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Abstract

Osteoarthritis (OA) is a common and debilitating degenerative disease of articular joints for which 

no disease-modifying medical therapy is currently available. Inefficient delivery of pharmacologic 

agents into cartilage-resident chondrocytes after systemic administration has been a limitation to 

the development of anti-OA medications. Direct intra-articular injection enables delivery of high 

concentrations of agents in close proximity to chondrocytes; however, the efficacy of this 

approach is limited by the fast clearance of small molecules and biomacromolecules after injection 

into the synovial cavity. Coupling of pharmacologic agents with drug delivery systems able to 

enhance their residence time and cartilage penetration can enhance the effectiveness of intra-

articularly injected anti-OA medications. Herein we describe an efficient intra-articular delivery 

nanosystem based on single-walled carbon nanotubes (SWCNTs) modified with polyethylene 

glycol (PEG) chains (PEG-SWCNTs). We show that PEG-SWCNTs are capable to persist in the 

joint cavity for a prolonged time, enter the cartilage matrix, and deliver gene inhibitors into 

chondrocytes of both healthy and OA mice. PEG-SWCNT nanoparticles did not elicit systemic or 

local side effects. Our data suggest that PEG-SWCNTs represent a biocompatible and effective 

nanocarrier for intra-articular delivery of agents to chondrocytes.
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Osteoarthritis (OA) is a common degenerative disease of the articular joints, which affects 

up to a third of subjects after the age of 60.1,2 Joint replacement surgery is commonly 

performed once OA has reached advanced stages; however, there currently is no medical 

therapy able to slow down or halt progression of disease (so-called disease-modifying OA 

drugs, DMOADs).3 This makes OA one of the largest unmet medical need in the field of 

rheumatology. Although OA is currently viewed as a disease of the whole joint, an 

imbalance between the matrix-producing and matrix-degrading properties of cartilage-

resident chondrocytes, especially chondrocytes residing in the superficial zone of the 

cartilage, plays a major pathogenic role.4,5 Genetic manipulations in experimental animals 

have led to the identification of several chondrocyte molecular targets for new DMOADs 

able to prevent or halt progression of OA.6–8 Unfortunately, the peculiar physiology of the 

joint complicates delivery of candidate therapeutic agents into chondrocytes. Since cartilage 

lacks significant vascular supply, delivery of systemically administered (SA) medication to 

chondrocytes is subordinated to their diffusion into the synovial fluid. Intra-articular (IA) 

administration can deliver high concentrations of therapeutic agents in close proximity to the 

chondrocytes.9 However, IA-injected small molecules and biomacromolecules are quickly 

cleared through the lymphatic system, which often limits their residence within the synovial 

cavity to just a few hours.10–12 Due to the invasive nature of IA injections, IA-delivered 

DMOADs need to display persistence times of weeks, if not months, after one or few 

injections in order to be a clinically viable therapeutic option.13

An option to increase the IA persistence of therapeutic agents is to couple them to nanotech-

derived drug delivery systems (DDSs).14 However, delivery of large macromolecules to 

chondrocytes also has known limitations. Chondrocytes are the sole residing cells within the 

cartilage extracellular matrix (ECM), which is a negatively charged 3D meshwork enriched 

in hyaluronic acid (HA) with a pore size of ~60 nm.15 Penetration of particles into the 

cartilage ECM depends on their physicochemical properties, including shape, size, surface 

charge, and aggregation state.16,17 In a recent report, positively charged 38-nm-in-diameter 

spherical nanoparticles could enter cartilage, whereas particles with a diameter of 96 nm did 

not. The IA persistence of these particles was not assessed.16

Here we assessed the efficacy of polyethylene glycol (PEG) chain-modified single-walled 

carbon nanotubes (PEG-SWCNTs) as DDSs for delivery of IA agents to chondrocytes. 

PEG-SWCNTs are 1D nanoparticles with diameters smaller than 10 nm and lengths ranging 

from few tens to several hundreds of nanometers.18 Due to their 1D structure, PEG-

SWCNTs display good pharmacokinetic profiles in dense fluids/tissues and can deliver large 

and highly diversified drug payloads. PEG-SWCNTs readily penetrate a large variety of 

cells, and display excellent biocompatibility properties.19–21 Long-term accumulation of 

PEG-SWCNTs into Kupffer cells following systemic administration of high doses of PEG-

SWCNTs did not lead to significant liver stress or other evident systemic toxicity.22 
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Additionally, we recently investigated the pattern of plasma proteins (the “blood” protein 

corona) adsorbed onto PEGSWCNTs following incubation with human plasma and found 

that HA-binding proteins such as R-1 micro-globulin were significantly enriched in the 

PEGSWCNTs’ protein corona.23 Thus, the physicochemical properties and surface 

presentation of HA-binding proteins might confer PEG-SWCNTs the ability to penetrate and 

navigate the dense cartilage meshwork and deliver cargo into chondrocytes.

In this study, we investigated the joint trafficking and cartilage penetration of IA-injected 

PEG-SWCNTs (IA-PEG-SWCNTs). We show that IA-PEG-SWCNTs display long 

residence time within the joint cavity of both healthy and OA mice, and efficiently enter 

chondrocytes residing in the upper zone of the cartilage. IA-PEG-SWCNTs did not 

accumulate into major organs and did not elicit systemic or regional side effects. 

Importantly, IA-PEG-SWCNTs were able to deliver anti-green fluorescent protein (GFP) 

“third generation” morpholino antisense oligonucleotides (GFP-mASOs) into chondrocytes 

of healthy and arthritic GFP-transgenic mice (Scheme 1).

RESULTS

Fabrication and Characterization of PEG-SWCNT-mASOs

Amino-functionalized PEG-SWCNTs were fabricated by adsorption of phospholipids 

functionalized with amino-terminated 2 kDa molecular weight (MW) linear PEG chains 

onto pristine (nonfunctionalized) SWCNTs followed by capping the terminal amino groups 

with either 650 or 750 nm emitting fluorochromes (PEGSWCNT-650orPEG-

SWCNT-750,respectively) (Figure 1A).21 Fluorochrome-conjugated PEG-SWCNTs had a 

surface charge (in PBS) of −11 mV and PEG density of ~0.1 mmol per gram of carbon 

material, and were sterile, free of metallic impurities, and stably dispersed in high saline 

solutions and culture media for several days at 37 °C without exhibiting any sign of 

precipitation (data not shown, and refs 23 and 24). Next, PEG-SWCNT-mASOs were 

fabricated by incubating PEG-SWCNT-650 with GFP-mASOs (targeting mASO, sequence: 

5’-acagctcctcgcccttgctcaccat-3’) in PBS overnight (o/n) at 4 C and subsequent washing in 

PBS to remove free oligos. Control nanoparticles (PEG-SWCNTCtr) were obtained by 

adsorbing nontargeting mASOs (control mASO, sequence: 5’-ggtggattgccttttcagctt-3’) onto 

PEG-SWCNT-650. PEG-SWCNT-mASOs were stable in high saline solutions without any 

detectable mASO release over hours. We calculated that approximately 50 mASO molecules 

adsorbed onto each PEG-SWCNT particle.

Atomic force microscopy (AFM) was used to investigate the morphology of (amino-

functionalized) PEG-SWCNTs and PEG-SWCNT-mASOs. AFM images showed that PEG-

SWCNTs were composed by individual needlelike particles with a narrow length 

distribution centered at ~110 nm (Figure 1B). AFM longitudinal cross sections of PEG-

SWCNTs were not uniform and showed peaks having a height of few nanometers. 

Moreover, the cross section of ~50% of the nanoparticles in each field of view displayed flat 

valleys, which had a height of ~1 nm and extended for several tens of nanometers (arrow in 

Figure 1C). Since the nominal (supplier-given) diameter of the employed SWCNTs was 

~1.4 nm, we interpreted the flat valleys as segments of nano-tube sidewall exposed because 

they were devoid of PEG coverage. Whereas the PEG-SWCNT-mASOs' AFM longitudinal 
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sections were also not uniform, they showed peaks having a maximum height up to 20 nm 

(Figure 1D) and valleys having a minimum height of ~2 nm (Figure 1E). These results 

confirmed that mASO molecules adsorbed onto PEG-SWCNTs and suggested that the 

conformation of PEG chains changed following mASO adsorption onto PEG-SWCNTs.

In order to qualitatively study the conformation of PEG chains carried by PEG-SWCNTs 

and PEG-SWCNT-mASOs, we applied an approach we have recently developed based on 

the measurement of the average height (hm) of the polymer shell decorating the nano-tubes' 

sidewalls.23 The value of hm was calculated by dividing the net area of the polymer shell for 

the length of the underneath SWCNT. The net area of the polymer shell was calculated by 

subtracting the area of the underneath SWCNTs from the area under the AFM longitudinal 

cross section curve (cyan areas in Figure 1C and pink areas in Figure 1D and E). We 

recorded the AFM longitudinal cross section curves for N = 35 PEG-SWCNTs and an equal 

number of PEGSWCNT-mASOs, and the values of hm were calculated. An average value of 

hm = 1.4 ± 1 nm and 3.1 ± 1.2 nm was found for PEG-SWCNTs and PEG-SWCNT-mASOs, 

respectively (Figure 1F). We have previously described that SWCNTs decorated with 2 kDa 

MW linear PEG chains in mushroom conformation had hm ~1 nm, whereas particles with 

PEG chains in brush configuration had hm ≥ 11 nm, thus suggesting that PEG chains mostly 

laid on the nanotubes' sidewalls in a mushroom conformation for PEG-SWCNTs and, 

following mASO adsorption, PEG chains acquired a mushroom–brush transition 

conformation.23

IA-Injected PEG-SWCNTs Display Long Residence Time in Murine Joints

Since slow clearance from the synovial cavity is an important requisite to ensure delivery 

into chondrocytes of IA-injected DDSs, we first assessed whether IA-PEGSWCNTs were 

able to persist in the joint cavity for a prolonged interval of time.

Two groups (N = 5) of healthy 3-month-old C57BL/6J (B6) mice were unilaterally IA-

injected in the knee with PEG-SWCNT-750 (IA-PEG-SWCNT-750) or free fluorochromes 

(IA-Seta750). Mice were imaged through an IVIS Spectrum Preclinical in Vivo Imaging 

System during the following 14 days, and the fluorescence intensity of injected knees was 

measured. While the knees treated with IA-Seta750 lost the signal in less than 8 h (Figure 

2A and Supporting Information Figure S1A), those treated with IA-PEG-SWCNT-750 still 

displayed a bright signal after 14 days (Figure 2B). Approximately 50% of IA-PEG-

SWCNT-750 exited the joints within 48 h, after which the particles exhibited a distribution 

balance between blood and tissues for ~24 h and were eliminated very slowly from the 

joints.

More than 25% of the starting nanoparticle fluorescence was still detectable in the joint after 

2 weeks (Figure 2A).

Since inflammation and angiogenesis are involved in OA pathogenesis and may increase the 

speed of egression of cargo-loaded DDSs from the synovial cavity, we also investigated the 

residence time of IA-PEG-SWCNT-750 in OA knees.25 OA was induced in a group (N = 5) 

of 2-month-old B6 mice by destabilization of the medial meniscus (DMM) through 

sectioning of the anteromedial meniscotibial and medial collateral ligaments in the left 
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knee.26 We chose the DMM as OA mouse model because it elicits mild/moderate OA over 

several months. One month after surgery, when the mice had developed OA (data not shown 

and ref 26), mice were treated with IA-PEG-SWCNT-750 in the OA knee and the NIR 

fluorescence of injected knees was followed through the IVIS Spectrum system. The NIR 

fluorescence of injected OA knees did not significantly differ from that of injected healthy 

joints at any of the observation time points (Figure 2A). We concluded that the pathology 

induced by OA did not significantly affect the distribution profile of IA-PEGSWCNTs 

within the joints.

We next investigated if egression from the injected joints leads to accumulation of IA-PEG-

SWCNTs into major organs and/or alterations of liver function. The NIR fluorescence 

exhibited by spleen, liver, kidneys, and lungs extracted from mice 14 days after unilateral 

treatment of joints with IA-PEG-SWCNT-750 was undetectable by the IVIS Spectrum 

system (Figure 2B). Serum levels of aspartate aminotransferase (AST) and alanine 

aminotransferase (ALT) 14 days after unilateral treatment of joints with IA-PEG-

SWCNT-750 did not statistically differ from those of untreated mice (Supporting 

Information, Figure S1B). Additionally, creatinine exhibited not statistically different levels 

in the serum of nanotube-treated mice 5 min, 3 days, and 14 days after injection (data not 

shown). Since PEG-SWCNTs are known to undergo renal excretion (see ref 27) and our 

previous data showed that spleen and liver of mice systemically treated with 

PEGSWCNT-750 exhibit a NIR signal detectable by the IVIS Spectrum system (see ref 23), 

we concluded that IA-PEG-SWCNT-750 were readily excreted via the renal route as soon as 

they exited the joints, leading to minimal, if any, accumulation in major organs. Taken 

together, our findings suggested that IA-injected PEGSWCNTs persisted for a prolonged 

interval of time in both healthy and OA joints without accumulating into major organs or 

eliciting systemic side effects.

Internalization of IA-Injected PEG-SWCNTs into Chondrocytes

We next investigated the cartilage trafficking of PEGSWCNTs, that is, if they were able to 

penetrate the cartilage extracellular matrix (ECM) and reach the chondrocytes. First, both 

the cultured human TC-28 chondrocyte cell line and purified primary bovine chondrocytes 

were incubated with 10 nM of PEGSWCNT-650 (or equivalent volume of vehicle, PBS, as 

control) for 24 h. Fluorescence-activated cell sorting (FACS) analysis and confocal images 

provided evidence that PEG-SWCNT-650 were taken up by both chondrocyte cell lines with 

an efficiency very close to 100% and accumulated in the cytoplasm (Supporting 

Information, Figure S2A and B). Next, bovine cartilage explants were incubated with 10 nM 

of PEG-SWCNT-650 or equivalent volume of vehicle for 7 days, then fixed, embedded in 

Optimal Cutting Temperature (OCT) compound and sectioned by a microtomecryostat. 

Confocal images of cartilage cryosections showed that PEG-SWCNT-650 could penetrate 

the cartilage ECM and the chondrocyte membrane to reach the cytoplasm and nucleus of 

chondrocytes (Supporting Information, Figure S2C). Finally, we investigated the trafficking 

of PEG-SWCNTs in healthy and OA cartilage ECMs and assessed whether these particles 

can penetrate chondrocytes in Vivo. A set (N = 9) of healthy 4-month-old B6 mice was 

unilaterally IA-injected with 5 μg of PEG-SWCNT-650 in the knee. An additional set (N = 

9) of 4-month-old B6 mice with OA (2 months post-DMM surgery) was unilaterally IA-
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injected with 5 μg of PEG-SWCNT-650 in the OA knee. Contralateral (healthy) knees were 

IA-injected with equal volume of vehicle (PBS, control). Each set was divided into 3 groups 

(N = 3) and sacrificed after 1, 3, and 14 days. The knees were collected, fixed, decalcified, 

embedded in OCT, and sliced. Histological slices were analyzed by confocal microscopy. In 

both healthy and OA mice, PEG-SWCNT-650 were almost exclusively found in the cell-free 

ECM immediately beneath the cartilage surface 1 day after IA administration, whereas, after 

3 days, they were also found in the cytoplasm and nucleus of chondrocytes residing in the 

superficial cartilage. Intracellular particles were still evident 14 days after IA administration 

(Figure 3).

IA-Injected PEG-SWCNTs Do Not Worsen OA in DMM Mice

We have shown that IA-PEG-SWCNTs can enter chondrocytes in the superficial zone of the 

cartilage. The ability of our nanocarriers to penetrate superficial chondrocytes is relevant to 

the design of nanodrugs for OA, since superficial chondrocytes have been shown to 

contribute to cartilage catabolism in OA to a greater extent than chondrocytes in the deeper 

zone of cartilage.5 However, it also raises the possibility that IA-PEG-SWCNTs might cause 

dysfunction of this important cell layer, thus worsening OA per se. In order to rule out this 

scenario, two groups (N = 4) of 2-month-old B6 mice received DMM surgery and were 

treated with either IA-PEG-SWCNTs or an equal volume of vehicle (control), respectively, 

in the OA knee. After 2 months, treated knees were collected, fixed, decalcified, and 

embedded in paraffin. Six micrometer thick frontal sections were taken, stained with 

Safranin-O, and counterstained with Fastgreen and Hematoxylin. Cartilage damage was 

examined on the four knee quadrants and scored using the Osteoarthritis Research Society 

International (OARSI) method.28 We found no statistically significant worsening of 

pathology in knees from IA-PEG-SWCNT-treated OA mice relative to control knees (Figure 

4A and B).

Possible proinflammatory effects of IA-PEG-SWCNTs in Vivo were also investigated by 

measuring the expression level of interleukin-1 (IL-1) and tumor necrosis factor R (TNFR), 

two important pro-inflammatory cytokines which are expressed in OA joints and contribute 

to OA progression.1 Immunohistochemistry (IHC) of cartilage slices showed that IA-

injection of PEG-SWCNTs did not enhance expression of IL-1 or TNFR in OA knees 

(Figure 4C). We conclude that IA-PEG-SWCNTs are unlikely to worsen OA per se.

IA-Injected PEG-SWCNTs Deliver Anti-GFP Morpholino ASOs in Chondrocytes

In order to collect proof of principle evidence that IA-PEG-SWCNTs enable delivery of 

agents into chondrocytes in Vivo, we developed PEG-SWCNT-650 carrying anti-GFP 

mASOs (PEG-SWCNT-mASOs) and assessed their ability to elicit GFP silencing in 

chondrocytes of healthy and OA GFP-transgenic mice. We chose mASOs as cargo, because 

they are validated tools to regulate gene expression in cells.29 In vitro data showed that 

incubation of cells with free GFP-mASOs did not inhibit GFP expression (Supporting 

Information, Figure S3A). Additionally, IA-injected free GFP-mASOs displayed very short 

residence time in the joints (Supporting Information, Figure S4A) and poor penetration in 

the cartilage (Supporting Information, Figure S4B).

Sacchetti et al. Page 6

ACS Nano. Author manuscript; available in PMC 2015 March 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We found that mASOs efficiently adsorbed onto PEG-SWCNTs, likely via π-stacking of the 

nitrogenous bases onto exposed (non-PEGylated) portions of nano-tube sidewalls. Thus, we 

assessed whether PEG-SWCNTs can deliver mASOs into chondrocytes and elicit gene 

inhibition in Vivo. First, we assessed the ability of PEG-SWCNTs to deliver mASOs into 

cells In vitro. Since transfection of chondrocytes is technically challenging, we used 

lipofected human embryonic kidney (HEK) 293T cells to validate the ability of mASO-

loaded PEGSWCNTs to inhibit gene expression In vitro. Three hours after transfection of a 

GFP-encoding pEGFP-N1 plasmid, cells were incubated with 10 nM of PEG-SWCNT-

mASOs for 48 h. Negative control cells were treated with 10 nM of PEG-SWCNTs loaded 

with nontargeting (control) mASOs (PEG-SWCNT-Ctr). Positive control cells were 

colipofected with pEGFP-N1 plasmid and an equivalent amount (~500 nM) of free GFP-

mASOs. FACS analysis showed a significant decrease in the GFP signal in PEGSWCNT-

mASO-treated cells relatively to negative control-treated cells (Supporting Information, 

Figure S3A and B). Next, we investigated the ability of IA-injected PEG-SWCNTs to 

deliver mASOs into chondrocytes in Vivo. A group (N = 3) of healthy 4-month-old GFP-

transgenic [C57BL/6-Tg(UBC-GFP)30Scha/J] mice was unilaterally IA-treated with IA-

PEG-SWCNT-mASOs in the knee. Contralateral knees were treated with PEGSWCNT-Ctr. 

After 3 days, knees were collected and cryosections prepared. Confocal images of 

cryosections showed that, in IA-PEG-SWCNT-mASO-treated mice, nanotube-positive 

chondrocytes (cells in the yellow oval, Figure 5A) had faint GFP signal, whereas nano-tube-

negative cells (cells in the cyan oval, Figure 5A) exhibited bright GFP signal. Both 

nanotube-positive (upper panels, Figure S3C (Supporting Information)) and -negative (lower 

panels, Figure S3C (Supporting Information)) cells of IA-PEG-SWCNT-Ctr-treated 

(control) mice exhibited a strong GFP signal. We quantitated GFP (emission at 520 nm) and 

PEG-SWCNT (emission at 650 nm) signals by means of ImageJ and calculated the GFP/

nanotube signal ratio to compare GFP signal in nanotube-positive chondrocytes of IA-PEG-

SWCNT-mASO-treated and control mice. The average GFP/nanotube ratio was 

significantly lower in chondrocytes of IA-PEG-SWCNT-mASO-treated mice than in cells of 

control mice, suggesting that IA-PEGSWCNTs can deliver mASOs and elicit gene silencing 

in chondrocytes of healthy mice (Figure 5B).

Finally, we investigated if PEG-SWCNTs were able to elicit GFP silencing in chondrocytes 

of GFP-transgenic mice with OA. A group of 4-month-old GFP-transgenic mice with OA 

was treated with IA-PEG-SWCNT-mASOs in the arthritic knee. After 3 days, treated knees 

were collected, cryosections prepared, and confocal images recorded. Similar to healthy 

animals, IA-PEG-SWCNT-mASO-positive chondrocytes (cell in the yellow oval, Figure 

5C) had faint GFP signal, whereas nanotube-negative cells (cell in the cyan oval, Figure 5C) 

exhibited bright GFP signal. Overall, our results validate our PEG-SWCNTs as efficient and 

safe systems to regulate the expression of specific genes in both homeostatic and 

hypertrophic chondrocytes in Vivo.

DISCUSSION

Osteoarthritis (OA), often called wear-and-tear arthritis, is a degenerative disease of articular 

joints caused by an imbalance between anabolic (cartilage-producing) and catabolic 

(cartilage-degrading) states of cartilage-resident chondrocytes.4 Over time, it leads to 
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degradation of articular cartilage, variable joint inflammation and irreversible structural 

damage of the bone. OA symptoms can be controlled with systemic nonsteroidal anti-

inflammatory drugs (NSAIDs) and IA hyaluronic acid (HA)-based viscosupplementation or 

glucocorticoids. However, no agent is currently available that can stop or slow down disease 

progression.3 Modifying OA progression through pharmacologic manipulation of 

chondrocyte function is currently one of the largest unmet medical needs in rheumatology.

Although several studies have investigated the use of IA-injected liposomes and polymeric 

particles to improve the therapeutic index of antiarthritic drugs, their cartilage trafficking 

and efficacy to deliver cargo into chondrocytes of OA mice has not been assessed as of 

yet.14 Penetration into chondrocytes essentially depends on the capability of IA-injected 

particles to persist in the synovial cavity for a prolonged time and enter the cartilage ECM. 

The latter is a 3D biomaterial composed by a covalently cross-linked collagen mesh-work 

with a pore size of ~60 nm interpenetrated by negatively charged proteoglycans (i.e., 

chondroitin sulfate) and nonproteoglycan polysaccharides (i.e., HA).15 SWCNTs modified 

with PEG chains using either covalently or noncovalently protocols have been extensively 

and successfully used to deliver drugs into cells residing in healthy and diseased tissues.18 

Due to their 1D structure, PEG-modified SWCNTs have been loaded with large and 

diversified drug payloads and efficiently entered tumor tissues.19,30–34 We recently 

investigated the pattern of plasma proteins (the “blood” protein corona) adsorbed onto PEG-

modified SWCNTs and found that the relative abundance of HA-binding proteins such as 

R-1 microglobulin was significantly higher in the protein corona of SWCNTs noncovalently 

modified with PEG chains (PEG-coated SWCNTs or PEG-SWCNTs) than in plasma.23 Due 

to the unique physicochemical properties (1D structure and diameter smaller than 10 nm) of 

PEG-SWCNTs and the possible presence of certain HA-binding proteins on their surface, 

we wondered whether these particles could enter and navigate into the cartilage meshwork 

and deliver cargo into chondrocytes. Here we show that IA-injected PEG-SWCNTs 

persisted for long time into the synovial cavity, entered the cartilage ECM, delivered 

morpholino antisense oligonucleotides (mASOs) into chondrocytes and regulated the 

expression of the mASO-targeted gene in chondrocytes of both healthy and OA mice. 

Moreover, we show that IA-PEG-SWCNTs did not elicit systemic or regional side effects. 

Thus, we propose that PEG-SWCNTs can be used as safe scaffolds for the fabrication of 

therapeutic systems capable to deliver DMOADs into chondrocytes and reestablish cartilage 

homeostasis.

In this study, SWCNTs were first modified (coated) with 2 kDa MW PEG chains (PEG-

SWCNTs) through the adsorption of PEG-modified phospholipids and next loaded with 

mASOs (PEG-SWCNT-mASOs).21 Approximately 50 mASO molecules adsorbed onto 

each particle. AFM imaging showed that our particles were individually dispersed and had 

an average length of ~110 nm. We also used AFM imaging to investigate the conformation 

of PEG chains onto PEG-SWCNTs and PEG-SWCNT-mASOs. In line with previous reports 

about the behavior of PEG-modified phospholipids on hydrophobic surfaces, we found that 

PEG-modified phospholipids did not uniformly coat the nanotubes' sidewalls and exposed 

(uncoated) portions of the graphitic surface were found in ~50% of PEG-SWCNTs.35 This 

result was also consistent with other reports that exposed portions of nanotubes' sidewalls 
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enable the adsorption of polyaromatic small molecules (i.e., paclitaxel, doxorubicin) onto 

PEG-SWCNTs via π-stacking and their transport into cancer cells.31,32 Thus, we reasoned 

that mASOs could be loaded onto PEG-SWCNTs via π-stacking of nitrogenous bases onto 

the exposed portions of nanotubes' sidewalls. AFM imaging confirmed loading of mASOs 

onto PEGSWCNTs by showing that PEG-SWCNT-mASOs lacked exposed portions of the 

graphitic sidewalls and that the average height of the polymer shell of PEG-SWCNT-

mASOs was more than 2-fold higher than that of PEGSWCNTs (~3.1 nm vs ~1.4 nm) 

(Figure 1).

When assessing the joint persistence time of IA-PEG-SWCNTs, we found that while IA-

injected free fluorochromes exited the joints in less than 8 h, more than 25% of the starting 

dose of IA-PEG-SWCNTs was retained in healthy joints 14 days after administration. 

Additionally, we found that the particles’ elimination rate from the joints was not 

significantly increased in OA mice. Although OA joints are characterized by leaky blood 

vessels (ref 25), which might enhance particle clearance from the joint space, we 

hypothesized that dynamic compression during ambulation may push PEG-SWCNTs against 

the cartilage surface as soon as they enter the synovial fluid (SF), thus favoring their quick 

penetration into the cartilage. Also, the possible presence of HA-binding α-1 microglobulin 

on the protein corona adsorbed onto IA-PEG-SWCNTs in the SF (the “synovial” protein 

corona) might favor interaction of the particles with HA in the SF, thus increasing joint 

retention.23

Next, we showed that IA-PEG-SWCNTs have the ability to enter the cartilage ECM and 

accumulate into chondrocytes in Vivo in both healthy and OA mice. PEG-SWCNTs broke 

through the ECM barrier and accumulated inside the cytoplasm and nucleus of chondrocytes 

as early as 3 days after IA-injection in healthy and OA joints. To the best of our knowledge, 

this was the first report about the trafficking of nonviral delivery systems in OA cartilage.

Only two reports described the trafficking of nonviral IA-injected spherical nanoparticles in 

healthy cartilage.16,17 These studies showed that certain properties of the “synthetic” 

identity (i.e., size, surface charge and surface conjugation) influence the particles’ cartilage 

trafficking, that is, only positively charged spherical particles with a diameter smaller than 

the cartilage meshwork size (~60 nm) entered the ECM and surface conjugation with 

targeting moieties made it possible to accumulate the nanoparticles in specific cartilage sites 

(i.e., chondrocytes or ECM). Surprisingly, PEG-SWCNTs display good cartilage penetration 

despite their surface charge of approximately −11 mV (in PBS). It is possible that a synovial 

corona enriched in HA-binding proteins along with their 1D structure, diameter smaller than 

10 nm, and convective transport of fluid between the synovial cavity and ECM during 

ambulation overcame the repelling effect of surface charge, ultimately favoring the 

navigation of PEGSWCNTs through the ECM. In the future, conjugation of PEG-SWCNTs 

to targeting agents against chondrocytes might enable tuning of cartilage trafficking of PEG-

SWCNTs.

It is worth noting that, whereas spherical nano-particles described in ref 16 accumulated into 

the cytoplasm of chondrocytes and did not enter the nucleus, PEG-SWCNTs were found in 

both the cytoplasm and nucleus of chondrocytes following IA injection in healthy and OA 
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joints. Although the mechanisms of chondrocyte internalization and nuclear translocation of 

PEG-SWCNTs remain to be clarified, our results are consistent with previous reports 

showing that only individual short nanotubes can enter the cell nucleus.36 Our nanotubes 

were individual and had an average length of ~110 nm, and thus had the required properties 

for nuclear accumulation.

IA-PEG-SWCNTs did not accumulate into major organs and did not alter liver function in 

both healthy and OA mice. Additionally the particles did not worsen OA in mice. Our data 

suggest that the pharmacokinetic profile of IA-PEG-SWCNTs is different from SA-

PEGSWCNTs, which accumulated into Kupffer cells.18,22 This difference may be explained 

by the fact that SA-PEG-SWCNTs are likely aggregate as soon as they enter the 

bloodstream due to high local blood concentration, thus triggering uptake by macrophages 

and accumulation into the organs of the reticuloendothelial system (RES). In contrast, IA-

PEG-SWCNTs are slowly released from the joints; thus, they likely remain individually 

dispersed in the bloodstream, avoiding uptake by RES macrophages and efficiently reaching 

the glomerular filtration system.27 In addition, since we have recently reported that the 

protein corona affect the PEG-SWCNTs' biological performance, differences between the 

“blood” protein corona of SA-PEG-SWCNTs and the “synovial” protein corona of IA-PEG-

SWCNTs might also explain their different pharmacokinetics.23 Since not all the proteins of 

the synovial protein corona are exchanged with blood proteins after IA-PEG-SWCNTs enter 

the bloodstream, the final protein corona on IA-PEG-SWCNTs is likely to be a mixture of 

proteins from the synovial fluid and the blood, a “synovial-blood” protein corona.37

Finally, to the best of our knowledge, the present study is the first report about the delivery 

of mASOs in articular cartilage in Vivo. mASOs are considered the knockdown reagent of 

choice for in Vivo experiments because of their excellent stability against nuclease digestion, 

high target specificity, and poor immunogenicity.29 Nevertheless, free mASOs tend to 

remain trapped in the endolysosomal compartments, which is a critical barrier to their 

intracellular delivery and suggests that coupling with appropriate DDSs might be useful to 

exploit mASOs as cell-specific gene inhibitors.29 Our data points to the usefulness of 

PEGSWCNTs as DDSs of choice for chondrocyte delivery of mASOs, paving the way to 

their use for validation of new genetic targets to reestablish chondrocyte home-ostasis in 

OA.

CONCLUSION

The use of locally administered DDSs to accumulate DMOADs into chondrocytes and 

manipulate cell function has been envisaged as the next frontier in the treatment of OA. The 

choice of a particle to deliver cargo into a specific tissue needs to take into account the 

physiology peculiar to the tissue and both the “synthetic” and “biological” identities of the 

particle. These properties are intimately related. It has been described that particle 

“biological” identity, that is, the “corona” of biomolecules adsorbed onto particles as soon as 

they come into contact with the biological milieu, mediates the influence of particle physical 

and chemical properties the “synthetic” identity–on downstream biological outcomes.23,3841 

In the context of the development of chondrocyte-specific DDSs, the particle “synthetic” 

identity and SF composition will determine the corona adsorbed onto IA-injected particles, 
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which, in turn, will affect their ability to navigate through the cartilage ECM and enter 

chondrocytes and, ultimately, their therapeutic index (i.e., collagen production and 

chondrocyte homeostasis) and pharmacokinetic profile (i.e., accumulation into major organs 

and clearance).

Herein, we describe an efficient nonviral IA DDS based on PEG-SWCNTs. After a single 

IA injection, PEG-SWCNTs were able to efficiently enter the dense cartilage ECM, 

translocate into the cytoplasm of chondrocytes, and deliver gene inhibitors without affecting 

cartilage homeostasis or elicit systemic side-effects. The strategy followed in this study to 

investigate downstream biological outcomes of PEG-SWCNTs fabricated by noncovalently 

modifying SWCNTs with 2 kDa MW linear PEG chains can be easily extended to SWCNTs 

covalently or noncovalently modified with PEG chains of different nature (linear vs 

branched), length, and/or morphology (mushroom vs brush conformation). Further studies 

focused on the “synovial” corona and biodegradation of IA-injected PEG-SWCNTs are 

warranted to unravel the molecular mechanisms driving their downstream biological 

outcomes and translate these particles into clinical trials.42,43

MATERIALS AND METHODS

Fabrication and Characterization of PEG-Modified SWCNTs

Amino-functionalized PEG-SWCNTs were fabricated through the adsorption of 

phospholipids modified with amino-terminated 2 kDa molecular weight (MW) linear PEG 

chains (DSPE-PEG2000) (Avanti Polar Lipids, Inc., Alabaster, AL) by following our 

published protocol. First, 5 mg of pristine (nonfunctionalized) SWCNTs (Carbon Solutions, 

Inc., Riverside, CA) was dried at 160 C for 3 h and sonicated with DSPE-PEG2000 in PBS 

by using an ultrasonic bath for 6 h. Next, the mixture was fractionated by stepwise 

centrifugation to isolate short (amino-terminated) PEG-SWCNTs and washed eight times 

through 100 kDa MW cutoff filtration devices in Milli-Q H2O to remove free phospholipids. 

PEG-SWCNTs carrying 650 or 750 nm emitting fluorochromes (PEG-SWCNT-650 or PEG-

SWCNT-750, respectively) were fabricated by incubating amino-terminated PEG-SWCNTs 

with fluorochromes carrying activated carboxyl groups (NHSSeta650 or NHS-Seta750, 

SETA BioMedicals, Urbana, IL) for 24 h at room temperature and purified by filtration.

The value of PEG density was obtained by calculating the concentration of both amino 

groups on amino-terminated PEGSWCNTs by Kaiser Test and fluorochromes on PEG-

SWCNT-750 by absorbance spectroscopy.

PEG-SWCNTs loaded with GFP-mASOs (targeting mASO; sequence: 5’-

acagctcctcgcccttgctcaccat-3’) (PEG-SWCNT-mASOs) or control mASOs (nontargeting 

mASO; sequence: 50- ggtggattgccttttcagctt-3’) (PEG-SWCNT-Ctr) were fabricated by 

incubating PEG-SWCNT-650 with mASOs in PBS o/n at 4 C and subsequent washing 

through 100 kDa MW cutoff filtration devices in PBS to remove free oligos. Eluate 

solutions from filtration were collected, and the absorbance spectra recorded. The 

absorbance value at 260 nm was used to calculate mASO concentration in eluate solutions 

and, in turn, the number of mASO molecules adsorbed onto the nanotubes. The number of 
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mASO molecules per PEG-SWCNT was calculated by considering the PEG-SWCNTs' MW 

equal to approximately 250 kDa (see ref 20).

The stability of mASOs adsorbed onto PEG-SWCNTs was tested by keeping PEG-SWCNT-

mASOs at room temperature for several hours and washing them once through 100 kDa 

MW cutoff filtration devices in PBS. Eluate solution from filtration was collected and the 

absorbance spectrum recorded to assess the release of molecules from PEG-SWCNTs.

AFM Imaging. Five microliters of amino-terminated PEGSWCNTs (or PEG-SWCNT-

mASOs) in PBS was dropped onto a freshly cleaved mica substrate (Ted Pella, Inc., 

Redding, CA) and allowed to stand for 5 min. The mica surface was rinsed with Milli-Q 

H2O and dried under N2 stream. AFM images were recorded through an 5500 atomic force 

microscope (Agilent Technologies, Inc., Santa Clara, CA) in noncontact (AAC) mode.

Cartilage ECM Trafficking and Chondrocyte Internalization In vitro. Human TC-28 cells, 

bovine chondrocytes, and bovine cartilage blocks were provided from Dr. Liu Bryan's lab. 

All the samples were cultured in DMEM (Mediatech, Inc., Manassas, VA) with 10% FBS 

(Omega Scientific, Inc., Tarzana, CA) with 5% CO2 at 37 °C and incubated with 10 nM of 

PEG-SWCNT-650 or equal volume of vehicle (PBS, control) for 24 h. Then, cells were 

analyzed via FACS (LSR-II Flow Cytometer, Becton Dickinson and Company, Franklin 

Lakes, NJ) and confocal microscopy (FluoView FV10i, Olympus, Center Valley, PA). 

Cartilage blocks were fixed in 10% neutral buffered zinc-formalin (Thermo Fisher 

Scientific, Logan, UT) for 48 h and frozen in optimum cutting compound (OCT). Six 

micrometer thick slides were obtained by means of a cryostat and analyzed through confocal 

microscopy.

Destabilization of Medial Meniscus. All animal experiments were carried out in 

accordance with Institutional Animal Care and Use Committee-approved protocols at the La 

Jolla Institute for Allergy & Immunology (La Jolla, CA). All efforts were made to minimize 

animal suffering. Destabilization of medial meniscus (DMM) was induced in the left knees 

of 2-month-old female C57BL/6J and C57BL/6-Tg(UBC-GFP)30Scha/J mice (The Jackson 

Laboratory, Bar Harbor, ME) by transection of the anteromedial meniscotibial and medial 

collateral ligaments.

Joint Persistence and Organ Accumulation. Five micrograms of PEG-SWCNT-750 in 10 

μL of PBS was unilaterally IA-injected into the knees of a group (N = 5) of healthy 3-month-

old female C57BL/6J mice and in the arthritic knees of a group (N = 5) of 3-month-old 

female C57BL/6J mice with OA (1 month post-DMM surgery). Joint residence time of 

PEG-SWCNT-750 was followed by recording the NIR emission from treated joints by 

means of an IVIS Spectrum Pre-Clinical in Vivo Imaging System (PerkinElmer, Waltham, 

MA) at days 0, 1, 3, 7, and 14. Then the mice were sacrificed, the organs extracted and 

tested for the presence of PEG-SWCNT-750, and the blood used to test alanine transaminase 

(ALT), aspartate transaminase (AST), and creatinine levels by using commercial kits 

(BioAssay Systems, Hayward, CA). A control group (N = 5) of healthy 3-month-old female 

C57BL/6J mice was unilaterally IA-injected in the knee with an equivalent amount of free 

750 nm emitting fluorochromes (Seta750, SETA BioMedicals), and the NIR emission of 
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treated knees was followed for 8 h. An additional control group (N = 3) of healthy 3-month-

old female C57BL/6J mice was unilaterally IA-injected in the knee with 1 nmol of 

fluorescein-labeled control mASO in 10 μL of PBS. Contralateral knees were injected with 

10 μL of PBS. Animal NIR images were recorded after 5 min, 24 h, 48 h, and 72 h.

Cartilage ECM Trafficking and Chondrocyte Internalization in Vivo. A set (N = 9) of 4-

month-old female C57BL/6J mice were uni-laterally IA-injected in the knee with 5 μg of 

PEG-SWCNT-650 in 10 μL of PBS. The set was divided into three groups (N = 3), and each 

group was sacrificed 1, 3, or 14 days after administration. An additional set (N = 9) of 2-

month-old female C57BL/6J mice received DMM surgery, were IA treated with 5 μg of 

PEGSWCNT-650 in the OA knee 2 months after surgery, and divided in three groups. Each 

group was sacrificed 1, 3, or 14 days after administration. Knees were harvested, fixed in 

10% neutral buffered zinc-formalin (Thermo Fisher Scientific) for 48 h, decalcified in Cal-

Ex II solution (Thermo Fisher Scientific) for 4 days, and frozen in OCT. Six micrometer 

thick slides were obtained with a cryostat from each knee, stained with Hoechst, and 

analyzed by means of confocal microscopy.

A control group (N = 3) of healthy 3-month-old female C57BL/6J mice was unilaterally IA-

injected in the knee with 1 nmol of fluorescein-labeled control mASO in 10 μL of PBS. 

Contralateral knees were injected with 10 μL of PBS. After 3 days, mice were sacrificed and 

the cryosections prepared and analyzed by means of a confocal microscope.

in Vivo Effects. DMM was induced in two groups (N = 4) of 2-month-old female C57BL/6J 

mice. Two months after surgery, one group of mice was IA-injected in the OA knee with 5 

μg of PEG-SWCNT-650 in 10 μL of PBS, whereas the other group was treated with an equal 

volume of vehicle (PBS, control). Both groups of mice were sacrificed at the age of 6 

months. Knees were harvested, fixed in 10% neutral buffered zinc-formalin for 48 h, 

decalcified in Cal-Ex II solution for 4 days, and embedded in paraffin using standard 

protocols. Six micrometer thick frontal coronal sections were cut at an interval of ~60 μm. 

Fifteen slides were stained with Safranin-O Fast-Green technique and analyzed with the 

OARSI scoring system. Extra slides from each knee were processed for IL-1 and TNFα 

immunohistochemistry. Briefly, slides were pretreated with boiling citrate buffer antigen 

retrieval (1.9 mM citric acid, 10 mM tris-sodium citrate pH 6.0) for 10 min and then were 

treated with 3% H2O2 for 10 min. Slides were then blocked with 5% bovine serum albumin 

at 4 °C o/n. Antibodies anti-IL-1 (Abcam, Cambridge, UK) and anti-TNFR (Santa Cruz 

Biotechnology, Inc., Dallas, TX) (1:200 in 5% bovine serum albumin) were incubated 

withthe samples at 4 C o/n. Next, the slides were incubated with secondary peroxidase-

conjugated antibodies (Vector Laboratories, Inc., Burlingame, CA) for 30 min at room 

temperature. Signal detection was obtained incubating the samples for 5 min with 3,3’-

diaminobenzidine substrate (Sigma-Aldrich, St. Louis, MO). Images were collected with an 

Eclipse 80i microscope (Nikon, Inc., Melville, NY).

In vitro Silencing of Gene Expression. Hek293T cells were lipofected (Lipofectamine 

2000, Sigma-Aldrich, St. Louis, MO) with pEGFP-N1 plasmid (kindly gifted by Prof. 

Amnon Altman's laboratory, La Jolla Institute for Allergy and Immunology, La Jolla, CA) 

and incubated with 1 nM of PEG-SWCNT-mASOs, 1 nM of PEG-SWCNT-Ctr, an an 
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equivalent amount of free GFP-mASOs or colipofected with an equivalent amount of free 

GFP-mASOs. Cells were analyzed by FACS after 48 h.

in Vivo Silencing of Gene Expression. One group (N = 3) of healthy 4-month-old female 

C57BL/6-Tg(UBC-GFP)30Scha/J mice was unilaterally IA-treated in the knee with 5 μg of 

IA-PEG-SWCNT-mASOs in 10 μL of PBS. Contralateral knees were treated with IA-PEG-

SWCNT-Ctr. An additional group (N = 2) of 4-month-old female C57BL/6-Tg(UBC-

GFP)30Scha/J mice with OA (2 months post-DMM surgery) was treated in the arthritic knee 

with 5 μg of IA-PEG-SWCNT-mASOs in 10 μL of PBS. Mice were sacrificed after 3 days, 

and knees were harvested, fixed in 10% neutral buffered zinc-formalin for 48 h, decalcified 

in Cal-Ex II solution for 4 days, and frozen in OCT. Ten 6 μm thick slides were cut by 

means of a cryostat for each knee and stained with Hoechst. GFP/nanotube signal ratio was 

obtained through a FluoView FV10i confocal microscope.

Statistical Analysis. Nonparametric Mann–Whitney U analysis was performed by using 

SPSS Statistics software (IBM Corpora tion, Armonk, NY).

Supporting Information Available: Joint persistence of IA-injected free fluorochromes; 

Effects of IA-injected PEG-SWCNTs on liver functions; Internalization of PEG-SWCNTs 

into cultured human TC-28 cells, extracted bovine chondrocytes and bovine cartilage 

explants; Delivery of anti-GFP mASOs by PEG-SWCNTs In vitro; Delivery of control 

mASOs by IA-injected PEG-SWCNTs in healthy chondrocytes in Vivo; Joint persistence 

and cartilage trafficking of free control mASOs. This material is available free of charge via 

Internet at http://pubs.acs.org.
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Scheme 1. 
PEG-SWCNTs as Chondrocyte-Specific Drug Delivery Systemsa
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Figure 1. 
PEG-SWCNTs used to deliver mASOs into chondrocytes. (A) Amino-functionalized PEG-

SWCNTs were obtained by coating the sidewalls of pristine (nonfunctionalized) SWCNTs 

with phospholipids modified with amino-terminated PEG chains. Fluorochrome-conjugated 

PEG-SWCNTs (PEG-SWCNT-650 or PEG-SWCNT-750) were fabricated by capping PEG 

terminal amino groups on amino-functionalized PEG-SWCNTs with either 650 or 750 nm 

emitting fluorochromes, whereas PEG-SWCNTs loaded with mASOs (PEG-SWCNT-

mASOs) were obtained by adsorption of mASO molecules onto PEG-SWCNT-650. (B) 

AFM (topography) image (scan size 2 × 2 μμ2) and length distributions for amino-

functionalized PEG-SWCNTs. (C–E) AFM images (topography), 3D-reconstructions, 

longitudinal cross sections, and values for the average height of PEG shell (hm) for 

representative amino-functionalized PEG-SWCNTs (C) and PEG-SWCNT-mASOs (D and 

E). Black arrow indicates the portion of SWCNT sidewall that was exposed because it was 

devoid of PEG coverage. (F) Distribution of average heights of PEG shell (hm) for amino-

functionalized PEG-SWCNTs (cyan histogram) and PEG-SWCNT-mASOs (pink 

histogram). Mean values of hm are reported. Scan size: 800 × 800 nm2 (C), 700 × 700 nm2 

(D), and 500 × 500 nm2 (E).
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Figure 2. 
Joint persistence and organ accumulation of IA-injected PEG-SWCNTs. Two groups (N = 5) 

of healthy 3-month-old female C57BL/6J (B6) mice were unilaterally IA-injected in the 

knee with 5 μg of PEG-SWCNT-750 in 10 μL of PBS or equivalent doses (~0.4 μmol) of 

free Seta750. PEG-SWCNT-750 were also IA-injected in the arthritic knees of a group (N = 

5) of 3-month-old female B6 mice with OA (1 month post-DMM surgery). NIR 

fluorescence images of animals were taken through the IVIS Spectrum system during the 

following 14 days, and the fluorescence intensity of the treated knees was measured (A). 

After 14 days, PEG-SWCNT-treated mice were sacrificed, the major organs (spleen, liver, 

kidneys, and lungs) extracted, and their NIR-emission measured. NIR signals from these 

organs were undetectable. Legs were also collected, the skin removed, and their NIR-

emission measured. Bright NIR signals arose from treated knees (right), whereas NIR 

signals from untreated knees were undetectable (left) (B).
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Figure 3. 
Cartilage ECM trafficking and chondrocyte internalization of IA-injected PEG-SWCNTs. 

(A) Five micrograms of PEGSWCNT-650 in 10 μL of PBS was unilaterally IA-injected in 

the knees of healthy 4-month-old female B6 mice. Contralateral knees were IA-treated with 

equal volume of vehicle (PBS, control). (B) OA was induced in 2 month old female B6 mice 

by means of surgical destabilization of medial meniscus (DMM). After 2 months, 5 μg of 

PEG-SWCNT-650 in 10 μL of PBS was IA-injected in the OA knee. Contralateral (healthy) 

knees were IA-injected with equal volume of vehicle (PBS, control). Mice were divided in 

three groups (N = 3) and sacrificed 1, 3, or 14 days after IA administration. Knees were 

collected, fixed, decalcified, embedded in OCT, and sliced. Confocal images of cartilage 

cryosections showed that, in both healthy and OA mice, PEGSWCNT-650 were almost 

exclusively found in the cell-free ECM immediately beneath the cartilage surface 1 day after 

IA administration, whereas they were also found in the cytoplasm and nucleus of 

chondrocytes residing in the superficial cartilage 3 days after administration. Particles were 

still found inside the chondrocytes 14 days after administration. No NIR fluorescence was 

detected from control knees.
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Figure 4. 
In Vivo effects of IA-injected PEG-SWCNTs. Two groups (N = 4) of 2-month-old female 

B6 mice received DMM surgery and were IA-injected with either 5 μg of IA-PEG-SWCNTs 

in 10 μL of PBS or an equal volume of vehicle (PBS, control), in the OA knee. After 2 

months, OA knees were collected, fixed, decalcified, and embedded in paraffin. Six 

micrometer thick frontal sections were taken at 60 μm intervals and stained with Safranin-O 

and counterstained with Fastgreen and Hematoxylin (A). Cartilage damage was examined 

on the four knee quadrants and scored using the OARSI method. There was no statistically 

significant cartilage worsening in PEG-SWCNT-650-treated knees respect to control knees. 

Statistics: nonparametric Mann–Whitney U analysis (n.s. = not significant) (B). 

Alternatively, sections were stained with either anti-IL-1 or anti-TNα antibodies. IL-1 and 

TNFR expression was examined on the four knee quadrants. There was no protein 

overexpression in PEGSWCNT-650-treated knees respect to control knees of OA mice (C).
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Figure 5. 
(A, B) Delivery of anti-GFP mASOs by IA-injected PEG-SWCNTs in healthy chondrocytes 

in Vivo. Healthy (N = 3) female C57BL/6-Tg(UBC-GFP)30Scha/J mice were unilaterally 

IA-treated in the knee with 5 μg of PEG-SWCNT-mASOs in 10 μL of PBS. Contralateral 

knees were treated with PEG-SWCNT-Ctr. After 3 days, mice were sacrificed and cartilage 

cryosections prepared. Confocal images showed that nanotube-positive chondrocytes (650 

nm signal) of IA-PEG-SWCNT-mASO-treated mice had faint GFP fluorescence (i.e., cells 

inside yellow oval), whereas nanotube-negative cells (i.e., cells inside cyan oval) had bright 

GFP signal. In contrast, both nanotube-positive and -negative cells of IA-PEG-SWCNT-Ctr-

treated mice had bright GFP signal (see Figure S6C, Supporting Information). (B) GFP and 

PEG-SWCNT-650 signals were quantitated for nanotube-positive cells in four microscopic 

fields recorded for each of the six cartilage sections collected for IA-PEG-SWCNT-mASO- 

and IA-PEGSWCNT-Ctr-treated knees, and the GFP/nanotube signal ratio calculated. 

Statistics: nonparametric Mann–Whitney U analysis (***p < 0.001). (C) Delivery of anti-

GFP mASOs by IA-injected PEG-SWCNTs in OA chondrocytes in Vivo. Four-month-old 

female C57BL/6-Tg(UBC-GFP)30Scha/J mice with OA (2 months post-DMM surgery) 

were injected in the OA knee with 5 μg of PEGSWCNT-mASOs in 10 μL of PBS. After 3 

days mice, were sacrificed and cartilage cryosections prepared. Confocal images showed 

that nanotube-positive chondrocytes (650 nm signal) had faint GFP fluorescence (i.e., cells 

inside yellow oval), whereas nanotube-negative cells (i.e., cells inside cyan oval) had bright 

GFP signal.
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