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1. INTRODUCTION:
Osteoarthritis (OA) is associated with chronic unresolved inflammation that is a key driver of disease
development and progression. The central dogma in the OA field is that chronic inflammation is an inherent
problem of production, i.e. the tissues of the joint continuously produce inflammatory cytokines, proteases,
and other pathologic factors. The clearance of these factors has always been thought to be rapid and thus,
is assumed not to be rate limiting in disease progression. Additionally, downstream communication from
clearance (such as at the lymph node) has been largely neglected. These assumptions have received little
attention and in part, because the tools to truly test these hypotheses have been limited. However, in all
other peripheral tissue diseases, the functional process and communication between the tissue, the
lymphatic vessel conduit, and the lymph nodes is critical in the resolution of inflammation. Thus, the overall
objective of this PRMRP grant is to develop biomaterial-based therapies that can be integrated with
imaging modalities to both: 1) elucidate the role of lymphatic function in normal and diseased joints; and 2)
promote joint clearance and the resolution of chronic inflammation by delivering inflammation resolving lipid
mediators using controlled-release nanoparticles. Our central hypothesis is that lymphatic function is a
critical component in OA disease progression and regenerative therapies that improve lymphatic function
and the resolution of chronic inflammation will attenuate OA disease development and progression. Thus,
the following Specific Aims were designed:

Aims 1: To develop a set of biomaterial-based tools to quantitatively interrogate lymphatic clearance
function.

Aims 2: To evaluate lymphatic function during the pathogenesis of OA in the rat medial meniscus
transection (MMT)-induced OA model.

Aims 3: To engineer novel intra-articular therapeutics to improve lymphatic function and resolution of
inflammation during post traumatic OA.

2. KEYWORDS:
osteoarthritis, intra-articular delivery, knee clearance, lymphatics, inflammation, resolvin
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3. ACCOMPLISHMENTS:
What were the major goals of the project?

Specific Aim 1: Develop NIR tools to assess lymphatic function and clearance of 
various sized particles from intra-articular injection. 

Emory 
Site 1 

GA Tech 
Site 2 

Expected 
Timeline Complete 

Major Task 1 – DeWeUPiQe Whe cOeaUaQce kiQeWicV Rf 2kDa aQd 40kDa PEG¶V fURP 
intra-articular injections into the knee joint and their uptake into lymphatics. 

Subtask 1 ± Determine the clearance kinetics and localization of 2kDa PEG-NIR 
particles Willett Dixon 8 - 10/18 100% 

Subtask 2 ± Determine the clearance kinetics and localization of 40kDa PEG-
NIR particles Willett Dixon 9 - 12/18 100% 

   Milestone(s) Achieved Willett Dixon 12/18 100% 
Local IACUC Approval Willett Dixon Approved 100% 

   Milestone Achieved: ACURO Approval Willett Dixon Approved 100% 
Major Task 2 – Determine the retention and clearance kinetics of PEG-liposome 
carriers from intra-articular injections into the knee joint and their uptake into 
lymphatics. 

Subtask 1 - Determine the clearance kinetics and localization of 500nm NIR-
labelled liposome carriers Willett Garcia & 

Dixon 1 - 3/19 80% 

Subtask 2 ± Determine the clearance kinetics and localization of 500nm 
liposome carriers containing 40kDa PEG-NIR Willett Garcia & 

Dixon 1 - 3/19 80% 

Subtask 3 ± Determine the clearance kinetics and localization of 900nm NIR-
labelled liposome carriers Willett Garcia & 

Dixon 3 - 5/19 80% 

Subtask 4 ± Determine the clearance kinetics and localization of 900nm 
liposome carriers containing 40kDa PEG-NIR Willett Garcia & 

Dixon 3 - 5/19 50% 

   Milestone(s) Achieved: Willett Garcia & 
Dixon 5/19 75% 

Specific Aim 2: Apply NIR technology to assess lymphatic function and clearance 
of materials within osteoarthritic joints. 
Major Task 3 - Determine the effect of OA on lymphatic function and clearance 
of small particles. 

Subtask 1 ± Determine the clearance kinetics and localization of 2kDa PEG 
particles in MMT-induced OA animals at early, mid and late stage Willett Dixon 4/19-1/20 100% 

Subtask 2 ± Determine the clearance kinetics and localization of 40kDa PEG 
particles in MMT-induced OA animals at early, mid and late stage Willett Dixon 4/19-1/20 100% 

   Milestone(s) Achieved: Willett Dixon 1/20 100% 
Major Task 4 – Determine the effect of OA on lymphatic architect and clearance 
of PEG-liposome carriers. 

Subtask 1 - Determine the clearance kinetics and localization of NIR-labelled 
liposome carriers in MMT-induced OA animals at early, mid and late stage Willett Dixon 6/19-8/20 50% 

Subtask 2 - Determine the clearance kinetics and localization of liposome 
carriers containing 40kDa PEG-NIR in MMT-induced OA animals at early, mid 
and late stage 

Willett Dixon 6/19-8/20 50% 

   Milestone(s) Achieved: Willett Dixon 8/20 
Specific Aim 3: Administer resolvin therapies in liposome nanoparticles to treat 
OA and correct for lymphatic dysfunction. 
Major Task 5 – Determine the Effects of Resolvins to treat OA. 

Subtask 1 ± Fabrication and assessment of liposome carriers containing 
Resolvins D1 and E1 Willett Garcia & 

Dixon 5 - 7/20 20% 

Subtask 2 ± Determine the efficacy of Resolvins to treat early stage of OA Willett Garcia & 
Dixon 6 - 10/20 20% 

   Milestone(s) Achieved: Willett Garcia & 
Dixon 10/20 

Major Task 6 – Determine the effect of PEG-liposome carriers containing 
resolvins on the progression of OA and their ability to improve lymphatic function 
during late stage OA. 

Subtask 1 - Effect of Resolvin to treat mid to late stage of OA by using different 
therapeutic regimen Willett Garcia & 

Dixon 9/20-7/21 0% 

   Milestone(s) Achieved: Willett Garcia & 
Dixon 7/21 

Final analyses & manuscript preparation. Willett Garcia & 
Dixon 5 - 7/21 
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What was accomplished under these goals? 
In Fiscal Year 1 (FY1) of the project, we had completed (100%) Major Task 1 and published the results in our 
manuscript provided in FY1 report. For FY2, we focused our efforts on Major Tasks 2, 3, 4 and initiated work 
on Major Task 5. We provide results and discussion of these Major Tasks below. 

Major Task 2 – Determine the retention and clearance kinetics of PEG-liposome carriers from intra-articular injections into the 
knee joint and their uptake into lymphatics. 

Subtask 1 - Determine the clearance kinetics and localization of 500nm NIR-labelled liposome carriers 
Subtask 2 ± Determine the clearance kinetics and localization of 500nm liposome carriers containing 40kDa PEG-NIR 
Subtask 3 ± Determine the clearance kinetics and localization of 900nm NIR-labelled liposome carriers 
Subtask 4 ± Determine the clearance kinetics and localization of 900nm liposome carriers containing 40kDa PEG-NIR 

The goal of Major Task 2 is to develop near-infrared (NIR) based approaches to detect the clearance of drug 
delivery vehicles from the joint space. In FY2 we published a review article, ³Biomaterial strategies for 
improved intra-articular drug delivery,´ describing the retention and clearance of biomaterials to treat 
osteoarthritis (DOI: 10.1002/jbm.a.37074, provided in Appendices). We describe different biomaterial-based 
systems and particles that can prolong the retention of drugs within the joint (Figure 1). We have also 

published a research article 
where we engineered 4- 
arm-poly(ethylene glycol)-
maleimide (PEG-4MAL) 
microgel as a drug carrier 
system to treat osteoarthritis, 
³AUWLcXOaU caUWLOaJH- and 
synoviocyte-binding 
poly(ethylene glycol) nano-
composite microgels as 
intra-articular drug delivery 
vehicles for the treatment of 
RVWHRaUWKULWLV´ (provided in 
Appendices). With these 
microgels, we found that 
fluorophores can be 
released with zero-order 
kinetics over 16 days in vitro 
and can be retained within 
rat knee joints for over 3 
weeks (Figure 2). In this 
FY2, we have additionally 
developed and characterized 

Figure 1: Drug delivery systems typically used for intra-articular (IA) drug administration and their IA retention time. Free small and 
macromolecule drugs are cleared from the joint space in few hours. The use of drug delivery vehicles increases drug IA retention time, typically 
in a size-dependent manner. Nano-scale vehicles such as nanoparticles and liposomes are generally retained up to a couple of weeks, whereas 
microparticles can be retained in the joint space up to a month. (Adapted from Mancipe Castro et al. 2020, J Biomed Mater Res) 

Figure 2: A) Rhodamine B 
release profile from empty 
microgels, nanocomposite 
microgels, and PLGA 
nanoparticles. Rhodamine 
B rapidly diffuses out of 
empty PEG-4MAL 
microgels, whereas 
microgels containing 
PLGA NPs and PLGA NPs 
alone exhibited a zero-
order release. 
B) Radiant efficiency of
different formulations of
microgels as a function of
time (mean ± SD, n = 9)
within naïve and
osteoarthritis (MMT) rat
knee joints. Free dye was
cleared within a day and
microgels (HAP-1 and
WYR) were retained in
knee joints beyond 3 weeks
in vivo. (Adapted from
Mancipe Castro et al.,
2020, ACS Biomater
Science Eng)

https://doi-org.proxy.library.emory.edu/10.1002/jbm.a.37074
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hyaluronan and 
liposome-based drug 
carriers tagged with NIR 
dyes. Hyaluronan is a 
natural extracellular 
matrix found in the 
synovial fluid of joints, is 
currently being used as 
a viscosupplement to 
treat knee osteoarthritis 
and may also be used 
as a drug carrier. We 
have fabricated 
hyaluronan tagged with 
NIR dyes and found that 
this biomaterial clears 
similarly to 40kDa PEG-
NIR and albumin-NIR 
(~66kDa) (Figure 3). 
We have also fabricated 
liposomes for intra-
articular drug delivery 
cargo. We found that 
liposomes (900 nm) with 

the composition of 80% 1, 2, dipalmitoyl-sn-glycero-3-phospocholine 
(DPPC), 15% cholesterol and 5% 1,2-distearoyl-sn-glycero - 3 - 
phosphoethanolamine - N - [amino (polyethylene glycol)-2000] 
(DSPE-PEG) are stable for days in vitro at 37oC. To track the 
clearance of liposomes in vivo, we attached NIR dye Cy5.5 to DSPE-
PEG and co-injected the 900 nm carrier into rat knees with or without 
40kDa PEG-NIR (Figure 4). In this initial experiment, we found that 
liposomes were retained in the knee joint for nearly 1.5 days before 
being cleared. Residual liposomes were retained for at least a week 
before NIR signal returned to near baseline. In contrast, NIR signal 
for 40kDa PEG-NIR (observed under the 800 channel) returned to 
near baseline within 24 hours.  
Research activities involving liposome synthesis were subsequently 
shut down from mid-March until early July due to COVID-19. Upon 
return and resumption of liposome synthesis, we have encountered 
numerous stability issues associated with the 900 nm liposome that 
caused them to spontaneously assemble into varying particles of 
diverse and smaller sizes. After troubleshooting these issues with a 
variety of formulation strategies, as well as replacing all the lipids 
used in the synthesis with fresh lipids, we decided to pivot to a new 
formulation approach in August. Since we are a bit agnostic to the 
actual biomaterial used to deliver the cargo, provided that the particle 
fits a particular size profile to achieve the desired kinetics, we are 
now optimizing PLGA-based nanoparticles in both free suspension, 
as well embed in larger microgels (similar to Figure 2). We are now 
characterizing the kinetics of these particles with our NIR system in 
vivo.  

Figure 3: Fabrication and clearance of NIR conjugates from rat knees. Left image, NIR dyes were conjugated 
to 40kDa polyethylene glycol (PEG), 50kDa hyaluronan (HA, purified) and albumin (~66kDa, purified) and 
separated on SDS-PAGE. Right panel, Purified NIR-conjugates (e.g. PEG, HA and Albumin) were intra-
articularly injected into rat knees. Clearance kinetics were similar for each construct (n = 7).  

Figure 4: Illustration of liposome construct 
containing Cy5.5 dye. Lewis rat was given intra-
articular injection of liposomes in saline (black) 
into left knee joint or was given liposomes and 
40kDa PEG-NIR into the right knee joint. NIR 
images were captured at various times and 
calculated normalized fluorescence intensity were 
plotted. Similar results were found for 2 rats. 
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Major Task 3 - Determine the effect of OA on lymphatic function and clearance of small particles. 
Subtask 1 ± Determine the clearance kinetics and localization of 2kDa PEG particles in MMT-induced OA animals at early, mid 
and late stage 
Subtask 2 ± Determine the clearance kinetics and localization of 40kDa PEG particles in MMT-induced OA animals at early, mid 
and late stage 

For Major Task 3, our primary goal is to evaluate the effect of osteoarthritis on lymphatic function. To 
accomplish this, we first characterize the three different stages (e.g. early, mid, and late) of osteoarthritis that 
occurs in the medial meniscus transection (MMT) rat model (Figure 5). For this rat model, naïve (non-operated) 
and sham (surgical control) joints were used as negative controls to compare the effect of MMT induction on 
joint deterioration.  

With contrast enhanced 
PCT imaging, we have 
quantified the changes to 
articular cartilage and 
bone. At early stage (3-
weeks post-surgery), 
there was an increase in 
total articular cartilage 
volume, cartilage 
thickness and surface 
roughness of the tibia 
(Figure 6). The damage 
to the articular cartilage 
was found dominantly in 
the medial 1/3 portion of 
the tibia, which was 
consistent with the loss 
of joint stability from 
transection of the medial 
meniscus. As 
osteoarthritis developed 
in this model, there was 
increased lesion area of 
the articular cartilage 
with gradual 
deterioration down to the 
subchondral bone layer 
(Figure 7), which was 
consistently observed at 
mid-stage (6-weeks 
post-surgery). By 12-
weeks post-surgery (late 
stage) there was an 
expansion of osteophyte 
and its mineralization 
(Figure 8). 

0 Week 3 Weeks 6 Weeks 12 Weeks

Early stage Mid-stageMMT surgery Late stage

Naïve (Contralateral) Sham MMT

A

B C D

Figure 5: (A) 
Timeline for the 
medial meniscus 
transection (MMT) rat 
model used in our 
studies. Illustrations of 
naïve rat knee joint 
(B), a knee joint that 
had received sham 
operation --- 
transection of medial 
collateral ligament 
(C), and a knee joint 
that had received 
MMT surgery --- 
transection of medial 
collateral ligament and 
medial meniscus (D). 

Figure 6: MMT-induced osteoarthritis in rat model. Cartilage thickness (A), volume (B) and surface 
roughness (C) were significantly elevated during osteoarthritis development in rats. No significance was 
found between naïve and sham-operated knees. Representative safranin-O staining of rat tibia from naïve (G), 
Sham (H) and MMT (I) animals at 3-weeks post-surgery. n = 6-9 per group. 



9 

 
 

 
With this post-traumatic osteoarthritis model, we conducted studies to determine the effect of osteoarthritis 
development on clearance and lymphatic function using two specialized techniques: 1) knee clearance of 
lymphatic-specific particles and 2) ex vivo assessment of lymphatic vessel pump function. We did not find a 

significant effect of MMT-induced 
osteoarthritis on clearance of the smaller 
tracer (e.g. free dye) which was cleared 
through the venous circulation (Figure 9). 
Interestingly, both OA and sham surgery 
animals showed a gradual reduction in 
lymphatic clearance (e.g. 40kDa PEG) 
that eventually returned to normal by week 
21. However, for sham surgery the peak of 
this effect occurred in week 6 and 
resolved by week 9, while OA animals 
have reduced function in weeks 9 and 18 
that resolved in week 21. This suggested 
that OA may affect lymphatic function at 
mid- to late-stages. 

In FY1, we demonstrated that the ejection fraction of isolated lymphatic vessels may be increased in MMT-
induced osteoarthritis animals around 9 weeks post-surgery. To investigate more directly the effect of the 
synovial fluid environment on lymphatic function, we tested the effect of human synovial fluid, collected from 
healthy or osteoarthritis knee patients, in the ex vivo lymphatic pump function assay. Human synovial fluids 
were commercially available or donaWHd b\ EPRU\¶V RUWKRSaHdLc SK\VLcLaQ (cRXUWHV\ RI DU. KHQQHWK MaXWQHU). 
Isolated rat femoral lymphatic vessels, the primary collecting vessel that we have identified as responsible for 
draining the knee joint in the rat, responded to changes in pressure (from 1, to 3, to 5 mm of H2O) with 
increased contraction frequency and with decreased contraction amplitude (Figure 10). When synovial fluid 
collected from a healthy donor were perfused through the lumen of the vessel for 1 hour or for 2 hours, there 
was a marked increase in contraction frequency at 1 and 3 mm of H2O. When the vessel was treated for more 
than 12 hours (overnight) with healthy synovial fluid, the vessel diameter was increased with irregular 
contraction frequency occurring at each pressure step.  
 When synovial fluid collected from osteoarthritis patients were perfused through the lumen of the 
vessel, there was a marked increase in the vessel tone and a decrease in the amplitude frequency of 
contraction with the intrinsic pumping of the vessel being completely lost after 2 hours of incubation  

 
Figure 9: Effect of MMT-induced osteoarthritis to knee clearance. Rats received 
either Sham or MMT surgeries to their left hindlimb; the contralateral right hindlimb 
did not receive any surgical manipulation. Knee clearance studies with free NIR dye 
and 40kDa PEG-NIR (lymphatic-specific particle) were conducted one week before 
surgery (Week -1) and at 3-, 6-, 9-, 18- and 21- weeks post-surgery. Time constants 
(Tau) were calculated and box plots are shown for free dye and for 40kDa PEG-NIR. 

 
Figure 7: MMT-induced osteoarthritis in rat model. Cartilage lesion 
volume (A, C) and area (B, D) were significantly elevated during 
osteoarthritis development in rats. No significance was found between 
naïve and sham-operated knees. Representative safranin-O staining of 
rat tibia from naïve (E), Sham (F) and MMT (G) animals at 6-weeks 
post-surgery. n = 6-9 per group. 

 
 
Figure 8: MMT-induced osteoarthritis in rat model. Total (A), cartilaginous 
(B) and mineralized (C) osteophyte volumes were significantly elevated 
during osteoarthritis development in rats. Representative safranin-O 
staining of rat tibia from naïve (D), Sham (E) and MMT (F) animals at 12-
weeks post-surgery. n = 6-9 per group. 
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Figure 10: Effect of healthy synovial fluid on ex vivo lymphatic pump function. Rat femoral lymphatic vessels were isolated and 
placed into physiological saline chamber attached to pressure controls. Images of vessels were captured. Changes to vessel diameter 
were measured. The vessels were assessed before (A), 1 hr (B), 2 hr (C) and 24 hr (D) after treatment with synovial fluid (diluted 
1:10 in physiological saline) collected from a healthy patient.  

Figure 11: Effect of osteoarthritis synovial fluid on ex vivo lymphatic pump function. Rat femoral lymphatic vessels were isolated 
and placed into physiological saline chamber attached to pressure controls. Images of vessels were captured. Changes to vessel 
diameter were measured. The vessels were assessed before (A), 1 hr (B), 2 hr (C) and 24 hr (D) after treatment with synovial fluid 
(diluted 1:10 in physiological saline) collected from knee osteoarthritis patients.  
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(Figure 11). From these data, we calculated the effect of synovial fluid on lymphatic tone, frequency, ejection 
fraction and fractional pump flow during 1- and 2- hours treatment (Figures 12 and 13). Overall, synovial fluid 
from osteoarthritis patients (either a pooled sample of 6 patients or from an individual osteoarthritis donor) 
caused a significant increase in vessel tone and a significant reduction of intrinsic lymphatic pump function at 1 
hour and an ablation of lymphatic pump function at 2 hours. These effects were not observed with synovial 
fluid from a healthy donor. 
  

 
Figure 12: Effect of human synovial fluid on ex vivo lymphatic pump function after 1-hour treatment. Lymphatic vessel Tone 
(A), Frequency (B), Ejection Fraction (C), and Fractional Pump Flow (D) was average for untreated vessels (DMEM/F12), 
treated with healthy synovial fluid (HSF), osteoarthritis synovial fluid pooled from 6 patients (OASF pool) and osteoarthritis 
fluid from an individual patient (OASF#3). n = 3-7 per group. 

 
Figure 13: Effect of human synovial fluid on ex vivo lymphatic pump function after 2-hours treatment. Lymphatic vessel 
Tone (A), Frequency (B), Ejection Fraction (C), and Fractional Pump Flow (D) was average for untreated vessels 
(DMEM/F12), treated with healthy synovial fluid (HSF), osteoarthritis synovial fluid pooled from 6 patients (OASF pool) 
and osteoarthritis fluid from an individual patient (OASF#3). n = 3-7 per group. 
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To determine the constituent(s) that were in the synovial fluid and that may contribute to changes of lymphatic 
function, inflammatory markers (Figure 14) and hyaluronan content (Figure 15) were measured. Using a 
commercially available multiplex array, we found that each osteoarthritis patient sample had varying increases 
of cytokines and inflammatory markers relative to the normal healthy donor synovial fluid sample. Interestingly, 
osteoarthritis sample #3 showed a moderate increase of most markers and was alone effective in reducing 
lymphatic contraction. Collectively, no one specific cytokine or inflammatory marker was consistently increased 
across the 6 osteoarthritis samples. Multivariate analysis will be conducted to determine if there is a group of 
markers that may explain the inhibition of lymphatic pump function. 

Figure 14: Multiplex Luminex analysis of inflammatory markers found in synovial fluid. Equi-volume of synovial fluid collected from healthy 
donor (Normal SF) and 6 knee osteoarthritis individuals (OA# 1, 3, 5, 6, 7 and 9) were loaded into Luminex multiplex platform to detect 40 
inflammatory and cytokine markers. The image is a representative color map of the relative expression profile (dark blue is low and red is high 
expression). These synovial fluid samples were also used in the ex vivo lymphatic vessel studies.  

Figure 15: Hyaluronan (HA) content 
found in synovial fluid collected from 
healthy normal knee and from 
osteoarthritis knees.  
A) Equi-volume of synovial fluid were
electrophorized through 1% agarose gel
and stained with Stains-all to detect
hyaluronan. Lanes A, B and C were loaded
with Low-, High- and Mega- HA ladders,
respectively. Lane N was loading healthy,
normal synovial fluid; Lanes 1, 3, 5, 6, 7,
and 9 were loaded with synovial fluids
from knee osteoarthritis donors #1, 3, 5, 6,
7 and 9, respectively. Purified 2.5MDa HA
standards were loaded at differing amounts
(2, 1 and 0.5 Pg). Color intensity map
where black/blue is low and red is high.
B) Measured integrated density of
fixed area for each sample in the range
of 1.5-6MDa range.
C) Relative integrated density of intact
HA (range 1.5-6MDa) and degraded
HA (range 300kDa ± 1.5MDa).
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As for hyaluronan (HA) content, synovial fluid samples were electrophoresed through 1% agarose gels and 
stained with Stains-All to detect hyaluronan. With this technique, the relative amount and integrity of 
hyaluronan can be assessed. For healthy synovial fluid, there was a distinct band that was ~3MDa in size for 
hyaluronan (yellow box in Figure 15). For synovial fluid collected from osteoarthritis patients, we found varying 
HA amounts in the samples (Figure 15B). Also, we found that HA were degraded in some of the samples and 
categorized the OA patients into 3 groups: 1) a group (e.g. #1 and #5) that was very similar to normal, 2) a 
group (e.g. #3, #7 and #9) that had intact and degraded HA, suggesting a catabolic environment of the joint, 
and 3) a sample (#6) that had little to no HA, suggesting a highly catabolic joint environment. We are 
conducting additional studies to determine if these results can be correlated to Kellgren-Lawrence scores (a 
clinical assessment based on morphological changes to the knee joint observed from x-ray.) 
 
 

Major Task 4 – Determine the effect of OA on lymphatic architect and clearance of PEG-liposome carriers. 
Subtask 1 - Determine the clearance kinetics and localization of NIR-labelled liposome carriers in MMT-induced OA animals at 
early, mid and late stage 
Subtask 2 - Determine the clearance kinetics and localization of liposome carriers containing 40kDa PEG-NIR in MMT-induced 
OA animals at early, mid and late stage 

 
The results from Major Task 3 suggested that osteoarthritis can impede lymphatic function. For Major Task 4, 
we focused our efforts 1) to altered lymphatic structure and morphology and 2) to retention and localization of 

drug carriers in the knee joint during 
osteoarthritis progression. 
To determine the impact of osteoarthritis on 
lymphatic structures, immunohistology 
studies were conducted to identify lymphatic 
vessels within the knee joints. Lymphatic 
vessel endothelial receptor 1 (LYVE-1) is 
specifically expressed by lymphatic 
endothelial cells (LECs), which line 
lymphatic vessels, and is not expressed by 
vascular endothelial cells, which line blood 
vessels, such as capillaries, arteries, and 
veins. Smooth muscle actin (SMA) is used 
to identify both lymphatic and blood vessels 
in a tissue sample. In the knee joint (Figure 
16), we found lymphatic vessels primarily 
within the interstitial space, were relatively 
larger than blood vessels and were irregular 
spherical shape. Similar results were also 
found for antibodies recognizing VEGFR3 
and podoplanin, which were lymphatic-
specific markers in this tissue bed (data not 
shown). We have prepared slides from 
MMT-induced osteoarthritis at 3-weeks 
post-surgery and were delayed in staining 
due to months of remote work from COVID-
19. These studies have resumed and will be 
included in FY3 report. 

Since synovial fluid impeded lymphatic function (in Major Task 3), we assessed the effect of synovial fluid on 
lymphatic endothelial cell metabolism, migration, and propagation (Figure 17). No marked effect was found on 
cell morphology, metabolic activity, proliferation, or migration when LECs were treated with healthy normal 
synovial fluid or with synovial fluid collected from osteoarthritis patients. These findings suggested that synovial 
fluid-induced changes to lymphatic pump function was not attributed to gross damage of LECs. We are 
conducting additional experiments to determine if LECs can be apoptotic when treated with 10% synovial fluid.  
 
 
 
 

 
Figure 16: Representative fluorescent images of rat knee joint stained with lymphatic-
specific hyaluronan receptor LYVE-1 (LYVE1) or vascular-specific smooth muscle 
actin (SMA). Naïve rat knee joints were fixed in 10% formalin, decalcified with 
Osteosoft, embedded in paraffin, sectioned into 5Pm sagittal section and stained with 
antibodies recognizing LYVE-1 (red) or SMA (green). Blue boxed area highlights 
vessels labeled with SMA but not with LYVE-1, suggesting that these are blood 
vessels and not lymphatics. Yellow boxed area highlights vessels labeled with both 
SMA and LYVE-1, suggesting that these are lymphatic vessels.   
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For localization of drug delivery carriers, we have found 
that microgels can be targeted to the synovial lining 
after intra-articular injection into rat knees (Figure 18). 
Microgels, with or without HAP-1 peptides, were found 
within the synovial lining of rat knees. This provides 
evidence that microgel drug carrier can be retained 
within the joint capsule and possibly release drugs into 
the adjoining lymphatics and inflammatory cells during 
osteoarthritis progression. We have also found alginate 
microcapsules embedded within the infrapatellar fat pad 
of rat knee joints out to 9 days post-injection (McKinney 
et al. 2019, ³Therapeutic efficacy of intra-articular 
delivery of encapsulated human mesenchymal stem 
cells on early stage osteoarthritis.´) We are continuing 
this method of work for our liposome drug carrier 
studies. 

Figure 17: Effect of 
synovial fluid on lymphatic 
endothelial cells (LECs). 
LECs were cultured in 
endothelial basal media 
(EBM), 10% synovial fluid 
collected from healthy 
donor (HSF) or 10% 
synovial fluid collected for 
osteoarthritis patients 
(pooled samples). Top 
panel, LECs metabolic 
activity was measured using 
Alamar Blue assay for up to 
24 hours. Bottom panel, 
scratch assay was used to 
determine if synovial fluid 
affected migration and 
proliferation of LECs.  

Figure 18: In vivo localization of peptide-functionalized PEG-4MAL nanocomposite microgels. Representative images of the synovial 
membrane 2 weeks after intra-articular administration of PEG-4MAL microgels. Black arrows denote the accumulation of peptide-
functionalized microgels within the V\QRYial membUaQe, Zhich aSSeaU aV ciUcXlaU ZhiWe SRckeWV (Vcale baU 200 ȝm). Adapted from Mancipe 
Castro et al., 2020, ACS Biomater Science Eng. 
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Major Task 5 – Determine the Effects of Resolvins to treat OA. 
Subtask 1 ± Fabrication and assessment of liposome carriers containing Resolvins D1 and E1 
Subtask 2 ± Determine the efficacy of Resolvins to treat early stage of OA 

The goal of major task 5 is to promote the resolution of chronic inflammation as a treatment for OA. Though 
much of the direct resolving work in this aim has been delayed due to the pandemic, we have begun to 
investigate the effects of two treatments²exercise and human mesenchymal stem cells (hMSCs) ² on OA 
development in terms of lymphatic function, resolution of chronic inflammation and ultimately protection of 
cartilage. As mentioned in Major Task 4, alginate microspheres can reside in the synovial layer of rat knees. 

We previously reported (McKinney et al. 2019, ³Therapeutic efficacy of intra-articular delivery of encapsulated 
KXPaQ PHVHQcK\PaO VWHP cHOOV RQ HaUO\ VWaJH RVWHRaUWKULWLV´) that hMSCs may have a chondroprotective 
effect in the MMT rat model. MSCs have also been shown to be immunomodulatory and can promote the 
resolution of inflammation, much in a manner similar to resolving based lipid mediators (Barry & Murphy, 2013; 
Horie et al., 2012). To identify some of the putative secretomes from hMSCs in response to a simulated OA 
microenvironment, we analyzed cytokines secreted by encapsulated hMSCs in vitro (Figure 19). Our studies 
showed that encapsulated hMSCs secreted more IL-6, IL-7, IL-8, IL-1RA, G-CSF, MDC and IP10 when placed 
in an osteoarthritic environment. These factors have been shown to be involved in resolving chronic 
inflammation by directing an acute inflammatory response and could be key elements to induce 
chondroprotection in vivo. Additional studies in FY3 will determine if any or their combination can be used with 

Figure 19: Secretomes from encapsulated hMSC in the presence of IL-1 stimulation, an interleukin elevated in synovial fluid of osteoarthritis 
patients. (a) PLSDA analysis on encapsulated hMSC identified a single latent variable, LV1, that distinguished between Encap hMSC + CTRL on 
the left and Encap hMSC + IL-1ȕ to the right. (b) The weighted profiles of cytokines showed relative expression of cytokines in CTRL conditions 
(blue) and IL-1ȕ conditions (red). Error bars on each cytokine were computed by PLSDA model regeneration using iterative (1000 iterations) leave 
one out cross validation (LOOCV). (c-j) All cytokines that showed increased expression with IL-1ȕ stimulation were assessed independently, using 
t-test with Bonferroni correction, for significance between CTRL and IL-1ȕ conditions, with all significant findings presented. Encap hMSCs +
IL-1ȕ yielded increased expression in pro-inflammatory (IL-1ȕ, IL-6, IL-7, IL-8), anti-inflammatory (IL-1RA), and chemotactic (G-CSF, MDC,
IP10) cytokines. Data presented as mean +/- SD. n = 6 for all groups. Horizontal black bars indicate significant differences between individual
MMT groups.
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liposome drug carriers to treat osteoarthritis and the effects that they have on lymphatic function and its 
resolution of chronic inflammation in OA.  
NSAID use after, but not before, hMSC injection reduces treatment efficacy 
In this study, we investigated whether NSAID use impacts the efficacy of hMSC treatment in the rat knee 
osteoarthritis model. We hypothesized that NSAIDs will reduce the efficacy of hMSC therapy in treating post-
traumatic osteoarthritis. The following groups were used 1) Sham, 2) MMT with no drug (PTOA group), 3) MMT 
with hMSC therapy and no drug (no NSAID group), 4) MMT with naproxen for 2 weeks prior to hMSC 
treatment (pre-NSAID group), 5) MMT with naproxen for 3 weeks after hMSC treatment (post-NSAID group) 
and 6) MMT with naproxen 2 weeks prior to and 3 weeks after hMSC treatment (full-NSAID group). Animals 
received hMSC treatment at 4 weeks post-surgery after mild OA has developed. The study ended at mid-stage 
osteoarthritis (7 weeks post-surgery).  
NSAID use, regardless of timing, had little effect on the efficacy of hMSC therapy (Figure 20). Cartilage 
thickness (p>0.67), cartilage attenuation (p>0.10), cartilage surface roughness (p>0.80), and mineralized 
osteophyte volume (p>0.57) were all similar among hMSC treated groups, regardless of NSAID use. Pain 
significantly differed across groups (p=0.05). We tested for post hoc differences among groups using a t-test 
without correction for multiple comparisons. Here, we observed a significant drop in the withdrawal threshold 
with MMT surgery (p=0.04), which was recovered with injection of hMSCs (vs sham p=0.81; vs MMT p=0.03). 
While there was no effect of pre-NSAID use on the withdrawal threshold, the withdrawal threshold was lower in 
the post-NSAID and full NSAID groups.  

Figure 20: Morphological and pain outcomes. MMT surgery induced osteoarthritis, as evidenced by increases in cartilage attenuation, and 
mineralized osteophyte volume. Injected hMSCs alleviated signs of osteoarthritis, with a reduction in mineralized osteophyte volume. NSAIDs largely 
did not alter the therapeutic efficacy of hMSCs. Exploratory pain data suggests that MMT may reduce withdrawal threshold compared to sham animals, 
and hMSCs may return this threshold back to sham levels, with little interaction from NSAID use. Statistically similar groups are denoted by shared 
letters.  

These data VXJJHVW WKaW NSAID XVH SULRU WR aQd IROORZLQJ KMSC LQMHcWLRQ PLQLPaOO\ aOWHUV WKH WKHUaS\¶V abLOLW\ 
to slow joint degradation and reduce pain.  
Exercise Treatment Promotes Intra-Articular Lymphatic Clearance and Attenuates PTOA 
Exercise and rehabilitation are the gold standard 
treatment option for OA and the only treatments that 
have been shown clinically to modulate OA disease 
progression (Al-Khlaifat et al., 2016; Cagnin et al., 
2019; Peeler & Ripat, 2018). Exercise also has been 
shown to promote lymphatic clearance and pumping 
function (in part through skeletal muscle 
contraction). In this study we sought to ask whether 
exercise could promote clearance of lymphatic 
targeting tracers (indicative of enhancing lymphatic 
function) and attenuate OA disease progression. 
Male Lewis rats received either Sham MMT surgery, 
with or without exercise (n=6/group). Exercised 
animals began treadmill walking (10 m/min) 21 d 
post-surgery, after early stage osteoarthritis has 
developed, and exercised 5 d/wk for up to 30 mins. 
Gait was measured at 3- and 6-weeks post-surgery. 
Cartilage and osteophyte morphology and cartilage 

Figure 21: MMT-induced osteoarthritis increased cartilage attenuation
and osteophyte volume, which were attenuated with exercise.
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attenuation in the medial tibia were quantified using EPIC-µCT. There were no morphological differences due 
to exercise in the Sham animals (Figure 21). Exercise successfully attenuated signs of post-traumatic 
osteoarthritis in MMT animals. While MMT animals showed signs of increased cartilage attenuation (p=0.06) 
and mineralized osteophyte volume (p<0.01), these differences were not observed in the exercised MMT 
animals. Exercise also increased step frequency, decreased step length, and increased duty factor in all 
animals, regardless of surgery, suggesting a functional modification in these animals (Figure 22), that may be 
associated with observed morphological differences in the exercised MMT animals. 

We also have preliminary evidence that 
exercise may increase knee clearance of 
lymphatic-specific particles (Figure 23). 
40kDa PEG-NIR (a particle trafficked to 
lymphatics) clearance was faster (lower 
calculated Tau and decreased area under 
the curve) when rats were exercised for 
30 min at a pace of 10m/min. We did not 
find a significant difference for the free 
dye; however, this may be due to low 
sampling acquisition. We will expand 
these studies by increasing the exercise 
frequency to match the study above. 
These data suggest that exercise can 
increase the lymphatic clearance of the 
knee joint, potentially playing a role in 
resolving chronic inflammation, clearing 
MMPs and fragmented aggrecan, and 
ultimately restoring the knee joint 
homeostasis. 

Figure 22: Exercise increased hind limb duty factor, fore step width, and hind stride length, regardless of surgery. 

Figure 23: Exercise increases lymphatic clearance from knee joints. Rats were left to 
move freely after intra-articular injection (control) or were placed on an exercise 
regimen of 10m/min for 30 min after intra-articular injection (Runners). Free NIR dye 
(D800) and 40kDa PEG-NIR (P40D680) were co-injected in rat knees.  
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What opportunities for training and professional development has the project provided? 
These accomplishments were performed by our team of investigators at both sites, Emory University and 
Georgia Institute of Technology (GA Tech). The team of 12 scientists met monthly to present and discuss the 
ongoing data and the progress of the Department of Defense research project. This provided opportunity for 
graduate students, post-doctorates, and investigators to exchange ideas and assisted with any problems 
across institutions. Within each institution, graduate students and post-doctorates met weekly with their 
respective principal investigators to review studies and to plan for the week.   
Hands-on technical training was provided to all graduate students at each site. Dr. Kaiser trained personnel at 
Emory and Dr. Nepiyushchikh trained students at GA Tech. Dr. Doan facilitated training at both Emory and GA 
Tech sites.  
In addition to laboratory training, scientists received professional career development by attending and 
presenting at national science conferences and symposium. 

How were the results disseminated to communities of interest? 
In addition to presenting at regional and national conferences (see presentation list below), we have published 
our findings in peer-reviewed journals (see Appendices).  

What do you plan to do during the next reporting period to accomplish the goals? 
As we enter year 3 of our project, we will focus our efforts on therapeutics for osteoarthritis (Specific Aim 3). To 
this end, we have already conducted preliminary studies with hyaluronan, exercise and mesenchymal stem 
cells as various forms of therapies. In addition, we will incorporate resolvin into drug carriers and determine the 
ability of resolvin to potentiate the development of osteoarthritis. The completion of our goals in FY3 will 
validate existing therapeutics (such as hyaluronan and exercise) using our NIR technology and will provide 
new therapies (such as exosomes of mesenchymal stem cells and resolvin contained in liposome carriers) to 
treating the debilitating disease osteoarthritis. 

4. IMPACT:
What was the impact on the development of the principal discipline(s) of the project?
We have developed multiple different novel biomaterial-based carriers for intra-articular drug delivery and
shown that we can enhance retention in the joint. These technologies are now being tested with specific drugs
including resolvins. The use of NIR imaging to assess knee clearance in animal model is a unique technique
and provides an unmet technology to address the impact of size- and charge-based particle trafficking from
diseased joints and overall joint homeostasis. This technique allows us to track drug delivery, drug retention
and its release from the joint. This is critical to determine the efficacy of intra-articular injection of drugs and
therapeutics to treat osteoarthritis. Because osteoarthritis is a chronic disease, the retention of drugs, and their
potential to target downstream lymph nodes specific to the diseased joint within the affected joint is imperative.
Additionally, we show the potential of exercise and MSC treatment to promote lymphatic function, resolve
chronic inflammation and attenuate OA progression.

What was the impact on other disciplines? 
In addition to osteoarthritis, the use of NIR imaging to increase our understanding of factors involved in 
clearance can be applied to other joint diseases, including rheumatoid arthritis and synovitis. These joint 
diseases may result from an impairment of lymphatic function and thus clearance measurements may shed 
light to their deficits. The biomaterial carriers developed could also be used for other chronic inflammatory 
diseases where lymphatic function may be a therapeutic target. 

What was the impact on technology transfer? 
Nothing to report. 

What was the impact on society beyond science and technology? 
Nothing to report. 

5. CHANGES/PROBLEMS:
Changes in approach and reasons for change.
During FY2, we experienced laboratory shutdown due to the COVID-19 pandemic which changed our timeline
for the proposed work (detailed in the below paragraph). This has delayed our progress on Major Tasks 2 and
4. However, we continued to make progress towards our goals from the original proposal, have expanded
some of the approaches by developing additional biomaterials (e.g. hyaluronan and PEG microgels) to
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complement our proposed drug carrier liposomes, and have expanded the treatments (such as exercise and 
MSCs) for the resolution of inflammation. These additions will improve our chance to deliver therapeutics for 
osteoarthritis (in specific aim 3), which will be fully addressed in FY3.   

Actual or anticipated problems or delays and actions or plans to resolve them. 
Some of our progress (specifically completion of Major Tasks 2 and 4) were delayed due to the COVID-19 
pandemic. Laboratories and campuses were closed at both Emory and GA Tech in March 2020 and slowly 
began reopening in June of 2020. During this period, we worked remotely and shifted our efforts toward 
manuscript writing, discussion of DoD-related research articles, and data analysis. We used Zoom or 
Bluejeans for weekly virtual meetings. Since June 2020, the institutions have begun to allow researchers back 
in laboratories in a slow and phased manner with reduced capacities. We have re-initiated our efforts for the 
DoD project. We have modified our work schedule and operations to be compliant with institutional directives 
regarding safety during COVID-19. To date, we do not foresee any procedural modification that would impede 
the execution of the DoD project. 

Changes that had a significant impact on expenditures. 
No changes were made. 

Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or select 
agents. 

Significant changes in use or care of human subjects. 
No human subjects were used in our project. 

Significant changes in use or care of vertebrate animals. 
No significant changes were introduced with regards to use of animals. 

Significant changes in use of biohazards and/or select agents. 
No significant changes were introduced with regards to biohazards and/or select agents. 

6. PRODUCTS:

Publications, conference papers, and presentations. 
Journal publications. 
1) Mancipe Castro LM, Garcia AJ, Guldberg RE. Biomaterial strategies for improved intra-articular drug
delivery. Journal of Biomedical Materials Research 2020: 1-11. Published and federal support was
acknowledged.

2) Mancipe Castro LM, Sequeira A, Garcia AJ, Guldberg RE. Articular cartilage- and synoviocyte-binding
poly(ethylene glycol) nanocomposite microgels as intra-articular drug delivery vehicles for the treatment of
osteoarthritis. ACS Biomaterials Science & Engineering August 2020. Published and federal support was
acknowledged.

3) McKinney JM, Pucha KA, Doan TN, Wang L, Weinstock LD, Tignor BT, Fowle KL, Levit RD, Wood LB,
Willett NJ. Biomaterial encapsulation of human mesenchymal stromal cells modulates paracrine signaling
response and enhances efficacy for treatment of established osteoarthritis. Biomaterial Science. Under peer-
review.

Books or other non-periodical, one-time publications. 
None. 

Other publications, conference papers, and presentations. 
Presentations that acknowledged Department of Defense funding 
1) KaLVHU J, McKLQQH\ JM, RaYaO S, PXcKa K, SRN D, FXOOHU J, WLOOHWW N. ³IPSOHPHQWaWLRQ RI PK\VLcaO TKHUaS\
Improves the Therapeutic Efficacy of a Cellular Therapy in a Preclinical Model of Post-Traumatic
OVWHRaUWKULWLV.´ 8th Annual International Symposium on Regenerative Rehabilitation. October 2019.
(Conference Presentation).
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2) DRaQ TN, BHUQaUd, FC, SKaYHU JC, McKLQQH\ JM, DL[RQ, JB, WLOOHWW NJ. ³IQ VLYR COHaUaQcH RI H\aOXURQaQ
IURP WKH RaW KQHH.´ Orthopaedic Research Society Conference. February 2020. (Poster).

3) Kaiser J, BerQaUd F, RaYaO S, DL[RQ B, WLOOHWW N. ³MLOd E[HUcLVH E[SHdLWHV RHVWRUaWLRQ RI S\QRYLaO FOXLd
HRPHRVWaVLV TKURXJK IQcUHaVHd L\PSKaWLc COHaUaQcH.´ OUWKRSaHdLc RHVHaUcK SRcLHW\ CRQIHUHQcH. FHbUXaU\
2020. (Poster).

4) Kaiser J, McKLQQH\ JM, RaYaO S, PXcKa K, SRN D, FXOOHU J, WLOOHWW N. ³PK\VLcaO TKHUaS\ IPSURYHV EIILcac\ RI
Cellular Therapy on Joint Function, Cartilage Morphology, and Pain Symptoms in a Rodent Model of Post-
TUaXPaWLc OVWHRaUWKULWLV.´ OUWKRSaHdLc RHVHaUcK SRcLHW\ Conference. February 2020. (Poster).

5) McKinney JM, Doan TN, Pucha KA, Wang L, Weinstock LD, Wood LB, Levit RD, Willett NJ. Therapeutic
efficacy of encapsulated human mesenchymal stem cells in osteoarthritis. Orthopaedic Research Society
(ORS) Annual Meeting. Phoenix, AZ, February 2020. (Poster).

6) SRN D, KaLVHU J, RaYaO S, WLOOHWW NJ. ³NSAIDV Ma\ RHdXcH EIILcac\ RI MHVHQcK\PaO SWHP CHOO TKHUaS\ LQ a
Rodent Model of Post-TUaXPaWLc OVWHRaUWKULWLV.´ OUWKRSaHdLc RHVHaUcK SRcLHW\ CRQIHUHQcH. FHbUXaU\ 2020.
(Poster).

7) DRaQ TN, BHUQaUd, FC, SKaYHU JC, McKLQQH\ JM, DL[RQ, JB, WLOOHWW NJ. ³IQ VLYR COHaUaQcH RI H\aOXURQaQ
IURP WKH RaW KQHH.´ Musculoskeletal Research Symposium. Emory University, Atlanta, GA. April 2020.
(Abstract submitted, Meeting was canceled due to COVID-19).

8) Bernard FC, Kaiser JM, Doan TN, Nepiyushchikh ZV, Raval SK, McKinney JM, Dixon JB, Willett NJ.
³Integrated Bioengineering Techniques Investigating the Relationships Between Lymphatic Function and
Osteoarthritis Progression.´ 2020 Military Health System Research Symposium HSRS. July 2020. (Online
Abstract).

9) KaLVHU J, RaYaO S, BHUQaUd F, McKLQQH\ J, PXcKa K, SRN D, DL[RQ B, WLOOHW J. ³E[HUcLVH Pa\ MHdLaWH PRVW-
Traumatic Osteoarthritis Through Restoration of JoiQW HRPHRVWaVLV.´ APHULcaQ SRcLHW\ RI BLRPHcKaQLcV.
August 2020. (Poster).

Website(s) or other Internet site(s) 
None. 

Technologies or techniques 
None to report. 

Inventions, patent applications, and/or licenses 
None to report. 

Other Products 
None. 

7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS:

What individuals have worked on the project? 

Participants at Emory University 
1) Nick Willett (no change)
2) Thanh Doan (no change)
3) Jarred Kaiser (no change)
4) Jay McKinney (no change)

Participants at Georgia Institute of Technology 
1) Brandon Dixon (no change)
2) Andres Garcia (no change)
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3) Zhanna Nepiyushchikh (no change)
4) Fabrice Bernard (no change)
5) Lauren Liebman (no change)
6) Eleftheria (Ria) Michalaki
Project Role: Postdoctoral Fellow
Research ID: 0000-0003-3429-560
Month Worked: 9 months
Contribution to Project: Dr. Michalaki trained and assisted undergraduate students at GA Tech. She is involved
with ex vivo lymphatic vessel studies and leads the in vitro lymphatic studies.
Funding Support: N/A
7) Lina Mancipe Castro

Has there been a change in the active other support of the PD/PI(s) or senior/key personnel since the 
last reporting period? 
Nothing to report. 

What other organizations were involved as partners? 
No other organization was involved. 

8. SPECIAL REPORTING REQUIREMENTS:
COLLABORATIVE AWARDS: Dr. Nick Willett leads the group at the Emory site and Dr. Brandon Dixon
leads the group at the GA Tech site. Dr. Andres Garcia is a collaborating investigator at the GA Tech site.
TKHLU JURXSV¶ HIIRUWV aUH VSHcLILHd LQ WKH SOW. DU. WLOOHWW aQd DU. DRaQ bRWK KaYH RIILcH VSacHV aW EPRU\
and GA Tech and they visit both sites weekly.

9. APPENDICES:

1) Mancipe Castro LM, Garcia AJ, Guldberg RE. Biomaterial strategies for improved intra-articular drug
delivery. Journal of Biomedical Materials Research 2020: 1-11. Published and federal support was
acknowledged.

2) Mancipe Castro LM, Sequeira A, Garcia AJ, Guldberg RE. Articular cartilage- and synoviocyte-binding
poly(ethylene glycol) nanocomposite microgels as intra-articular drug delivery vehicles for the treatment of
osteoarthritis. ACS Biomaterials Science & Engineering August 2020. Published and federal support was
acknowledged.

3) McKinney JM, Pucha KA, Doan TN, Wang L, Weinstock LD, Tignor BT, Fowle KL, Levit RD, Wood LB,
Willett NJ. Biomaterial encapsulation of human mesenchymal stromal cells modulates paracrine signaling
response and enhances efficacy for treatment of established osteoarthritis. Biomaterial Science. Under peer-
review.



R E V I EW AR T I C L E

Biomaterial strategies for improved intra-articular drug delivery

Lina M. Mancipe Castro1,2 | Andrés J. García1,2 | Robert E. Guldberg3

1Parker H. Petit Institute for Bioengineering
and Biosciences, Georgia Institute of
Technology, Atlanta, Georgia
2George W. Woodruff School of Mechanical
Engineering, Georgia Institute of Technology,
Atlanta, Georgia
3Phil and Penny Knight Campus for
Accelerating Scientific Impact, 6231 University
of Oregon, Eugene, Oregon

Correspondence
Andrés J. García, Parker H. Petit Institute for
Bioengineering and Biosciences, Georgia
Institute of Technology, 315 Ferst Dr NW,
Atlanta, GA 30332.
Email: andres.garcia@me.gatech.edu

Robert E. Guldberg, Phil and Penny Knight
Campus for Accelerating Scientific Impact,
6231 University of Oregon, Eugene, OR
97403.
Email: guldberg@uoregon.edu

Funding information
National Institute of Arthritis and
Musculoskeletal and Skin Diseases, Grant/
Award Numbers: R01AR062920,
S10OD016264; U.S. Department of Defense,
Grant/Award Number: PR171379

Abstract

Osteoarthritis (OA) is a joint degenerative disease that has become one of the leading

causes of disability in the world. It is estimated that OA affects 50 million adults in

the United States. Currently, there are no FDA-approved treatments that slow OA

progression and its treatment is limited to pain management strategies and life style

changes. Despite the discovery of several disease-modifying OA drugs (DMOADs)

and promising results in preclinical studies, their clinical translation has been signifi-

cantly limited because of poor intra-articular (IA) bioavailability and challenges in

delivering these compounds to tissues of interest within the joint. Here, we review

current OA treatments and their effectiveness at reducing joint pain, as well as novel

targets for OA treatment and the challenges related to their clinical translation.

Moreover, we discuss intra-articular (IA) drug delivery as a promising route of admin-

istration, describe its inherent challenges, and review recent advances in biomaterial-

based IA drug delivery for OA treatment. Finally, we highlight the potential of tissue

targeting in the development of effective IA drug delivery systems.

K E YWORD S

drug delivery, intra-articular, osteoarthritis, tissue-targeting

1 | INTRODUCTION

Osteoarthritis (OA) is a joint degenerative disease characterized by

cartilage loss, which leads to joint pain, swelling and stiffness. OA

affected 303 million people in the world in 20171 and it was esti-

mated that 30.8 million adults in the United States suffered from OA

in 2011.2 OA prevalence in the United States has increased over the

last years3 and it is estimated to affect around 50 million people in

2020.4 In 2008, around 14 million people over 25 years old were

affected by knee OA alone and around 50% of those cases required a

total knee replacement.5 Annual medical care expenses associated

with OA are approximately $185.5 billion dollars annually in the

United States.6 In a country with rapidly aging population and high

incidence of obesity, the prevalence of OA is expected to increase.7 A

study conducted in Sweden estimated that 25% of adults over

45 years were diagnosed with OA in at least one joint, excluding the

spine in 2014.3 Additionally, countries like England have estimated

the prevalence of knee OA alone to be as high as 19% in adults over

40 years.8

Despite the increasing prevalence of OA, no FDA-approved dis-

ease modifying OA drugs (DMOADs) exist9 and its treatment is lim-

ited to pain management strategies and life style changes. Depending

on the severity of the disease, OA patients require interventions rang-

ing from weight management, physical therapy,10 dietary supple-

ments11 and systemic administration of anti-inflammatory and

analgesic drugs,12,13 and in more severe cases, intra-articular

(IA) injections of hyaluronic acid (HA)14 and total joint replacement.5

However, these treatment strategies present limited long-term bene-

fits and do not prevent or slow OA progression.10,15,16

A variety of promising DMOAD candidates have been investi-

gated.17,18 However, achieving appropriate IA bioavailability after sys-

temic administration remains a major challenge.9 Intra-articular

injection offers an attractive route of drug administration for OA

treatment.9 Nevertheless, free drugs injected in the IA space are
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rapidly cleared, resulting in poor retention and insufficient drug con-

centrations in the tissues of interest.19 This challenges evidence the

need for biomaterial-based drug delivery vehicles able to improve the

drug bioavailability into the relevant tissues.9

In the following sections, we discuss current understanding of OA

pathophysiology as well as the effectiveness of current treatment

strategies. Furthermore, a section summarizing novel OA targets and

promising DMOAD candidates is presented. We also describe the

advantages and unmet challenges of IA drug delivery and present

recent advances on IA drug delivery systems.

2 | OA PATHOPHYSIOLOGY

According to its cause, osteoarthritis can be classified in idiopathic

and secondary OA. The former has its origin on nontraumatic condi-

tions, where factors such as age and gender have been identified to

play a role.20 It is estimated that by 2030, adults older than 65 years

will account for around 50% of the total OA cases in the United

States.21 Additionally, the prevalence of OA in men over 60 years is

10%, whereas it is 13% in women, who additionally experience more

severe symptoms.7

Secondary OA can develop as a result of metabolic disorders,

traumatic events or mechanical misalignment.10 In these cases, the

etiology of OA is not fully understood, but it has been recently recog-

nized that it is a multifactorial disease. Joint injury, abnormal joint

development, metabolic disorders, obesity, age, biochemical reactions

and inflammation have all been reported as possible OA causes.10,20

Some research groups have suggested that these factors could elicit

changes in joint biology, mechanics and structure leading to impaired

joint remodeling and the associated progressive degenerative changes

characteristic of OA.22

OA affects the joint as a whole and induces articular cartilage

degeneration, subchondral bone remodeling and osteophyte forma-

tion, ligament laxity, weakening of peri-articular muscles and joint

swelling10 (Figure 1). The exact mechanisms involved in OA progres-

sion and the interplay between articular tissues remain under investi-

gation.23 However, recent research has identified biological

mechanisms and measured biomarker levels that have been used to

partly recreate OA progression.9

As OA advances, the articular cartilage experiences a continuous

degeneration process characterized by partial surface lamina loss,

chondrocyte hypertrophy and the appearance of cartilage fibrillations,

calcified erosions and lesions.9 These morphological damages are

accompanied by cartilage matrix compositional changes such as pro-

teoglycan depletion and collagen Type II cleavage.23 Furthermore, the

activation of the nuclear factor NF-κB in hypertrophic chondrocytes,

synovium macrophages and fibroblasts leads to the up-regulation of

catabolic proteins including matrix metalloproteinases (MMPs),

aggrecanases, cathepsins and A disintegrin and metalloproteinase with

thrombospondin motifs (ADAMTS).4,9,23 Moreover, the expression of

transforming growth factor beta (TGF-β) and vascular endothelial

growth factor (VEGF) in chondrocytes, promotes blood vessel pene-

tration into the hypertrophic cartilage and calcification.23 This unbal-

anced bone remodeling induces subchondral bone sclerosis, cysts and

osteophyte formation, which result in severe pain.4,23 Furthermore,

the synovial membrane is affected by the infiltration of T lympho-

cytes, neutrophils and macrophages,23 which secrete pro-

inflammatory mediators, cytokines and chemokines such as IL-1, IL-6,

IL-15, TNF-α, nitric oxide and prostaglandins, which further exacer-

bate joint inflammation and cartilage degeneration.25 Additionally,

synoviocyte secretion of synovial fluid components is impaired, lead-

ing to poor viscous lubrication and shock absorption capacity.9 In

healthy patients, the hyaluronic acid concentration in the synovial

fluid ranges from 2.5 to 4 mg/ml and has a molecular weight between

6,300 and 7,600 kDa; however, as a result of OA progression, its con-

centration and molecular weight decrease up to 1–2 mg/ml and

1,600–3,480 kDa, respectively.26

Despite advances on elucidating the mechanisms involved in OA

progression, there is still much investigation needed to fully

F IGURE 1 Schematic
representation of an osteoarthritic
knee presenting signs of cartilage
degradation, bone remodeling and
synovial membrane inflammation.
Clearance mechanisms for free drugs
and particulate drug delivery systems
after IA injection. Molecules smaller
than 10 kDa are eliminated from the
joint space via blood vessels whereas
larger molecules and particles in the
nano-scale and up to few micros are
eliminated via lymphatic drainage.9

Synovial macrophages also play an
important role at eliminating
particulate drug delivery systems via
phagocytosis24
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comprehend OA pathophysiology. The lack of understanding of the

underlying mechanisms of OA onset and development, in addition to

difficulties in clinical trial design, as well as the need for more sensitive

techniques to better detect changes related to OA progression,27 are

all limitations that have hindered the development of appropriate

disease-modifying OA drugs (DMOADs).4,9,23

3 | CURRENT CLINICAL TREATMENTS FOR
OSTEOARTHRITIS

3.1 | Nonpharmacological management

Nonpharmacological approaches constitute the first line of treatment

at early stages of OA progression and intend to reduce pain and

improve joint functionality. The absence of mechanic loading

increases cartilage degeneration,28 whereas excessive mechanic stim-

uli are also deleterious for joint health.10 Therefore, physical therapy

are key components of nonpharmacological OA treatment. Exercises

types recommended for OA patients at this stage include propriocep-

tion, stretching and resistance.10 In the case of overweighed patients,

not only physical therapy is recommended, but an initial 10% weight

loss is necessary in order to significantly reduce joint pain.29 Even

though weight loss has been associated with a significant reduction in

the risk of developing symptomatic knee OA in female patients with a

body mass index (BMI) greater than 25 kg m−2, no effect of weight

loss on OA was observed in women with BMI < 25 kg m-2.29 These

results suggest that weight management strategies may only be effec-

tive in overweighed populations. However, given the progressive

character of this disease, and the inability of many obese patients to

maintain a significant weight loss over time,29 patients often require

pharmacological treatment.

An alternative to alleviate the pain is the use of dietary supple-

ments, which account for US$25 billion annual sales.11 Approximately

70% of OA patients take oral supplements for pain management, with

glucosamine and chondroitin sulfate being the most consumed com-

pounds, accounting for a third of the oral supplements market value

(US$872 million annual sales).11 Despite the high sales volume, oral

supplements have failed to induce clinically significant improvements

in pain management in OA patients. Liu et al. in a meta-analysis study

reviewed 69 randomized placebo-controlled clinical trials that evalu-

ated the effects of 20 individual oral supplements for the treatment of

hand, hip or knee OA. The results demonstrated that no supplements

exhibited a clinically important effect on pain or physical function in

the long term (>6 months). Between 4 and 6 months, only

undenatured Type II collagen and green-lipped mussel extract, a sup-

plement rich in anti-inflammatory compounds such as omega-3,

eicosapentaenoic acid and docosahexaenoic acid (DHA)],30 showed a

significant clinical effect on pain reduction.11 Even though glucos-

amine and chondroitin sulfate are the most consumed dietary supple-

ments among the OA population, according to Liu et al., these

compounds only statistically improved pain scores at short term

(<3 months), but their clinical effect is debatable.11 Additionally,

clinical trials and meta-analysis studies have shown that the use of

glucosamine and chondroitin sulfate in combination does not induce a

relevant reduction in pain compared to placebo in most OA

patients.31-33 Although glucosamine can be detected in the synovial

fluid after oral administration,34 insufficient IA concentrations could

be related to the poor outcomes seen in clinical trials. In fact, 90% of

orally administered glucosamine is absorbed, but its concentration in

plasma is significantly reduced due to the first-pass effect, leading to a

bioavailability of 26%–44%.34 On the other hand, oral delivery of

chondroitin sulfate is challenging due to its high molecular weight

(10–50 kDa).34 Around 90% of orally administered chondroitin sulfate

is absorbed as low molecular weight derivatives35 and exhibits a

plasma bioavailability of 5%–15%.34 These challenges in the oral deliv-

ery of glucosamine and chondroitin sulfate may explain why these

compounds have not induced a clinically relevant reduction of OA

symptoms in several clinical trials.

3.2 | Pharmacological management

Currently there are no approved DMOADs that reduce OA progres-

sion, thus treatment is limited to pain management and the regimen

depends on the severity of the disease. Commonly used medications

include cyclooxygenase inhibitors such as acetaminophen, systemic

administration of opioids and nonsteroidal anti-inflammatory drugs

(NSAIDs). However, their prolonged use is limited due to their sec-

ondary effects on the hepatic, gastrointestinal, renal and cardiac sys-

tems, especially in the elderly population that often presents a wide

range of comorbidities.9,10,36-38 Moreover, recent clinical studies have

shown that acetaminophen is inferior to NSAIDs and not-superior

than placebo for pain management in moderate and severe OA

patients.28 The use of topical NSAIDs is a safer alternative, but their

use has only been shown to be effective during the first 2 weeks of

use.39 In the case of opioids, increasing awareness regarding their

chronic use has limited their administration for long-term pain man-

agement. Also, studies have shown that opioids do not improve pain

scores in OA patients compared to NSAIDs.40,41

In order to minimize adverse side effects associated with systemic

administration of therapeutics and to improve drug's bioavailability in

the joint space, intra-articular (IA) injections raise an alternative that

offers a more localized treatment. IA injection of corticoids has been

shown to reduce pain scores and increase joint functionality due to

their anti-inflammatory and immunosuppressive effects. Corticoids

reduce pain and inflammation by decreasing IL-1 production, prosta-

glandins, leukotrienes and metalloproteinases.10,42,43 Several corti-

coids that have been FDA-approved for IA delivery as immediate

release formulations include dexamethasone, beta-methasone, meth-

ylprednisolone, triamcinolone acetate and triamcinolone

hexacetonide.10 However, their long-term efficacy is questionable pri-

marily due to the short retention time. For example, the IA half-life

time of cortisone and dexamethasone solutions are 1.5 and 3.6 hr

respectively.44,45 In an attempt to improve the IA retention of these

molecules, crystalline drug suspensions have been used. However,
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around 10% of the patients experience crystal-induced “steroid flare”,

characterized by an acute synovitis,46 which usually resolves within

few days after injection.47

Finally, hyaluronic acid (HA) is the only formulation currently

approved for OA treatment as a lubricating agent,9,36,37,48 which

intends to restore healthy synovial fluid properties.10 Although clinical

trials, systematic reviews and meta-analyses on the effects of HA

injections on joint pain present confounding results, primarily due to a

high variability in HA formulations, inappropriate blinding and small

sample size, most evidence suggest that viscosupplementation may be

a safe alternative to achieve clinically relevant pain reduction.14 A

meta-analysis study that evaluated 19 clinical trial publications, with a

total of 4,485 patients revealed that overall, HA injection significantly

improved pain scores, but its clinical effect was only 29% of the mini-

mal important difference (MID).15 However, some evidence suggest

that high molecular weight or cross-liked HA formulations are able to

induce a clinically relevant reduction in knee pain.15,26 In fact, the use

of cross-linked HA formulations led to pain improvements closer to

the MID (95%) whereas noncross-linked formulations had a pain

improvement of only 25%. However, if these studies are analyzed

according to the clinical experimental design, double-blinded trials

present a lower treatment effect (49% of MID) compared to studies

with insufficient blinding (129% of MID).15 Additionally, the use of HA

injections did not have an important clinical effect on the Western

Ontario and McMaster Universities Osteoarthritis (WOMAC) function

or stiffness indexes.15 Consistent with other meta-analysis studies,

the clinical effect of viscosupplementation using HA is unclear, pri-

marily due to the lack of good quality, appropriately blinded studies.16

4 | NOVEL TARGETS FOR OA TREATMENT
AND DRUG CANDIDATES

Considering that OA affects the joint as a whole, in addition to pain,

pathways related to inflammation, cartilage catabolism and sub-

chondral bone remodeling have become targets of interest to develop

DMOADs. Regarding inflammation, inhibition of the nuclear factor

NF-κB or individual downstream proteins (IL-1β, TNF-α, β-NGF,

MMPs) has been investigated.17,18 For example, a phase I and II clini-

cal study for a small molecule NF-κB inhibitor, SAR113945, demon-

strated drug tolerability but failed to show effectiveness 56 days after

intra-articular administration.49 However, an analysis performed on a

sub-population of the patients, who presented knee joint effusion at

baseline demonstrated that IA injection of SAR113945 significantly

reduced WOMAC scores of pain and physical function compared to

placebo control.49

Compounds that inhibit cartilage catabolic activity have also been

evaluated. For example, a phase II clinical trial demonstrated that

recombinant human fibroblast growth factor 18 (Sprifermin)-treated

patients presented a significant reduction in lateral femorotibial carti-

lage thickness and volume loss compared to placebo control (p < .033

and p < .014, respectively), when treated with 100 μg of Sprifermin.

However, patients in all experimental groups, including placebo,

exhibited improved symptoms as determined by the WOMAC index

at 12 months, with less improvement for patients receiving 100 μg of

Sprifermin compared to placebo (p < .013).50 Another promising mole-

cule, kartogenin (KGN), has been shown to promote chondrogenic dif-

ferentiation and reduction of OA progression in preclinical animal

models.51-53 In fact, Kang et al. demonstrated that chondrocyte pellets

treated with KGN present significantly higher expression of collagen

Type II and aggrecan compared to nontreated pellets (p < .001).51

Finally, DMOADs that affect subchondral bone such as the bone

resorption inhibitor salmon calcitonin and the antiosteoporotic agent

strontium ranelate have been suggested to have promising effects on

OA progression.9

Another class of DMOAD candidates include senolytic agents

and autophagy promoters. It has been observed in animal models of

posttraumatic OA that senescent cells accumulate in the synovial

membrane and the articular cartilage.54 Also, a reduced expression of

autophagy regulators, which participate in protective mechanisms in

healthy cartilage, has been observed in pathological human cartilage

samples.55 Therefore, elimination of senescent cells (SnC), as well as

reactivation of autophagy pathways have shown promising results at

reducing OA progression in preclinical animal models. In fact, Jeon

et al. used a transgenic mice model that allowed for selective elimina-

tion of senescent cells to demonstrate that removal of this cell popu-

lation resulted in reduced cartilage degradation in a posttraumatic

model of mice OA.54 These results were also confirmed using pharma-

cological elimination of SnC via IA administration of the senolytic mol-

ecule UBX0101.54 Moreover, Xia et al. demonstrated that IA delivery

of cordycepin induce reactivation of autophagy markers in a mouse

model of OA and significantly reduced joint degeneration compared

to untreated joints.55

Although OA pathogenesis does not seem to have an inflamma-

tory origin, some researchers believe that synovial inflammation plays

a key role on disease progression and have suggested the use of anti-

rheumatic drugs as possible OA treatments.56,57 In fact, antirheumatic

drugs have shown promising results on in vitro models and animal

studies, but their efficiency in clinical trials is still questionable.18 Per-

sson et al. in a systematic review and meta-analysis study, evaluated

placebo-controlled clinical trials that investigated the efficacy of FDA-

approved antirheumatic drugs as possible OA treatments.57 In the

study, small molecule drugs and biologics were investigated, including

hydroxychloroquine, methotrexate, anakinra, adalimumab, and

etanercept. Results demonstrated that although these treatments

induce a significant reduction in pain metrics, this effect is not clini-

cally relevant.57

5 | INTRA-ARTICULAR DRUG DELIVERY
STRATEGIES IN OA

Despite the encouraging advances in the discovery of DMOADs, the

translation of these drugs into the clinic is limited given the challeng-

ing pharmacokinetics of the joints. Free small molecule drugs and

even proteins injected in the joint space are rapidly cleared via
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lymphatic drainage and their retention time does not exceed few

hours (Table 1). Also, most of these drugs have poor water solubility

and require a delivery system in order to be administered via IA injec-

tions.9,48,58 Multiple intra-articular drug delivery vehicles including

hydrogels, liposomes, nanoparticles and microparticles have been for-

mulated and will be discussed in the following sections (Figure 2).

5.1 | Hydrogels

Various viscosupplementation products, such as lightly cross-linked HA

hydrogel formulations (Synvisc-ONE®, EUFLEXXA®, Gel-One® and

MonoVisc®),14 represent an attractive alternative to use as drug delivery

vehicles. Several research groups have shown that drug-loaded HA

hydrogel formulations can be used to reduce the frequency of IA injec-

tions compared to free drug.65,66 However, the retention of HA cross-

linked formulations is still a concern. Yoshioka et al. demonstrated that

the commercially available cross-linked HA formulation Gel-One® can-

not be detected in the synovial fluid of rabbit knee joints after Day

7, only 30% is retained in the synovial membrane at Day 7 and 3.3% at

Day 28.67 In an attempt to improve hydrogel intra-articular retention,

the use of synthetic hydrogels has been explored. For example,

poly(caprolactone-co-lactide)-poly(ethylene glycol)-poly(caprolactone-

co-lactide) (PCLA-PEG-PCLA) hydrogel, used to deliver celecoxib to

horse knees, showed that the drug could be detected at Day 28 in the

synovial fluid, but more than 90% of it was cleared by Day 7.68 Despite

these advances, hydrogels serve as drug depots but are unable to con-

trol small molecule drug release rate because their mesh size is usually

orders of magnitude larger than the loaded drugs.69,70

5.2 | Liposomes

Liposomes can provide controlled release rates of both lipophilic and

water-soluble drugs. Also, compared to crystalline drug suspensions

formed by hydrophobic drugs upon IA injection, liposomes are less

inflammatory.71 Studies have shown that liposomes loaded with a

model small molecule, such as the contrast agent iohexol, presented

an IA half-life time of 134 hr whereas the free molecule was not

detected after 3 hr.72 However, compared to other drug delivery vehi-

cles like polymeric particles, liposomes have limited long term stabil-

ity.73 Additionally, the elevated oxidative stress seen in OA joints74 as

well as the shear and compressive loads characteristic of the IA space

can reduce liposomes stability and induce drug leakage or burst

release.69,73,75

5.3 | Nanoparticles and microparticles

An alternative to overcome the mechanical instability of liposomes is

the use of lipid or polymeric nanoparticles. These vehicles have been

shown to be susceptible to microvascular and synovial macrophage-

mediated drainage and can be retained in the joint space only for few

weeks, depending on their size, charge and composition.9,64,76,77 In

fact, Partain et al. determined that particles of around 190 nm in

diameter, composed of poly(ethylene glycol)-ploy(lactic acid) copoly-

mer containing magnetic nanoparticles, can be retained for around

TABLE 1 Half-life of different molecules after intra-articular
injection

Molecule Half-life (h) Molecular weight (Da)

Paracetamol59 1.10 151

Ibuprofen60 2.20 206

Naproxen61 1.60 230

Ketoprofen61 1.90 254

Diclofenac59 5.20 296

Cortisone45 1.46 360

Dexamethasone44 3.60 392

Methotrexate62 2.90 454

Hyaluronic acid19 13.20 6,000

IL-1Ra63 23.04 65,400

Bovine serum albumin64 15.12 66,000

F IGURE 2 Drug delivery systems
typically used for IA drug administration and
their IA retention time. Free small molecule
and macromolecule drugs are cleared from
the joint space in few hours. The use of drug
delivery vehicles increases drug IA retention
time, typically in a size-dependent manner.
Nano-scale vehicles such as nanoparticles and
liposomes are generally retained up to a
couple of weeks, whereas microparticles can
be retained in the joint space up to a month.
Hydrogels do not usually control the release
rate of loaded drug molecules, thus present
an IA retention time in the order of days
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2 weeks after IA injection in a rat model of knee OA.78 The use of

larger particles that could better avoid lymphatic drainage and cell-

mediated particles elimination (Figure 1) is a potential strategy to

achieve IA drug sustained release over longer periods of time. In fact,

polycaprolactone (PCL) microparticles with an average size of 16 μm
were found to remain in the joint space of rats for up to a month.79

Janssen et al. synthesized celecoxib-loaded polyester amide (PEA)

microspheres with a mean particle size of 25 μm and were able to

detect around 20% of the injected PEA 12 weeks after IA injection in

Lewis rats.80 Additionally, the company Flexion Therapeutics recently

received FDA approval to commercialize ZILRETTA®, an IA formula-

tion of 45 μm triamcinolone acetonide-loaded poly(lactic-co-glycolic)

acid PLGA microparticles for pain management in OA patients. The

associated clinical trials revealed persistent pain relief until 3 months

posttreatment.81,82 All together, these studies show the potential of

microparticles to provide a sufficient IA retention time able to ensure

drug bioactivity during a relevant therapeutic window.9

6 | TARGETING FOR IA DRUG DELIVERY

A wide variety of DMOADs are being studied for the treatment of OA

and can be classified according to their function as analgesic, anti-

inflammatory, cartilage-protective, or bone resorption inhibitors.9

Depending on their function, these drugs act on specific biologic tar-

gets present in different tissues within the joint.48 Studies have shown

that nontissue specific delivery of these drugs may result in unwanted

off-target effects. For example, the use of NSAIDs reduces proteogly-

can secretion, thereby increasing cartilage degradation.83 Other

groups have shown that nerve growth factor (NGF) blockade for pain

relief induced rapid OA progression and osteonecrosis in a phase III

clinical trial.84 Therefore, drugs that act on inflammatory and pain

pathways should primarily target the synovium.48 Likewise, drugs that

induce chondrogenesis should be preferentially delivered to the artic-

ular cartilage in order to prevent adverse effects on the surrounding

tissues. In fact, IA injection of TGF-β185 and the chondrogenic mole-

cule kartogenin,51,52,86-89 although beneficial for cartilage repair,

increase synovium hyperplasia and induce the formation of cartilage-

like tissues in ligaments and synovium.86

6.1 | Cartilage targeting

Cartilage extracellular matrix, primarily composed of collagen Type II

and sulfated glycosaminoglycans (GAGs), presents a small pore size

(60–200 nm) and high negative charge, which difficult the penetration

of molecules into this tissue.90,91 Therefore, the size and charge of

drug delivery vehicles play an important role on cartilage targeting

and penetration. Drug delivery systems of diverse compositions, rang-

ing from few nanometers up to 100 nm in diameter have been shown

to penetrate the articular cartilage matrix.91-93 However, their reten-

tion is primarily controlled by their ability to bind to different compo-

nents of this tissue.

One alternative to achieve cartilage targeting is to use ionic inter-

actions between the negatively charged cartilage matrix and positively

charged carriers.90 For example, Cook Sangar et al. recently developed

a cysteine-dense peptide (CDP-11R) that due to its high surface posi-

tive charge is able to accumulate in mice cartilaginous tissues after IV

administration and into human articular cartilage explants in vitro.94

Triamcinolone acetonide conjugated to CDP-11R peptide resulted in

a dose-dependent reduction in rat paw inflammation after IV adminis-

tration in a rat model of rheumatoid arthritis (RA).94 Moreover, Geiger

et al. used a positively charged, cartilage penetrating dendrimer to

improve cartilage retention of insulin growth factor 1 (IGF-1), which

resulted in significant cartilage protection and reduction of osteophyte

formation compared to free IGF-1 in a rat model of OA.95 Yan et al.

developed cationic peptidic nanoparticles for IA delivery of NF-κB
siRNA able to penetrate into human OA articular cartilage explants and

be retained in the chondrocyte lacunae for at least 2 weeks. Addition-

ally, IA delivery of NF-κB siRNA-conjugated cationic nanoparticles

resulted in reduction of cartilage lesion length, chondrocyte apoptosis

and synovitis in a mouse model of OA.96 However, it is important to

note that passive cartilage targeting based on electrostatic interactions

is affected by the state of the disease. In fact, Vedadghavami et al. dem-

onstrated that positively charged nano-carriers uptake and retention in

articular cartilage explants with lower GAGs content were reduced due

to a decrease in the cartilage net negative charge compared to healthy

explants.92 Additionally, Brown et al. demonstrated that reduced GAGs

content as well as the presence of synovial fluid significantly reduce

PLGA NPs retention into articular cartilage explants compared to

healthy tissue and saline, respectively.93

Moreover, targeting cartilage extracellular matrix (ECM) compo-

nents such as collagen Type II and aggrecan has gained attention as a

promising strategy to target damaged areas of the articular cartilage

(Figure 3). In fact, monoclonal anti-Type II collagen antibodies

(MabCII) have been used in multiple drug delivery and diagnostics

applications.97-99 For example, Cho et al. demonstrated that liposomes

functionalized with a collagen Type II monoclonal antibody are able to

bind cartilage tissue proportionally to the severity of the disease in a

mice model of OA after systemic administration.99 Moreover, Bed-

ingfield et al. used MabCII-functionalized polymeric NPs for cartilage-

specific MMP13 siRNA delivery. These vehicles significantly reduced

MMP13 expression and protected articular cartilage as measured via

OARSI scores in a mouse model of OA after IA injection, compared to

NPs functionalized with a negative control antibody.100 Also, single-

chain antibody variable fragment (scFv) specific to reactive oxygen

species (ROS)-modified collagen II have been reported.97

More recently, the use of phage display technology has resulted

in the discovery of tissue-specific peptides, which compared to larger

proteins such as monoclonal antibodies, are easier to manufacture,

less immunogenic, smaller in size and more stable.73 Using this tech-

nology, Yanbin et al. discovered a cartilage affinity peptide (CAP:

DWRVIIPPRPSA) able to specifically bind to rabbit chondrocytes and

human chondrocytes isolated from a patient with OA. Compared to

the scrambled peptide, conjugation of the CAP peptide to 50 nm poly-

ethylenimine nanoparticles, a classical and efficient nonviral vector for
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gene therapy, resulted in particle binding and internalization into cho-

ndrocytes in vitro and 48 hr after IA injection into rabbit knee

joints.101 Later, Cheung et al. discovered two peptide sequences

(RLDPTSYLRTFW and HDSQLEALIKFM) via phage display able to

preferentially bind aggrecan in vitro. However, no scrambled control

peptides were used and the ability of these sequences to bind carti-

lage in vivo was not assessed.102 These aggrecan-binding and CAP

peptides have not yet been used by other research groups for intra-

articular drug delivery or diagnostics applications.

Rothenfluh et al. reported the ligand WYRGRL, a collagen Type II

α1-targeting peptide. Functionalization of poly(propylene sulphide

nanoparticles and subsequent IA injection in mice knees resulted in a

72-fold increase in cartilage-targeting ability compared to

nanoparticles functionalized with the scrambled control.103 In contrast

to other reported peptides, this sequence has been successfully used

in preclinical models for diagnostics and drug delivery applica-

tions.12,91,103-106 In fact, the conjugation of this peptide to magnetic

resonance imaging (MRI) contrast agents has allowed in vivo localiza-

tion of cartilage hypertrophic changes in a rat model of OA.104 Other

researchers have coupled this ligand to near infra-red probes for

in vivo imaging and detection of age-related decrease in collagen Type

II in mice.106 Furthermore, conjugation of this peptide to dexametha-

sone has proven to increase its retention into bovine articular carti-

lage explants and decreased the glycosaminoglycan depletion in an

in vitro model of OA.12

6.2 | Synovial membrane targeting

Although drug delivery into the articular cartilage has been recognized

as a key and very challenging aspect in the field, targeted delivery into

the synovial membrane has gained interest as well. Originally, syn-

ovium targeting emerged as a strategy to minimize the secondary

effects of systemic administration of NSAIDs and other anti-

inflammatory therapeutics (Figure 3). Two peptides that bind to

inflamed synovial vasculature107,108 have been discovered via phage

display and have shown promising targeting results after systemic

administration in small animal models of rheumatoid arthritis.109,110

The first peptide was discovered by screening the ability of peptides

administered intravenously (IV) to specifically bind to the vasculature

of human synovium grafted into immunodeficient mice.107 The

resulting peptide (CKS: CKSTHDRLC) was later used by Wythe et al.

to formulate a fusion protein formed by the anti-inflammatory cyto-

kine IL-4 and the synovium-targeting peptide, and demonstrated that

this construct elicited a biological response specifically into human

synovium grafts implanted into immunodeficient mice compared to

the scrambled control.109 To date, this peptide has not been used in

preclinical models of OA. Another group reported the discovery of a

peptide (ADK: CRNADKFPC) able to bind to inflamed synovial vascu-

lature and showed that IV administration of ADK peptide in a rat

model of adjuvant arthritis resulted in reduced inflammation scores,

decreased T-cell trafficking and angiogenesis inhibition.108 Addition-

ally systemic administration of ADK-functionalized liposomes loaded

with the immunomodulatory cytokine IL-27 resulted in in vivo

targeting of arthritic joints and significant reduction in rat paw inflam-

mation compared to nontargeting liposomes or free IL-27 in a rat

model of rheumatoid arthritis.110 Despite these results, the ADK pep-

tide is also able to bind to inflamed skin108 and the control scrambled

sequence has not been characterized.

More recently, Katsumata et al. conjugated an anti-TNFα anti-

body to either a collagen-binding peptide111 or a “promiscuous” ECM-

binding peptide derived from placenta growth factor 2.112 In both

F IGURE 3 Active IA tissue targeting strategies. Targeting peptides binding articular chondrocytes101 or cartilage ECM components, including
collagen Type II (Coll-2)103 and aggrecan,102 have been reported. Anti-Coll-2 monoclonal antibodies (MabCII) have also been used for articular
cartilage targeting.97-99 Synovial membrane targeting can be achieved by the use of inflamed synovial endothelium-binding peptides (CKS:
CKSTHDRLC,107 ADK: CRNADKFPC108) or peptides targeting fibroblast-like synoviocytes (HAP-1: SFHQFARATLAS)113
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studies, subcutaneous administration of the conjugate resulted in

elevated retention and reduced paw inflammation compared to un-

conjugated anti-TNFα antibodies.111,112 Although Katsumata et al.

demonstrated that these conjugates preferentially accumulate in the

synovial membrane in vivo,111 both of these peptides are able to bind

to different types of collagen in vitro and exhibit significantly higher

retention in OA human cartilage explants compared to un-conjugated

anti-TNFα antibodies.111,112 Even though it is unknown if these ECM-

binding peptide conjugates are also retained in the articular cartilage

in vivo, this strategy offers promising results in terms of specific drug

delivery into inflamed joints.

A different approach for synovium targeting was proposed by Mi

et al. who discovered a peptide (HAP-1: SFHQFARATLAS) that

directly binds to synoviocytes.113 HAP-1-functionalized liposomes

loaded with prednisone114 or an anti-inflammatory NF-κB-blocking
peptide115 showed promising results in terms of liposome localization

into the arthritic joints and the reduction of rat paw inflammation

after IV injection in a rat model of rheumatoid arthritis. Considering

that synovium endothelium is not directly exposed to synovial fluid

but synoviocytes are, the most promising strategy to target the syno-

vial lining after IA injection could be HAP-1 peptide.

6.3 | Multitarget therapy

Current understanding of OA pathology indicates that it is a complex,

multifactorial disease, which suggest that multitarget treatment may

be a promising strategy to address the diverse mechanisms involved

in OA progression. Although this idea has gained interest in the com-

munity, only few studies have explored the concept of multitarget

therapy. One of the most investigated approaches is the use of dual-

function lubricating drug-loaded nanoparticles.116 Fan et al. developed

HA nano-micelles containing the inti-inflammatory molecule, cur-

cumin. These nano-micelles exhibited low friction coefficient and

reduced paw inflammation by 30% in a rat model of rheumatoid

arthritis.117 Other researchers have focused on dual drug delivery to

achieve multitarget therapies for OA treatment. Kang et al. developed

chitosan-based thermoresponsive nanoparticles for independent

delivery of kartogenin, a potent chondrogenic molecule, and

diclofenac for pain and inflammation management.118 These particles

induced chondrogenic differentiation of mesenchymal stem cells

in vitro, slowed OA progression and reduced the concentration of

cyclooxygenase-2 in serum and synovial fluid in a rat model of post-

traumatic OA compared to a solution of free drugs. However, the

effect of combinatorial treatment compared to mono-therapy was not

evaluated.118 Moreover, Stone et al. demonstrated that IA combinato-

rial gene therapy using viral vectors expressing IL-1 receptor antago-

nist and lubricin induced the expression of anabolic and cartilage

matrix genes, decreased the expression of catabolic and inflammatory

mediators and provided significant cartilage protection compared to

mono-therapy.119 Despite the advances in the development of combi-

natorial therapies, the use of tissue-specific drug delivery vehicles for

multitarget treatment of OA is yet to be explored.

7 | CONCLUSIONS AND FUTURE
PERSPECTIVES

Current OA treatment strategies do not address the underlying joint

degenerative processes and are ineffective at managing long-term

pain. The lack of approved DMOADs has not only resulted in poor

quality of life for OA patients, but has also made this disease a major

cause of disability worldwide. Significant advances on elucidating OA

etiology have moved the field forward in terms of developing promis-

ing DMOADs. However, much research is still needed in this regard.

In addition to developing better DMOADs, there is an unmet need to

design appropriate IA drug delivery vehicles that are able to increase

drugs' IA retention time and directly release these molecules into the

tissues of interest. Different biomaterials have been proposed in order

to overcome the limitations related to IA drug administration including

hydrogels, nanoparticles, liposomes and microparticles. To date, there is

only one FDA-approved drug formulation that utilizes a biomaterial-

based drug delivery system for IA injection in OA patients, which consist

of triamcinolone acetonide-loaded PLGA microparticles.82 Although

microparticles generally present longer IA retention compared to other

biomaterial-based formulations, extensive research on the use of differ-

ent drug delivery vehicles, especially at a clinical level is still needed.

Additionally, considering the complex nature of the disease, multitarget

treatment strategies could represent a promising alternative to address

the diverse underlying joint degenerative processes occurring in OA. In

this regard, not only the development of appropriate IA drug delivery

vehicles is imperative, but also the use of tissue-targeting strategies is

essential. Future research on combinatorial drug delivery systems for

the administration of therapeutic molecules with different IA tissue tar-

gets is still needed and could significantly contribute to the development

of effective strategies for OA treatment.
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Cite This: https://dx.doi.org/10.1021/acsbiomaterials.0c00960 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Intra-articular (IA) injection is an attractive route of
administration for the treatment of osteoarthritis (OA). However,
free drugs injected into the joint space are rapidly cleared and many
of them can induce adverse off-target effects on different IA tissues.
To overcome these limitations, we designed nanocomposite 4-arm-
poly(ethylene glycol)-maleimide (PEG-4MAL) microgels, present-
ing cartilage- or synoviocyte-binding peptides, containing poly-
(lactic-co-glycolic) acid (PLGA) nanoparticles (NPs) as an IA small
molecule drug delivery system. Microgels containing rhodamine B
(model drug)-loaded PLGA NPs were synthesized using micro-
fluidics technology and exhibited a sustained, near zero-order
release of the fluorophore over 16 days in vitro. PEG-4MAL
microgels presenting synoviocyte- or cartilage-targeting peptides
specifically bound to rabbit and human synoviocytes or to bovine articular cartilage in vitro, respectively. Finally, using a rat model of
post-traumatic knee OA, PEG-4MAL microgels were shown to be retained in the joint space for at least 3 weeks without inducing
any joint degenerative changes as measured by EPIC-μCT and histology. Additionally, all microgel formulations were found trapped
in the synovial membrane and significantly increased the IA retention time of a model small molecule near-infrared (NIR) dye
compared to that of the free dye. These results suggest that peptide-functionalized nanocomposite PEG-4MAL microgels represent a
promising intra-articular vehicle for tissue-localized drug delivery and prolonged IA drug retention for the treatment of OA.
KEYWORDS: microgels, tissue-binding, intra-articular, drug delivery, osteoarthritis

1. INTRODUCTION
Osteoarthritis (OA) is a progressive joint degenerative disease
that affects approximately 303 million people in the world1 and
30.8 million adults in the U.S.2 There are no FDA-approved
disease modifying OA drugs (DMOADs).3 OA treatment is
limited to weight management and physical therapy,4 systemic
pain management using non-steroidal anti-inflammatory drugs
(NSAIDs), cyclooxygenase inhibitors, and weak opioids, whose
long-term use has been associated with adverse effects on the
gastrointestinal, renal, and circulatory systems,5,6 and visco-
supplementation injections of hyaluronic acid.7 Nevertheless,
these management approaches do not address the underlying
joint degeneration and have limited long-term benefits.4,8,9

Intra-articular (IA) injection offers an attractive route of
drug administration, which can reduce systemic off-target
effects and allow for a higher local drug concentration while
using lower doses compared to those of systemic delivery.3

However, free drugs injected in the IA space are rapidly
cleared, which leads to insufficient retention times and effective
concentrations for drugs to elicit a therapeutic effect.10 For
example, the IA half-life time of small molecule drugs (<1 kDa)
is less than 5 h11 and that of larger molecules such as proteins

does not exceed 24 h.12,13 Although recently discovered
DMOADs have demonstrated promising results in preclinical
models of OA, their translation into the clinic has been
hindered, in part due to the lack of IA drug delivery vehicles
able to support long-term treatment.3

Extensive research has led to the development of novel
DMOADs that act on different joint tissues.3 However, non-
tissue specific drug delivery may result in unwanted off-target
effects. For example, drugs-targeting processes occurring in the
synovial membrane such as NSAIDs have been related to
reduced proteoglycan secretion and increased cartilage
degradation.14 Similarly, nerve growth factor (NGF) blockade
for pain relief resulted in rapid OA progression and
osteonecrosis in a phase III clinical trial.15 Likewise, drugs
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that induce chondrogenesis such as TGF-β and kartogenin
increase synovium hyperplasia and formation of cartilage-like
tissues in ligaments and synovial membrane.16,17

To overcome these limitations, targeting strategies have
been used to confer the delivery vehicle with the ability to bind
articular cartilage18−22 or synovial membrane.23−29 Targeting
peptides that bind the inflamed synovial vasculature28,29 or
fibroblast-like synoviocytes have been identified.25 In partic-
ular, the HAP-1 peptide (SFHQFARATLAS), which targets
fibroblast-like synoviocytes, has been conjugated to drug-
loaded liposomes, demonstrating encouraging results in rat
models of adjuvant- and zymosan-induced arthritis.26,27 On the
contrary, active cartilage targeting has been achieved via
antitype II collagen (Coll-2) monoclonal antibodies18−20 and
Coll-2-targeting peptides.22 Rothenfluh et al. reported the
peptide WYRGRL (WYR), which specifically binds to Coll-2
α1 chain22 and has shown efficient cartilage binding in a
variety of diagnostic and drug delivery applications.5,30−33

Despite advances on tissue targeting, only nano-sized
carriers have been used for IA tissue-localized drug
delivery.19−22,26−28 Even though the use of nanoparticles
(NPs) may be advantageous for intra-cartilage and intra-
cellular drug delivery, recent studies have shown that the use of
targeting moieties does not improve IA drug carrier retention.
Brown et al. demonstrated that cartilage-targeting poly(lactic-
co-glycolic) acid (PLGA)-based NPs effectively penetrate the

articular cartilage when conjugated with the targeting peptide
WYR or to positively charged moieties. However, the use of
these cartilage-targeting strategies did not improve NPs IA
retention compared to that of non-targeting control NPs.30 In
general, particles larger than a few microns in diameter present
better IA retention than NPs.3 Nevertheless, the use of larger
particles may not always be beneficial. Polymeric micro-
particles resulting from joint arthroplasty implant wear are
associated with articular cartilage and meniscus degradation
and synovitis.34 Liggins et al. demonstrated that PLGA
particles between 1 and 20 μm in size induced higher
proteoglycan depletion and synovial cellular infiltration than
larger particles (30−100 μm) in a rabbit model of antigen-
induced arthritis.35 These observations raise concerns regard-
ing the use of solid polymeric microparticles for long-term IA
delivery. Therefore, there is an unmet need to develop safe
intra-articular drug delivery systems with tissue-localized
delivery capabilities and prolonged IA drug retention times.
Synthetic microgels, micron-sized hydrogel particles, offer

attractive chemical and mechanical properties for the develop-
ment of intra-articular drug delivery vehicles. In particular 4-
arm-poly(ethylene glycol)-maleimide (PEG-4MAL) microgels
allow for efficient incorporation of biological ligands and have
been used for cell encapsulation and protein delivery
applications.36−38 However, their use as small molecule intra-
articular drug carriers has not been explored. Here, we

Figure 1. Nanocomposite PEG-4MAL/PLGA NP microgels synthesis and characterization. (A) Schematic of microgel fabrication. PEG-4MAL was
functionalized with targeting peptides (1.0 mM) and mixed with PLGA NPs prior to microgels synthesis via microfluidics technology. (B)
Rhodamine-B-loaded PLGA NP size distribution. (C) Encapsulation of PLGA NPs into PEG-4MAL microgels did not affect microgel size (p >
0.99). (D) Rhodamine B release profile from empty microgels, nanocomposite microgels, and PLGA NPs. Rhodamine B rapidly diffuses out of
empty PEG-4MAL microgels, whereas microgels containing PLGA NPs and PLGA NPs alone exhibited a zero-order release. (E) Nanocomposite
PEG-4MAL microgels presented a rhodamine B release rate comparable to PLGA NPs alone (p = 0.107).

ACS Biomaterials Science & Engineering pubs.acs.org/journal/abseba Article

https://dx.doi.org/10.1021/acsbiomaterials.0c00960
ACS Biomater. Sci. Eng. XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c00960?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c00960?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c00960?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c00960?fig=fig1&ref=pdf
pubs.acs.org/journal/abseba?ref=pdf
https://dx.doi.org/10.1021/acsbiomaterials.0c00960?ref=pdf


developed nanocomposite PEG-4MAL microgels containing
poly(lactic-co-glycolic) acid (PLGA) NPs and functionalized
with HAP-1- and WYR-targeting peptides as synoviocyte-
binding and articular cartilage surface-binding intra-articular
small molecule delivery vehicles. We evaluated these systems
for their ability to support the sustained release of model small
molecule drugs and bind to synoviocytes and articular cartilage
in vitro. Additionally, the IA retention of PEG-4MAL microgels
and a loaded model small molecule were evaluated in a rat
model of OA. Finally, the IA localization of peptide-
functionalized microgels was evaluated and their effect on
articular cartilage and synovial membrane structure were
investigated.

2. MATERIALS AND METHODS
2.1. Materials. The reagents and peptides used in this work are

described in the Supporting Information.
2.2. PLGA Nanoparticles Synthesis and Characterization.

PLGA NPs containing model small molecules were synthesized by an
oil-in-water single emulsion method. PLGA (210 mg) was dissolved
in 6 mL of dichloromethane (DCM) and mixed with 1 mL of a
solution of either rhodamine B or cyanine 7 (Cy7) in DCM (1 mg/
mL). The mixture was added to 50 mL of 1% poly(vinyl alcohol)
(PVA) in distilled water and sonicated for 3 min (A = 100%,
VibraCell Ultrasonic Processor, VCX 130 PB). The emulsion was
added to 50 mL of 1% PVA and magnetically stirred for 4 h. PLGA
NPs were washed with distilled water three times via centrifugation at
16 000g for 10 min, lyophilized, and stored at −20 °C. Nanoparticles
size was determined using dynamic light scattering (Brookhaven 90
Plus Particle Size Analyzer, Brookhaven Instruments, Holtsville, NY).
2.3. Preparation PEG-4MAL/PLGA NPs Composite Microgels

and Characterization. PEG microgels were synthesized using
microfluidics technology as described elsewhere with minor
modifications.36 The aqueous phase was composed of PBS with
Ca2+ and Mg2+ (PBS+/+) and Optiprep (2:1) with 20 mM HEPES,
and the oil phase contained mineral oil with 2% SPAN 80. Prior to
microgel formation, PEG-4MAL macromer was reacted with cartilage-
(WYR), synoviocyte- (HAP-1), or integrin- (RGD) binding peptides
or their respective scrambled controls (WYRsc, HAP-1sc, RDG) at
room temperature and pH 7.0 for 10 min and mixed with an aqueous
suspension of PLGA NPs. The final PEG-4MAL concentration was
6% w/v, and it contained 1.0 mM peptide and either 0, 0.25, 0.50, or
1.00% w/v PLGA NPs. Cross-linker emulsion was prepared using a
solution of dithiothreitol (DTT) in aqueous phase (30 mg/mL)
mixed with oil phase at a 1:14 ratio. Microgels were synthesized using
PDMS flow-focusing devices with a nozzle size of 46.5 ± 0.5 μm
(Figure 1A) and washed five times with a 1% bovine serum albumin
(BSA) solution in PBS+/+ via centrifugation (1000g for 5 min). Size
distribution of PEG-4MAL microgels was determined via microscopy
image analysis using ImageJ. Further microgels characterization
methods are described in the Supporting Information.
2.4. Rhodamine B in Vitro Release. PEG-4MAL microgels

containing different rhodamine-B-loaded PLGA NPs concentrations
(0, 0.25, 0.50, and 1.00% w/v) were prepared as described before (n =
4 independent runs, 27 μL of PEG-4MAL macromer precursor
solution were used to prepare each batch). Empty microgels were
loaded with a rhodamine B solution (5 μg/mL) by incubation and
physical entrapment. PLGA NPs alone (1.35 mg/mL) were used as a
control. Samples were then incubated at 4 °C with constant stirring in
a total volume of 200 μL of 1% BSA. At each time point, microgel
samples were centrifuged at 1000g for 5 min and 150 μL of
supernatant were taken for rhodamine B release measurements via
spectrophotometry (λex/λem: 553/627 nm) and replaced with fresh
1% BSA solution. For PLGA NPs only, a centrifugation speed of
16 000g was used to ensure appropriate separation. The encapsulated
rhodamine content in PLGA NPs was measured after extraction in
methanol (1 mg/mL) at 4 °C. Relative cumulative release profiles
were analyzed using a zero-order curve fit.

2.5. HAP-1-Functionalized PEG-4MAL Microgel-Binding
Assay. To evaluate the ability of HAP-1 peptide-functionalized
PEG-4MAL microgels to specifically bind to synovial cells, rabbit and
human synoviocytes (HIG-82 and SW982), mouse myoblasts
(C2C12), and mouse preosteoblasts (MC3T3-E1) were cultured in
a 24-well plate at an initial seeding density of 100 000 cells/well for 1
day to achieve over 95% confluency. C2C12 and MC3T3-E1 cell lines
were used as negative controls to assess microgel binding specificity.
Cells were stained using CellTracker Green according to the
manufacturer’s instructions. PEG-4MAL microgels (19 000 micro-
gels/mL, 500 μL/well) containing rhodamine-B-loaded PLGA NPs
and functionalized with either 1.0 mM HAP-1, HAP-1sc, RGD, or
RDG (n = 4 wells per group) were incubated for 30 min with the
different cell lines in growth media (Ham’s F12 media supplemented
with 10% fetal bovine serum (FBS)). The integrin-binding peptide
RGD was used as positive control. Unbound microgels were washed
three times using growth media, and then, 10 images per well were
taken at random positions using confocal microscopy and bound
microgels were manually quantified.

2.6. WYR-Functionalized PEG-4MAL Microgel Binding
Assay. The ability of WYR-conjugated PEG-4MAL microgels to
bind to articular cartilage was evaluated using 10 μm thick fresh
bovine cartilage frozen sections. Sections (∼1 cm2, n = 3) were
stained with DAPI and incubated for 30 min with 100 μL of WYR or
WYRsc-functionalized microgels suspended in growth media (19 000
microgels/mL). Samples were washed twice using growth media, and
a minimum of 7 randomly located images per sample were taken using
confocal microscopy to quantify bound microgels. To assess for the
specificity of the cartilage-targeting peptide and confirm that it does
not bind to synoviocytes, a microgels-binding assay was conducted
using the HIG-82 cells monolayer platform as described in section
2.5.

2.7. Surgical Induction of OA in Lewis Rats. All animal
experiments were performed following Georgia Tech’s Institutional
Animal Care and Use Committee (IACUC) approval. Male Lewis rats
(250−300 g) were subjected to unilateral medial meniscus transection
(MMT) as previously described.39

2.8. Peptide-Functionalized PEG-4MAL/PLGA NPs Microgel
in Vivo Intra-Articular Retention. HAP-1 and WYR peptides were
conjugated to Cy7-NHS ester prior to microgel formation following
the manufacturer’s instructions. Three weeks after MMT procedure,
rats received 50 μL bilateral injections of the following formulations in
sterile saline: (1) free sulfo-Cy7 dye (negative control), (2) Cy7-
WYR-functionalized microgels, or (3) Cy7-HAP-1-functionalized
microgels (530 000 microgels/mL, n = 9). Microgel formulations
contained 0.5% w/v PLGA NPs. Rats were scanned before and
immediately after injection and on days 1, 3, 5, 7, 10, 13, 16, 19, and
26 post-injection using an in vivo imaging system (PerkinElmer IVIS
Spectrum CT). At day 26, rats were euthanized and legs harvested to
assess knee joint health and OA progression (Figure 4A).

2.9. Assessment of the Medial Tibial Articular Cartilage and
Synovial Membrane Thickness. Harvested tissues were fixed in
10% neutral buffered formalin for 3 days and then stored in PBS
without Ca2+ and Mg2+ (PBS−/−). Cartilage degradation and
osteophyte formation were measured via equilibrium partitioning of
ionic contrasting agent microcomputed tomography (EPIC μ-CT).40

Dissected tibias (n = 6) were incubated in 37.5% Conray contrast
agent for 40 min at room temperature. Samples were scanned in a
Scanco μCT40 (45 kVp, 177 μA, 8 W, 16 μm resolution), and images
were contoured and analyzed for cartilage attenuation, lesion volume,
roughness, and calcified osteophyte volume.40,41 Three samples per
group were decalcified for 10 days, and then, knee joints were
dissected leaving the knee cap intact, embedded in paraffin, and
sectioned through the coronal plane (5 μm thick sections). Samples
were then stained using Toluidine Blue and synovial membrane
thickness was measured using ImageJ.

2.10. In Vivo Localization of Nanocomposite Microgels.
Peptide-functionalized microgels (HAP-1, HAP-1sc, WYR, and
WYRsc) were injected into rat knees 2 weeks after surgical induction
of OA (50 μL/injection, 530 000 microgels/mL, n = 4). Animals were

ACS Biomaterials Science & Engineering pubs.acs.org/journal/abseba Article

https://dx.doi.org/10.1021/acsbiomaterials.0c00960
ACS Biomater. Sci. Eng. XXXX, XXX, XXX−XXX

C

http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.0c00960/suppl_file/ab0c00960_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.0c00960/suppl_file/ab0c00960_si_001.pdf
pubs.acs.org/journal/abseba?ref=pdf
https://dx.doi.org/10.1021/acsbiomaterials.0c00960?ref=pdf


euthanized 2 weeks after IA injections, and knees were collected.
Tissues were fixed in 10% neutral buffered formalin for 3 days,
decalcified for 10 days, and embedded in optimal cutting temperature
compound (OCT) and sectioned through the midcoronal plane. For
each sample, three sections (15 μm thick) were collected and stained
with hematoxylin and eosin (H&E) for microgels localization.
2.11. Small Molecule Cargo in Vivo Intra-Articular

Retention. The near-infrared dye Cy7, used as model small molecule
drug, was loaded into PLGA NPs as described in section 2.2.
Microgels functionalized with WYR, WYRsc, HAP-1, and HAP-1sc
peptides, containing 0.5% w/v Cy7-loaded PLGA NPs, were injected
into the knee joints of male Lewis rats (50 μL/injection, 530 000
microgels/mL) at 3 weeks after surgical induction of OA (n = 7).
Sulfo-Cy7 free dye and Cy7-loaded PLGA NPs (no microgels) were
used as controls. Rats were scanned before and immediately after
injection and on days 1, 3, 5, 7, 10, 13, 16, 19, and 26 post-injection
using an in vivo imaging system (PerkinElmer IVIS Spectrum CT).

3. STATISTICAL METHODS
All data are reported as mean ± standard deviation. Data obtained
from the rhodamine B release assay was fitted using either zero- or
first-order models, and the corresponding curve fits were compared
for their goodness of fit using the Akaike’s Information Criterion
(AIC). Data acquired from the in vivo microgels and Cy7 tracking
studies were fitted to a one-phase exponential decay, and curve fit
parameters were then compared among groups. Outlier analysis was
performed using a maximum false discovery rate of 1% prior to
statistical analysis. Normally distributed data that presented equal
variances was analyzed via one-way ANOVA. All other data that did
not present a Gaussian distribution or homoscedasticity was subjected
to a logarithmic transformation. If the transformation resulted in
normally distributed data with equal variances, a one-way ANOVA
was applied. If the logarithmic transformation only corrected for data
non-normality, a Welch’s ANOVA was used on the transformed data.
A p-value <0.05 was considered significant. All analyses were
performed using Prism (GraphPad Software, San Diego, CA).

4. RESULTS
4.1. Microfluidic Polymerization Produces PEG-

4MAL/PLGA NP Microgels. Small-molecule-loaded PLGA
NPs exhibited a mean size of 338 ± 91 nm (Figure 1 B) and
contained 3 μg of rhodamine B per milligram of PLGA
(encapsulation efficiency 63%). The microfluidic technology
generates PLGA-NP-loaded PEG-4MAL microgels with tight
size distribution (Figure 1 C). All formulations presented a
mean size between 50.4 and 51.4 μm with a coefficient of
variation (CV) below 6.5% (Table 1). PLGA NP encapsula-

tion did not significantly affect microgels mean size (p > 0.99).
PLGA NP content per microgel followed a Poisson
distribution for formulations containing 0.25% w/v PLGA
NPs, whereas higher PLGA NP concentrations (0.50 and
1.00% w/v) led to a bimodal distribution with most microgels
containing 10% or 90% of their cross-sectional area filled with
PLGA NPs (Figure S2). This phenomenon is more
pronounced in the 1.00% w/v PLGA NP group and can be
attributed to the NP hydrophobic nature, which leads to

nanoparticle aggregation as its concentration increases in the
precursor PEG-4MAL solution.

4.2. Rhodamine B in Vitro Release Is Controlled by
PLGA NPs. Rhodamine B was used as a model small molecule
(MW = 479.02 Da). When encapsulated into empty PEG-
4MAL microgels by simple physical entrapment, over 80%
rhodamine B was released within the first hour, consistent to
our previous studies using other small molecules loaded into
PEG-4MAL microgels.36 In contrast, PLGA alone or microgels
containing rhodamine-B-loaded PLGA NPs exhibited a
sustained release over 16 days (Figure 1D), which followed a
zero-order release kinetics model (AIC test, > 99% compared
to first-order model). PLGA NPs alone presented an initial
burst release (10.0 ± 2.8% by day 1) followed by a zero-order
profile, characteristic of PLGA particulate systems.42,43 In
contrast, nanocomposite microgels did not exhibit an initial
burst release (p < 0.0001 compared to PLGA NPs only at day
1), which typically occurs due to rapid diffusion of molecules
loaded at the surface of these systems.43 We attribute this
difference to the multiple washing steps involved in microgels
synthesis, which can remove the rhodamine B molecules at the
surface of PLGA NPs. The release rate of rhodamine B from
PLGA NPs alone was comparable to the rates observed for
microgels containing different concentrations of PLGA NPs (p
= 0.107) (Figure 1E). This result indicates that the release rate
of small molecules, like rhodamine B, is mainly controlled by
the encapsulated PLGA NPs and not by the hydrogel itself.

4.3. HAP-1-Functionalized PEG-4MAL Microgels Bind
Synoviocytes. Microgels functionalized with synoviocyte-
targeting peptide were evaluated for their ability to specifically
bind to rabbit (HIG-82) and human (SW982) synovial cell
lines (Figure 2A). Positive control microgels functionalized
with RGD bound to all evaluated cell types at a higher level
compared to that of its scrambled control RDG (p < 0.0025)
(Figure 2B). Moreover, HAP-1-functionalized PEG-4MAL
microgels bound to rabbit and human synoviocytes to the
same level as RGD microgels (p > 0.59) but in a specific
manner, as evidenced by their lower binding capacity to
C2C12 and MC3T3-E1 cells (p < 0.0008 compared to RGD).
Also, HAP-1sc presented a binding level comparable to those
of RDG negative control microgels in all cell types (p > 0.49).
These results demonstrate that HAP-1 peptide confers
nanocomposite PEG-4MAL/PLGA NPs microgels with the
ability to bind specifically to rabbit and human synoviocytes.

4.4. WYR-Functionalized PEG-4MAL Microgels Bind
Articular Cartilage. WYR peptide binds specifically to the
collagen type II α1 chain.22 Therefore, a collagen-type-II-rich
system such as bovine articular cartilage was used to assess
WYR-functionalized PEG-4MAL microgels binding (Figure
3A). WYR-presenting microgels bound to bovine cartilage
fresh frozen sections to a greater extent than scrambled peptide
control microgels (p = 0.0015) (Figure 3B). To investigate
whether this formulation also binds to synoviocytes, a HIG-82
cell monolayer platform was used and WYR-presenting
microgel binding was compared to positive control peptide
(RGD, HAP-1) microgel formulations (Figure 3C). WYR-
presenting microgels exhibited significantly lower binding
levels to rabbit synoviocytes compared to those of HAP-1-
and RGD-functionalized microgels (p < 0.025). Furthermore,
their binding levels were comparable to those of negative
control peptide-presenting microgels, including RDG, HAP-
1sc, and WYRsc (p > 0.93) (Figure 3D). These results

Table 1. PLGA-NPs-Loaded Microgels Size and Coefficient
of Variance (CV %)

PLGA NPs (% w/v) diameter mean ± SD (μm) CV (%)

0.00 51.0 ± 2.7 5.20
0.25 50.4 ± 2.2 4.38
0.50 50.9 ± 3.3 6.44
1.00 51.4 ± 3.3 6.48
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demonstrate that WYR-functionalized PEG-4MAL microgels
specifically bind to articular cartilage but not to synoviocytes.
4.5. PEG-4MAL/PLGA NP Microgels Have Increased in

Vivo Intra-Articular Retention. An in vivo tracking study
was conducted to determine the IA retention of HAP-1- and
WYR-functionalized microgels compared to that of a free small
molecule near-infrared dye (Cy7) in healthy and OA rat joints.
Radiant efficiency data resulting from IVIS imaging (Figure 4
B) demonstrate that Cy7 free dye is cleared faster than the
microgel formulations (Figure 4C) in healthy and OA joints,
exhibiting a half-life time of 0.14 ± 0.04 and 0.21 ± 0.06 days,
respectively (Figure 4D). In contrast, nanocomposite micro-
gels exhibited a significant increase in the intra-articular half-
life time compared to free dye control in MMT knees (HAP-1,
6.03 ± 4.76 days, p < 0.0005; WYR, 2.48 ± 0.70 days, p <
0.006) and healthy joints (HAP-1, 3.37 ± 2.82 days, p <
0.0056; WYR, 4.70 ± 1.78 days, p < 0.0003). These findings
demonstrate that peptide-functionalized PEG-4MAL nano-
composite microgels are retained in the knee space for a
significantly longer period of time compared to free small
molecules such as Cy7. WYR-functionalized microgels in both

healthy and diseased joints exhibited an increase in radiant
efficiency at day 1 compared to day 0 (Figure 4C). This
increase in fluorescence can be attributed to a self-quenching
effect characteristic of cyanine dyes.44 This phenomenon was
more pronounced in WYR- than HAP-1-presenting microgels,
probably due to a higher degree of Cy7 aggregation in WYR
peptide molecules compared to that in HAP-1 (Figure S3).
Because of this self-quenching increase in radiant efficiency,
one-phase exponential decay curve fit of WYR-conjugated
PEG-4MAL microgels did not include values from the day 0
time point.
We next examined the size stability of WYR-functionalized

microgels in the IA space to assess any microgel degradation
due to joint motion and other in vivo effects. Microgel size was
reduced by day 14 as evidenced by the presence of smaller,
irregular hydrogel fragments (Figure S4). We attribute this
reduction in size to mechanical forces in the joint breaking up
microgels. Nevertheless, 40% of the retrieved microgels was
found intact at day 21, demonstrating that PEG-4MAL
nanocomposite microgels are retained in the rat knee joint
for at least 3 weeks.

Figure 2. HAP-1-functionalized PEG-4MAL/PLGA NP microgels bind synoviocytes. (A) Confocal images of peptide-functionalized microgels
(magenta) bound to rabbit (HIG-82) and human (SW982) synoviocytes, mouse myoblasts (C2C12), and mouse preosteoblasts (MC3T3-E1)
stained with Cell Tracker Green. Scale bar 200 μm. (B) RGD-functionalized microgels bound to HIG-82, SW982, C2C12, and MC3T3-E1 cell
lines at a higher level than RDG microgels. HAP-1-functionalized PEG microgels bound to rabbit and human synoviocytes to the same extent as
RGD-functionalized microgels and is specific for synovial cells lines as demonstrated by its low binding to C2C12 and MC3T3-E1 cells. Mean ±
SD, *p < 0.05 compared to RGD, #p < 0.05 compared to HAP-1.
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4.6. Microgels Do Not Negatively Impact Cartilage
Structure. EPIC-μCT was used to evaluate whether peptide-
functionalized nanocomposite PEG-4MAL microgels affected
articular cartilage integrity (Figure 5A). We have previously
shown that the MMT model induces a higher degree of
articular cartilage damage in the medial third of the medial
tibial plateau;39 therefore, parameters such as cartilage
attenuation and surface roughness were evaluated in this
region. As expected, animals subjected to surgical induction of
OA presented significant cartilage damage compared to naiv̈e
joints as evidenced by a significant increase in tissue
attenuation (p < 0.0001) (Figure 5D), an indication of
proteoglycan depletion, an increase in surface roughness (p <
0.0001) (Figure 5E), and the presence of calcified osteophytes
(p < 0.0001) (Figure 5G). Additionally, animals in the MMT
groups presented full thickness articular cartilage lesions
(Figure 5F). WYR- and HAP-1-functionalized PEG-4MAL
microgels did not induce any cartilage degenerative changes
compared to free Cy7 dye in healthy joints and did not worsen
OA progression in MMT animals. In this experiment, the free
dye group was considered the negative control, given that free
Cy7 dye is cleared from the joint in less than 5 h (Figure 4D),
and to the best of our knowledge, this does not negatively
affect the knee joint. Although injection of WYR-functionalized
PEG-4MAL microgels did not induce a significant reduction in
lesion volume compared to free dye and HAP-1-functionalized
microgels in MMT rats (Figure 5F), one of the animals did not
exhibit any cartilage lesions and three of them presented

smaller lesions than HAP-1 and free dye treated rats. This is an
interesting observation because cartilage damage seen in the
rat MMT model at 6 weeks post-surgery is usually
characterized by the development of full-thickness lesions.45

This observation provides a basis for future evaluation of
WYR-functionalized PEG-4MAL nanocomposite microgels
and their effect on OA progression. Additionally, synovial
membrane thickness as a marker of inflammation was
measured via histology image analysis (Figure 5B). Synovium
thickness was not affected either by the progression of the
disease or the presence of microgels in the intra-articular space
(Figure 5C). Overall, these results demonstrate that IA
injection of peptide-functionalized PEG-4MAL microgels
containing PLGA NPs does not result in detectable cartilage
damage or synovial membrane thickening in healthy joints and
does not accelerate the progression of OA following meniscal
injury.

4.7. Microgels Accumulate in the Synovial Mem-
brane. Histological analysis of H&E-stained samples revealed
that 2 weeks after injection all PEG-4MAL microgel
formulations accumulate in the synovial membrane (Figure
6). This result is consistent with prior work showing that
micron-sized materials injected in the IA space are trapped in
the synovial membrane and induce local hypercellularity.46,47

Therefore, it is not surprising that no gross differences in
microgel accumulation into the synovial membrane were
observed among formulations. Analysis of microgel localization
in other areas of the joint such as the synovial fluid or the

Figure 3. WYR-functionalized PEG microgels bind articular cartilage. (A) Confocal images of PEG-4MAL microgels (red) bound to bovine
articular cartilage sections stained with DAPI (blue). Scale bar 200 μm. (B) WYR-functionalized microgels bind to bovine cartilage sections to a
higher level than the scrambled control WYRsc-presenting microgels. Mean ± SD, n = 3, *p < 0.05. (C) Confocal images of PEG-4MAL microgels
(magenta) bound to rabbit synoviocytes stained with Cell Tracker Green. Scale bar 200 μm. (D) Binding of WYR-functionalized PEG-4MAL
microgels to synoviocytes is significantly lower those of than RGD- and HAP-1-functionalized microgels. Mean ± SD, n = 4, 8 images per well, *p <
0.05 compared to HAP-1, #p < 0.05 compared to RGD.

ACS Biomaterials Science & Engineering pubs.acs.org/journal/abseba Article

https://dx.doi.org/10.1021/acsbiomaterials.0c00960
ACS Biomater. Sci. Eng. XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c00960?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c00960?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c00960?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c00960?fig=fig3&ref=pdf
pubs.acs.org/journal/abseba?ref=pdf
https://dx.doi.org/10.1021/acsbiomaterials.0c00960?ref=pdf


articular cartilage surface was not technically feasible. Hence, it
was not possible to determine the ability of WYR-function-
alized microgels to bind to the articular cartilage in vivo. The
development of quantitative, three-dimensional techniques
would be necessary to further evaluate the fate of peptide-
functionalized microgels within the joint.
4.8. Small Molecule Cargo in Vivo Intra-Articular

Retention. We investigated the IA retention of a model small
molecule encapsulated in the nanocomposite PEG-4MAL
microgels, which are retained in the IA space for at least 3
weeks (Figure 4 and Figure S4). Comparable to our previous
studies, IA injection of the NIR dye Cy7, used as a model small
molecule, resulted in a short IA half-life time (0.25 ± 0.07
days) (Figure 7A,B). The steady state value obtained from a
one-phase exponential decay demonstrates that free Cy7 dye is
eliminated from the joint space (0.5 ± 0.2%), whereas PLGA
NPs alone or encapsulated into any PEG-4MAL microgels
formulation exhibited higher steady state values compared to
that of free dye (p < 0.0001) (Figure 7C). PLGA NPs alone
and WYR-functionalized PEG-4MAL microgels did not
improve the Cy7 IA half-life time over that of free dye (p =
0.0652 and 0.0583, respectively) (Figure 7B). Additionally, the
area under the curve (AUC) values, used as an overall metric
of Cy7 IA retention, demonstrated that all PLGA NPs alone
and nanocomposite PEG-4MAL microgel formulations pre-
sented a significantly larger AUC compared to that of free dye

(p < 0.022) (Figure 7D). All together, these results suggest
that nanocomposite PEG-4MAL microgels increase Cy7
retention in the joint.

5. DISCUSSION
Osteoarthritis has become one of the leading causes of
disability in the world,48 and still, there is no FDA-approved
treatment to effectively slow down the progression of the
disease.3 Multiple DMOAD candidates have shown promising
results in preclinical studies, but their translation into the clinic
has been limited in part due to the lack of appropriate IA drug
delivery systems.49 In particular, small molecule drugs (<1
kDa) that are rapidly cleared from the joint space could greatly
benefit from appropriate IA drug delivery vehicles.
Although microparticles composed of several materials have

been used as IA drug delivery vehicles, to the best of our
knowledge, this is the first report of nanocomposite microgels
as intra-articular drug delivery vehicles. Compared to free
nanosize carriers, the nanocomposite microgels presented in
this study offer significant improvements in terms of IA
retention. Nano-sized vehicles, such as polymeric NPs, are
subjected to cell-mediated clearance and lymphatics drainage50

and are retained in the IA space for around a week,49 which
can explain why PLGA NPs alone failed to improve the IA
half-life time of the model small molecule Cy7 (Figure 7B). In
contrast, our nanocomposite PEG-4MAL microgel system acts

Figure 4. In vivo retention of peptide-functionalized PEG-4MAL nanocomposite microgels. (A) Rats received MMT surgery in the left joint; and
21 days after OA induction, they were injected bilaterally with Cy7 or WYR- or HAP-1-functionalized PEG-4MAL microgels. (B) IVIS images of
healthy and OA rat knees show that free Cy7 dye is cleared from the joints faster than nanocomposite microgels. (C) Radiant efficiency of the
different formulations as a function on time (mean ± SD, n = 9). (D) Half-life time obtained from one-phase exponential decay curve fit shows that
nanocomposite PEG-4MAL microgels present a significantly higher retention time compared to free dye (mean ± SD, n = 9, *p< 0.05 compared to
dye in MMT joints, #p < 0.05 compared to dye in healthy joints).
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Figure 5. Effects of peptide-functionalized PEG-4MAL nanocomposite microgels on cartilage degradation, osteophyte formation, and synovial
membrane thickness. (A) EPIC-μCT images of the medial tibial plateau (sagittal view) show full-thickness cartilage lesions in MMT animals (white
arrows) and intact articular cartilage in all naiv̈e groups. (B) Coronal rat knee sections stained with toluidine blue indicate the presence of cartilage
lesions (black arrows) and osteophytes (asterisk). Scale bar 2 mm. (C) Synovial membrane thickness (mean ± SD, n = 3, p > 0.13). (D−G)
Cartilage degradation and osteophyte formation metrics obtained via EPIC-μCT demonstrate that WYR- and HAP-1-functionalized PEG-4MAL
nanocomposite microgels do not induce damage in naiv̈e joints and do not worsen OA progression compared to the free dye negative control
(mean ± SD, n = 6). (D) Medial third attenuation significantly increased in all MMT groups, indicating a higher degree of proteoglycan depletion
in diseased joints (***p < 0.0001). 9E) Cartilage fibrillations were present in all MMT groups, as evidenced by an increase in articular cartilage
surface roughness (***p < 0.0001). (F) Animals that received surgical induction of OA presented full-thickness cartilage lesions whose volume was
not different among injected formulations (p > 0.13). (G) MMT surgery induces calcified osteophyte formation compared to healthy joints (***p
< 0.0001).

Figure 6. In vivo localization of peptide-functionalized PEG-4MAL nanocomposite microgels. Representative images of the synovial membrane 2
weeks after IA administration of PEG-4MAL microgels. Black arrows denote the accumulation of peptide-functionalized microgels within the
synovial membrane, which appear as circular white pockets (scale bar 200 μm).
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as a nanoparticle depot, which could extend their IA retention
for at least 3 weeks. Additionally, we demonstrated that
peptide-functionalized PEG-4MAL microgel formulations
accumulate in the synovial membrane. Even though the
incorporation of synoviocyte-binding peptides into PEG-
4MAL microgels did not seem to increase their accumulation
in the synovial lining compared to scrambled peptide controls,
microgels accumulation into this tissue may help improve the
IA retention of loaded small molecules as observed in Figure 7.
We hypothesize that microgels accumulation into the synovial
membrane may help protect these structures from the IA
compression and shear stresses and therefore improve their
cargo IA retention time. Similar to our microgels, solid
polymeric microparticles exhibit higher IA retention times
compared to NPs.3,50 However, solid polymeric microparticles
resulting from IA implant wear, as well as PLGA NPs below 20
μm in diameter, have been shown to promote synovial cell
infiltration and proteoglycan loss,34,35 raising concerns
regarding the use of solid microparticles as intra-articular
drug delivery vehicles. The use of a softer, water-swollen
material such as PEG-4MAL microgels may be advantageous
in terms of joint health after long-term exposure to these
carriers. In fact, Holyoak et al. recently demonstrated that bulk
PEG-4MAL hydrogels containing drug-loaded PLGA NPs
acting as “mechanical pillows” can protect the joint from
cartilage degradation and osteophyte formation after IA

injection in a mouse model of knee OA.51 These findings
align with the results presented in this study, where no
microgels-induced articular cartilage damage or significant
synovial membrane thickening was observed. Importantly, in
contrast to the bulk hydrogels proposed by Holyoak et al., our
approach supports the possibility of developing tissue-specific
treatment strategies for the treatment of OA, an important
feature that could minimize drugs’ adverse off-target effects.
An advantage of the proposed PEG-4MAL nanocomposite

microgels is the modular design that permits independent
control over the hydrogel and the encapsulated NPs properties.
This could allow for better control of microgel IA retention
and stability. Our results demonstrate that WYR-functionalized
microgels are subjected to mechanical degradation (Figure S4),
which may have a negative impact on the loaded small
molecules’ IA retention time. This can be observed in Figure
7B, where WYR-presenting microgels were the only
formulation that did not improve IA half-life time of the
model small molecule Cy7 compared to the free dye control.
This limitation could be addressed by changing the macromer
molecular weight and/or concentration to optimize the
microgels mechanical properties, while independently enhanc-
ing the small molecule release rate by tuning the encapsulated
NPs properties. Moreover, the modular design of our
nanocomposite microgels allows for the incorporation of
other functionalities. In the present study, we conjugated

Figure 7. Intra-articular Cy7 retention time of Cy7-loaded peptide-functionalized PEG-4MAL microgels. (A) Cy7 retention profile for free dye
control, PLGA NPs alone, and peptide-functionalized nanocomposite PEG-4MAL microgels (mean ± SD, n = 7, data normalized to radiant
efficiency measured immediately after injection). (B) IA half-life of Cy7 dye was increased using HAP-1, HAP-1sc, and WYRsc microgels (n = 7, *p
< 0.05, **p < 0.002 compared to free dye). (C) Steady state radiant efficiency values demonstrate that free dye is eliminated from the rat knee
joints whereas PLGA NPs and nanocomposite PEG-4MAL microgels increased the IA retention of Cy7 (n = 7, ***p < 0.0001). (D) Area under
the curve (AUC) indicates that nanocomposite microgels can significantly increase model small molecule IA retention compared to free dye control
(n = 7, **p < 0.002).
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tissue-targeting peptides to promote microgel binding to
articular cartilage and synoviocytes. Intra-articular tissue
targeting has been explored to detect cartilage lesions, enhance
NPs IA retention, and increase drug bioavailability into tissues
of interest such as the articular cartilage.18,19,22,25,26,32 Addi-
tionally, a better understanding of the off-target effects of some
promising drug candidates3,14−16,52−57 has evidenced the
necessity of developing IA tissue-targeting drug delivery
vehicles. Here, we showed that cartilage- (WYR) and
synoviocyte-targeting (HAP-1) peptides can be conjugated to
nanocomposite PEG-4MAL microgels to promote specific
binding to articular cartilage and synovial cell lines in vitro and
in vivo binding to synovial membrane and may support
microgels binding to the articular cartilage.
One limitation of the microgel drug delivery vehicles is that

their size may not be ideal for direct intra-cartilage drug
delivery applications. In particular, cartilage extracellular matrix
presents a small mesh size (60−200 nm) and high negative
charge, which impair the penetration of molecules and particles
into this tissue.30,58 However, IA pharmacokinetics modeling
suggests that cartilage-binding, non-penetrating particles, such
as those presented in this study, may increase intra-cartilage
drug concentrations compared to those of non-penetrating
particles that do not present any cartilage-binding mecha-
nism.58 Therefore, we hypothesize that WYR-functionalized
PEG-4MAL microgels could improve the effectiveness of
conventional non-targeting drug delivery vehicles for OA
treatment by localizing them to the articular cartilage surface.
Furthermore, we expect that these microgels will enhance the
therapeutic efficacy of cartilage targeting drugs by preferentially
binding and delivering their cargo into damaged areas of the
articular cartilage. In this regard, the proposed WYR-function-
alized PEG-4MAL microgels are expected to exhibit different
binding patterns as the disease progresses, probably exhibiting
an optimal binding in moderate cases of OA where Coll-2 is
exposed in cartilage fibrillations and lesions but not fully
degraded to subchondral bone, as occurs in severe OA cases.59

Finally, we used PLGA NPs to fabricate nanocomposite
PEG-4MAL microgels. This specific polymeric system may not
be ideal to achieve efficient loading and delivery of many
DMOAD candidates, which may be more compatible with
liposomes, lipid NPs, or other polymeric NPs formulations.3

Microfluidic synthesis of PEG-4MAL nanocomposite micro-
gels could allow for the encapsulation of multiple types of
particulate drug delivery vehicles. In fact, preliminary studies
conducted in our laboratory suggest that solid lipid NPs and
gold NPs could be effectively loaded into PEG-4MAL
microgels. Additionally, our research group has previously
demonstrated that PEG-based microgels are effective methods
for protein and cell delivery.36−38 The modular design of the
proposed microgels offers a range of possibilities for the IA
delivery of multiple types of therapeutics including synthetic
small molecules, macromolecules, cells, and their combina-
tions. Therefore, we expect our tissue-binding nanocomposite
PEG-4MAL microgels to facilitate the clinical translation of
DMOAD candidates as well as support the development of
multitarget, combinatorial therapeutic strategies for OA
treatment.

6. CONCLUSIONS
We synthesized cartilage- and synoviocyte-binging nano-
composite PEG-4MAL microgels for improved IA small
molecule drug delivery. Microgels containing PLGA NPs

exhibited sustained delivery of a model small molecule.
Additionally, tethering of tissue-targeting peptides to PEG-
4MAL microgels provided specific binding to articular cartilage
and synoviocytes in vitro. Moreover, nanocomposite PEG-
4MAL microgels were retained in the IA space for at least 3
weeks without inducing degenerative changes in the articular
cartilage or promoting synovial membrane thickening.
Synoviocyte-targeting PEG-4MAL microgels localized to the
synovial membrane in the joint and improved the intra-
articular retention time of a model small molecule. These
results support the application of tissue-binding, nano-
composite PEG-4MAL microgels as promising IA drug
delivery systems for OA treatment.
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Abstract 
Mesenchymal stromal cells (MSCs) have shown promise as a treatment for osteoarthritis 

(OA); however, effective translation has been limited by numerous factors ranging from high 
variability and heterogeneity of hMSCs, to suboptimal delivery strategies, to poor understanding 
of critical quality and potency attributes. The objective of the current study was to assess the 
effects of biomaterial encapsulation in alginate microcapsules on human MSC (hMSC) secretion 
of immunomodulatory cytokines in an OA microenvironment and therapeutic efficacy in treating 
established OA. Lewis rats underwent Medial Meniscal Transection (MMT) surgery to induce OA. 
Three weeks post-surgery, after OA was established, rats received intra-articular injections of 
either encapsulated hMSCs or controls (saline, empty capsules, or non-encapsulated hMSCs). 
Six weeks post-surgery, microstructural changes in the knee joint were quantified using contrast 
enhanced microCT. Encapsulated hMSCs attenuated progression of OA including articular 
cartilage degeneration (swelling and cartilage loss) and subchondral bone remodeling (thickening 
and hardening). A multiplexed immunoassay panel (41 cytokines) was used to profile the in vitro 
secretome of encapsulated and non-encapsulated hMSCs in response to IL-1 , a key cytokine 
involved in OA. Non-encapsulated hMSCs showed an indiscriminate increase in all cytokines in 
response to IL-1  while encapsulated hMSCs showed a highly targeted secretory response with 
increased expression of some pro-inflammatory (IL-1ȕ, IL-6, IL-7, IL-8), anti-inflammatory (IL-
1RA), and chemotactic (G-CSF, MDC, IP10) cytokines. These data show that biomaterial 
encapsulation using alginate microcapsules can modulate hMSC paracrine signaling in response 
to OA cytokines and enhance the therapeutic efficacy of the hMSCs in treating established OA.  



Introduction 
Osteoarthritis (OA) is the most common chronic disease of synovial joints and is defined 

pathologically by degeneration of articular cartilage consisting of proteoglycan loss, chondrocyte 
hypertrophy, matrix fibrillation, surface erosion and lesion formation, and eventually full-
thickness loss of articular cartilage resulting in bone-on-bone contact.1,2 OA currently impacts 
over 242 million people worldwide and incidence is expected to increase with rising global life 
expectancy.3,4 OA was long viewed as a degenerative disease resulting from normal body wear 
and tear, but the general understanding of the underlying mechanisms of OA has now 
expanded and it is now viewed as a multifactorial disorder that also consists of low-grade 
chronic inflammation.5-7 OA inflammation is part of a positive feedback loop that can activate 
chondrocytes, synoviocytes, subchondral bone cells, and other joint resident cells to secrete an 
array of cytokines, chemokines, and catabolic enzymes in OA.8 This process leads to 
dysregulated homeostasis of inflammatory factors including enhanced pro-inflammatory 
cytokine secretion [tumor necrosis factor (TNF)-Į, interleukin (IL)-6, and IL-1ȕ], which can lead 
to increased catabolism of the articular cartilage and increased matrix metalloproteinases 
(MMP) production.9,10 Furthermore, imbalances in anti-inflammatory cytokines [IL-1 receptor 
antagonist (IL-1RA), IL-4, IL-10, and IL-13] lead to attenuated chondroprotective effects and 
further exacerbation of OA.11-13 Chemokines further amplify this feedback system by stimulating 
neovascularization and the influx of inflammatory cells which further propagate the inflammatory 
response.10,14 Clinically, dysregulation of inflammatory cytokine balance has been shown to 
have a significant correlation with increased levels of knee pain.15 These findings have 
motivated the development of therapeutics that modulate the OA inflammatory disease state. 
Mesenchymal stromal cells (MSCs) are a promising treatment for targeting OA as they possess 
immunomodulatory and anti-inflammatory properties in addition to the capacity to regenerate 
numerous tissue types.  

MSCs can be isolated from most human tissues and organs and are defined by 
characteristic cell surface markers and multilineage differentiation capabilities.16,17 While these 
cells do have the ability to differentiate into chondrogenic, osteogenic, and adipogenic lineages, 
there has been increasing interest in the paracrine signaling capabilities of MSCs as a means 
for their therapeutic effect in OA.18-21 MSC secreted factors can create a regenerative niche 
through numerous mechanisms, including the recruitment of additional stem and progenitor 
cells along with immunomodulatory effects. MSCs have the capacity to secrete an array of 
immunosuppressive factors [indoleamine-pyrrole 2,3-dioxygenase(IDO), TNFĮ-stimulated gene-
6(TSG6), nitric oxide (NO), IL-10, galectins, prostaglandin E2 (PGE2), and transforming growth 
factor (TGF)-β] to modulate the local inflammatory environment.22,23 These MSC paracrine 
mechanisms also maintain the capacity to regulate inflammatory cell action through suppression 
of T-cells (proliferation and chemotaxis) and of B-cells (differentiation and chemotaxis) to further 
aid in modulating the inflammatory response.23-25 MSCs often act as sensors of the local 
environment and their secretome changes in response to local environmental signals; one 
promising approach for providing a control point for the MSC secretome is through the use of 
three-dimensional (3D) biomaterial constructs to deliver MSCs.  

Material-based strategies have been shown to have a substantial impact on the 
immunomodulatory and regenerative properties of MSCs.26,27 The 3D environment constructed 
by biomaterials is well documented as a major determinant affecting MSC fate and function, and 
these 3D environments better replicate in vivo environments and cellular responses relative to 
two-dimensional (2D) culture systems.28-30 While the effects of a 3D microenvironment on MSCs 
has been readily studied, prior research has often focused on the effects of material-based 
strategies on MSC proliferation and differentiation. Encapsulation of MSCs within bulk hydrogels 
is a widely used strategy which can mimic native environments and allow for matrix-based 
signals to the cells.30 Biomaterial encapsulation of MSCs has been shown to increase 
multipotency and rates of proliferation.27-29 Initial work on the effects of hydrogel encapsulation 



on MSC immunomodulation demonstrated reduced MSC secretion of pro-inflammatory 
cytokines (TNF-Į) and enhanced secretion of anti-inflammatory cytokines (PGE-2).31 Many of 
these same signals can be provided by cellular encapsulation in micro-sized hydrogel capsules 
which additionally allow for shorter diffusion distances for biochemical signals and a minimally 
invasive injectable means of administration.32 Furthermore, microencapsulation of MSCs has 
shown enhanced potential for suppressing proinflammatory activity of macrophages and 
suppressing the proliferation of peripheral blood mononuclear cells (PBMCs).33-35 The role 
biomaterials play in modulating MSC paracrine activities in the chronic inflammatory 
environment of OA remains understudied, especially in vivo.  

In the current study, sodium alginate cellular encapsulation was used to modulate the 
paracrine signaling properties of human MSCs (hMSCs). Alginate is a heteropolysaccharide 
which is used in many biomedical applications; it is highly tailorable and can be modified to yield 
variable levels of biodegradability, mechanical strength, and cellular affinity, among numerous 
other properties.36 In previous work we utilized an alginate microencapsulation system with 1% 
ultrapure low viscosity sodium alginate crosslinked with BaCl2 to create microcapsules 
approximately 150 ȝm in diameter.18,37,38 These studies demonstrated that this encapsulation 
system permits molecules < 80 kDa to diffuse in and out while preventing the MSCs from 
integrating with the host tissue.37 Furthermore, in an OA rat model we showed that 
encapsulated hMSC viability following intra-articular injection was ~ 9 days while non-
encapsulated hMSC remained viable for ~ 7 days.18 We also demonstrated that intra-articular 
injection of encapsulated hMSCs ameliorated the onset of post traumatic OA.18 To further 
explore the utility of this encapsulation system, it was used in the current study to analyze the 
therapeutic efficacy of encapsulated hMSC in established OA.  

While pre-clinical OA studies have shown MSC treatment can be chondroprotective 
(attenuating cartilage breakdown), MSCs have yet to translate into a consistently reliable and 
effective clinical therapy.39 A distinct gap in the pre-clinical literature is that the majority of the 
work studying MSC efficacy in OA focuses on preventing disease development; however, in 
clinical scenarios, patients that are treated with cell therapies typically have already developed 
OA when they seek treatment.22 There is a fundamental difference in the local environment, and 
likely the necessary therapeutic mechanism of action, between an injured joint prior to OA 
development (but primed to develop OA) and a joint where OA is established. Thus, there is a 
substantial gap in our understanding of the therapeutic efficacy of MSCs in delaying further 
disease progression once OA is established. The objective of the current study was to assess the 
effects of biomaterial encapsulation in alginate microcapsules on hMSC secretion of 
immunomodulatory cytokines in an OA microenvironment and therapeutic efficacy in treating 
established OA.  

Materials and methods 
Cell culture 

Bone marrow derived hMSCs, obtained from the Emory Personalized Cell Therapy Core 
(EPIC) facility at Emory University, were cultured in complete minimum essential medium Eagle-
Į modification (Į-MEM; 12561; Gibco, Carlsbad, CA, USA) supplemented with 10% heat-
inactivated fetal bovine serum (FBS; S11110H; Atlanta Biologicals, Lawrenceville, GA, USA), 2 
mM L-glutamine (SH3003401; HyClone, Logan, UT, USA), and 100 ȝg/mL 
penicillin/streptomycin (P/S; B21110; Atlanta Biologicals, Lawrenceville, GA, USA), and sub-
cultured at 80% confluency. The three criteria for hMSC designation ± tri-lineage differentiation, 
surface marker phenotyping, and adherence to plastic ± were confirmed in a previous study.18 
Briefly, differentiation was confirmed for chondrogenesis, adipogenesis, and osteogenesis; 
hMSC phenotyping confirmed cells were positive for MSC markers, including CD73, CD90, and 
CD105, and negative for hematopoietic markers, including CD45, CD34, CD11b, CD79A, and 



HLA-DR; expansion of hMSCs relied on adherence to plastic tissue culture plates up to passage 
4.   

Cell encapsulation 
An electrostatic encapsulator was used to encapsulate 5 × 105 cells/mL hMSCs 

(passage 4) suspended in 2% ultrapure low viscosity sodium alginate LVG (UP-LVG; 4200006; 
PRONOVA� UP LVG; NovaMatrix, Sandvika, Norway) using the following parameters: 0.2 ȝm 
nozzle, 2.5 mL/h flow rate, and 7 kV voltage. Capsules were gelled in 50 mM BaCl2 and 
subsequently washed two times with 0.9% saline (NaCl), and re-suspended to the appropriate 
dose in complete Į-MEM (in vitro hMSC culture model) or saline (in vivo MMT model). A Live/ 
Dead� Viability/Cytotoxicity kit (L3224; Invitrogen, Carlsbad, CA, USA) was used to assess 
encapsulated hMSC viability. The average diameter of encapsulated hMSC microspheres was 
144 � 16 ȝm, as previously quantified.18 Empty capsules were manufactured using the same 
procedure, without the addition of hMSCs, and yielded similar size.   

In vivo MMT model 
All animal care and experiments were conducted in accordance with the institutional 

guidelines and approved by the Atlanta Veteran Affairs Medical Center (VAMC) with 
experimental procedures approved by the Atlanta VAMC Institutional Animal Care and Use 
Committee (IACUC). Weight-matched (300-350 g) male Lewis rats (strain code: 004; Charles 
River, Wilmington, MA, USA) were used for the medial meniscal transection (MMT) model used 
to induce OA in the current study.40 Briefly, animals were anesthetized under isoflurane and 
injected subcutaneously with 1 mg/kg sustained-release (SR) buprenorphine (ZooPharm, 
Windsor, CO, USA). The skin over the medial aspect of the left femoro-tibial joint was sterilized, 
and a blunt dissection was used to expose the medial collateral ligament (MCL) and transect it 
to expose the meniscus. A full-thickness cut was made through the meniscus at its narrowest 
point followed by soft tissue re-approximation and closure using 4.0 Vicryl sutures and wound 
clips for skin closure. Sham surgery involved MCL transection, with no transection of the 
meniscus, followed by closure of the skin. Intra-articular injections were performed at three 
weeks post-surgery, the time point in the MMT model corresponding to the presentation of OA-
associated cartilage degeneration and osteophyte formation.40,41 Intra-articular injections were 
performed using a 25-gauge needle and included: hanks balanced salt solution (HBSS; 
MMT/Saline; n = 7), empty sodium alginate capsules in HBSS (MMT/Empty Caps; n = 7), 5×105 

non-encapsulated hMSC in HBSS (MMT/hMSC; n = 8) and 5×105 encapsulated hMSC in HBSS 
(MMT/Encap hMSC; n=7). Rats in the MMT/Encap hMSC were injected within two hours of 
hMSC encapsulation (cells were stored at 4°C until injection). Sham (n = 6) animals did not 
receive any injection post-surgery. At six weeks post-surgery, animals were euthanized by CO2 
inhalation. Left hind limbs were collected and fixed in 10% neutral buffered formalin for a two-
day minimum before further sample preparation. 

microCT analysis of articular joint parameters 
Prior to scanning, all muscle and connective tissue from collected hind limbs was removed, 

the femur was disarticulated from the tibia, and all peripheral connective tissue surrounding the 
joint was removed to expose the articular cartilage of the medial tibial plateau. Tibiae were 
immersed in 30% (diluted in PBS) hexabrix 320 contrast reagent (NDC 67684-5505-5, Guerbet, 
Villepinte, France) at 37°C for 30 minutes before being scanned.42 All samples were scanned 
using equilibrium partitioning of an ionic contrast agent based micro-computed tomography 
(EPIC-ȝCT; microCT) through the use of a Scanco ȝCT 40 (Scanco Medical, Brüttisellen, 
Switzerland) using the following parameters: 45 kVp, 177 ȝA, 200 ms integration time, isotropic 
16 ȝm voxel size, and ~27 min scan time.42 Scans were read out as 2D tomograms which were 
subsequently orthogonally transposed to yield 3D reconstructions for all scanned samples. All 



microCT parameters (articular cartilage, osteophyte, and subchondral bone) were evaluated as 
previously described.43,44 For cartilage parameters, thresholding of 110 - 435 mg hydroxyapatite 
per cubic centimeter (mg HA/cm3) was used to isolate the cartilage from the surrounding air and 
bone. Furthermore, for bone parameters, thresholds of 435 - 1200 mg HA/cm3 were 
implemented to isolate bone from the overlying cartilage. Coronal sections were both evaluated 
along the full length of the cartilage surface (total) and in third (medial, central, and lateral) 
regions of the medial tibial condyle. For articular cartilage, volume, thickness, and attenuation 
parameters were quantified. Attenuation is inversely related to sulfated glycosaminoglycans 
(sGAG) content.42 In OA, sGAG concentration in articular cartilage decreases due to 
degradation, creating a gradient which leads to an increased hexabrix concentration in the 
cartilage. High hexabrix and low sGAG levels (increased sGAG loss) correspond to a higher 
attenuation value. In addition to microCT analysis of articular cartilage, osteophyte volumes 
found on the most medial aspect of the medial tibial plateau were evaluated for their 
cartilaginous and mineralized portions. Additionally, subchondral bone was evaluated for 
volume, thickness, and attenuation (indirect measure of bone mineral density) along the total, 
medial, central, and lateral regions, similar to the approach used for articular cartilage analysis.   

Surface roughness of articular cartilage 
Articular cartilage surface roughness and exposed bone surface area (full thickness lesion 

surface area) were quantified using a custom MATLAB script, SurfaceRoughness function.45 
Briefly, coronal sections from the Scanco ȝCT 40 were exported as 2D TIFF images and 
imported into MATLAB R2016a (MathWorks, Natick, MA, USA). A custom code created a 3D 
surface with these images by scanning section images sequentially and consolidating them. 
This 3D surface was fitted along a computationally generated 3D polynomial surface, unique for 
each sample imported, which was fourth order along the ventral-dorsal axis and second order 
along the medial-lateral axis. Surface roughness was quantified as the root mean square of 
differences between the 3D surface created with the exported TIFF images and the polynomial 
fitted surface. Exposed bone (full thickness lesion surface area) was quantified as root mean 
square of area where the difference between the 3D cartilage surface and 3D bone surface was 
� three pixels (i.e. no presence of any articular cartilage). Threshold values of 110 - 435 mg 
HA/cm3 were used to separate cartilage from air and the underlying subchondral bone and 
threshold values of 435 - 1200 mg HA/cm3 were used to isolate bone from overlying cartilage 
(matching microCT thresholds). All MATLAB analyses were performed along the total surface 
and in regions (medial, central, lateral) of the medial tibial plateau, similar to the microCT 
analyses.  

Histology 
To prepare bone samples for sectioning, tibiae were decalcified in Immunocal (SKU-1414-

32; StatLab, McKinney, TX, USA) for 14-21 days. Dehydrated samples were processed into 
paraffin-embedded blocks, sectioned at 5 ȝm thickness and stained. Hematoxylin and eosin 
(H&E; Fisherbrand� 517-28-2, Waltham, MA, USA), and Safranin O and fast green (Saf-O; 
Electron Microscopy Sciences® 20800, Hatfield, PA, USA) were used to stain all study samples 
in accordance with manufacturer protocols. For all samples, a single representative image was 
selected for H&E and Saf-O (serial sections).  

In vitro hMSC cytokine analysis model 
Passage 4 hMSCs, matching donor with in vivo MMT model, were utilized in vitro. Non-

encapsulated hMSCs were sub-cultured to 80% confluency in complete Į-MEM medium in 12-
well plates and cultured at 37°C, 5% CO2. For encapsulated hMSCs, immediately following 
encapsulation and washing, cells were placed in treatment medium (unstimulated or stimulated) 
in 12-well plates at 37°C, 5% CO2. Unstimulated media (+CTRL) contained complete Į-MEM 



medium only and stimulated media (+IL-1ȕ) contained 20 ng/mL IL-1ȕ (FHC05510, Promega, 
Madison, WI, USA) in complete Į-MEM medium. IL-1ȕ was used to model the OA inflammatory 
environment in the current study as it is a major pro-inflammatory modulator in OA.9 IL-1ȕ 
concentration (and group sample size) were selected based on prior experiments and 
preliminary data.46,47 Stimulated and unstimulated media were added to non-encapsulated and 
encapsulated hMSCs at day 0 (n=6) followed by a 24-hour stimulation period with media 
collection at the end point for stimulation for the four study groups. Additional filtering steps were 
implemented in order to remove encapsulated hMSCs by passing collected media through a 9 
ȝm filter. Samples were stored at -80°C until Luminex analysis was performed. Loaded samples 
(2.03 ȝL) were determined to be within the linear range of detection of the MAGPIX (MAGPIX-
XPON4.1-CEIVD; EMD Millipore Corporation, Burlington, MA, USA) system. Cytokines were 
quantified using a bead based multiplex immunoassay, Luminex Cytokine/Chemokine 41 Plex 
Kit (HCYTMAG-60K-PX41; EMD Millipore Corporation, Burlington, MA, USA). Median 
fluorescent intensity values were read out using Luminex xPONENT software V4.3 in the 
MAGPIX system. Background subtraction was performed on non-stimulated and stimulated 
conditions using read out values from media only and 20 ng/mL IL-1ȕ supplemented media, 
respectively.      

Partial Least Squares Regression (PLSR) 
Partial least squares discriminant analysis (PLSDA) was performed in MATLAB 

(Mathworks, Natick, MA, USA) using a function written by Cleiton Nunes (Mathworks File 
Exchange).48 This approach accounts for the multivariate nature of the data without 
overfitting.49,50 Prior to inputting the data into the algorithm, all cytokines were z-scored 
[(observed - mean) / standard deviation]. For articular cartilage, osteophyte, and subchondral 
bone in vivo analyses, total and medial microCT parameters were used as the independent 
variables and the five separate treatment groups were used as the outcome variables. For 
cytokine analysis of the in vitro cell culture model, cytokine measurements were used as the 
independent variables and the four individual treatment groups were used as the outcome 
variable. Latent variables (LV) in a multidimensional space (dimensionality varied by number of 
independent input variables) were defined and the two primary LVs were used for orthogonal 
rotation to best separate groups in the new plane defined by LV1 and LV2 (Fig. 1a). In the in 
vitro cell culture model orthogonality between encapsulated hMSCs (LV1 horizontal axis) and 
non-encapsulated hMSCs (LV2 vertical access) was confirmed via dot product (LV1 � LV2 = -
1.059 x 10-16 ~ 0). Loadings plots were generated from this analysis and display the relative 
importance of input variables (microCT parameters or cytokines) in contributing to the final 
composite values (scores) for each sample (Fig. 1b&c). Error bars on each cytokine (in the 
loadings plots) were computed by PLSR model regeneration using iterative (1000 iterations) 
leave one out cross validation (LOOCV). To further confirm significant differences between 
groups assessed in PLSDA, the true differences in centroids (center of mass) of all groups were 
compared against the differences computed by a random distribution obtained by permuting the 
group labels 100 times. For each test, true group assignment showed ppermute<0.05 compared to 
the randomly permuted distribution, further confirming the validity of the data.  

Statistics 
All data is presented as mean ± standard deviation (SD). Significance for all microCT 

parameters was determined with one-way ANOVA with post hoc Tukey honest test for articular 
cartilage and subchondral bone parameters. Bonferroni correction was used for post hoc 
analysis for the exposed bone and osteophyte parameters due to their nonparametric nature. 
For all PLSDA scores plots, significance was determined with one-way ANOVA and post hoc 
Tukey honest test. To determine significant differences between encapsulated hMSCs in 
unstimulated (+CTRL) and stimulated (+IL-1ȕ) conditions, two tailed t-tests were used with 



Bonferroni correction to account for the independent analysis of multiple groups. Statistical 
significance was set at p < 0.05. All data were analyzed using the R stats, ggsignif, and ggpubr 
packages in R (The R Foundation, Vienna, Austria). 

Results and discussion  
Qualitative analysis of the therapeutic efficacy of encapsulated hMSCs 

While MSCs have been readily studied in the context of OA, the major focus of previous 
research has targeted delaying OA development.22,51 To address this gap in knowledge, the 
effect of MSCs in delaying further disease progression of established OA was assessed in the 
current study. This approach provides added clinical relevance since clinical OA is more 
commonly diagnosed based on progressive disease phenotypes, including joint space 
narrowing and osteophyte development, as pain is commonly associated with these more 
established manifestations of the disease leading patients to seek medical treatment.52,53 The 
rat MMT OA model was used as an OA phenotype manifests by the 3 week timepoint and 
further progression is observed at the six week timepoint; encapsulated hMSC treatment was 
administered at three weeks post-surgery, once OA had already been established, and the 
effects of the treatment were evaluated at the six week endpoint.44 At the time of injection, 
encapsulated hMSC viability was 96.4 ± 2.1%. Encapsulation was leveraged in the current 
study to assess its effects on modulating the paracrine response of hMSCs in established OA. 

Histology (H&E and Saf-O) was performed on tibiae to qualitatively assess the effects of 
encapsulated hMSC therapeutics on OA progression (Fig. 2a-j). Representative histological 
images of the Sham group showed consistent proteoglycan staining and a smoothness along 
the entire medial articular cartilaginous surface and no presence of osteophyte development on 
the most medial aspect of the joint (Fig. 2a&f). All MMT conditions showed proteoglycan loss 
(loss of Saf-O staining), loss of chondrocytes (lack of hematoxylin staining in certain regions of 
the articular cartilage layer), presence of fibrillations in the articular cartilage layer, and the 
development of osteophytes (Fig. 2b-e&g-j). While all MMT conditions did show variable levels 
of cartilage damage, the MMT/Encap group showed qualitatively less cartilage degeneration 
and surface roughness, relative to all other MMT conditions (Fig. 2e&j). Furthermore, while all 
MMT conditions showed osteophytes developing on the marginal edges of the joint, the 
MMT/hMSC and MMT/Encap hMSC group showed qualitatively larger areas relative to the 
MMT/Saline and MMT/Empty Caps group (Fig. 2d-e&i-j). Representative cartilage surface 
renderings were generated for each sample from each group using microCT captured images 
(samples matched with representative histology; Fig. 2k-o). Analysis of cartilage surface 
roughness was performed by subtracting individual 3D polynomial surfaces from the 
corresponding cartilage surface renderings (generated by custom MATLAB algorithm). All MMT 
conditions exhibited changes in articular cartilage structure as can be visualized with the 
development of elevations (red regions) and depressions (blue regions) relative to the Sham 
group. Furthermore, the MMT/Encap hMSC showed qualitatively attenuated cartilage surface 
roughness relative to other MMT groups (Fig. 2k-o). Together, these metrics demonstrated that 
with encapsulated hMSC treatment there was qualitatively less cartilage degeneration when 
compared to the other MMT groups.  

Encapsulated hMSCs attenuated cartilage degeneration in established OA 
For quantitative analysis, microCT was employed to study the articular cartilage, 

osteophytes, and subchondral bone regions of rat tibiae, as previously described.43,44 MicroCT 
analysis of OA phenotypes has been demonstrated to be comparable to histopathology ± the 
gold standard reference for OA characterization ± when assessed in 2D and more sensitive 
than histopathology when used to assess 3D parameters.43 

Detailed analysis of the articular cartilage was performed on various morphological 
parameters for both the total and segmented regions (medial, central, and lateral) of the medial 



tibial condyle (Fig. 3&S1). Previous studies have demonstrated that OA development in the 
MMT model is largely localized to the medial plateau and specifically the medial 1/3 region of 
the articular cartilage.44 For total cartilage volume, all MMT conditions showed elevated cartilage 
volume relative to Sham (Fig. 3a). Treatment with MMT/Encap hMSCs attenuated the MMT 
induced increase in cartilage volume that was found in the MMT/Saline and MMT/Empty Caps 
groups. However, no significant difference was found between MMT/Encap hMSC and 
MMT/hMSC alone, suggesting a milder effect of non-encapsulated cells relative to the 
encapsulated hMSCs. For medial cartilage volume analysis, significant increases in volume 
were yielded for the MMT/Saline, MMT/Empty Caps, and MMT hMSC groups. The MMT/Encap 
hMSC group did not show significant increases in cartilage volume relative to Sham (Fig. 3b). 
Cartilage thickness yielded similar outcomes to the volume parameter as no significant 
difference for cartilage thickness were found between the MMT/Encap hMSC group relative to 
the Sham group for both total and medial analysis (Fig. 3c&d). Furthermore, for the medial 
thickness parameter there were no significant differences noted between MMT/Encap hMSC 
and MMT/hMSC, further demonstrating the mild therapeutic effect of the non-encapsulated 
hMSCs. Cartilage attenuation, which permits the indirect quantification of proteoglycan content, 
yielded a single significant difference between Sham and MMT/hMSC for total analysis (Fig. 
3e). While the medial analysis did discern differences between the Sham and all MMT 
conditions, there were no differences found between the MMT conditions as they all 
demonstrated increased attenuation (decreased proteoglycan content) relative to the Sham 
group (Fig. 3f). Additional analysis of the articular cartilage surface was performed using a 
custom MATLAB script to quantify surface roughness and exposed bone surface area (full 
thickness lesion surface area).  

Surface roughness analysis of the articular cartilage surface provides a quantitative 
measure of changes that may arise from matrix fibrillation, erosion and lesion formation, and 
full-thickness cartilage loss (exposed bone surface area). All MMT conditions showed 
significantly increased surface roughness relative to Sham for analysis of the total tibial plateau 
(Fig. 3g). For medial surface roughness analysis, the MMT/Saline, MMT/Empty Caps, and 
MMT/hMSC groups showed significantly increased surface roughness compared to Sham but 
no difference was detected between MMT/Encap hMSC and Sham (Fig. 3h). Additionally, 
treatment with MMT/Encap attenuated the surface roughness to a level significantly lower than 
the other MMT conditions for both total and medial analyses (Fig. 3g&h). To further characterize 
changes to articular cartilage, exposed bone surface area was quantified. The total surface area 
of exposed bone was significantly different between the MMT/hMSC group and the Sham group 
(Fig. 3i). For medial analysis of exposed bone, both MMT/Saline and MMT/hMSC showed a 
significant increase relative to Sham (Fig. 3j). Additionally, incidence of exposed bone was 
assessed by group: MMT/Encap hMSC had the least number of samples with exposed bone 
(4/7), followed by MMT/Empty Caps (5/7), MMT/Saline (6/7), and MMT/hMSC (8/8). Fisher¶s 
exact test was performed for contingency analysis of exposed bone groups. MMT/Encap hMSC 
showed no significant difference from Sham, whereas all other MMT groups were significantly 
different from Sham (0/6; Fig. S2a). For the analysis of incidence of exposed bone on the 
medial aspect of the joint, increased exposed bone incidence was found in both MMT/Saline 
(5/7) and MMT/hMSC (8/8) groups relative to Sham (0/6; Fig. S2b). No significant differences 
were found between Sham and MMT/Encap hMSC (3/7) or MMT/Empty Caps (4/7) groups (Fig. 
S2b).  

To assess the overall effect of encapsulated hMSCs on MMT induction, factoring in all 
articular cartilage parameters (total and medial) as model inputs, PLSDA was implemented to 
identify new axes which better separate the data with respect to the identity of the treatment 
group (Sham and MMT groups). LV1 separated out groups by severity of cartilage damage with 
the Sham and MMT/Encap hMSC groups separating to the left from the MMT/Saline, 
MMT/Empty Caps, and MMT/hMSC groups, on the right (Fig. 3k). A one-way ANOVA of the 



LV1 scores demonstrated that all MMT conditions had significantly higher scores (increased 
damage) than the Sham; while the MMT/Encap hMSC group was significantly lower than the 
other MMT groups (Fig. 3l).  However, MMT/Encap hMSC also demonstrated a higher LV1 
score compared to the Sham, suggesting increased cartilage damage (Fig. 3l). Overall, these 
metrics reveal that encapsulated hMSCs provided a positive therapeutic protective effect on 
articular cartilage in established OA.    

Articular cartilage degeneration, the primary outcome of OA, manifests with proteoglycan 
loss, resulting in increased water concentration in cartilage (swelling), superficial cartilage matrix 
fibrillation, erosion and lesion formation, and eventually full-thickness loss of articular cartilage 
resulting in bone-on-bone contact.2,54 Further development of these articular cartilage 
phenotypes was attenuated with encapsulated hMSC treatment and not found with hMSCs or 
alginate (empty capsules) alone. Specifically, encapsulated hMSCs attenuated further articular 
cartilage swelling (volume and thickness) and delayed the further development of matrix 
fibrillations and erosion and lesion formation (surface roughness). Additionally, there was lower 
incidence of full thickness cartilage loss (exposed bone) after treatment with encapsulated 
hMSCs. These findings suggest that while encapsulated hMSCs elicit a positive therapeutic 
effect in delaying further articular cartilage degeneration, this treatment did not fully restore 
articular cartilage to a similar state as the Sham control (regenerative effect). There was still 
significant cartilage proteoglycan loss (attenuation), cartilage swelling, and full thickness 
cartilage loss; these levels were comparable to previous reports of the disease state at the three 
week time point (i.e. the time point of the encapsulated hMSC intervention).18,43-45,55 While 
encapsulated hMSCs may not necessarily have any restorative properties that can reverse 
established disease damage, this treatment does have disease modifying potential that still 
provides high clinical translatability.  

Encapsulated hMSCs had a minimal therapeutic effect on subchondral bone remodeling 
in established OA 

Subchondral bone, which is the bone layer immediately underlying articular cartilage, has 
been observed to harden and thicken during the progression of OA (sclerosis), especially at 
later stages of the disease.53,56-58 Subchondral bone sclerosis, along with joint space narrowing, 
is one of the most common phenotypes observed in clinical OA via standard x-ray diagnostic 
imaging.52,53,57  

Detailed analysis of subchondral bone was performed on various morphological parameters 
for both the total and segmented regions (medial, central, and lateral) of the medial tibial 
condyle (Fig. 4&S3). Previous work with the rat MMT model at three weeks post-surgery has 
shown that there is increased incidence of subchondral bone remodeling in the medial 1/3 
region.59 Subchondral bone volume, for both total and medial regions, showed MMT/Saline, 
MMT/Empty Caps, and MMT/hMSC groups were significantly elevated relative to Sham (Fig. 
4a&b). For the subchondral bone thickness parameter, all MMT conditions demonstrated 
significantly increased values relative to Sham (Fig. 4c&d). Total attenuation was not 
significantly different between MMT/Encap hMSC and Sham or between MMT/hMSC and Sham 
(Fig. 4e). The other two MMT conditions (MMT/Saline and MMT/Empty Caps) had a significant 
increase in attenuation values relative to the Sham group, indicating increased bone mineral 
density (hardening) of the subchondral bone (Fig. 4e). However, the analysis of attenuation for 
the medial 1/3 plateau showed significantly higher values for all MMT groups compared to 
Sham (Fig. 4f).   

Cumulative analysis of the efficacy of encapsulated hMSCs on the subchondral bone layer 
in OA (accounting for volume, thickness, and attenuation parameters) was analyzed with 
PLSDA. LV1 separated out all study groups by levels of subchondral bone remodeling with 
Sham separating out on the left from all MMT groups on the right (Fig. 4g). This finding was 
further confirmed with ANOVA on LV1 scores which demonstrated that there were no 



cumulative significant differences between respective MMT conditions (Fig. 4h). Consideration 
of all these findings suggests encapsulated hMSCs yield a minimal therapeutic effect on 
subchondral bone in OA as this therapeutic yielded less bone thickening (volume) and 
hardening (attenuation). These disease modifying effects were similar to those found for 
articular cartilage analyses as further disease development from the time point of intervention 
was attenuated. Furthermore, encapsulated hMSCs again did not provide a restorative effect as 
there was still significant subchondral bone thickening (thickness) and bone hardening (medial 
1/3 attenuation).  
 
Encapsulated hMSCs augmented osteophyte development in OA  
 One of the major associated phenotypes in OA is the development of tissues that form 
along the marginal edges of joints, known as osteophytes.60 These formations are the most 
common radiographic finding of OA in the clinic and therefore are a key consideration in 
studying therapeutics for this disease.57,58,61 Osteophytes consist of cartilaginous and 
mineralized portions, as they undergo an endochondral-like ossification process in formation, 
both of which were quantified in the current study in addition to a total osteophyte parameter 
(consisting of a combination of both cartilaginous and mineralized osteophytes).60  

MicroCT analysis was implemented to quantitatively assess osteophyte volumes. 
Mineralized osteophyte volume was significantly greater in all MMT conditions relative to the 
Sham group (Fig. 5a). Furthermore, MMT/Encap hMSC and MMT/hMSC, which were not found 
to be different from one another, had significantly higher osteophyte volumes than the other two 
MMT conditions (Fig. 5a). Analysis of the other major osteophyte component (cartilaginous 
osteophytes) showed significantly higher volumes for all MMT groups relative to Sham (Fig. 5b). 
The MMT/Encap hMSC group also demonstrated increased cartilaginous osteophyte volumes 
relative to the MMT/hMSC and MMT/Empty Caps groups (Fig. 5b). Qualitative representation of 
these cartilaginous osteophytes can be viewed in the Saf-O histological images (Fig. 2f-j). Total 
osteophytes, a summation of mineralized and cartilaginous osteophytes, demonstrated similar 
findings to those for the individual parameters (Fig. 5c). A key difference identified was between 
MMT/Encap hMSC and MMT/hMSC, with the encapsulated condition demonstrating a 
significantly higher total osteophyte volume.  

To assess the overall effect of encapsulated hMSCs on both cartilaginous and 
mineralized osteophytes, PLSDA established an LV1 that separated Sham to the left, and all 
MMT groups to the right based on increasing osteophyte volumes (Fig. 5d). ANOVA of LV1 
scores displayed that all MMT conditions were significantly higher (increased volume) than 
Sham and that MMT/Encap hMSC was significantly higher than all other MMT conditions (Fig. 
5e). Importantly, these results indicate that hMSCs, particularly the encapsulated hMSCs, 
potentiated osteophyte volumes relative to other MMT conditions that did not receive treatment. 
Even though increased osteophyte volumes have generally been viewed as an adverse 
outcome in OA, their development has been shown to occur independently of changes in 
articular cartilage morphology.62 Furthermore, osteophytes have been shown to increase motion 
segment resistance to both bending and compression forces, suggesting that osteophyte 
formation may reverse some of the mechanical stimuli that cause them to form, in a possible 
compensatory and protective role.63 
 
Biomaterial encapsulation of hMSCs induced a targeted paracrine response   

The overall finding from the MMT study demonstrated a therapeutic effect of 
encapsulated hMSCs in preventing further cartilage degeneration in established OA. Another 
major finding drawn from the MMT study is the role that biomaterial encapsulation has in 
modulating the paracrine response of hMSCs in vivo. While the same cells (matched donor), 
administered at the same dose, were used for encapsulated and non-encapsulated therapeutic 
conditions, the two groups yielded differing levels of therapeutic efficacy. The encapsulated 



hMSCs elicited a more potent therapeutic effect compared to the non-encapsulated hMSCs 
which yielded a mild therapeutic effect in established OA. Specifically, non-encapsulated 
hMSCs demonstrated attenuation of increases in cartilage degeneration (volume and thickness) 
and subchondral bone remodeling (attenuation). These non-encapsulated hMSCs also yielded 
augmented osteophyte volumes, comparable to those yielded by encapsulated hMSCs. This led 
to the hypothesis that there would be significant differences in the secretome response to an OA 
microenvironment between non-encapsulated hMSCs and encapsulated hMSCs. Numerous 
studies have shown that biomaterials can alter MSC function, survival, and 
mechanotransduction; there is limited understanding of the effects encapsulation has on MSC 
cytokine expression which the current study sought to explore.18,37,38,64 To assess the effects of 
biomaterial encapsulation on the secreted cytokines from hMSCs in a simulated OA 
microenvironment, an in vitro cell culture model was used where the media was supplemented 
with the primary OA cytokine IL-1ȕ. Cell viability immediately following encapsulation was 97.1 ± 
3.1%, after which cells were plated. Cells were either conditioned in media alone (+CTRL) or 
stimulated with IL-1ȕ in media (+IL-1ȕ).9,47,65  

Following treatment with or without IL-1ȕ for 24 hours, media was collected and assessed 
for 41 immunomodulatory cytokines and chemokines (Fig. 6a). Background subtraction was 
performed for both non-stimulated and stimulated conditions; all cytokine values only show the 
cytokine levels resulting from hMSC paracrine expression. Both non-encapsulated and 
encapsulated hMSCs were responsive to IL-1ȕ stimulation when compared to CTRL conditions. 
For non-encapsulated hMSCs, IL-1ȕ stimulation yielded indiscriminate upregulation of all 
measured cytokines, compared to the non-encapsulated hMSC control (+CTRL). In contrast, IL-
1ȕ stimulation of encapsulated hMSCs yielded a more targeted response with distinct qualitative 
increases in six cytokines: IL-1ȕ, IL-1RA, IL-7, IL-8, Granulocyte Colony Stimulating Factor (G-
CSF), and IL-6, relative to the encapsulated hMSC control (+CTRL). PLSDA revealed LV1 and 
LV2 axes that separated differentially modulated cellular paracrine responses with encapsulated 
hMSC conditions separating on LV1 (+IL-1ȕ separated left and +CTRL separated right) and 
non-encapsulated hMSCs separating along LV2 (+CTRL at the bottom and + IL-1ȕ at the top of 
the axis; Fig. 6b). Significant separation of latent variable scores was confirmed with t-tests of 
both LVs, with Bonferroni correction applied, for encapsulated and non-encapsulated hMSCs on 
the LV1 and LV2 axes, respectively (Fig. 6c&d).  

To assess the effects of IL-1ȕ stimulation on encapsulated cells, PLSDA was conducted 
on the encapsulated data alone (Fig. 7a). From LV1, the separation between CTRL to the left 
and IL-1ȕ to the right can be easily observed. LV1 consisted of a profile of cytokines that 
correlated with the CTRL group (blue) or IL-1ȕ treated cells (red; Fig. 7b). To determine which 
cytokines yielded differences in cytokine expression (Encap hMSC + CTRL vs. Encap hMSC + 
IL-1ȕ), univariate analysis was performed on all cytokines that were upregulated with IL-1ȕ 
stimulation (shown in red; Fig. 7b). Of the 18 cytokines that showed upregulation with IL-1ȕ 
stimulation, eight were found to be significantly elevated, including the pro-inflammatory 
cytokines IL-1ȕ, IL-6, IL-7 and IL-8, the anti-inflammatory cytokine IL-1RA and the chemokines 
G-CSF, macrophage derived chemokine (MDC; CCL-12), and interferon gamma-induced
protein 10 (IP10; CXCL-10; Fig. 7c-j). These in vitro findings demonstrate a more modulated,
and targeted response of encapsulated hMSCs when compared to the expression profile of
non-encapsulated hMSCs, which yielded increased expression of all cytokines.

The roles that cytokines play in OA pathology have been well documented, including a 
critical role for cytokines in osteophyte development.13 Previous studies have demonstrated that 
osteophyte growth is driven by cytokine release and not by mechanical forces on the joint 
capsule.66-68 However, a limitation of this study was that one of the major cytokines implicated in 
osteophyte development, TGF-ȕ, was not part of the 41-plex cytokine panel. While previous 
studies have demonstrated that hMSCs yield an anti-inflammatory and regulatory paracrine 
expression profile in various disease states, the current study demonstrated increased pro-



inflammatory cytokine secretion.69,70 Of note, IL-6 has been shown to decrease collagen II 
production and is implicated as a critical cytokine in subchondral bone remodeling in OA.13,71 
Additionally, IL-7 has been demonstrated to increase production of MMP-13 and IL-8 has been 
shown to recruit additional neutrophils and further type II collagen degradation in OA.72,73 Even 
though these cytokines have been previously reported to be involved in OA pathogenesis when 
chronically elevated, it is important to note that encapsulated hMSCs yielded a more targeted 
response when compared to non-encapsulated hMSCs treated with IL-1ȕ (Fig. 6a). Non-
encapsulated hMSCs yielded increased expression of numerous other cytokines implicated in the 
OA inflammatory cascade (TNFĮ, IFNȖ, IL-17).71 Furthermore, it is important to draw the 
distinction between the chronic nature of the OA inflammatory environment and the acute 
response induced by the hMSC secretome. To resolve chronic inflammation, an acute event is 
needed to bring in immune cells and activate different inflammatory cascades to resolve and 
induce a pro-regenerative response.74 This mechanism is common in other chronic inflammatory 
environments and wound healing environments where acute inflammatory events are necessary 
to resolve chronic inflammation and transition to pro-regenerative immune responses to regulate 
inflammation.75-77 Furthermore, the pro-inflammatory cytokines that showed increased expression 
in the current study (IL-6, IL-7, IL-8) have been implicated as significant mediators in wound 
healing and similar diseases that involve resolution of inflammatory events.78-80 Additionally, when 
looking at the duration of hMSC viability from our previous study, we observed that the hMSCs 
are only viable for the first ~9 days post-injection, thus the hMSCs likely respond to the local 
environment to help induce a local endogenous response which could have longer lasting 
therapeutic effects, particularly if it promoted the resolution of chronic inflammation.18 

While encapsulated hMSCs elicited a pro-inflammatory response in the current study, they 
also secreted anti-inflammatory cytokines and chemokines which may have therapeutic potential. 
Specifically, the anti-inflammatory cytokine IL-1RA has been studied extensively in the context of 
OA with pre-clinical studies demonstrating a protective capacity on articular cartilage.81,82 
Furthermore, a number of chemokines were increased (G-CSF, MDC, IP10) when stimulated with 
IL-1ȕ, which would suggest that hMSCs could induce a response to recruit native stem and 
immune cells to the injury site. While the role of G-CSF has not been documented in OA, this 
cytokine is known to mobilize MSCs from bone marrow and has been found to promote cartilage 
repair in a pre-clinical full cartilage defect rabbit model.83,84 MDC (CCL-12), which is understudied 
in OA, has been shown to recruit memory T cells in patients with OA.85 The cytokine IP10 (CXCL-
10) was also upregulated by encapsulated hMSCs. IP10 has been shown in previous studies to
be specifically involved in recruitment of synovial macrophages in OA.86 While the cytokines of
interest in the current study were categorized based on their most commonly identified pro-
inflammatory, anti-inflammatory, or chemotactic nature it is important to note that cytokines are
well known to have varying roles and can be both cell and context dependent.87 Most notably IL-
6, which has both pro-inflammatory and anti-inflammatory potential.88,89 While the present
secretome assessment does not provide a direct link between specific cytokines and therapeutic
efficacy in vivo, there were a number of potential cytokines that may be implicated in the
therapeutic efficacy of hMSCs in OA. Further study of these specific cytokines, as well as their
up-stream regulators and downstream targets, will provide new insights into the mechanisms
involved in OA that may be therapeutically targeted with hMSCs. Additional investigation is
merited to determine what characteristics of biomaterial encapsulation yielded this modulated
response and whether further tailoring the biomaterial properties could further enhance the
therapeutic efficacy of the hMSCs. This could include further study into the effects of the niche
constructed by a 3D microporous hydrogel system (e.g. chemical composition, lack of peptide
modification, pore size, topography) on hMSC paracrine function as all these properties have
been demonstrated to directly impact the secretome of these cells.90-92

Conclusions 



In the current study, bone marrow derived hMSCs were encapsulated in sodium alginate 
microcapsules to study the effects of biomaterial encapsulation on the modulation of the paracrine 
signaling response and therapeutic efficacy of these cells in an OA microenvironment. The 
therapeutic potential of this cellular treatment was assessed in a pre-clinical rat model (MMT) of 
established OA, which is relevant because patients commonly seek treatment once OA is more 
readily evident and they have developed a more advanced stage of the disease. Encapsulation 
of hMSCs demonstrated a positive therapeutic effect by delaying further development of the 
disease; specifically, encapsulated hMSC treatment attenuated further cartilage degeneration 
and subchondral bone sclerosis. Though the encapsulated hMSCs provided a disease modifying 
protective effect, the treatment did not regenerate or restore the cartilage or subchondral bone 
back to levels comparable to Sham operated controls. These data suggest that the timing of 
hMSC treatment in the OA disease progression will be critical, as this treatment protected the 
integrity of the remaining tissue and thus suggests that treatment during earlier disease stages 
(when there is still tissue to protect) may have longer and more potent therapeutic effects. Though 
protective effects were observed on the cartilage and subchondral bone, encapsulated hMSCs 
yielded increased osteophyte volumes which have been identified as an unwanted phenotype for 
restoring joint function. The immunomodulatory potential of biomaterial encapsulation on hMSC 
function demonstrated a targeted paracrine response to a simulated OA microenvironment while 
non-encapsulated hMSCs showed an indiscriminate upregulation of all cytokines in the cytokine 
panel. While expression of numerous anti-inflammatory and regenerative cytokines were 
increased with hMSC encapsulation, there were also a number of pro-inflammatory cytokines that 
showed increased expression. In considering these latter findings, it is important to consider that 
this hMSC paracrine response is an acute response and that the secretion of these pro-
inflammatory cytokines may be critical in resolving the chronic OA inflammatory environment.  
Together, the data from the current study demonstrated that biomaterial encapsulation of hMSCs 
modulated the paracrine response to a simulated OA microenvironment and enhanced the in vivo 
therapeutic efficacy of the hMSCs in preventing further disease progression in treating established 
OA.  
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Fig. 1. (a) Principle component analysis (PCA) identifies axes of maximum variation among 
samples in the data when measurement variables (X1 and X2) are plotted against one another. 
Through incorporation of a response variable Y, partial least squares regression (PLSR), 
enables identification of maximum co-variation between the X variables and different Y 
responses. PLSR outputs new linear combinations of X variables, referred to as latent variables 
(LVs). (b) Each latent variable is comprised of weights, which ranks the importance of each 
input variable Xi, in determining the final composite values for each sample data point. (c) To 
obtain the PLSR scores plot, the raw data is multiplied by the calculated weights for each latent 
variable (LV1 and LV2). The new axes defined by these latent variables (LV1 and LV2) better 
separates the data with respect to the identity of the Y response variables.  

Fig. 2. (a-j) Serial hematoxylin and eosin (H&E; a-e) and safranin-O and fast green (Saf-O; f-j) 
coronal sections of rat medial tibial plateaus at six weeks after Sham or MMT operation of rat 
hindlimbs. For MMT-induced OA there is presence of increased articular cartilage degeneration 
[increased proteoglycan loss (loss of red coloration in Saf-O images), loss of articular 
chondrocytes (lack of hematoxylin stain), surface fibrillations, formation of erosions and lesions] 
and the presence of osteophyte formations on the marginal edges for all MMT conditions (b-
e&g-j). Sham operated hindlimbs (a&f) did not show any damage to articular cartilage or the 
presence of osteophyte formations. The MMT/Encap hMSC group (e&j) showed less overall 
cartilage damage (smoother cartilage surface with less erosion and lesion formation) with 
respect to all other MMT conditions. (k-o) MATLAB generated representative topographic maps 
of the articular cartilage surfaces depict the deviation of a sample¶s cartilage surface from a 3D 
polynomial fitted surface. Representative surface renderings were matched with representative 
histology and microCT. These surface renderings demonstrate elevations (red) and depressions 
(blue) in articular cartilage surfaces of MMT groups which were not found in the Sham. All 
images are oriented with the medial aspect of the tibia on the left. Scale bar (bottom right 
corner) is universal for all histology representative images. Scale bar for the topographic surface 
renderings (bottom center) is also included.  

Fig. 3. (a) Total articular cartilage volume for all MMT groups are significantly greater than 
Sham animals; total articular cartilage volume for MMT/Encap hMSC group is significantly lower 
than MMT/Saline and MMT/Empty Cap groups. (b) Medial 1/3 articular cartilage volumes for 
MMT/Saline, MMT/Empty Caps and MMT/hMSC groups were significantly greater than Sham; 
hMSC/Encap hMSC group was not significantly different from Sham. (c&d) Total and medial 1/3 
articular cartilage thickness values for MMT/Saline, MMT/Empty Caps and MMT/hMSC groups 
were significantly greater than Sham; no differences were found for either parameter between 
MMT/Encap hMSC and Sham; medial 1/3 articular cartilage thickness for MMT/Encap hMSC 



group was significantly lower than MMT/Saline and MMT/Empty Caps groups. (e) Total articular 
cartilage attenuation for the MMT/hMSC group was significantly greater than the Sham group. 
(f) Medial 1/3 cartilage attenuation values for all MMT groups were significantly greater than the
Sham group and no differences were found among MMT conditions. (g) Total cartilage surface
roughness showed significantly higher values for all MMT groups relative to Sham; the
MMT/Encap hMSC group did show significantly less surface roughness than all other MMT
conditions. (h) Medial 1/3 analysis of surface roughness yielded identical findings to total
analysis except no difference was found between Sham and MMT/Encap hMSC groups. (i&j) A
difference in total exposed bone was found only for the MMT/hMSC group compared to all other
groups; for medial 1/3 analysis of exposed bone, MMT/Saline and MMT/hMSC groups were
significantly increased from Sham group. (k) PLSDA assessment of the overall effect of the
therapeutics applied on articular cartilage damage showed distinct separation with Sham and
MMT Encap hMSC separating to the left and all other MMT conditions separating to the right
along LV1. (l) Quantification of the scores obtained from PLSDA analysis demonstrated that all
MMT conditions had significantly more cartilage damage than Sham; in addition, MMT/Encap
hMSC had significantly less damage than all other MMT conditions. Data presented as mean +/-
SD. n = 6 for Sham, n = 7 for MMT/Saline, n = 7 for MMT/Empty Caps, n = 8 for MMT/hMSC
and n = 7 for MMT/Encap hMSC. * represents significant differences (p < 0.05) between
individual MMT conditions and Sham. Horizontal black bars indicate significance (p < 0.05)
between individual MMT groups.

Fig. 4. (a&b) Total and medial 1/3 subchondral bone volumes for all MMT groups, except 
MMT/Encap hMSC, were significantly greater than the Sham group. (c&d) Total and medial 1/3 
subchondral bone thickness analysis yielded significant increases in all MMT groups relative to 
Sham. (e) MMT/Empty Caps and MMT/Saline total subchondral bone attenuation was 
significantly greater than the Sham while showing no differences with MMT/hMSC and 
MMT/Encap hMSC groups. (f) In the medial 1/3 region, all MMT groups had significantly greater 
attenuation values compared to Shams; the only difference found between MMT conditions was 
between MMT/Empty Caps and MMT/Encap hMSC. (g) PLSDA analysis of total and medial 1/3 
subchondral bone parameters depicted significant separation between Sham, to the left, from all 
MMT conditions, to the right, along LV1 based on the level of subchondral bone remodeling. (h) 
Statistical analysis of these scores demonstrated a significant difference between the Sham 
group and all the MMT groups, with no differences between the respective MMT groups. Data 
presented as mean +/- SD. n = 6 for Sham, n = 7 for MMT/Saline, n = 7 for MMT/Empty Caps, n 
= 8 for MMT/hMSC and n = 7 for MMT/Encap hMSC. * represents significant differences (p < 
0.05) between individual MMT conditions and Sham. Horizontal black bars indicate significance 
(p < 0.05) between individual MMT groups. 

Fig. 5. (a) Mineralized osteophyte volumes for all MMT groups were significantly greater than 
the Sham group; MMT/Encap hMSC and MMT/hMSC groups yielded significant increases in 
mineralized osteophyte volume compared to MMT/Saline and MMT/Empty Caps groups. (b) 
Cartilaginous osteophyte volumes for all MMT groups were significantly greater than the Sham 
group; MMT/Encap hMSC demonstrated significant increases in cartilaginous volume relative to 
MMT/hMSC and MMT/Empty Caps. (c) Total osteophyte volumes (Mineralized volume + 
Cartilaginous volume) for all MMT groups were again significantly greater than the Sham group; 
MMT/Encap hMSC yielded significantly greater total osteophyte volumes than all MMT 
conditions. (d) PLSDA analysis of overall osteophyte volumes depicted distinct separation of all 
groups based on osteophyte size, with Sham to the left and MMT/Encap hMSC to the right 
along LV1. (e) Statistical analysis of LV1 scores demonstrated significantly higher values for all 
MMT conditions, compared to Sham, with MMT/Encap hMSC showing increased volumes 
relative to all MMT conditions. Data presented as mean +/- SD. n = 6 for Sham, n = 7 for 



MMT/Saline, n = 7 for MMT/Empty Caps, n = 8 for MMT/hMSC and n = 7 for MMT/Encap 
hMSC. * represents significant differences (p < 0.05) between individual MMT conditions and 
Sham. Horizontal black bars indicate significance (p < 0.05) between individual MMT groups. 

Fig. 6. (a) Luminex analysis of 41 cytokines (columns; z-scored) secreted from hMSCs with 
(Encap hMSC) and without encapsulation (hMSC) in non-stimulated (+CTRL) and stimulated 
environments (+IL-1ȕ; each row represents a single sample). (b) PLSDA analysis identified two 
profiles of cytokines, LV1 and LV2, that identified a distinct separation between treatment 
groups for both encapsulated and non-encapsulated hMSCs. (c&d) Independent analysis of 
scores on each of the respective latent variables demonstrated significant differences between 
non-stimulated (+CTRL) and stimulated environments (+IL-1ȕ) for both encapsulated and non-
encapsulated hMSCs. Data presented as mean +/- SD. n = 6 for all groups. Horizontal black 
bars indicate significant differences between non-stimulated (+CTRL) and stimulated (+IL-1ȕ) 
groups. 

Fig. 7. (a) PLSDA analysis of encapsulated hMSCs identified a single latent variable, LV1, that 
distinguished between Encap hMSC + CTRL on the left and Encap hMSC + IL-1ȕ to the right. 
(b) The weighted profiles of cytokines showed relative expression of cytokines in CTRL
conditions (blue) and IL-1ȕ conditions (red). Error bars on each cytokine were computed by
PLSDA model regeneration using iterative (1000 iterations) leave one out cross validation
(LOOCV). (c-j) All measured cytokines that showed significant increased expression with IL-1ȕ
stimulation were assessed independently, using t-test with Bonferroni correction, for significance
between CTRL and IL-1ȕ conditions, with all significant findings presented. Encap hMSCs + IL-
1ȕ yielded increased expression in pro-inflammatory (IL-1ȕ, IL-6, IL-7, IL-8), anti-inflammatory
(IL-1RA), and chemotactic (G-CSF, MDC, IP10) cytokines. Data presented as mean +/- SD. n =
6 for all groups. Horizontal black bars indicate significant differences between non-stimulated
(+CTRL) and stimulated (+IL-1ȕ) groups.
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