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The extracellular matrix of dense, avascular tissues presents a barrier to entry for polymer-based therapeutics, such as drugs
encapsulated within polymeric particles. Here, we present an approach by which polymer nanoparticles, sufficiently small to enter
the matrix of the targeted tissue, here articular cartilage, are further modified with a biomolecular ligand for matrix binding. This
combination of ultrasmall size and biomolecular binding converts the matrix from a barrier into a reservoir, resisting rapid release of
the nanoparticles and clearance from the tissue site. Phage display of a peptide library was used to discover appropriate targeting
ligands by biopanning on denuded cartilage. The ligand WYRGRL was selected in 94 of 96 clones sequenced after five rounds of
biopanning and was demonstrated to bind to collagen II α1. Peptide-functionalized nanoparticles targeted articular cartilage up to
72-fold more than nanoparticles displaying a scrambled peptide sequence following intra-articular injection in the mouse.

Polymeric nanoparticles have been designed to augment drug
concentrations in blood or vascularized tissues and aim to reduce
a drug’s toxicity and to improve its therapeutic effects1–4. Our
interest here is delivery and targeting of nanoparticles to a distinctly
avascular tissue, namely articular cartilage. The lack of vascularity
points towards regional administration within the joint space,
rather than administration into the systemic circulation. Clearance
of drug from the synovial fluid into the draining lymphatics is
efficient, however, limiting residence times to as short as 1–5 h
(ref. 5). We focus our attention on particles that are sufficiently
small to enter the cartilage matrix, as it is dynamically compressed
during normal ambulation, and that display biomolecular affinity
for a cartilage extracellular matrix (ECM) component so as to
be retained there. The particles must indeed be small, given the
about 60 nm mesh size of the collagen II fibrillar network6 and the
about 20 nm spacing between the side chains of the proteoglycan
network7 of cartilage. With such nanoparticle penetration and
retention, the structure of cartilage would be turned from a barrier
into a reservoir.

We have used the powerful technique of phage display8–11 and
carried out affinity selection, so-called biopanning12, on sliced
bovine cartilage to develop such a biomolecular targeting feature
for nanoparticle functionalization. We sought to functionalize
nanoparticles that are capable of carrying a hydrophobic drug
payload, such as a small-molecule inhibitor of aggrecanases
involved in cartilage degradation in osteoarthritis13–17. We chose
to work with nanoparticles of poly(propylene sulphide) (PPS),
developed in our laboratory18, because their synthesis by inverse
emulsion polymerization lends itself to surface functionalization
and because size control ranging from 20 to 200 nm can
be achieved simply by adjusting the emulsifier-to-monomer
ratio. Peptides discovered to have affinity can thus be

covalently grafted to the emulsifier, namely the block copolymer
poly(ethylene glycol)-bl-poly(propylene glycol)-bl-poly(ethylene
glycol) (commonly referred to as Pluronic) which will remain on
the surface after inverse emulsion polymerization19.

Here, we report the development of a novel nanoparticle-
based drug-delivery system for intra-tissue drug release in articular
cartilage through the discovery of a ligand specific for articular
cartilage that was found to target the cartilage matrix component
collagen II α1. Immobilization of this ligand on 38-nm-diameter
PPS nanoparticles led to up to a 72-fold increase in targeting the
extracellular compartment of articular cartilage in the mouse. This
approach provides a route to target an otherwise poorly accessible
avascular tissue and may prove useful in drug and biomolecular
therapy in diseases such as osteoarthritis20.

RESULTS

BIOPANNING OF PHAGE DISPLAY LIBRARY FOR CARTILAGE AFFINITY AND BINDING ASSAYS

Affinity selection (biopanning) was carried out on denuded bovine
cartilage grafts, which were incubated with the fUSE5 peptide-on-
phage display library21 expressing linear 6-mer random peptides on
minor coat proteins (pIII) of fd-phage with a diversity of 6.4×107

(G. P. Smith Lab, University of Missouri, Columbia, USA). After
round 3, sequencing of 32 clones did not reveal a consensus motif in
the selected peptides. Sequencing of 96 clones after round 5 yielded
three different phage clones, C1–3, C1–C1 and C1–F1, displaying
the peptides Trp-Tyr-Arg-Gly-Arg-Leu, Asp-Pro-His-Phe-His-Leu
and Arg-Val-Met-Leu-Val-Arg, respectively. C1–3 appeared in 94
sequenced clones, and both C1–C1 and C1–F1 appeared only once
(sequences given in Supplementary Information, Table S1).

A competitive binding assay was carried out to assess the relative
binding strengths of the selected phage clones against each other.
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Figure 1 Phage amplification and competitive binding showing that C1–3 was selected owing to its specificity of binding to the cartilage matrix. a, The competitive
binding assay in which only phage clones C1–3 and C1–C1 could be recovered. b, Binding specificity of C1–3 and C1–C1 to articular cartilage. Binding of these phage clones
to synovial membrane results in a lower phage recovery by two orders of magnitude, reflecting non-specific binding, which is demonstrated by the random library as a
control. On the basis of the negative screens in round 1, adding synovial fluid does not impair binding of C1–3 to its target. c, Overnight amplification of the three phage
clones (106 particles ml−1) identified in the fifth round of biopanning showing that they all grow at equal rates comparable to the random library. Final selection of C1–3 was
therefore not affected by differences in growth during amplification. Bars indicate mean±s.d. from three independent experiments.
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Figure 2 Competitive and sequence-specific binding of WYRGRL. a, Inhibition of cartilage binding of WYRGRL-displaying phage (C1–3) by the synthetic peptides
WYRGRLC and YRLGRWC. A concentration of 10 µM of WYRGRLC resulted in a decrease of phage binding to 13.9±2.8%, whereas YRLGRWC did not cause a significant
drop of phage titre (92.0±12%) (mean±s.d.). b, Competitive binding of C1–3 against serial dilutions of WYRGRLC resulted in a dose-response curve. An IC50 of 140 nM
was calculated from the fitted curve (dashed line). Data represent the percentage of maximal phage binding of clone C1–3 obtained in the absence of synthetic peptide. Bars
indicate mean±s.d. from three independent experiments. Curve fit y= 12.878×x−0.69099 R= 0.98807. c, SDS–PAGE of digested cartilage matrix (lane B) and eluates after
affinity purification on WYRGRL (lane C) and YRLGRW (lane D) columns. Lane A is a molecular-weight marker. Lane C shows a single strong band, whereas lane D retained
little of the corresponding protein as indicated by the faint band. WYRGRL therefore binds to one specific target, which is identified as collagen II α1 by infusion ion-trap mass
spectrometry and binding is sequence specific.

Figure 1a shows that only C1–3 and C1–C1 have been recovered
owing to their superior binding strength. In addition, C1–3 had
an almost one order of magnitude higher titre count than C1–C1,
which further demonstrates its dominant binding as was already
indicated by its frequent appearance after round 5 of biopanning.

The binding specificity of C1–3 and C1–C1 to articular cartilage
was evaluated by exposing the phage clones to articular cartilage
and an equivalent surface area of synovial membrane. Figure 1b
shows that both C1–3 and C1–C1 exhibit specific binding to
articular cartilage over synovial membrane by two orders of
magnitude and that the addition of synovial fluid does not yield
a significant drop in phage binding to articular cartilage. No
background phage binding to polystyrene was detectable. That the
observed differences in phage numbers were not artefactually due to
differences in phage multiplication rate is demonstrated in Fig. 1c,
where no significant differences in growth were observed. Affinity

selection of the fUSE5/6-mer phage display library resulted in the
discovery of three phage clones, of which C1–3 (peptide WYRGRL)
exhibits both dominant binding compared with other phage clones
and binding specificity to articular cartilage (Fig. 1a,b). Therefore,
the peptide WYRGRL and its scrambled sequence YRLGRW were
synthesized with a cysteine at the carboxy (C) terminus (that is,
WYRGRLC and YRLGRWC), which is used for bioconjugation
to vinyl-sulphone-derivatized polymers via the free thiol through
Michael-type addition22.

A competitive binding assay of the phage clone C1–3 against the
corresponding free peptide and its scrambled sequence was carried
out. At a concentration of 10 µM, WYRGRLC resulted in a decrease
of C1–3 phage titre to 13.9 ± 2.8% (Fig. 2a). On the other hand,
10 µM of the scrambled sequence YRLGRWC did not decrease the
phage titre (92.0±12%). These results indicate that the interaction
between the sequence WYRGRL and its ligand is sequence specific
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Figure 3 Characterization of peptide-conjugated nanoparticles. Peptides with a cysteine at the C terminus were conjugated by Michael-type addition to Pluronic–di-vinyl
sulphone, which was used as the emulsifier in nanoparticle synthesis and remains on the particle surface after synthesis and purification. a, The presence of the positively
charged peptide WYRGRL on the nanoparticle surface was confirmed by measurement of the zeta potential. Non-conjugated particles showed a zeta potential around neutral
(−2.64±8.97mV, dashed line), whereas conjugated nanoparticles shifted the zeta potential to a positive value (+17.8±3.45mV, solid line). b, Competitive binding of
nanoparticles against phage C1–3. WYRGRL–PPS nanoparticles decreased phage binding to 10.4±6%, whereas YRLGRW–PPS and PPS nanoparticles did not show a
marked decrease in phage binding to cartilage. Bars indicate mean±s.d. from three independent experiments.

rather than mediated by charge alone, for example. A dose-response
curve was determined by serial dilution of the peptide ranging
from 50 nM to 10 µM and mixing them with 108 transducing
units per millilitre of phage. The titre counts of phage recovered
gradually decreased by increasing the concentration of the free
peptide in solution. A half-maximal inhibitory concentration (IC50)
of 140 nM is calculated from the curve in Fig. 2b.

AFFINITY PURIFICATION AND PROTEIN IDENTIFICATION

Affinity chromatography against the peptide WYRGRL was carried
out to identify its potential ligand in the cartilage matrix (see
the Supplementary Information). Stepwise elution to 500 mM KCl
resulted in a single band in the eluate of the WYRGRL column,
as shown by SDS–polyacrylamide gel electrophoresis (SDS–PAGE;
Fig. 2c, lane C). The same band was only faintly present in the eluate
for the mismatch sequence (Fig. 2c, lane D), further supporting
the idea of a sequence-specific, non-covalent interaction. The
bands correspond to a strong band in the cartilage matrix (Fig. 2c,
lane B) and therefore are likely to represent an abundant ECM
protein. Analysis of the in-gel digested band by mass spectrometry
revealed collagen II α1 (bovine, P02459) in two samples from
different purifications (see Supplementary Information, Table S1
and Fig. S1). Collagen II α1 is therefore identified as the binding
partner of WYRGRL, which as a consequence provides a means to
target and immobilize polymeric nanoparticles in the collagen II
network of articular cartilage.

CONJUGATION OF PEPTIDE TO PLURONIC F-127 AND NANOPARTICLE SYNTHESIS

Functionalized nanoparticles were synthesized with 10% peptide-
conjugated Pluronic F-127 (see Supplementary Information,
Fig. S2 for size distributions), which caused a shift in the
zeta potential from about neutral (−2.64 ± 8.97 mV) for non-
conjugated PPS nanoparticles to +17.8±3.45 mV, which confirms
the presence of the peptide on the nanoparticle surface (Fig. 3a).

To determine whether the sequence WYRGRLC would retain its
targeting and binding capacity when conjugated to the nanoparticle
surface, WYRGRL–PPS and YRLGRW–PPS nanoparticles at 2%
(w/v) were subjected to a competitive binding assay against phage
C1–3. The results shown in Fig. 3b demonstrate that WYRGRL–
PPS nanoparticles decrease phage binding to 10.4 ± 6% and

therefore exhibit similar binding as the corresponding free peptide
WYRGRLC (13.9 ± 2.8%, Fig. 2a). YRLGRW–PPS nanoparticles
did not bind competitively and thus did not result in a
comparable drop of phage titre (73.9 ± 15%), which corresponds
to the non-specific decrease of non-conjugated PPS nanoparticles
(78.3 ± 13%). WYRGRL–PPS nanoparticles at a degree of surface
functionalization of 10% at 2% (w/v) therefore seem to have similar
binding affinity to articular cartilage as the free peptide WYRGRLC
at 10 µM when compared with phage binding.

ACTIVE TARGETING OF ARTICULAR CARTILAGE IN VIVO

Nanoparticle formulations were injected intra-articularly into the
knees of mice, and confocal laser scanning microscopy was used
to quantify nanoparticle localization and retention. To normalize
fluorescence levels, the settings of the confocal microscope
were adjusted on labelled nanoparticles (see Supplementary
Information, Fig. S3). Particles that entered the cartilage were
observed both in the matrix compartment and within chondrocytes
(Fig. 4). The pericellular matrix and the cell nuclei were
substantially free of nanoparticles. Although both targeted and
non-targeted nanoparticles, that is, WYRGRL–PPS (green) and
YRLGRW–PPS (red), respectively, could be found in cells at similar
levels, targeted nanoparticles were immobilized in the matrix to a
much greater extent, which can be seen well in the merged images
(Fig. 4c,f,i). Quantification of background-subtracted integrated
fluorescence per cartilage volume was carried out separately for the
intracellular and extracellular compartments and was determined
by sampling z stacks with 10 planes (z dimension 6.94 µm) in
10 different locations per joint. Quantification of nanoparticle
accumulation by integrated fluorescence in the extracellular
space revealed dramatically more targeted nanoparticles than
non-targeted. There was a 44.8-fold higher (t-test, one-tailed,
paired, p = 0.011, n = 3; deviation from normality not significant
by Shapiro Wilk’s test, red p = 0.136, green p = 0.451)
targeted nanoparticle accumulation after 24 h, and a 71.7-fold
mean increase (t-test, one-tailed, paired, p = 0.006, n = 3)
after 48 h (Fig. 5a,c), comparing targeted with non-targeted
nanoparticles. After 96 h, there was a mean 27.6-fold more
integrated fluorescence for the green targeted nanoparticles in the
ECM than for red non-targeted nanoparticles (t-test, one-tailed,
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Figure 4 In vivo targeting of WYRGRL–PPS nanoparticles. a–i, Nanoparticle distribution in articular cartilage after 24 h (a–c), 48 h (d–f) and 96 h (g–i). The green channel
(a,d,g) represents WYRGRL–PPS labelled with 6-fluorescein-iodoacetamide, and the red channel (b,e,h) its mismatch, YRLGRW–PPS nanoparticles labelled with
5-tetramethylrhodamine-iodoacetamide, both of which were injected together into the same joint. Images c,f,i represent merged images of red and green channels.
WYRGRL–PPS and YRLGRW–PPS enter the cartilage matrix as well as chondrocytes. Note that the pericellular matrix rich in collagen VI does not immobilize the nanoparticles
and therefore is substantially spared of nanoparticles as well as the nuclei into which the particles do not seem to penetrate efficiently (best seen in images c,f,i). All images
presented for illustration are non-background-subtracted summation images.

paired, p = 0.274, n = 3), which was not significant at p < 0.05
owing to high variance in the measurements. Within the cells,
there was a mean 3.7-fold higher accumulation of targeted
nanoparticles than non-targeted after 24 h (t-test, one-tailed,
paired, p = 0.003, n = 3), 5.0-fold more after 48 h (t-test,
one-tailed, paired, p = 0.050, n = 3) and 4.2-fold more after
96 h (t-test, one-tailed, paired, p = 0.017) (Fig. 5b,c). Interestingly,
the ratio of extracellular versus intracellular accumulation ranged
from 1.9 to 3.3 for the targeted and from 0.23 to 0.38 for the
non-targeted nanoparticles (Fig. 5d), indicating that there are more
targeted nanoparticles in the cartilage ECM than in the cells as
opposed to more non-targeted nanoparticles in the cells than
in the ECM, thus confirming the visual observation mentioned
above. In addition, the possibility that observed differences in
nanoparticle accumulation appear as an artefact of fluorescence
emission rather than specific nanoparticle binding can be ruled
out on the basis of the ratios in Fig. 5c, as the same ratios
would be expected in both the extracellular and intracellular
compartments if such an effect were present. The level of integrated
fluorescence for the red non-targeted nanoparticles remained
constant throughout the observation period of 96 h, for both the
extracellular (analysis of variance (ANOVA), one-tailed, p = 0.591,
n = 3; homogeneity of variance criteria met by Levene’s test) and
intracellular (ANOVA, one-tailed, p =0.244, n =3) compartments.
Analysis of variance of the levels of integrated fluorescence for
the green targeted nanoparticles suggests significant differences
throughout the observation period for both the extracellular
(ANOVA, one-tailed, p = 0.028, n = 3) and intracellular (ANOVA,

one-tailed, p = 0.039, n = 3) compartments. However, a post-hoc
test to account for multiple testing using the Bonferroni method
did not reveal significances between the time points, reflecting
experimental variances rather than a true clearance of the
nanoparticles throughout the observation period; in other words,
statistically, the accumulation of targeted nanoparticles in the
extracellular compartment was stationary over the 96 h period
of observation.

In addition to functionalization versus non-functionalization
at constant size, we also compared nanoparticles of 38 nm average
size with particles of 96 nm average size, both displaying WYRGRL
on their surface and labelled with 6-fluorescein-iodoacetamide and
5-tetramethylrhodamine-iodoacetamide, respectively. As is shown
in Fig. 6a, nanoparticles around 96 nm in size are withheld in the
superficial dense collagen II network of the cartilage surface after
24 h. Compared with the smaller nanoparticles, they seem unable
to enter the cartilage matrix, which is reflected in a 14.9-fold higher
mean integrated fluorescence for the particles 38 nm in size (Fig. 6b,
t-test, one-tailed, paired, p = 0.037, n = 4). Overall, the in vivo
results show that targeting articular cartilage via the collagen II
network results in a higher particle accumulation and retention in
the cartilage matrix and that this effect is dependent on the particle
size being sufficiently small to pass through the dense ECM.

DISCUSSION

The bioavailability of drugs in the cartilage matrix is limited by
the avascularity of the tissue, and the dense ECM, which acts as
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Figure 5 Quantification of nanoparticles in the ECM and within the cells. a, Normalized mean integrated fluorescence in the ECM is significantly higher for targeted
WYRGRL–PPS after 24 h (t-test, one-tailed, paired, p= 0.011, n= 3) and after 48 h (t-test, one-tailed, paired, p= 0.006, n= 3); bars represent mean values±s.e.
b, Normalized mean integrated fluorescence within the cells is significantly higher after 24 h (t-test, one-tailed, paired, p= 0.002, n= 3) and after 48 h (t-test, one-tailed,
paired, p= 0.012, n= 3); bars represent mean values±s.e., the solid line representing WYRGRL–PPS, and the dashed line YRLGRW–PPS nanoparticles. c, The ratios of
targeted WYRGRL–PPS versus non-targeted YRLGRW–PPS in the ECM (dark grey bars) and within the cells (white bars); bars represent mean values±s.d. There was a
44.8-fold higher targeted nanoparticle accumulation after 24 h and a 71.7-fold mean increase after 48 h. After 96 h, there was a mean 27.6-fold more integrated
fluorescence for the green targeted nanoparticles in the ECM than for red non-targeted. d, The ratios of extracellular versus intracellular accumulation of targeted and
non-targeted nanoparticles; bars represent mean values±s.d. The majority of targeted nanoparticles could be found within the extracellular space (dark grey bars) as
indicated by a ratio >1. In contrast, most non-targeted nanoparticles detected were located in the cells as indicated by a ratio <1.

a barrier to entry, as well as the rapid clearance of molecules
out of the joint. To overcome these limitations for intra-tissue
bioavailability of therapeutic molecules, drug delivery faces two
critical challenges: the size of the delivery system and its retention in
the cartilage matrix. Here, we have used biomolecular engineering
to create a novel drug-delivery system for intra-tissue drug delivery,
here in articular cartilage, which can be made sufficiently small to
enter the cartilage matrix and which is further modified with the
targeting peptide WYRGRL for binding to the cartilage matrix.

Several methods exist for affinity selection of binding proteins
or peptides such as phage display12, yeast surface display23,
messenger RNA display24 or peptide-on-bead display25. Here, phage
display using the fUSE5/6-mer library based on the filamentous
phage vector fd-tet21 was used, and the peptide sequence WYRGRL
was identified, which was shown to bind specifically to articular
cartilage in vitro (Fig. 1b). Binding of WYRGRL is sequence specific
rather than for example mediated by the net positive charge of the
peptide. This is demonstrated in Fig. 2a, which shows that 10 µM
of WYRGRLC resulted in a decrease of phage titre by almost two
orders of magnitude, whereas 10 µM of YRLGRWC did not. This
is reproduced in the affinity purification experiment, in which

purification of the cartilage matrix with WYRGRLC immobilized in
a Sepharose 6B column resulted in a single strong band. In contrast,
purification with the scrambled peptide YRLGRWC gave only a
faint band at the same size (Fig. 2c). Furthermore, identification of
the band by ion-trap mass spectrometry revealed that the sequence
WYRGRL binds to collagen II α1 (see Supplementary Information,
Table S1 and Fig. S1). We have thus discovered a short peptide with
specific binding to collagen II in articular cartilage.

Targeting the ECM of articular cartilage essentially depends
on the ability of the drug-delivery system to enter the cartilage
matrix and to stay there. In passive targeting, the distribution of
nanoparticles in the joint is mainly governed by the capability of
tissue penetration and cellular uptake. Whereas larger particles do
not enter, smaller ones are apparently able to penetrate and reside
in the cartilage matrix. We demonstrated that nanoparticles with
a mean volume diameter of 31 and 38 nm are able to enter the
articular cartilage ECM, whereas larger nanoparticles, with a mean
volume diameter of 96 nm, could not (Fig. 6). These results are
consistent with the literature on viral gene delivery to the cartilage:
it has been demonstrated that adeno-associated viruses, with a
mean diameter of 20–25 nm, enter the articular cartilage matrix
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Figure 6 Size-dependent matrix accumulation of WYRGRL–PPS after 24 h.
a, Nanoparticles with a mean size of 96 nm (red channel) were unable to enter the
cartilage matrix and were mainly retained at the dense cartilage surface. The green
channel represents nanoparticles 38 nm in size. b, Quantification of integrated
fluorescence revealed a 14.9-fold higher accumulation of 38 nm than 96 nm
particles (t-test, one-tailed, paired, p= 0.037, n= 4). Most of the fluorescence
measured for 96 nm particles could be attributed to the cartilage surface. The few
nanoparticles of the 96 nm batch that had entered the cartilage matrix and had also
accumulated in some cells may belong to the lower end of the size distribution and
may therefore be substantially smaller than the average size of 96 nm.

up to a depth of penetration of 450 µm in normal and 720 µm in
degraded bovine cartilage26.

Although both targeted and non-targeted PPS nanoparticles
enter the articular cartilage matrix through convective transport
due to dynamic compression during ambulation, only the targeted
nanoparticles are immobilized within the cartilage matrix, here up
to 96 h without statistically significant clearance (Fig. 5c,d). This
is shown by the fact that there are up to 71-fold more targeted
nanoparticles in the ECM than non-targeted (Fig. 5c). The non-
targeted nanoparticles in turn leave the extracellular space and
are mainly retained in the intracellular compartment (Fig. 5d).
Both targeted and non-targeted nanoparticles are internalized
by chondrocytes by a currently unknown mechanism, be it for
example receptor-mediated endocytosis via nanoparticle-adsorbed
proteins or via macropinocytosis. The literature suggests that this
could be influenced by the small size of the nanoparticles27,28

or through a scavenger receptor on the cells29. Binding of the
particles specifically to collagen II is furthermore supported by
the observation that the pericellular matrix is deficient in bound
nanoparticles: it has been shown that the pericellular matrix
surrounding chondrocytes contains almost no collagen II, but
mainly consists of collagen VI (ref. 30). Although all in vitro
experiments have been carried out on bovine cartilage, bovine
collagen II is represented with a homology of 92% in murine and
94% in human collagen II, and comparable binding of WYRGRL to
murine and human collagen II can therefore be expected.

Intra-articular drug delivery has been termed a major challenge
owing to the short residence times of drugs injected within the joint
space and therefore rapid uptake of the drugs by the lymphatic
circulation, accounting for low bioavailability and potentially
adverse systemic effects. Despite the need for the development of
formulations for intra-articular controlled release, few reports exist
on such use of sustained-release formulations31–37, which range
from 265 to 490 nm. Given the dense collagen II network with a
pore size of about 60 nm in the superficial zone6, nanoparticles
beyond this size would not be expected to efficiently enter the
cartilage matrix, as demonstrated in Fig. 6.

In contrast, the functionalized nanoparticles targeted for the
cartilage matrix in this study are sufficiently small to enter the
matrix and use it as a reservoir, which offers advantages such
as a higher bioavailability of drugs in the cartilage matrix itself.
Conjugating a bioaffinity ligand to the nanoparticle surface hinders
the nanoparticles from leaving the cartilage matrix. This system
therefore provides an intra-tissue release of a therapeutic agent
rather than just an intra-articular drug release. Because convective
transport of solutes into cartilage is impaired owing to the inherent
properties of this tissue38,39, the bioavailability of drugs in the
cartilage matrix, which is the primary site of the disease process
in osteoarthritis, can be enhanced by sustained-release systems
that reside in the matrix itself. Besides general intra-articular drug
delivery, targeting of the cartilage matrix is therefore especially
suited for treatment of early events of cartilage degradation and
is likely to be an important factor in future pharmaceutical
approaches for the treatment of osteoarthritis.

METHODS

MATERIALS
The phage display library fUSE5/6-mer based on filamentous phage strain fd-tet
was received from the laboratory of G. P. Smith, Division of Biological Sciences,
University of Missouri, Columbia. Cartilage grafts, synovial fluid and synovial
membrane were collected from bovine shoulders obtained from the local
slaughterhouse. Cartilage grafts were stored in 0.1% sodium azide and protease
inhibitors at 4 ◦C and used within 72 h. Solvents and reagents for nanoparticle
synthesis were purchased from Sigma-Aldrich. The peptides WYRGRLC and
YRLGRWC (synthesis chemicals from Novabiochem) were synthesized on solid
resin using an automated peptide synthesizer (Chemspeed PSW 1100) with
standard F-moc chemistry. The amino-terminal amino acids are acetylated
and a cysteine residue is added to the C-terminal end of the original sequence
for bioconjugation to thiol-reactive functional groups, that is, vinyl sulphone.
Purification was carried out on a Waters ultrapurification system using a Waters
Atlantis dC18 semi-preparative column and peptides collected according to their
molecular mass analysed by time-of-flight mass spectrometry.

SCREENING OF PHAGE-DISPLAYED COMBINATORIAL PEPTIDE LIBRARY AND BINDING ASSAYS
Peptides for binding to the articular cartilage matrix were selected by exposing
a fUSE5/6-mer library to bovine cartilage grafts, which provided 6.4×107

different phage clones with 6-amino acid linear-peptide inserts displayed on the
minor coat protein of a filamentous phage12,21. Cartilage grafts were collected
with 8 and 4 mm biopsy cutters (two-sided surface 1 cm2 and 0.25 cm2). A
total of five screening rounds was carried out. In the first round, 1013 and in
subsequent rounds 1012 phage virions per millilitre were exposed to the cartilage
graft, washed with PBS/Tween 20 and eluted at low pH (buffers used and details
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in the Supplementary Information). Between panning rounds, stringency was
increased (see the Supplementary Information). Eluted phage was amplified
overnight in Escherichia coli strain TG1 in 2xYT medium and purified by two
times polyethylene glycol/NaCl (2M, 25%) precipitation. Quantitative titre
counts were obtained by spot titring of 15 µl of phage/bacterial culture onto LB
agar/tetracyclin plates and are given in transducing units per millilitre. Binding
assays were carried out as explained in the Supplementary Information.

AFFINITY PURIFICATION AND PROTEIN IDENTIFICATION
Bovine cartilage was incubated with collagenase D at 1 mg ml−1 overnight at
37 ◦C with mild agitation. 167 mg of thiopropyl Sepharose 6B (GE Healthcare
Bio-Sciences) was prepared according to the manufacturer’s instructions to
give a 0.5 ml gel. 15 mg of peptide, either WYRGRLC or YRLGRWC, was
immobilized in the gel. After washing, the soluble fraction of cartilage ECM
proteins was added and incubated in the gel for 1 h. Elution was carried out
after thorough washing with PBS with 10, 50, 125 and 500 mM KCl and the
fractions collected. The fractions were analysed by SDS–PAGE with a 7.5%
gel and stained with Coomassie. For mass spectrometry, the band was cut out
and in-gel digested (see the Supplementary Information). Samples were then
analysed using an Advion BioSystems electrospray ion source coupled to a
Thermo Fisher Scientific LTQ linear ion-trap mass spectrometer. The tryptic
digests were infused in electrospray ionization mass spectrometry (ESI+MS)
and ESI+MS\MS mode using helium as the collision gas. The collected data
were analysed for protein identification using the Bioworks software package
from Thermo Fisher Scientific.

SYNTHESIS OF NANOPARTICLES
Poly(propylene sulphide) nanoparticles were prepared as described
elsewhere18. Surface functionalization is explained in detail in the
Supplementary Information.

CONFOCAL MICROSCOPY AND IMAGE ANALYSIS
In vivo injection into murine knee joints and sample preparation is explained
in the Supplementary Information. The sections were analysed by confocal
laser scanning microscopy using a Zeiss LSM510 META microscope. Gain and
offset and laser power were adjusted for the red and green channels with a
×100 diluted 0.5% w/v nanoparticle stock solution containing green-labelled
WYRGRL–PPS and red-labelled YRLGRW–PPS to adjust for differences in
fluorescence emission. The integrated fluorescence for a sample containing the
same amount of green-labelled and red-labelled nanoparticles was therefore
equal, which is required for quantification (see Supplementary Information,
Fig. S3a). All imaging was carried out using these settings in a temperature-
controlled environment. Images for analysis were obtained using a Zeiss ×63
Apochromat objective in 10 different locations per joint with a z stack of 10
images each (voxel size x–y 0.29 µm, z 0.7 µm). Background fluorescence
was determined by imaging a cryosection slide of a joint not injected with
nanoparticles. Background was subsequently subtracted for each channel
and in each section before quantification of fluorescence (see Supplementary
Information Fig. S3b). Quantification of integrated fluorescence per region of
interest on all 10 planes was carried out using Metamorph (Molecular Devices)
(details in the Supplementary Information). For further analysis, the integrated
fluorescence per region of interest was normalized to the area (amount of
voxels) of each region of interest. Statistical analysis and testing was carried out
on SPSS 11 for Macintosh.
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