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Abstract

Activated platelet-rich plasma (PRP), also referred to as platelet-rich fibrin (PRF), has been used
to augment numerous techniques of cartilage repair in the knee but does not always result in
superior quality of repair tissue. One possible reason that PRF does not consistently result in
excellent cartilage regeneration is the transiency of growth factor provision with PRF. The
objective of this study was to compare the release of transforming growth factor (TGF)-p1 from
PRF and from PRP combined with a novel chondroitin sulfate glycosaminoglycan (CS-GAG) gel.
PRP was prepared from nine healthy dogs and split into two aliquots: one activated with bovine
thrombin and calcium chloride (CaCl,) to form PRF and the other aliquot was used to rehydrate a
lyophilized CS-GAG gel. Both PRF and the CS-GAG gels were incubated in media for 13 days
and media were collected, stored, and replaced every 48 hours and the concentration of TGF-p1
quantified in the media using an enzyme-linked immunosorbent assay. Concentrations of TGF-1
in the media were up to three times greater with the CS-GAG gels and were significantly (p <
0.05) greater than with PRF on days 3, 5, 7, 9, and 13. Furthermore, TGF-p1 elution was still
substantial at day 13 with the use of the CS-GAG gels. Additional in vitro work is warranted to
characterize TGF-B1 elution from this CS-GAG gel with human PRP and to determine whether
the use of these CS-GAG gels can augment cartilage repair in vivo.
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Avrticular cartilage lesions of the knee are common and can be a cause of pain and
dysfunction as well as precipitate progressive osteoarthritis.1=3 Current therapies for focal
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cartilage defects include but are not limited to marrow stimulation techniques such as
microfracture, autogenous chondrocyte implantation, or implantation of autologous stem
cells.*2 Each of these therapies relies upon proliferation of either local or transplanted cells
and associated production of extracellular matrix. Positive outcomes have been noted with
these procedures; however, suboptimal tissue repair can also occur and is a cause of surgical
failure.10-13 As a result, several approaches have been used with these techniques in an
effort to improve cellular proliferation and the quality of the extracellular matrix.14-18

Platelet-rich plasma (PRP) is one biological therapy that has been used to augment cartilage
repair because it is an autologous source of anabolic growth factors that can ameliorate
detrimental effects of inflammatory cytokines on chondrocyte gene expression and can also
enhance chondrocyte proliferation in vitro.1%-22 In addition, PRP can be activated to cause
fibrin polymerization and form a platelet-rich fibrin (PRF) gel, which can be surgically
placed into cartilage defects and provide both growth factors and a bioresorbable scaffold for
tissue repair. Numerous case series have described the use of PRF as an augment for treating
cartilage defects in the knee with positive results. Haleem et al first described the
implantation of autologous culture-expanded bone marrow mesenchymal stem cells
delivered in PRF, and stabilized under a periosteal flap, to treat cartilage defects of the
femoral condyle in five patients.23 Subsequent study described augmentation of autologous
matrix-induced chondrogenesis (AMIC) with PRF for treating cartilage defects in the
patella.24 Another group published on use of drilling plus addition of a polyglycolic acid-
hyaluronan scaffold soaked with PRP.25-27 |n addition, another well-described approach
involves the combination of bone marrow aspirate concentrate added to collagen or a
hyaluronic acid membrane and then supplemented with PRF in a “one-step” procedure.
628,29 Finally, the first controlled trial assessing the benefits of PRF as an adjunct to
cartilage repair demonstrated that the combination of microfracture plus PRF provided
superior clinical results to microfracture alone in the treatment of cartilage defects in the
knee.30

Although each of the aforementioned studies demonstrates the feasibility and possible
benefits of augmenting cartilage repair techniques with PRF, only one of those
aforementioned studies is a controlled trial. Furthermore, not all results with the use of PRF
are positive in all aspects.23:31-33 For example, although individuals with focal cartilage
lesions of the patella had clinical improvement with PRF-augmented AMIC, 60% had
incomplete tissue fill and had intralesional osteophytes based on magnetic resonance
imaging.24 One possible explanation for suboptimal results with the use of PRF
augmentation of cartilage repair is that PRF does not provide sustained release of anabolic
growth factors. In vitro studies with human PRF demonstrate that the vast majority of all
insulin-like growth factor-1, vascular endothelial growth factor, and platelet-derived growth
factor-AB is released from PRF constructs within 3 days, with negligible growth factor
release after 7 days.34:3° Similar studies with canine PRF provide comparable results,
demonstrating that the majority of transforming growth factor (TGF)-B1 is released from
canine PRF in as little as 24 hours with minimal amounts released after day 3.3 Cartilage
repair is a relatively slow process that takes months.3” Consequently, the development of
delivery mechanisms that facilitate the sustained delivery of anabolic growth factors from
PRP may improve the efficacy of this adjunct to cartilage repair.

J Knee Surg. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Birdwhistell et al.

Page 3

Negatively charged hydrogels have been created and used to bind to positively charged
anabolic growth factors, thus resulting in more delayed release of such growth factors over
time.38 Heparin-based hydrogels have been used for this purpose but have been shown to
cause coagulopathy and are thus not ideal for in vivo use.3%49 Chondroitin sulfates are
similar to heparin in that they are also negatively charged and can bind to positively charged
anabolic growth factors. Accordingly, a bioresorbable chondroitin sulfate
glycosaminoglycan (CS-GAG) hydrogel has been developed that consists of methacrylated
chondroitin sulfate-A which is then photo-cross-linked to result in a hydrogel matrix. The
sulfate groups on the chondroitin sulfate have a high affinity for positively charged anabolic
growth factors and previous work has shown that the use of these gels resulted in sustained
release of fibroblast growth factor-2 (FGF-2) and brain-derived neurotrophic factor (BDNF)
over a period of 15 days.#142 Although FGF-2 and BDNF are not anabolic growth factors
typically associated with PRP or with cartilage repair, the relevant growth factors in PRP are
also positively charged and might interact similarly with CS-GAG hydrogels. In turn, the
concept of using biocompatible negatively charged hydrogels for providing sustained release
of anabolic growth factors from PRP could be applicable to augmentation of cartilage repair
in the knee.

The purpose of this study was to compare the elution of TGF-p1 from canine PRF made by
activating PRP with calcium chloride (CaCl,) and thrombin, to that of canine PRP combined
with a CS-GAG gel. We hypothesized that the CS-GAG gel would result in significantly
greater elution of TGF-p1 than PRF after 3 days.

Materials and Methods

Dogs

This study was approved by the clinical research committee of the University of Georgia.

Nine dogs were recruited at the University of Georgia for the study. To be included in the
study, dogs were required to weigh > 15 kg, be between 1 and 10 years of age, have a
normal complete blood count, have no medical conditions other than a possible history of
osteoarthritis, and have taken no medications beyond monthly parasiticides in the prior 30
days.

PRP preparation

Dogs were sedated with intravenous injections of 0.5 mg/kg nalbuphine and 5 pg/kg
dexmedetomidine for the blood draw. For each dog, two 60 mL syringes were preloaded
with 8 mL of ACD-A anticoagulant and sequentially filled with 52 mL of blood obtained via
a2” 18-gauge intravenous catheter placed in a jugular vein. Syringes were manually
inverted several times to mix the blood and anticoagulant and were subsequently placed on a
rocker to achieve complete mixing. PRP was prepared with the Angel System and both the
PRP and platelet-poor plasma (PPP) was collected during the PRP preparation process. The
desired platelet concentration for the PRPs was ~1 x 1012/L and the white blood cell count
was below ~5 x 10%/L. PRPs that contained greater than 1.5 x 1012 platelets/L or greater
than 7 x 109 WBC/L were diluted with PPP to the concentration range described earlier.
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Gel preparation

Analysis

CS-GAG hydrogels were synthesized as described previously.*! Briefly, 500 uL of 3% (w/v)
of methacrylated CS-GAG in sterile deionized (DI) H,O containing 0.05% photoinitiator
was dispensed into a sterile 5 mL transport vial and exposed to long-wave (365 nm) UV
light for exactly 2.5 minutes. The hydrogels thus formed were rinsed three times with sterile
DI water waiting 5 minutes between washes to remove any uncross-linked GAG and unused
photoinitiator. The CS-GAG gels were then frozen overnight at —-80°C and lyophilized to
dryness the next day. Upon drying, the hydrogels were tightly capped and stored in desiccant
at room temperature and maintained under vacuum until use.

Immediately after PRP acquisition, the PRP was manually invertedto thoroughly mix all
cellularcomponents in the PRP. A 500 pL aliquot was then pipetted directly onto a 500 uL
freeze-dried CS-GAG gel in a Petri dish and covered. The CS-GAG gels were incubated at
room temperature for 5 minutes to allow for full absorption of the PRP by the CS-GAG gel.
The CS-GAG gels and any excess PRP that did not absorbwere then transferred to six-well
tissue culture plates.

Another 500 pL aliquot of PRP was used to form a PRF gel. To prepare the PRF, an
activation solution was made by reconstituting 1 x 108 [U/L bovine thrombin with 5 mL of
10% CacCly. Five pL of the bovine thrombin/CaCl, solution was added to a 500 pL PRP
aliquot and incubated for 5 minutes at room temperature to enable formation of a PRF gel.
Gels and any liquid releasate were then transferred to a six-well tissue culture plate in the
same manner as the CS-GAG gels (Fig. 1). All gels were covered with 3 mL of hanks
balanced salt solution (HBSS) containing 1% antibiotic-antimycotic solution and 1% fetal
bovine serum. Two wells in each tissue culture plate contained the HBSS culture solution
alone as a control. Culture solution was aspirated completely and replaced at 24 hours and
then every 48 hours for 13 days. Aspirates were frozen at —80°C until assayed.

Samples were assayed for their TGF-B1 growth factor content with mouse/rat/porcine/canine
Quantikine enzyme-linked immunosorbent assays (ELISAS) as described previously.*3
Briefly, 40 uL of each sample was acid activated by addition of 10 pL of 1N HCI. Following
a 10-minute incubation at room temperature, 10 uL of solution containing 1.2N NaOH and
0.5N HEPES (N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid) was added to neutralize
the reaction. Samples were assessed on 96-well ELISA plates in the following groupings:
days 1 and 3, days 5 and 7, and days 9, 11, and 13. Samples from days 1, 3, 9, 11, and 13
were diluted 60-fold and samples from days 5 and 7 were diluted 1.5-fold because, based on
previous data from other studies evaluating growth factor release from PRF, we expected
substantially smaller concentrations of TGF-B1 in the media on these days.3%:36 All samples
were then run according to manufacturer instructions. ELISA results were analyzed with
Prism 7 software by two-way analysis of variance. PRF and CS-GAG samples were then
compared on each sample day using a paired sample Wilcoxon matched pairs signed-rank
test.
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PRPs obtained in this study had a mean platelet concentration of 1.2 x 1012/L (+4 x 1011/L),
a mean leukocyte concentration of 6.7 x 10%/L (+ 2.9 x 10%/L), and a negligible hematocrit.
In comparing the overall effect of treatment (i.e., CS-GAG gel or PRF gel) on TGF-p1
levels, CS-GAG gels released significantly more TGF-p1 than PRF gels (p = 0.0004; Fig. 2).
There was also a significant effect of time on TGF-B1 elution (p < 0.0001). The interaction
of time and treatment was not found to be significant (p = 0.52). When TGF-p1 elution from
CS-GAG gels and PRF gels were compared for individual days, there was significantly (p <
0.05) greater release of TGF-p1 from CS-GAG gels on days 3, 5, 7, 9, and 13.

Discussion

The results of this study demonstrate that most of the TGF-p1 content was eluted from PRF
by day 3, with virtually negligible release seen at later time points. This finding is consistent
with previous studies in both humans and dogs that similarly describe an initial burst release
of anabolic growth factors, a rapid decline in growth factor release over the next 24 to 72
hours, and virtually negligible growth factor release after 7 days.3%36:44 The consistency in
results from multiple studies regarding elution of TGF-B1 from canine and human PRF
increases confidence in the repeatability of these results and the general conclusion that
growth factor elution from either canine or human PRF is short lived.

In contrast to the PRF, the platelet-rich CS-GAG gels released a substantial amount of TGF-
B1 through day 13 after gel creation. We hypothesize that this likely resulted from binding of
the anabolic growth factors to the sulfate groups on the CS-GAG gels followed by their
gradual release. However, another possible reason for the differences between the PRF and
CS-GAG gels is that the PRF gel preparation involved the intentional exogenous activation
of the PRP to initiate the clotting cascade for fibrin formation. Conversely, platelets in the
PRP used to reconstitute the CS-GAG gels were not activated. The activation process causes
the platelet a granules to degranulate and release their growth factors.#>46 Hence, the PRF
is likely a reservoir for growth factors that have already been released from the platelets,
while the CS-GAG hydrogel may be a reservoir for platelets that have not yet released their
growth factors.4”48 As a result, it is difficult to conclude whether the difference in TGF-B1
elution was from the differential TGF-p1-binding capacity of the two gels or from the
difference in intentional platelet activation. Although these data do not enable answering this
question, it is somewhat clinically irrelevant because activation of PRP is required for
creation of PRF and so enhancing sustained elution of growth factor from PRF without
activating the platelets is not possible. On the contrary, even greater elution of growth factors
might be possible with the use of the CS-GAG gels if the PRP is activated prior to its
combination with the CS-GAG gel. In such case, platelets would degranulate and release
anabolic growth factors that we hypothesize would bind to the sulfate groups of the CS-
GAG gels and result in sustained release of such growth factors.

Even without activation of platelets, these data demonstrate a substantial improvement in
temporal release of TGF-B1 in comparison to PRF. In turn, such sustained elution could
equate to superior cartilage regeneration and greater clinical benefit with the use of PRP plus

J Knee Surg. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Birdwhistell et al.

Page 6

the CS-GAG gel in comparison to the use of PRF. Numerous reports detail PRF
augmentation of surgical techniques for cartilage repair in the knee.2324.26-28 Thegretically,
this CS-GAG gel could be combined with PRP and used in lieu of PRF to augment these
surgical techniques, providing growth factor supplementation for a more extended period of
time than if PRF were used. However, prior to clinical application in people, it would be
ideal if in vitro investigation were performed to characterize the growth factor elution profile
from human platelets in conjunction with this CS-GAG gel. Likewise, controlled studies in
animal models would ideally be performed to determine whether the use of the CS-GAG gel
results in functional improvement or improved biochemical, biomechanical, or histologic
quality of the repair tissue in comparison to the use of PRF.

The aforementioned results and conclusions should be considered in light of some study
limitations. One limitation of our study is that we only evaluated the release of TGF-B1.
TGF-B1 is one of the most commonly investigated growth factors associated with PRP and
has been considered a sentinel of growth factor release from PRP.36:49 However, there are
numerous other growth factors associated with PRP that may function synergistically to
benefit chondrogenesis.22:°0-53 We hypothesize that other growth factors in PRP would
interact similarly with the CS-GAG gel based on their net charge, a hypothesis that is also
supported by previous study demonstrating sustained release of FBF and BDNF with the use
of this CS-GAG gel. However, we do not have data to test this hypothesis and ideally future
study would evaluate the temporal release of additional anabolic growth factors when PRP is
combined with this CS-GAG gel.

Another shortcoming of this study is that we evaluated TGF-p1 elution for 13 days. This
timeline was established a priori and was based on previous studies demonstrating that
growth factor elution from PRF is negligible by 7 days. However, at day 13, there was still
notable TGF-B1 elution from the CS-GAG gels. Ideally, the temporal release of anabolic
growth factors from this CS-GAG gel would be quantified until the growth factors
concentrations drop below the lower limit of quantification of their respective ELISAs.

Finally, we diluted media samples from days 5 and 7 1:1.5 with diluent, while samples from
days 1, 3,9, 11, and 13 were diluted 1:60 prior to quantifying TGF-p1 using an ELISA. We
only diluted samples 1:1.5 on days 5 and 7 because previous data with human and canine
PRF demonstrate a dramatic decrease in TGF-B1 concentration by day 5, and we were
concerned that dilution of samples 1:60 would have resulted in undetectable concentrations
of TGF-p1 in those samples. The measured concentrations of the TGF-p1 for either or both
the CS-GAG and PRF gels are lower on days 5 and 7 than at all other time points, including
later days. Manufacturer instructions recommend a 60-fold dilution with this ELISA, and
therefore, we hypothesize that the lower dilution of samples on days 5 and 7 may have
resulted in greater matrix interference with nontarget proteins during performance of the
ELISA, thus decreasing its efficiency and therefore reducing the measured TGF-p1
concentrations.*3 However, it should be noted that sample optical densities on days 5 and 7
were still within the range of the standard curve run on those same days. Furthermore, PRF
and CS-GAG samples from days 5 and 7 were run on the same ELISA plate so we believe
that relative comparison between the two treatments is viable. Likewise, the finding that
TGF-B1 release was greater from the CS-GAG gels on days 5 and 7 was consistent with the
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findings that TGF-B1 release was significantly greater from the CS-GAG gels on days 3, 9,
and 13 and for which 60-fold dilution of samples was performed. Hence, despite this
limitation, we still conclude that TGF-B1 elution is greater from the CS-GAG gels 3, 5, 7, 9,
and 13 days after gel creation.
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Fig. 1.

(A-D) Representative (B, D) PRF and (A, C) CS-GAG,; gels from (A, B) days 1 and (C, D)
13. By day 13, only small portions of the PRF gels remained, while significant portions of
the CS-GAG gels were still intact. CS-GAG, chondroitin sulfate glycosaminoglycan; PRF,
platelet-rich fibrin.
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Fig. 2.
Mean TGF-B1 concentrations released from CS-GAG hydrogels (7= 9) and PRF gels (n=

9) over 13 days. Asterisks denote a significant difference in TGF-p1 concentration between
groups at the indicated time points (*p < 0.05; **p < 0.01). CS-GAG, chondroitin sulfate
glycosaminoglycan; PRF, platelet-rich fibrin; TGF, transforming growth factor.
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