (Figure 2b). The benzyl
protected first generation carbamate-carbamate PEG dendrimer, ([G0]-PGLBA-bn),-
PEG),-PEG, 8, was obtained in 80% yield. Next, a hydrogenolysis reaction in the presence of
Pd/C catalyst in THF was used to cleave the benzyl protecting groups. This afforded the
deprotected first generation poly(glycerol beta-alanine)-PEG dendritic copolymer, ([G1]-
PGLBA-OH),-PEG, 9, in near quantitative yield, figure 3b.

Next, the ester-carbamate linked ([G0]-PGLSA-[G1]-PGLBA-OH),-PEG dendrimer was
obtained by coupling 4 eq of the activated PGLSA anhydride, 4, with PEG, in pyridine, to
afford the benzylidene protected zeroth generation ester PEG dendrimer, (([G0]-PGLSA-
bzld),-PEG, 11, in 96% vyield. A hydrogenolysis reaction with 10% wt Pd/C catalyst was used
to cleave the benzylidene acetal protecting group in near quantitative yield to afford the
deprotected zeroth generation ester PEG dendrimer, ([G0]-PGLSA-OH),-PEG, 12. Next, a
condensation reaction of 12 with 8 eq of 1 in DCM and a catalytic amount of DBTDL afforded
the benzyl protected first generation ester-carbamate PEG dendrimer, ([GO]-PGLSA-[G1]-
PGLBA-bn),-PEG, 13, in 83% yield. Lastly, a hydrogenolysis reaction afforded the
deprotected first generation ester-carbamate PEG dendrimer, (|[GO]-PGLSA-[G1]-PGLBA-
OH),-PEG, 14, in near quantitative yield, figure 3c.

The ([G1]-PGLSA-OH),-PEG dendrimer was synthesized using a similar approach of
iterative couplings with the activated PGLSA monomer followed by deprotection reactions,
as previously described by Carnahan et al.#3 All of the esterification and condensation reactions
were precipitated twice in cold ether and the hydrogenolysis reactions were precipitated once
in cold ether.

For all formulations, the hydroxy periphery of the first generation dendrimers was modified
with methacrylate groups. This was performed by coupling 16 eq of methacrylic anhydride to
7,10, 15, and the ([G1]-PGLSA-OH),-PEG in pyridine at 0 °C, affording the methacrylated
(MA) first generation PEG dendrimers, ([G0]-PGLBA-[G1]-PGLSA-MA),-PEG, 7, ([G1]-
PGLBA-MA),-PEG, 10, ([G0]-PGLSA-[G1]-PGLBA-MA),-PEG, 15, and ([G1]-
PGLSA-MA),-PEG, figure 2 (a—c). The methacrylation reactions were precipitated twice in
cold ether to yield white powders in 75 — 87% yield.

Hydrogel Preparation—The dendritic macromers were dissolved in aqueous PBS solution
at 5, 10, or 20 wt % and photo-crosslinked with an Argon-ion laser. Specifically, the
methacrylated dendritic formulations (([G0]-PGLBA-[G1]-PGLSA-MA),-PEG, 7, ([G1]-
PGLBA-MA),-PEG, 10, ([GO]-PGLSA-[G1]-PGLBA-MA),-PEG, 15, and ([G1]-
PGLSA-MA),-PEG) were dissolved in PBS followed by the addition of the eosin-Y based
photo-initiator system. Next, 160 pL of this dendrimer solution was placed in a cylindrical
mold and photo-crosslinked with an argon ion laser for 120 seconds (514 nm, 200 mW). The
hydrogel was soft, smooth, pliable and adhesive to the touch.

Hydrogel Swelling—The swelling characteristics of the four groups of hydrogel scaffolds
were evaluated at concentrations of 5, 10, and 20% w/v. Most of the formulations exhibited
minimal swelling over the 30 days. An initial increase in swelling was observed at 15 days
incubation time for the 10% w/v ([GO]-PGLBA-[G1]-PGLSA-MA),-PEG, and ([GO0]-
PGLSA-[G1]-PGLBA-MA),-PEG, and 20% wi/v ([G0]-PGLBA-[G1]-PGLSA-MA),-
PEG, and ([G1]-PGLSA-MA),-PEG, hydrogels (Figure 4). These macromolecules show a
27%, 24%, 13%, and 12% increase in swelling after 30 days incubation, respectively. The 5
through 10% w/v ([G1]-PGLSA-MA),»-PEG, and 5 through 20% w/v ([G1]-PGLBA-MA),-
PEG hydrogels showed no significant swelling. Likewise, the 5, and 20% w/v ([G0]-PGLSA-
[G1]-PGLBA-MA),-PEG, and 5% wi/v ([G0]-PGLBA-[G1]-PGLSA-MA),-PEG hydrogels
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also showed minimum swelling during the 30 day swelling study. The 10 and 20% wi/v [GO0]-
PGLBA-[G1]-PGLSA-MA),-PEG, 20% w/v ([G1]-PGLSA-MA),-PEG and 20% w/v
([G1]-CC-MA),-PEG formulations swelled the most, with swelling ratios of 27%, 13%, 12%,
and 6%, respectively.

Rheological measurements—The mechanical properties of each hydrogel were measured
for all four dendrimer formulations over a range of concentrations (5, 10, and 20% w/v) before
and after swelling (Figure 5). The mechanical properties showed high concentration
dependence for all four formulations with the higher polymer concentrations affording stiffer
materials. The compressive and complex shear modulus increased with increasing
macromolecular concentration for the hydrogels before swelling and the loss angle decreased.
After swelling, the compressive and shear modulus decreased for all concentrations and the
loss angle increased while the trends were preserved for all the above parameters. The specific
values for the mechanical properties of the hydrogels can be found in Table 1 for before
swelling and Table 2 for after swelling.

Dynamic mechanical testing for evaluating the macro-fixation of the hydrogel
in asimulated osteochondral defect—The macro-fixation of the hydrogels in a confined
defect was evaluated using an ex vivo rabbit knee model. A description of the method and a
figure showing the set-up can be found in the SI. After photocrosslinking in the simulated
osteochondral defect, the scaffolds were subjected to dynamic mechanical loading (300 cycles)
with a physiologically relevant load (30 N at the end of the tibia simulating the body weight
of a 3 kg rabbit). The dead weight was selected based on evidence that a ground reaction force
of approximately one times body weight acts at the rabbit foot during hopping.>® Upon
completion of the loading regimen, all four formulations at 5, 10, and 20% w/v remained intact
in the defect site when visually inspected. Magnetic resonance imaging (MRI) was performed
for all the formulations to qualitatively evaluate the fixation between the hydrogel and the
hydrogel-bone interface. Representative MR images of the medial femoral condyle show that
the 5,10, and 20% w/v ([G1]-PGLBA-MA),-PEG hydrogels completely fill the entire volume
of the defect after loading (Figure 6). Similar results were observed with all of the other
formulations. These results highlight the advantage of using a solution phase-to-gel system
that forms in situ to completely fill a defect shape compared to preformed materials, which
usually require suture-based fixation or have to be press fitted into the irregularly shaped defect.

Pilot in vivo studies—The 10% (w/v) ([G1]-PGLBA-MA),-PEG hydrogel formulation
was chosen for use in an in vivo study based on several criteria. While the 20% (w/v) hydrogels
exhibited higher mechanical resilience, previous work in our lab with similar dendritic
architectures has shown that hydrogels made from dendrimer concentrations greater than 10%
(w/v) do not allow for cell proliferation in vitro.2: Of the four different 10% (w/v) dendrimer
hydrogels, ([G1]-PGBLA-MA),-PEG had the largest compressive modulus of the
formulations, low swelling characteristics, and high water content (90 wt%).

Three New Zealand white rabbits (Male, 24 weeks) were subjected to surgery to introduce full-
thickness osteochondral defects (3 mm diameter and 10 mm depth) in both of their medial
femoral condyles. One defect in each rabbit was left unfilled to serve as an internal control. In
the contralateral knee, the bone marrow that initially filled the defect was first aspirated out,
then the dendrimer solution was injected and photocrosslinked in situ immediately to yield a
hydrogel. After the surgery was complete, the rabbits were allowed free cage activity during
the course of the experiment.

After 24 weeks, the rabbits were sacrificed and the knees were fixed in formalin, decalcified
and subjected to histological analysis to determine cellularity (H&E stain), GAG (Safranin-O
stain) and collagen (Masson’s trichrome) synthesis (Figure 7). The samples were also subjected
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to immunohistochemical analysis to determine the type of collagen in each defect. The healing
response in the scaffold-filled knees exhibited significant staining for collagen Il and GAG,
indicating the presence of hyaline-like cartilage. By contrast, the unfilled controls appeared to
be filled irregularly and showed minimal GAG production. The unfilled defects stained slightly
for collagen I, but did not show any staining for collagen Il. Digital pictures of the femurs after
sacrifice also show a much smoother cartilage surface for the filled defects.

Photocrosslinkable dendrimers were synthesized divergently, using an iterative approach
involving a combination of coupling and deprotection steps to prepare higher generation
macromolecules. This synthetic route exhibited several attractive features. The ester- and
carbamate-forming reactions that were used to introduce branching proceeded with high yields
(> 91% and > 83%, respectively), and the hydrogenolysis deprotection steps usually proceeded
quantitatively. Additionally, the purification at each step was minimal, since the presence of
the 3400 Da PEG core allowed for precipitation of the desired product in cold diethyl ether
after each synthetic step.

Importantly, after capping the terminal hydroxyl groups with methacrylate moieties, the
resulting dendrimers were water soluble, and could be crosslinked to form hydrogels using a
mild and facile photochemical procedure. This system had the additional benefits that make it
amenable to future in vivo clinical applications. The vividly pink color of eosin in the hydrogel
was easily observed when placed in the defect site facilitating efficient filling. The
photocrosslinking process required about two minutes using this photopolymerization set-up.

One of the main advantages of dendrimer scaffolds for cartilage repair is the ability to tune the
mechanical properties of the resulting hydrogels by altering the dendritic structure. Rheological
analysis of these 12 different hydrogel formulations (4 dendrimer structures and 3
concentrations) showed that they exhibited a range of values for compressive modulus,
complex shear modulus, and loss angle. These parameters are relevant to cartilage
biomechanics in that they respectively indicate the compressive stiffness, shear resistance, and
viscoelasticity of the hydrogels. Several trends in mechanical properties of the hydrogel
scaffolds were observed throughout the course of this study: 1) the E and |G*| increased as the
weight percent of the polymer increased for all four formulations resulting in a stiffer material
in shear and compression, equally important for cartilage tissue engineering scaffolds; 2) the
d decreased as the weight percent of the polymer increased from 5 to 20% w/v, indicating a
more elastic material: 3) the same E, |G*| and & were observed for the ([G0]-PGLSA-[G1]-
PGLBA-MA),-PEG and ([GO]-PGLBA-[G1]-PGLSA-MA),-PEG, which indicated that the
order of the carbamate linkage did not affect the overall mechanics; 4) the ([G1]-PGLSA-
MA),-PEG had similar E, |G*| and & to (|[GO]-PGLSA-[G1]-PGLBA-MA),-PEG and ([G0]-
PGLBA-[G1]-PGLSA-MA),-PEG at 5 and 10% w/v; 5) the ([G1]-PGLBA-MA),-PEG had
the highest E and |G*| and the lowest & at 20% wi/v, indicating a more elastic and resilient
material as compared to the other formulations; 6) as the hydrogels reached their equilibrium
swelling, there was an overall decrease in the E, |G*| and & by 50%. The most resilient
formulation was the 20 w/v% preparation with the ([G1]-PGLBA-MA,)-PEG dendrimer,
which displayed a compressive modulus of ~700 kPa, on par with the lower limit of articular
cartilage (700-1300 kPa). The loss angle for this formulation was 3°, indicating a highly elastic
material, comparable to the normal range of articular cartilage elasticity. Although the shear
modulus was affected by the structure and concentration of the dendrimer, the highest values
obtained were three times lower than those for native articular cartilage. These results showed
that the scaffolds partially fulfill the mechanical requirements for an effective temporary
cartilage surrogate.

Biomacromolecules. Author manuscript; available in PMC 2010 February 10.



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

1duasnuey Joyiny vd-HIN

Degoricija et al.

Conclusion

Page 7

Since defects resulting from osteoarthritis or trauma are generally irregular in shape and
confined in geometry, placement and fixation of the scaffold in the site are important for
optimal performance. Yet, many current approaches to cartilage repair utilize scaffolds that
must be press-fit or sutured into the defect site, potentially causing additional trauma to the
surrounding healthy cartilage. Consequently, scaffolds that can be injected into the wound site
as an aqueous solution and then crosslinked in situ to conform to the size and shape of the
defect are especially attractive. For these types of scaffolds, swelling of the hydrogel is a key
concern in evaluating the potential efficacy of these scaffolds. In our studies, the lower weight
percent formulations showed the least amount of swelling, while the 20 w/v% formulations
swelled by as much as 25%. We also found, as expected, that swelling reduced the mechanical
properties of the hydrogels. The multivalent nature of the dendritic macromolecules provided
multiple crosslinking sites per macromolecule, which upon hydrogel formation resulted in
scaffolds with low swelling characteristics. By comparison, many purely PEG-based hydrogels
exhibit considerable swelling by water uptake, hindering their utility in an in vivo setting.

To address the fixation of hydrogel scaffolds into an actual defect site, we introduced
osteochondral defects into excised rabbit knees, filled the defect with the aqueous solution
containing the dendritic crosslinkable macromer, and photocrosslinked the solution in situ to
form the scaffold. As expected, the resulting hydrogels conformed to the size and shape of the
defect. After repetitive mechanical loading of the joint with physiologically relevant forces,
MR images showed that all of the hydrogel formulations completely filled the volume of the
defect and remained fixed in the defect.

The 6-month pilot in vivo study was undertaken to evaluate procedural issues during surgery
and performance of the hydrogel scaffolds in a full-thickness osteochondral defect. We elected
to use the carbamate-ester-ether (([G1]-PGLBA-MA),-PEG) hydrogel scaffold at 10 w/v %
based on its low swelling and high compressive and dynamic shear modulus. Also, in previous
in vitro cell proliferation experiments with similar poly(ester) based dendrimers, extensive cell
proliferation and production of GAG and collagen Il was observed. In those studies, the
hydrogel was degraded within three to four weeks.2! The pilot study described in this paper
revealed that the carbamate-ester-ether base hydrogel was well tolerated by the animals and
remained fixed and intact in the defect site during the course of the experiment. Histological
analysis of the knees after sacrifice revealed that the treated knees had strong staining for
collagen Il and GAG. By comparison, the untreated defects showed only collagen | production
and very little GAG production. At this point, the source of the cells responsible for the healing
response in the filled defects is unclear. It is likely that that cells from both the marrow and the
surrounding tissues replaced the hydrogel as it was being degraded. Importantly, the
histological data shows that the healing response in the filled defects looks qualitatively more
promising than that in the unfilled defects. It is also noteworthy to mention that the in situ
photocrosslinking technique employed is amenable to arthroscopic procedures, and therefore
may be easily translated to the clinic.

The new PEG-core crosslinkable dendrimers reported herein display several attractive features
for cartilage tissue repair. The dendritic macromolecules are synthesized in a high yielding,
facile, and divergent manner, whereby the linkages within the polymer structure are varied
from one generation to another. The carbamate-linked dendrimer based hydrogels rival the
compressive stiffness and viscoelasticity of native articular cartilage. Upon photocrosslinking
the injected macromer solution in an osteochondral defect, the dendrimer hydrogels conform
to fit the size and shape of the defect and remain fixed in the defect site even after repetitive
mechanical loading. The pilot in vivo study showed that even without the use of implanted
cells, these hydrogel scaffolds induce a positive healing response in the form of cell infiltration
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and GAG and collagen Il production. Several questions remain about the mechanism of the
observed healing: which cells were responsible, how did they infiltrate the matrix, and how
were they stimulated to produce ECM containing collagen 11. These questions will be addressed
in future experiments. Ongoing studies will also explore the use of scaffolds that are spatially
differentiated to match the properties of the stratified bone and cartilage tissues.

The successful use of dendrimer based hydrogel scaffolds in the above osteochondral defect
models demonstrates the potential of these materials for further in vivo applications. These
highly branched well-defined macromolecules offer a number of opportunities to control the
structure, and optimize the macromolecular properties and the resulting hydrogels. As such
hydrogels prepared from dendritic macromolecules — be it the polymers described herein or
other systems - are of interest and should be pursued further for cartilage tissue engineering.
The clinical solution will likely require a scaffold material that is compatible with (autologous)
chondrocytes, promotes or retains the correct cell phenotype, efficiently fills and integrates
well with the defect site, supports the relevant physiological loads, and is easily administered
to the site, preferably by a non-invasive surgical technique. These hydrogels fulfill many of
these requirements and hence are exciting prospects for additional in vitro and in vivo
evaluation. Continued basic and clinical research in this area will lead to new materials,
procedures, and strategies for the repair of articular cartilage defects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(top) Drawing of one of the dendrimer macromers used in the study to prepare hydrogel
scaffolds. It has an ABA triblock architecture consisting of the A — dendritic part and B —linear
PEG part. Here, the dendritic wedges of glycerol and succinic acid or B-alanine are shown in
blue, the PEG is shown in red, and the crosslinkbale methacrylate groups shown in green.
(bottom) The photopolymerization reaction of (|[G1]-PGLBA-MA),-PEG dendrimer to form
a hydrogel which includes the use of an eosin Y photo-initiator and triethanolamine and 1-
vinyl-2-pyrrolidinone, as catalyst and co-catalyst, respectively.
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Figure 2.

The structures of the poly(glycerol succinic acid)-co-poly(glycerol beta-alanine) - PEG
macromolecules, poly(glycerol beta-alanine)-PEG macromolecule, and poly(glycerol succinic
acid)-PEG macromolecule. From top to bottom the structures are: ([G0]-PGLBA-[G1]-
PGLSA-OH),-PEG, ([G1]-PGLBA-OH),-PEG, ([G0]-PGLSA-[G1]-PGLBA-OH),-
PEG, and ([G1]-PGLSA-OH),-PEG. A PEG of average Mw 3400 was used and hence n =
77.
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Figure 3.

Figure 3a. The divergent synthesis of ([GO]-PGLSA-[G1]-PGLBA-MA),-PEG dendrimers,
where n =~ 77 for a PEG of average Mw 3400. All esterification and condensation reactions
proceeded in 83 — 91 % yield. All hydrogenolysis reacting proceeded in near quantitative yield
Figure 3b. The divergent synthesis of (|[G1]- PGLBA-MA),-PEG dendrimers, where n = 77
for a PEG of average Mw 3400. All esterification and condensation reactions proceeded in 75
— 80 % yield. All hydrogenolysis reactions proceeded in near quantitative yield.

Figure 3c. The divergent synthesis of ([G0]-PGLBA-[G1]-PGLSA-OH),-PEG dendrimers,
where n =~ 77 for a PEG of average Mw 3400. All esterification and condensation reactions
proceeded in 80 — 96 % yield. All hydrogenolysis reactions proceeded in near quantitative
yield.
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Figure 5.

Mechanical properties, (A) E, (B) |G*|, and (C) & of the four dendrimer formulations at a range
of concentrations (5, 10, and 20 % w/v) before swelling (BS) and after swelling (AS). The |
G*| and & were recorded at a frequency of 1 Hz (n = 3).
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(A) (B) ©)

Figure 6.

Sagittal Plane MR image of (A) 5, (B) 10, and (C) 20% w/v of ([G1]-PGLBA-MA),-PEG
hydrogel completely filling the volume of the defect after repeated loading with a 3 Kg dead-
weight.
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Figure 7.

Histology of untreated (b—f) and treated (h-I) osteochondral defects. Pictures of the femurs
after 24 weeks of healing (a, g) showed considerably smoother surfaces for the treated knees.
H & E (b, h) and Masson’s trichrome staining (c, i) showed considerable cell infiltration into
the wound site for treated knees. Safranin-O staining (d, j) showed that only the treated defects
displayed any considerable GAG production (GAGs stain red). Immunohistology showed that
the ECM in the treated knees had significant collagen production, and that the collagen was
primarily type 11 (e, k) and not type | (f, I). Scale bar = 100um.
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