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Nonunion fractures and large bone defects are significant targets for osteochondral tissue engineering strategies.
A major hurdle in the use of these therapies is the foreign body response of the host. Herein, we report the
development of a bone tissue engineering scaffold with the ability to release anti-inflammatory drugs, in the
hope of evading this response. Porous, sintered scaffolds composed of poly(D,L-lactic acid-co-glycolic acid)
(PLGA) and poly(ethylene glycol) (PEG) were prepared with and without the anti-inflammatory drug diclo-
fenac sodium. Analysis of drug release over time demonstrated a profile suitable for the treatment of acute
inflammation with ~80% of drug released over the first 4 days and a subsequent release of around 0.2% per
day. Effect of drug release was monitored using an in vitro osteoblast inflammation model, comprised of mouse
primary calvarial osteoblasts stimulated with proinflammatory cytokines interleukin-1f (IL-1[3), tumor necrosis
factor-oo (TNF-a), and interferon-y (IFN-y). Levels of inflammation were monitored by cell viability and
cellular production of nitric oxide (NO) and prostaglandin E, (PGE,). The osteoblast inflammation model
revealed that proinflammatory cytokine addition to the medium reduced cell viability to 33%, but the release of
diclofenac sodium from scaffolds inhibited this effect with a final cell viability of ~70%. However, releasing
diclofenac sodium at high concentrations had a toxic effect on the cells. Proinflammatory cytokine addition led
to increased NO and PGE, production; diclofenac-sodium-releasing scaffolds inhibited NO release by ~ 64%
and PGE, production by ~52%, when the scaffold was loaded with the optimal concentration of drug. These
observations demonstrate the potential use of PLGA/PEG scaffolds for localized delivery of anti-inflammatory
drugs in bone tissue engineering applications.

Introduction interferon-y (IFN-y), and interleukin-6 (IL-6) will reach their

peak.>™ These cytokines lead to recruitment of additional

NONUNION FRACTURES, large bone defects, and diseases
such as rheumatoid arthritis are significant targets for
osteochondral tissue engineering strategies. Under normal
circumstances, bone has a significant capacity for regener-
ation and is one of the few tissues that can heal without a
scar.! Fracture healing consists of three stages: inflamma-
tion, repair, and remodeling. The initial inflammatory phase
plays a critical role in healing and many of the processes
that occur at this stage determine the outcome of bone re-
pair. Within 24h of bone injury, neutrophils and macro-
phages will have migrated into the wound site and levels of
tumor necrosis factor-oo (TNF-a), interleukin-1 (IL-1),

cells involved in inflammation, promotion of angiogenesis,
and mesenchymal stem cell differentiation. The acute in-
flammatory phase usually lasts for 1 week, after which levels
of inflammatory mediators return to baseline.*”’ During the
subsequent remodeling phase of fracture healing, the ex-
pression levels of cytokines, such as IL-1, TNF-o, and IL-6,
rise once more, but do not reach the levels of the acute
inflammatory response.®

Due to the complexity of processes involved in fracture
healing, there are clinical indications where inflammation
fails to resolve the problem, such as inflammatory diseases,
severe body reactions, and nonunion fractures. The current
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““gold-standard” treatment for nonunion fractures and defects
is autologous bone grafts. However, such grafts are limited
due to availability and have disadvantages, such as donor site
morbidity, additional surgery, and chronic pain. This has in-
spired the development of tissue-engineered bone substitutes.
These bone substitutes are required to provide mechanical
stability, support cell growth, and aid bone regeneration.

A common disadvantage of any tissue-engineered therapy
is inflammation and foreign body response, upon implan-
tation and degradation.” Thus, the adaptation of a bone
tissue engineering scaffold that provides release of anti-
inflammatory mediators could potentially enhance the
properties of the therapy and improve success rates upon
implantation.'®-!!

In this study, we investigate release of the anti-inflammatory
drug diclofenac sodium from porous poly(D,L-lactic acid-
co-glycolic acid) (PLGA)/poly(ethylene glycol) (PEG)
microparticle—based scaffolds. Nonsteroidal anti-inflammatory
drugs (NSAIDs), such as diclofenac, have systemic treatment
side effects of gastrointestinal ulceration and bleeding,
hepato-renal dysfunction, and skin reactions.'* Local delivery
of this drug via scaffolds offers a method of bypassing the
side effects of systemic drug treatment. The properties of the
PLGA/PEG scaffolds have been reported and are established
as suitable for bone repair.'>~'> The scaffold has demon-
strated efficacy in the sustained release of growth factors,
antibiotics, and chemotherapeutics.'*'®!7 The potential
exploitation of the scaffold as an anti-inflammatory-drug-
delivery vehicle will enhance the existing osteoinductive
properties of the PLGA/PEG scaffolds in bone repair. The
scaffolds are manufactured from PLGA/PEG microparticles
that form a paste when mixed with a carrier solution. This
paste can be easily injected or pasted into the area of interest
and subsequently solidifies at body temperature forming a
porous scaffold.

Current validation methods for testing the properties and
effectiveness of anti-inflammatory drugs released as part of
tissue engineering studies are predominantly in vivo animal
models.'82% Current in vitro models are few and far be-
tween but involve the use of tissue slices.”' > In this study,
a simple in vitro calvarial osteoblast inflammation model is
created using the proinflammatory cytokines IL-1, TNF-a,
and IFN-y. This model is then used to evaluate the effects of
anti-inflammatory drug release from the PLGA/PEG scaf-
folds. Common markers of the effects of proinflammatory
cytokines on osteoblasts, such as viability, nitric oxide (NO)
production, and prostaglandin E, (PGE,) production, are
used to assess the efficacy of drug release.’*2> The in vitro
model is not intended to replace animal models, but offers a
simple initial step to gather information about effectiveness
of drug release from scaffolds.

Materials and Methods
Extraction and culture of primary calvarial osteoblasts

Primary calvarial osteoblasts were obtained from 1- to 3-
day-old CD1 mouse calvaria by sequential enzymatic diges-
tion. Calvaria were dissected and digested in a solution of
1.4 mg/mL collagenase type IA (Sigma-Aldrich, Poole, United
Kingdom) and 0.5mg/mL trypsin II S (Sigma-Aldrich).
Cells released during the first two digestions (10 min) were
discarded, and populations of cells from the next three digestions
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(20 min) were plated in tissue culture flasks at a density of
6.6 10° cells/cm?. Cells were cultured in minimum essential
medium-o ((MEM; Lonza, Verviers, Belgium), containing 10%
fetal bovine serum (FBS; Sigma-Aldrich), 2mM L-glutamine
(Sigma-Aldrich), 100 U/mL penicillin, and 100 pg/mL strepto-
mycin (Sigma-Aldrich). For experimentation, cells were pas-
saged via trypsin/EDTA, plated at a density of 10,600 cells/cm?,
and allowed to adhere overnight in well plates. Medium was
subsequently supplemented with 50mM B-glycerophosphate
(BGP; Sigma-Aldrich) and 50 pg/mL ascorbate 2-phosphate
(Sigma-Aldrich), to induce osteogenic differentiation.

Proinflammatory cytokine treatment

Recombinant human IL-1f3, human TNF-o, and mouse
IFN-y (R&D Systems, Minneapolis, MN) were added to the
culture medium at a concentration of 0.25, 2.5, and 25 ng/
mL, respectively, unless otherwise stated.

MTS viability assay

A tetrazolium salt assay [3-(4,5-dimethylthiazol-2-y1)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium,
inner salt; MTS] (CellTiter 96® AQueous One Solution Cell
Proliferation Assay; Promega, Southampton, United King-
dom) was performed as per the manufacturer’s protocol.
Briefly, 20 uL of MTS solution was added to 100 pL of
culture media. After incubation for 1h at 37°C, the absor-
bance of each well was measured at 490 nm using plate
reader.

NO and PGE; production

Nitrite in culture medium was measured as an estimation
of NO production, using the Griess Reagent System (Pro-
mega). Nitrite concentration within culture medium sam-
ples was determined by adding 1% sulfanilamide in 5%
phosphoric acid, incubating for 5min before adding 0.1%
N-(1 napthyl)ethylenediaminedihydrochloride (NED) in
water. Absorbance was read after 5-min room temper-
ature incubation at 540 nm with wavelength correction at
690 nm.

PGE, concentration within culture medium was deter-
mined by enzyme immunoassay (EIA) using a commercially
available kit (R&D Systems). Briefly, a competitive-binding
EIA was performed on threefold-diluted samples. Optical
absorbance was read at 450 nm with correction at 570 nm.

Immunocytochemistry

After treatment with diclofenac sodium and/or proin-
flammatory cytokines, cell monolayers were fixed with a 4%
solution of paraformaldehyde (Sigma-Aldrich). Cells were
permeabilized with 0.1% (v/v) Triton X-100 (Sigma-Aldrich)
for 45 min and washed with phosphate-buffered saline (PBS).
Nonspecific binding was blocked by incubating in 3% don-
key serum (Sigma-Aldrich) for 30 min. Samples were incu-
bated with primary antibodies at 4°C overnight. PBS washes
were performed and samples were incubated with second-
ary antibodies (donkey Alexa-Fluor-488 or -546; Invitrogen,
Carlsbad, CA) for 1h at room temperature. Nuclear coun-
terstaining with Hoechst 33258 was performed. Primary an-
tibodies were goat anti-osteopontin (R&D Systems), goat
anti-osteocalcin (Millipore, Hertfordshire, United Kingdom),
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rabbit anti-collagen-I (Millipore), and goat anti-cadherin-1
(R&D Systems). Fluorescent images were captured and
processed using a Leica DM-IRB inverted microscope and
Volocity imaging software (Improvision, Coventry, United
Kingdom).

PLGA/PEG patrticle production

Thermosensitive particles were manufactured from 53-
kDa PLGA (85:15 DLG 4CA) (Evonik Industries, Parsip-
pany, NJ) and PEG 400 (Sigma-Aldrich) as previously de-
scribed.? Briefly, the PLGA and PEG were blended at a
ratio of 93.5:6.5 (w/v), at 80-90°C on a hotplate and al-
lowed to cool. Polymer blend sheets were ground into par-
ticles in a bench-top mill (Krups Mill F203) and sieved to
obtain a 100-200-um particle size fraction.

Diclofenac-sodium-loaded PLGA/PEG scaffold
manufacture

Scaffolds were prepared in PTFE moulds producing cy-
lindrical scaffolds of 12-mm length and 6-mm diameter.
PLGA/PEG nparticles were mixed manually at a ratio of
1:0.6, particles to PBS carrier solution. Diclofenac sodium
(Sigma-Aldrich)-loaded scaffolds were produced by mixing
particles with PBS containing diclofenac sodium. The
microparticle/PBS paste was packed into the moulds. Solid
scaffolds were produced after sintering at 37°C for 3 h.

Scanning electron microscopy

Scaffolds were cut in half to allow the center to be im-
aged. Cut scaffolds were mounted on aluminum stubs and
were sputter-coated with gold at an argon current rate of
30mA for 3 min. The structural morphology of the scaffolds
was examined using a scanning electron microscopy (JEOL
JSM-6060LV) at 10kV.

Measurement of drug release
from PLGA/PEG scaffolds

After sintering, scaffolds were removed from moulds and
placed into phenol red-free oMEM (Invitrogen, Paisley,
United Kingdom), with 100 U/mL penicillin and 100 pg/mL
streptomycin, and incubated at 37°C. Release medium was
removed for drug concentration measurements, and fresh
release medium was added. Drug release was measured by
ultraviolet-visible (UV-Vis) spectrophotometry at 276 nm.
Concentrations of drug within the medium were determined
using calibration curves.

Calvarial osteoblast inflammation model

Osteoblasts were cultured in monolayer for 14 days in
osteogenic medium. UV-sterilized scaffolds were placed in
transwells above the cell monolayer with medium added to
cover scaffold. During diclofenac-release experiments, me-
dium was changed to phenol-red-free «MEM, containing
10% FBS, 100 U/mL penicillin and 100 pg/mL streptomy-
cin, 2mM L-glutamine, 50 mM BGP, and 50 pg/mL ascor-
bate 2-phosphate. In experimental groups stimulated with
cytokines, initial concentration was 1 ng/mL IL-1f, 10 ng/mL
TNF-a, and 100 ng/mL IFN-y. Medium was collected after
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24 h and replaced with medium containing 0.25 ng/mL IL-
1B, 2.5ng/mL TNF-a, and 2.5 ng/mL IFN-y. This medium
was collected after a further 24h and replaced with
0.0625 ng/mL IL-1B, 0.625 ng/mL TNF-a, and 6.25 ng/mL
IFN-y. This medium was left for a further 5 days until ex-
periment end at day 7.

Live/Dead™ viability assay

Live/Dead™ viability/cytotoxicity assay (Invitrogen) was
performed on the cell monolayers at the end of scaffold-
release experiments (day 7). Cell monolayers were incu-
bated with a solution of 2 uM calcein AM and 4 pM EthD-1
in PBS for 30 min at room temperature. Monolayers were
imaged using an inverted fluorescent microscope. Live/dead
quantification was performed using ImageJ version 1.43U
(NIH, Bethesda, MD).

Statistical analysis

Statistical significance between groups was analyzed
using PASW Statistics 18.0.3 software. Two groups were
compared by unpaired Student’s #-test and multiple groups
by one-way ANOVA.

Results

Effect of diclofenac sodium and IL-1f3, TNF-x,
and IFN-y on the in vitro responses
of primary osteoblasts

The effects of diclofenac sodium on proinflammatory-
cytokine-treated osteoblasts were assessed prior to release
from scaffolds. Primary osteoblasts were cultured in osteo-
genic medium for 14 days before cytokine and diclofenac
addition. Cell viability was monitored over the following 21
days (Fig. 1A). Adding diclofenac sodium caused a reduc-
tion in viability over the 21 days, showing slight toxicity to
the cells. The addition of IL-1f, TNF-a, and IFN-y caused a
significant drop in viability over the 21-day period, to 32%
(£ 14%) compared with the control. The addition of diclo-
fenac with cytokines inhibited the cytokine-induced cell
death, with a viability of 92% (£11%) at day 14 and 62%
(£2.5%) at day 21.

Figure 1B and C shows cumulative production of ni-
trite and PGE,, respectively, by primary osteoblasts, in the
presence of diclofenac sodium and/or proinflammatory cy-
tokines. Addition of IL-1f, TNF-a, and IFN-y to the medium
caused significantly increased nitrite and PGE, produc-
tion, compared with control osteogenic medium and 100 pM
diclofenac. Nitrite accumulation in groups treated with both
cytokines and diclofenac was significantly lower across all
timepoints than those with cytokines alone. However, nitrite
levels in this group remained significantly higher than the
controls. Diclofenac sodium was effective in inhibiting
PGE, production. Accumulated PGE, concentration in the
group treated with cytokines and diclofenac remained sim-
ilar to controls across all timepoints. Diclofenac sodium was
shown to maintain effectiveness as an NSAID in this model
across a 27-day time period.

Figure 1D shows the effect of the cytokines and diclo-
fenac on primary osteoblast differentiation, with staining
for osteopontin (OPN) with osteocalcin (OCN) (Fig. 1D)
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FIG. 1. Long-term effect
of diclofenac sodium on re-
sponse of primary calvarial
osteoblasts in proin-
flammatory cytokine me-
dium. Osteoblasts were
cultured for 14 days in oste-
ogenic medium before ex-
perimentation. Cytokines
(0.25 ng/mL interleukin-1f
[IL-1B], 2.5 ng/mL tumor
necrosis factor-oo [TNF-a],
and 25 ng/mL interferon-y
[IFN-v]) were applied
throughout the 27-day pe-
riod. (A) Cell viability, con-
verted to percentage of
control medium reading. Va-
lues represented as mean +
SD, n=6. Experiment re-
peated in triplicate. (B) Cu-
mulative nitrite concentration
in culture medium at time-
points. Values represented as
cumulative mean + cumula-
tive SD, n=6. Experiment
repeated in triplicate. (C)
Prostaglandin E, (PGE,)
concentration in medium

at timepoints. Values re-
presented as cumulative
mean * cumulative SD. Ex-
periment repeated in tripli-
cate. For (A-C): statistical
significance versus Control,
*p<0.01. Statistical signifi-
cance versus IL-1B +TNF-a
+IFN-y, *p<0.01. (D) Re-
presentative immunocyto-
chemistry images showing
expression of osteopontin
(OPN)/osteocalcin (OCN) and
cadherin-11 (cad-11)/collagen-
I (col-I) after treatment with
IL-1B, TNF-o, and IFN-y and
diclofenac sodium. Scale
bar=90 pm. OCN (red), OPN
(green), OCN/OPN (Hoescht
33258 nuclear stain [blue]),
Cad-11 (red), and Col-I
(green), Cad-11/Col-1
(Hoescht 33258 nuclear

stain [blue]). Color images
available online at www
Jiebertpub.com/tea



366

and collagen-I with cadherin-11 (Fig. 1D). Osteoblasts were
cultured for 14 days in osteogenic medium before the addi-
tion of cytokines and diclofenac. Staining was subsequently
performed on day 21. Compared to osteogenic medium,
treatment with proinflammatory cytokines produced smaller
and less-abundant nodules with dense OPN staining, lit-
tle OCN, and more disperse collagen-I staining. Hoechst
staining showed that there were fewer cells within nodules
relative to osteogenic controls. In cells treated with proin-
flammatory cytokines and diclofenac, the nodules were of a
similar size and cell density compared with the controls and
denser staining for OCN, collagen-I, and cadherin-11 was
seen than in those treated with cytokines alone.

Diclofenac sodium release from PLGA/PEG scaffolds

The PLGA/PEG scaffolds had a porous microstructure
(Fig. 2A) formed by particles fusing together at 37°C. When
unconstrained, scaffolds showed a small amount of swelling
after being placed in medium for drug release (Fig. 2B). In
later studies, with release onto cell monolayers, scaffolds
were constrained by transwells and release remained un-
changed (data not shown).

The release of diclofenac sodium from the PLGA/PEG
scaffolds over time was assessed by UV spectrophotometry.
The cumulative mass drug release can be seen in Figure 3A,
and converted to percentage of initial loading in Figure 3B.

4 weeks
release

Formed
scaffold

5 weeks
release

3 weeks
release

FIG. 2. Poly(D,L-lactic acid-co-glycolic acid) (PLGA)/
poly(ethylene glycol) (PEG) scaffolds. (A) Representative
scanning electron microscopy images of scaffold microstruc-
ture. (B) Formed and sintered scaffolds showing swelling and
degradation over 5 weeks.
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FIG. 3. Diclofenac sodium release from PLGA/PEG
scaffolds. Scaffolds were loaded with varying initial con-
centrations of diclofenac sodium. (A) Cumulative mass re-
lease of drug over time. (B) Cumulative percentage release
of drug over time. Values represented by mean of triplicate
scaffold release, each measured in triplicate, n=9. Error
represented by cumulative SD.

Scaffolds were loaded with different concentrations of di-
clofenac to determine effect of initial drug loading on release
profile. All scaffolds showed a similar release profile re-
gardless of original loading, with an initial burst release phase
of 55-62% over the first 4 h, followed by ~20% release by
day 1, decreasing to 3% release by day 2. After day 4, release
reached a steady state of around 0.2% per day. From day 42,
this rate increased to about 0.3% per day as the scaffolds
started to degrade. By day 68, the scaffolds had degraded and
average of 96% (+3%) of the loaded drug had been released
per scaffold.

Viability of primary calvarial osteoblasts after
diclofenac sodium release from PLGA/PEG scaffolds

Diclofenac-releasing scaffolds were placed in transwells
above osteoblast monolayers and culture medium with and
without IL-1B, TNF-a, and IFN-y added. Live/dead images
were taken of the primary osteoblast monolayers after 7
days of drug release from the scaffolds (Fig. 4A) and images
were quantified (Fig. 4B, C). In osteogenic medium with no
scaffold and 0, 300, and 650 ng of drug-loaded scaffolds,
there were very few dead cells. An initial load of 1000 ng
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FIG. 4. Effect of diclofenac-sodium-releasing PLGA/PEG scaffolds on cell viability in the in vitro calvarial osteoblast
inflammation model. Live/Dead™ viability assay of osteoblast monolayers after 7 days of culture with and without IL-1f,
TNF-a, and IFN-y, with PLGA/PEG scaffolds initially loaded with various masses of diclofenac sodium. (A) Representative
images of osteoblast monolayers at day 7: live cells in green and dead cells in red. (B) Image quantification performed to
determine average number of live and dead cells per image. Statistical significance of total cell number versus total cell number
in 0 pg/scaffold in osteogenic medium, *p <0.01. (C) Percentage of live cells in each group. Statistical significance versus O pg/
scaffold in osteogenic medium, **p<0.001, ***¥p <0.0001. Statistical significance versus 0 pg/scaffold in cytokine medium,
p<0.0001. Experiment repeated in triplicate, each with n=3. Color images available online at www.liebertpub.com/tea

caused a large increase in the number of dead cells and
lowered the percentage viability to below 20%, indicating a
toxic burst-release. In medium containing IL-13, TNF-a,
and IFN-vy, with no scaffold and 0-pg scaffolds, there was a
large fall in cell viability, to 33% and 23%, respectively.

Release of diclofenac from the 300- and 650-pg scaffolds
improved cell viability in cytokine medium to 76% and 68%
correspondingly. The 1000-pg-loaded scaffold in cytokine
medium showed an enhanced negative effect with signifi-
cantly less total cells and a viability of 3%.
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Effect of diclofenac-sodium-releasing
PLGA/PEG scaffolds on NO production
in the osteoblast inflammation model

Levels of nitrite in the medium were measured after days 1
and 2 and at day 7, to estimate NO production (Fig. 5). In
osteogenic control medium with and without scaffolds, there
was minimal NO production. When proinflammatory cyto-
kines were present, the control (no scaffold) and the 0-pg
scaffold showed significantly increased NO, at all timepoints.
The 300-pg-diclofenac-releasing scaffolds showed no sig-
nificant NO production on day 1, but day-2 and -7 levels
were significantly increased. The 650-pg scaffolds showed
inhibition of NO production at all timepoints, although by
day 7, concentrations were also increased significantly higher
than no-cytokine control. Scaffolds releasing 1000 pg diclo-
fenac showed low nitrite production across all timepoints, but
low levels can be correlated with low cell viability. Cumu-
lative nitrite production across the 7 days (Fig. 5B) shows
that the 650-pg-loaded scaffolds significantly inhibited
cytokine-induced NO production, with a reduction of ~64%,
compared with the 0-pg scaffold in cytokine medium.

Effect of diclofenac-sodium-releasing
PLGA/PEG scaffolds on PGE, production
in the osteoblast inflammation model

Concentration of PGE, in the culture medium was
measured on days 1, 2, and 7 (Fig. 6). PGE, concentration

A 30 -
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across all groups at all timepoints can be seen in Figure 6A.
When all groups are evaluated on the same graph, the ‘‘no
scaffold”” experimental group in cytokine medium shows a
very large amount of PGE, production, skewing the data;
this can also be seen in the cumulative data (Fig. 6B). It
was expected that similar levels of PGE, would be pro-
duced by cells with 0-pg scaffolds, but this was not ob-
served when assaying the medium. This effect could be
attributed to either some of the PGE, or proinflammatory
cytokines adsorbing to the scaffold and therefore not re-
maining soluble in the medium, causing variation in results
between those with the scaffold present and those without.
However, Figure 6A does show a trend of increased PGE,
in the 0-pg scaffold on days 1 and 2, compared with the
300-, 650-, and 1000-pg-diclofenac-releasing scaffolds,
indicating some inhibition of cytokine-induced PGE, by
the presence of diclofenac. To get a more valuable under-
standing of how the scaffolds are affecting PGE, response,
cumulative results excluding the ‘‘no scaffold”” controls
can be found in the inset of Figure 6B. This shows that at
all timepoints, the 0-pg scaffold showed increased PGE,
production in proinflammatory cytokine medium com-
pared with control osteogenic medium. Cumulative PGE,
concentration in the medium until day 7 showed that all
diclofenac-sodium-loaded scaffolds showed significant
inhibition of cytokine-induced PGE, production, with a
reduction of 51.9% compared with the O-ng scaffold in
cytokine medium.
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Discussion diclofenac, is inhibition of PGE, production through the

A major hurdle in the use of tissue-engineered therapies is
the foreign body reaction of the host, associated with the
implantation of the therapy. The aim of this study was the
examination of PLGA/PEG scaffolds as a release vehicle for
anti-inflammatory drugs, with the eventual aim of evading
the foreign body response in vivo. Diclofenac sodium was
chosen as the drug of choice to test this system for several
reasons; NSAIDs show appealing properties as an anti-
inflammatory in bone treatment, good solubility in water,
stability over time, successful results in both PGE, and ni-
trite inhibition during in vitro tests, and, finally, available
literature that describe release of diclofenac via various
techniques.?®~®

PGE, and NO are important inflammatory mediators
produced by osteoblasts in response to proinflammatory
cytokines, and can be used to monitor levels of inflamma-
tion.?*?>2° The major mode of action of NSAIDs, such as

cyclooxygenase-2 (COX-2) pathway.*>*' COX-2 is an in-
ducible enzyme, generated in response to proinflammatory
cytokine signaling, particularly IL-1 and TNF-o, leading to
significantly increased production of PGE,.**> The produc-
tion of prostaglandins, such as PGE,, leads to the initial
recruitment of neutrophils and subsequent recruitment of
macrophages.® The release of diclofenac from a scaffold
would potentially lead to less neutrophils and macrophages
at the injury site, decreasing the acute inflammatory re-
sponse that leads to pain, swelling, and rejection. In some
tissues this would lead to poor regeneration; however, in
bone, an absence of neutrophils and macrophages may not
adversely affect tissue repair.**>

Macrophages have different phenotypes depending on the
local tissue environment; the classically activated M1 phe-
notype is present during acute inflammation and is linked to
upregulation of proinflammatory cytokines and enzymes,
such as inducible nitric oxide synthase (iNOS). During tissue
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regeneration, macrophages transition to an anti-inflammatory
M2 phenotype that plays a role in dampening inflammation
by the production of anti-inflammatory cytokines, such as IL-
10 and IL-1ra.>**” The COX-2 pathway has been linked with
the transition of M1 macrophages into M2 phenotypes, and
thus treatment with diclofenac may cause a delay in the
transition of M1 macrophages.*®*° However in this system,
effective anti-inflammatory release would only occur during
the initial inflammatory stage and this transient exposure
may not be enough to delay subsequent regeneration.

In this study, diclofenac sodium successfully inhibited
all-cytokine-induced production of PGE; in initial long-term
cell monolayer tests. Inhibition of PGE, production was also
seen when diclofenac was released from scaffolds, although
results were hampered by potential adsorption of PGE, to
the scaffold. Despite the success in this model, the complete
inhibition of PGE,, and therefore COX-2, by an NSAID
may not be completely desirable, as COX-2 plays a role in
bone regeneration and fracture healing.**~** In consideration
of this, the drug diclofenac may not be optimal for this
purpose but in future the system could be adapted for release
of anti-inflammatory drugs with alternative mechanisms of
action. It is crucial to maintain the correct balance between
effective anti-inflammatory function to prevent foreign body
reaction, and the ability of the scaffold to regenerate bone,
for this system to be successful.

The ability of NSAIDs to inhibit NO production is not
as well recognized, but did occur to a certain degree in this
study, in initial long-term studies and during diclofenac
release from scaffolds. This result is not unexpected as
NSAIDs have been shown to inhibit iNOS activity, which
leads to inflammation-induced NO production.*>*** This
process does not cause complete inhibition of NO pro-
duction and, unlike the mode of action of anti-inflammatory
glucocorticoids, it is not caused by inhibition of iNOS
mRNA.* The diclofenac sodium results in this study show
partial inhibition of NO production, in agreement with this
statement. Interactions have previously been shown to exist
between the COX and iNOS pathways in a number of cells,
including osteoblasts**™*°; however, the inhibitory effects
of NSAIDs on NO production have been shown to be both
COX dependent and COX independent.***®

Development and validation of the simple osteoblast
inflammation model led to the development of a tissue-
engineered drug-release system. The injectable PLGA/PEG
scaffold formulation has previously been reported and its
suitability for bone tissue engineering has been demon-
strated.'”™'> The scaffolds were prepared from PLGA/PEG
particles that form a paste when mixed with a carrier solu-
tion, in this case containing diclofenac. The paste hardens
into a solid, porous scaffold when sintered at 37°C, due to
temperature-induced PEG leaching."® During the sintering
process, the diclofenac sodium in the carrier most likely
becomes adsorbed or absorbed within the particles and
therefore becomes physically entrapped within the pores of
the resulting scaffold structure. Drug release in this system
is uncontrolled, occurring via diffusion through the pores;
release therefore depends upon drug properties and inter-
action between the drug and polymer. In this study, release
consisted of a large burst within the first few hours due to
drug molecules adsorbed to the surface of the scaffold im-
mediately releasing into the medium. In some cases, this
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would be considered an undesirable effect, but in the case of
in vivo inflammation, this burst release of anti-inflammatory
drug correlates with an influx of proinflammatory cytokines
upon implantation of the scaffold. After the burst, drug re-
lease slowed rapidly. From day 1 to 4, release can be ex-
plained by diffusion of drug through water-filled pores. From
day 4, release slowed substantially, but followed an almost
first-order-release profile, as the remaining drug found a way
through the scaffold, diffusing into the medium.

Initial loading of the drug within the scaffold had little
effect on the release profile and consistency of release be-
tween batches of scaffolds correlated well. The length of
time over which the majority of the diclofenac was released
was about 6 days. This is in keeping with other tissue-
engineered anti-inflammatory release strategies that have
shown 3-6 days.?’°*5! Longer, more-controlled release
could be achieved by using other polymer systems, such as
encapsulating the drug within microspheres fabricated by
the emulsion technique.’*>* The PLGA/PEG system de-
scribed herein could also be adapted by incorporating the
drug into the melt-blend of the PLGA/PEG as previously
demonstrated, to alter the release proﬁle.16

Diclofenac release from scaffolds onto the osteoblast
inflammation model was performed using a transwell
system. This allowed the cell monolayer to be kept sepa-
rate from the scaffold and did not introduce levels of
complexity allowing migration of cells onto the scaffold.
The transwell system allowed drug release into the cell
culture medium that could freely diffuse through the pores
of the membrane to the cell monolayer. The system had
disadvantages; the scaffold swelled as water was imbibed
and became constrained by the edges of the transwell,
possibly affecting release. Nevertheless, as experiments
were kept to a maximum of 7 days, this effect had little
time to come into consequence. Overall, the simple system
worked successfully to demonstrate that diclofenac sodium
release from the scaffold remained effective as an anti-
inflammatory. An issue that emerged as the system de-
veloped was adsorption of PGE, and medium proteins,
such as the proinflammatory cytokines, to the PLGA/PEG
scaffold. This was reflected most obviously in results for
PGE,, but may also have been seen in nitrite readings,
resulting in lower values when scaffolds were present.
However, although there were differences between groups
with and without scaffolds, when comparing scaffolds
that released diclofenac to scaffolds that were not loaded
with any drug, there were still significant differences,
showing inhibition of the actions of the proinflammatory
cytokines.

Effective drug concentration was indicated by cell via-
bility within the osteoblast inflammation model. This was
important, as anti-inflammatory drugs have been shown to
induce apoptosis and arrest the cell cycle.>*> Achieving a
balance between mass of drug released to attain effective
anti-inflammatory dose and the maintenance of cell viability
is difficult. The highest scaffold loading of 1000 pg/scaffold
showed almost complete cell death by day 7 of release, a
property of the large initial burst. This large cell death
rendered results of PGE, and nitrite obsolete, as low values
only indicated low cell numbers. There was more success
with scaffolds loaded with 300- or 650-pg diclofenac so-
dium. Results indicate that an initial loading between the
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two would give optimum results for cell viability and in-
hibition of inflammatory markers.

The in vivo inflammatory environment is vastly different
to the one created in this study but as an initial validation
system, prior to in vivo studies, it was successful. Overall,
the PLGA/PEG scaffolds released the diclofenac in a profile
that would be effective for treatment of acute inflammation
and the in vitro inflammation model demonstrated that di-
clofenac sodium was effective after release.
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