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Poly-phosphocholination of liposomes leads to
highly-extended retention time in mice joints†

Weifeng Lin, Ronit Goldberg‡ and Jacob Klein *

Surface-attached layers of phosphatidylcholine (PC) lipid vesicles (liposomes) may reduce the friction

coefficient m (= force-to-slide/load) between the sliding surfaces down to m E 10�3–10�4 up to tens of

atm contact pressures, as high as those in the major joints (hips or knees). Such friction reduction is

attributed to hydration lubrication by the highly-hydrated phosphocholine head-groups exposed at the

outer vesicle surfaces. It has been suggested therefore that intra-articular (IA) administration of

liposomes as potential boundary lubricants may alleviate degenerative, friction-associated joint

conditions such as osteoarthritis (OA), which is associated with insufficient lubrication at the articular

cartilage surface. To overcome the problem, common to all nanoparticles, of rapid removal by the

mononuclear phagocyte system, as well as to ensure long-term colloidal stability during storage,

functionalizing liposomes with poly(ethylene glycol) moieties, PEGylation, is often used. Here we

describe a different liposome functionalization approach, using poly(2-methacryloyloxyethyl

phosphorylcholine), PMPC, moieties (strictly, lipid–PMPC conjugates), and compare the retention time in

mice joints of such PMPCylated liposomes with otherwise-identical but PEGylated vesicles following

IA administration. We find, using fluorescence labeling and in vivo optical imaging, that when

PMPC-stabilized liposomes are injected into mice knee joints, there is a massive increase of the vesicles’

retention half-life in the joints of about (4–5)-fold (ca. 300–400% increase in retention time) compared

with the PEGylated liposomes (and some 100-fold longer than the retention time of intra-articularly

injected hyaluronan or HA). Such PMPCylated liposomes are therefore promising candidates as potential

long-lived boundary lubricants at the articular cartilage surface, with implication for friction-associated

pathologies. Moreover, as lipid vesicles are well known to be efficient drug carriers, such long retention

in the joints may enable analgesic or anti-inflammatory agents for joint pathologies to be more

efficiently delivered via IA administration using PMPCylated liposomal vehicles relative to

PEGylated ones.

1. Introduction

Liposomes have been extensively studied as drug carriers as they
can essentially incorporate a wide range of drugs – both hydrophilic
and hydrophobic molecules.1,2 However, a big disadvantage
common to all particulate carriers is that after systemic application,
standard liposomes are rapidly removed from the blood, mainly by
the cells of the mononuclear phagocyte system, predominantly in
the liver and spleen.3,4 A major issue, therefore, is molecular
engineering of liposomes to increase their retention time.5,6 Thus
it is known that coating the liposomes with hydrophilic polymers,
such as polyethylene glycol (PEG),7 zwitterionic polymer,8,9 poly[N-

(2-hydroxypropyl)methacrylamide)] (PHPMA),10 and polyvinyl
alcohol (PVA),11 results in a long blood circulation time and
correspondingly-high retention-time of such ‘stealth liposomes’
compared with the pure (unfunctionalized) liposomes. Such PEGy-
lation (regarded as the gold standard for liposome function-
alization) is now being widely used for liposomal delivery vehicles,
for example in the anticancer medication Doxils.12 It is believed to
act through suppression, via hydration and steric repulsion, of the
adsorption of plasma macromolecules (such as opsonin) onto the
vesicles, thereby suppressing their recognition and removal from
circulation by the mononuclear phagocyte system.13–17

Intra-articular (IA) delivery is another major area where
extended retention of liposomal delivery-vehicles is crucial,
particularly for the treatment of pathological joint conditions
such as osteoarthritis (OA), a painful degenerative disease
affecting millions, which is characterized by progressive loss
of articular cartilage.18–21 Due to the localized nature of OA, IA
drug injection is an attractive treatment approach for this
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disease, which minimizes overall systemic exposure to anti-
arthritic drugs.22 Meanwhile, a different approach concerning
OA therapy deals with the cartilage mechanics either by
injection of viscous supplements of hyaluronic acid,23 where
it is also thought to have lubricating properties,24 or by
liposome treatment as bio-lubricants.25 The idea of using
liposomes as efficient boundary lubricants was studied,26–28

and it was shown in several studies on model systems that
extremely low friction could be attained between boundary
layers of PC liposomes, down to friction coefficients as low as
m E 10�4.29,30 This was attributed to hydration lubrication, an
emerging paradigm for lubrication in aqueous and biological
media,31,32 where tenaciously-held yet fluid hydration layers
exposed at the outer surfaces of the boundary layers result in a
massive reduction of frictional dissipation as the compressed
surfaces slide past each other. In the case of PC liposomes, the
highly-hydrated phosphocholine groups exposed at their outer
surface provide these hydration layers. Formation of strongly-
lubricating liposomal boundary-layers was further shown to be
highly effective in combination with the cartilage components,
including in particular hyaluronan (HA).33–37 There is thus a
real need for novel IA therapy that will enable long-term
liposome retention in joints38 both in order to lower the pain
or inflammation associated with OA via liposomal delivery
of analgesic or anti-inflammatory agent, and as a boundary
lubricant for articular cartilage.25 The use of liposomes for such
IA drug delivery or bio-lubricant is of high potential;39,40 while
large liposomes of size of B1 micron seem to be more efficient
as IA drug carriers than small vesicles due to their longer
retention time within the joint.41 These large vesicles (multi-
lamellar vesicles, MLVs) are associated with stability, sterility,
and reproducibility problems.42 Thus there may be regulatory
issues concerning their actual application.43 We note in
passing that liposomes in the form of large unilamellar vesicles
(LUVs) in the size range up to ca. 200 nm, prepared by passage
through suitable membrane filters (filtering particles of size
0.22 mm or smaller), are of special interest in the context of
drug-delivery or boundary-lubricant vehicles.44 This is because
such liposomes are sterile by virtue of their size and preparation
method, and are thus particularly suitable in the context of
medical use.45

In our previous study,46 which was concerned with boundary
lubrication in model in vitro systems, we created a novel lipid–
polymer conjugate where the di-acyl tail of DSPE is attached to
a PMPC polymer carrying phosphocholine-like monomers on
its backbone. Liposomes incorporated with such conjugates
(PMPCylated liposomes) provide excellent stability against
aggregation, well comparable with the stability of PEGylated
liposomes. Meanwhile, PMPCylated liposomes provide a
surface lubricity which is an order of magnitude better than
that provided by PEGylated liposomes. Here, in order to develop
a novel platform of liposomes for boundary lubricants for
cartilage and sustained drug delivery vehicles, we investigate
and compare the retention time of PMPCylated liposomes and
PEGylated liposomes in the knee joints of mice, using in vivo
optical imaging, also comparing with the retention time of

hyaluronan (hyaluronic acid, HA). The reason for adding this
group is that IA injection of HA is a widespread treatment for
people suffering from OA as a visco-supplementation.37

2. Experimental
2.1 Materials

Distearoylphosphatidylethanolamine–polyethylene glycol (DSPE–
PEG, PEG Mw of 550 and 2000 Da) were purchased from Avanti
polar lipids (Alabama, USA). Distearoylphosphatidylethanolamine
(DSPE) and hydrogenated soy phosphatidylcholine (HSPC) were
purchased from Lipoid (Ludwigshafen, Germany). Triethylamine
(99%), 2-(methacryloyloxy)ethyl phosphorylcholine (MPC), copper(I)
bromide (CuBr, 99.999%), 2-bromoisobutyryl bromide (BIBB, 98%),
N,N,N0,N00,N00-pentamethyldiethylenetriamine (PMDETA, 99%),
bovine serum albumin (BSA), anhydrous dichloromethane
(DCM), and anhydrous chloroform were purchased from Sigma-
Aldrich (Israel). DiR (1,10-dioctadecyl-3,3,30,30-tetramethylindo-
tricarbocyanine iodide), DiI (1,10-Dioctadecyl-3,3,30,30-tetramethyl-
indocarbocyanine perchlorate), fetal bovine serum (FBS), and
RPMI-1640 medium were purchased from Thermo Fisher Scientific
(UK). Hyaluronate-DyLight 755 (2.5 MDa) was purchased from
Creative PEG Works (US).

2.2 Synthesis and characterization of DSPE–PMPC

DSPE–PMPC was prepared by two steps according to the
reported procedure46 with minor adjustment (as shown in
Scheme S1a, ESI†). The ratio of peaks from the DSPE (d 0.91)
and PMPC (d 3.38) (as shown in Scheme S1b, ESI†) determined
that the degree of polymerization of DSPE-PMPC is ca. 7
(molecular weight of PMPC is ca. 2 kDa).

2.3 Preparation and characterization of liposomes

Small unilamellar vesicles (SUVs) were made via a film hydration–
extrusion method. DiR (0.1 mol%), HSPC (97.9 mol%), and DSPE–
PMPC (2 mol%) or DSPE–PEG (2 mol%) were dissolved in
methanol and chloroform (1 : 1 v/v). Afterwards, the mixture was
evaporated under nitrogen overnight, followed by lyophilization
overnight to form the final mixed dry powder. MLVs of modified
HSPC were prepared in phosphate buffered saline (PBS) by
sonication for 15 min at 65 1C, then downsized to form SUVs,
B80 nm in diameter, at a concentration of 15 mM (by phospho-
lipid concentration), by stepwise extrusion (Northern Lipids Inc.,
Burnaby, BC, Canada) through polycarbonate membranes starting
with 400 nm (5 cycles), 200 nm (8 cycles), and 100 nm (10 cycles).

Large unilamellar vesicles (LUVs) (150 nm) were also made
via a film hydration–extrusion method. DiR (0.1 mol%) HSPC
(97.9 mol%), and DSPE–PMPC (2 mol%) or DSPE–PEG (2 mol%)
were dissolved in methanol and chloroform (1 : 1 v/v). After-
wards, the mixture was evaporated under nitrogen overnight,
followed by lyophilization overnight to form the final mixed dry
powder. MLVs of bare HSPC or stabilized HSPC were prepared in
phosphate buffered saline (PBS) by heating for 60 min at 65 1C,
then downsized to form LUVs, B150 nm in diameter, at a
concentration of 15 mM (by phospholipid concentration), by
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stepwise extrusion (Northern Lipids Inc., Burnaby, BC, Canada)
through polycarbonate membranes starting with 400 nm
(12 cycles) and 200 nm (12 cycles). Bare HSPC (LUV) formed
aggregates with a few hours after preparation. HSPC/PEG or
HSPC/PMPC LUVs of 170 nm and 160 nm were separated by
centrifugation of prepared LUVs (150 nm) at 15 000 rpm for
90 min and 2 hours, respectively. Liposomes were characterized
for size distribution and zeta potential using a Zetasizer Nano-ZS
(dynamic light scattering, DLS) instrument (Malvern Instruments
Ltd, Malvern, WR, UK). For size distribution measurements,
liposomes were diluted with PBS to 1 mM. For zeta potential
measurements, liposomes were diluted to 1 mM with PBS,
and the samples were measured immediately after dilution. The
stability of the liposomes (10 mM) in BSA solution (12 mg mL�1)
was investigated using DLS.

2.4 Intra-articular delivery and retention

All animal experiments were performed according to the
guidelines established by the Weizmann Institute of Science,
Rehovot, Israel, and approved by the Institutional Animal Care
and Use Committee (IACUC). Healthy female CD1 white mice
(28–32 g, 8 weeks old, n Z 5) received either HA or stabilized
liposomes to the right joint space. Mice were anesthetized with
isoflurane. The hair around the hind limb surgical sites
was removed. Either labelled hyaluronic acid or stabilized liposomes
were injected into the intra-articular space using a sterile 27-gauge
0.500 needle. Then, mice were scanned in an IVIS imaging
system at different time points. The excitation and emission
detectors were set at 760 nm and 780 nm, respectively.

In order to estimate the safety of using the new PMPC
liposomes, a safety study was carried out. In this experiment,
mice were IA injected with PMPC liposomes at a 3-fold higher
dosage than the concentration being used during the retention
studies (30 mM compared with 11 mM). The negative control
was a group that was IA injected with saline, and the positive
control was a group that was injected with HA. Each group size
was 6 mice that were all injected into their right knee joint
cavity. At 14 days and 28 days post the IA injections, 3 mice were
sacrificed at each time point and were examined by an expert
professional histopathologist by both gross pathological
evaluation of the tissue and by examination of H&E histology.
Each injected knee was compared to both negative and positive
controls, relative to the left knee (which was not injected).

2.5 Statistical analysis

Statistical analysis was carried out by two-way ANOVA (Analysis
of Variance) using GraphPad Prism 7.04 (NS = p 4 0.05,
*p o 0.05, ****p o 0.0001).

3. Results and discussion
3.1. Liposome stability

HSPC is a mixture of 11.4% DPPC (dipalmitoylphosphatidylcholine)
and 88.6% DSPC (distearoylphosphatidylcholine). Both DPPC
and DSPC are found in cartilage and synovial fluids.47,48

Meanwhile, HSPC has been proved to be an excellent boundary
lubricant and is widely used for drug-delivery formulations.49,50

Therefore, HSPC was selected for our investigation. The DSPE–
PMPC conjugate (synthesized by ATRP as described in the
methods46) and DSPE–PEG conjugate can be incorporated into
LUVs of HSPC with the hydrophobic distearoyl tails, forming
liposomes stabilized by PMPC and PEG moieties. The stability
of liposomes was checked by DLS measurements. As shown in
Fig. 1a, 3 hours after the preparation at 4 1C, HSPC SUVs
formed aggregates (characterized by a peak at around
2000 nm), whereas no aggregation of HSPC LUVs functiona-
lized with DSPE–PEG or DSPE–PMPC was observed even after
one month, indicating that the DSPE–PEG or DSPE–PMPC
moieties stabilized the liposome dispersions. Zeta (z) potential
measurements on the stabilized liposomes showed a small
negative potential (z(HSPC-LUV-PEG) = �3.3 � 0.7 mV and
z(HSPC-LUV-PMPC) = �4.2 � 0.9 mV) arising from the negative
phosphate groups (–PO4

�) on the DSPE–PMPC or DSPE–PEG
conjugates in the physiological salt concentration solution.
This result confirms that the PEG or PMPC moieties forms tail
which extend as a corona from the liposomes into the

Fig. 1 (a) DLS-determined size distribution of HSPC-LUVs, either bare or
stabilized by PMPC or by PEG moieties, in PBS at different times following
preparation. Measurements were at 1 mM liposome concentration. (b) The
stability of liposomes (10 mM) in bovine serum albumin (BSA) solution
(1 mg mL�1) at 37 1C. The size of the liposome peak (mean � SD, n = 3) is
plotted as a function of time.
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surrounding aqueous environment, thereby forming a hydrated
steric barrier to aggregation and fusion.

As albumin is the most abundant protein in synovial fluid,51

liposome stability study in albumin solution was performed by
mixing liposome solutions with a fixed amount of bovine serum
albumin (BSA) protein solution of 12 mg ml�1 in PBS at 37 1C
and monitoring the size by using DLS at different time points.
Liposomes prepared from HSPC lipid mixed with 2 mol% of
either DSPE–PEG or DSPE–PMPC showed stable solution as
there was no change in the measured DLS value during 5 days
of incubation time of the liposomes with the BSA solution
(as shown in Fig. 1b). These results suggest that the polymer
corona added to the liposome surface, either PEG or PMPC
prevented interaction of the liposome surface with the BSA, via
its hydrated steric barrier.15,52,53

3.2. IA retention time of liposome in-vivo

The retention of selected liposomes was studied in our
murine model by IA injections of liposomes of chosen size
and composition, in the ‘‘sterile’’ size range below 200 nm
(see Introduction above). Two types of liposomes were used:
PEGylated liposomes, which are the known and most-widely-
used state-of-the-art approach for stabilizing liposomes for
drug delivery, and the new class of liposomes noted above
that has been very recently developed in our laboratory: PC
liposomes, stabilized with PMPC moieties. We compared the
PEGylated and our novel PMPC-modified liposomes which had
otherwise-identical lipid composition and size. As a further
control, as noted earlier, we examined a third group consisting
of HA polymer. The retention time of unmodified HA within the
joint space measured in sheep varies between 12 to 24 h.54

Therefore, it is of interest to compare our novel materials to the
most common treatment using the IA delivery administration
(i.e. HA) as well as to the currently-available state-of-the-art
stabilized liposomes (PEGylated group) most commonly used
for liposomal drug-delivery in general.

In our murine model study, several groups (corresponding
to HA and various types of liposomes) were used, each with 5–
10 mice. Mice received an IA injection of fluorescently-labeled
materials (LUV dispersions or HA) that were monitored using a
near infra-red camera. All injected substances were function-
alized with DiR (1,10-dioctadecyl-3,3,30,30-tetramethylindotricarbo-
cyanine iodide), a lipophilic fluorescent dye, so as to fluoresce
at a wavelength of about 755 nm. Results are normalized with
respect to the initial signal that was measured immediately
following the IA injection, also noted as T0. A representative
example of detection of IA-injected substances in the mice is
shown in Fig. 2. Fluorescence intensities as a function of time
from injection using such images were used to generate time
decay profiles, as shown in Fig. 3. This shows that PMPC-
stabilized liposomes of 170 nm in diameter (MPMPC = 2000 Da)
exhibited a retention half-life T1/2 of about 85 hours, which was
very significantly greater than the half-life of either hyaluronic
acid (less than 1 hour) or the half-life of otherwise-identical but
PEGylated liposomes with of the same size. As shown in Fig. 3, the
half-life of PEG-stabilized liposomes (MPEG = 2000 Da) was less

than 20 hours. These results indicate that PMPC-stabilization of
liposomes enhances retention in vivo to a considerably greater
extent than PEGylation of liposomes does (i.e., about (4–5)-fold, up
to 8-fold in the case of MPEG = 550 Da, see below). These results
indicate that the strong enhancement of in vivo retention of
170 nm liposomes by PMPC (in comparison to PEG) observed
herein is not associated with a degree of polymerization of PMPC
vs. PEG. Results are summarized in Table 1 below. One method to
increase the retention of nanoparticles in joint is to utilize
electrostatic interactions due to the high density of negatively
charged glycosaminoglycans (GAGs) inside cartilage.56 Thus lipo-
somes were modified by incorporating 1,2-stearoyl-3-trimethyl-
ammonium-propane (chloride salt), which comprises trimethyl-
ammonium-propane (TAP) groups that impart a positive charge to
the liposome. Liposomes having a diameter of 170 nm were
prepared using a 96 : 2 : 2 molar ratio of HSPC to PMPC to TAP
(z(HSPC-LUV-PMPC-TAP) = 0.5 � 0.3 mV), and their retention

Fig. 2 Fluorescence intensity in the knee of mice following 147 hours of
IA injection of either fluorescence-labeled HA or HSPC liposomes stabi-
lized with PMPC moieties.

Fig. 3 Time decay of fluorescence intensity for the HA and three
liposomes systems, showing the much longer T1/2 of the HSPC/PMPC2K
relative to both HA and HSPC/PEG2K. Mean diameter of the liposome
vesicles is of D = 170 nm.
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following IA injection was evaluated as described above. As shown
in Fig. 3, liposomes comprising PMPC and TAP exhibited similar
in vivo retention properties as those of similarly sized liposomes
comprising PMPC without TAP; this might be due to the polymer
screening the slightly positive charge or to offset of the positive
TAP charge by the negatively-charged DSPE–PMPC moieties.
Meanwhile, we noted that liposomes comprising HSPC and TAP
without PMPC underwent aggregation after a few days. The reason
for not using formulations with higher percentage of TAP is that
high cytotoxicity of the positive charged materials has been
found.57,58

Taken together, the above results indicate that PMPC-
containing liposomes can be used to enhance strongly the
retention of liposome-based drug-delivery vehicles, following
IA injection. This may be due to charge–dipole interaction
between phosphocholine groups of PMPC and HA in the
synovial fluid;59–61 this could either improve the sustained
release of drugs, in comparison with state-of-the-art drug
delivery using PEGylated liposomes, or contribute to better
lubrication of articular cartilage in the case where the PMPCy-
lated vesicles attach to its surface.46

Injecting liposomes of smaller diameters, D = 80 nm,
lowered dramatically the retention time of the HSPC-PMPC
liposomes to a T1/2 value of 18–22 hours (Fig. 4a), while the
HSPC-PEG liposomes showed no correlation between particle
size and retention time, as shown in Fig. 5. The above results
relate to liposomes stabilized by a polymer (PMPC or PEG)
having a molecular weight of 2000 Da. As the MPC monomeric
unit has a higher molecular weight than that of ethylene glycol,
the total length of the PMPC chain is shorter than a PEG chain
of the same molecular weight. In order to assess whether the

Table 1 Summary of the half-life of different liposome and HA systems
after IA injection to mice knee joint

Composition Size (nm) T1/2 (hours)

HSPC/PEG2K B170 17.2 � 5.0
HSPC/PEG0.55K B170 10.2 � 3.9
HSPC/PMPC2K B170 84.7 � 5.7
HSPC/PMPC2K/TAP B170 89.6 � 7.8
HA (2.5 MDa) B20055 o1

Fig. 4 (a) Time decay of fluorescence signals for the HSPC-PEG 0.55 K
liposome system, showing a T1/2 of 10 h. Mean diameter of the liposome
vesicles is D = 170 nm. (b) Time decay of fluorescence intensity for PEG
and PMPC liposomal systems with liposome diameter D = 80 nm, showing
similar half-lives for such smaller liposomes, even on adding HA.

Fig. 5 (a) A graph of mean T1/2 (from several experiments) versus the size
of the different PMPCylated and PEGylated liposomes used. (b) The full
data sets also showing two-way ANOVA analysis (for the PEGylated
liposomes there was no significant difference in T1/2 as a function of their
size). Results indicate a highly significant difference between T1/2 for
PEGylated vs. PMPCylated liposomes for D = 150 nm or larger.
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enhanced retention time associated with PMPC is due to its
shorter length, PEGylated liposomes were prepared with a
molecular weight of only 550 Da (which has a degree of
polymerization which is roughly equal to that of the 2000 Da
PMPC). Fig. 4b shows that HSPC-PEG0.55 K liposomes of mean
diameter of D = 170 nm have T1/2 E 10 h, which is even shorter
than for liposomes functionalized with the longer PEG moieties.
Thus this data rules out the possibility that the enhanced PMPC
liposome system retention time is due to the shorter PMPC
chains compared with the PEGylated liposome system.

There is also an interesting dependence of T1/2 on liposome
diameter, as indicated in Fig. 5. While the retention time of the
PEGylated HSPC liposome was not particle size dependent, as
PEGylated liposomes of sizes in the range of 80–170 nm in
diameter all showed retention time of half-life measured to be
in the range of 17 � 4 hours, PMPC-liposomes showed a rather
different trend (Fig. 5). The retention time of PMPC liposomes
following IA injection seems to be very sensitive to the particle
size as their retention time increases from ca. 20 hours to ca.
85 hours upon increasing their diameter from 80 nm to 170 nm
(Fig. 5). Meanwhile, the safety experiment results (see earlier)
indicate that all data for PMPC moieties with different sizes
were within normal limits.

4. Conclusion

The aim of this study was to examine and evaluate the
improved in vivo retention time of a new class of liposomes
having a PMPC polymer corona. Herein, we demonstrated the
ability of the PMPC corona surrounding liposomes to increase
their half-life in joints following IA administration, from T1/2

E10–20 hours in case of PEGylation to T1/2 E 85 hours, a (4–8)-
fold increase. This also compares with a T1/2 of less than 1 hour
in case of HA, a commonly used IA-injected visco-supplement.
The tendency of the PMPCylated liposome to be retained longer
on increasing their diameter, as shown in Fig. 5, is of interest.
Surprisingly, in contrast to PEGylated liposomes, the T1/2 of the
PMPCylated ones is sensitive to particle sizes that are smaller
than 200 nm. It is possible that the origin for improved
retention time for the PMPC-liposomes is its stronger
interaction with HA62 in the synovial fluid, SF, (arising from
charge–dipole attraction) relative to PEG, which being a neutral
polymer is less likely to adhere to the negatively-charged HA
under physiological conditions. In that case, the size of the
PMPC-liposomal complexes with HA, for the larger liposomes
(4150 nm) but not for the smaller ones, may exceed the
synovial membrane pore size,63,64 suppressing escape from
the synovial cavity; while for the PEGylated liposomes which
do not interact with SF HA, their escape is not suppressed even
for D 4 150 nm. The resulting much-longer T1/2 for the larger
PMPCylated liposomes may better allow them to attach to the
articular cartilage surface, thus enabling improved boundary
lubrication.46 Besides approaches which vary the size,65

charge,66 and targeting groups67 on IA-administered nano-
particles or microparticles to modify their lifetime in the joints,

the results of this study suggest a new method to increase the
retention time of nano-carriers and nano-lubricants in joints
through a novel functionalization route. Any effect of the added
liposomes on mechanical properties of the synovial fluid68

would clearly also be extended due to this longer retention
time. Moreover, liposomes could be designed to have dual
functions, both as excellent lubricants for articular cartilage,
and at the same time as sustained drug delivery vehicles for
treatment of OA. Examples of such drugs could include anti-
inflammatory agents.
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A. Dėdinaitė, The effect of temperature on supported dipalmi-
toylphosphatidylcholine (DPPC) bilayers: Structure and lubrica-
tion performance, J. Colloid Interface Sci., 2015, 445, 84–92.

29 R. Sorkin, N. Kampf, Y. Dror, E. Shimoni and J. Klein,
Origins of extreme boundary lubrication by phosphatidyl-
choline liposomes, Biomaterials, 2013, 34(22), 5465–5475.

30 W. Lin and J. Klein, Recent progress in cartilage lubrication,
Adv. Mater., 2021, 33(18), 2005513.

31 J. Klein, Hydration lubrication, Friction, 2013, 1(1), 1–23.
32 W. H. Briscoe, Aqueous boundary lubrication: Molecular

mechanisms, design strategy, and terra incognita, Curr.
Opin. Colloid Interface Sci., 2017, 27, 1–8.

33 T. Kawano, H. Miura, T. Mawatari, T. Moro-Oka,
Y. Nakanishi, H. Higaki and Y. Iwamoto, Mechanical effects
of the intraarticular administration of high molecular
weight hyaluronic acid plus phospholipid on synovial joint
lubrication and prevention of articular cartilage degenera-
tion in experimental osteoarthritis, Arthritis Rheum., 2003,
48(7), 1923–1929.

34 J. Seror, L. Zhu, R. Goldberg, A. J. Day and J. Klein, Supra-
molecular synergy in the boundary lubrication of synovial
joints, Nat. Commun., 2015, 6(1), 1–7.

35 A. Raj, M. Wang, T. Zander, D. F. Wieland, X. Liu, J. An,
V. M. Garamus, R. Willumeit-Römer, M. Fielden and
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36 A. Dėdinaitė, D. F. Wieland, P. Bełdowski and
P. M. Claesson, Biolubrication synergy: Hyaluronan–Phos-
pholipid interactions at interfaces, Adv. Colloid Interface
Sci., 2019, 274, 102050.
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58 T. S. Rothenbücher, J. Ledin, D. Gibbs, H. Engqvist,
C. Persson and G. Hulsart-Billström, Zebrafish embryo as
a replacement model for initial biocompatibility studies of
biomaterials and drug delivery systems, Acta Biomater.,
2019, 100, 235–243.

59 V. Crescenzi, A. Taglienti and I. Pasquali-Ronchetti, Supra-
molecular structures prevailing in aqueous hyaluronic acid
and phospholipid vesicles mixtures: an electron microscopy
and rheometric study, Colloids Surf., A, 2004, 245(1-3),
133–135.

60 M. Wang, C. Liu, E. Thormann and A. Dedinaite, Hyalur-
onan and phospholipid association in biolubrication, Bio-
macromolecules, 2013, 14(12), 4198–4206.

61 W. Lin, R. Mashiah, J. Seror, A. Kadar, O. Dolkart, T. Pritsch,
R. Goldberg and J. Klein, Lipid-hyaluronan synergy strongly
reduces intrasynovial tissue boundary friction, Acta Bioma-
ter., 2019, 83, 314–321.

62 S. Li, Y. Cai, J. Cao, M. Cai, Y. Chen and X. Luo, Phosphor-
ylcholine micelles decorated by hyaluronic acid for enhan-
cing antitumor efficiency, Polym. Chem., 2017, 8(16),
2472–2483.

63 S. Sabaratnam, V. Arunan, P. J. Coleman, R. M. Mason and
J. R. Levick, Size selectivity of hyaluronan molecular sieving
by extracellular matrix in rabbit synovial joints, J. Physiol.,
2005, 567(pt 2), 569–581.

64 S. Sabaratnam, P. J. Coleman, R. M. Mason and J. R. Levick,
Interstitial matrix proteins determine hyaluronan reflection
and fluid retention in rabbit joints: effect of protease,
J. Physiol., 2007, 578(pt 1), 291–299.

65 A. Singh, R. Agarwal, C. A. Diaz-Ruiz, N. J. Willett, P. Wang,
L. A. Lee, Q. Wang, R. E. Guldberg and A. J. Garcı́a, Nanoen-
gineered particles for enhanced intra-articular retention
and delivery of proteins, Adv. Healthcare Mater., 2014,
3(10), 1562–1567.

66 A. G. Bajpayee and A. J. Grodzinsky, Cartilage-targeting drug
delivery: can electrostatic interactions help?, Nat. Rev. Rheu-
matol., 2017, 13(3), 183–193.

67 D. A. Rothenfluh, H. Bermudez, C. P. O’Neil and
J. A. Hubbell, Biofunctional polymer nanoparticles for
intra-articular targeting and retention in cartilage, Nat.
Mater., 2008, 7(3), 248–254.

68 P. Ghosh, N. Hutadilok, N. Adam and A. Lentini, Interac-
tions of hyaluronan (hyaluronic acid) with phospholipids as
determined by gel permeation chromatography, multi-angle
laser-light-scattering photometry and 1H-NMR spectro-
scopy, Int. J. Biol. Macromol., 1994, 16(5), 237–244.

Paper Journal of Materials Chemistry B

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
 2

02
2.

 D
ow

nl
oa

de
d 

on
 2

9/
07

/2
5 

02
:4

3:
54

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1tb02346b



