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Abstract

Intra-articular injections are the most direct route for administering osteoarthritis (OA) therapies, 

yet how drug carriers distribute within the joint remains understudied. To this end, we developed a 

magnetic composite nanoparticle that can be tracked with fluorescence in vivo via an in vivo 
imaging system (IVIS), and quantified ex vivo via electron paramagnetic resonance (EPR) 

spectroscopy. Using this particle, the effects of age and OA pathogenesis on particle clearance and 

distribution were evaluated in the medial meniscus transection model of OA (5-, 10-, and 15-

month old male Lewis rats). At 9 weeks after meniscus transection, composite nanoparticles were 

injected and joint clearance was assessed via IVIS. At 2 weeks after injection, animals were 

euthanized and particle distribution was quantified ex vivo via EPR spectroscopy. IVIS and EPR 

spectroscopy data indicate a predominant amount of particles remained in the joint after 14 days. 

EPR spectroscopy data suggests particles cleared more slowly from OA knees than from the 

contralateral control, with particles clearing more slowly from 15-month old rats than from 5- and 

10-month old rats. This study demonstrates the importance of including both age and OA as 

factors when evaluating nanoparticles for intra-articular drug delivery.
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1. Introduction

Osteoarthritis (OA) is a chronic, maladaptive joint disease that affects over 30 million U.S. 

adults [1]. Knee OA, specifically, accounts for 83% of the total OA burden [2]. Despite 

ongoing research, no cure for OA exists. Thus, clinical care focuses on palliative treatments 

to reduce inflammation and treat pain [4]. These palliative treatments include intra-articular 

injections, which simultaneously increase drug bioavailability and decrease off-target 

effects. However, the benefits of intra-articular injections are often diminished by rapid drug 

clearance from the joint [5]. This limitation has spurred research into drug carriers suitable 

for controlled intra-articular delivery [6].

Recently, significant attention has focused on engineering nanoparticle drug carriers for 

targeted delivery within the diseased joint. Design parameters, including surface 

physicochemical properties and the addition of targeting surface ligands, have proven 

important for controlled drug delivery [6,7]. In this context, nanoparticle characterization, 

distribution in the joint, and clearance from the joint are important aspects for evaluating 

potential formulations for clinical translation. However, most characterization of drug or 

particle clearance has been done using young animals (rats 7–12 weeks old or mice 4–10 

weeks old [8–12]), and OA pathophysiology is clearly connected to age [13,14]. Lymphatic 

function is known to change with age, where aged lymphatic vessels have decreased 

pumping indices, impaired pathogen clearance, and impaired permeability [15]. Synovial 

permeability is also altered by age and OA, as diseased and aged synovium is characterized 

by an increased infiltration of inflammatory cells. The subsequent inflammatory 

environment leads to altered trans-synovial flow, which changes synovial permeability 

[16,17]. As such, OA therapeutic studies should consider age as a variable when evaluating 

nanoparticle and drug distribution and clearance from joints.

Joint clearance and biodistribution have traditionally been assessed using radiolabeled 

molecule tracking and fluorescence imaging [9,11,12,18–24]. While radiolabeled molecules 

allow for quantitative measurement of clearance and biodistribution with sensitivities in the 

picomolar range [25], they have several drawbacks. Isotopes with short half-lives (seconds to 

hours) are subject to radioactive decay, and therefore methods to track radiolabeled 

molecules lose their reliability for long term in vivo clearance studies. Incorporating 

radiolabeled molecules into particle systems also requires modification of the particles’ 

surface chemistry, which may cause labeled particles to have different physical properties 

from unlabeled particles. Furthermore, the synthesis and disposal of radioactive materials is 

costly and poses potential health hazards. On the other hand, fluorescence imaging, by either 

conjugating or loading particles with fluorescent dyes, provides a noninvasive method to 

track agents longitudinally with high sensitivity and temporal resolution [26]. However, in 
vivo fluorescence imaging is subject to light scattering, signal attenuation, and 
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autofluorescence. Additionally, dye release from particle carriers may make it difficult to 

distinguish between signal from loaded dye or free dye. Implementing near-infrared (NIR) 

dyes in particle carriers mitigates but does not completely resolve these limitations. NIR 

dyes avoid the excitation and emission range associated with tissue autofluorescence, and 

have increased tissue penetration depth because their excitation and emission ranges do not 

overlap with those of hemoglobin absorption [10,26]. However, light scattering and signal 

attenuation from tissue is inevitable and heterogeneous, ultimately limiting the ability of in 
vivo fluorescence imaging to quantitatively track organ and joint tissue biodistribution.

While fluorescence imaging with NIR dyes can help evaluate particle clearance, 

understanding where particles distribute within the joint and within the body is also 

important. Superparamagnetic nanoparticles can be accurately and selectively quantified 

with electron paramagnetic resonance (EPR) spectroscopy [27,28]. EPR spectroscopy 

measures the paramagnetic properties of iron oxide nanoparticles. Specifically, the unpaired 

electron spins in paramagnetic materials can split into two opposing energy states. Upon 

increasing the magnetic field, the energy difference of the split states increases. The energy 

difference can be tuned to equal an external microwave frequency, allowing for transitions 

between spin states. The net energy absorbed during transitions is recorded as a spectral line 

per spin transition. The area under the first derivative of the absorption spectra is related to 

the electron’s magnetic moments, and thereby to the concentration of iron oxide 

nanoparticles in a tissue sample [29,30].

To address some of the challenges in evaluating nanoparticle biodistribution and clearance 

from the joint, we developed a magnetic composite nanoparticle platform, termed composite 

nanoparticles, to quantify particle clearance and biodistribution in healthy and osteoarthritic 

rat knees via fluorescent particle imaging and EPR spectroscopy. First polyethylene glycol 

coated composite nanoparticles containing NIR dye and superparamagnetic iron oxide 

nanoparticles were synthesized and thoroughly characterized. Then, the unique aspects of 

our composite nanoparticles were exploited to quantitatively assess how age and OA affect 

nanoparticle clearance and biodistribution in joint tissues and throughout the body of male 

Lewis rats.

2. Materials and Methods

2.1. Magnetic Nanoparticle Synthesis and Composite Nanoparticle Formulation

2.1.1 Oleic Acid Coated Iron Oxide Nanoparticle Synthesis—Oleic acid coated 

iron oxide nanoparticles were synthesized via semi-batch thermal decomposition in the 

presence of molecular oxygen [31]. First, an iron oleate precursor was synthesized by 

reacting iron acetylacetonate (>98% pure, TCI America, Portland, OR, USA) and oleic acid 

(90% technical grade, Sigma-Aldrich, St. Louis, MO, USA) at 320°C under argon (Ar) 

atmosphere (Airgas, Gainesville, FL, USA). A mixture of iron oleate and octadecene (90% 

technical grade, Sigma-Aldrich, St. Louis, MO, USA) was added at 9 mL/h into docosane 

(90% pure, Sigma-Aldrich, St. Louis, MO, USA) at 350 °C for eight hours. The synthesis 

was performed with oxygen feed of 20% oxygen and 80% Ar (Airgas, Gainesville, FL, 

USA) at a rate of 9.47 sccm and controlled using a mass flow controller (Bronkhorst USA, 

Bethlehem, PA, USA). Additional Ar gas was introduced into the reactor head space to 

Partain et al. Page 3

J Control Release. Author manuscript; available in PMC 2021 May 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



maintain the overall oxygen concentration below 5% and avoid flashing of the organic vapor. 

The unreacted reagents were washed by solvent - antisolvent precipitation where the product 

was initially suspended in chloroform (Sigma-Aldrich, St. Louis, MO, USA) and then 

precipitated with acetone (Fisher Scientific, Hampton, NH, USA) in a 1:2 volume ratio till 

oleic acid coated particles with 60 wt% iron were obtained.

2.1.2 Composite Nanoparticle Formulation—Flash nanoprecipitation was employed 

to produce the composite nanoparticles containing magnetic nanoparticles and NIR dye [32]. 

Briefly, oleic acid coated iron oxide nanoparticles, PEG4.9kDa-b-PLA6.0kDa (Evonik 

Industries, Essen, Germany), and the near IR lipophilic tracer 1,1’-Dioctadecyl-3,3,3’,3’-

tetramethylindotricarbocyanine iodide (DiR) (Marker Gene Technologies, Inc. Eugene, OR, 

USA) were suspended in tetrahydrofuran (THF) (inhibitor free, HPLC grade, >99%, Sigma-

Aldrich, St. Louis, MO, USA) and used as an inlet stream. The relative mass fractions of 

these soluble components were 58% iron, 36% block copolymer, and 6% DiR. The solutes 

in this inlet stream were rapidly mixed against equal volumes of a miscible antisolvent (DI 

water) in a confined impinging jet mixer (Fig. 1). Mixing of streams was conducted using a 

syringe pump at 52 mL/min (KD Scientific Inc.,Holliston, MA, USA), and the resulting 

particles were precipitated into a water reservoir. The precipitated composite nanoparticles 

were washed using a magnetic separation column (Miltenyi Biotec, Bergisch Gladbach, 

Germany) to remove free polymer and unencapsulated DiR. The particles were washed with 

water at least four times or until the filtrate was free of fluorescent DiR signal. The particles 

were recovered by removing the magnetic column from the magnet and flushing with DI 

water. The final particle stock was stored at 4 °C.

2.2. Composite Nanoparticle Characterization

2.2.1 Physical Diameter—Composite nanoparticles were imaged using a Hitachi H 

7000 transmission electron microscope. Composite nanoparticles in water were sampled on 

ultrathin nickel type B grids coated with 3–4 nm carbon and 5–6 nm Formvar (Electron 

Microscopy Sciences, Hatfield, PA, USA). Images of particles were acquired using a Veleta 

CCD side-mount camera, and the physical diameter and size distribution were analyzed 

using ImageJ [33].

2.2.2 Hydrodynamic Diameter and Surface Charge—The composite nanoparticle 

hydrodynamic diameter and size distribution was evaluated by dynamic light scattering 

(DLS), and composite nanoparticle surface charge was evaluated by zeta potential 

measurement, using a particle analyzer (Zeta PALS, Brookhaven Instruments, Holtsville, 

NY, USA) with ∼633 nm laser excitation. For the zeta potential measurements, the 

nanoparticle stock solutions were prepared in water and diluted to ∼1% v/v with adjusted 

ionic strength using 1 mM KNO3 (Fisher Scientific, Hampton, NH, USA) at pH 7.4.

2.2.3 Magnetic Properties—Magnetic properties of the synthesized composite 

nanoparticles were evaluated using a magnetic property measurement system (MPMS 3, 

Quantum Design, San Diego, CA) with a superconducting quantum inference device 

(SQUID) magnetometer. Measurements were made at 300 K in a magnetic field range from 

7 T to −7 T. The saturation magnetization of composite nanoparticle was deduced from the 
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maximum of the magnetization obtained from the magnetization curve. The volume-

weighted median magnetic diameter (Dmv) and geometric deviation of oleic acid coated 

magnetic nanoparticle samples were determined by fitting the superparamagnetic 

equilibrium magnetization curve to the Langevin function weighted by a lognormal size 

distribution [34].

2.2.4 Iron Quantification—The o-phenanthroline assay was performed to quantify the 

amount of iron in the composite nanoparticles. Composite nanoparticles, suspended in water, 

were digested in 70% concentrated HNO3 (optima grade, Fisher Scientific, Hampton, NH, 

USA) and left overnight at 101 °C in a dry heating block. The next day, 50 μL of digested 

sample were dried at 115 °C. 46 μL of water were added to vials containing particles in THF 

and particles in water. Iron was further reduced with hydroxylamine hydrochloride (30 μL, 

8.06 M) (Sigma-Aldrich, St. Louis, MO, USA) for 1 hour. Next, 1,10-phenanthroline 

monohydrate (75 μL, 13 mM) (Sigma-Aldrich, St. Louis, MO, USA) was added to complex 

with Fe2+, then promoted using sodium acetate (49 μL, 1.22 M) (Sigma-Aldrich, St. Louis, 

MO, USA). The absorbance of samples (100 μL) was measured at 508 nm in a SpectraMax 

M5 microplate reader (Molecular Devices, San Jose, CA, USA). Running each sample in 

triplicate, concentrations were determined from a standard curve prepared from an iron 

standard solution (Fluka iron standard for ICP).

2.3. In Vitro Characterization

2.3.1 Fluorescent Dye Retention in Composite Nanoparticles—Dye retention 

within the composite nanoparticles was determined by quantifying DiR remaining over 14 

days. To mimic physiological conditions, composite nanoparticles were suspended in bovine 

synovial fluid (1.6 mg iron oxide/mL) and maintained at 37 °C in a shaker at 50 rpm. 

Samples were removed immediately after being suspended in synovial fluid and after 

incubating for 1, 3, 5, 7, 10, and 14 days (n = 3 per time point). At each time point, 

composite nanoparticles were magnetically separated from the free dye, and the synovial 

fluid was removed from each tube. Composite nanoparticles were resuspended in THF and 

vortexed to release the remaining dye. Then, the solutions were separated again using a 

magnetic column, and the dye/THF solution imaged in a black 96 well plate using IVIS 

(PerkinElmer, Waltham, MA, USA). Fluorescence intensity was measured at an excitation of 

745 nm and emission of 840 nm.

An additional two-day study was conducted to demonstrate dye association with composite 

nanoparticles. Methods and results can be found in the supplemental information 

(Supplemental Fig. S1).

2.3.2 Cobalt Ferrite Composite Nanoparticle Colloidal Stability—Dynamic 

magnetic susceptibility (DMS) measurements were used to evaluate particle colloidal 

stability in bovine synovial fluid over 14 days. PEG4.9kDa-b-PLA6.0kDa coated cobalt ferrite 

composite particles, prepared using flash nanoprecipitation, were used for this study. Particle 

stability was assessed immediately after addition to synovial fluid and after incubating for 1, 

3, 5, 9, 12, and 14 days. DMS measurements were performed using a commercial AC 

susceptometer (Dynomag system, Acreo Swedish ICT) at room temperature. The amplitude 

Partain et al. Page 5

J Control Release. Author manuscript; available in PMC 2021 May 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of the excitation field varied between 0 and 0.5 mT, and the frequency interval was evaluated 

in a range of 10 Hz to 160 kHz. All DMS measurements were fit to the Debye model of 

dynamic susceptibility [35,36] with two assumptions. First, the particles were assumed to 

have a log-normal size distribution. Second, the infinite shear viscosity was assumed to be 

that of bovine synovial fluid. Rheological measurements of bovine synovial fluid were 

performed using an Anton Parr MCR 702 twin drive rheometer.

2.3.3 Composite Nanoparticle Cytotoxicity—To assess composite nanoparticle 

cytotoxicity, synoviocyte proliferation was evaluated via MTS CellTiter 96 Aqueous 

Proliferation Assay (Promega, Madison, WI, USA). Briefly, primary rat synoviocytes were 

isolated from the synovium surrounding the medial and lateral sides of the femoral 

chondyle. The synovium was digested in a 0.2% collagenase I solution (Worthington 

Biochemical Corporation, Lakewood, NJ, USA) for 24 hours at 37 °C and shaking at 40 

rpm. After 24 hours the synovium was completely digested, and cells were passed through a 

cell strainer, centrifuged, and resuspended in fresh media. Then, rat synoviocytes (3000 

passage 1 cells/well in 96 well plate) were cultured in media for 24 hours and incubated at 

37 °C under 5% carbon dioxide. Then, cells were cultured in media containing varying 

nanoparticle concentrations (0, 0.01, 0.05, 0.1, 0.5, 1.0, 1.5, and 2.0 mg iron oxide/mL) for 

24 hours. Nanoparticle media suspensions were removed, and cells were washed to remove 

remaining particles. Cells were cultured for 48 hours, after which media was replaced with 

fresh media and MTS assay reagents. After two hours, media with MTS assay reagent was 

stirred, removed, and magnetically separated to ensure all particles were removed. 

Absorbance was measured at 490 nm on a microplate reader (BioTek Synergy 2, Winooski, 

VT, USA).

To further evaluate composite nanoparticle cytotoxicity, cartilage explants were exposed to 

particles. Cartilage explants (4 mm) were aseptically collected from the femoral condyles of 

a juvenile male bovine (Research 87 Inc., Boylston, MA, USA). Immediately after 

collection, explants were plated in a petri dish and washed with media containing 1% 

penicillin-streptomycin. Then, explants were incubated at 37 °C and 5% carbon dioxide for 

24 hours. Next, cartilage biopsies were plated in 96 well plates with the articular surface 

facing up. Explants were then incubated with varying nanoparticle concentrations as 

described above. After 24 hours, nanoparticle media suspensions were removed and explants 

were washed to remove remaining particles. Each well was replenished with fresh media and 

incubated for 48 hours. After that time, media was replaced with fresh media and MTS assay 

reagent. After an hour and a half, media with MTS assay reagent was stirred, removed, 

magnetically separated, and plated in duplicate for measurement on a plate reader. Explants 

were dabbed-dry and weighed. Data were normalized on the basis of weight.

2.4. Experimental Design for In Vivo Evaluation of Composite Nanoparticle Joint 
Clearance

In vivo joint clearance and distribution were measured and compared in healthy and OA 

joints from male Lewis rats (5-, 10-, and 15-months at the time of injection, Charles River 

Laboratories, Wilmington, MA, USA). To induce OA, surgical transection of both the 

medial collateral ligament (MCL) and medial meniscus were performed in all rats [5-months 
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(n = 12), 10-months (n = 12), and 15-months (n = 8)]. One 5-month old rat and one 15-

month rat were lost due to surgical complication resulting in n = 11 for both groups. After 9 

weeks, 8 rats from each age group received composite nanoparticle injections to their OA 

and contralateral joints. Remaining rats (n = 3 for the 5- and 15-month and n = 4 for the 10-

month groups) were used as age matched controls for background fluorescence signal and 

EPR spectra. IVIS measurements were acquired at an excitation of 745 nm and an emission 

of 840 nm. Rats were imaged at the following time points: before injection; immediately 

after injection; at 5, 10, 15, 30 minutes after injection; at 1, 2, 4, 8, 12 hours after injection; 

and daily from 1 to 14 days after injection. At 14 days post-injection, rats were euthanized 

via exsanguination under deep anesthesia. Organs and joint tissues were collected for 

endpoint IVIS imaging and EPR spectroscopy analysis. All live animal procedures were 

approved by the University of Florida’s Institutional Animal Care and Use Committee.

2.4.1 Medial Collateral Ligament Transection (MCLT) and Medial Meniscus Transection 
(MMT) Surgery

Rats were anesthetized in a 3% isoflurane sleep box (Patterson Veterinary, Greenley, CO, 

USA), aseptically prepped with alternating betadine surgical scrub (Purdue Products, 

Stamford, CT, USA) and 70% isopropyl alcohol in triplicate, and transferred to a sterile 

field. During MCLT and MMT surgery, a 1–2 cm midline skin incision was made along the 

medial side of the knee. Skin was retracted and the MCL was exposed by blunt dissection, 

and transected. The knee was moved into a valgus orientation, allowing central aspects of 

the medial meniscus to be cut radially. After meniscus transection, absorbable 5–0 vicryl 

braided sutures (Ethicon, Somerville, NJ, USA) were used to internally close the surgical 

path; 4–0 ethilon nylon monofilament sutures (Ethicon, Somerville, NJ, USA) were used to 

close the skin. Anesthesia was maintained via mask inhalation of 2.5% isoflurane 

throughout all procedures. Rats recovered post-operatively in a warming box until 

ambulatory. For pain management, rats received buprenorphine (0.05 mg/kg) (Patterson 

Veterinary, Greeley, CO, USA) subcutaneously every 12 hours for 48 hours post-surgery.

2.4.2 Composite Nanoparticle Injection

At 9 weeks after OA induction, rats (n = 8 per age) were anesthetized using 2.5% isoflurane, 

and the injection site was aseptically prepped, as described previously. While under 

anesthesia, composite nanoparticles suspended in 25 μL sterile saline were injected in both 

knees using a 0.3 mL insulin syringe (29G × 1/2’”) (Smiths Medical ASD Inc., Keene, NH, 

USA). The injection concentration of composite nanoparticles was 2.65 mg iron oxide/mL. 

The final concentration of composite nanoparticles in the joint was estimated to be 1.6 mg 

iron oxide/mL (assuming there is 50 μL of synovial fluid in the joint). For injections, the 

needle was inserted through the patellar ligament, following the patellar groove to the 

central aspects of the knee. After the injection, the knee was flexed 10 times to mix the 

particle solution and synovial fluid, and the injection site was cleaned with sterile gauze and 

70% ethanol.

2.4.3 In Vivo Composite Nanoparticle Clearance from OA and Contralateral 
Knees—Rats were imaged (as described above) for 14 days after injection using IVIS. For 

assessment, a region of interest (ROI) was drawn around the largest signal, with an 
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identically sized ROI for all knees. Non-injected animals were imaged and used for 

background subtraction. All data were normalized by individual rat to its day 0 radiant 

efficiency value. We chose to present clearance in relative terms because this measure was 

used by other intra-articular clearance studies to show differences relative to the day 0 

radiant efficiency value [9,12,37].

2.5. Joint-Level Inflammatory Response

After euthanasia, the patella tendon was cut above the patella and reflected down. Synovial 

fluid was extracted from the joint using fluid wicking [38]. Briefly, a 4 mm diameter 

alginate sponge (Melgisorb, Göteborg, Sweden) was inserted into the joint, and the knee was 

flexed ten times. After absorbing synovial fluid, the alginate sponge was removed and 

placed in alginate lyase (35 μL, 1-unit/mL) (Sigma-Aldrich, St. Louis, MO, USA). All 

samples were briefly vortexed, then placed in a 34 °C water bath for 30 minutes. Sodium 

citrate (15 μL, 1.0 M) (Sigma-Aldrich, St. Louis, MO, USA) was added to each sample. The 

volume of the sample was then determined using the pipette-dialing method.

Protein levels of IL-1β, IL-6, IFN-γ, and TNF-α were quantified via a pro-inflammatory 

multiplex immunoassay, according to manufacturer specifications (Meso Scale Diagnostics, 

Rockville, MD, USA). Data were normalized by sample volume.

2.6. Ex Vivo Determination of Composite Nanoparticle Joint Clearance and 
Biodistribution

After synovial fluid wicking, joint tissues including the femur, patellar synovium/fat pad, 

tibia, and menisci were isolated for joint distribution analysis. Samples from the femur 

included the femoral cartilage and synovium from the suprapatellar bursa. Samples from the 

patella included the patellar cartilage and synovium, as well as the fat pad and prepatellar 

and infrapatellar bursa. Samples from the tibia included the tibial cartilage and synovium. 

The heart, liver, spleen, kidneys, bladder, lungs, popliteal lymph nodes, and inguinal lymph 

nodes were also isolated for biodistribution analysis. All organs, joint tissues, and lymph 

nodes were imaged using IVIS with the same parameters as with live rats. Non-injected 

animals’ organs and joint tissues were used for background fluorescence subtraction.

2.6.1 Electron Paramagnetic Resonance (EPR) Spectroscopy Measurements
—Immediately after IVIS imaging, vital organs, joint tissues, and lymph nodes were 

weighed and lyophilized for 5 days or until dry. Then, vital organs, joint tissues, and lymph 

nodes were weighed again (dry weight) and crushed. A mass of 25–30 mg from each vital 

organ was placed in gelatin capsules in triplicate, while individual joint tissues and lymph 

nodes were loaded into one gelatin capsule each. EPR (Bruker ELEXSYS-II E500 at 9.83 

GHz and field sweep of −6000 to 6000 Gauss) was utilized to quantify the amount of 

magnetite (Fe3O4) in each sample. Samples were normalized by whole organ weight. Non-

injected animals’ organs and joint tissues were used for background iron subtraction.

2.7 Statistical Analysis

All statistical tests, described below, were performed using Statistica (Palo Alto, CA, USA). 

A p<0.05 was used for statistical significance.
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2.7.1 In Vitro Composite Nanoparticle Cytotoxicity—1-sample Student’s t-tests 

were used to detect if synoviocyte and cartilage explant viability was less than 100% 

viability at each nanoparticle concentration. Since the null hypothesis aligns with the desired 

outcome (no cytotoxicity), we did not correct for compounding type 1 error.

2.7.2 In Vivo Clearance from OA and Contralateral Knees—Paired Student’s t-

test were used to detect clearance differences in OA and contralateral joints for each age 

group (area under curve analysis).

2.7.3 Joint-Level Inflammatory Response—Joint-level inflammatory responses for 

protein levels of IL-1β, IL-6, IFN-γ, and TNF-α were assessed by unpaired Student’s t-tests 

for contralateral and OA knees. Again, since the null hypothesis aligned with the desired 

outcome (no inflammatory response), we did not correct for compounding type 1 error. This 

study was designed to detect a foreign body response to composite nanoparticles, not OA 

related changes.

2.7.4 Ex Vivo Biodistribution—A one-way ANOVA followed by Tukey’s HSD post 
hoc was used to compare % total iron oxide remaining in the body and each vital organ, as a 

function of age. Differences between particle distribution in OA and contralateral joints and 

joint tissues as a function of age were determined by a two-way ANOVA followed by 

Tukey’s HSD post hoc. Reported p values were determined via Tukey’s HSD post hoc, or 

otherwise specified as an ANOVA main effect.

3. Results

3.1 Composite nanoparticles were characterized and determined to be colloidally stable 
and retain DiR dye in synovial fluid ex vivo

TEM shows representative particle morphology for our composite nanoparticles (Fig. 2A). 

Furthermore, composite nanoparticles had a hydrodynamic diameter of 195 nm ± 39 nm 

(Fig. 2B), a zeta potential of −17 mV, and were superparamagnetic with a saturation 

magnetization of 85.88 Am2/kg corresponding to magnetite (Fig. 2C). Evaluation of DiR 

retention in composite nanoparticles in vitro showed that 36% of total dye remained after 14 

days (Fig. 2D). Furthermore, dye association with composite nanoparticles can be visualized 

after 2 days (Supplemental Fig. S1). DMS measurements suggest that hydrodynamic 

diameters of the composite nanoparticles did not change significantly while incubating in 

synovial fluid over 14 days (Supplemental Fig. S2).

3.2 Composite nanoparticles are not cytotoxic to synoviocytes or cartilage explants ex 
vivo

Both synoviocytes and cartilage explants remained viable at all concentrations tested 

(Supplemental Fig. S3). However, at a concentration of 2.0 mg iron oxide/mL, synoviocyte 

% viability began to drop, with a difference relative to 100% nearing significant (p = 0.08). 

Although this trend was observed, the concentration subsequently used in vivo (1.6 mg iron 

oxide/mL) did not have cytotoxic effects in vitro.
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3.3 While particles clear from joints, IVIS detected that many particles remain in OA and 
contralateral joints at 14 days

IVIS images show fluorescence signal in both the OA and contralateral knees at 14 days for 

all rats (Fig. 3). Using IVIS radiant efficiency signal, area under the curve (AUC) analysis 

was utilized to evaluate clearance for 14 days after injection. In 5-month (p = 0.2) and 15-

month old rats (p = 0.8), particle clearance was not significantly different for OA and 

contralateral joints. Whereas in 10-month old rats, particles cleared faster from the OA joint 

(p = 0.03) (Fig. 4). After 14 days, fluorescence signal remained above the limit of detection 

for all rats, suggesting that NIR dye remained in the joints. Furthermore, at the day 14 time 

point, there were no differences between OA and contralateral fluorescence signals for all 

rats.

3.4 Composite nanoparticles do not elicit a joint-level inflammatory response

After 14 days of particle exposure, protein levels of IL-1β in the joint were below the limit 

of detection for most samples. Recall, this study was designed to detect a foreign body 

response to composite nanoparticles, not OA related changes. There were no differences 

between protein levels in the OA injected and OA non-injected knees for IL-6 (p = 0.8), 

IFN-γ (p = 0.3), and TNF-α (p = 0.8). Additionally, there were no differences between 

protein levels in the contralateral injected and contralateral non-injected knees for IL-6 (p = 

0.8), IFN-γ (p = 0.5), and TNF-α (p = 0.2) (Supplemental Table S1).

3.5 IVIS and EPR spectroscopy are complementary techniques that show higher 
composite nanoparticle retention in both knees compared to other organs

For particle biodistribution in all ages, both IVIS and EPR (Fig. 5) showed higher particle 

presence in the knees at 14 days post-injection compared to other organs. Only one rat in the 

5-month old group showed high liver signal determined by both IVIS and EPR. IVIS 

fluorescence signal was not detected in the liver for the 10-month and 15-month groups; 

however, EPR quantified 4.4% and 4.9% of the total iron particles injected remained in the 

liver of the 10-month and 15-month animals, respectively.

3.6 EPR spectroscopy can selectively quantify composite nanoparticle distribution 
changes associated with OA and age in the vital organs and knees

Although IVIS and EPR consistently showed greatest particle retention in both OA and 

contralateral knees compared to other organs, IVIS and EPR showed different particle 

distribution patterns in specific joint tissues (Fig. 6). For 5- and 10-month animals, IVIS 

indicated greatest signal intensity in the meniscus, while EPR indicated the least iron oxide 

accumulation in the meniscus. EPR spectroscopy’s high selectivity and sensitivity (lower 

limit of detection = 0.066 μg iron) was used to tease out distribution changes associated with 

age and disease. After 14 days, the aggregate sum of vital organs and knees quantified 

44.7% of composite nanoparticles remained in 5-month animals, 45.1% in 10-month 

animals, and 62.5% in 15-month animals (Fig. 7A). Significantly more nanoparticles 

remained in the vital organs and knees of 15-month animals compared to the 5-month (p = 

0.0002) and 10-month (p = 0.0002) animals.

Partain et al. Page 10

J Control Release. Author manuscript; available in PMC 2021 May 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



EPR spectroscopy detected nanoparticles in the heart (Fig. 7B), lungs (Fig. 7C), spleen (Fig. 

7D), kidneys (Fig. 7E), and liver (Fig. 7F). Most of the bladder samples had signals below 

the limit of detection. As a function of age, the distribution of composite nanoparticles was 

similar in vital organs (Fig. 7). However, nanoparticle distribution in OA and contralateral 

knees (p = 0.02 ANOVA, main effect) was significantly different, with more nanoparticles 

remaining in the OA knee after 14 days for all animals at all ages (Fig. 8A). 5-month 

animals retained 19.4% and 15.9% of the nanoparticles in their OA and contralateral knees, 

respectively. 10-month animals retained 17.9% and 16.0 % of the nanoparticles in their OA 

and contralateral knees respectively. 15-month animals retained 24.1% and 21.2% of the 

nanoparticles in their OA and contralateral knees, respectively. Furthermore, the 15-month 

animals had significantly more nanoparticles in their knees than the 5-month (p = 0.002) and 

10-month (p = 0.0004) animals. All but three lymph node samples were below the limit of 

detection (Supplemental Fig. S4).

Tissue regions of OA and contralateral knees were dissected to further quantify where 

nanoparticles distributed within the joint. Most of the nanoparticles distributed to the 

patella/fat pad region (Fig. 8B), followed by the femoral tissue region (Fig. 8C), the tibial 

tissue region (Fig. 8D), and lastly the menisci (Fig. 8E). Age was a significant factor for 

nanoparticle accumulation in the patella/fat pad region (p = 0.04, ANOVA, main effect), 

whereas disease played a significant role in nanoparticle accumulation in the femoral tissue 

and menisci. More nanoparticles were retained in the femoral tissue of the OA knee (p = 

0.002), while more nanoparticles were retained in the menisci of the contralateral knee (p = 

0.04).

Finally, nanoparticle accumulation in lymph nodes was negligible after 14 days, with only 

three samples above the lower limit of detection. All three detectable samples were from the 

contralateral lymph nodes of 5-month old animals (Supplemental Fig. S4).

4. Discussion

Understanding joint clearance and distribution is vital to develop better retention strategies 

for intra-articular OA therapeutics. In prior work, clearance from the joint has been 

characterized for nanomaterials specifically developed to improve whole-joint retention 

[9,12,37,39–45]. Studies have evaluated how particle size affects intra-articular clearance 

from healthy and diseased knees [11,46]. However, physiological variables, like age and 

disease, have not been thoroughly investigated for effects on nanoparticle clearance. To this 

end, this study evaluated nanoparticle clearance and biodistribution differences in male 

Lewis rats as a function of age and OA using IVIS and EPR spectroscopy.

To evaluate nanoparticle clearance and biodistribution, a multimodal composite nanoparticle 

was developed, wherein a NIR dye was imaged via fluorescence and the magnetic particle 

component was quantified via EPR spectroscopy. Using this particle, IVIS was employed to 

evaluate in vivo biodistribution semi-quantitatively, and EPR spectroscopy to quantify 

superparamagnetic iron oxide content in samples. EPR spectroscopy has been used in other 

models, primarily cancer, to selectively and quantitatively measure how iron oxide 

nanoparticle biodistribution is altered in physiological systems [27,29,47]. In this first 
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application of EPR spectroscopy to intra-articular biodistribution, EPR data demonstrates 

how this quantitative technique can be beneficial in understanding the physiology of joint 

clearance. Moreover, the high sensitivity of EPR spectroscopy is a complement to IVIS data, 

detecting nuances of nanoparticle clearance associated with age and OA.

EPR and IVIS data indicated a predominant amount of particles remained in the joint after 

14 days; however, only EPR detected a measurable amount of iron oxide in the liver. In IVIS 

data, the minimal liver load could be attributed to high fluorescence signal attenuation by 

liver tissues. Additionally, these particle distribution differences could be attributed to light 

scattering, tissue autofluorescence, the semi-quantitative nature of IVIS, and the fact that 

light penetration depth into tissues is only a few millimeters [26]. EPR spectroscopy is not 

affected by the aforementioned issues and could sensitively quantify nanoparticle 

accumulation in the liver. In EPR data, minimal nanoparticle accumulation was shown in the 

liver of 5-month old rats (with the exception of one rat), whereas roughly 5% of remaining 

nanoparticles were retained in 10-month and 15-month rat livers. Changes in liver 

accumulation with age were not anticipated, and it is not known why more composite 

nanoparticles are retained in older rat livers following intra-articular injection. However, 

previous studies have demonstrated that increased age is associated with pharmacokinetic 

changes, including reduced clearance by the liver [48]. As such, age-related impairment of 

liver metabolism [49] may account for increased particle retention in 10- and 15-month rat 

livers, as well as significantly more particles in 15-month rats. In addition, EPR 

spectroscopy results demonstrate significantly more particles were retained in 15-month rat 

knees, indicating age plays an important role in nanoparticle retention in the knees.

In addition to age, disease also plays an important role in nanoparticle retention and 

distribution in the knee. Previous work by Mwangi et al. [46] demonstrated the clearance of 

500 kDa dextran molecules decreased in MMT joints compared to un-operated joints, which 

was possibly attributed to synovial thickening. Doan et al. [50] explored how increased 

endothelin-1, a vasoconstrictor found in OA synovial fluid, impaired 40 kDa PEG clearance 

from the articular joint. Although the molecules in the aforementioned studies were smaller 

and less rigid than our composite nanoparticle, their findings suggest disease impairs joint 

clearance.

While our EPR data aligns with these prior studies, our IVIS clearance data differed. In our 

longitudinal IVIS data, more particles tended to be retained in the contralateral joint for the 

5-month old rats (non-significant), and were significantly higher in the contralateral knee of 

10-month old rats. However, no differences were found between OA and contralateral joints 

for 15-month rats. Lack of differences between 15-month rat knees could be associated with 

the development of age-related OA in both knees of these animals. Particle and dye stability 

could account for the inconsistency between IVIS and EPR data. After 14 days, 36% of the 

total dye remained in the particles, yet particle hydrodynamic diameter did not change. 

These results suggest iron oxide nanoparticles remained in composite nanoparticles, while 

the fluorescent dye was slowly released. Both encapsulated dye and free dye interacting with 

tissue compartments could be contributing to the fluorescence signal reported in IVIS data. 

Furthermore, longitudinal IVIS data shows fluorescence signal increases and peaks two to 

three days after injection. This trend is not unique to our methodology and has been 
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observed in other intra-articular delivery papers [1 2]. In fact, Kim et al. observed an 

increase in fluorescence following intra-articular injection of the same dye, yet the causes of 

this phenomenon have not been explained [12,37].

On the other hand, our EPR spectroscopy data shows higher composite nanoparticle 

accumulation in the OA joint compared to the contralateral joint for all three age groups, 

which may occur due to iron oxide nanoparticles being retained in the composite 

nanoparticles while dye is released. Moreover, EPR results align well with work from 

Mwangi et al and Doan et al, where nanoparticle clearance is impaired in the diseased joint.

In addition to whole joint clearance, the distribution of particles in joint tissues was affected 

by disease. Specifically, EPR results suggest OA affected nanoparticle distribution in the 

menisci and femoral tissue. Although nanoparticle accumulation was minimal in the 

menisci, there were still significant differences between OA and contralateral joint tissues. 

This phenomenon could be an artifact of the MMT surgery. By transecting the medial 

meniscus, we reduced the amount of intact tissues, thus decreasing the medial meniscus 

mass at 9 weeks after MMT surgery. Alternatively, differences may be attributed to altered 

mechanical stretching and contracting of menisci during motion, which would affect 

convective fluid transport into both the medial and lateral meniscus. This loss in convective 

fluid transport in the OA knee’s medial meniscus could account for more particles 

accumulating in the contralateral knee, where both menisci are intact.

A large amount of particles remaining in the OA and contralateral joints distributed to the 

femoral tissue. Based on visual observation during dissections, the greatest particle 

accumulation in the femoral tissue was near the suprapatellar bursa for both OA and 

contralateral knees. High nanoparticle accumulation in the suprapatellar bursa could be 

attributed to its anatomical location and lymphatic flow. The suprapatellar bursa is proximal 

to the knee cap; therefore, upward lymphatic flow may contribute to particle accumulation in 

this location [51]. Furthermore, EPR data for the femoral region showed higher particle 

concentration in the OA tissue. Higher particle accumulation in the OA femoral tissue could 

be attributed to the decrease in mature lymphatic vessels and capillaries found in 

osteoarthritic knees [52].

Our results could also suggest a breakdown of lymphatic functionality associated with OA. 

This theory is based upon total nanoparticle accumulation in the OA and contralateral knees, 

as well as femoral tissue nanoparticle distribution. Lymph nodes were collected and assessed 

in an attempt to test this theory. All but three lymph nodes were below the limit of detection. 

Using EPR to quantify particle accumulation in the lymph nodes at earlier time points may 

have allowed for sufficient composite nanoparticle concentrations for analysis.

How particles clear from the joint is affected by particle size, where smaller particles are 

more likely to clear through capillary beds and larger particles are more likely to clear 

through the lymphatics [5]. Several intra-articular delivery studies have evaluated how size 

affects joint retention [11,46,53]. In this study, one composite nanoparticle size was 

designed based on suitable magnetic properties for EPR spectroscopy. Specifically, the size 

and contents of the composite nanoparticle’s magnetic core was selected based on the 
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sensitivity of the EPR spectrometer. This was motivated by the study’s focus on 

understanding the effects of physiologic variables on joint clearance, rather than the effects 

of particle size and physicochemical properties. However, the method used to formulate the 

composite nanoparticles in this study can be applied to generate particles with a wide range 

of sizes and surface charge/chemistry, as well as incorporate hydrophobic drugs [32,54].

While this study does not incorporate therapeutics, techniques to track where particles 

transport can be applied in drug delivery studies. Superparamagnetic iron oxide has been 

detected via EPR with a sensitivity as low as 5.6 ± 0.8 nmol Fe/g tissue and in the nM range, 

which is beneficial for drug delivery studies [27,55]. Superparamagnetic iron oxide particles 

can be and have been incorporated into different systems, including magnetoliposomes, for 

drug delivery purposes [56–58]. Co-incorporated iron oxide nanoparticles remain 

superparamagnetic in nature, thereby retaining their ability to be detected via EPR 

spectroscopy.

EPR spectroscopy can be used as a complementary tool to assess the efficacy of tissue 

targeting strategies for drug delivery. Specifically, some controversy exists around how 

nanoparticle size affects penetration into cartilage. One group showed 96 nm nanoparticles 

cannot pass through the cartilage matrix [59], while others found nanoparticles greater than 

100 nm can distribute through cartilage [9,60]. EPR may be a useful technique to explore 

how magnetic nanoparticle design parameters affect cartilage penetration and tissue 

targeting as a whole.

Tracking particle retention in the joint is commonly conducted using fluorophores that have 

been tethered [9,37,53,61] or loaded within the particles [11,12,23]. However, a limitation of 

this study and others in the field is the reliability of the fluorophore remaining with the 

particles. Studies conducted solely using a fluorophore to track intra-articular particle 

clearance and biodistribution may be interpreting data that is actually the distribution of 

released dye. Although this is a limitation of the study, combining these techniques can be 

beneficial for future drug delivery studies. IVIS measures fluorescence intensity and EPR 

quantifies the unpaired electron in iron oxide; therefore, it may be possible to use iron oxide 

particles loaded with a fluorescently labeled drug to track where the drug distributes versus 

where the particles distribute. This study demonstrates the importance of developing particle 

systems that can use quantitative or even secondary measures to understand clearance and 

distribution.”

5. Conclusions

In this study, a composite nanoparticle was developed to non-invasively visualize particle 

clearance via IVIS imaging and quantify particle biodistribution with selectivity and high 

sensitivity via EPR spectroscopy. After 14 days, EPR spectroscopy indicated greater 

nanoparticle retention in the 15-month old rats compared to the 5- and 10- month old rats, 

suggesting an age effect on clearance efficiency. Furthermore, EPR suggested more 

nanoparticles were retained in the OA knee compared to the contralateral knee, and 15-

month animals had significantly more nanoparticle retention in both knees compared to the 

5- and 10-month animals. While EPR provides a more accurate indication of particle 
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distribution in each organ and joint tissue, IVIS can provide longitudinal data on particle 

clearance. Based on our results, both age and OA have an effect on nanoparticle distribution 

in the joint, and both factors should be considered when designing intra-articular drug 

delivery studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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• Electron paramagnetic resonance spectroscopy can sensitively assess 

biodistribution

• Particles clear more slowly from OA knees compared to contralateral controls

• Intra-articular particle retention is increased in older animals
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Fig. 1: Flash nanoprecipitation was used to create composite nanoparticles.
First, oleic acid coated nanoparticles (58 wt%), DiR dye (6 wt%), and PEG4.9kDa-b-

PLA6.0kDa (36 wt%) were suspended in tetrahydrofuran (THF). Then, solutes and THF were 

rapidly mixed with DI water in a confined impinging jet mixer. (2-column fitting image)
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Fig. 2: Composite nanoparticle characterization.
A) TEM images of 200 nm physical diameter composite nanoparticles. B) Volume-weighted 

median diameter obtained from the DLS log-normal distribution for 191 nm hydrodynamic 

diameter composite nanoparticles. C) Equilibrium magnetization curve for iron oxide 

nanoparticles with a 17 nm magnetic diameter and 86 Am2/kg saturation magnetization. D) 

DiR stability in magnetic nanoparticles incubated in synovial fluid over 14 days. (2-column 

fitting image)

Partain et al. Page 22

J Control Release. Author manuscript; available in PMC 2021 May 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3: Representative IVIS images of 5-, 10-, and 15-month rats over the course of 14 days.
Background IVIS images were taken prior to injection. Then, rats were injected with 

composite nanoparticles and immediately imaged (represented in the time 0 images). Rats 

were then imaged at various time points over the course of 14 days (2-column fitting image).
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Fig. 4: In vivo composite nanoparticle clearance from OA and contralateral knees determined 
using IVIS.
There were no differences between nanoparticle clearance from the OA and contralateral 

joints for 5-month (p = 0.2) and 15-month rats (p = 0.8). OA and contralateral joint 

clearance was significantly different for 10-month rats (p = 0.03). All data were normalized 

by individual rat to its day 0 radiant efficiency value, and presented as mean + 95% 

confidence intervals. (Single column fitting image)
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Fig. 5: IVIS and EPR spectroscopy comparison for composite nanoparticle biodistribution in 
vital organs.
Both IVIS and EPR show a predominant signal in the OA and contralateral knee. EPR shows 

nanoparticle accumulation in the liver for the 10- and 15-month rats, whereas IVIS does not 

show liver signal for 10- and 15-month rats. The dashed line represents the EPR lower limit 

of detection = 0.066 μg iron or 0.057% of total iron injected. Bar graphs represent mean + 

95% confidence interval. (2-column fitting image)
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Fig. 6: IVIS and EPR spectroscopy comparison for composite nanoparticle distribution in knee 
tissues.
IVIS and EPR show nanoparticle accumulation in the tissues of the knee. IVIS illustrates 

greater nanoparticle accumulation in the menisci in the 5- and 10-month animals, while EPR 

indicates the least amount of nanoparticle accumulation in the menisci for all ages. EPR 

suggests a large fraction of composite nanoparticles distribute to the patellar tissue. The 

dashed line represents the EPR lower limit of detection = 0.066 μg iron or 0.057% of total 

iron injected. Bar graphs represent mean + 95% confidence interval. (2-column fitting 

image)
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Fig. 7: Composite nanoparticle distribution in the body and vital organs quantified using EPR 
spectroscopy.
A) After 14 days, 44.7% of composite nanoparticles remained in the 5-month rats, 45.1% 

remained in the 10-month rats, and 62.5% remained in the 15-month rats. Significantly more 

nanoparticles remained in the 15-month compared to the 5- (p = 0.0002) and 10-month (p = 

0.0002) rats. Nanoparticle distribution in the whole body was further analyzed to determine 

nanoparticle accumulation in the B) heart, C) lungs, D) spleen, E) kidneys, and F) liver. No 

differences were found for particle distribution in vital organs as a function of age. Bar 

graphs represent mean + 95% confidence interval. (2-column fitting image)
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Fig. 8: Composite nanoparticle distribution in OA and contralateral knees and joint tissue 
regions quantified using EPR spectroscopy.
A) After 14 days, 15-month rats had significantly more nanoparticles in their knees than the 

5-month (p = 0.002) and 10-month (p = 0.0004) rats. The 15-month rats had a total of 45.3% 

of the particles retained in their knees, whereas the 5- and 10-month rats had 35.3% and 

34.0% respectively. Significant differences were found in nanoparticle distribution in OA 

and contralateral knees (p = 0.02, ANOVA, main effect), with more nanoparticles remaining 

in the OA knee. Nanoparticle distribution in the whole joint was further analyzed to 

determine nanoparticle accumulation in each tissue region. Most nanoparticles distributed to 

the patella/fat pad region B), followed by the femoral tissue region C), the tibial tissue 

region D), and lastly the menisci E). Age was a significant factor for nanoparticle 

accumulation in the patella/fat pad region (p = 0.04, ANOVA, main effect). Whereas, disease 

played a significant role in particle accumulation in the femoral tissue (p = 0.002) and the 
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menisci (p = 0.04). No differences were found for the tibial tissue region. Bar graphs 

represent mean + 95% confidence interval. (2-column fitting image)
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