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A B S T R A C T   

Improving the pharmacokinetics of intra-articularly injected therapeutics is a major challenge in treating joint 
disease. Small molecules and biologics are often cleared from the joint within hours, which greatly reduces their 
therapeutic efficacy. Furthermore, they are often injected at high doses, which can lead to local cytotoxicity and 
systemic side effects. In this study, we present modular polymer-drug conjugates of zwitterionic poly(carbox-
ybetaine acrylamide) (pCBAA) and the anti-inflammatory glucocorticoid dexamethasone (DEX) to create 
cartilage-targeted carriers with slow-release kinetics. pCBAA polymers showed excellent cartilage penetration 
(full thickness in 1 h) and retention (>50 % after 2 weeks of washing). DEX was loaded onto the pCBAA polymer 
by employing two different DEX-bearing comonomers to produce pCBAA-co-DEX conjugates with different 
release kinetics. The slow-releasing conjugate showed zero-order release kinetics in PBS over 70 days. The 
conjugates elicited no oxidative stress on chondrocytes compared to dose-matched free DEX and protected 
bovine cartilage explants from the inflammatory response after treatment with IL-1β. By combining cartilage 
targeting and sustained drug release properties, the pCBAA-co-DEX conjugates solve many issues of today’s intra- 
articular therapeutics, which could ultimately enable better long-term clinical outcomes with fewer side effects.   

1. Introduction 

Degenerative joint disease is one of the most common conditions in 
humans, affecting more than a third of individuals older than 65 years 
[1]. Despite its high prevalence and associated socio-economic costs, we 
still lack effective pharmacological treatment options to achieve a 
satisfactory outcome in the long run. One problem is the poor pharma-
cokinetic profile of intra-articularly (IA) injected therapeutics. Due to 
the permeability of the joint capsule, therapeutics are rapidly cleared 
from the joint within hours (small molecules) [2,3] to a few days 
(high-molecular weight hyaluronic acid) [4,5]. This not only reduces the 
duration of the therapeutic effect but also creates the risk of systemic 
side effects as the drug leaves the joint cavity and enters the blood 
stream [2,6]. 

IA glucocorticoids (GCs) are probably the most frequently discussed 
class of therapeutics in that context: GCs are powerful, broad-spectrum 

anti-inflammatory drugs derived from natural cortisone that have been 
in clinical use to treat joint disease since the 1950s [7]. Though IA GCs 
continue to be used and recommended for the treatment of knee oste-
oarthritis (OA) [8–11], their therapeutic efficacy is controversial, due to 
several clinical studies reporting harmful effects of in the long run 
[12–15]. For example, McAlindon et al. reported that after two years, 
patients receiving repeated IA GCs showed decreased cartilage thickness 
as well as increased joint pain compared to the control subjects [15]. 
Furthermore, several in vitro studies have linked GCs to apoptosis [16, 
17], decreased extracellular matrix (ECM) synthesis [18,19] and 
increased production of reactive oxygen species (ROS) [17,20] in 
chondrocytes. 

These findings stand in stark contrast to a large body of literature 
demonstrating not just anti-inflammatory but also potential disease- 
modifying effects of GCs in the context of OA. For example, Lu et al. 
showed that sustained treatment of cartilage explants with low-dose GCs 
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completely protected them from both inflammation- and trauma- 
induced ECM degradation [21]. Furthermore, GC treatment 
completely preserved ECM synthesis levels compared to the untreated 
control. In a similar study, Li et al. found that, in addition to decreased 
loss of cartilage ECM, GC-treated explants actually showed increased 
cell viability compared to the inflamed controls [22]. In both of these 
examples, the GC was administered continuously over the entire 
experiment and at concentrations up to 5 orders of magnitude below the 
clinical concentration [13]. This implies that the problem does not lie 
with the choice of drug but rather with the kinetics and the concentra-
tion at which it is being delivered – a conclusion that may help explain 
not only the controversy around IA GCs but also the failure of many 
other OA therapeutics in clinical trials [23,24]. 

Consequently, we have seen the development of many IA drug de-
livery vehicles in recent years, including hydrogel microparticles [25, 
26], hydrogel nanoparticles [27,28], in situ-forming hydrogels [29], li-
posomes [30,31] and polymer-drug conjugates [32–35]. Generally, 
these platforms achieve prolonged joint retention by either exceeding 
the size of the capillary fenestrations in the synovial membrane [36] or 
by being actively targeted towards one or several tissues within the joint 
cavity [37]. To achieve active targeting to cartilage, cationic carriers are 
a popular choice due to the anionic glycosaminoglycans (GAGs) in the 
cartilage ECM [38]. For GCs specifically, Bajpayee et al. and Formica 
et al. produced conjugates of dexamethasone (DEX) with the cationic 
protein avidin [39,40] and the cationic polysaccharide chitosan [32] 
respectively, to improve cartilage uptake and achieve sustained drug 
release. Though both systems were able to reduce inflammation-induced 
ECM degradation, the pursued post-functionalization strategies are 
highly optimized for the specific carrier which limits the overall versa-
tility and tailorability of these approaches. For avidin-DEX specifically, 
the choice of the avidin-biotin interaction for DEX anchoring also greatly 
limits drug loading to only 4 DEX molecules per construct. The 
post-functionalization approach of chitosan-DEX on the other hand of-
fers only poor control over drug loading resulting in large batch-to-batch 
variability. To increase control and tailorability, Zhao et al. synthesized 

a polymerizable DEX comonomer which could be polymerized with 
N-(2- hydroxypropyl)methacrylamide (HPMA) to create pHPMA-DEX 
with a precisely controllable degree of substitution [34]. These co-
polymers reached IA retention times in vivo of more than one month, as 
they formed macroscopic, phase-transitioned hydrogels at physiological 
temperature. However, they did not penetrate cartilage, thus delivering 
GCs in an untargeted way. In this study, we combine the advantages of 
both approaches by creating highly tailorable polymer-drug conjugates 
through copolymerization that are targeted towards the cartilage ECM 
and enable a slow and continuous delivery of GCs (Fig. 1). 

Our platform comprises three principal components that all carry 
either a (meth)acrylate or (meth)acrylamide group and can be copoly-
merized at user-defined ratios using standard “one-pot” free radical 
polymerization. The largest mole-fraction within our polymers is made up 
of zwitterionic (ZI) monomers, namely carboxybetaine acrylamide 
(CBAA) or phosphorylcholine methacrylate (PCMA). Zwitterionic poly-
mers carry equal numbers of anionic and cationic charges in close spatial 
proximity, leading to extremely high levels of hydration and therefore 
excellent non-fouling properties [41]. Though these materials are 
non-biodegradable they have shown excellent biocompatibility in vivo 
[42–44]. In addition, due to their very weak interaction with any sur-
rounding (macro)molecules, they have been found to penetrate well into 
tumor tissue [45,46] – a property that should also translate to cartilage. 
To not only penetrate cartilage but also to be retained over prolonged 
periods of time, three different targeting comonomers were introduced: 
Cationic (3-acrylamidopropyl)trimethylammonium (APTAC) to target the 
negatively charged GAGs, the hexapeptide WYRGRL (C2Pep) to bind to 
collagen II [47], the other main component of cartilage ECM, and dopa-
mine methacrylamide (DMA) to non-specifically adhere to the tissue via 
hydrogen bonds [48]. Finally, fast and slow release DEX-bearing co-
monomers (DEX-mono-2-(methacryloyloxy)ethyl succinate (DEX-MAES) 
and DEX-6-methacrylamidohexanoic acid (DEX-MAHAc)) were synthe-
sized that allow for sustained drug release through passive hydrolysis. 

Exploiting the modular nature of our platform, we performed a 
screening to arrive at a conjugate that (1) showed full thickness cartilage 

Fig. 1. Project overview: Modular polymer-drug conjugates were produced to achieve cartilage-targeted, sustained release of anti-inflammatory drugs. The system 
consists of three components that can be combined at user-defined ratios to convey specific properties to the conjugate. Hydrolytic release kinetics can be adapted by 
choosing DEX-comonomers with different numbers of esters in the linker. CBAA: (3-Acryloylaminopropyl)-(2-carboxy-ethyl)-dimethyl-ammonium, PCMA: 2-Meth-
acryloyloxyethyl phosphorylcholine, APTAC: (3-acrylamidopropyl)trimethylammonium, DMA: dopamine methacrylate, C2Pep: Acrylamide-Ahx-WYRGRL collagen 
II-binding peptide, DEX-MAES: dexamethasone-mono-2-(methacryloyloxy)ethyl succinate, DEX-MAHAc: dexamethasone-6-methacrylamidohexanoic acid. 
Figure created with BioRender. 
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penetration within 1 h, (2) was retained in cartilage for more than 2 
weeks, (3) displayed zero-order release kinetics in PBS over more than 2 
months and ultimately (4) protected cartilage from IL-1β-induced 
inflammation. 

2. Materials and methods 

2.1. Chemicals 

Unless otherwise stated, all chemicals were purchased from Sigma- 
Aldrich (Buchs, CH). 

2.2. Monomer synthesis 

2.2.1. Carboxybetaine acrylamide (CBAA) 
CBAA (IUPAC: (3-Acryloylaminopropyl)-(2-carboxy-ethyl)-dimethyl- 

ammonium) was synthesized as previously reported [49]: 14.9 g freshly 
distilled N-[3-(Dimethylamino)propyl] acrylamide (95 mmol, TCI 
Chemicals, Tokyo, JPN) was dissolved in 100 mL of dry THF and cooled to 
− 10 ◦C. 9.6 g of β-propiolactone (8.4 mL, 134 mmol, 1.4 eq., Acros Or-
ganics, Waltham, USA) dissolved in 25 mL of dry THF were added 
dropwise over 40 min. The reaction mixture was left stirring for another 4 
h before the flask was kept statically at − 20 ◦C overnight. The white 
precipitate was filtered off on a fritted-glass filter (S4 porosity) and 
washed with three volumes of cold diethylether to yield 13 g of CBAA (57 
mmol, 60 % yield). 1H NMR (Fig. S1, Bruker 400 MHz in D2O): δ (ppm) 
6.32 (dd, 1H, CHH––CH), 6.2 (dd, 1H, CHH––CH), 5.87 (dd, 1H, 
CHH––CH), 3.66 (t, 2H, N–CH2–CH2–COO), 3.48 (m, 4H, 
NH–CH2–CH2–CH2), 3.17 (s, 6H, N-(CH3)2), 2.75 (t, 2H, CH2–COO). 1.98 
(dt, 2H, NH–CH2–CH2–CH2) 

2.2.2. Dopamine methacrylamide (DMA) 
DMA was synthesized as previously reported [48]: 4.0 g Na2B4O7 

(10.5 mmol, 1 eq.) and 1.6 g NaHCO3 (19.0 mmol, 1.8 eq.) were dissolved 
in dH2O and purged with N2 for 20 min 2.0 g dopamine-HCl (10.5 mmol) 
were dissolved in this aqueous solution, to which then 1.9 mL methac-
rylate anhydride (11.6 mmol, 1.2 eq.) in 10 mL of dry THF was added 
dropwise. The pH of the reaction mixture was kept above 8 with aq. 1 M 
NaOH. The mixture was stirred overnight at room temperature with N2 
bubbling. The reaction mixture was acidified (pH < 2) with conc. HCl and 
washed four times with ethyl acetate. The combined organic phases were 
dried over MgSO4 and the solution concentrated under reduced pressure 
to 10 mL. Precipitation of the product was triggered by the addition of 
100 mL of n-hexane under vigorous stirring. The mixture was kept at 4 ◦C 
overnight, the light brown precipitate filtered off on a fritted-glass filter 
(S4 porosity) and washed with 3 volumes of n-hexane to yield 1.95 g of 
DMA (8.8 mmol, 84 % yield). 1H NMR (Fig. S2, Bruker 400 MHz in 
DMSO-d6): δ (ppm) 8.78–8.57 (d, 2H, C6HH2(OH)2), 7.92 (t, 1H, 
C6H3(OH)2–CH2–CH2(NH)–C(=O)), 6.66–6.55 (m, 2H, C6HH2(OH)2), 
6.43 (dd, 1H, C6H2H(OH)2), 5.62 (s, 1H, C(=O)–C(-CH3)––CHH), 5.30 (s, 
1H, C(=O)–C(-CH3)––CHH), 3.23 (m, 2H, C6H3(OH)2–CH2–CH2(NH)–C 
(=O)), 2.55 (t, 2H, C6H3(OH)2–CH2–CH2(NH)–C(=O)), 1.84 (s, 3H, C 
(=O)–C(-CH3)––CH2) 

2.2.3. Acrylamide-Ahx-WYRGRL collagen II-binding peptide (C2Pep) 
The collagen II binding peptide sequence was based on a study by 

Rothenfluh et al. that identified the WYRGRL hexapeptide as a specific 
collagen II binder [47]. To increase the exposure and flexibility of the 
peptide once incorporated into pCBAA, an aminocaproic acid (Ahx) linker 
was added at the N-terminus. The peptide was synthesized using standard 
Fmoc solid phase chemistry on a Prelude X peptide synthesizer (Protein 
Technologies, Inc., Tucson, USA) at 500 μmol scale on a Rink Amide 
MBHA Resin (HL, 0.69 mmol/g, Gyros Protein Technologies, Uppsala, 
SWE). Each coupling step comprised a 2 × 1 min Fmoc deprotection with 
20 % v/v piperidine in DMF, followed by addition of the amino acid (1 
mmol, 2 eq.), 0.4 M N,N,N′,N′-tetramethyl-O-(1H-benzotriazol-1-yl) 

uronium hexafluorophosphate and 0.4 M N-methylmorpholine in DMF 
twice for 5 min. After each coupling, the resin was washed with DMF 3 x 
30s. After the final Ahx coupling, the resin-bound peptides were sus-
pended in 15 mL of dry DCM. Triethylamine (6 mmol, 12 eq.) and 
acryloyl chloride (4.5 mmol, 9 eq.) were added and the reaction mixture 
stirred on ice overnight. The resin was filtered off and washed 3 times 
with MeCN and the peptides cleaved off in 4 % v/v TIPS and 4 % dH2O in 
trifluoroacetic acid for 1 h under shaking. The peptides were precipitated 
with 250 mL chilled ether, placed on ice for 20 min, centrifuged (4000×g, 
10 min, 4 ◦C), the ether decanted and the pellet air-dried overnight. The 
pellet was resuspended in 40 mL of 10 % v/v MeCN in dH2O, the resin 
filtered off, the peptide purified with preparative HPLC (Agilent Prep, 
100 Å C18, 50 × 250 mm, 10 μm, Agilent Technologies, Santa Clara, USA) 
and the combined product fractions lyophilized to isolate the pure 
Acrylamide-Ahx-WYRGRL peptide as a fluffy white solid (294 mg, 290 
μmol, 58 % yield). LC-MS (Fig. S3, ESI, +, m/z): found: 1016.8 theoretical: 
1015.6. 

2.2.4. Dexamethasone-mono-2-(methacryloyloxy)ethyl succinate (DEX- 
MAES) 

500 mg of Dexamethasone (1.28 mmol, ABCR, Karlsruhe, GER), 590 
mg of mono-2-(methacryloyloxy)ethyl succinate (490 μL, 2.56 mmol, 
2.0 eq.), 62 mg of 4-dimethylaminopyridine (0.51 mmol, 0.4 eq.) and 
1.3 g of N,N′-dicyclohexylcarbodiimide (6.40 mmol, 5 eq.) were dis-
solved in 20 mL of DMF and stirred at room temperature overnight. The 
white suspension was concentrated under reduced pressure and purified 
with flash column chromatography (SiO2, ethyl acetate/hexane 1:1 to 
4:1) to isolate the product as a colorless oil (800 mg, 1.03 mmol, 81 % 
yield). 1H NMR (Fig. S4, Bruker 400 MHz in MeOD): δ (ppm) Meth-
acrylic protons: 6.12 (s, 1H, C(=O)–C(-CH3)––CHH), 5.58 (s, 1H, C 
(=O)–C(-CH3)––CHH), 1.93 (s, 3H, C(=O)–C(-CH3)––CH2); DEX A-ring 
protons: 7.21 (d, 1H), 6.31 (dd, 1H), 6.08 (d, 1H); Linking protons: 
4.89–5.06 (dd, 2H, DEX-CH2-O-C(=O)–CH2–CH2-MAES), 2.63–2.82 (m, 
4H, DEX–CH2–O-C(=O)–CH2–CH2-MAES). (LC-MS (ESI, +, m/z): found: 
605 theoretical: 605.27. 

2.2.5. 6-Methacrylamidohexanoic acid 
6-methacrylamidohexanoic acid was adapted from a previously re-

ported protocol [50]. 3.9 g of 6-aminocaproic acid (30 mmol) was dis-
solved in 3 mL of dH2O to which 1.2 g of NaOH dissolved in 3 mL of 
dH2O (30 mmol, 1 eq.) were added. After cooling to 0 ◦C, 2.9 mL of neat 
methacryloyl chloride (3.1 g, 30 mmol, 1 eq.) and a solution of 1.2 g of 
NaOH in 6 mL of dH2O (30 mmol, 1 eq.) were added dropwise simul-
taneously over 30 min. After stirring at room temperature for 1 h, the 
solution was acidified with concentrated HCl to pH 2. The raw product 
oil was extracted with dichloromethane, dried over MgSO4, and 
recrystallized from ethyl acetate, to yield the product as a white crys-
talline solid (3.5 g, 18 mmol, 60 % yield). 1H NMR (Fig. S5, Bruker 400 
MHz in DMSO-d6): δ (ppm) 12.00 (s, 1H, (CH2)5–COOH), 7.88 (s, 1H, 
HN–C(=O)–C(-CH3)––CH2), 5.62 (s, 1H, C(=O)–C(-CH3)––CHH), 5.29 
(s, 1H, C(=O)–C(-CH3)––CHH), 3.09 (q, 2H, NH–CH2-(CH2)4–COOH), 
2.20 (t, 2H, NH–(CH2)4–CH2–COOH), 1.85 (s, 3H, C(=O)–C(-CH3)–– 
CH2), 1.21–1.56 (m, 6H, NH–CH2-(CH2)3–CH2–COOH. 

2.2.6. Dexamethasone-6-methacrylamidohexanoic acid (DEX-MAHAc) 
160 mg of Dexamethasone (0.41 mmol, ABCR Karlsruhe, GER), 100 

mg of 6-methacrylamidohexanoic acid (0.5 mmol, 1.2 eq.), 12 mg of 4- 
dimethylaminopyridine (0.10 mmol, 0.25 eq.) and 160 mg of N,N′- 
dicyclohexylcarbodiimide (0.78 mmol, 1.9 eq.) were dissolved in 2 mL 
of DMF and stirred at room temperature overnight. The white suspen-
sion was concentrated under reduced pressure and purified with flash 
column chromatography (SiO2, ethyl acetate/hexane 2:1 to pure ethyl 
acetate) to isolate the product as a colorless oil (178 mg, 0.31 mmol, 76 
% yield). 1H NMR (Fig. S6, Bruker 400 MHz in MeOD): δ (ppm) Meth-
acrylic protons: 5.67 (s, 1H, C(=O)–C(-CH3)––CHH), 5.31 (s, 1H, C 
(=O)–C(-CH3)––CHH), 1.93 (s, 3H, C(=O)–C(-CH3)––CH2); DEX A-ring 
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protons: 7.23 (d, 1H), 6.33 (dd, 1H), 6.11 (d, 1H); Linking protons: 
4.82–5.04 (dd, 2H, DEX-CH2-O-C(=O)–CH2-MAHAc), 2.31–2.50 (m, 2H, 
DEX–CH2–O-C(=O)–CH2-MAHAc). (LC-MS (ESI, +, m/z): found: 575 
theoretical: 574.31. 

2.3. Polymer preparation and purification 

2.3.1. Free radical polymerization (FRP) 
See below a representative protocol for the synthesis of a fluo-

rescently labelled pCBAA homopolymer via FRP. Other (co)polymers 
were synthesized analogously by changing the main monomer or adding 
comonomers to the reaction feed including 2-methacryloyloxyethyl 
phosphorylcholine (PCMA), N-(2- hydroxypropyl)methacrylamide 
(HPMA) and (3-acrylamidopropyl)trimethylammonium (APTAC). 

820 mg of CBAA (3.6 mmol), 1.17 mg of acryloxyethyl thio-
carbamoyl rhodamine B (1.8 μmol, 0.05 mol%) and 4.5 mg of V-65 (18 
μmol, 0.5 mol%, WAKO Fujifilm, Düsseldorf, GER) were dissolved in 4 
mL of trifluoroethanol. After purging with N2 for 10 min, the solutions 
were stirred under protection from light at 55 ◦C overnight. The con-
version of the polymerization was estimated via 1H NMR by comparing 
the integrals at δ 5.87 ppm and 3.66 ppm. The reaction mixture was 
diluted with dH2O, transferred to seamless cellulose dialysis membranes 
(12.4 kDa MWCO), dialyzed against 0.1 M NaCl (3 × 12h) and dH2O (3 
× 12h) and lyophilized to yield the purified polymer as a pink, fluffy 
solid (605 mg, 74 % yield). 

2.3.2. Reversible addition-fragmentation-transfer polymerization (RAFT) 
See below a representative protocol for the synthesis of a fluo-

rescently labelled pCBAA homopolymer via RAFT polymerization. The 
polymerization of PCMA proceeded analogously, however, using 4- 
cyano-4-[(dodecylsulphanylthiocarbonyl)sulfanyl] pentanoic acid as 
the chain transfer agent. 

144 mg of CBAA (634 μmol), 0.21 mg of acryloxyethyl thio-
carbamoyl rhodamine B (0.32 μmol, 0.05 mol%) and 0.31 mg of V-65 
(1.27 μmol, 0.2 mol%) were dissolved in 700 μL of trifluoroethanol. 
After purging with N2 for 10 min, the solutions were stirred under 
protection from light at 55 ◦C overnight. The conversion of the poly-
merization was estimated via 1H NMR by comparing the integrals at δ 
5.87 ppm and 3.66 ppm. The reaction mixture was diluted with dH2O, 
transferred to regenerated cellulose dialysis membranes (3.4 kDa 
MWCO, Spectrum Laboratories, Auckland, New Zealand), dialyzed 
against 0.1 M NaCl (3 × 12h) and dH2O (3 × 12h) and lyophilized to 
yield the purified polymer as a pink, fluffy solid (112 mg, 78 % yield). 

2.4. Size exclusion chromatography (SEC) 

Polymers were dissolved at 2 mg/mL in a 4:1 v/v mixture of 0.05 M 
Trizma pH 7.4, 0.2 M NaNO3 with acetonitrile. SEC analysis was per-
formed on an Agilent 1260 Infinity II system (Agilent technologies, 
Santa Clara, USA) at a flow rate of 1 mL/min and over two PL-Aquagel- 
OH MIXED-M columns (Agilent technologies, Santa Clara, USA). The 
molecular weight distribution was calculated from the refractive index 
detector by comparison with a series of polyethylene glycol standards 
(Agilent technologies, Santa Clara, USA). 

2.5. Release kinetics 

1 mg/mL polymer solutions were prepared in 1x PBS at pH 5.0, 7.4 
and 9.8 as well as in Fluorobrite DMEM (Thermo Fisher Scientific, 
Waltham, USA) and kept under standard cell culture conditions (37 ◦C, 
5 % CO2, 95 % humidity). DEX release at any given time was quantified 
with HPLC analysis on a Hitachi Chromaster system (Hitachi, Chiyoda, 
JPN) equipped with a Poroshell 120 CS-C18 column (Agilent technolo-
gies, Santa Clara, USA) by integrating the dexamethasone peak(s) in the 
240 nm spectrum. Note that DEX-MAES-containing polymers showed 
two peaks in the chromatograms due to the increased number of linking 

esters compared to DEX-MAHAc, which only had one ester. 

2.6. Acid/base titration 

Solutions of CBAA, pCBAA and pPCMA in dH2O were prepared at a 
matching functional group molarity of 25 mM and titrated with 1 M 
NaOH and 1 M HCl respectively. pH changes were measured with an 
FE20 pH meter (Mettler Toledo, Columbus, USA). pKa values were 
determined with the Henderson-Hasselbalch equation. 

2.7. Electrophoretic mobility 

Electrophoretic mobility and Zeta potential of polymers (10 mg/mL 
in dH2O) was measured on a Zetasizer Nano device (Malvern Pan-
alytical, Malvern, USA). Every sample was measured three times with 
each measurement consisting of an averaged 10 reads. 

2.8. Cartilage explant experiments 

2.8.1. Culture medium 
Bovine cartilage explants were cultured in DMEM + GlutaMAX me-

dium (high glucose, pyruvate, Thermo Fisher Scientific, Waltham, USA) 
supplemented with 1x ITS (Thermo Fisher Scientific, Waltham, USA) 
and 10 μg/mL Gentamycin. 

2.8.2. Bovine cartilage explant harvesting and culture 
Cartilage explants were harvested from bovine elbow joints obtained 

from the local slaughterhouse (Angst AG, Zurich, CH) from freshly 
slaughtered 1-to-2-year-old cows and immediately processed. The 
cartilage was peeled off the medial condyle using a low-profile micro-
tome blade (Sakura Finetek, Umkirch, GER) and washed in sterile 1x 
PBS supplemented with 1x Antibiotic-Antimycotic (Thermo Fisher Sci-
entific, Waltham, USA) for 2 h with several changes of the wash solution. 
Using biopsy punchers (KAI MEDICAL, Seki, JPN), cartilage disks of the 
desired size were prepared and placed with the superficial zone facing 
up in cell culture well plates fitted with silicone (SYLGARD 184, Dow 
Chemical, Midland, USA) fixtures (Fig. 7a). For the next 7 days, they 
were left to recover from the harvesting in culture medium under 
standard cell culture conditions (37 ◦C, 5 % CO2, 95 % humidity) before 
being used for subsequent experiments. The thickness of harvested 
cartilage explant disks ranged between 400 and 800 μm with an average 
of 550 μm. 

2.8.3. Chondroprotection studies 
Explants were first treated with polymers, polymer-drug conjugates, 

or free DEX for 24 h, washed three times with culture medium and then 
cultured for up to 3 weeks in culture medium supplemented with 10 ng/ 
mL human IL-1β (PeproTech, London, United Kingdom). Explants were 
cultured under gentle agitation (60 rpm) on an orbital shaker, and the 
medium was replenished every 2–3 days. Media was collected and 
stored at − 20 ◦C for later biochemical analysis. After 2 and 3 weeks 
respectively, disks were washed with 1x PBS and halved. One half was 
fixed in 4 % formaldehyde and prepared for histology and the other was 
kept in culture to evaluate GAG synthesis rates (only for 3-week 
timepoint). 

2.8.4. Cell viability studies 
Explants were treated with polymers, polymer-drug conjugates, or 

free DEX for 1 or 4 days, washed three times with 1x PBS and incubated 
with Calcein-AM and Hoechst 33342 in Fluorobrite DMEM (all from 
Thermo Fisher Scientific, Waltham, USA) for 30 min, washed three times 
with Fluorobrite DMEM and then kept in Fluorobrite DMEM. The 
articular surface of the explants was imaged on a Leica SP8 confocal 
microscope (Leica Microsystems GmBH, Wetzlar, GER) and viability 
calculated as the fraction of Calcein-AM- to Hoechst-positive cells in two 
regions per disk with an average of 50 cells per analyzed region. 
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2.9. Biochemical analysis 

2.9.1. sGAG quantification in culture medium 
sGAG release into culture medium was quantified with the Blyscan™ 

sGAG assay kit (Biocolor, Carrickfergus, UK) following the instructions 
of the supplier. Media was diluted 1:1 with culture medium prior to 
analysis. 

2.9.2. Nitric oxide quantification in culture medium 
Release of NO into culture medium was quantified using the Griess 

Reagent Kit (Invitrogen, Waltham, USA) following the instructions of 
the supplier. A Synergy H1 plate reader (BioTek, Winooski, USA) was 
used to read the absorbance at 548 nm. 

2.9.3. Metabolic activity assay 
After being treated with different sample solutions, explants were 

washed three times with culture medium and 2.5 % v/v MTS reagent 
(Abcam, Cambridge, UK) in culture medium was added to each well. 
After 40 min, 100 μL of medium was transferred to a separate plate and 
the absorbance at 490 nm read on a Synergy H1 plate reader (BioTek, 
Winooski, USA). Metabolic activity was calculated relative to the 
absorbance of untreated (100 %) and 70 % EtOH treated (0 %) explants. 

2.9.4. GAG synthesis assay 
Cartilage explants were cultured in medium supplemented with 10 

μCi/mL Na35SO4 (Hartmann Analytic, Braunschweig, GER) for 3 h. Ex-
plants were washed thoroughly with three changes of PBS over 2 h under 
gentle agitation (60 rpm) to wash out any unbound Na35SO4 and sub-
sequently dissociated in 200 μL of 4:1 v/v Soluene-350:isopropanol at 
60 ◦C and under vigorous agitation (1000 rpm) for 2 h. Homogenized 
samples were diluted 10-fold in OptiPhase HiSafe 3 liquid scintillation 
cocktail (Perkin Elmer, Waltham, USA) and 35S-incorporation rates 
measured on a 2450 Microbeta2 liquid scintillator (Perkin Elmer, Wal-
tham, USA). GAG synthesis rates were calculated relative to the 

untreated control. 

2.10. Histology 

Fixed samples were dehydrated by submersion in a series of different 
ethanol/water mixtures (20, 40, 60 and 70 % ethanol content, 30 min 
each), followed by automated paraffinization on a Milestone Logos J 
device (Milestone, Sorisole, ITA). After embedding in paraffin blocks, 5 
μm thick longitudinal sections were prepared using a microtome (HM 
325, Microm, Walldorf, GER). The sections were rehydrated with a se-
ries of washes ranging from xylene over ethanol/water mixtures with 
decreasing ethanol content to finally pure water. Sections were then 
incubated with Weigert’s iron hematoxylin for 5 min, washed in dH2O 
(3 × 30s), submerged in 1 % acid alcohol (2s), washed in dH2O (3 ×
30s), stained in 0.02 % fast green (1 min), destained in 1 % acetic acid 
(30s) and stained in 0.1 % safranin O (30 min). After washing in 95 % 
ethanol (3 × 30s), dehydration in 100 % ethanol (2 × 1 min), clearing in 
xylene (2 × 1 min) and air-drying, the sections were coverslipped using 
Eukitt mounting medium and the stained tissues imaged on a Pan-
noramic 250 Flash II slide scanner (3DHistech, Budapest, HUN). For the 
analysis of GAG retention levels, Safranin O staining intensity was 
calculated after color deconvolution using Fiji ImageJ v1.51n. 

2.11. Penetration/retention testing 

Untreated/IL-1β pre-treated cartilage explants were placed in 
custom-made silicone (SYLGARD 184, Dow Chemical, Midland, USA) 
penetration devices (see Fig. 2), superficial zone facing up, and 10 μL of 
polymer solution (10 mg/mL in 1x PBS) were added on top of the disks. 
The devices were wrapped in a damp tissue, put into closed petri dishes, 
and incubated at 37 ◦C for 24 h. After 24 h of penetration, the disks were 
briefly washed with 1x PBS, transferred into 2 mL Eppendorf tubes with 
1.5 mL of 1x PBS and washed in horizontal orientation under gentle 
agitation (60 rpm) until termination of the experiment. At different 

Fig. 2. pCBAA rapidly penetrates full thickness cartilage: A) Custom PDMS fixtures allow for controlled incubation of the top surface of cartilage with polymer 
solutions. B) Fluorescence micrographs of cartilage cross-sections showing full thickness cartilage penetration of pCBAA after 1 h of incubation. Scale bar: 100 μm. C) 
Quantified polymer penetration levels after 1 h, normalized to rhodamine B. Statistical analysis using one-way ANOVA with a Tukey’s multiple comparisons test 
(non-significant (n.s.), ****p < 0.0001). N = 2. D) Net polymer penetration kinetics showing continued pCBAA uptake until 4 h. E) Penetration profile of polymers 
after 24 h showing even distribution of pCBAA throughout the cartilage tissue. 
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timepoints, disks were halved, and their cross-sections imaged on an 
epifluorescence microscope (Axio Observer.Z1, Zeiss, Oberkochen, 
GER). Note that since this is a destructive method, each timepoint was 
recorded on different tissues. Polymer penetration/retention was 
quantified by integrating pixel intensities from the cartilage surface 
down to a depth of 500 μm. To correct for small differences in fluores-
cence intensities of the applied sample solutions, integrated values were 
normalized to the fluorescence intensity reads measured on a Synergy 
H1 plate reader (BioTek, Winooski, USA). 

2.12. Retention testing under shear and compression 

4 and 5 mm cartilage explant disks were incubated with sample so-
lutions as described in the previous section. After 24 h of penetration, 
the disks were glued (Cyanolit 401x, Panacol-Elosol, Steinbach, Ger-
many) onto custom made pins, superficial zone facing up, and mounted 
onto an MCR 301 rheometer (5 mm on the top, 4 mm on the bottom, 
Anton Paar, Graz, Austria). 10 μL of equine synovial fluid was applied to 
lubricate the cartilage surfaces and prevent drying of the disks. The disks 
were first equilibrated at 10 N (=0.8 MPa) for 2 min before the top 
cartilage sample was rotated at a constant speed of 30 rpm for 10 min. 
This procedure was repeated every 24 h, with the samples incubating in 
culture medium at 37 ◦C under gentle agitation (60 rpm) in the mean-
time. At regular intervals, some explants were removed, and polymer 
retention levels calculated as in the previous section. 

2.13. Compression testing 

Bulk compressive moduli of bovine cartilage explants were deter-
mined on a TA.XTplus device (Stable Micro Systems, UK) with a 5 N load 
cell. Explants were compressed up to 20 % strain at a strain rate of 2.5 
%/sec and the bulk compressive modulus calculated from the slope in 
the linear range between 10 and 20 % strain. 

2.14. Calculation of polymer partition coefficients 

4 mm cartilage explants were treated with 100 μL (Vsol) polymer 
solutions for 24 h and the fluorescence intensity of the polymer solutions 
recorded before (Fbefore) and after (Fafter) the 24-h incubation period on a 
Synergy H1 plate reader (BioTek, Winooski, USA). By measuring the 
thickness of the disks with an epifluorescence microscope (Axio 
Observer.Z1, Zeiss, Oberkochen, GER), the explant volume Vexpl was 
calculated, which allowed for calculation of the polymer partition co-
efficients into cartilage tissue with the below formula: 

Pcoeff =

(
Fbefore − Fafter

)
Vsol

FafterVexpl  

3. Results and discussion 

3.1. pCBAA polymers penetrate into cartilage explants 

As for all following experiments, the polymer penetration kinetics 
were assessed using bovine articular cartilage explants. To ensure that 
the fluorescently labelled polymers were only able to enter the tissue 
from the top through the superficial zone, we designed a custom PDMS 
fixture in which cartilage disks could be held in place (Fig. 2a). To 
compare penetration kinetics of our zwitterionic pCBAA and pPCMA 
with conventional materials for drug delivery, this experiment also 
included poly(polyethylene glycol methacrylate) (pPEGMA), pHPMA 
and dextran, all of which are hydrophilic, uncharged polymers. 

After 1 h, pCBAA already showed full thickness cartilage penetration 
with a net uptake that was greatly increased compared to any of the 
other investigated polymers (Fig. 2b/c). The total fluorescence in the 
explant was even on similar levels to the one treated with rhodamine B – 
a small molecule with an almost 200-fold lower molecular weight. While 

rhodamine B reached its equilibrium after 1 h, pCBAA continued to 
penetrate, nearly tripling its net uptake at the 4-h timepoint (Fig. 2d). 
Beyond 4 h, there was no further change in net uptake and at 24 h, 
pCBAA showed an even distribution across the entire cartilage depth 
indicating equilibrium (Fig. 2e). All other polymers were mostly surface 
localized with net uptake levels of 17 % and less with respect to pCBAA, 
indicating very slow and non-equilibrium penetration after 24 h 
(Fig. S7). 

Due to their non-fouling properties, it was expected that the ZI 
polymers would show increased cartilage penetration in this experi-
ment. The vast difference between pCBAA and pPCMA however was 
unexpected. Though pCBAA is generally known to be slightly more 
hydrated [51] and thus more non-fouling than pPCMA [52], these minor 
differences are insufficient to explain their disparate penetration ability. 
Another possible explanation is the difference in molecular weight 
(Mw), as the pPCMA polymers (277 kDa) were around triple the size of 
pCBAA (92 kDa, Table S1). Employing reversible addition fragmentation 
chain transfer (RAFT) polymerization, pPCMA polymers of comparable 
Mw to the pCBAA were synthesized without any substantial improve-
ments in their cartilage penetration (Fig. S8). Similarly, reducing the 
Mw of pCBAA polymers with RAFT polymerization led to no additional 
improvements in penetration speed (Fig. S9). To further understand the 
interaction of pCBAA with cartilage tissue, we measured the partition 
coefficient Pcoeff – i.e. the ratio of intra- and extra-cartilage polymer 
concentrations – for these polymers (Fig. S10). The value for pCBAA at 3 
mg/mL was at around 40, which is in between the values of avidin 
(Pcoeff ~ 30) [53] and chitosan (Pcoeff > 100) [54], two carriers with very 
high affinity to cartilage due to their cationic nature. Electrophoretic 
mobility and zeta potential measurements then showed that pCBAA 
polymers also had a net positive charge, whereas pPCMA was confirmed 
to be neutral (Fig. 3a, Fig. S11). Comparison with pPCMA copoly-
merized with the cationic APTAC monomer indicated that pCBAA 
roughly behaves like pPCMA with 10 mol% of APTAC. This corresponds 
to a charge density of around 0.33 kDa− 1, which puts it right in between 
avidin (0.09 kDa− 1) [53] and chitosan (>0.4 kDa− 1) [54] and is there-
fore in line with the calculated partition coefficient. 

Unlike phosphobetaine polymers whose anionic and cationic moi-
eties are both completely ionized across the entire pH range, the ter-
minal carboxylic acid in carboxybetaines can lead to some net positive 
charge under acidic conditions. Though most of the studies investigating 
the behavior of carboxybetaine polymers across different pH ranges 
indicate absence of charge at neutral pH [55–61], there are also two 
studies reporting a net positive charge [62,63]. Acid/base titration of 
our own polymers and monomers showed that whereas the permanently 
ionized pPCMA has no buffering capacity and the CBAA monomer 
buffers solely around its reported pKa of 3.3 [64], the pCBAA polymer 
has two distinct buffering ranges at pH 4.1 and 9.8 thereby indicating 
incomplete deprotonation at pH 7.4 (Fig. 3b). As the second range only 
appears for the pCBAA polymer but not the CBAA monomer, this can 
only be a consequence of the macromolecular architecture. We hy-
pothesize that as the polymer gets increasingly deprotonated, the 
remaining protons form hydrogen bonds between two adjacent car-
boxylic acids, thereby greatly increasing their pKa (Fig. 3c). 

To our knowledge, this is the first report suggesting such a two-step 
deprotonation mechanism for carboxybetaine polymers. From previous 
studies, we know that small changes in the molecular structure of the 
employed carboxybetaine monomer can lead to substantial differences 
in pH sensitivity [55–58]. Further in-depth characterizations will be 
necessary to determine whether this is a property unique to our specific 
pCBAA structure or whether it also translates to other members of the 
carboxybetaine family. 

3.2. pCBAA polymers retain in healthy and GAG-depleted cartilage 
explants 

In healthy cartilage, pure ionic interactions should anchor any 
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cationic drug carrier in the ECM. In diseased cartilage, collagenases and 
aggrecanases however break down the ECM, which results in a loss of 
anionic GAGs and decreased electrostatic driving force [38]. To simulate 
this condition, we cultured bovine cartilage explants for two weeks in 
the presence of the pro-inflammatory cytokine interleukin-1 beta 
(IL-1β). This led to the depletion of GAGs in the superficial and middle 
zones of the cartilage, which is representative of patients in early-to 
mid-stage OA (Fig. 4a) [65]. To compensate for the decreased electro-
static interactions in GAG-depleted cartilage, we investigated three 
different targeting comonomers: The cationic APTAC, the collagen 
II-binding hexapeptide WYRGRL (C2Pep) [47] and the non-specific 
binder dopamine methacrylamide (DMA) [48], all of which were 
copolymerized with CBAA at 10 mol% (Table S1). 

Analysis after 24 h of penetration indicated some correlations of the 
local polymer distribution with the zonal GAG differences in the GAG- 
depleted samples (Fig. 4a–c). Both pCBAA and pCBAA-co-C2Pep 
showed decreased concentration in the superficial and middle zones 
where the Safranin O staining indicated absence of GAGs. Conversely, in 
the healthy samples, both polymers were evenly distributed throughout 
the whole cartilage tissue. This finding indicates that for pCBAA-co- 
C2Pep, the electrostatic interactions are still the dominant targeting 
mechanism, even in GAG-depleted cartilage. Interestingly, these zonal 
differences cannot be observed for the pCBAA-co-APTAC polymer which 
showed an even distribution across all zones. This indicates that the 
additional cationic charges on the polymer were able to compensate for 
the decreased anionic charges in the tissue, thereby restoring the orig-
inal levels of polymer-tissue affinity. It is important to note that even 
without these additional cationic charges, the uptake of pCBAA in the 
GAG-depleted zones still reached 75 % of the uptake in the GAG-rich 
deeper zones, despite the Safranin O staining indicating near binary 
differences in GAG-concentrations between these two regions. This 
suggests a very strong multivalent binding mechanism sensitive to even 
the smallest amounts of GAGs [66]. For pCBAA-co-DMA we observed 
preferred surface localization for both the healthy and GAG-depleted 
samples. This was generally expected as the DMA comonomer forms 
strong non-specific hydrogen bonds with proteins and thus gets immo-
bilized rather quickly when entering a tissue [67]. 

Despite differences in local polymer distributions between the 
different tissue states, this did not cause any significant differences in 
overall net polymer uptake for any of the polymers (Fig. S12). Regarding 
the different targeting moieties, pCBAA-co-APTAC showed a small but 
statistically nonsignificant increase in net uptake compared to all other 
polymers, which further supports electrostatic interactions as the most 
effective targeting mechanism. 

To evaluate polymer retention, the cartilage explants were sub-
merged in PBS and incubated on an orbital shaker for washing. While 
the majority of the poorly penetrating pPCMA polymer was released 
from the cartilage tissue within the first 24 h, a slow but steady release 

was observed for all pCBAA conditions in this two-week experiment 
(Fig. S13). After two weeks, pCBAA, pCBAA-co-APTAC and pCBAA-co- 
C2Pep all still showed >50 % polymer retention, independent of the 
tissue state, whereas pCBAA-co-DMA retention dropped to 38 % for both 
tissue states. As the pCBAA-co-DMA is mostly surface localized, it makes 
sense that this polymer might be more susceptible to being washed 
away. We observed across all conditions that the polymer concentration 
at the cartilage surface dropped more quickly during washing than in the 
deeper zones (Fig. S14). It is difficult to estimate how these retention 
kinetics would translate to a clinical setting but based on preliminary 
data indicating equivalent retention kinetics under compression and 
shear (Fig. S15), the release should not be dramatically accelerated. 

As none of the additional targeting moieties led to any significant 
improvements in polymer retention even in GAG-depleted tissue, we 
decided to use unmodified pCBAA as the basis to synthesize the polymer- 
drug conjugates. 

3.3. pCBAA-co-DEX conjugates show slow-release kinetics 

To incorporate DEX into our polymers, two new comonomers were 
synthesized, both linking the terminal carboxylic acid of a polymer-
izable monomer to the 21-hydroxyl group of DEX via Steglich esterifi-
cation. Whereas DEX-MAES contained three esters between DEX and the 
methacrylate group, DEX-MAHAc only contained one ester (Fig. 5a). 
Both monomers were copolymerized into pCBAA polymers at >90 % 
conversion with the effective degrees of substitution (4.0 mol% and 5.0 
mol%, Table S1) close to the feed ratio (5 mol%), indicating good 
compatibility of the two monomers with CBAA. 

The release kinetics were determined using HPLC in DMEM culture 
medium at pH 7.4 and in PBS at three different pHs: 5.0, 7.4 and 9.8 
(Fig. 5b). In PBS, we observed that DEX release was generally faster at 
increased pH, which is in line with previous studies [68,69]. Moreover, 
release from the pCBAA-co-DEX-MAES containing three esters was 
significantly faster than from pCBAA-co-DEX-MAHAc. In addition to the 
increased probability of cleavage with three esters compared to just one, 
the higher number of esters also increases the hydrophilicity of the 
linker as a whole and thus accelerates hydrolysis [69]. At pH 7.4 – which 
is in range of synovial fluid pH at 7.3–7.8 [70,71] – both conjugates 
showed slow zero-order release kinetics with a t1/2 of 16.2 and 39.7 days 
for pCBAA-co-DEX-MAES and pCBAA-co-DEX-MAHAc respectively. 
Using DMEM instead of PBS, the t1/2 however significantly decreased to 
1.4 and 4.2 days, with the release now following first-order kinetics. By 
screening through different media components, these differences were 
attributed to the presence of sodium bicarbonate in DMEM (Fig. S16). 
Though it is known that carbonyl compounds can act as a catalyst for 
ester hydrolysis [72], further studies are necessary to prove this mech-
anism for our specific observation. As pPCMA and pCBAA conjugates 
behaved analogously with respect to the different media components 

Fig. 3. pCBAA is partially protonated at physiological pH: A) Comparison of electrophoretic mobility shows that pCBAA is positively charged and behaves 
similarly to a pPCMA copolymer with 10 mol% cationic APTAC. B) Acid/base titration reveals two distinct regions of buffering for the pCBAA polymer whereas the 
CBAA monomer only displays buffering capacity in the acidic range. C) Proposed molecular mechanism to explain the observations in B). 
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(Fig. S16), the terminal carboxylic acids in pCBAA do not seem involved 
in this mechanism, implying that this effect might be more broadly 
applicable and could also affect hydrolytic drug release from other 
materials. This challenges the use of PBS as the current standard solution 
to determine hydrolytic drug release [26,32,34,39,73], as the pH in 
blood is also stabilized through carbonate buffers [74], and the deter-
mined kinetics in PBS might therefore not at all translate to subsequently 
performed in vivo experiments. Beyond passive hydrolytic release in 
different buffers, we also found that the addition of an esterase 
dose-dependently accelerates the release of DEX (Fig. S17), showing 
how our conjugates can also become a substrate for active enzymatic 
cleavage. Though the synovial fluid is known to also contain esterases 
[75], the concentrations are generally rather low so we expect the 

physiological release kinetics to be mainly driven by passive 
carbonate-catalyzed hydrolysis. 

Despite our release kinetics in DMEM being substantially faster than 
in PBS, the pCBAA-co-DEX-MAHAc conjugate still shows DEX release up 
until day 20, underlining its slow-release properties. Comparable ester- 
based systems like avidin-DEX by Bajpayee et al. and WYRGRL-DEX by 
Formica et al. showed complete hydrolytic release already at days 4 and 
6 respectively with these numbers notably being determined in PBS and 
not DMEM [32,39]. 

3.4. DEX conjugation protects chondrocytes from oxidative stress 

To evaluate the biocompatibility of our conjugates, we performed a 

Fig. 4. pCBAA polymers penetrate and retain equally in healthy and GAG-depleted cartilage: A) Total polymer uptake after 24 h is unaffected by the depletion 
of GAGs in the superficial and middle zones, as seen in the Safranin O staining. Scale bar: 100 μm. B) Penetration profiles showing a more even polymer distribution 
in healthy compared to GAG-depleted cartilage. Introduction of the APTAC targeting moiety leads to deeper, more even penetration in GAG-depleted cartilage 
compared to pCBAA and pCBAA-co-C2Pep. pCBAA-co-DMA and pPCMA are equally surface-localized in both tissue states. C) Unmodified pCBAA reaches similar 
>50 % cartilage retention after two weeks of washing as pCBAA-co-APTAC and pCBAA-co-C2Pep. No difference between tissue states is indicated. Statistical analysis 
using one-way ANOVA with a Tukey’s multiple comparisons test (*p < 0.05, ****p < 0.0001). N = 2. 
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series of different assays on bovine cartilage explants including the un-
modified pCBAA polymer and free DEX as controls. DEX concentrations 
were matched between the free DEX and conjugate conditions and 
reached up to 2 mM, which is roughly the intraarticular concentration in 
patients directly after receiving an injection with the current clinical 
dosing [13]. After 1 and 4 days of culture, there were no noticeable 
changes in cell viability at the cartilage surface for any of the conditions, 
indicating good biocompatibility (Fig. 6a/b). As DEX has been associ-
ated with increased ROS production [17,20], generally reduced prolif-
eration [76] and increased senescence [77] in chondrocytes, we also 
investigated the release of nitric oxide (NO) and metabolic activity. After 
both 1 h and 4 days of stimulation, 2 mM DEX triggered an increase in 
both NO release and metabolic activity compared to the untreated 
control (Fig. 6c/d). For the dose-matched polymer-drug conjugates, 
neither of these changes were observed after 1 h, which shows how 
conjugation can reduce drug bioavailability and cellular stress 
compared to free DEX. After 4 days of stimulation, the highest dose of 
either conjugate, however, triggered a decrease in metabolic activity by 
90 % and 97 % (Fig. 6d). The disparate response after 1 h and 4 days can 
most certainly be attributed to the relatively fast release kinetics in 
culture medium, which after 4 days accounts for roughly 80 % and 50 % 
of initial drug loading for pCBAA-co-DEX-MAES and 
pCBAA-co-DEX-MAHAc respectively. Due to the high levels of cartilage 
uptake for these conjugates, the intra-tissue concentration of free DEX 
most probably even exceeded 2 mM at the 4-day timepoint. It remains 
unclear why these explants showed such a different response compared 
to the 2 mM free DEX condition. As there was also a small but statisti-
cally nonsignificant decrease in metabolic activity at day 4 for the 
highest concentration of pCBAA alone (Fig. 6d), we hypothesize that the 
observed effects might be a combination of the high intra-tissue con-
centrations of both DEX and pCBAA. It is known that at high concen-
trations, polycationic polymers can destabilize the cellular membrane 

[78], which has been associated with findings of decreased metabolic 
activity [79] and even cell death in cartilage [35]. Finally, we also 
investigated whether the treatment with pCBAA polymers affected the 
bulk mechanical properties of the cartilage explants and found no 
noticeable differences in compressive moduli (Fig. S18). 

3.5. pCBAA-co-DEX conjugates protect cartilage from inflammation 

To investigate the ability of our polymer-drug conjugates to protect 
cartilage from inflammation, we stimulated polymer-treated cartilage 
explants with the pro-inflammatory cytokine IL-1β (Fig. 7a). To mimic 
the orientation and inflammatory exposure of a biological joint, the 
cartilage explants were held by a PDMS fixture at the bottom of the well- 
plate with the superficial zone facing upwards. Explants were first 
treated with the different polymers/free DEX for 24 h before being 
exposed to IL-1β for 3 weeks. The conjugates were applied at 0.1 mg/mL 
with an effective DEX concentration of 20 μM. This dose was chosen 
based on its good biocompatibility, with the goal of reducing the amount 
of required polymer carrier as much as possible while maintaining good 
solubility, and for the fact that it would – based on the cartilage partition 
coefficients and the determined release kinetics for pCBAA-co-DEX- 
MAHAc – sustain media concentrations of DEX above 100 nM for the 
entire duration of the experiment. 

We analyzed the levels of GAG-depletion at weeks 2 and 3 with 
histology and found that the only conditions showing statistically sig-
nificant protective effects compared to the IL-1β control were the two 
conjugates pCBAA-co-DEX-MAES (at week 3) and pCBAA-co-DEX- 
MAHAc (at weeks 2 & 3, Fig. 7b/c, Fig. S19). In accordance with the 
expected release kinetics over this period, the slow-release pCBAA-co- 
DEX-MAHAc conjugate allowed for increased GAG protection compared 
to the fast-release pCBAA-co-DEX-MAES, albeit without statistical sig-
nificance. Contrary to our expectation, not only free DEX but also 

Fig. 5. Sustained drug release from pCBAA-co-DEX polymers: A) Chemical structures of the two DEX comonomers used in this study. The increased number of 
esters in the linker of DEX-MAES leads to faster hydrolytic release compared to DEX-MAHAc. B) pCBAA-co-DEX polymers show pH dependent, zero-order release 
kinetics in PBS. Dissolution in DMEM accelerates DEX release due to catalytic carbonates in the medium (Fig. S16). 
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pCBAA alone offered some level of protection from inflammation. This 
effect is currently under investigation in a separate study, but it seems 
that the increased therapeutic efficacy of the conjugates compared to 
free DEX might be due not only to the sustained release kinetics but also 
to the chemical and physical properties of the pCBAA material itself. 

To better understand the differences seen in histology, we investi-
gated NO and soluble GAG (sGAG) release into the media as well as GAG 
synthesis rates. For both NO and sGAG assays, the IL-1β control showed 
the strongest response (vs. untreated) on day 2 with NO and sGAG 
concentrations then continuously decreasing over time (Fig. S20). At 
day 2, all treatments equally decreased the NO and sGAG concentrations 
compared to the IL-1β control by around 70 % and 60 % respectively. 
Beyond day 2, however, we no longer observed any significant treat-
ment effects. Regarding GAG synthesis, we found that at week 3, the 
conjugate-treated explants displayed significantly increased synthesis 
rates compared to the IL-1β control. Whereas the conjugate-treated ex-
plants retained 37 % of untreated synthesis levels, the IL-1β control 
retained almost no ability to synthesize GAGs (3 %, Fig. 7d). For the free 
DEX and pCBAA conditions, GAG synthesis rates were also increased 
compared to the IL-1β control, although at lower levels compared to the 

conjugates. Taken together, these findings indicate that the superiority 
of the polymer-drug conjugates in the histology compared to the other 
treatments is a consequence of improved protection of the anabolic 
pathways, while the catabolic pathways are downregulated equally 
across all tested treatments. 

4. Conclusion 

We have synthesized a modular polymeric drug delivery system 
based on pCBAA with excellent cartilage penetration and retention ki-
netics both in healthy and GAG-depleted tissue. Through titration 
studies, we discovered that pCBAA carries some net positive charge at 
physiological pH, which attracts these polymers to the negatively 
charged cartilage ECM and enables tissue retention over more than 2 
weeks. By incorporating DEX-coupled comonomers, we created 
polymer-drug conjugates with sustained release kinetics which after 
application to cartilage explants decreased the production of NO 
compared to dose-matched free DEX, indicating the reduced bioavail-
ability upon conjugation. Finally, a single dose of conjugates protected 
cartilage explants from inflammation by decreasing the release of GAGs 

Fig. 6. Polymer conjugation protects chondrocytes from oxidative stress of free DEX: A) Fluorescence micrographs indicating preserved cell viability in 
cartilage explants after 24h of incubation with polymer-drug conjugates/pCBAA/free DEX. Scale bar: 100 μm. B) Quantified cell viability at days 1 and 4. C/D) 
Stimulation of explants with a clinical dose of free DEX for 1 h or 4 days increases the release of nitric oxides to the medium (C) and general metabolic activity (D). 
Dose-matched polymer-drug conjugates show no increased NO release but decreased metabolic activity at the highest dose. Statistical analysis using one-way ANOVA 
with a Tukey’s multiple comparisons test. Significance is indicated with respect to the untreated control. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). N 
= 3. 
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and production of NO in the acute phase and preserving GAG synthesis 
rates in the long term. 

Ultimately, in vitro experiments are conducted in a strongly 
controlled environment which can only reproduce a small part of this 
highly complex disease. Therefore, the full therapeutic potential of our 
polymer-drug conjugates can only be assessed once they have been 
tested in an animal model of OA. Nevertheless, we are convinced that 
the use of more specific and controllable drug delivery vehicles is the 
key to achieving better clinical outcomes when treating joint disease, 
and we hope that our modular pCBAA conjugates can make a substantial 
contribution in the future. 
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Fig. 7. Polymer-drug conjugates protect cartilage from IL-1β-induced inflammation: A) Fixation of bovine cartilage explants in PDMS molds in a well plate 
ensures physiological one-sided exposure of tissue to polymers and IL-1β during the 3-week experiment. B) Safranin O staining of cartilage explants showing 
chondroprotective effects of free DEX and pCBAA which are further improved when combined in pCBAA-co-DEX conjugates. Scale bar: 100 μm C) Quantified 
Safranin O staining intensity. D) GAG synthesis rates after 3 weeks measured by integration of radioactive 35S. Statistical analysis using one-way ANOVA with a 
Tukey’s multiple comparisons test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). N = 6. 
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