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A B S T R A C T   

Osteoarthritis is a chronic degenerative joint disease affecting millions of people worldwide, with no disease- 
modifying drugs currently available to treat the disease. Tissue inhibitor of metalloproteinases 3 (TIMP-3) is a 
potential therapeutic target in osteoarthritis because of its ability to inhibit the catabolic metalloproteinases that 
drive joint damage by degrading the cartilage extracellular matrix. We previously found that suramin inhibits 
cartilage degradation through its ability to block endocytosis and intracellular degradation of TIMP-3 by low- 
density lipoprotein receptor-related protein 1 (LRP1), and analysis of commercially available suramin ana-
logues indicated the importance of the 1,3,5-trisulfonic acid substitutions on the terminal naphthalene rings for 
this activity. Here we describe synthesis and structure–activity relationship analysis of additional suramin an-
alogues using ex vivo models of TIMP-3 trafficking and cartilage degradation. This showed that 1,3,6-trisulfonic 
acid substitution of the terminal naphthalene rings was also effective, and that the protective activity of suramin 
analogues depended on the presence of a rigid phenyl-containing central region, with para/para substitution of 
these phenyl rings being most favourable. Truncated analogues lost protective activity. The physicochemical 
characteristics of suramin and its analogues indicate that approaches such as intra-articular injection would be 
required to develop them for therapeutic use.   

1. Introduction 

Osteoarthritis is a chronic degenerative joint disease that affects 
millions of people worldwide 1,2 and has significant socioeconomic 
impacts on individuals suffering from the disease, as well as broader 
society. People with osteoarthritis experience joint pain (most 
commonly in the knee, hip and hand joints), with progressively reduced 
mobility and quality of life. The disease is caused by alterations in the 
mechanical environment of the joint, initiated by factors such as ageing 

or sporting injuries. There are no disease-modifying drugs available that 
can cure osteoarthritis or halt its progress, and current treatment is 
limited to pharmacological management of symptoms (e. g. with anal-
gesia or steroids) for early-stage disease and surgical joint replacement 
for late-stage disease. There is thus considerable interest in developing 
therapies that can stop disease progression and/or promote healing of 
the joint. 

One approach to treating osteoarthritis is to target enzymes that 
degrade the cartilage extracellular matrix. Osteoarthritis is 
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characterised by increased activity of collagen-degrading matrix met-
alloproteinases (MMPs) such as MMP-133, and related aggrecan- 
degrading adamalysins with disintegrin and thrombospondin domains 
(ADAMTSs) such as ADAMTS-54,5. Degradation of the cartilage extra-
cellular matrix by these enzymes impairs the structural integrity of the 
tissue, leading to progressive joint damage and pain. Metalloproteinase 
inhibitors have the potential to block cartilage breakdown and promote 
repair, but attempts to develop such inhibitors are complicated by high 
homology between metalloproteinase catalytic domains and homeo-
static functions of these enzymes in processes such as wound healing and 
angiogenesis. 

An alternative approach is to augment levels of endogenous metal-
loproteinase inhibitors in cartilage. Tissue inhibitor of metal-
loproteinases 3 (TIMP-3) is the only one of the 4 human TIMPs that 
effectively inhibits both MMPs and ADAMTSs, and TIMP-3 has been 
shown to block cartilage degradation in vitro6 and in vivo7,8. Levels of 
TIMP-3 are reduced at the protein level in osteoarthritic cartilage9, 
although its mRNA levels are not altered9,10. We found that TIMP-3 
levels are primarily regulated post-translationally, by endocytosis and 
lysosomal degradation in chondrocytes via an endocytic scavenger re-
ceptor, the low-density lipoprotein receptor-related protein 1 
(LRP1)11,12. TIMP-3 can also bind to heparan sulfate proteoglycans 
(HSPGs) in the extracellular matrix13,14, and this interaction blocks 
LRP1-mediated uptake and intracellular degradation15 (Fig. 1). Sulfated 
compounds like heparin11, heparan sulfate15 and calcium pentosan 
polysulfate12 can also bind to TIMP-3 and block its interaction with 
LRP1, thereby increasing extracellular levels of TIMP-3 in cartilage and 
inhibiting breakdown of the cartilage extracellular matrix. 

We showed16 that TIMP-3 endocytosis by LRP1 can also be inhibited 
by suramin (C51H40N6O23S6), a polysulfonated compound used to treat 
African sleeping sickness caused by Trypanosome brucei17. Suramin 
increased levels of TIMP-3 in cartilage and protected against joint 
damage in a murine model of osteoarthritis18. However, therapeutic use 
of suramin is limited by its systemic toxicity, poor bioavailability and its 
physicochemical properties. We thus sought to investigate the struc-
ture–activity relationship of suramin and its analogues with the view to 
developing a viable drug candidate to block the endocytosis of TIMP-3 

by LRP1. 
Previous crystallography, NMR and site-directed mutagenesis studies 

have shown that multiple LRP1 ligands share a common binding motif, 
comprised of a pair of basic amino acid residues situated ~ 21 Å apart on 
the protein surface19− 22. These basic residues interact with acidic 
pockets on cysteine-rich complement-type repeats of LRP120. Using site- 
directed mutagenesis, we confirmed that TIMP-3 shares this common 
binding mechanism and interacts with LRP1 via pairs of basic residues23. 
Suramin is a C-2 symmetrical compound, substituted with six sulfonic 
acid groups on the terminal naphthalene rings. We postulated that these 
highly acidic regions are able to mimic the acidic pockets of LRP1 and 
drive suramin binding to TIMP-3, and predicted that suramin analogues 
containing similar clusters of acidic groups separated by ~ 21 Å would 
similarly bind to TIMP-3 and block its interaction with LRP1. Using 7 
commercially available analogues of suramin, we were able to begin 
probing the suramin/TIMP-3/LRP1 structure–activity relationship 
(Fig. 2). This showed that analogues shorter than suramin (e. g. NF023 
and NF340) or with fewer sulfonic acid groups (e. g. NF110) had lower 
affinity for TIMP-3 and were less effective at blocking its LRP1-mediated 
endocytosis and protecting cartilage16. NF279 exhibited enhanced af-
finity for TIMP-3, indicating that the suramin scaffold could be 
improved upon to achieve enhanced biological activity. We thus sought 
to synthesise novel analogues of suramin to probe the structure–activity 
relationship further, and to develop analogues with improved ability to 
protect cartilage against osteoarthritic breakdown. 

2. Results and discussion 

2.1. Evaluation of 8-aminonapthalene-1,3,6-trisulfonic acid (NF031) 

Suramin and NF279 both have 1,3,5-trisulfonic acid substitutions on 
their terminal naphthalene rings, but suramin has meta/meta substitu-
tion of its phenyl rings, while NF279 has para/para substitution in this 
region. This suggests that an extended para/para-substitution of the 
phenyl rings may favour interaction with TIMP-3. To test this hypoth-
esis, we sought to vary the regiochemistry of the phenyl rings. However, 
the 8-aminonaphthalene 1,3,5-trisulfonic acid building block for both 

Fig. 1. Suramin increases extracellular levels of 
TIMP-3 by blocking its endocytosis and lysosomal 
degradation via LRP1. Sulfated glycosaminoglycans 
(e. g. heparin, heparan sulfate)11,15 and poly-
sulfonated molecules (e. g. suramin)16 bind to an 
extended basic region on TIMP-3 and so block its 
interaction with the LRP1 scavenger receptor. By 
inhibiting TIMP-3 endocytosis and intracellular 
degradation, suramin thus increases levels of TIMP-3 
in the extracellular environment, and protects carti-
lage against degradation by TIMP-3-target enzymes 
such as MMP-13 and ADAMTS-5.   
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suramin and NF279 is costly, so we considered a cheaper trisulfonic 
naphthalene analogues to conduct a structure–activity relationship 
study. 8-Aminonaphthalene-1,3,6-trisulfonic acid is considerably 
cheaper, so we used this to synthesise NF031 (Fig. 3 and Scheme 1), 
which has the para/para-substituted linker found in NF279. NF031 has 
been synthesised previously24, but to our knowledge is not commercially 
available. We first compared NF031 to suramin to evaluate the effect of 
altering the sulfonic acid arrangement. 

As we have previously shown11, levels of TIMP-3 in the conditioned 
medium of HTB94 chondrosarcoma cells were significantly increased by 
addition of receptor-associated protein (RAP), an antagonist of ligand 
binding to the LRP family of endocytic receptors (Fig. 4A). TIMP-3 levels 
in the media were also significantly increased when cells were treated 

with 100 μg/mL of suramin or NF031 (Fig. 4A). This indicated that the 
8-aminonapthalene-1,3,6-napthalene trisulfonic acid regiochemistry of 
NF031 was as effective at blocking TIMP-3 endocytosis by LRP1 as the 8- 
aminonaphthalene 1,3,5-trisulfonic acid arrangement of suramin and 
NF279. 

Shorter precursors of NF031 (compounds 1–4) were ineffective at 
blocking TIMP-3 endocytosis (Fig. 4B-C), supporting our previous 
conclusion16 that two clusters of trisulfonic acid groups were required 
for binding to an extended basic region of TIMP-3. 

2.2. Analysis of phenyl ring regiochemistry structure–activity relationship 

Having confirmed that the 8-aminonaphthalene-1,3,6-trisulfonic 

Fig. 2. Structures of suramin and its commercially-available analogues, with KD values for binding to TIMP-3 determined by ELISA16.  

Fig. 3. (A) Structure of NF031. (B) Regiochemistry of sulfonic acid rings in suramin, NF279 and NF031.  
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acid arrangement retained activity, we sought to assess regiochemical 
isomers of NF031 which retained at least 21 Å between the distal 
naphthalene rings, to ensure that the acidic regions still mimicked the 
cysteine-rich complement-type repeats of LRP120. We assessed potential 
structural isomers of NF031 in silico (Fig. 5) and found, unsurprisingly, 
the candidates showing the closest resemblance to NF031 were those 
containing different regiochemistries of the phenyl rings within the 
linker e. g. meta/meta (5), meta/para (6), and para/meta (7) compounds. 

The synthesis of suramin and its analogues is well documented25− 27 

and typically follows an “outside in” approach28 (Scheme 1). Before 
adopting this, we tried a strategy that would permit easy functionali-
sation of our compounds at the latter stages of our synthesis and permit a 
more convergent route suitable for analysis of the structure–activity 
relationship. Unfortunately, our initial attempts to synthesise NF031 
analogues starting from the formation of the urea via an “inside-out 
approach” were unsuccessful due to poor solubility of the products. We 
thus followed an “outside in” synthesis to generate NF031 and its ana-
logues 5–7, which loosely followed the synthesis previously reported by 
Kassack et al.25. Initial acylation of 8-amino-naphthalene-1,3,6-trisul-
fonic acid with 3- or 4-nitro-benzoyl chloride installed the amide 
group using Schotten-Baumann conditions to give the nitro compounds 
1 and 8 in high yields25. Hydrogenation of the nitro group afforded 
compounds 2 and 9. Then, a second acylation with 3- or 4-nitro-benozyl 
chloride introduced the second substituted phenyl rings yielding com-
pounds 3 and 10–12, which after hydrogenation over Pd/C gave the 
amino compounds 4 and 13–15. Urea formation was completed using a 
triphosgene-mediated reaction to give the desired final compounds 

NF031 and 5–7 (Scheme 1) in yields of 31–45 %. 
All acylation reactions were easily performed by maintaining a pH of 

6–7 throughout the reaction, and compound structures were confirmed 
by their respective para/meta splitting patterns in the appropriate 1H 
NMR spectra. All hydrogenations proceeded smoothly, with products 
recovered as brown solids after filtering over celite. Confirmation of 
successful conversion to the amino group was provided by the expected 
upfield shift in the aromatic protons to a chemical shift in the region of 
6.8 ppm due to mesomeric donation of electrons onto the ortho posi-
tions. Interpretation of data for the additional acylation and hydroge-
nation steps was undertaken in a similar manner to confirm the desired 
synthetic transformation, and in most cases, spectra were superimposed 
for extra validation. Because of the molecules’ C2-symmetry, urea for-
mation was again confirmed by overlaying the 1H NMR spectra with the 
precursor amino derivative from the previous step. Additional confir-
mation of the structures was provided by accurate mass data or 
elemental analysis. 

After establishing that compounds 5–7 were not toxic to HTB94 cells 
(Fig. 6A), we analysed their ability to inhibit TIMP-3 endocytosis via 
LRP1. HTB94 cells were treated for 36 h with 100 μg/mL of the ana-
logues, and TIMP-3 levels in the conditioned media quantified by 
immunoblotting. To increase throughput, immunoblotting was per-
formed using a slot blotting apparatus, which allowed for analysis of 24 
samples per blot, and which we confirmed gave equivalent quantifica-
tion to western blotting (Supplementary Figure 1). Samples from cells 
treated with 100 μg/mL suramin were included on each slot blot to 
enable relative quantification between blots. NF031 was 30% more 

Scheme 1. Synthesis of NF031 and 5–7. (a) NaHCO3 (1 M), 3- or 4-nitro-benzoyl chloride (BCl) (99% for 1, 96% for 8); (b) H2, Pd/C 5 mol%, H2O (95% for 2, 62% 
for 9); (c) NaHCO3 (1 M), 3- or 4-nitro-benzoyl chloride (82% for 3, 69% for 10, 65% for 11, 87% for 12); (d) H2, Pd/C 5 mol%, H2O (100% for 4, 76% for 13, 97% 
for 14, 94% for 15); (e) Triphosgene, NaHCO3 (1 M), pH 6–7, H2O (45% for NF031, 44% for 5, 39% for 6, 31% for 7). 
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effective than suramin at this concentration, while 5–7 were all signif-
icantly less effective (~50%) than suramin (Fig. 6B). We then carried 
out dose-dependency experiments to compare the efficacy of the ana-
logues in more detail (Fig. 6C). Suramin, NF279 and NF031 had similar 
dose-dependency (EC50 values of ~ 20 μg/mL = 15 μM), with NF031 
again supporting accumulation of around 30% more TIMP-3 than either 
suramin or NF279, and 5–7 supporting less TIMP-3 accumulation. 
Comparison of NF031 with 5–7 and of NF279 with suramin confirmed 
that para/para regiochemistry of the phenyl rings in the linker region 
best supported TIMP-3 accumulation. 

As we previously observed for suramin16, NF031 had no effect on 
mRNA levels of TIMP3 (Fig. 7A), confirming that it mediated TIMP-3 
accumulation post-translationally. Suramin and NF031 also had no 
significant effects on mRNA levels of LRP1 (Fig. 7B) and the cartilage- 
degrading enzymes ADAMTS4, ADAMTS5 and MMP13 (Supplementary 

Figure 2). 5–7 similarly had minimal effects on expression of these 
genes, with the exception of 5, which strongly inhibited expression of 
ADAMTS4 at 100 and 200 μg/mL (Supplementary Figure 3). 

We then evaluated the ability of NF031 to protect cartilage against 
the metalloprotease-mediated degradation of aggrecan that character-
ises osteoarthritis. This was done in the widely-used porcine cartilage 
explant model, in which the pro-catabolic cytokine interleukin 1β (IL1β) 
stimulates release of degraded aggrecan fragments into the conditioned 
media, where they can be quantified using dimethylmethylene blue 
(DMMB)29. IL1β treatment stimulated aggrecan degradation and release 
into conditioned medium by ~ 4-fold, in accordance with previous re-
ports,6,16,23 and this degradation was completely inhibited by 100 μg/ 
mL suramin and NF031 (Fig. 8A). Compounds 5–7 also inhibited carti-
lage degradation (Supplementary Figure 4A), but were significantly less 
effective than NF031 in line with their reduced ability to block TIMP-3 

Fig. 4. Suramin, NF031 and RAP increased extracellular TIMP-3 levels. (A) HTB94 chondrosarcoma cells (5x105/well) were treated for 36 h with 100 μg/mL 
suramin or NF031, or 1 μM RAP. TIMP-3 levels in the conditioned media were quantified by western blotting, and expressed relative to TIMP-3 levels in cells treated 
with 100 μg/mL suramin (n = 3, mean ± SD). (B) HTB94 chondrosarcoma cells (5 × 105/well) were treated for 36 h with 100 μg/mL suramin, NF031, or compound 
1–4. TIMP-3 levels in the conditioned media were quantified by western blotting as in (A) (n = 3, mean ± SD). (C) Structures of NF031 precursors. P < 0.005 
indicated by solid lines; P < 0.01 by dashed lines; and P < 0.05 by dotted lines. 
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endocytosis. None of the analogues exhibited toxicity to chondrocytes at 
100 μg/mL, either alone or in combination with IL1β (Fig. 8B and 
Supplementary Figure 4B). 

2.3. Replacement of central phenyl rings with a flexible linker ablated 
activity 

Following analysis of the phenyl ring regiochemistry, we tested the 
requirement for a rigid linker by installing a tetraethylene linker be-
tween the two poly-substituted naphthalene rings of our most promising 
analogue NF031. Introduction of the tetraethylene linker also facilitated 
a decrease in molecular weight following Lipinki’s rules, an increase in 
solubility and a shorter synthetic route; all positives in developing new 
analogues of this type16. Computational analysis indicated that 

compound 16 has comparable length to analogues NF031 and 5–7, and 
that the tetraethylene linker provided extra flexibility within the linker 
region but also enough stability to potentially maintain the sulfonic 
acids in the same location for binding to TIMP-3 (Fig. 9). 

Synthesis of compound 16 (Scheme 2) began with the alkylation of 
tetraethylene glycol di(p-toluenesulfonate) with methyl 4-hydrox-
ybenzoate30. Subsequent base hydrolysis gave the di-acid 17, which was 
chlorinated using SOCl2 and reacted in situ with 1,3,6-napthalene tri-
sulfonic acid to give the novel compound 16. Analysis of the 1H NMR 
confirmed the desired product with four singlet peaks for the naphtha-
lene rings at 8.5, 8.4, 7.8 and 7.3 ppm respectively and the expected 
para-substituted splitting pattern of the phenyl rings at 7.7 and 6.9 ppm. 
Interpretation of the heteronuclear single quantum coherence also 
depicted a total of six hydrogen environments and nine quaternary 

Fig. 5. Comparison of NF031 with its synthesised analogues. NF031 (blue, para/para) and its meta/meta analogue 5 (pink) were compared using Flare. Structures of 
the meta/para (6) and para/meta (7) analogues are shown for comparison. 
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centres as expected and was supported by the 13C NMR which contained 
nineteen carbons for the C2 symmetric molecule. 

Compound 16 was unable to increase levels of TIMP-3 in the media 
of treated HTB94 chondrosarcoma cells (Fig. 10), indicating that unlike 
suramin, NF279 and NF031, compound 16 is unable to block TIMP-3 
endocytosis by LRP1. This implies that the rigidity provided by the 
four central phenyl rings (found in NF031 and 5–7) is crucial for stable 
binding to TIMP-3, and most likely positions the terminal naphthalene 
rings and their sulfonic acid groups for interaction with the basic resi-
dues of TIMP-3. 

2.4. Conclusion 

TIMP-3 is an effective inhibitor of cartilage degradation both in vitro 
and in vivo, and strategies that increase levels of TIMP-3 in cartilage have 
the potential to be developed into disease-modifying osteoarthritis 
drugs. We previously showed that suramin is able to increase TIMP-3 

levels by inhibiting its endocytosis and intracellular degradation by 
the LRP1 scavenger receptor, and here we evaluated the structur-
e–activity relationship of additional and novel suramin analogues. This 
showed that the protective activity of suramin analogues depends on the 
presence of a rigid phenyl-containing central region, and that para/para 
substitution of these rings (NF031 and NF279) is most favourable. 
Additionally, we showed that 1,3,6-trisulfonic acid substitution of the 
terminal naphthalene rings (e.g. NF031) is as effective as 1,3,5-trisul-
fonic acid substitution (e.g. suramin and NF279). 

Truncation of these analogues ablated their protective activity, 
indicating it is unlikely that a protective molecule obeying Lipinski’s 
rules can be developed from the suramin scaffold. Injection of suramin 
analogues into affected joints is likely to be a more feasible approach, 
especially given that a substantial number of osteoarthritis patients 
already receive intra-articular injections as part of their treatment31. 

TIMP-3 inhibits a broad spectrum of metalloproteinases, and some of 
these have homeostatic functions in processes such as wound healing. To 

Fig. 6. TIMP-3 endocytosis was most effectively inhibited by NF031. (A) HTB94 chondrosarcoma cells were treated with suramin analogues (100 μg/mL) for 36 h 
and cell number quantified using the [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)–2H-tetrazolium] (MTS) assay (n = 3, mean ±
SD). As a control for cell death, cells were frozen and thawed twice. (B) HTB94 chondrosarcoma cells were treated with suramin analogues (100 μg/mL) for 36 h. 
TIMP-3 levels in the conditioned media were quantified by slot blotting, and expressed relative to samples treated with 100 μg/mL suramin (n = 3, mean ± SD). (C) 
HTB94 chondrosarcoma cells were treated with suramin analogues (0–250 μg/mL) for 36 h. TIMP-3 levels in the conditioned media quantified by slot blotting, and 
expressed relative to samples treated with 100 μg/mL suramin (n = 3, mean ± SD). EC50 values were not determined for 5 and 6 as TIMP-3 accumulation did not 
plateau within the tested concentration range for these analogues. ***, P < 0.001. 

J. Green et al.                                                                                                                                                                                                                                   



Bioorganic & Medicinal Chemistry 92 (2023) 117424

8

limit systemic effects of suramin analogues, it would thus be advanta-
geous to couple them to cartilage-targeting moieties, such as the 
WYRGRL peptide32 that has been shown to bind to type II collagen and 
to increase the half-life of potential therapeutics33 and imaging probes34 

in joints. Alternatively, the DWRVIIPPRPSA peptide has also been 

shown to bind to cartilage35 and to target cargo to the tissue36. By 
increasing retention in cartilage, such approaches would enable use of 
lower doses with reduced systemic effects. 

Fig. 7. Suramin and NF031 had no significant effect on mRNA levels of TIMP3 or LRP1. HTB94 chondrosarcoma cells were treated with suramin or NF031 (0–200 
μg/mL) for 36 h. RNA was isolated and levels of TIMP3 (A) and LRP1 (B) quantified by RT-qPCR and expressed relative to the housekeeper gene RN18S1 and 
untreated cells (n = 3, mean ± SD). There were no significant changes in expression relative to untreated cells. 

Fig. 8. Suramin and NF031 inhibited cartilage degradation in vitro. (A) Porcine cartilage explants were treated with IL1β (10 ng/mL) and suramin or NF031 (100 μg/ 
mL) for 3 days, and aggrecan release into conditioned media quantified using the DMMB assay (n = 3 biological replicates, with 2 technical replicates of each, mean 
± SD). (B) Porcine chondrocytes were treated with IL1β (10 ng/mL) and suramin or NF031 (100 μg/mL) for 3 days, and cell number quantified using the MTS assay 
(n = 3 biological replicates, mean ± SD). As a control for cell death, cells were frozen and thawed twice. There were significantly fewer frozen/thawed cells 
compared to all other treatments, and no significant differences between other treatments. ***, P < 0.001. 
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3. Experimental 

3.1. General procedures 

All solvents and chemicals were purchased from Acros, TCI, Fluo-
rochem, Alfa Aesar, and Fisher.1H and 13C NMR spectra were obtained 
using a Bruker (Ascend) 500 MHz spectrometer and a sample express 
autosampler. Infrared spectra were obtained on a PerkinElmer ATR 
spectrometer. Mass spectra were measured by the EPSRC UK National 
Mass Spectrometry Facility, Swansea, UK using an LTQ Orbitrap XL 
spectrometer. Melting points were recorded on a Stuart (SIMP3) melting 
point apparatus. In silico analysis of suramin analogues was performed 
using Flare (Cresset Software, Litlington, Cambridgeshire, UK). 

3.2. Chemistry Synthesis of NF031 

8-(4-nitrobenzamido)naphthalene-1,3,6-trisulfonic acid (1). 8- 
Amino-naphthalene-1,3,6-trisulfonic acid disodium salt (2 g, 4.68 
mmol) was dissolved in water (10 mL) and the pH was adjusted to 6–7 by 
adding an aqueous solution of Na2CO3 (1 M). To this mixture, a solution 
of 4-nitro-benzoyl chloride (1.2 g, 6.55 mmol, 1.4 M equivalent) in 
toluene (10 mL) was added dropwise. The reaction was vigorously 
stirred for 8 h at room temperature (RT). During this time, the pH was 
regularly adjusted to 6–7 by adding Na2CO3 (1 M). The aqueous phase 
was acidified to pH 3 (1 M HCl) and extracted with ethyl acetate (EtOAc, 
3 × 10 mL). The water was evaporated under reduced pressure at 50 ◦C 
and the final product was recovered as a solid yellow powder (2.8 g, 99% 
yield). Melting point: >350 ◦C decomposition. 1H NMR (400 MHz, D2O) 
δ 8.70 (d, J = 2.0 Hz, 1H), 8.63 (dd, J = 2.0, 0.5 Hz, 1H), 8.49 (d, J = 2.0 
Hz, 1H), 8.35 – 8.30 (m, 2H), 8.26 (d, J = 2.0 Hz, 1H), 8.20 – 8.12 (m, 

Fig. 9. Comparison of NF031 with compound 16. NF031 and compound 16 share the same arrangement of 1,3,6-trisulfonic acid substitutions on their terminal 
naphthalene rings, and computational superimposition of energy minimised NF031 (coloured blue) and 16 shows that the terminal regions can adopt similar 
conformations. However, NF031 has a rigid phenyl-containing central region, while 16 has a more flexible tetraethylene linker. 

Scheme 2. Synthesis of tetraethyleneglycol linker-containing 1,3,6-trisulfonic acid 16. (a) K2CO3, tetraethylene glycol di(p-toluenesulfonate); (b) LiOH, THF/MEOH, 
3 h (43%); (c) SOCl2, 8-amino-1,3,6-napththalene trisulfonic acid (7%). 
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2H). 13C NMR (101 MHz, D2O) δ 168.4, 149.7, 141.8, 139.6, 139.5, 
138.8, 135.2, 131.8, 131.8, 128.9, 127.0, 127.0, 126.4, 125.9, 123.9. IR 
νmax/cm− 1: 3431 (OH), 1520 (C–H, aromatic sp2 stretch),1350 cm− 1. 
HRMS (nESI-LTQ Orbitrap XL) m/z: [M− 2H]2− calculated for 
C17H10N2O12S3, 205.9988; found, 205.9991. 

8-(4-aminobenzamido)naphthalene-1,3,6-trisulfonic acid (2). 8- 
(4-Nitrobenzamido)naphthalene-1,3,6-trisulfonic acid (1) (2.8 g, 5.27 
mmol, 1 M equivalent) was dissolved in water (30 mL) and a catalytic 
amount of Pd/C (ca 55 mg, 0.527 mmol, 0.1 M equivalent) was added. 
The mixture was vigorously stirred overnight at RT under H2 (1 standard 
atmosphere). The mixture was filtered on a pad of celite to remove the 
catalyst. The water was evaporated under reduced pressure at 50 ◦C to 
give the final product as a pale yellow solid (2.4 g, 95% yield). Melting 
point: >350 ◦C decomposition. 1H NMR (400 MHz, D2O) δ 8.69 (d, J =
2.0 Hz, 1H), 8.62 (dd, J = 2.0, 0.5 Hz, 1H), 8.44 (d, J = 2.0 Hz, 1H), 8.18 
(d, J = 2.0 Hz, 1H), 7.86 – 7.79 (m, 2H), 6.91 – 6.83 (m, 2H). 13C NMR 
(101 MHz, D2O) δ 169.2, 150.7, 141.0, 139.3, 139.0, 135.2, 132.7, 
131.9, 129.7, 126.7, 126.2, 126.0, 125.6, 122.9, 115.3. IR νmax /cm− 1: 
3426 (OH), 1599, 1513 (C–H, aromatic sp2 stretch), 1285 cm− 1. HRMS 
(nESI-LTQ Orbitrap XL) m/z: [M − 2H]2− calculated for C17H12N2O10S3, 
249.9833; found, 249.9834. 

8-[4-(4-nitrobenzamido)benzamido]naphthalene-1,3,6-tri-
sulfonic acid (3). 8-(4-Aminobenzamido)naphthalene-1,3,6-trisulfonic 
acid (2) (2.4 g, 4.7 mmol, 1.0 M equivalent) was dissolved in water (10 

mL) and the pH was adjusted to 6–7 by adding an aqueous solution of 
Na2CO3 (1 M). To this mixture, a solution of 4-nitro-benzoyl chloride 
(1.2 g, 6.55 mmol, 1.4 M equivalent) in toluene (10 mL) was added 
dropwise. The reaction was vigorously stirred for 8 h at RT. During this 
time the pH was regularly checked and adjusted to 6–7 by adding 
Na2CO3 (1 M). The water phase was then acidified to pH 3 by adding HCl 
(1 M) and extracted with EtOAc (3 × 10 mL). Water was evaporated 
under reduced pressure at 50 ◦C and the final product was recovered as a 
yellow solid (2.5 g, 82% yield). Melting point: > 350 ◦C. This was used 
for the next step without further purification. 1H NMR (400 MHz, D2O) δ 
8.57 (d, J = 2.0 Hz, 1H), 8.22 (d, J = 2.0 Hz, 1H), 8.04 (s, 2H), 7.78 – 
7.70 (m, 2H), 7.41 – 7.29 (m, 6H). 13C NMR (101 MHz, D2O) δ 166.9, 
165.7, 148.2, 140.6, 140.8, 139.2, 138.7, 138.4, 134.6, 131.8, 131.4, 
128.6, 128.2, 126.4, 125.4, 124.2, 124.4, 122.6, 120.1. IR νmax/cm− 1: 
3470 (OH), 1658, 1597, 1524 (C–H, aromatic sp2 stretch), 1280 cm− 1. 
HRMS (nESI-LTQ Orbitrap XL) m/z: [M − 3H]3− calculated for 
C24H14N3O13S3, 215.9902; found, 215.9903. 

8-[4-(4-aminobenzamido)benzamido]naphthalene-1,3,6-tri-
sulfonic acid (4). 8-[4-(4-Nitrobenzamido)benzamido]naphthalene- 
1,3,6-trisulfonic acid (3) (2.5 g, 3.84 mmol, 1.0 M equivalent) was 
dissolved in water (30 mL) and a catalytic amount of Pd/C (ca 50 mg, 
0.38 mmol, 0.1 M equivalent) was added. The mixture was vigorously 
stirred overnight at RT under H2 (1 standard atmosphere). The mixture 
was filtered on a pad of celite to remove the catalyst and the water was 
evaporated under reduced pressure at 50 ◦C to give the product as a pale 
yellow solid (2.4 g, 100% yield). Melting point: >350 ◦C. 1H NMR (400 
MHz, D2O) δ 8.70 (d, J = 2.0 Hz, 1H), 8.43 (d, J = 2.0 Hz, 1H), 8.18 (s, 
2H), 7.84 – 7.76 (m, 2H), 7.56 – 7.47 (m, 2H), 7.13 – 7.05 (m, 2H), 6.27 
– 6.19 (m, 2H). 13C NMR (101 MHz, D2O) δ 167.6, 167.3, 148.8, 141.4, 
140.5, 138.9, 138.7, 134.9, 131.9, 131.9, 128.8, 128.6, 128.2, 126.6, 
126.4, 124.9, 124.5, 122.5, 120.3, 115.6. IR νmax /cm− 1: 3457 (OH), 
1658, 1598, 1525 (C–H, aromatic sp2 stretch), 1280 cm− 1. HRMS 
(nESI-LTQ Orbitrap XL) m/z: [M − 3H]3− calculated for C24H16N3O11S3, 
205.9988; found, 205.9991. 

8-(4-(4-[({4-[(4-{hydroxy[(3,6,8-trisulfonaphthalen-1-yl) 
amino]methyl)phenyl)carbamoyl]phenyl)carbamoyl)amino]ben-
zamido)benzamido)naphthalene-1,3,6-trisulfonic acid (NF031). 8- 
[4-(4-Nitrobenzamido)benzamido]naphthalene-1,3,6-trisulfonic acid 
(4) (256 mg, 0.4 mmol) was dissolved in water (3 mL) and the pH was 
adjusted to 6–7 by adding an aqueous solution of Na2CO3 (1 M). To this 
mixture, a solution of triphosgene (60 mg, 0.2 mmol) in toluene (3 mL) 
was added dropwise. The reaction was vigorously stirred for 8 h at RT. 
During this time the pH was regularly checked and adjusted to 6–7 by 
adding Na2CO3 (1 M). The water phase was extracted with EtOAc (3 × 5 
mL). Water was then evaporated under vacuum at 50 ◦C affording a pale 
yellow solid (230 mg, 45% yield). Melting point: >350 ◦C. 1H NMR (400 
MHz, DMSO‑d6) δ 12.45 (s, 1H), 10.44 (s, 1H), 10.16 (s, 1H), 8.59 (d, J 
= 1.9 Hz, 1H), 8.49 (d, J = 1.8 Hz, 1H), 8.23 – 8.13 (m, 3H), 8.05 – 7.91 
(m, 6H), 7.67 (d, J = 8.4 Hz, 2H). 13C NMR (101 MHz, DMSO‑d6) δ 
165.8, 165.3, 152.9, 145.5, 143.7, 143.5, 142.5, 142.0, 134.9, 133.8, 
130.6, 129.5, 129.2, 128.4, 128.0, 126.6, 122.9, 122.6, 119.6, 117.4, 
40.5, 40.3, 40.1, 39.9, 39.7, 39.5, 39.3. IR νmax /cm− 1: 3450 (OH), 
1658, 1603, 1525 (C–H, aromatic sp2 stretch), 1352 cm− 1. HRMS 
(nESI-LTQ Orbitrap XL) m/z: [M − 5H]5− calculated for C49H31N6O23S6, 
252.5958; found, 252.5960. 

3.2.1. Synthesis of 5 
8-(3-nitrobenzamido)naphthalene-1,3,6-trisulfonic acid (8). 8- 

Amino-naphthalene-1,3,6-trisulfonic acid disodium salt (2 g, 4.68 
mmol, 1.0 M equivalent) was dissolved in water (10 mL) and the pH was 
adjusted to 6–7 by adding an aqueous solution of Na2CO3 (1 M). To this 
mixture, a solution of 3-nitro-benzoyl chloride (1.2 g, 6.55 mmol, 1.4 M 
equivalent) in toluene (10 mL) was added dropwise. The reaction was 
vigorously stirred for 8 h at RT. During this time the pH was regularly 
adjusted to 6–7 by adding Na2CO3 (1 M). The water layer was then 
acidified by adding HCl 1 M (pH 3) and extracted with EtOAc (3 × 30 

Fig. 10. Compound 16 was unable to support TIMP-3 accumulation. HTB94 
chondrosarcoma cells (5x105/well) were treated for 36 h with 100 μg/mL 
suramin, NF279, NF031, or 16. TIMP-3 levels in the conditioned media were 
quantified by western blotting, and expressed relative to TIMP-3 levels in cells 
treated with 100 μg/mL suramin (n = 3, mean ± SD). 
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mL). The water was then evaporated under reduced pressure at 50 ◦C to 
give the final product as a solid yellow powder (2.4 g, 96% yield). 1H 
NMR (400 MHz, D2O) δ 8.71 (ddd, J = 7.0, 4.7, 2.0 Hz, 2H), 8.61 (dd, J 
= 5.4, 2.1 Hz, 1H), 8.45 – 8.40 (m, 1H), 8.33 – 8.27 (m, 2H), 8.20 – 8.15 
(m, 1H), 7.57 – 7.50 (m, 1H). 13C NMR (101 MHz, D2O) δ 167.1, 147.7, 
141.1, 139.5, 138.8, 135.2, 134.2, 131.8, 131.7, 130.2, 129.5, 126.9, 
126.9, 126.7, 125.69, 123.6, 122.9. IR νmax /cm− 1: 3451 (OH), 1649, 
1527 (C–H, aromatic sp2 stretch) and 1351 cm− 1. HRMS M =
C17H12N2O12S3 [M− H](− ) expected 530.9480; found 530.9508. 

8-(3-aminobenzamido)naphthalene-1,3,6-trisulfonic acid (9). 
To 8-(3-Nitrobenzamido)naphthalene-1,3,6-trisulfonic acid (8) (2.4 g, 
1.0 M equivalent), Pd/C (ca. 100 mg, 0.1 M equivalent) was added and 
the round bottomed-flask was evacuated/flushed with N2 three times. 
Water (10 mL) was added to the flask and the same procedure was 
performed with evacuation/filling with H2. The reaction was left over-
night to stir at atmospheric pressure under H2. The reaction was filtered 
over a pad of celite and concentrated under reduced pressure to give a 
yellow solid (1.4 g, 62% yield). 1H NMR (400 MHz, D2O) δ 8.72 (d, J =
2.0 Hz, 1H), 8.64 (d, J = 2.0 Hz, 1H), 8.48 (d, J = 2.0 Hz, 1H), 8.25 (d, J 
= 2.0 Hz, 1H), 7.44 – 7.34 (m, 2H), 7.29 (t, J = 7.8 Hz, 1H), 6.99 (ddd, J 
= 8.0, 2.5, 1.0 Hz, 1H). 13C NMR (101 MHz, D2O) 169.9, 146.6, 141.0, 
139.4, 139.0, 135.2, 134.6, 132.3, 131.8, 129.8, 126.8, 126.7, 126.0, 
125.8, 120.3, 118.6, 115.1. IR νmax /cm− 1: 3410 (OH), 1640, 1525- 
(C–H, aromatic sp2 stretch). HRMS M = C17H14N2O10S3 [M− H](− ) 

expected 500.9738; found 500.9742. 
8-[3-(3-nitrobenzamido)benzamido]naphthalene-1,3,6-tri-

sulfonic acid (10). To 8-(3-Aminobenzamido)naphthalene-1,3,6-tri-
sulfonic acid (9) (200 mg, 0.4 mmol, 1.0 M equivalent), water (2 mL) 
was added and the pH was adjusted to 6–7. To this, 3-nitro benzoyl 
chloride (105 mg, 0.55 mmol, 1.4 M equivalent) dissolved in toluene (2 
mL) was added. The reaction was then stirred vigorously over a period of 
8 h while the pH was continually adjusted to pH 6–7. The toluene layer 
was removed and the aqueous layer was acidified to pH 3 and extracted 
with EtOAc (3 × 10 mL). The remaining aqueous layer was evaporated 
to dryness to give the product (180 mg, 69% yield). 1H NMR (400 MHz, 
D2O) δ 8.33 (d, J = 1.8 Hz, 1H), 7.92 (s, 1H), 7.86 (s, 1H), 7.76 (s, 1H), 
7.68 (s, 1H), 7.48 (d, J = 7.5 Hz, 1H), 7.34 (d, J = 7.3 Hz, 1H), 7.11 (d, J 
= 7.8 Hz, 1H), 6.92 (d, J = 7.7 Hz, 1H), 6.80 (t, J = 7.7 Hz, 1H), 6.60 (t, 
J = 7.8 Hz, 1H). 13C NMR (101 MHz, D2O) δ 166.2, 164.6, 147.6, 145.6, 
140.4, 139.1, 138.0, 137.9, 137.6, 134.5, 133.7, 133.2, 132.5, 131.7, 
131.3, 129.0, 128.3, 126.3, 125.0, 123.8, 123.0, 122.6, 121.4, 118.9. IR 
νmax /cm− 1: 3451 (OH), 1654, 1595 and 1527 (C–H, aromatic sp2 
stretch). HRMS (nESI-LTQ Orbitrap XL) m/z: [M − 3H]3− calculated for 
C24 H14N3O13S3, 215.9902; found, 215.9905. 

8-[3-(3-aminobenzamido)benzamido]naphthalene-1,3,6-tri-
sulfonic acid (13). 8-[3-(3-Nitrobenzamido)benzamido]naphthalene- 
1,3,6-trisulfonic acid (10) (180 mg, 0.276 mmol, 1.0 M equivalent) was 
dissolved in water (5 mL) and a catalytic amount of Pd/C (ca 30 mg, 0.1 
M equivalent) was added. The mixture was vigorously stirred overnight 
at RT under H2 (1 standard atmosphere). The mixture was filtered on a 
pad of celite to remove the catalyst. The water was evaporated under 
reduced pressure at 50 ◦C and the final product was recovered as a fine 
pale brown powder. (130 mg, 76% yield). 1H NMR (400 MHz, D2O) δ 
8.66 (s, 1H), 8.54 (s, 1H), 8.38 (s, 1H), 8.21 (s, 1H), 8.05 (s, 1H), 7.74 (d, 
J = 7.8 Hz, 1H), 7.65 (d, J = 8.1 Hz, 1H), 7.44 (t, J = 8.0 Hz, 1H), 7.04 – 
6.93 (m, 3H), 6.69 (d, J = 7.5 Hz, 1H). 13C NMR (101 MHz, D2O) δ 
168.5, 168.4, 146.2, 140.8, 139.2, 138.8, 137.5, 137.5, 135.1, 134.0, 
132.1, 131.8, 129.5, 129.4, 126.7, 126.4, 125.6, 125.4, 125.1, 124.5, 
120.6, 119.8, 117.9, 114.5. IR νmax /cm− 1: 3401 (OH), 1652, 1588 and 
1538 (C–H, aromatic sp2 stretch). HRMS (nESI-LTQ Orbitrap XL) m/z: 
[M − 3H]3− calculated for C24H16N3O11S3, 205.9990; found, 2059988. 

8-{3-[3-([3-((3-[(3,6,8-trisulfonaphthalen-1-yl)carbamoyl] 
phenyl)carbamoyl)phenyl]carbamoyl)amino)benzamido]benza-
mido}naphthalene-1,3,6-trisulfonic acid (5). 8-[3-(3-Amino-
benzamido)benzamido]naphthalene-1,3,6-trisulfonic acid (13) was 
dissolved in water (3 mL) and the pH was adjusted to 6–7 by adding an 

aqueous solution of Na2CO3 (1 M). To this mixture, a solution of tri-
phosgene (60 mg, 0.2 mmol) in toluene (3 mL) was added dropwise. The 
reaction was vigorously stirred for 8 h at RT, with the pH regularly 
adjusted to 6–7 by adding Na2CO3 (1 M). The water phase was extracted 
with EtOAc (3 × 10 mL). Water was evaporated under vacuum at 50 ◦C 
affording a pale yellow solid. (224 mg, 44%). Melting point: >350 ◦C. 1H 
NMR (400 MHz, D2O) δ 8.53 (s, 1H), 8.51 (s, 1H), 8.38 (s, 1H), 8.18 (s, 
1H), 8.12 (s, 1H), 7.83 (s, 1H), 7.76 (d, J = 8.0 Hz, 1H), 7.67 (d, J = 7.6 
Hz, 1H), 7.34 (t, J = 7.9 Hz, 1H), 7.27 (s, 1H), 7.17 (t, J = 7.7 Hz, 1H), 
7.03 (d, J = 7.8 Hz, 1H). 13C NMR (101 MHz, D2O) δ 168.6, 167.7, 
153.6, 140.9, 139.6, 138.8, 137.9, 137.6, 135.5, 133.6, 133.6, 132.2, 
131.9, 129.9, 129.3, 126.6, 126.8, 125.5, 125.7, 124.44, 122.66, 
122.31, 120.02, 117.19. IR νmax /cm− 1: 3447 (OH), 1645, 1591 and 
1529 (C–H, aromatic sp2 stretch). HRMS (nESI-LTQ Orbitrap XL) m/z: 
[M − 5H]5− calculated for C49H31O23N6S6, 252.5958; found, 252.5962. 

3.2.2. Synthesis of 6 
8-[4-(3-nitrobenzamido)benzamido]naphthalene-1,3,6-tri-

sulfonic acid (11). 8-(4-Aminobenzamido)naphthalene-1,3,6-tri-
sulfonic acid (2) (240 mg, 0.47 mmol, 1.0 M equivalent) was dissolved 
in water (3 mL) and the pH was adjusted to 6–7 by adding an aqueous 
solution of Na2CO3 (1 M). To this mixture, a solution of 3-nitro-benzoyl 
chloride (120 mg, 0.65 mmol, 1.4 M equivalent) in toluene (3 mL) was 
added dropwise. The reaction was vigorously stirred for 8 h at RT. 
During this time the pH was regularly checked and adjusted to 6–7 by 
adding Na2CO3 (1 M). The water phase was acidified to pH 3 by adding 
HCl (1 M) and extracted with EtOAc (3 × 10 mL). The water was 
evaporated under reduced pressure at 50 ◦C to give the final product as a 
yellow solid (200 mg, 65% yield). Melting point: >350 ◦C. 1H NMR (400 
MHz, D2O) δ 8.64 (d, J = 2.0 Hz, 1H), 8.43 (d, J = 2.0 Hz, 1H), 8.25 – 
8.08 (m, 3H), 7.89 (d, J = 8.7 Hz, 3H), 7.84 – 7.72 (m, 1H), 7.58 (d, J =
8.6 Hz, 2H), 7.13 (t, J = 8.0 Hz, 1H). 13C NMR (101 MHz, D2O) δ 167.1, 
165.3, 146.5, 140.9, 140.7, 139.3, 138.5, 134.8, 134.1, 133.3, 131.9, 
131.5, 129.3, 128.7, 128.6, 126.6, 126.5, 125.6, 124.3, 124.2, 121.9, 
120.2. IR νmax /cm− 1: 3461 (OH), 1596, 1525 (C–H, aromatic sp2 
stretch) cm− 1.HRMS (nESI-LTQ Orbitrap XL) m/z: [M −

2H]2− calculated for C24H15N3O13S3, 324.4889; found, 324.4884. 
8-[4-(3-aminobenzamido)benzamido]naphthalene-1,3,6-tri-

sulfonic acid (14). 8-[4-(3-Nitrobenzamido)benzamido]naphthalene- 
1,3,6-trisulfonic acid (11) (200 mg, 0.3 mmol, 1.0 M equivalent) was 
dissolved in water (10 mL) and a catalytic amount of Pd/C (ca 5 mg, 
0.031 mmol, 0.1 M equivalent) was added. The mixture was vigorously 
stirred overnight at RT under H2 (1 standard atmosphere). The mixture 
was filtered on a pad of celite to remove the catalyst. Water was evap-
orated under vacuum at 50 ◦C and the final product was recovered as a 
pale yellow solid. This was used for the next step without further puri-
fication (185 mg, 97% yield). Melting point: >350 ◦C. 1H NMR (400 
MHz, D2O) δ 8.66 (d, J = 1.9 Hz, 1H), 8.48 (d, J = 2.0 Hz, 1H), 8.29 (d, J 
= 2.0 Hz, 1H), 8.18 (d, J = 1.9 Hz, 1H), 7.92 (d, J = 8.5 Hz, 2H), 7.65 (d, 
J = 8.5 Hz, 2H), 6.96 – 6.85 (m, 4H), 6.71 (dd, J = 7.6, 2.0 Hz, 1H). 13C 
NMR (101 MHz, D2O) δ 168.4, 167.7, 146.3, 141.6, 140.7, 139.1, 138.8, 
135.2, 133.4, 131.9, 129.2, 128.9, 128.7, 126.6, 126.2, 125.0, 124.7, 
120.5, 119.9, 117.7, 114.3. IR νmax /cm-1: 3466 (OH), 1646, 1595, 
1525 (C–H, aromatic sp2 stretch) cm− 1. HRMS (nESI-LTQ Orbitrap XL) 
m/z: [M − 2H]2− calculated for C24H17N3O11S3, 309.5018; found, 
309.5018. 

8-(4-[3-(([3-((4-[(3,6,8-trisulfonaphthalen-1-yl)carbamoyl] 
phenyl)carbamoyl)phenyl]cabamoyl)amino)benzamido]benza-
mido)naphthalene-1,3,6-trisulfonic acid (6). 8-[4-(3-Amino-
benzamido)benzamido]naphthalene-1,3,6-trisulfonic acid (14) (250 
mg, 0.4 mmol, 1.0 M equivalent) was dissolved in water (3 mL) and the 
pH was adjusted to 6–7 by adding Na2CO3 (1 M). To this mixture, a 
solution of triphosgene (60 mg, 0.2 mmol, 0.5 M equivalent) in toluene 
(3 mL) was added dropwise. The reaction was vigorously stirred for 8 h 
at RT. During this time the pH was regularly checked and adjusted to 6–7 
by adding Na2CO3 (1 M). The water phase was extracted with EtOAc (3 
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× 5 mL). The water was evaporated under reduced pressure at 50 ◦C 
affording a pale yellow solid (200 mg, 39% yield). Melting point: 
>350 ◦C. 1H NMR (400 MHz, D2O) δ 8.51 (d, J = 2.1 Hz, 2H), 8.37 (d, J 
= 2.1 Hz, 1H), 8.27 (s, 1H), 8.21 – 8.13 (m, 3H), 7.86 (d, J = 8.5 Hz, 2H), 
7.36 (d, J = 7.6 Hz, 1H), 7.13 (t, J = 7.9 Hz, 1H), 6.49 (d, J = 7.9 Hz, 
1H). IR νmax /cm− 1: 3437 (OH), 1645, 1610, 1525 (C–H, aromatic sp2 
stretch) cm− 1. HRMS M = C49H32N6O23S6Na4, then [M− 2H](2− ) ex-
pected 676.9644; found 676.9643. 

3.2.3. Synthesis of 7 
8-[3-(4-nitrobenzamido)benzamido]naphthalene-1,3,6-tri-

sulfonic acid (12). To 8-(3-Aminobenzamido)naphthalene-1,3,6-tri-
sulfonic acid (9) (680 mg, 1.4 mmol, 1.0 M equivalent), water (5 mL) 
was added and the pH was adjusted to pH 6–7. To this, 4-nitro benzoyl 
chloride (351 mg, 1.9 mmol) dissolved in toluene (5 mL) was added. The 
reaction was stirred vigorously over a period of 8 h while the pH was 
continually adjusted to pH 6–7. The toluene layer was removed and the 
aqueous layer was acidified to pH 3 and extracted with EtOAc (3 × 10 
mL). The remaining aqueous layer was evaporated to dryness to give the 
product as an orange solid powder (800 mg, 87% yield). 1H NMR (400 
MHz, D2O) δ 8.50 (d, J = 1.9 Hz, 1H), 8.19 (d, J = 2.0 Hz, 1H), 8.04 (d, J 
= 2.0 Hz, 1H), 7.99 (d, J = 1.8 Hz, 1H), 7.82 (d, J = 2.1 Hz, 1H), 7.56 (d, 
J = 7.7 Hz, 1H), 7.38 – 7.29 (m, 4H), 7.15 – 7.09 (m, 1H), 7.01 (t, J =
7.8 Hz, 1H). 13C NMR (101 MHz, D2O) δ 166.2, 165.2, 147.4, 140.6, 
139.1, 138.5, 138.4, 137.6, 134.9, 134.5, 132.6, 131.7, 131.15, 129.6, 
128.4, 127.9, 126.2, 124.9, 123.9, 123.5, 123.1, 122.7, 122.4, 119.1. IR 
νmax /cm− 1: 3445 (OH), 1651, 1595 and 1524 (C–H, aromatic sp2 
stretch). HRMS (nESI-LTQ Orbitrap XL) m/z [M − 2H]2− calculated for 
C24H15N3O13S3, 324.4889; found, 324.4886. 

8-[3-(4-aminobenzamido)benzamido]naphthalene-1,3,6-tri-
sulfonic acid (15). 8-[3-(4-Nitrobenzamido)benzamido]naphthalene- 
1,3,6-trisulfonic acid (12) (500 mg, 0.76 mmol, 1.0 M equivalent) was 
dissolved in water (10 mL) and a catalytic amount of Pd/C (ca 50 mg, 
0.1 M equivalent) was added. The mixture was vigorously stirred 
overnight at RT under H2 (1 standard atmosphere). The mixture was 
filtered over a pad of celite to remove remaining catalyst. The water was 
evaporated under reduced pressure at 50 ◦C to give the final product as a 
fine yellow powder, (450 mg, 94% yield). 1H NMR (400 MHz, D2O) δ 
8.76 (s, 1H), 8.64 (s, 1H), 8.44 (s, 1H), 8.30 (s, 1H), 8.09 (s, 1H), 7.77 
(dd, J = 22.2, 7.9 Hz, 2H), 7.53 (d, J = 8.1 Hz, 3H), 6.58 (d, J = 8.2 Hz, 
2H). 13C NMR (101 MHz, D2O) δ 168.5, 168.3, 150.8, 140.8, 139.3, 
138.9, 137.9, 135.1, 133.9, 132.1, 131.9, 129.4, 129.1, 126.7, 126.4, 
125.8, 125.5, 125.1, 124.2, 122.3, 120.7, 114.76. IR νmax /cm− 1: 3404 
(OH), 1605, 1512 (C–H, aromatic sp2 stretch). HRMS M =

C24H19N3O11S3 [M + H](+) expected 622.0254; found 622.0232. 
8-(3-[4-([4-((3-[(3,6,8-trisulfonaphthalen-1-yl)carbamoyl] 

phenyl)carbamoyl)phenyl]carbamoyl)amino)benzamido]benza-
mido)naphthalene-1,3,6-trisulfonic acid (7). 8-[3-(4-Amino-
benzamido)benzamido]naphthalene-1,3,6-trisulfonic acid 15 (200 mg, 
0.32 mmol) was dissolved in water (3 mL) and the pH was adjusted to 
6–7 by adding Na2CO3 (1 M). To this mixture, a solution of triphosgene 
(47 mg, 0.16 mmol) in toluene (3 mL) was added dropwise. The reaction 
was vigorously stirred for 8 h at RT, with the pH regularly adjusted to 
6–7 by adding Na2CO3 (1 M). The water phase was extracted with EtOAc 
(3 × 10 mL). The water was evaporated under reduced pressure at 50 ◦C 
affording a pale yellow solid (126 mg, 31% yield). Melting point: 
330–332 ◦C. 1H NMR (400 MHz, D2O) δ 8.66 (d, J = 2.0 Hz, 1H), 8.47 (d, 
J = 1.9 Hz, 1H), 8.34 (d, J = 1.9 Hz, 1H), 8.23 (d, J = 1.9 Hz, 1H), 7.94 
(s, 1H), 7.71 (d, J = 7.7 Hz, 1H), 7.53 (d, J = 8.2 Hz, 1H), 7.48 (d, J =
8.4 Hz, 2H), 7.36 (t, J = 7.9 Hz, 1H), 7.06 (d, J = 8.3 Hz, 2H). 13C NMR 
(101 MHz, D2O) δ 168.42, 167.1, 152.4, 141.7, 140.8, 139.3, 138.7, 
137.7, 134.9, 133.8, 132.05, 131.8, 129.8, 128.4, 126.8, 126.5, 126.5, 
125.5, 125.3, 123.9, 120.6, 117.9. IR νmax /cm− 1: 3447 (OH), 1593, 
1526 and 1482 (C–H, aromatic sp2 stretch). HRMS (nESI-LTQ Orbitrap 
XL) m/z: [M − 5H]5− calculated for C49H31O23N6S6, 252.5958; found, 
252.5960. 

3.2.4. Synthesis of 16 
4-[2-(2-{2-[2-(4-carboxyphenoxy)ethoxy]ethoxy)ethoxy) 

ethoxy]benzoic acid (17). To a round bottomed-flask (100 mL) tet-
raethylene glycol di(p-toluenesulfonate) (1.0 g, 2.0 mmol), ethyl p- 
hydroxybenzoate (600 mg, 3.6 mmol) and sodium hydroxide (160 mg, 
1.5 mmol) were added. The reaction was purged under N2 for 10 min 
and then IPA (15 mL) was added. The reaction was refluxed overnight 
and a white precipitate was produced. This precipitate was filtered and 
the filtrate was concentrated under reduced pressure to give a clear oil. 
The oil was mixed with a 10% NaOH w/v solution prepared in EtOH (15 
mL) and refluxed for 1 h. The solvent was removed and the solid white 
material was dissolved in water (30 mL) and acidified to pH 3 to give a 
white precipitate. This was collected by vacuum filtration and dried in a 
desiccator overnight. The material was recrystallized from EtOH to give 
a fluffy white powder (377 mg, 43% yield). Melting point: 184–186 ◦C. 
1H NMR (400 MHz, DMSO‑d6) δ 12.62 (s, 1H), 7.88 (d, J = 8.8 Hz, 2H), 
7.02 (d, J = 8.8 Hz, 2H), 4.15 (dd, J = 5.7, 3.5 Hz, 2H), 3.81 – 3.72 (m, 
2H), 3.67 – 3.33 (m, 4H). 13C NMR (101 MHz, DMSO‑d6) δ 167.4, 162.5, 
131.8, 123.5, 114.7, 70.4, 70.3, 69.2, 67.9. IR νmax /cm− 1: 3400 (OH), 
1661, 1605 and 1578 (C–H, aromatic sp2 stretch). HRMS M =
C22H26O9 [M− H](− ) expected 433.1504; found 43.1524. 

8-[4-(2-{2-[2-(2-{4-[(3,6,8-trisulfonaphthalen-1-yl)carba-
moyl]phenoxy)ethoxy)ethoxy]ethoxy)ethoxy)benzamido]naph-
thalene-1,3,6-trisulfonic acid (16). To 4-[2-(2-{2-[2-(4- 
carboxyphenoxy)ethoxy]ethoxy)ethoxy)ethoxy]benzoic acid 17 (100 
mg, 0.23 mmol, 1.0 M equivalent), anhydrous dichloromethane (10 mL) 
was added under an atmosphere of N2. Oxalayl chloride (300 µL, 3.45 
mmol, 15 M equivalent) was added dropwise and the reaction was 
refluxed for 3 h until a yellow solution was observed. The dichloro-
methane layer was removed under reduced pressure. The crude material 
was re-dissolved in toluene (2 mL) and 8-amino-1,3,6-trisulfonic acid 
(153 mg, 0.4 mmol, 2.0 M equivalent) dissolved in water (2 mL) was 
added dropwise and pH regularly corrected to 6–7. The reaction was left 
for 2 h, after which the pH no longer became acidic, and the aqueous 
layer was recovered and evaporated to dryness to yield yellow crystals 
(20 mg, 7% yield). Melting point: 322–324 ◦C. 1H NMR (400 MHz, D2O) 
δ 8.58 (d, J = 2.1 Hz, 2H), 8.44 (d, J = 2.1 Hz, 2H), 7.82 (d, J = 2.0 Hz, 
2H), 7.78 (d, J = 9.0 Hz, 2H), 7.34 (d, J = 2.0 Hz, 2H), 6.92 (d, J = 8.8 
Hz, 2H), 4.13 – 4.09 (m, 4H), 3.79 – 3.75 (m, 4H), 3.65 – 3.56 (m, 8H). 
13C NMR (101 MHz, D2O) δ 175.2, 160.4, 144.6, 141.7, 139.5, 138.7, 
135.7, 131.8, 130.9, 129.1, 124.7, 120.18, 117.1, 114.1, 111.3, 69.6, 
69.5, 68.9, 67.1. IR νmax /cm− 1: 3391 (OH), 1634, 1539 (C–H, aro-
matic sp2 stretch). Precursor 17 was detected in MS, indicating potential 
cleavage of amide bonds during analysis. HRMS M = C22H26O9 
[M− H](− ) expected 433.1504; found 433.1511. 

3.3. Cell and explant culture 

HTB94 human chondrosarcoma cells (American Culture Type 
Collection) were maintained at 37 ◦C and 5% CO2 in a humidified 
incubator in Dulbecco’s modified Eagle’s medium (DMEM, Lonza) with 
10% fetal calf serum (FCS, Merck), 100 U penicillin and 100 U strep-
tomycin (Lonza). Cells were passaged using a mixture of 0.5 g/L trypsin 
and 0.2 g/L EDTA (Lonza). 

Porcine cartilage explants were dissected from metacarpophalangeal 
joints of 3- to 9-month-old pigs within 24 h of euthanasia at an abattoir, 
and maintained in 6-well plates in cartilage growth media (DMEM 
containing 2 mg/mL amphotericin B, 10 mM HEPES, 100 U penicillin 
and 100 U streptomycin) with 10% FCS at 37 ◦C in 5% CO2. Explants 
were rested for 48 h after dissection before further use. 

Chondrocyte were isolated from freshly-dissected porcine cartilage 
explants by incubation with pronase E (Merck, 0.05% in serum-free 
cartilage growth media, 2 h, 37 ◦C), followed by type II collagenase 
(ThermoFisher, 0.075% in cartilage growth media containing 10% FCS, 
18 h, 37 ◦C). Cells were strained through a 70 μm strainer and washed in 
PBS twice before plating in cartilage growth media containing 10% FCS. 
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3.4. Preparation of RAP 

Receptor-associated protein (RAP) was expressed in E. coli and pu-
rified as described previously37. 

3.5. Quantification of TIMP-3 in conditioned media 

HTB94 cells (5x105 per well) were plated overnight into 6-well plates 
in DMEM with 10% FCS, and washed three times with serum-free DMEM 
(DMEM containing 100 U penicillin and 100 U streptomycin) before 
treatment with suramin analogues (10–250 μg/mL) or other indicated 
reagents in 1.5 mL serum-free DMEM for 36 h. 

For western blotting analysis of TIMP-3, conditioned media were 
concentrated by addition of 5% trichloroacetic acid (TCA, Merck, 4 ◦C, 
18 h) and centrifugation (13 000 rpm, 4 ◦C, 15 min) to collect precipi-
tated proteins. Pellets were resuspended in non-reducing sodium 
dodecyl sulfate (SDS) sample buffer (100 mM Tris.HCl, pH 6.8, 2% SDS, 
15% glycerol, 0.1% bromophenol blue) and electrophoresed on 15% 
polyacrylamide gels, before transfer onto Immobilon-FL polyvinylidene 
fluoride (PVDF, Merck) membranes using the Trans-Blot Turbo transfer 
system (Bio-Rad). 

For slot blot analysis of TIMP-3, TCA-concentrated media were 
applied directly to nitrocellulose membranes (Bio-Rad) by vacuum 
suction using a Hoefer PR 600 slot blotting manifold connected to a 
vacuum pump. 

PVDF and nitrocellulose membranes were then incubated in Inter-
cept blocking buffer (LI-COR, 1 h, 25 ◦C) and washed (4x5 min, 25 ◦C) in 
Tris-buffered saline (TBS) containing 0.1% (v/v) Tween 20 (Thermo-
Fisher Scientific) between each subsequent step. TIMP-3 was detected by 
incubation of the blots with rabbit anti-TIMP-3 primary antibody 
[AB6000, Millipore, 1:1000 dilution in 50% Intercept buffer in TBS with 
0.2 % (v/v) Tween 20, 18 h, 4 ◦C], followed by incubation with donkey 
anti-rabbit IgG coupled with IRDye 800CW [LI-COR, 1:4000 dilution in 
50% Intercept in TBS with 0.2 % (v/v) Tween 20 and 0.02 % (m/v) SDS, 
1 h, 25 ◦C]. Blots were imaged and quantified using an Odyssey CLx 
imaging system (LI-COR) and Image Studio version 4 software (LI-COR). 
TIMP-3 in the medium (mean ± SD, n = 3–6) was calculated relative to 
pixel volume in samples that were treated with 100 μg/mL suramin and 
analysed in parallel on each blot (defined as 100 %). EC50 values were 
calculated using a one-site specific binding model in Prism 9 for macOS 
(GraphPad Software). 

3.6. Assessment of cell viability 

HTB94 chondrosarcoma cells or primary porcine chondrocytes (104 

per well) were plated overnight into 96-well plates in DMEM with 10% 
FCS, and washed three times with serum-free DMEM (100 U/mL P/S) 
before treatment with suramin analogues (100 μg/mL), RAP (1 μM) 
and/or interleukin 1β (10 ng/mL, Peprotech) in 200 μL serum-free 
DMEM for 36 h. As a control, cells in a parallel cell culture plate were 
twice frozen at − 80 ◦C and thawed. Viability was then assessed using 
MTS (CellTiter 96 One Solution Cell Proliferation Assay, Promega) ac-
cording to the manufacturer’s instructions. 

3.7. RT-qPCR evaluation of gene expression 

HTB94 cells (5x105 per well) were plated overnight into 6-well plates 
in DMEM with 10 % FCS, and washed three times before treatment with 
suramin analogues (50–200 μg/mL) in 1.5 mL serum-free DMEM for 36 
h. RNA was isolated from cells using an RNeasy kit (Qiagen) according 
to the manufacturer’s instructions, including the optional treatment 
with DNase I (RNase-Free DNase Set, Qiagen). RNA was reverse tran-
scribed to cDNA using a High Capacity cDNA Synthesis kit (Applied 
Biosystems) according to the manufacturer’s instructions. Levels of 
TIMP3, LRP1 and 18S mRNA were quantified by RT-qPCR using a 
QuantStudio 5 (Applied Biosystems), with SyGreen Mix (PCRBIO) and 

KiCqStart SYBR Green primers (Merck). Primers (shown 5′ to 3′) for 
TIMP3 were CATGTGCAGTACATCCATAC (forward) and AGGTGA-
TACCGATAGTTCAG (reverse), for LRP1 were ACATA-
TAGCCTCCATCCTAATC (forward) and GCTTATACCAGAATACCACTC 
(reverse), for MMP13 were AAAGGGAATAAGTACTGGC (forward) and 
CAGTGTTTTCCTCAGAAAGAG (reverse); for ADAMTS4 were AGAA-
GAAGTTTGACAAGTGC (forward) and CACATTGTTGTATCCGTACC 
(reverse); for ADAMTS5 were CCCACCCAATGGTAAATC (forward) and 
GACTCCTTTTGCATCAGAC (reverse); and for RN18S1 were ATCGGG-
GATTGCAATTATTC (forward) and CTCACTAAACCATCCAATCG 
(reverse). Specificity of amplification was confirmed for all primer pairs 
by melt curve analysis of qPCR products. Fold changes were calculated 
in relation to the levels of RN18S1 expression, using the ΔΔCt method. 

3.8. Analysis of cartilage extracellular matrix degradation 

Cartilage explants were washed three times with serum-free DMEM 
before treatment with IL-1β (10 ng/mL, Peprotech) and/or suramin 
analogues (100 μg/mL) in 1.5 mL DMEM containing 0.1% FCS, 2 mg/mL 
amphotericin B, and 10 mM HEPES for 72 h. Media were harvested and 
aggrecan release quantified using the DMMB dye binding assay29. 

3.9. Statistical analysis 

Data were analysed by one- or two-way ANOVA in GraphPad Prism 
version 9 (GraphPad Software, La Jolla, CA). Data are shown as mean ±
SD, with all significant changes annotated in the figures. 
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