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Abstract

Current treatments for osteoarthritis (OA) offer symptomatic relief but do not pre-

vent or halt the disease progression. Chronic low-grade inflammation is considered a

significant driver of OA. Specialized proresolution mediators are powerful agents of

resolution but have a short in vivo half-life. In this study, we have engineered a

Resolvin D1 (RvD1)-loaded nanoliposomal formulation (Lipo-RvD1) that targets and

resolves the OA-associated inflammation. This formulation creates a depot of the

RvD1 molecules that allows the controlled release of the molecule for up to 11 days

in vitro. In surgically induced mice model of OA, only controlled-release formulation

of Lipo-RvD1 was able to treat the progressing cartilage damage when administered

a month after the surgery, while the free drug was unable to prevent cartilage dam-

age. We found that Lipo-RvD1 functions by damping the proinflammatory activity of

synovial macrophages and recruiting a higher number of M2 macrophages at the site

of inflammation. Our Lipo-RvD1 formulation was able to target and suppress the for-

mation of the osteophytes and showed analgesic effect, thus emphasizing its ability

to treat clinical symptoms of OA. Such controlled-release formulation of RvD1 could

represent a patient-compliant treatment for OA.
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1 | INTRODUCTION

According to recent estimates, 303.1 million patients were suffering

from osteoarthritis (OA) in 2020 worldwide.1 Despite the widespread

prevalence of the disease, there are no approved disease-modifying

OA drugs (DMOADs) for human use. OA is characterized by progres-

sive loss of cartilage, pain, damage to the subchondral bone, and even-

tual loss of function of the affected joint in humans.2 Current

treatment includes administering glucosamine, glucocorticoids, and

other NSAIDS but are mainly targeted toward symptomatic relief.3–5

These treatments often fail to arrest the progressing cartilage

deterioration and have several other drawbacks like gastric bleeding

and increased propensity to osteoporosis in women.6,7 Most OA

patients eventually require highly invasive and expensive joint-

replacement surgery. Other strategies, like viscosupplementation and

oral glucosamine administration, have achieved inconclusive results in

humans.8,9 Due to the lack of a reliable DMOAD, tremendous loss of

quality of life and revenue goes unchecked annually.

Factors like old age, diet, obesity, and trauma contribute to

inflammation in humans. Chondrocyte viability is reduced, resulting in

altered matrix synthesis, high levels of proinflammatory cytokines

(interleukin-1β [IL-1β] and tumor necrosis factor-α [TNF-α]), and
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production of catabolic enzymes.10 This chronic, low-grade inflamma-

tion is a significant driver of OA and is reflected in the surge in the

levels of inflammatory cytokines in the synovial fluid and systemic cir-

culation.11,12 Thus, blockade of inflammation by inhibiting the action

of inflammatory cytokines like IL-1β and TNF-α is considered a viable

treatment strategy for OA.13–15 However, such approaches have

proved subtherapeutic in human clinical trials.13,14 This failure is

attributed to the efficient lymphatic drainage that rapidly clears (1–

5 h) off the therapeutic molecules from the joint. Some therapeutics

like tanezumab (antibody against nerve growth factor) reduce pain in

the short term but fail to cease damage to the cartilage.16

M1 macrophages are known to be a major source of

proinflammatory, cartilage-damaging cytokines in OA.17,18 Such dys-

function arises due to impaired proresolution programs at the disease

site.19,20 These programs are endogenous cellular pathways and activ-

ities that inhibit the infiltration of more immune cells and coordinate

the postinflammatory clearance of inflammatory cells and other

debris.21–23 These activities are coordinated by a class of molecules

called specialized proresolution mediators (SPMs).24 Resolvins are one

such class of molecules that regulate the proinflammatory activities of

aggressor cells and eventually block the progressing damage. They are

powerful agents acting at cellular levels and can potentially break the

cycle of chronic inflammation.25–27 One species of highly bioactive

SPMs, Resolvin D1 (RvD1), is known to polarize macrophages to a

proresolution M2 phenotype instead of the M1 phenotype.28,29 RvD1

is versatile in its activity, and mediates clearance of debris,30 reduces

the influx of phagocytes,31 and promotes anabolism in cho-

ndrocytes.32 Although RvD1 is shown to have increased expression in

OA joints, its levels are not sufficient to drive tissue healing.33 Exoge-

nously administered RvD1 reduces the severity of OA in rodents,29

but the short half-life and limited in vivo retention of such molecules

limits their therapeutic potential.

Since small-molecule drugs diffuse rapidly out of the joint, their

intra-articular (IA) delivery has not been successful in the treatment of

joint-related diseases.34,35 The use of particle-based drug carriers can

increase the effective half-life of drugs.36,37 Lipid-based drug delivery

systems like liposomes are ideal drug carriers because of their biode-

gradability, low toxicity, stability, flexible synthesis methods, and abil-

ity to incorporate versatile cargo (imaging agents, corticosteroids,

MMP inhibitors).38–40 Such systems have also shown excellent trans-

lational potential and have resulted in several clinically approved

treatments such as Doxil®, Ambisome®, and DaunoXome. Liposomes

have been used for the IA delivery of corticosteroids.41,42 One such

liposomal formulation, Lipotalon®, has been approved in Germany for

treating OA patients. The active ingredient of Lipotalon®,

palmitoylated dexamethasone, suppresses inflammation by preventing

the infiltration of neutrophils and reducing the proliferation of leuko-

cytes.43 In this study, we have developed RvD1-encapsulated lipo-

somes for IA delivery in OA (provisional Indian patent application

number: 202141040859). The liposomes were stable and nontoxic

and were retained for substantially longer durations in the joints com-

pared to the free drug. Lipo-RvD1 was effective in preventing OA

when administered as prophylactic as well as therapeutic regimen.

The mechanistic analysis showed that the ratio of M1/M2 cells

decreases with the administration of Lipo-RvD1, leading to reduced

inflammatory and catabolic markers such as MMP13 and ADAMTS5.

2 | EXPERIMENTAL SECTION

2.1 | Materials

The lipids dipalmitoylphosphatidylcholine (DPPC), 1, 2-distearoyl-sn-

glycero-3-phosphoethanolamine–poly (ethylene glycol) (DSPE–PEG),

cholesterol, dioleoyl-3-trimethylammonium propane (DOTAP) were

purchased from Avanti polar lipids. RvD1 was purchased from Cay-

man chemicals. Syringes were purchased from BD Biosciences. Anti-

bodies used: anti-iNOS (NB300-605) and anti-CD206 (NBP1-90020)

antibodies were purchased from Novus Biologicals (Centennial). Anti-

ADAMTS5 (ab41037) and anti-MMP13 (ab39012) antibodies were

purchased from Abcam. Solvents: acetonitrile, methanol, and HPLC

grade water were purchased from Fisher Chemicals. All purchased

compounds were used without further purification.

2.2 | Quantification of RvD1

RvD1 was quantified using Agilent 1200 or Shimadzu Prominence-i

HPLC. Briefly, samples containing RvD1 were injected in the RP-C18

column and eluted using a binary gradient of methanol and water

(total flow rate of 0.40 ml/min). The retention time of RvD1 was

46 mins. The area under the curve for the RvD1 peak was used to plot

standard curves and quantify RvD1 in experimental samples.

2.3 | Synthesis and characterization of liposomes

Liposomes were synthesized by the thin-film lipid hydration method.

Briefly, the lipids DPPC, DSPE–PEG, and cholesterol were dissolved in

chloroform and mixed in their respective molar ratios in a round bottom

flask. The chloroform was evaporated using a rotatory evaporator

(DLAB RE100 Pro), thus forming thin lipids films. The films generated

were hydrated using respective solutions (AF750 in phospahte-

buffered saline [PBS] for in vivo retention experiments, calcium acetate

for all RvD1 loading experiments) at 45�C. The vesicles were then col-

lected and passed through 1 μm, 400 nm, and 100 nm membranes to

generate liposomes of a defined size. To test the stability of the lipo-

somes, we incubated the liposomes in PBS for up to 10 days at 37�C.

The sizes of liposomes were measured using Malvern Zetasizer μV.

2.4 | Cryogenic transmission electron microscope
of liposomes

Liposomes were imaged using cryogenic transmission electron

microscope (Cryo-TEM). Briefly, Holey Carbon Flat R2/2 grids were
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blotted with a liposomal solution (2 mg/ml) and plunged into liquid

ethane using FEI vitrobot to generate vitrified samples. These sam-

ples were stored in liquid nitrogen till further use. Furthermore,

images of these samples were captured using Thermo Scientific

Arctica equipped with a Gatan K2 direct electron detector camera

by Latitude S software with a spot size of 7. The total exposure was

40 e�/Å2, and the pixel size was 1.2 Å.

2.5 | Loading of RvD1 into liposomes

RvD1 was loaded into liposomal using a remote-loading strategy.44

Briefly, thin films of lipids (described earlier) were hydrated with

120 mM calcium acetate (pH 6) to generate multilamellar vesicles.

These vesicles were extruded through filters of different pore sizes

(1 μm, 400 nm, and 100 nm) to generate liposomes of desired sizes.

Finally, the liposomes were pelleted and resuspended in

RvD1-containing sodium sulfate solution (pH 4) and loaded at 50�C

for 1.5 h. After loading, the formulation was washed twice in PBS and

used immediately.

2.6 | Release profiles

For characterizing the retention of RvD1, liposomes were incubated

in PBS for 7 days at 37�C. At each time point, the liposomes were

washed and lyophilized. Lyophilized powder was dissolved in 50% iso-

propanol and the samples were loaded and quantified using HPLC as

described earlier.

2.7 | Mice for in vivo studies

The in vivo studies were approved by the Institutional Animal

Ethics Committee (CAF/Ethics/612/2018). Male C57BL/6 mice

(aged 6–8 weeks; weight 20–22 g) were used for this study,

maintained in individually ventilated cages at the central animal

facility, Indian Institute of Science, Bangalore. The animals were

allowed access to feed and water ad libitum. A cocktail of ketamine

(60 mg/kg) and xylazine (9 mg/kg) was used to anesthetize animals

during procedures.

2.8 | In vivo retention of liposomes on cartilage

Liposomes for injections were synthesized, as discussed earlier. The

thin film of lipids was hydrated with Alexa Fluor 750 (AF750, 400 μg/

ml) solution. Liposomes (~1 mg per joint, in a total volume of 10 μl)

were injected intra-articularly in the knee joint of mice. The fluores-

cence intensity was captured using Bruker XTreme II at excitation/

emission 750/830 nm and analyzed using Bruker molecular imaging

software.

2.9 | Mice model of OA

We used a surgical model, destabilization of the medial meniscus

(DMM), to induce OA in male mice.45,46 The experiments utilized male

mice because surgery-induced OA show more dramatic effects on the

cartilage of male mice than that of female mice.47 One knee joint was

subjected to this surgery in each mouse. Briefly, the mice were anes-

thetized using a cocktail of ketamine (60 mg/kg) and xylazine

(9 mg/kg). After confirming the loss of pedal reflexes, a parapatellar

skin incision was made to access the synovium. The synovium was

then dissected to expose the underlying joint. The medial

meniscotibial ligament (MMTL) was located and surgically transected.

After confirming the successful transection of the MMTL by another

observer, the synovium and skin were sutured in layers, and a metro-

nidazole wet pack was applied over the sutured area. The mice were

then allowed to recover from the anesthesia on a lukewarm surface.

Postoperative analgesic care included four subcutaneous doses of

buprenorphine (0.1 mg/kg), once every 12 h. Later, the mice were

administered their respective IA treatments over the next 3 months,

as indicated in the result section. The mice were allowed to move

freely for the entire duration of the study. At the end of the study, the

mice were euthanized, and their knee joints were harvested. The

joints were fixed in 4% formaldehyde for 6 h and decalcified in 5%

formic acid for 5 days. Following decalcification, the joints were

dehydrated in multiple gradients of ethanol and xylene and finally

embedded in paraffin wax.

2.10 | Histology and staining

The tissues embedded in paraffin blocks were sectioned into 5 μm

thick sections using Leica HistoCore MULTICUT and collected on

poly-L-lysine-coated glass slides. The sections were hydrated using a

series of ethanol gradients and stained using the Safranin O.48 The

severity of the disease was quantified on a scale of 0–24 using a scor-

ing protocol prescribed by OARSI.49 This protocol considers the joint's

damage, including loss of proteoglycan, chondrocyte apoptosis, and

the presence of osteophytes.49 Scoring was done by trained veterinar-

ians blinded to the study.

2.11 | Immunohistochemistry

Immunohistochemistry (IHC) was performed to quantify iNOS+ cells

CD206+ cells. MMP13+ and ADAMTS5+ regions in the synovial

membrane and cartilage. Heat-induced epitope retrieval was per-

formed using Tris-EDTA overnight treatment at 65�C, followed by

retrieval with 1 N HCl and Trypsin-CaCl2. The resulting sections were

then incubated with primary antibody for 16 h. These sections were

then washed to remove excess unbound antibody and incubated with

horseradish peroxidase-conjugated secondary antibody for 2 h. After

washing the unbound secondary antibody, sections were incubated
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with 3,30-diaminobenzidine (DAB) substrate for 1 h. Excess unreacted

DAB was washed, and images were captured using an Olympus BX53F

brightfield microscope. The images were thresholded against the back-

ground and counted using the “analyze particles”module in ImageJ.

2.12 | Testing for mechanical allodynia

OA-associated allodynia was tested using von Frey filaments (Aesthesio

tactile sensory filament; Ugo Basile). Briefly, the animals were intro-

duced in a customized cage with perforated bottom (Figure S1) and

were allowed to be acclimated to it for a few minutes. A von Frey fila-

ment representing the smallest force was pushed against the plantar

regions of the paw of respective animals through the perforations in the

cage. This exercise was performed five times per filament. If the animal

withdrew its paw three out of the five times, the force represented by

that filament was noted as the paw withdrawal threshold. If no such

activity was seen, the exercise was continued with the next filament.

Only animals with no visible injury were used for data collection.

2.13 | MicroCT experiments

MicroCT was performed on joints using Zeiss Xradia versa 500. Briefly,

the joint was mounted in the instrument and 750 projections were

acquired at source voltage 10 V, power 140 W, and voxel size 10 μm.

The data were analyzed using the 3DSlicer software. A region of inter-

est (ROI) (representing the bone to be analyzed) was carefully cropped

from the subchondral bone of the medial tibia into an independent

object. The dimensions of the ROI were kept constant for all the subse-

quently analyzed joints. In this object, after setting a threshold to differ-

entiate the bone from its background, the ComputeBMFeatures

module was used to calculate the bone morphometric parameters.

2.14 | Statistics

Data presented in this manuscript were represented as mean

± standard deviation with at least three replicates in each group

unless stated otherwise. Data were analyzed using one-way analysis

of variance for normal distributions and using other nonparametric

tests (e.g., Dunn's or Kruskal–Wallis tests) for ordinal datasets. Out-

liers were analyzed using the Grubbs test (α = 0.05). The 95% confi-

dence interval was considered significant.

3 | RESULTS

3.1 | Submicron-sized liposomes were synthesized
from inert, biocompatible lipids

Liposomes loaded with the active molecules act as a depot that can

release the cargo at therapeutic concentrations in a controlled

manner.15,36,50 We synthesized liposomes by hydrating thin films of

lipids and extruding the resulting multilamellar vesicles through

porous membranes with pore sizes 100, 400, and 1000 nm. The sizes

and morphology of particles were then analyzed using dynamic light

scattering (Figure 1a) and cryo-TEM (Figure 1b). The sizes of lipo-

somes obtained finally were around 150, 350, and 900 nm. We had

chosen these sizes because particles in these size ranges were previ-

ously shown to have long IA retention times.51 Two different sizes of

liposomes were tested for stability (150 and 700 nm) and were found

to be stable in PBS for >10 days (Figure S2).

3.2 | RvD1 can be loaded efficiently using the
active-loading approach

Loading of the anti-inflammatory ω-3 fatty acids into biomaterials for

controlled release is a viable strategy to treat inflammatory diseases.

RvD1 had been shown to successfully reduce the influx of neutrophils

after delivery via poly-L-(lactic-co-glycolic acid) scaffolds.52 At a tissue

level, resolvin E1 delivery via polymeric nanoparticles successfully

treated intestinal wounds in mice.53 While successful, these strategies

are not amenable for IA delivery due to low encapsulation efficiencies

or large size. We initially loaded RvD1 passively by hydrating dry films

of lipids with 1 ml of 1 μg/ml RvD1 solution. We found that the encap-

sulation efficiency when RvD1 was loaded passively (determined using

HPLC; Figure S3) was <1%. To overcome this challenge of low loading,

we then loaded RvD1 into liposomes actively by employing a differen-

tial pH gradient across the lipid bilayer to drive the RvD1 molecule into

the intraliposomal space. This strategy was successful, and we were

able to achieve the encapsulation efficiency of 71 ± 28% (with loading

levels of 35.7 ± 16.15 ng/mg of lipid). In addition, RvD1 loading in lipo-

somes was tunable, and we were able to load RvD1 at various different

levels with high encapsulation efficiencies (up to 1065 ± 92 ng RvD1/

mg liposomes) (Figure S4). While there have been previous attempts to

load RvD1 in liposomes,54–56 to our knowledge, this is the first report

of active loading of RvD1 into liposomes and results in much higher

encapsulation efficiencies than any previous report. Since RvD1 is

extremely potent and is shown to work at picomolar and nanomolar

ranges,57 we used Lipo-RvD1 with lower loading (35.7 ± 16.15 ng/mg

of lipid) for our subsequent experiments.

The intraliposomal retention of small-molecule drugs over time

directly correlates with their composition, especially cholesterol

concentration.58–60 Several groups have shown that the cholesterol

levels in the liposomes trigger the rapid release of the encapsulated

molecules.61,62 This is because the cholesterol molecules intercalate

between the long tails of other lipids and increase the fluidity and per-

meability of the bilayer. We found that while the percentage of cho-

lesterol in the lipid formulations does not affect RvD1 loading

(Figure S5), 10% of cholesterol formulations show slower release than

other formulations containing higher amounts of cholesterol

(Figure S6). As lower than 10% cholesterol in liposomes are known to

cause instability,61,63 for our future experiments, we used 10% choles-

terol in our lipid formulations.
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To test the temporal release in vitro, Lipo-RvD1 was incubated in

PBS at 37�C for various time intervals. Drug remaining in the lipo-

somes was quantified using HPLC. We found that the RvD1 mole-

cules were retained intraliposomally for >11 days (Figure 1c).

3.3 | Liposomes increase IA retention of loaded
molecules

To test whether our liposomal formulations had high retention in vivo,

we synthesized AF750-loaded fluorescent liposomes. This dye

allowed for sensitive quantification of fluorescence through live tis-

sues since its emission spectrum has little overlap with tissue

autofluorescence. Our data showed that IA-injected liposomes had

significantly higher retention than free dye from Day 1 onwards.

While more than 90% of the free dye was cleared within 1 day,

liposome-encapsulated dye signal was present even after 14 days

(Figure 2a,b). This difference in the temporal retention is expected

because the joint can efficiently clear small molecules via lymphatic

clearance, but not large particles.34 It is important to note that the sig-

nal measured, represent the dye remaining in the joint and it is possi-

ble that the liposomes were retained for longer duration.

The size of the carriers are known to have an important effect on

their IA retention.51,64 We tested IA retention of three different sizes

in the range—150, 350, and 900 nm. Our results show that smaller

liposomes (≤350 nm) had longer retention than larger liposomes

F IGURE 1 Characterization
and release profile of Lipo-RvD1.
(a) The size distribution of
liposomes used in this study as
measured using dynamic light
scattering. (b) Cryo-TEM
micrographs of Lipo-RvD1.
(c) Quantification of in vitro
release of RvD1 from Lipo-RvD1
when incubated at 37�C at pH
7.4; n = 3. Cryo-TEM, cryogenic
transmission electron microscope

F IGURE 2 Liposomes are
retained longer than free dye in
the respective joint.
(a) Fluorescence images of live
mice depicting the difference
between IA retention of
fluorescent liposomes and free
dye at Day 0 and Day
1. (b) Quantification of retention
of IA-injected fluorescent
liposomes and free dye from the
respective joint; for liposome-
injected joints, n = 4 and for free
dye-injected joints, n = 5.
**p < 0.01 between free drug and
liposomes using unpaired t-test at
respective time points. Values are
expressed as mean ± SEM. IA,
intra-articular

DRAVID ET AL. 5 of 13

 23806761, 2022, 2, D
ow

nloaded from
 https://aiche.onlinelibrary.w

iley.com
/doi/10.1002/btm

2.10281 by G
eorgia Institute O

f T
echnology, W

iley O
nline L

ibrary on [14/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



(~900 nm) (Figure S7). This could be due to the saturation of phago-

cytic clearance by synovial macrophages as higher number of smaller

particles are present in the same weight of lipids compared to larger-

sized liposomes.65 Further experiments are required to understand

this trend. For the rest of our studies, we used 350 nm liposomes due

to their higher retention in the joint.

Several groups have shown the importance of coulombic attrac-

tion between the anionic cartilage and cationic liposomes in IA reten-

tion.66,67 We synthesized cationic liposomes (ζ potential = +8.1

± 0.27 mV) by adding DOTAP lipid to the lipid mixture used to syn-

thesize liposomes (Figure S8a). The positive charge was capped at 7%

DOTAP because highly cationic liposomes are known to be cyto-

toxic.68 Seven percent DOTAP did not show any visible swelling or

signs of inflammation in the weeks following IA injections. These lipo-

somes were injected IA and tested for retention. As shown in

Figure S8b, both formulations, unmodified (ζ potential = �30

± 0.05 mV) and cationic, showed similar retention. This trend could be

because of the presence of PEG on the surface, which can shield the

surface charge and inhibit the attractive coulombic interactions

between the liposomes and cartilage matrix.69 Since the clearance

rates of both formulations were similar, and cationic liposomes are

also known to cause toxicity and activate the complement system,70

we proceeded with plain liposomes for our future experiments.

3.4 | Lipo-RvD1 reduce the severity of OA in mice

The surgical model of DMM is a reliable model for posttraumatic OA,

which is prevalent in 12%–15% of all OA patients.71 The medial

meniscus is soft fibrocartilage located between the articulating sur-

faces and absorbs mechanical shock. Surgically cutting this tissue

results in the contact between the two articulating surfaces and gen-

erates OA-like changes over 1–3 months.45,72 We performed DMM

surgery in mice and used a prophylactic dosing regimen by injecting

freshly synthesized Lipo-RvD1 intra-articularly at weeks 1, 4, and

8 after surgery (Figure 3a). Weight monitoring showed no adverse

effects as animals in all the groups continued to gain weight at a

steady rate (Figure S9). Our results show that Lipo-RvD1 could

impede OA progression by maintaining the overall joint integrity. Spe-

cifically, we observed that the Lipo-RvD1-treated mice had a well-

maintained matrix in all the cartilage layers, and showed a sixfold

reduction in OARSI scores compared to DMM joints (p = 0.0056),

which showed severe denudation (Figure 3b,c). Administration of free

RvD1 generated a mild protective effect (twofold reduction in OARSI

score) on the cartilage but was not significant compared to DMM

group. Lipo-RvD1 showed complete protection of the cartilage with

OARSI scores similar to animals that had undergone sham surgery

(Figure 3c). Lipo-RvD1 also showed a threefold reduction in OARSI

compared to free RvD1 but was not statistically significant. In addi-

tion, the stained sections showed a higher percentage of healthy and

nonhypertrophic chondrocytes in Lipo-RvD1-treated animals com-

pared to DMM and free RvD1-treated mice (Figure 3b,c). Several

studies have reported the role of M1/M2 macrophage imbalance in

inflammatory diseases.73,74 The ratio of M1/M2 cells is skewed in OA,

and proinflammatory cytokines from M1 drive cartilage damage.75 Pre-

viously it was shown that administration of RvD1 before induction of

damage promotes the presence of M2 macrophages in the synovial

membrane.29 As seen from our results, DMM mice had higher levels of

M1 cells than sham mice (p = 0.0052), which is indicative of a

proinflammatory phenotype in this disease (Figure 3d,e). Administration

of Lipo-RvD1 reduced the levels of proinflammatory M1 cells as com-

pared to free RvD1 joints (p = 0.0017). Furthermore, Lipo-RvD1 treat-

ment triggered the preferential polarization toward M2 cells as

compared to DMM mice (p = 0.0153) (Figure 3f,g). Further analysis

showed that Lipo-RvD1 successfully decreased the ratio of M1/M2

cells when compared to DMM joints (p < 0.0001) (Figure 3h). Overall,

we observed that the formulation was reducing the net inflammatory

activity of the synovium by reducing M1 cells and promoting clearance

of debris and other inflammatory factors by increasing M2 cells in the

joint. Catabolic enzymes like ADAMTS5 and MMP13 are released by

chondrocytes in OA and are considered as markers of chondrocyte

hypertrophy.76 Administration of Lipo-RvD1 suppresses the expression

of ADAMTS5 and MMP13, thus indicating the suppression of hypertro-

phic chondrocytes phenotype in OA in mice (Figure S10).

3.5 | Lipo-RvD1 is a good therapeutic candidate
for OA

Often, the clinical symptoms of OA are seen after the disease has

progressed substantially. To test Lipo-RvD1 therapeutic efficacy, we

designed a treatment regimen where our liposomal formulation was

administered 4 weeks after the surgery (Figure 4a). We chose this

timeline as it has been previously shown that OA-like changes in carti-

lage begin to appear within 2 weeks after the DMM surgery.45,77 We

also reduced the number of IA interventions (two administrations

instead of three administrations given for prophylactic treatments). In

this challenging model, free-RvD1 was ineffective as a therapeutic

agent and had considerable cartilage damage (as seen from Safranin

O-stained sections and OARSI scores; Figure 4b,c). On the contrary,

IA Lipo-RvD1 administration was much more effective than free

RvD1 (p = 0.0011) and DMM mice (p < 0.0001) in maintaining carti-

lage health and had OARSI scores similar to animals undergoing sham

surgery (Figure 4b,c).

Similar to the prophylactic study, Lipo-RvD1 treatment decreased

the levels of proinflammatory M1 macrophages in the synovial mem-

brane (p = 0.0032) (Figure 4d,e) while simultaneously increasing the

levels of proresolution M2 macrophage (p = 0.0124) (Figure 4f,g) com-

pared to DMM joints. Besides, our results also show that administration

of Lipo-RvD1 in a therapeutic regime can decrease the ratio of M1/M2

cells in the synovial membrane compared to DMM joints (p = 0.0002)

(Figure 4h). Catabolic enzymes like MMP13 and ADAMTS5, which are

known to be major drivers of cartilage damage,78,79 were also

upregulated in DMMmice cartilage, as seen in IHC images (Figure S11).

We observed that the RvD1 treatment reduced the expression of these

damaging enzymes and protected cartilage from degradation.
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F IGURE 3 Prophylactic administration of Lipo-RvD1 alleviates cartilage damage. (a) Timeline of the experiment. (b) Characteristic Safranin O-
stained histology sections of different groups of mice (scale bar - 200 μm). (c) OARSI scores of Safranin O-stained sections of mice knee joints
administered with respective treatment; n = 5 sham control joints and joints injected with free RvD1, n = 8 DMM joints, and n = 6 joints injected
with Lipo-RvD1. (d) IHC images depicting levels of iNOS+ M1 macrophages synovial membrane (scale bar = 50 μm). (e) Quantification of iNOS+

M1 macrophages in the synovial membrane; n = 4 sham control joints and joints treated with free RvD1, n = 6 DMM joints and joints treated
with Lipo-RvD1. (f ) IHC images depicting levels of CD206+ M2 macrophages in synovial membrane (scale bar = 50 μm). (g) Quantification of
CD206+ M2 macrophages in the synovial membrane; n = 4 sham control joints and joints treated with free RvD1, n = 5 DMM joints and joints
treated with Lipo-RvD1. (h) The ratio of M1/M2 cells in the synovial membrane; n = 4–6 animals per group. For c, one point in the Lipo-RvD1
group was removed after outlier analysis (Grubbs test). For c, e, g, and h,*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 between the
respective groups indicated in the figures using ANOVA followed by Tukey's posthoc test. Values are expressed as mean ± SD. ANOVA, analysis
of variance; DMM, destabilization of the medial meniscus; IHC, immunohistochemistry
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3.6 | Lipo-RvD1 reduces the incidence of
osteophytes and OA-associated allodynia

Next, we analyzed the effect of Lipo-RvD1 on two major clinical

symptoms associated with OA: osteophytes and pain. Our microCT

data showed that surgically induced OA increased bony growth in the

joint, which was inhibited by both free and Lipo-RvD1 (Figure 5a).

Subchondral bone was analyzed for trabecular thickness, spacing, and

bone volume versus total volume. Both free and Lipo-RvD1 treatments

prevented calcification of ectopic trabecular structures and showed

F IGURE 4 Therapeutic administration of Lipo-RvD1 protects cartilage from progressing damage. (a) Timeline for the study. (b) Safranin O-
stained characteristic histological images of different groups of animals (scale bar = 200 μm). (c) OARSI scores of Safranin O-stained sections of
mice joints administered with respective treatment; n = 5 sham control joints and DMM joints, n = 4 joints treated with free RvD1, and n = 6
joints treated with Lipo-RvD1. (d) Characteristic IHC images depicting levels of iNOS+ M1 macrophages in the synovial membrane of respective
mice joints (scale bar = 50 μm). (e) Quantification of iNOS+ M1 macrophages in the synovial membrane of respective mice joints; n = 4 sham
control joints and joints treated with free RvD1, n = 6 DMM joints and joints treated with Lipo-RvD1. (f) IHC images depicting levels of CD206+

M2 macrophages in synovial membrane (scale bar = 50 μm). (g) Quantification of CD206+ M2 macrophages in the synovial membrane; n = 4
sham control joints and joints treated with free RvD1, n = 5 DMM joints, and n = 6 joints treated with Lipo-RvD1. (h) The ratio of M1/M2 cells in
the synovial membranes of knee joints administered with respective injections; n = 4–6 animals per group. For c, e, g, and h, *p < 0.05, **p < 0.01,
and ****p < 0.0001, between the respective groups indicated in the figures using ANOVA followed by Tukey's posthoc test. Values are expressed
as mean ± SD. ANOVA, analysis of variance; DMM, destabilization of the medial meniscus; IHC, immunohistochemistry
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improvement of the parameters BV/TV (p = 0.04) and trabecular thick-

ness (p = 0.008) when compared against DMM joint (Figure 5b–d). This

shows the potential of RvD1 in the treatment of OA.

Pathological pain (allodynia) is one of the main clinical symptoms

of OA.80 To test if resolvin formulations decreased pain, we tested

the pain threshold of mice using von Frey filaments. We observed that

administration of lipo-RvD1 was effective in alleviating the allodynia

than DMM mice (p = 0.0038) and free RvD1 injected mice

(p = 0.0083) (Figure 5e). IA injection of free RvD1 did not generate

sufficient analgesia, and the pain threshold of these mice was similar

to that in DMM-operated mice (Figure 5e). While DMM-operated and

free drug administered group had a low pain threshold (<2 g), Lipo-

RvD1 injected animals showed close to 4 g, which was closer to sham

controls. This analgesic effect of Lipo-RvD1 was not present by Day

8 postinjection. The exact source of OA-related allodynia is not

known, but the transient receptor potential (TRP) family of mediators

is known to play a critical role in response to mechanical stimuli,

including those inducing pain.81 Members of this family, especially

TRPV1 and TRPV4, are associated with the severity of pain in

OA.82–84 RvD1 has been shown to have an antinociceptive effect by

targeting members of this family, especially TRPV3, TRPV4, and

TRPA1.85,86 The role of RvD1 receptors in analgesia is demonstrated

F IGURE 5 Lipo-RvD1
reduces osteophytes and OA-
associated pain. (a) Characteristic
microCT images of mice knee
joints administered with
respective treatments.
Quantification of (b) trabecular
spacing, (c) trabecular thickness,

and (d) percent bone volume for
different treatment groups. For
b–d, n = 3 DMM joints, sham
control joints and joints treated
with free RvD1 each, and n = 4
joints treated with Lipo-RvD1.
(e) Paw-withdrawal response of
different treatment groups as
measured by von Frey filaments.
n = 5 for DMM joints and sham
control, n = 7 for Lipo-
RvD1-treated joints, and n = 4
for free RvD1-treated joints. For
b–e, *p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001
between the respective groups
indicated in the figures using
ANOVA followed by Tukey's
posthoc test. Values are
expressed as mean ± SD.
ANOVA, analysis of variance;
DMM, destabilization of the
medial meniscus; OA,
osteoarthritis
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earlier.87 Our study shows for the first time that the sustained pres-

ence of RvD1 in the affected knee joint can help alleviate OA-

associated allodynia after injection but fails to maintain this effect in

the long term (>7 days). This could be possibly due to reduced joint

concentrations of RvD1 after a few days of injection. The pain relief

could be important translationally as not only would it provide imme-

diate benefit, but would also ensure patient compliance.

While our Lipo-RvD1 has shown promising results, mice knee

joints are small and can tolerate IA injections of only 2–10 μl.88 The

mice cartilage is 70 times thinner, and the load is also substantially

lower than biped joints such as humans.89 Hence, for future transla-

tion, further testing is required in larger animals.

4 | DISCUSSION

OA is the most common joint disease and is associated with chronic

low-grade inflammation. The administration of ω-3 fatty acids are long

known to have an anti-inflammatory effect.90 These molecules are

often pleiotropic and target multiple pathways. Studies have shown

that molecules such as docosahexaenoic acid and eicosapentaenoic

acid are non toxic and have shown promise in several chronic inflam-

matory diseases, including OA.91–93 RvD1 is one such species of ω-3

fatty acids that have shown a remarkable potential to reduce inflam-

mation in many chronic inflammatory diseases,94,95 including OA.29,87

However, due to low molecular weight, these drugs are rapidly

cleared and limits the clinical translation.

Biomaterials loaded with the active molecules act as a depot that

releases the therapeutic concentrations of cargo in a controlled man-

ner.15,36,50 Resolvin E1 delivery via polymeric nanoparticles was suc-

cessfully used to treat wounds in a mice model of intestinal injury.53

RvD1 successfully reduced the influx of neutrophils after delivery via

poly-L-(lactic-co-glycolic acid) scaffolds.52 While successful, these

strategies are not amenable for IA delivery due to low encapsulation

efficiencies or large size.

Liposomes are made of inert, biocompatible lipids with tunable

drug release properties and were the first nanocarriers to be approved

for use in humans.96 In this study, we developed an RvD1 encapsulat-

ing liposomal formulation that shows tunable and high loading and

releases RvD1 over ~11 days. This is the first study that demonstrates

a tunable and controlled release of an SPM over a prolonged duration

using injectable nanocarriers. The rationale for designing such a carrier

was to stabilize the drug in vivo and increase the availability of the

drug for longer durations.

One of the hallmarks of OA is heightened sensitivity to pain.97,98

The TRP family of mediators is known to play a critical role in

response to mechanical stimuli, including those inducing pain.81 Mem-

bers of this family, especially TRPV1 and TRPV4, are associated with

the severity of pain in OA.82–84 RvD1 has been shown to have an

antinociceptive effect by targeting members of this family, especially

TRPV3, TRPV4, and TRPA1.85,86 The superiority of RvD1 as an anal-

gesic can be emphasized by its ability to target central sensitization.99

The role of RvD1 receptors in analgesia is demonstrated earlier.87 Our

study shows for the first time that the presence of RvD1 in the

affected knee joint can help alleviate OA-associated allodynia after

injection but fails to sustain this effect in the long term (>7 days). This

could be possibly due to reduced joint concentrations of RvD1 after a

few days of injection. The pain relief could be important trans-

lationally as not only it would provide immediate benefit, it would also

ensure patient compliance.

Macrophages are one of the major players of OA and can be

divided into two phenotypes—M1 (proinflammatory) and M2 (anti-

inflammatory). It has been shown that the balance between these two

populations is critical for homeostasis, and an imbalance is often seen

in inflammatory diseases.73,74 The ratio of M1/M2 cells is skewed in

OA, and proinflammatory cytokines from M1 drive cartilage dam-

age.75 Previously, it was shown that RvD1, via its action on ALX/FPR2

receptor, promotes the polarization of macrophages toward the M2

phenotype. However, the treatment regimen included administration

of drug before surgery and any symptoms.29 RvD1-liposomes pro-

vides a translatable regimen by administering the formulation after

induction of trauma (prophylactic dosing) or when significant damage

is incurred to the joint (therapeutic dosing).

While our Lipo-RvD1 has shown promising results, mice knee

joints are small and can tolerate IA injections of only 2–10 μl.88 The

mice cartilage is 70 times thinner, and the load is also substantially

lower than biped joints such as humans.89 Hence, for future transla-

tion, further testing is required in larger animals.

5 | CONCLUSION

In this study, we formulated nanoliposomes that can arrest the deteri-

oration of the cartilage in mice models of OA at a much lower dose

than reported earlier. Controlled release of RvD1 was achieved for

more than 11 days. Lipo-RvD1 increased the proportion of M2 cells in

the synovium and promoted the resolution of inflammation resulting

in substantial lower damage to cartilage. This formulation also reduced

OA symptoms, including ectopic bone formation, cartilage degrada-

tion, and OA-associated pain. Lipo-RvD1 can be administered both as

a prophylactic and therapeutic treatment and can be a promising

strategy to treat OA.

ACKNOWLEDGMENTS

The authors thank Prof. Sandhya S. Visweswariah, Prof. Sathees

Raghavan, and Prof. C Jayabaskaran for access to the instruments

used in this study. Authors also thank Central Animal Facility (CAF)

for breeding and maintaining mice and Molecular Reproduction

Development and Genetics Department (MRDG) central facilities for

access to the Tecan Infinite Pro200 Plate reader and the In Vivo

Xtreme II (Bruker®). Dr. Rakshith Kumar's (BSSE) help with the In Vivo

Xtreme II is also acknowledged. The cryo-TEM data was collected at

the advanced center for Cryo-Electron Microscopy Facility for Biolog-

ical Sciences at IISc, Bengaluru, funded by the Department of Biotech-

nology (DBT) Infrastructure Grant, Govt of India, and DST-FIST.

Advanced Facility for Microscopy and Microanalysis at the Indian

10 of 13 DRAVID ET AL.

 23806761, 2022, 2, D
ow

nloaded from
 https://aiche.onlinelibrary.w

iley.com
/doi/10.1002/btm

2.10281 by G
eorgia Institute O

f T
echnology, W

iley O
nline L

ibrary on [14/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Institute of Science was used for MicroCT data acquisition. Finally,

the authors would like to acknowledge Early Career Research Award

(Science and Engineering Research Board, Department of Science and

Technology, India, ECR/2017/002178), Har Gobind Khorana Innovative

Young Biotechnologist Award (Department of Biotechnology, BT/12/

IYBA/2019/04), Indian Institute of Science start-up grant, Private

funding from Mr. Lakshmi Narayan, and Private funding from

Dr. Vijaya and Rajagopal Rao funding for Biomedical Engineering

research at the Centre for BioSystems Science and Engineering and

express our gratitude for funding this research.

AUTHOR CONTRIBUTIONS

Ameya Atul Dravid: Investigation (lead); methodology (lead); writing –

original draft (lead); writing – review and editing (equal). Kaamini

Dhanabalan: Methodology (supporting); writing – original draft

(supporting); writing – review and editing (supporting). Smriti Agarwal:

Methodology (supporting); writing – original draft (supporting); writing

– review and editing (supporting). Rachit Agarwal: Conceptualization

(lead); funding acquisition (lead); investigation (supporting); methodol-

ogy (supporting); supervision (equal); writing – original draft

(supporting); writing – review and editing (equal).

CONFLICT OF INTERESTS

The authors do not declare any conflicting interests.

PEER REVIEW

The peer review history for this article is available at https://publons.

com/publon/10.1002/btm2.10281.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from the

corresponding author upon reasonable request.

ORCID

Rachit Agarwal https://orcid.org/0000-0001-5703-4461

REFERENCES

1. Peat G, Thomas MJ. Osteoarthritis year in review 2020: epidemiol-

ogy & therapy. Osteoarthr Cartil. 2021;29:180-189.

2. Loeser R, Goldring S, Scanzello C, Goldring M. Osteoarthritis: a dis-

ease of the joint as an organ. Arthritis Rheumatol. 2012;64:1697-

1707.

3. Runhaar J, Rozendaal RM, Van Middelkoop M, et al. Subgroup ana-

lyses of the effectiveness of oral glucosamine for knee and hip osteo-

arthritis: a systematic review and individual patient data meta-

analysis from the OA trial bank. Ann Rheum Dis. 2017;76:1862-1869.

4. Zhang W, Nuki G, Moskowitz RW, et al. OARSI recommendations for

the management of hip and knee osteoarthritis. Part III: changes in

evidence following systematic cumulative update of research publi-

shed through January 2009. Osteoarthr Cartil. 2010;18:476-499.

5. Malfait AM, Schnitzer TJ. Towards a mechanism-based approach to

pain management in osteoarthritis. Nat Rev Rheumatol. 2013;9:

654-664.

6. Canalis E, Mazziotti G, Giustina A, Bilezikian JP. Glucocorticoid-

induced osteoporosis: pathophysiology and therapy. Osteoporos Int.

2007;18:1319-1328.

7. Lanas A, Carrera-Lasfuentes P, Arguedas Y, et al. Risk of upper and

lower gastrointestinal bleeding in patients taking nonsteroidal anti-

inflammatory drugs, antiplatelet agents, or anticoagulants. Clin

Gastroenterol Hepatol. 2015;13:2023-2024.

8. Hunter DJ. Viscosupplementation for osteoarthritis of the knee. N

Engl J Med. 2015;372:1040-1047.

9. Campbell J, Bellamy N, Gee T. Differences between systematic

reviews/meta-analyses of hyaluronic acid/hyaluronan/hylan in osteo-

arthritis of the knee. Osteoarthr Cartil. 2007;15:1424-1436.

10. Kapoor M, Martel-Pelletier J, Lajeunesse D, Pelletier J-P, Fahmi H.

Role of proinflammatory cytokines in the pathophysiology of osteoar-

thritis. Nat Rev Rheumatol. 2011;7:33-42.

11. Lieberthal J, Sambamurthy N, Scanzello CR. Inflammation in joint

injury and post-traumatic osteoarthritis. Osteoarthr Cartil. 2015;23:

1825-1834.

12. Robinson WH, Lepus CM, Wang Q, et al. Low-grade inflammation as

a key mediator of the pathogenesis of osteoarthritis. Nat Rev

Rheumatol. 2016;12:580-592.

13. Chevalier X, Giraudeau B, Conrozier T, Marliere J, Kiefer P,

Goupille P. Safety study of intraarticular injection of interleukin

1 receptor antagonist in patients with painful knee osteoarthritis: a

multicenter study. J Rheumatol. 2005;32:1317-1323.

14. Chevalier X, Ravaud P, Maheu E, et al. Adalimumab in patients with

hand osteoarthritis refractory to analgesics and NSAIDs: a random-

ised, multicentre, double-blind, placebo-controlled trial. Ann Rheum

Dis. 2014;74:1697-1705.

15. Yan H, Duan X, Pan H, et al. Suppression of NF-κB activity via nano-

particlebased siRNA delivery alters early cartilage responses to injury.

Proc Natl Acad Sci U S A. 2017;114:E6199-E6208.

16. Katz JN. Tanezumab for painful osteoarthritis. JAMA. 2019;322:

29-32.

17. Xie J, Huang Z, Yu X, Zhou L, Pei F. Clinical implications of macro-

phage dysfunction in the development of osteoarthritis of the knee.

Cytokine Growth Factor Rev. 2019;46:36-44.

18. Zhang H, Cai D, Bai X. Macrophages regulate the progression of oste-

oarthritis. Osteoarthr Cartil. 2020;28:555-561.

19. Reina-Couto M, Carvalho J, Valente MJ, et al. Impaired resolution of

inflammation in human chronic heart failure. Eur J Clin Invest. 2014;

44:527-538.

20. Merched AJ, Ko K, Gotlinger KH, Serhan CN, Chan L. Atherosclerosis:

evidence for impairment of resolution of vascular inflammation

governed by specific lipid mediators. FASEB J. 2008;22:3595-3606.

21. Fullerton JN, Gilroy DW. Resolution of inflammation: a new thera-

peutic frontier. Nat Rev Drug Discov. 2016;15:551-567.

22. Headland SE, Norling LV. The resolution of inflammation: principles

and challenges. Semin Immunol. 2015;27:149-160.

23. Buckley CD, Gilroy DW, Serhan CN. Pro-resolving lipid mediators and

mechanisms in the resolution of acute inflammation. Immunity. 2014;

40:315-327.

24. Basil MC, Levy BD. Specialized pro-resolving mediators: endogenous

regulators of infection and inflammation. Nat Rev Immunol. 2016;16:

51-67.

25. Connor KM, Sangiovanni JP, Lofqvist C, et al. Increased dietary intake

of ω-3-polyunsaturated fatty acids reduces pathological retinal angio-

genesis. Nat Med. 2007;13:868-873.

26. Haworth O, Cernadas M, Yang R, Serhan CN, Levy BD. Resolvin E1

regulates interleukin 23, interferon-γ and lipoxin A4 to promote the

resolution of allergic airway inflammation. Nat Immunol. 2008;9:

873-879.

27. Serhan CN, Chiang N, Van Dyke TE. Resolving inflammation: dual

anti-inflammatory and pro- resolution lipid mediators. Nat Rev

Immunol. 2008;8:349-361.

28. Schmid M, Gemperle C, Rimann N, Hersberger M. Resolvin D1 polar-

izes primary human macrophages toward a Proresolution phenotype

through GPR32. J Immunol. 2016;196:3429-3437.

DRAVID ET AL. 11 of 13

 23806761, 2022, 2, D
ow

nloaded from
 https://aiche.onlinelibrary.w

iley.com
/doi/10.1002/btm

2.10281 by G
eorgia Institute O

f T
echnology, W

iley O
nline L

ibrary on [14/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://publons.com/publon/10.1002/btm2.10281
https://publons.com/publon/10.1002/btm2.10281
https://orcid.org/0000-0001-5703-4461
https://orcid.org/0000-0001-5703-4461


29. Sun AR, Wu X, Liu B, et al. Pro-resolving lipid mediator ameliorates

obesity induced osteoarthritis by regulating synovial macrophage

polarisation. Sci Rep. 2019;9:426.

30. Gerlach BD, Marinello M, Heinz J, et al. Resolvin D1 promotes the

targeting and clearance of necroptotic cells. Cell Death Differ. 2019;

27:525-539.

31. Zhang HW, Wang Q, Mei HX, et al. RvD1 ameliorates LPS-induced

acute lung injury via the suppression of neutrophil infiltration by

reducing CXCL2 expression and release from resident alveolar macro-

phages. Int Immunopharmacol. 2019;76:105877.

32. Norling LV, Headland SE, Dalli J, et al. Proresolving and cartilage-

protective actions of resolvin D1 in inflammatory arthritis. JCI Insight.

2016;1:e85922.

33. Benabdoune H, Rondon EP, Shi Q, et al. The role of resolvin D1 in

the regulation of inflammatory and catabolic mediators in osteoarthri-

tis. Inflamm Res. 2016;65:635-645.

34. Evans C, Kraus VB, Setton LA. Progress in intra-articular therapy. Nat

Rev Rheumatol. 2015;10:11-22.

35. Chen Y, Yang K. Intra-articular drug delivery systems for arthritis

treatment. Rheumatol Curr Res. 2012;02:2-3.

36. Kumar S, Adjei IM, Brown SB, Liseth O, Sharma B. Manganese dioxide

nanoparticles protect cartilage from inflammation-induced oxidative

stress. Biomaterials. 2019;224:119467.

37. Spitzer AI, Richmond JC, Kraus VB, et al. Safety and efficacy of repeat

administration of triamcinolone acetonide extended-release in osteo-

arthritis of the knee: a phase 3b, open-label study. Rheumatol Ther.

2019;6:109-124.

38. Xia Y, Xu C, Zhang X, et al. Liposome-based probes for molecular

imaging: from basic research to the bedside. Nanoscale. 2019;11:

5822-5838.

39. Ozbakir B, Crielaard BJ, Metselaar JM, Storm G, Lammers T. Liposo-

mal corticosteroids for the treatment of inflammatory disorders and

cancer. J Control Release. 2014;190:624-636.

40. Lyu Y, Xiao Q, Yin L, Yang L, He W. Potent delivery of an MMP inhibi-

tor to the tumor microenvironment with thermosensitive liposomes

for the suppression of metastasis and angiogenesis. Signal Transduct

Target Ther. 2019;4:26.

41. Dong J, Jiang D, Wang Z, Wu G, Miao L, Huang L. Intra-articular

delivery of liposomal celecoxib-hyaluronate combination for the

treatment of osteoarthritis in rabbit model. Int J Pharm. 2013;441:

285-290.

42. Elron-Gross I, Glucksam Y, Margalit R. Liposomal dexamethasone-

diclofenac combinations for local osteoarthritis treatment. Int J

Pharm. 2009;376:84-91.

43. Bias P, Labrenz R, Rose P. Sustained-release dexamethasone palmi-

tate: pharmacokinetics and efficacy in patients with activated inflam-

matory osteoarthritis of the knee. Clin Drug Investig. 2001;21:

429-436.

44. Clerc S, Barenholz Y. Loading of amphipathic weak acids into lipo-

somes in response to transmembrane calcium acetate gradients. Bio-

chim Biophys Acta. 1995;1240:257-265.

45. Glasson SS, Blanchet TJ, Morris EA. The surgical destabilization of the

medial meniscus (DMM) model of osteoarthritis in the 129/SvEv

mouse. Osteoarthr Cartil. 2007;15:1061-1069.

46. Huang H, Skelly JD, Ayers DC, Song J. Age-dependent changes in

the articular cartilage and subchondral bone of C57BL/6 mice

after surgical destabilization of medial meniscus. Sci Rep. 2017;7:

42294.

47. Ma HL, Blanchet TJ, Peluso D, Hopkins B, Morris EA, Glasson SS.

Osteoarthritis severity is sex dependent in a surgical mouse model.

Osteoarthr Cartil. 2007;15:695-700.

48. Pastoureau P, Chomel A. Methods for cartilage and subchondral bone

histomorphometry. In: De Ceuninck F, Sabatini M, Pastoureau P, eds.

Cartilage and Osteoarthritis: Methods in Molecular Medicine. Vol 101.

Humana Press; 2004:79-91.

49. Pritzker KPH, Gay S, Jimenez SA, et al. Osteoarthritis cartilage histo-

pathology: grading and staging. Osteoarthr Cartil. 2006;14:13-29.

50. Dhanabalan KM, Gupta VK, Agarwal R. Rapamycin-PLGA microparti-

cles prevent senescence, sustain cartilage matrix production under

stress and exhibit prolonged retention in mouse joints. Biomater Sci.

2020;8:4308-4321.

51. Singh A, Agarwal R, Diaz-ruiz CA, et al. Nano-engineered particles for

enhanced intra-articular retention and delivery of proteins. Adv

Healthc Mater. 2014;3:1562-1567.

52. Sok MC, Tria M, Olingy C, Emeterio CS, Botchwey EA. Aspirin-

triggered Resolvin D1-modified materials promote the accumulation

of pro-regenerative immune cell subsets and enhance vascular remo-

deling. Acta Biomater. 2017;53:109-122.

53. Quiros M, Feier D, Birkl D, et al. Resolvin E1 is a pro-repair molecule

that promotes intestinal epithelial wound healing. Proc Natl Acad Sci

U S A. 2020;117:9477-9482.

54. Gc JB, Szlenk CT, Gao J, Dong X, Wang Z, Natesan S. Molecular

dynamics simulations provide insight into the loading efficiency of

Proresolving lipid mediators Resolvin D1 and D2 in cell membrane-

derived nanovesicles. Mol Pharm. 2020;17:2155-2164.

55. Kain V, Ingle KA, Colas RA, et al. Resolvin D1 activates the inflamma-

tion resolving response at splenic and ventricular site following myo-

cardial infarction leading to improved ventricular function. J Mol Cell

Cardiol. 2016;84:24-35.

56. Gao J, Wang S, Dong X, Leanse LG, Dai T, Wang Z. Co-delivery of

resolvin D1 and antibiotics with nanovesicles to lungs resolves

inflammation and clears bacteria in mice. Commun Biol. 2020;3:680.

57. Krishnamoorthy S, Recchiuti A, Chiang N, et al. Resolvin D1 binds

human phagocytes with evidence for proresolving receptors. Proc

Natl Acad Sci U S A. 2010;107:1660-1665.

58. Jovanovi�c AA, Balanč BD, Ota A, et al. Comparative effects of choles-

terol and β-sitosterol on the liposome membrane characteristics. Eur J

Lipid Sci Technol. 2018;120:1800039.

59. Tai K, Liu F, He X, et al. The effect of sterol derivatives on properties

of soybean and egg yolk lecithin liposomes: stability, structure and

membrane characteristics. Food Res Int. 2018;109:24-34.

60. Briuglia ML, Rotella C, McFarlane A, Lamprou DA. Influence of cho-

lesterol on liposome stability and on in vitro drug release. Drug Deliv

Transl Res. 2015;5:231-242.

61. Anderson M, Omri A. The effect of different lipid components on the

in vitro stability and release kinetics of liposome formulations. Drug

Deliv. 2004;11:33-39.

62. Deniz A, Sade A, Severcan F, Keskin D, Tezcaner A, Banerjee S.

Celecoxib-loaded liposomes: effect of cholesterol on encapsulation

and in vitro release characteristics. Biosci Rep. 2010;30:365-373.

63. Corvera E, Mouritsen OG, Singer MA, Zuckermann MJ. The perme-

ability and the effect of acyl-chain length for phospholipid bilayers

containing cholesterol: theory and experiment. Biochim Biophys Acta.

1992;1107:261-270.

64. Pradal J, Maudens P, Gabay C, Seemayer CA, Jordan O, Allémann E.

Effect of particle size on the biodistribution of nano- and microparti-

cles following intra-articular injection in mice. Int J Pharm. 2016;498:

119-129.

65. Ouyang B, Poon W, Zhang YN, et al. The dose threshold for nanopar-

ticle tumour delivery. Nat Mater. 2020;19:1362-1371.

66. Morgen M, Tung D, Boras B, Miller W, Malfait AM, Tortorella M.

Nanoparticles for improved local retention after intra-articular injec-

tion into the knee joint. Pharm Res. 2013;30:257-268.

67. Kim SR, Ho MJ, Lee E, Lee JW, Choi YW, Kang MJ. Cationic

PLGA/eudragit RL nanoparticles for increasing retention time in synovial

cavity after intra-articular injection in knee joint. Int J Nanomedicine.

2015;10:5263-5271.

68. Li Y, Cui XL, Chen QS, et al. Cationic liposomes induce cytotoxicity in

HepG2 via regulation of lipid metabolism based on whole-

transcriptome sequencing analysis. BMC Pharmacol Toxicol. 2018;19:43.

12 of 13 DRAVID ET AL.

 23806761, 2022, 2, D
ow

nloaded from
 https://aiche.onlinelibrary.w

iley.com
/doi/10.1002/btm

2.10281 by G
eorgia Institute O

f T
echnology, W

iley O
nline L

ibrary on [14/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



69. Nakamura K, Yamashita K, Itoh Y, Yoshino K, Nozawa S, Kasukawa H.

Comparative studies of polyethylene glycol-modified liposomes pre-

pared using different PEG-modification methods. Biochim Biophys

Acta. 2012;1818:2801-2807.

70. Chonn A, Cullis PR, Devine DV. The role of surface charge in the acti-

vation of the classical and alternative pathways of complement by

liposomes. J Immunol. 1991;146:4234-4241.

71. Thomas AC, Hubbard-Turner T, Wikstrom EA, Palmieri-Smith RM.

Epidemiology of posttraumatic osteoarthritis. J Athl Train. 2017;52:

491-496.

72. Lorenz J, Grässel S. Experimental osteoarthritis models in mice. In:

Singh S, Coppola V, eds. Mouse Genetics: Methods in Molecular Biology.

Vol 1194. Humana Press; 2014:401-419.

73. Sica A, Erreni M, Allavena P, Porta C. Macrophage polarization in

pathology. Cell Mol Life Sci. 2015;72:4111-4126.

74. Shapouri-Moghaddam A, Mohammadian S, Vazini H, et al. Macro-

phage plasticity, polarization, and function in health and disease. J Cell

Physiol. 2018;233:6425-6440.

75. Liu B, Zhang M, Zhao J, Zheng M, Yang H. Imbalance of M1/M2 mac-

rophages is linked to severity level of knee osteoarthritis. Exp Ther

Med. 2018;16:5009-5014.

76. Carlson EL, Karuppagounder V, Pinamont WJ, et al. Paroxetine-

mediated GRK2 inhibition is a disease-modifying treatment for osteo-

arthritis. Sci Transl Med. 2021;13:eaau8491.

77. Fang H, Huang L, Welch I, et al. Early changes of articular cartilage

and subchondral bone in the DMM mouse model of osteoarthritis. Sci

Rep. 2018;8:2855.

78. Wang M, Sampson ER, Jin H, et al. MMP13 is a critical target gene dur-

ing the progression of osteoarthritis. Arthritis Res Ther. 2013;15:R5.

79. Botter SM, Glasson SS, Hopkins B, et al. ADAMTS5�/� mice have less

subchondral bone changes after induction of osteoarthritis through

surgical instability: implications for a link between cartilage and sub-

chondral bone changes. Osteoarthr Cartil. 2009;17:636-645.

80. Conaghan PG, Cook AD, Hamilton JA, Tak PP. Therapeutic options

for targeting inflammatory osteoarthritis pain. Nat Rev Rheumatol.

2019;15:355-363.

81. Zheng J. Molecular mechanism of TRP channels. Compr Physiol. 2013;

3:221-242.

82. Valdes AM, De Wilde G, Doherty SA, et al. The Ile585Val TRPV1 vari-

ant is involved in risk of painful knee osteoarthritis. Ann Rheum Dis.

2011;70:1556-1561.

83. Kelly S, Chapman RJ, Woodhams S, et al. Increased function of

pronociceptive TRPV1 at the level of the joint in a rat model of osteo-

arthritis pain. Ann Rheum Dis. 2015;74:252-259.

84. Hinata M, Imai S, Sanaki T, et al. Sensitization of transient receptor

potential vanilloid 4 and increasing its endogenous ligand

5,6-epoxyeicosatrienoic acid in rats with monoiodoacetate-induced

osteoarthritis. Pain. 2018;159:939-947.

85. Bang S, Yoo S, Yang TJ, Cho H, Kim YG, Hwang SW. Resolvin D1

attenuates activation of sensory transient receptor potential channels

leading to multiple anti-nociception. Br J Pharmacol. 2010;161:

707-720.

86. Roh J, Go EJ, Park JW, Kim YH, Park CK. Resolvins: potent pain

inhibiting lipid mediators via transient receptor potential regulation.

Front Cell Dev Biol. 2020;8:584206.

87. Huang J, Burston JJ, Li L, et al. Targeting the D series Resolvin receptor

system for the treatment of osteoarthritis pain. Arthritis Rheumatol.

2017;69:996-1008.

88. Seifer D, Furman B, Guilak F, Olson S, Brooks C, Kraus VB. Novel

synovial fluid recovery method allows for quantification of a marker

of arthritis in mice. Osteoarthr Cartil. 2008;16:1532-1538.

89. Cope PJ, Ourradi K, Li Y, Sharif M. Models of osteoarthritis: the good,

the bad and the promising. Osteoarthr Cartil. 2019;27:230-239.

90. Calder PC. Omega-3 fatty acids and inflammatory processes. Nutri-

ents. 2010;2:355-374.

91. Wu CL, Jain D, McNeill JN, et al. Dietary fatty acid content regulates

wound repair and the pathogenesis of osteoarthritis following joint

injury. Ann Rheum Dis. 2015;74:2076-2083.

92. Schunck WH, Konkel A, Fischer R, Weylandt KH. Therapeutic poten-

tial of omega-3 fatty acid-derived epoxyeicosanoids in cardiovascular

and inflammatory diseases. Pharmacol Ther. 2018;183:177-204.

93. Knott L, Avery NC, Hollander AP, Tarlton JF. Regulation of osteoar-

thritis by omega-3 (n-3) polyunsaturated fatty acids in a naturally

occurring model of disease. Osteoarthr Cartil. 2011;19:1150-1157.

94. Serhan CN. Pro-resolving lipid mediators are leads for resolution

physiology. Nature. 2014;510:92-101.

95. Rogerio AP, Haworth O, Croze R, et al. Resolvin D1 and aspirin-

triggered Resolvin D1 promote resolution of allergic airways

responses. J Immunol. 2012;189:1983-1991.

96. Barenholz Y. Doxil®—the first FDA-approved nano-drug: lessons learned.

J Control Release. 2012;160:117-134. doi:10.1016/j.jconrel.2012.03.020

97. Neogi T. The epidemiology and impact of pain in osteoarthritis.

Osteoarthr Cartil. 2013;21:1145-1153.

98. Neogi T, Guermazi A, Roemer F, et al. Association of Joint Inflamma-

tion with pain sensitization in knee osteoarthritis: the multicenter

osteoarthritis study. Arthritis Rheumatol. 2016;68:654-661.

99. Xu ZZ, Zhang L, Liu T, et al. Resolvins RvE1 and RvD1 attenuate

inflammatory pain via central and peripheral actions. Nat Med. 2010;

16:592-597.

SUPPORTING INFORMATION

Additional supporting information may be found in the online version

of the article at the publisher's website.

How to cite this article: Dravid AA, M. Dhanabalan K,

Agarwal S, Agarwal R. Resolvin D1-loaded nanoliposomes

promote M2 macrophage polarization and are effective in the

treatment of osteoarthritis. Bioeng Transl Med. 2022;7(2):

e10281. doi:10.1002/btm2.10281

DRAVID ET AL. 13 of 13

 23806761, 2022, 2, D
ow

nloaded from
 https://aiche.onlinelibrary.w

iley.com
/doi/10.1002/btm

2.10281 by G
eorgia Institute O

f T
echnology, W

iley O
nline L

ibrary on [14/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.jconrel.2012.03.020
info:doi/10.1002/btm2.10281

	Resolvin D1-loaded nanoliposomes promote M2 macrophage polarization and are effective in the treatment of osteoarthritis
	1  INTRODUCTION
	2  EXPERIMENTAL SECTION
	2.1  Materials
	2.2  Quantification of RvD1
	2.3  Synthesis and characterization of liposomes
	2.4  Cryogenic transmission electron microscope of liposomes
	2.5  Loading of RvD1 into liposomes
	2.6  Release profiles
	2.7  Mice for in vivo studies
	2.8  In vivo retention of liposomes on cartilage
	2.9  Mice model of OA
	2.10  Histology and staining
	2.11  Immunohistochemistry
	2.12  Testing for mechanical allodynia
	2.13  MicroCT experiments
	2.14  Statistics

	3  RESULTS
	3.1  Submicron-sized liposomes were synthesized from inert, biocompatible lipids
	3.2  RvD1 can be loaded efficiently using the active-loading approach
	3.3  Liposomes increase IA retention of loaded molecules
	3.4  Lipo-RvD1 reduce the severity of OA in mice
	3.5  Lipo-RvD1 is a good therapeutic candidate for OA
	3.6  Lipo-RvD1 reduces the incidence of osteophytes and OA-associated allodynia

	4  DISCUSSION
	5  CONCLUSION
	ACKNOWLEDGMENTS
	AUTHOR CONTRIBUTIONS
	CONFLICT OF INTERESTS
	PEER REVIEW
	DATA AVAILABILITY STATEMENT

	REFERENCES


