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Designing Polymers for Cartilage Uptake: Effects of Architecture 
and Molar Mass 
Jue Gong, a Jordan Nhan, b Jean-Philippe St-Pierre*b and Elizabeth R. Gillies*a,c  

Osteoarthritis (OA) is a progressive disease, involving the progressive breakdown of cartilage, as well as changes to the 
synovium, and bone. There are currently no disease-modifying treatments available clinically. An increasing understanding 
of the disease pathophysiology is leading to new potential therapeutics, but improved approaches are needed to deliver 
these drugs, particularly to cartilage tissue, which is avascular and contains a dense matrix of collagens and negatively 
charged aggrecan proteoglycans. Cationic delivery vehicles have been shown to effectively penetrate cartilage, but these 
studies have thus far largely focused on proteins or nanoparticles, and the effects of macromolecular architectures have not 
yet been explored. Described here is the synthesis of a small library of polycations composed of N-(2-
hydroxypropyl)methacrylamide (HPMA) and N-(3-aminopropyl)methacrylamide (APMA) with linear, 4-arm, or 8-arm 
structures and varying degrees of polymerization (DP) by reversible addition fragmentation chain-transfer (RAFT) 
polymerization. Uptake and retention of the polycations in bovine articular cartilage was assessed. While all polycations 
penetrated cartilage, uptake and retention generally increased with DP before decreasing for the highest DP. In addition, 
uptake and retention were higher for the linear polycations compared to the 4-arm and 8-arm polycations. In general, the 
polycations were well tolerated by bovine chondrocytes, but the highest DP polycations imparted greater cytotoxicity. 
Overall, this study reveals that linear polymer architectures may be more favorable for binding to the cartilage matrix and 
that the DP can be tuned to maximize uptake while minimizing cytotoxicity.

Introduction 
Osteoarthritis (OA) is a leading cause of chronic disability 
globally, reducing mobility, independence, and quality of life for 
affected patients.1, 2 It is a progressive disease, involving the 
breakdown of cartilage, inflammation of the synovium, and 
changes to the subchondral bone.3 Initial interventions are 
typically conservative in nature and include treatments aimed 
at relieving pain, notably by prescribing systemic analgesics or 
nonsteroidal anti-inflammatory drugs.4 Additional options 
include the intra-articular injection of corticosteroids5 or 
hyaluronic acid6; however, these treatments only aim to 
temporarily relieve symptoms and there are currently no 
disease-modifying treatments approved by regulatory bodies to 
stop, or reverse the progression of OA. As such, joint 
replacement surgeries are often needed to treat end-stage OA, 
when conservative treatments are no longer effective.7, 8 
 For years, a significant barrier to the development of 
disease-modifying OA therapeutics was a poor understanding of 

the molecular mechanisms involved in OA. However, 
understanding of the complex disease pathophysiology has 
been increasing in recent years, leading to new opportunities 
for OA treatment.9 As articular cartilage loss is one of the 
hallmarks of OA progression, cartilage has been an important 
therapeutic target. For example, inhibitors of matrix 
metalloproteinases10 and aggrecanases,11, 12 which degrade 
collagen and aggrecan in cartilage respectively, are being 
studied. Recombinant human fibroblast growth factor 18 is also 
being investigated as a promoter of cartilage repair.13 However, 
the potential therapeutics that have undergone clinical trials 
thus far have not yet succeeded due in part to issues such as 
adverse effects and poor therapeutic efficacy.10-12, 14 Intra-
articular delivery is a promising approach to mitigate the side 
effects associated with systemic administration and enhance 
efficacy by delivering the correct dose of a drug to the target 
tissue.15-17 However, the rapid clearance of drugs from the joint 
space,18, 19 combined with the avascular nature of cartilage and 
its dense anionic network of collagen and aggrecan 
proteoglycans makes it difficult for therapeutics to reach 
targets, such as chondrocytes embedded within cartilage.20, 21 
Various delivery systems such as nano- and microparticles,22, 23 
as well as hydrogels24, 25 have been investigated to reduce the 
clearance rate of drugs from the joint, but larger particles and 
hydrogels do not typically enable the delivery of therapeutics 
into cartilage and rely on diffusion of the therapeutic from the 
synovial fluid through the tissue.20, 26 These strategies also do 
not fully resolve issues with rapid joint clearance.   
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Several groups have reported cartilage-penetrating drug 
delivery systems, whereby carrier design focused on generating 
sufficiently small materials for entry and diffusion into the 
dense extracellular matrix (ECM) of the tissue. For example, 
poly(ethylene glycol) (PEG)-modified single-walled carbon 
nanotubes with diameters less than 10 nm and lengths from 
tens to hundreds of nm were shown to deliver antisense 
oligonucleotides to chondrocytes in the cartilage of healthy and 
OA mice after intra-articular injection.27 Phage display 
technology was used to develop peptides that bind to type II 
collagen28 or chondrocytes29 in cartilage. The conjugation of 
these peptides to drug carriers such as small Pluronic F-127 
nanoparticles,28 lipid-polymer hybrid particles,30 or a 
polyethylenimine non-viral transfection agent29 enhanced the 
penetration of these delivery systems into cartilage. 

Cartilage penetration approaches have also exploited 
electrostatic interactions between the delivery system and the 
anionic cartilage matrix.31 For example, avidin, a 7 nm diameter 
cationic protein was found to more effectively penetrate 
cartilage explants compared to neutral avidin analogues.31 
Uptake and enhanced half-lives of cationic avidin were also 
observed in rat and rabbit joints.32, 33 Recently, avidin 
functionalized with multiple 8-arm amino-terminated PEG 
chains was also investigated, with the PEG chains providing 
multiple sites for drug conjugation and delivery into cartilage.34, 

35 Engineered green fluorescent proteins were explored to 
demonstrate that optimization of the charge density was 
necessary to balance binding to and transport through 
cartilage.36 In addition, a study using polyelectrolyte complexes 
of insulin-like growth factor 1 (IGF-1) found that a larger number 
of surface cationic charges led to increased binding to explanted 
bovine cartilage, although some degree of PEGylation was 
necessary to mitigate cytotoxicity.37 Cationic polyamidoamine 
(PAMAM) dendrimers were also used for the delivery of IGF-1 
into cartilage and treatment of OA in a rat model.38 Tuning of 
the dendrimer generation and degrees of peripheral PEGylation 
allowed for the toxicity, uptake, and retention of the 
dendrimer-IGF-1 conjugate to be optimized. Furthermore, 
cationic 20-mer peptide carriers with varying numbers and 
arrangements of cationic charges were explored to determine 
the optimal number and sequence of charges for cartilage 
uptake.39 While much effort has been undertaken to study the 
role of overall charge and charge distribution in cationic 
cartilage-penetrating carriers, to the best of our knowledge, 
efforts have not been directed to understanding the role of 
macromolecular architecture of cationic carriers in cartilage 
uptake, even though it is likely to impact both diffusion through 
and binding to the ECM. 

Here, we present the synthesis and study of a small library 
of cationic synthetic polymers with varying chain length and 
architecture to examine the effect of these properties on 
cartilage uptake and retention (Fig. 1). The preparation of chain 
transfer agents for the synthesis of linear, 4-arm, and 8-arm 
polycations is described, followed by chain extension via 
reversible addition fragmentation chain-transfer (RAFT) 
polymerization with the monomers N-(2-
hydroxypropyl)methacrylamide (HPMA) and tert-butyl 

carbamate protected N-(3-aminopropyl)methacrylamide (Boc-
APMA) to balance cationic and neutral hydrophilic pendant 
groups on the polymers following Boc deprotection. Uptake 
into freshly explanted bovine articular cartilage and cytotoxicity 
in bovine chondrocytes is explored, revealing important trends 
with respect to molar mass and architecture that should be 
considered in the design of cartilage delivery systems. 

 
Fig. 1 Schematic representation of the study design, which involves the synthesis of 
polycations with varying degree of polymerization (DP) and architectures for 
investigation of their penetration into and retention in articular cartilage tissue. 

 
Results and discussion 

Synthesis of chain transfer agents 

Multi-arm polymers can be synthesized using arm-first or core-
first techniques, or a combination of both.40 The arm-first 
technique couples multiple linear polymers to a multifunctional 
core. However, it can be difficult to control the dispersity and 
number of arms on the resulting polymer using this approach.40 
Therefore, in addition to linear polymers, a core-first approach 
employing multifunctional cores to grow the polymers with 4 or 
8 arms was used in this study. RAFT was selected as a versatile 
and controlled radical polymerization method.41 RAFT 
polymerization employs chain transfer agents (CTAs) in the 
form of thiocarbonylthio compounds. For the current work, 
dithiobenzoate-based RAFT agents were selected as they are 
suitable for the polymerization of methacrylamide monomers.42 
Thus, to prepare linear, 4-arm, and 8-arm polycations, three 
different dithiobenzoate-based CTAs were synthesized (Fig. 2). 
For preparation of the linear polymers, 4-cyanopentanoic acid 
dithiobenzoate (CTP) was synthesized as previously reported.43 
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Scheme 1 Synthesis of the 4-arm CTA. 

The 4-arm CTA comprised CTP conjugated to pentaerythritol 
with a thioether spacer. The spacer was necessary, as attempts 
to directly conjugate CTP to pentaerythritol were unsuccessful. 
The synthesis of the 4-arm CTA first involved the reaction of 
pentaerythritol with chloroacetyl chloride to yield 
pentaerythritol tetrachloroacetate (1) (Scheme 1). Then, 1 was 
reacted with 2-mercaptoethanol in the presence of the tertiary 
amine-functionalized resin AmberlystTM A-21 and KI as a catalyst 
to produce the tetraol 2. It has been reported that the 
introduction of a thioether group in the a-position relative to 
an ester can slow hydrolytic degradation in comparison with the 
unmodified ester.44-46 Finally, the hydroxyl groups on 2 were 
coupled to CTP using N,N’-dicyclohexylcarbodiimide (DCC) in 
the presence of 4-(dimethylamino)pyridine (DMAP) to generate 
the 4-arm CTA. The structures of the intermediates and 
products were confirmed by techniques including 1H NMR, 13C 

NMR, and infrared (IR) spectroscopic methods, as well as high 
resolution mass spectrometry (Fig. S1-S3, S38-40).  

The 8-arm CTA was based on a pentaerythritol core with 2,2-
bis(hydroxymethyl)propionic acid (bis-MPA) branching units. 
First, the two hydroxyls of bis-MPA were esterified by reaction 
with chloroacetyl chloride to provide compound 3 (Scheme 2).  

 
Scheme 2 Synthesis of the 8-arm CTA 

 

Fig. 2 Structures of (a) CTP; (b) 4-arm CTA; (c) 8-arm CTA. 
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Initially, we attempted to react compound 3 with 
pentaerythritol using DCC, but the reaction did not proceed to 
completion, and it was not possible to purify the product. 
Instead, the carboxylic acid of 3 was converted to a more 
reactive acid chloride (4) using oxalyl chloride, and 4 was then 
cleanly reacted with pentaerythritol to yield compound 5. Next, 
the peripheral chloride moieties on 5 were reacted with 2-
mercaptoethanol to produce 6 and the resulting hydroxyls were 
coupled with CPT to give the final 8-arm CTA as described above 
for the 4-arm CTA (Fig. S4-S8 and S41-S45). 
 
Polymer Synthesis  

We selected a copolymer of HPMA and APMA as the cationic 
polymer. Poly(HPMA) is well established as a water-soluble 
polymer that is well tolerated in drug delivery applications.47-49 
In addition, Kleinberger et al. previously synthesized a series of 
APMA/HPMA random copolymers with four different APMA 
percentages (10, 25, 50 and 75 mol% APMA) using RAFT 
polymerization and found that polycations with lower APMA 
content (10 and 25 mol% APMA) gave better 
cytocompatibility.50 We postulated that polycations with the 
lowest charge density (10 mol% APMA) would not exhibit 
sufficient positive charge density to bind effectively to and 
penetrate cartilage, and we therefore selected 25% APMA for 
this study. Although APMA has been previously polymerized 
using RAFT,50, 51 we prepared and polymerized the t-
butyloxycarbonyl protected APMA monomer (Boc-APMA) as we 
found size exclusion chromatography (SEC) characterization of 

the polycations problematic due to column adsorption. 
Preparation of the protected polymers allowed them to be 
readily characterized in their protected forms before 
conversion to polycations by deprotection. Boc-APMA52 and 
HPMA53 were synthesized using modified versions of previously 
reported procedures (Fig. S9-S11). 

Copolymerization was performed using Boc-APMA and 
HPMA to prepare four different degrees of polymerization (DP) 
for each series of architectures (linear, 4-arm and 8-arm) 
(Scheme 3). A solvent system consisting of water and dioxane 
was selected to provide sufficient solubility for both monomers, 
the CTA, and the resulting polymers. We found that 2:1 
water/dioxane (v/v) was suitable for the linear polymers, 
whereas 1:3 water/dioxane (v/v) was required to dissolve the 4- 
and 8-arm CTA. The polymerizations were performed at 70 °C 
using V-501 as the initiator at 25 mol% relative to the 
dithiobenzoate moiety in each CTA to produce poly(HPMA-r-
Boc-APMA). 

To synthesize linear copolymers, monomer/CTP ratios of 
82:1, 170:1, 390:1 and 763:1 were used for the low, medium, 
high, and ultra-high DPs, corresponding to theoretical number 
average molar masses (Mn) of 13.9 kg/mol, 28.7 kg/mol, 65.5 
kg/mol and 128.2 kg/mol respectively if conversion was 100%. 
These chain lengths were targeted with the goal to obtain 
polymers with hydrodynamic diameters ranging from a few nm 
to more than 10 nm.54 Based on the previously reported RAFT 
polymerization of HPMA and Boc-APMA,55 as well as our own 
initial experiments, a polymerization time of 17 h was selected. 
Monomer conversion was determined by comparing the 

Scheme 3 Synthesis of poly(HPMA-r-Boc-APMA), followed by removal of the terminal dithiobenzoate, Boc protecting groups, and labeling with 
rhodamine B. 
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integrals of the monomer alkene peaks at 5.6 and 5.4 ppm to 
the peak at 3.2 – 2.9 ppm corresponding to methylene protons 
from both monomers and polymers in 1H NMR spectra (Fig. 
S12). A conversion of 83% was 
obtained for the low DP copolymer while the medium, high, and 
ultra-high DP copolymers had conversions of 65%, 73% and 70% 
respectively. The resulting copolymers were purified by 
precipitation in acetone, and characterized by 1H NMR 
spectroscopy, IR spectroscopy and SEC. 1H NMR spectroscopy 
confirmed the incorporation of both monomers into the 
copolymers (Fig. S13-S16). Comparing the integrals of the peak 
at 3.8 ppm corresponding to the methine proton adjacent to the 
alcohol in the 2-hydroxypropyl unit with the integral of the peak 
at 1.4 ppm corresponding to the Boc methyl groups, it was 
confirmed that the HPMA and APMA monomers were 
incorporated into the copolymers in a ~3:1 ratio. IR 
spectroscopy showed characteristic carbonyl peaks at ~1635 
and 1520 cm-1 as well as a broad peak at ~3340 cm-1 attributed 
to the O-H and N-H stretching. The Mn was determined by 1H 
NMR spectroscopy based on end-group analysis (Fig. S13-S16), 
as well as SEC in DMF relative to poly(methyl methacrylate) 
standards (Table 1, Fig. 3a). The SEC data were in reasonable 
agreement with the NMR analyses and the dispersities (Đ) 
ranged from 1.19 – 1.53. The ultra-high DP linear polymer had 
a somewhat elevated Mn and Đ, which can likely be attributed 
to a small degree of chain-chain coupling.56  

To prepare 4-arm and 8-arm copolymers having similar Mn 
values as the linear series, the reaction conditions developed for 
linear RAFT polymerization were initially used. However, 
bimodal molar mass distributions were observed by SEC, 
presumably due to star-star coupling at higher conversions. 
Star-star coupling can be problematic in RAFT polymerization 
when a core-first technique is used because the propagating 
radicals are located at the ends of each arm where they are 
highly accessible to undergo coupling reactions.57, 58 To avoid 
this undesired side reaction, we added higher 
monomer/initiator ratios and stopped the polymerizations at 
lower conversions to achieve similar DPs to those of the linear 
polymers (Fig. S17-S24). The kinetics of the polymerizations for 
the 4-arm CTA and 8-arm CTA at different monomer/CTA ratios 
were investigated and it was possible to stop the 
polymerizations at controlled conversions based on plots of 
monomer conversion versus time (Fig. S46-S53). Stopping the 
polymerization at 50 – 70% conversion resulted in a series of 4-
arm copolymers with very similar Mn values to the linear series 
(Table 1) and acceptable Đ values ranging from 1.15 – 1.44 (Fig. 

3b). To synthesize sufficiently well-defined 8-arm copolymers, 
the polymerizations were stopped at lower conversions of ~30% 
to prevent coupling reactions. These copolymers had similar Mn 
values and Đ values to the linear and 4-arm series up to the high 
DP analogue, while the ultra-high DP analogue had a slightly 
higher Mn (Fig. 3c). 

Table 1 Summary of molar mass data for the poly(HPMA-r-Boc-APMA) library. 

 
The dithiobenzoate end-groups remaining on the 

copolymers after RAFT polymerization are hydrophobic, which 
can affect the behavior of the resulting polymers in aqueous 
solutions. Moreover, they can undergo hydrolysis to form thiol 
end-groups that can be toxic to cells,59 and can also potentially 
dimerize through disulfide bond formation. Therefore, the 

Architecture Target DP 
Mn (NMR) 
(kg/mol) 

Mn (SEC) 
(kg/mol) 

Đ 

Linear 

Low 10.5 12.5 1.19 

Medium 27.2 22.2 1.13 

High 49.5 50.5 1.24 

Ultra-high 80.0 112 1.53 

4-arm 

Low 9.4 9.1 1.18 

Medium 26.4 18.3 1.15 

High 50.0 30.0 1.23 

Ultra-high 85.5 86.4 1.44 

8-arm 

Low 11.8 15.8 1.35 

Medium 21.3 21.9 1.42 

High 43.9 41.2 1.43 

Ultra-high 92.3 80.1 1.62 

Fig. 3 Overlays of the SEC chromatograms for (a) linear; (b) 4-arm; (c) 8-arm poly(HPMA-r-Boc-APMA), using refractive index detection. 
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dithiobenzoate end-groups were removed by treatment of the 
copolymers with excess V-501 in 2:1 water/dioxane at 75 °C for 
24 h, followed by precipitation in acetone (Scheme 3). The 
complete removal of the group was confirmed by 1H NMR 
spectroscopy based on the disappearance of the aromatic peaks 
from 7.4 – 7.9 ppm (Fig. S25a). In addition, ultraviolet-visible 
(UV-vis) spectroscopy confirmed the disappearance of the 
dithiobenzoate absorption at 308 nm (Fig. S25b). 

Next, the copolymers were treated with trifluoroacetic acid 
(TFA) to remove the Boc groups followed by dialysis against 
deionized water and lyophilization to yield the corresponding 
polycations (Scheme 3). 1H NMR spectroscopy confirmed the 
disappearance of the peak at 1.4 ppm corresponding to the Boc 
methyl protons for all of the polymers (Fig. S26-S37). At this 
stage, the polymers were also characterized to determine their 
hydrodynamic diameters and zeta potential. These 
measurements were performed in 1.5 g/L bicarbonate buffer 
(pH 7.4), the same buffer system used in the media for the 
cartilage uptake studies. Dynamic light scattering indicated that 
the polymers had hydrodynamic diameters from 4 – 17 nm (Fig. 
S54, Table S2). Within each architectural series, the diameter 
systematically increased. However, it generally was not possible 
to elucidate subtle differences in the hydrodynamic diameters 
across the different architectures due to the challenges in 
obtaining highly accurate diameter assessments for individually 
dispersed polymers in solution. The zeta potential generally 
increased with DP, ranging from +0.3 to +10 mV (Table S2). 
There were no significant differences between the different 
architectures.  

Finally, the copolymers were labeled with a fluorescent dye 
to facilitate the quantification of uptake into cartilage. 
Rhodamine B N-hydroxysuccinimide carbonate was prepared as 
previously reported,60 and then reacted with the deprotected 
copolymers in 0.1 M sodium bicarbonate solution (pH 8.3) at a 
ratio of 0.014 dye equivalents per monomer repeat unit 
(Scheme 3). Dialysis was subsequently performed to remove 
any unreacted dye, followed by lyophilization of the polymers. 
The extent of rhodamine B labeling was quantified by UV-vis 

spectroscopy, which found that there were 0.2-1.0 dye 
molecules per 100 repeat units (Table S1). It was assumed that 
this extent of labeling would be sufficiently low that the dye 
would not alter polymer uptake in cartilage tissue. 
 

Cartilage uptake and retention 

Tissue uptake and retention of the different copolymers 
synthesized in this study were evaluated in freshly explanted 
bovine cartilage (Fig. 4a)36, 38 by incubation in culture medium 
in the absence or presence of 5% fetal bovine serum (FBS). 
Uptake was assessed based on the difference between 
measurements of the fluorescence intensity of rhodamine-
labeled polycation solutions incubated with or without cartilage 
discs for 12 h (Fig. 5a and 5b). This 12 h time point was selected 
based on the typical retention time of macromolecules in the 
joint being several hours.18, 19 Both with and without FBS, there 
was a trend towards higher uptake with increasing DP (Fig. 5a 
and 5b). However, for the linear and 8-arm architectures 
incubated without FBS, and the 8-arm architecture incubated 
with FBS, the ultra-high DP polycations had lower uptake than 
their high DP analogues. Meanwhile, for the linear polymers 
incubated with FBS, uptake was comparable for the two highest 
DP levels. Comparing the polycations having similar DP but 
different architectures, the linear polycations consistently had 
higher uptake than both the 4-arm and 8-arm analogues. In the 
presence of FBS, uptake was slightly lower for the higher DP 
polycations. This reduction in uptake can likely be attributed to 
binding of the polycations to serum proteins such as albumin by 
hydrophobic and electrostatic interactions, which may increase 
their size and impact their ability to diffuse through the dense 
ECM network.61  

After the initial polycation incubation period, the cartilage 
explants were transferred to fresh media in the absence of 
these polymers and incubated for 48 h (Fig. 4b). The 
fluorescence of the culture media was then measured to 
quantify the percentage of polycations released from the 
cartilage and thereby calculate the percentage of polymer 
remaining in the tissue. In general, polymer retention increased 

Fig. 4 (a) Schematic showing fluorescently-labeled polycationic polymers uptake into cartilage explants and representative photos 
showing wells containing cartilage without polycation (control), low uptake of polycation, and high uptake of polycation after 12 h of 
incubation. (b) Schematic showing cartilage explants incubated in the fresh serum-free medium without polycations for 48 h of release. 
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with DP both in the absence and presence of FBS, with the 
exception of the ultra-high DP 8-arm polycation, which 
exhibited lower retention than the lower DP 8-arm analogues 
both in the presence and absence of FBS (Fig. 5 and S55). When 
comparing the different architectures, retention was 
consistently highest for the linear polycations compared to the 
4-arm and 8-arm polycations. 

 

Fig. 5 Polycation uptake (over 12 h) and retention (over 48 h, as a percentage of the initial 
polycation in solution) in bovine cartilage explants in culture medium (a) without FBS; 
(b) with 5% FBS; (c) Illustration of interactions between the polycations and aggrecan in 
cartilage. LDP = low DP; MDP = medium DP; HDP = high DP; UHDP = ultra-high DP; ND = 
not detected. Error bars correspond to the standard deviation (n = 5 for uptake and n = 
3 for retention). Polycation retention as a percentage of uptake is presented in Fig. S54. 

We also performed fluorescence microscopy imaging on 
thin sections of the cartilage explants (Fig. 6, S56 and S57). The 
distribution of the polycations was quite uniform across the 
tissue depth, even for the ultra-high DP polycations, with 

slightly less fluorescence just below the superficial zone, 
possibly due to lower anionic aggrecan in this region (Fig. S58). 
The uptake of the polycations into cartilage explants can be 
influenced by factors that affect their rate of diffusion into the 
tissue as well as their equilibrium distribution between the 
cartilage and surrounding media. Previous studies have 
reported that typically cationic nanocarriers with diameters less 
than about 15 nm can diffuse into cartilage.32, 33, 62, 63 Some rigid 
particles of 15 nm were trapped in the superficial zone.26 
However, in other cases larger polymeric nanoparticles (e.g., 38 
nm diameter) were taken up, indicating that a number of 
complex factors likely govern uptake.64 While the mesh size of 
type II collagen has been reported to be 60 – 200 nm,65 the 
distance is only 2 – 4 nm between glycosaminoglycan (GAG) 
chains on aggrecan66 and the density of aggrecan increases with 
cartilage depth.67 Our full library of polymers was able to diffuse 
throughout the cartilage. These results are consistent with 
previous reports that avidin, a 66 kDa cationic protein26 and 6th 
generation poly(ethylene glycol) (PEG)-functionalized cationic 
PAMAM dendrimers (58 kDa)38 were also able to effectively 
penetrate cartilage. While the molar masses of some of our 
polymers are higher than 66 kDa and the hydrodynamic 
diameters of most polycations exceeded 4 nm, it is known that 
flexible polymers can permeate through pores through an end-
on motion in a manner not possible for more globular structures 
such as proteins and dendrimers.68-70 It is possible that the 8-
arm copolymers may exhibit more globular and less flexible 
structures than the linear or 4-arm systems, partially explaining 
the lower uptake of the ultra-high DP 8-arm copolymer 
compared with the high DP 8-arm copolymer, which is smaller, 
and the analogous ultra-high DP 4-arm system, which may be 
more flexible. 

Aside from hydrodynamic volume and conformational 
flexibility, penetration through cartilage can in some cases be 
hindered by strong electrostatic interactions. For example, 
while cationic green fluorescent protein variants exhibited 
higher cartilage uptake than neutral variants, when the charge 
was increased from +9 to +36, cartilage uptake decreased and 
was limited in penetration depth.36 Similar results were also 
obtained for cationic peptides, where an increase in charge 
from +8 to +14 resulted in a 7-fold increase in uptake, but 
further increases in charge to +16 and +20 led to somewhat 
lower uptake compared to the +14 peptide and the penetration 
depths were also more limited.39 In the current study, the cation 
density remained constant throughout the copolymer library 
(HPMA:APMA = 3:1). The ability of the copolymers to effectively 
penetrate the cartilage explants indicates that the necessary 
dynamic electrostatic binding to allow transport through 
cartilage was achieved for the selected monomer ratio. 
However, it is possible that the somewhat lower uptake of the 
ultra-high DP linear copolymer compared to the high DP linear 
copolymer (without FBS) can be attributed to hindered diffusion 
through the cartilage due to its strong bonding and larger 
hydrodynamic diameter. Such hindrance does not appear to be 
observed for the analogous ultra-high DP 4-arm system.  

Other differences in uptake and retention between the 
copolymers in our library can likely be attributed to differences 
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in their partitioning between the cartilage and surrounding 
medium. The number of positive charges was approximately 17, 
28, 71, and 134 for the low, medium, high, and ultra-high DP 
linear copolymers, with similar values for the 4-arm and 8-arm 
analogues. More charge can lead to stronger binding with 
negatively charged aggrecan in cartilage. The interaction is not 
only more enthalpically favorable for polymers having many 
positive charges, but also more entropically favorable due to 
the release of many counterions, such as Na+, from the aggrecan 
chains. Therefore, the binding of higher molar mass polymers to 
cartilage should be more favorable, resulting in higher uptake. 
Aside from the possible differences in diffusion rates noted 
above, this trend was observed for each architectural series. 
The generally reduced uptake of the 4-arm and 8-arm 
copolymers compared to the linear analogues suggests that the 
star polymer architecture may be less favorable for binding to 
aggrecan. While linear polymers can undergo conformational 
changes that maximize electrostatic binding, a portion of the 

cationic groups in a star polymer may be buried near the core 
of the molecule and unavailable for binding (Fig. 5c).  

A number of factors may influence the direct translation of 
these findings to human joint cartilage for OA treatment. In the 
current study, we focused on intact cartilage, as potential OA 
therapeutics are most likely to be successful in halting or 
reversing OA progression at an early stage of the disease, before 
substantial cartilage degradation has occurred.71 Of course, 
early intervention would require further advances in our ability 
to diagnose early-stage OA. A recent study investigated the 
effect of partial digestion of bovine cartilage explants with 
collagenase type II (as a model of OA) on nanoparticle uptake.72 
It was found that the tissue digestion impacted uptake 
differentially depending on the physical properties of the 
particles, likely because of the opposing effects of increased 
ECM permeability and decreased fixed-charge density due to 
proteoglycan depletion. In addition, whereas human articular 
cartilage is typically 1-3 mm thick,73, 74 the cartilage in the 
current study was only approximately 0.6 mm thick. Past studies 

Fig. 6 Fluorescence microscopy images showing cartilage uptake for (a) linear; (b) 4-arm; (c) 8-arm ultra-high DP poly(HPMA-r-APMA) 
in culture medium without FBS. Scale bar = 200 µm. Additional images for other polycations are in the supporting information. 

Fig. 7 Cell viability of chondrocytes from excised bovine articular cartilage exposed to varying concentrations of the different polycations. 
LDP = low DP; MDP = medium DP; HDP = high DP; UHDP = ultra-high DP. Error bars correspond to the standard deviation (n = 3). 
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have shown that when diffusion through cartilage is 
substantially hindered, it is clearly observable in the first few 
hundred µm,26, 36, 39 whereas our copolymers exhibited 
relatively uniform distribution across the explants. However, it 
is possible that the higher thickness of human cartilage would 
lead to a decreased depth of uptake of the cationic molecules. 
On the other hand, cyclic cartilage loading taking place in vivo 
may also facilitate uptake.75 As such, further studies will be 
required to evaluate the translational potential of these cationic 
polymers.  
 
Polycation cytotoxicity to bovine chondrocytes 

As one of the relevant cell types that would be exposed to the 
polycations upon their intra-articular injection and the target 
cell following their uptake into cartilage, chondrocytes were 
selected for cytotoxicity testing. Chondrocytes were isolated 
from excised bovine articular cartilage following sequential 
enzymatic digestion with Pronaseâ protease and collagenase 
type I, expanded by two-dimensional culture, and used at 
passage two. The chondrocytes were treated with the 
polycations at concentrations of 0.125, 0.25, 0.5, or 1 mg/mL for 
24 h. Cytotoxicity was evaluated using a 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric 
assay. Overall, metabolic activity was highest following 
exposure to the most dilute polycation solutions (Fig. 7). In 
addition, with the exception of the ultra-high DP linear 
polycation and the highest concentrations of the high and ultra-
high DP 8-arm polycation, the copolymers were generally well 
tolerated by the chondrocytes (60-89% cell viability compared 
to control). Based on ISO 10093-5, cell viability above 80% can 
be considered as non-cytotoxic, while 60 – 80% is considered to 
be weak cytotoxicity.76 The high and ultra-high DP 8-arm 
polycations were better tolerated at lower concentrations. 
However, the ultra-high DP linear polymer was notably more 
toxic than the other polycations, even at lower concentrations.  

The cytotoxicity of polycations at high concentrations is well 
established, and was also observed for other cartilage-
penetrating systems such as the partially PEGylated PAMAM 
dendrimers38 and IGF-1 complexes.37 While not fully 
understood, the mechanism for polycationic macromolecules 
leading to cell death is proposed to involve membrane 
disruption by a surfactant77 or phospholipid hydrolysis78 
mechanism. It was reported that increasing molar mass and 
charge density led to increased toxicity for a series of well-
defined PEI and PLL-based polycations, likely due to their 
enhanced interactions with membranes.79 For poly(2-
(dimethylamino)ethyl methacrylate) star polymers, at a given 
molar mass, decreasing toxicity was observed with increasing 
number of arms from linear to 5-arm polymers.80 It was 
proposed that not all amines in a star polymer, particularly 
those at the core, were able to participate in interactions with 
the cell membrane. Thus, our results are in line with those 
previously reported for the cytotoxicity of polycations. It should 
also be noted that the tested concentrations were high 
compared to what would be used in practice, and as much of 
the polymer would interact with the ECM in vivo, only a fraction 

would reach the cells, resulting in low local concentrations. 
Given these reflections, our interpretation of these results is 
that most polymers were well tolerated by chondrocytes at 
relatively high concentrations. Of course, assessment with 
other cell lines in vitro as well as in vivo studies will eventually 
be required to further assess the biocompatibility of these 
polymers, or ideally degradable analogues that would be 
cleared readily from the tissues after delivery of their cargo.  

Conclusions 
A library of poly(HPMA-r-APMA) polycations with varying DP 
(low, medium, high, and ultra-high) and well-defined 
architectures (linear, 4-arm and 8-arm) were successfully 
synthesized through RAFT polymerization and their uptake and 
retention in excised bovine articular cartilage was studied. We 
found that regardless of the presence of serum, in general the 
uptake and retention increased with the DP due to stronger 
multivalent electrostatic interactions. Modest decreases in 
uptake were observed for the ultra-high DP polycations in a few 
cases, likely due to transport within cartilage being hindered. In 
terms of architecture, the linear polymers exhibited higher 
uptake and retention than 4-arm or 8-arm analogues of similar 
overall DP. This trend can be attributed to the enhanced binding 
of the linear polycations to anionic aggrecans in cartilage. While 
charges near the core of multi-arm structures may be 
somewhat inaccessible for binding, the linear structures exhibit 
full conformational flexibility to maximize electrostatic binding. 
In general, the polycations were well tolerated by bovine 
chondrocytes, although cell viability was notably reduced for 
the ultra-high DP linear polycation and 1 mg/mL concentrations 
of the high and ultra-high DP 8-arm polycations. Again, these 
trends likely relate to the number of cations on the polymer and 
their availability for electrostatic interaction with the cell 
membrane. Considering the importance of balancing cartilage 
uptake and cytotoxicity, our results suggest that a linear 
polymer with an Mn of about 50 kg/mol (DP ~300) can serve as 
a suitable polymeric delivery vehicle for cartilage. Although we 
did not investigate different ratios of neutral/cationic 
monomers, a 3:1 ratio was reasonable in terms of allowing for 
polymer uptake without an excessively high cationic charge 
density which may hinder cartilage penetration. Finally, our 
poly(HPMA-r-APMA) copolymers provide the advantage of 
having many primary amines that can be modified to conjugate 
therapeutics (~70 for the high DP linear polycation). However, 
the methacrylamide backbone, while ideal to enable controlled 
polymerization, is not biodegradable. It would be advantageous 
to translate these current findings to a biodegradable polymer 
backbone before proceeding to validate uptake and drug 
delivery to cartilage in vivo. 

Experimental 
Procedures for the polymer synthesis are provided in the 
electronic supporting information. 
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Evaluation of polycation uptake in cartilage explants 
Full thickness bovine articular cartilage was excised aseptically 
from the metacarpophalangeal joints of 2-4 years old animals 
sourced from a local abattoir (Tom Henderson Meats and 
Abattoir Inc., Ottawa, ON, Canada) within 24 h of death. Discs 
(6 mm diameter with the average mass of 26 ± 6 mg and the 
typical thickness of ~0.6 mm) were prepared from the excised 
cartilage samples using Miltex disposable biopsy punches 
(Integra) and used on the same day. Explanted cartilage discs 
were weighed and then incubated in 750 µL of Dulbecco’s 
Modified Eagle Medium (DMEM; 4.5 g/L glucose; Corning, USA) 
without phenol red but supplemented with 100 U/mL of 
penicillin, 100 µg/mL streptomycin, and 250 µg/mL 
amphotericin B (1% v/v antibiotic-antimycotic solution, Sigma-
Aldrich, Oakville, ON, Canada) and 10 µM of rhodamine-labelled 
polycations in a 48-well plate. The cartilage discs were 
incubated in the polycation-containing medium for 12 h on an 
orbital rocker at 37 °C in an environment comprising 5% CO2 and 
greater than 95% relative humidity. Wells without cartilage 
discs were also prepared and incubated identically to allow any 
non-cartilage-mediated reductions in fluorescence to be 
accounted for. Blank solutions comprising medium alone 
without the addition of any polycations (and with or without a 
cartilage explant disc) were also evaluated to ensure that 
cartilage alone did not lead to any changes in fluorescence (no 
significant fluorescence was observed). After the incubation 
period, the fluorescence emission intensities in relative 
fluorescence units (RFU) of the solutions were measured at 590 
nm using an excitation wavelength of 540 nm using a Synergy 
H1 microplate reader (BioTek). Polycation uptake was 
evaluated using the following equation: 

% Uptake =
(RFUPCM − RFU"""""blank) − (RFUPCM with explant − RFU"""""blank)

RFUPCM − RFU"""""blank
× 100% 

where PCM = polycation medium. 
The experiment was repeated using all of the same methods, 
except that 5% v/v fetal bovine serum (FBS) was included in the 
culture medium. For each condition, the polycation uptake was 
evaluated in biological replicate (n=5) measurements and the 
results are reported as the mean ± standard deviation. 
 

Evaluation of polycation retention in cartilage explants 

A subset of cartilage explants were subsequently briefly rinsed 
three times in phosphate buffered saline (PBS, Sigma-Aldrich, 
Oakville, ON, Canada) and incubated in the fresh serum-free 
medium without the polycations for 48 h on an orbital rocker at 
37 °C in an environment comprising 5% CO2 and greater than 
95% relative humidity to evaluate the release of polycations 
into the solution and calculate retention within cartilage. Fresh 
serum-free medium incubated in absence of cartilage explants 
served as blanks and with cartilage explants previously 
incubated in medium without polycations served as controls. 
Polycation retention was evaluated using the following 
equations:  

% Release =
RFUexplant previously exposed to PCM − RFU"""""blank

RFUexpected signal of complete release
× 100% 

RFUexpected signal of complete release = (RFUPCM − RFU"""""blank) − 

(RFUexplant in PCM− RFU"""""blank) 

% Retention = % Uptake − % Release 
 

The experiment was repeated using all of the same methods, 
except that 5% v/v fetal bovine serum (FBS) was included in the 
culture medium. The experiments were performed in biological 
triplicates and the results are presented as the mean ± standard 
deviation. 
Fluorescence microscopy of cartilage explants after polycation 
uptake 

Following incubation of the cartilage explants with the 
polycations, remaining explants (n = 2) not used for the 
evaluation of polycation retention were briefly rinsed three 
times in PBS and then sectioned into thin slabs (213±18 µm) 
using a custom-made device comprising a number 22 scalpel 
blade and a cryotome blade. The tissues were imaged 
immediately after sectioning for fluorescence distribution 
through the cross-section using an Axio Observer 7 microscope 
(Zeiss). Fluorescence profiles of the cartilage cross-sections 
were then evaluated using ZEN software (Zeiss; version 3.2). 
 
Evaluation of polycation cytotoxicity in bovine chondrocytes 

To isolate chondrocytes, bovine articular cartilage excised as 
described previously was first maintained in DMEM 
supplemented with 1% v/v antibiotic-antimycotic solution for 3 
days to ensure the absence of contamination. The tissue pieces 
were then sequentially digested with 0.2% w/v Pronaseâ 
protease (EMD Millipore, Billerica, MA, USA) in DMEM for 2 h 
and 0.1% w/v collagenase type I (Sigma-Aldrich, Oakville, ON, 
Canada) in DMEM for 1 day. Following digestion, the cell 
suspension was pelleted by centrifugation at 500 rcf for 5 min, 
the supernatant removed, and chondrocytes resuspended in 
fresh DMEM. The washing steps were repeated three times. 
After the last wash, the chondrocytes were resuspended in 
DMEM supplemented with 5% v/v FBS and 1% v/v antibiotic-
antimycotic solution and seeded in T175 flasks at 11,000 cells 
per cm2 for expansion culture. Cells were passaged at 90% 
confluence and passage 2 chondrocytes were used for 
cytotoxicity tests.  

For the assay, 5 x 104 chondrocytes per well were seeded 
onto 96-well plates in 100 µL of medium supplemented with 5% 
v/v FBS and 1% v/v antibiotic-antimycotic. The plates were 
incubated overnight at 37 °C in an environment comprising 5% 
CO2 and greater than 95% relative humidity to allow for cell 
attachment. The culture medium was then replaced with 100 µL 
of fresh medium supplemented with 5% v/v FBS and 1% v/v 
antibiotic-antimycotic solution containing 0.125 to 1 mg/mL of 
the polycations and incubated for 24 h. Cells cultured in 
medium without polycations were used as controls and wells 
containing the medium without cells served as blanks. After the 
incubation, the medium was replaced with 75 µL of fresh 
medium without polymer and 7.5 µL of 12 mM 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, 



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 11  

Please do not adjust margins 

Please do not adjust margins 

Sigma-Aldrich, CA) in sterile PBS was added to each well. After 
incubation for 4 h, 165 µL of dimethyl sulfoxide (DMSO; Sigma-
Aldrich, CA) was added to each well and the plate was incubated 
for an additional 10 min at 37 °C. Each well was then thoroughly 
mixed, and absorbance was read at 540 nm using a Synergy H1 
microplate reader. The mean absorbance of blank wells was 
subtracted from absorbance readings for each sample and the 
absorbance for wells containing cells but no polycation were 
considered as 100% metabolic activity for normalization of the 
data. Each polycation concentration was evaluated in triplicates 
and the data are presented as the mean ± standard deviation. 
 
Histology 

Full thickness articular cartilage was excised to incorporate 
subchondral bone, washed 3-times with PBS and fixed for 72h 
with 10% v/v formalin. Samples were then decalcified in 0.5 M 
Ethylenediaminetetraacetic acid (EDTA) for 1 month, before 
being embedded in paraffin. The blocks were sectioned to 4 µm 
and mounted on slides. The sections were stained with 
Safranin-O and counterstained with Nuclear Fast Red. The 
sections were then imaged with a Zeiss AxioScan Z1 Slide 
Scanner 
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