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Abstract

Hyaluronic acid (HA) has emerged as a versatile polymer for drug delivery. Multiple commercial 

products utilize HA, it can be obtained in a variety of molecular weights, and it offers chemical 

handles for cross-linkers, drugs, or imaging agents. Previous studies have investigated multiple 

administration routes, but the absorption, biodistribution, and pharmacokinetics of HA after 

delivery to the lung is relatively unknown. Here, pharmacokinetic parameters were investigated by 

delivering different molecular weights of HA (between 7 and 741 kDa) to the lungs of mice. HA 

was labeled with either a near-infrared dye or with iodine-125 conjugated to HA using a tyrosine 

linker. In initial studies, dye-labeled HA was instilled into the lungs and fluorescent images of 

organs were collected at 1, 8, and 24 h post administration. Data suggested longer lung persistence 

of higher molecular weight HA, but signal diminished for all molecular weights at 8 h. To better 

quantitate pharmacokinetic parameters, different molecular weights of iodine-125 labeled HA 

were instilled and organ radioactivity was determined after 1, 2, 4, 6, and 8 h. The data showed 

that, after instillation, the lungs contained the highest levels of HA, as expected, followed by the 

gastrointestinal tract. Smaller molecular weights of HA showed more rapid systemic distribution, 

while 67 and 215 kDa HA showed longer persistence in the lungs. Lung exposure appeared to be 

optimum in this size range due to the rapid absorption of <67 kDa HA and the poor lung 

penetration and mucociliary clearance of viscous solutions of HA > 215 kDa. The versatility of 

HA molecular weight and conjugation chemistries may, therefore, provide new opportunities to 
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extend pulmonary drug exposure and potentially facilitate access to lymph nodes draining the 

pulmonary bed.
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1. INTRODUCTION

Hyaluronic acid (HA) is a linear biopolymer component of multiple approved products and 

exhibits versatility for drug delivery, since it is available in a wide range of molecular 

weights and offers multiple sites for chemical modification.1–6 In the human body, HA is 

prevalent in cartilage, skin, and synovial fluid and is typically present as a very high 

molecular weight (up to 20 MDa) polymer, providing elasticity to tissues. As HA degrades, 

it drains away from these tissues, percolating with interstitial fluid into and through lymph 

nodes with a portion passing into the systemic circulation.7–13 Thus, HA serves as an 

interesting polymer to carry drugs. Absorption of HA after subcutaneous,14–18 

intraperitoneal,19 oral,20,21 and intravenous injection22–24 has been reported, but the fate of 

HA after pulmonary administration is not well understood. Recent work suggesting that HA 

may be useful for inhaled drug delivery motivates a better understanding of HA fate after 

pulmonary administration.25–29

The lungs eliminate materials using active transport processes including mucociliary and 

macrophage clearance, as well as passive diffusion to the bloodstream or lymph.30 

Mucociliary clearance occurs in the upper airways as ciliated cells sweep mucus up the 

trachea and into the oropharyngeal cavity where it is typically swallowed. HA residence 

time in the upper airways, therefore, depends on the distance from the site of deposition to 

the oropharyngeal cavity. The rate of mucociliary clearance can also depend on mucus 

viscosity. Slower and/or incomplete clearance of thick mucus is observed clinically while 

expectorants facilitate better mucus clearance. Further down the airways in the terminal 

bronchioles and alveoli, macrophages can recognize molecules or particles. Macrophages 

that have bound or phagocytosed HA can then actively traffic to the lymphatics draining the 

pulmonary bed. Finally, HA molecules may dissolve into the fluid layer lining the lung 

epithelium and then passively diffuse into the bloodstream.30–33 This mode of systemic 

absorption is usually fastest in the alveolar region, where the tissue barriers are as thin as a 

few hundred nanometers.32,34 Passive diffusion into the lymphatic network draining the 
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lungs may also be possible, although this clearance mechanism might be expected to be 

slower compared to absorption into the bloodstream.30,32,33

In general, endogenous HA present in tissues has several different elimination routes as it is 

degraded to lower molecular weight chains through enzymatic and nonenzymatic 

mechanisms.7–13 Endogenous HA that is part of the extracellular matrix or synovial fluid is 

on the order of 4–20 MDa in size. Enzymatic reactions that degrade HA occur in the 

interstitial space, in lymph, or in the blood by enzymes such as hyaluronidase. 

Nonenzymatic degradation of HA can occur by nonspecific chemical reactions including 

acidic or alkaline hydrolysis or oxidation. These degradation pathways yield smaller HA 

fragments (hundreds of kDa in size), which then drain with interstitial fluid.7–13

The interstitial fluid is collected into the lymphatics, where the majority of HA fragments 

smaller than 450 kDa are removed from the lymph fluid during filtration through lymph 

nodes before the fluid is passed back into the blood.35,36 These HA fragments are then 

further degraded into even smaller fragments in the lymph nodes since the majority of HA 

turnover occurs in the lymphatics, thereby eliminating the HA fragments before they enter 

the blood circulation.6–8 Lymphatic drainage of HA can be facilitated by active transport by 

binding to CD44 expressed on the surface of macrophages or lymphocytes.37,38 Some HA 

fragments can reach the systemic circulation from the interstitial fluid. In the blood, HA 

plasma clearance is rapid (half-life as low as 2 min).22 Larger HA fragments (hundreds of 

kDa in size), circulate until reaching the liver, where endothelial cells remove HA from 

circulation.5,39,40 Smaller molecular weight HA fragments are eliminated by the kidneys 

since molecular weight cutoff for efficient urinary excretion is approximately 25 kDa.4,5,22

The lungs offer a route of administration that can facilitate local therapy, access to the 

systemic circulation, and perhaps even delivery to pulmonary lymph nodes. HA is likely to 

be well-tolerated in the lungs as evidenced by studies where HA has been delivered by 

inhalation to dogs41 or nebulized into humans to treat lung inflammation.25–29 In addition, 

HA is emerging as an important carrier molecule for drug delivery. In the present study, HAs 

of discrete molecular weights were administered to the lungs of mice via intratracheal 

instillation to determine how HA molecular weight dictates persistence in the lung, systemic 

absorption, and access to lymph nodes draining the pulmonary bed. HA molecular weights 

of 7, 30, 67, 215, and 741 kDa were studied, and biodistribution was assessed by using 

fluorescent or radiolabeled HA.3,42–44

2. MATERIALS AND METHODS

2.1. Materials

The different molecular weights (7.5, 29/31, 67, 215, and 741 kDa) of hyaluronic acid (HA) 

were obtained from Lifecore Biomedical (Chaska, Minnesota). The 29/31 kDa HA (herein 

referred to as 30 kDa HA) was received in two different lots, with average molecular 

weights of 29 kDa and 31 kDa. The near-infrared dye, HiLyte Fluor 750 hydrazide, was 

obtained from AnaSpec (Fremont, California). DMTMM (4-(4,6-dimethoxy-1,3,5-triazin-2-

yl)-4-methylmorpholinium chloride) was obtained from ChemPep Inc. (Wellington, 

Florida). Pierce iodination beads were purchased from Thermo Scientific (Rockport, Illinois) 
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and NaI125 from PerkinElmer (Waltham, Massachusetts). The mouse laryngoscope was 

obtained from Penn-Century (Wyndmoor, Pennsylvania). All water used was deionized (DI) 

water from a Labconco Pro PS system. All other chemicals and materials including tyrosine, 

EDC (1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide), 3500, 20000, and 50000 Da 

molecular weight cutoff dialysis tubing, PD-10 columns, bent fine dissecting forceps, glacial 

acetic acid, sodium acetate, sodium phosphate monobasic monohydrate, sodium phosphate 

dibasic, Fisherbrand disposable culture tubes (12 × 75 mm), and phosphate buffered saline 

were purchased from Fisher Scientific (Pittsburgh, Pennsylvania).

2.2. Near Infrared Dye Labeling of HA

A 1 mg vial of HiLyte Fluor 750 hydrazide dye was dissolved in 1 mL of 50 mM acetate 

buffer, pH 5.0. HA (7.5 mg) was dissolved in 4 mL of 50 mM acetate buffer, pH 5.0, with 

0.5 equiv of EDC to which the 1 mg/mL of dye was added.2,44–49 The reaction was allowed 

to proceed for approximately 16 h at room temperature and and the mixture stirred at 450 

rpm protected from light. After 16 h, the reaction mixture was dialyzed using 3500 Da 

molecular weight cutoff dialysis tubing for 7.5 kDa HA, 20000 Da molecular weight cutoff 

dialysis tubing for 30 kDa HA, and 50000 Da molecular weight cutoff dialysis tubing for 67, 

215, and 741 kDa HA; the dialysate was replaced every 6 h for 24 h. The HA–IR dye 

conjugate was removed from the tubing and then frozen at −20 °C. Samples were 

lyophilized for 72 h at a temperature of −72 °C at a vacuum of <300 mTorr (VirTis 

Freezemobile-12XL, The VirTis Company, Gardiner, New York). Samples were 

reconstituted using DI water to a concentration of 1 mg/mL prior to instillation.

Conjugation of the dye to HA was confirmed using HPLC (Figure 1). The conjugation 

efficiency of the dye was determined by taking a sample of the reaction mixture and 

comparing the intensity of the fluorescent peak before and after dialysis. The HPLC–

fluorescence system consisted of a Shimadzu CBM-20A system controller, a LC-20SB 

solvent delivery pump, a RF-10A XL Shimadzu fluorescent detector, and a SIL-20 AC HT 

autosampler (Shimadzu Corp, Kyoto, Japan). Chromatograms were acquired and analyzed 

using LC Solutions software. An isocratic system with a mobile phase of 50 mM acetic acid, 

pH 5.0, was used with a Vydac HPLC protein and peptide C18 column (5 µm particles, 4.6 

mm × 250 mm). The flow rate was 0.5 mL/min, the injection volume was 20 µL, and the 

excitation and emission wavelengths were 753/782 nm, respectively. The HA samples were 

diluted to a concentration of approximately 1 mg/mL using the mobile phase and had a 

retention time of 20.75 min.

2.3. Radiolabeling of HA

For radiolabeling of HA, 60 mg of HA was dissolved in 3 mL of 1 mM phosphate buffer pH 

6.0 with 13.5 mg of tyrosine (0.5 equiv). The pH was adjusted back to 6.0 using 1.0 M HCl, 

after which 20.7 mg of DMTMM was added (0.5 equiv). The reaction mixture was stirred at 

175 rpm for approximately 16 h at room temperature. Afterward, samples were dialyzed, 

lyophilized, and reconstituted as necessary as described previously. 3,24,42–44,50–52

Conjugation of tyrosine to HA was confirmed by 1D proton NMR. The NMR was run using 

a scan rate of 16 scans and 2 dummy scans using deuterium oxide as the solvent at a 
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concentration of 10 mg/mL. The NMR was a 400 MHz Bruker (Billerica, MA) AV 

spectrometer equipped with an X-channel observe probe. Conjugation efficiency was 

calculated by comparing the integration of HA peaks to the integration of tyrosine peaks. 

The conjugation efficiency of tyrosine to 741 kDa HA was unable to be determined due to 

viscosity issues limiting the concentration of the sample.

Iodine labeling was performed using iodination beads (Figure 1). Two iodination beads were 

used per HA molecular weight sample and were rinsed with 10× PBS for 3 min. The beads 

were then dried on filter paper, added to 200 µL of Na125I (1 mCi) in 10× PBS, and 

incubated for 5 min at room temperature. HA–tyrosine (150 µL of 1 mg/mL) was added to 

the Na125I, and the bead solution was incubated overnight at room temperature. The reaction 

mixture was then transferred to an equilibrated PD-10 column. To elute the HA–125I, 6 mL 

of PBS was added, and 500 µL fractions were collected in Eppendorf tubes. From each 

fraction, 10 µL was taken and transferred to a new Eppendorf tube and counted using a 

Canberra model 2000 NIM BIN with Canberra model 802-4W NaI Well (3″ by 3″ well) 

detector gamma counter. The amplifier was a Canberra model 814A with a Ortec model 775 

counter, Ortec model 719 timer, Ortec model 495 power supply, and a Canberra model 2030 

single channel analyzer (SCA). The settings used were an amplifier coarse gain of 8 and fine 

gain of 8.8 with the power supply set at 875, SCA of Delta E: 10 and a lower level 

discriminator of 0.06. To determine conjugation efficiency of 125I to HA–tyrosine, an 

ethanol precipitation method was used. The highest intensity vial from the 10 µL aliquot of 

HA–tyrosine–125I (from now on HA–125I) PD-10 eluents had 20 µL of 20 mg/mL HA added 

followed by the addition of 200 µL of cold ethanol. The mixture was put on dry ice for 20 

min and then was centrifuged at 2000 rpm for 20 min on a Biofuge A centrifuge by 

American Scientific Products. The supernatant was then separated from the pellet, and both 

were recounted on the scintillation counter. Equation 1 was used to determine the 

conjugation efficiency from the scintillation data. All radiolabeling was conducted under the 

supervision of the University of Kansas Radiation Safety Committee.

(1)

To prepare the HA–125I for intratracheal instillation, a similar ethanol precipitation 

procedure was used. Approximately 22–25 mg of HA was dissolved in 500 µL of water, and 

then a 500 µL fraction of HA–125I collected from the PD-10 column was added. The 

HA–125I/HA solution was precipitated with approximately 12 mL of cold ethanol, and after 

sitting on dry ice for 10 min, the sample was centrifuged for 10 min at 12000 rpm using a 

Dynac 2 centrifuge from Becton Dickinson. The supernatant was removed, and the pellet 

was dissolved in 2 mL of DI water (for HAs < 700 kDa) or 3 mL of DI water for the 741 

kDa HA.

2.4. Sizing of HA

Size exclusion chromatography (SEC) was employed to determine the difference in 

molecular weight between HA and HA–tyrosine. Samples were analyzed at a concentration 
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of 5 mg/mL. The system used was a Waters e2695 separation module, Waters 2414 

refractive index detector, and Waters 2489 UV/vis detector with two columns in series: a PL 

Aquagel-OH 60 Analytical SEC (300 × 7.5 mm) and then a PL Aquagel-OH 40 Analytical 

SEC (300 × 7.5 mm) (Santa Clara, California). Samples (80 µL of 5 mg/mL) were dissolved 

and run using an isocratic 0.5 mL/min mobile phase of 0.1 M ammonium acetate with 0.136 

M sodium chloride at pH 5. Chromatograms were analyzed using EMPower 3.

Dynamic light scattering (DLS) of HA was executed to determine the approximate physical 

size of the HA in solution. DLS was performed using a ZetaPALS (Brookhaven Instruments 

Corp., ZetaPALS, Holtsville, New York). HA was dissolved in 1× PBS at a concentration of 

1 mg/mL and filtered through a 0.45 µm filter. Measurements were performed in a glass 

cuvette using ZetaPALS software (Holtsville, New York).

2.5. Animals

BALB/C mice (female, 4 weeks old at 13–16 g) were supplied by Monash Animal Research 

Services (Victoria, Australia) for the near-infrared dye imaging and by Harlan Laboratories 

(Indianapolis, Indiana) for the radio-labeling. One group of Harlan mice was used in a 

crossover study of near-infrared dye imaging to confirm similar pharmacokinetic behavior 

between the different suppliers. Mice were maintained on a 12 h light/dark cycle and were 

fed standard rodent pellets with no dietary restrictions nor withheld food. Water was freely 

available at all times. All animal experiments were approved by the Monash Institute of 

Pharmaceutical Sciences or the University of Kansas Institutional Animal Care and Use 

Committee (IACUC).

2.6. Intratracheal Instillation of HA

For lung administration via intratracheal instillation, each animal was anesthetized with 2% 

isoflurane in an induction chamber for approximately 4 min. The unconscious mouse was 

positioned in dorsal recumbency using a dosing board at approximately 60° to a supine 

position suspended by incisor teeth using a thin wire. A nose cone was used to maintain 

anesthesia.53 The mouth was opened and the tongue was gently pulled out and to the side of 

the mouth. A laryngoscope was then positioned to depress the tongue and visualize the vocal 

cords at the top of the trachea. A 50 µL solution of labeled HA was then pipetted at the top 

of the trachea. The tongue was withheld for at least 3 breaths, after which time the mouse 

was maintained under anesthesia for an additional 3 min on the dosing board. The mouse 

was then removed from the dosing board and allowed to recover from the anesthesia by 

being held vertically until movement was regained. For the near-infrared dye, 1 mg/mL of 

HA-IR dye was instilled, and for the radiolabeled HA, approximately 11–12 mg/mL HA for 

7, 30, and 67 kDa HA, 2.8 mg/mL for 215 kDa HA, and 1.6 mg/mL for 741 kDa HA was 

instilled according to Table 1.

2.7. Near Infrared Dye Ex Vivo Imaging

At 1, 8, or 24 h after intratracheal instillation, mice were euthanized via an ip injection of 

sodium pentobarbital (>100 mg/kg body weight), and death was confirmed by the absence of 

a heartbeat. The lungs, trachea, heart, spleen, liver, kidney, stomach, intestine, and bladder 

were then excised to evaluate the relative distribution of HA in mice at the different time 
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points. Fluorescent images were collected on a Caliper Life Sciences IVIS Lumina II from 

Thermo Fisher Scientific (Victoria, Australia) using living image V 4.3.1 software from 

Caliper Life Sciences, Waltham, Massachusetts. A 745 nm wavelength bandpass filter was 

used for excitation and 780 nm as the emission filter. All points included at least 3 mice. 

Fluorescent images that were repeated and collected at the University of Kansas were 

performed on a Cambridge Research and Instrumentation Maestro multispectrum imager 

(Woburn, Massachusetts) with an excitation filter of 710–760 nm and long pass emission 

filter of 800–950 nm.

2.8. Counting of Signals from Radiolabeled Tissue

At 1, 2, 4, 6, and 8 h after intratracheal instillation, mice were euthanized via isoflurane 

overdose in an inhalation chamber in a hood, and death was confirmed by cessation of 

breathing for 5 min. The tissues of interest were then surgically removed including the right 

axillary and brachial lymph nodes, the left axillary and brachial lymph nodes, trachea, heart, 

right and left lung lobes, spleen, liver, stomach, intestine, kidneys, bladder, and final fecal 

pellet in the GI tract. Each tissue sample was suspended in approximately 2–3 mL of 1× 

PBS in 12 by 75 mm glass Fisherbrand tubes. Samples were scintillated on a Beckman 

Gamma 5500B system with a 3″ by 3″ NaI detector. Counts were taken for 1 min, and the 

average of 3 or more readings was used. All bladders were assayed without urine to keep the 

measurements consistent. Samples were corrected for dose and radiolabeling efficiencies. 

All time points for all test articles exhibited <5% error for the measurement except for the 

intestine 7 kDa HA at 1 h and 741 kDa at 1 and 2 h.

2.9. PK Analysis of Radiolabeled Tissue

Pharmacokinetic (PK) analysis of the radiolabeled HA data was performed using WinNonlin 

6.3 software. Noncompartmental modeling analysis was performed assuming first order 

input with uniform weighting using extravascular dosing, plasma type model for tracking, 

and trapezoid linear interpolation to calculate PK parameters.

3. RESULTS

3.1. Size Characterization of HA

The selection of the molecular weights of HA (7, 30, 67, 215, and 741 kDa) provided a size 

range representative of endogenous median to low molecular weight HA with regular size 

intervals. Theoretical radii of gyration and theoretical hydrodynamic radii were calculated 

utilizing eq 2 and eq 3 respectively.54,55 Theoretical radii of gyration ranged from 7 to 100 

nm across the molecular weights of HA studied, and theoretical hydrodynamic radii ranged 

from 3 to 54 nm (Table 1).

(2)

(3)
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DLS was performed on the different molecular weights of HA to compare the measured 

hydrodynamic radii of HA molecules to the calculated values. As expected, the measured 

size increased with molecular weight (Table 1). The size of HA increased from 6 to 55 nm, 

which corresponded relatively well to the theoretical estimates of the radius of gyration and 

hydrodynamic radius.

3.2. HA–Fluorescent Dye Conjugation Efficiency

In general, the conjugation efficiency of the IR hydrazine dye decreased with increasing 

molecular weight (Table 2). The smaller HA molecules (7 and 30 kDa) had similar 

conjugation efficiencies that were nearly double the conjugation efficiencies observed for 

larger HAs (215 and 741 kDa). The 67 kDa HA had a conjugation efficiency intermediate to 

the smaller and larger HA.

3.3. Lung Distribution and Clearance of HA–IR Dye Conjugates

HA–IR dye conjugates were used in a pilot study to help determine HA residence in the lung 

and to guide the selection of optimal time points and duration for the radiolabeled HA 

studies. Each mouse received 1 mg/mL of HA–IR instilled at the top of the trachea. Tissue 

samples were imaged at 1, 8, and 24 h. Each polymer was detected in all five lobes of the 

lungs for all three time points (Figure 2). The distribution of HA with different molecular 

weights appeared to be relatively equivalent throughout all the lung lobes for both lungs.

The highest molecular weight HA exhibited the highest level of fluorescence at 1 h (Figure 

3). As HA molecular weight decreased from 741 kDa to 30 kDa, fluorescence in the lungs 

correspondingly decreased. The 215 and 741 kDa HA had significantly higher levels at 1 h 

compared to the other three HA molecular weights while the two smallest HAs, 7 kDa and 

30 kDa, were not significantly different at 1 h. All five molecular weights of HA had 

minimal fluorescence at 8 and 24 h, suggesting that subsequent studies should last no longer 

than 8 h.

3.3.1. Radiolabeled HA Physiochemical Properties—HA molecular weight was 

determined experimentally to compare HA as received to the HA conjugated with tyrosine, 

which was used for the radiolabeled HA biodistribution studies.24 The molecular weights of 

HA molecules measured using SEC were at least 2-fold (and up to 10-fold) higher than the 

molecular weights reported for these stock HAs (Table 1). Tyrosine conjugation resulted in 

an apparent decrease in molecular weight compared to stock HA for all five molecular 

weights though the differences were relatively minor for 7, 30, and 67 kDa HA. The tyrosine 

conjugation efficiency was similar throughout the different molecular weights ranging from 

1.6% for the 7 kDa HA to ~2.3% for the next three higher molecular weights (Table 2). 

Subsequent 125I conjugation was straightforward. The three middle molecular weights of 

HA (30, 67, and 215 kDa) had similar levels ranging from 83 to 89%. The 7 kDa and 741 

kDa had lower levels of 125I conjugation, 32 and 41% respectively (Table 2).

3.3.2. Distribution and Clearance of HA–125I Conjugates—Animals were instilled 

with different concentrations of radiolabeled HA into the lungs due to viscosity constraints 

of the test articles. The three lowest molecular weights, 7, 30, and 67 kDa, were instilled at 
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11 to 12 mg/mL, while the 215 kDa HA was dosed at 2.8 mg/mL and 741 kDa at 1.6 mg/mL 

(Table 2). The 7, 30, and 67 kDa HAs had minimal viscosity when instilled into the animals, 

whereas viscosity increased dramatically for the 215 and 741 kDa HAs (Table 1).56 

Viscosity increased ~3-fold between each molecular weight studied and increased 30-fold 

and 100-fold when comparing 7 kDa to 215 and 741 kDa HA, respectively.

After instillation, high levels of HA were found in the left and right lung lobes and in the GI 

tract including the stomach and intestine (Figures 4–6 and Supplemental Figure S1). The 

shape of the lung exposure profiles over time was similar for all HA molecular weights with 

HA exposure peaking at an early time point and steadily declining thereafter. The magnitude 

of peak HA exposure to the lungs (1 to 2 h) depended on HA molecular weight (Figure 4). 

The 7 kDa HA had the lowest peak levels, with 30 and 741 kDa having the next highest, and 

67 and 215 kDa HA having the highest levels in the lungs (Figure 4). At 8 h, 7 and 741 kDa 

HA displayed the most rapid lung clearance with (approximately 75% and 50% of the initial 

dose cleared, respectively). In contrast, only approximately 20% of the initial dose of 30, 67, 

and 215 kDa HA that reached the lungs after intratracheal instillation had been cleared by 8 

h post dose. It is important to note that the values in Figure 4 are averaged so the total 

percent of delivered dose is twice those levels.

The GI tract also showed significant levels of HA (Figures 5 and 6) after intratracheal 

instillation as expected. In the stomach, the exposure profiles of 7, 30, and 67 kDa HA 

peaked at 1 h and decreased over the remaining time of the study, while 215 and 741 kDa 

HA peaked at 2 h. At the final time point of the study (8 h), all five molecular weights of HA 

had similar levels in the stomach with approximately 5% of the initial dose remaining. In the 

intestines, the profiles mirror the stomach but all five molecular weights peaked at 1 h and 

had approximately 5% of the initial dose remaining at 8 h.

The distribution and pharmacokinetics of HA were assessed for other organs and tissues 

(Figure 7). The liver and trachea had HA exposure levels of approximately 1 to 4% of the 

initial dose, while the heart, spleen, kidneys, and bladder contained only a fraction of a 

percent of the initial dose. Interestingly, the level of HA in the trachea increased over time 

for all five molecular weights of HA.

Pharmacokinetic parameters were modeled to determine HA exposure and elimination from 

organs. HA half-life in the lungs and heart generally increased as HA molecular weight 

increased (Table 3). As HA molecular weight increased from 7 kDa to 215 kDa, half-life 

increased in the lungs from 2 h to nearly 15 h, but 741 kDa HA had a short half-life (4.9–7.5 

h) in the lungs. Half-lives for the other organs appeared relatively consistent across the 

various HA molecular weights with the exception of the heart (Table 3). The heart half-life 

increased from 3.7 to 13.5 h as HA molecular weight increased from 7 kDa HA to 741 kDa 

HA; however, this calculation was based on less than 1% exposure to the heart tissue.

Area under the curve (AUC)31 trended similarly to the half-lives calculated for the different 

HA molecular weights (Table 4). AUCs increased as HA molecular weight increased from 7 

to 215 kDa HA, but sharply declined for the 741 kDa HA. The low levels of HA exposure to 

the heart increased as HA molecular weight increased. Other organs exhibited relatively 
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consistent AUC values across the HA sizes studied. Organ clearance rates were also 

calculated to describe how quickly the HA was removed from each tissue based on the 

extent of exposure of HA in each organ over time (Supplemental Table S1). Clearance rates 

from the lungs decreased as molecular weight increased from 7 to 215 kDa HA, but the 741 

kDa HA had a higher clearance rate from the lungs, which follows earlier elimination half-

life trends. The heart clearance rate decreased as molecular weight increased, while the 

majority of the other organs (liver, stomach, intestine, and kidney) had clearance rates that 

remained relatively consistent as HA molecular weight increased.

4. DISCUSSION

4.1. Characterization of HA and Labeled HA

HA is known to self-associate, a phenomenon which can occur within the same polymer 

chain or between different HA polymer chains. As a result, HA has the potential to form 

secondary structures within only 6 monomer units, while tertiary structures can occur in 

polymers as small as 16 monomer units.11,61,62 These interactions can yield high viscosity 

solutions, especially for high molecular weight HA (>100 kDa). Careful selection of high 

salinity mobile phases and dilution of samples is required to accurately analyze HA, since 

many analytical techniques for polymers are based on mobility. For example, DLS 

measurements assume diffusion of a sphere as calculated using the Stokes–Einstein 

equation; however, changes in viscosity can result in differences in apparent size.63,64 DLS 

measurements reported here corresponded relatively well to theoretical predictions of radii 

for the different HA molecular weights studied. Molecular weight approximations of HA 

were higher than expected, but the trends followed as predicted from the stock HAs.

Similarly, HA self-association has the potential to block reactive sites when attempting to 

conjugate functional groups. The conjugation of tyrosine was quite low (~2%), while IR dye 

conjugation was much higher, suggesting poor reactivity of the tyrosine more than simple 

steric hindrance. 125I labeling, on the other hand, was quite efficient with conjugation 

exceeding 50%, which is typical for HA. In addition, 125I labeling maintained HA molecular 

weight by avoiding reducing agents such as cyanoborohydride, which can degrade HA into 

smaller fragments as was observed with carbon-14 or tritium.24,42 Overall, conjugated HAs 

provided a wide range of molecular weights and hydrodynamic sizes for quantitatively 

tracking pulmonary deposition and subsequent distribution.

4.2. Pulmonary HA Studies

HA has been administered via several routes in a number of species to determine its local 

and systemic transport. Most reports have focused on higher molecular weight HA (≥500 

kDa) delivered by intravenous, subcutaneous, or intrasynovial injections since these are used 

in dermal fillers and viscosupplements.5,7,39 Recently, HA has been incorporated into 

pulmonary formulations primarily as an excipient to increase dose tolerability when treating 

inflammation. Nebulized HA (300 to 500 kDa) has been administered to mice at a 

concentration of ~3 mg/mL with a total dose of 6 mg to treat lung inflammation. HA 

treatment controlled inflammation by decreasing multiple cytokines including TNF-α and 

macrophage inflammatory protein-2.25 Nebulized HA formulations employing molecular 
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weights of 300 to 500 kDa (0.1% HA) were given twice daily in humans to treat lung 

inflammation. 25–29 Inclusion of HA in the nebulized formulation decreased the length of 

hospital stay, increased tolerability of the formulation, and reduced lung secretions.25–29 HA 

has also been incorporated into drug delivery strategies to improve formulation 

characteristics. For example, pulmonary administration utilizing spray dried 2 MDa HA with 

recombinant insulin was administered to beagle dogs. HA increased the mean residence time 

and terminal half-life of insulin in the lung.41

Pulmonary administration includes the possibility of swallowing a portion of the dose 

directly or after mucociliary clearance. The fate of HA after swallowing is therefore an 

important consideration when interpreting studies reported here. Oral administration has 

been studied in both rats (100 kDa to 1 MDa HA) and dogs (1 MDa HA).20,21 A majority of 

the orally administered HA remained in the GI tract. There was minimal difference between 

molecular weights of HA in terms of distribution with only a slightly higher percentage 

observed in the stomach at 1 h with 0.1 MDa HA compared to 1 MDa. One study found that 

less than 10% and typically 1–3% of the administered dose of HA was absorbed and 

detected in peripheral tissues.21 A second study reported slightly contradictory results where 

only a trace amount (less than 0.1% of the dose/gram) of orally dosed HA entered systemic 

circulation.20 Both studies showed that the vast majority of HA was eliminated in the feces 

(~85–95%). 20,21

4.3. Distribution and Clearance of Labeled HA

A pilot study was first conducted using HA–IR to determine the approximate length of time 

HA may persist in lung tissue. After instillation, HA–IR appeared to disperse evenly 

throughout all lung lobes for all HA molecular weights. The instilled solutions exhibited 

similar low viscosities, which may have facilitated exposure throughout the lungs due to 

gravity since mice were suspended in an upright position. Previous studies indicated that the 

HA–IR conjugate is unlikely to dissociate especially in innocuous conditions in the 

lungs.8,34,65,66 The highest molecular weight HAs showed significantly higher lung 

exposure at 1 h when compared to the two smallest sizes of HA. The low lung exposures 

suggested that 7 and 30 kDa HA were rapidly cleared from the lung, since all animals 

received similar doses. Molecules of this size have been reported to be absorbed from the 

lung into systemic circulation.32,33,67 These pronounced differences compelled a more 

quantitative investigation of rapid HA elimination from mouse lungs (<8 h) and subsequent 

biodistribution.

Intratracheal instillation of HA–125I showed that the vast majority of HA persisted in the 

lungs with some clear differences between different HA molecular weights. The 7 kDa HA 

may have exhibited increased mucociliary clearance due to its high mobility and low 

viscosity, but data from the trachea suggests that this is unlikely. Increased clearance for the 

7 kDa HA may be attributed to increased systemic absorption as seen with the 

pharmacokinetic data (Tables 3,4, and S1), which led to the highest elimination constant as 

well as possible urinary elimination since it is below the renal clearance cutoff of 25 kDa. As 

seen with the increasing half-life in the heart, there is more systemic absorption attributed 

clearance with the lower molecular weights of HA, which decreases as molecular weight 
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increases. Data (profiles from the trachea in Figure 7) showed that mucociliary clearance 

was relatively constant for 7, 30, 67, and 215 kDa HA, suggesting that the increased 

persistence of larger molecular weights of HA could potentially contribute to the decreased 

systemic absorption by passive diffusion. As passive diffusion decreases with increasing 

molecular weight, macrophage uptake might be expected to contribute a larger percentage of 

clearance for the larger polymers as macrophages typically removed larger particles. The 

increased persistence seen with 67 and 215 kDa HA might therefore reflect saturation of 

macrophage and mucociliary clearance and minimal clearance via absorptive clearance 

mechanisms. Conversely, the very high molecular weight and high viscosity of 741 kDa may 

have led to retention in upper airways, thus shortening the distance to clear this material into 

the oropharyngeal cavity, thereby accelerating clearance when compared to the 67 and 215 

kDa HA.

HA exposure to the GI tract likely resulted from a portion of the administered dose being 

swallowed or from mucociliary clearance out of the lungs followed by ingestion. Previous 

studies have shown limited absorption of 100 kDa to 1 MDa HA and little absorption after 

oral administration with the majority of the dose being excreted in the feces or remaining in 

the GI tract.20,21 The similar level of all molecular weights of HA in the intestines compared 

to the stomach suggested gastric emptying over the first hour, which could be detected in 

future studies by more frequent sampling at early time points. The profile shapes can be 

explained by continuous mucociliary clearance and swallowing followed by gastric 

emptying contributing to this extended GI accumulation period. The trachea levels increased 

over time for all 5 molecular weight HAs, which agrees with mucociliary clearance bringing 

HA from the lungs continuously, independent of polymer size.68,69 The gastric emptying 

and GI motility were also expected to be independent of molecular weight for the entirety of 

the GI tract, thus providing a likely explanation for the similar profiles.70,71

The distribution and pharmacokinetics of radiolabeled HA were assessed for other organs 

and tissues (Figure 7). The heart had very low levels for all molecular weights, which is in 

agreement with the short circulation half-life reported for HA. The liver specifically 

eliminates endogenous HA, therefore rapid and continuous elimination of HA from the 

circulation by the liver was expected.13,15,19 The kidneys had lower levels than the liver but 

more than the heart, spleen, and bladder, suggesting that urinary excretion may be another 

potential route for eliminating the small amounts of HA absorbed systemically from the 

lung.12–14 HA content in the bladder tissue was low at all time points. The radiolabel content 

of urine was not assessed due to difficulties in consistently collecting all urine excreted by 

mice without the use of metabolic caging.

The 67 kDa and 215 kDa HA may provide the optimal range of size and viscosity for 

persisting in the lungs (Table 1). For comparison, studies with dendrimers have shown that 

lung persistence incrementally increased as molecular weight increased from 11 to 22 to 78 

kDa.59 By increasing the size of the dendrimer, researchers observed decreased degradation 

with lower systemic exposure and greater lung retention.27 These observations correlate with 

the molecular weight observed for HAs that persisted in the lungs. The relative hydrophobic 

character of HA may also contribute to differences in lung persistence, until HA solution 

viscosity limited penetration of the instilled dose. The hydrophobicity of HA increases as 
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molecular weight increases.63 Increasing hydrophobicity of drug delivery systems is known 

to increase clearance by macrophages, which patrol the deep lung.72 The 67 and 215 kDa 

HA may exhibit the most favorable balance of hydrophobicity and hydrophilicity to escape 

significant macrophage clearance and reduce mucociliary clearance along with mucus gel. In 

contrast, the 741 kDa HA may not have enough hydrophilic character to facilitate 

dissolution in the lung fluid thus promoting accelerated mucociliary clearance. The increase 

in size from 67 to 215 kDa could also be advantageous for facilitating dissolution into lung 

fluid, while remaining small enough to avoid macrophage clearance.

4.4. Lymphatic Transport of HA

HA naturally clears from tissue spaces through the lymphatics and has been studied as a 

vehicle to passively target drug delivery to lymph nodes. Properties including molecular 

size, hydrophobicity,57 charge,58 and injection site58 affect lymphatic delivery.57,60 Because 

of its molecular properties, HA has the potential to traffic to the lymphatics after instillation 

into the lungs. Here, HA exposure to lymph nodes associated with the upper thoracic cavity 

was also assessed. Brachial nodes draining the upper thoracic exhibited higher levels of HA 

compared to axillary nodes, but the HA levels were only ~0.02% of the initial delivered dose 

(Supplemental Figure S2). There was no difference between right or left lymph node, which 

correlated to the similar HA levels observed in both the right and left lungs (Supplemental 

Figure S1). It is noteworthy that 741 kDa HA content in the spleen was higher than that of 

other molecular weights of HA. HA can bind to CD44 on immune cells, which could explain 

the increase. The 741 kDa HA may have shown this as many endogenous HA lymphatic 

clearance mechanisms are for molecular weights larger than 100 kDa.

Previous studies have investigated the transport of high molecular weights of HA (4.3 to 5.5 

MDA) as well as a low molecular weight HA (150 kDa) injected directly into lymph vessels 

of sheep.35 A large percentage of HA was degraded (between 48 and 75%) with a clearance 

rate of 43 µg/h, and no HA ≥ 1 MDa was detected in the blood. HA of various sizes (6.4 to 

697 kDa HA) has also been injected into the footpads of mice, and the fluorescently labeled 

HA molecules were tracked.54 This study determined that HA ~30 to 50 nm in size (~75 

kDa HA) had the optimal size to access the lymphatics.54 Similarly, 67 and 215 kDa HA 

were found here to persist in lung tissues, suggesting that lymphatic transport may be 

augmented by persistence of the HA in tissues supplying the regional lymphatic network.

5. CONCLUSION

HA is a natural biopolymer that has been used in dermal fillers and viscosupplements, and 

more recently as an anti-inflammatory therapy and delivery vehicle for therapeutics. The 

lungs of several animal models and even humans have been treated with HA, thus 

compelling an improved understanding of HA exposure and elimination from lungs. HAs of 

different molecular weights (7, 30, 67, 215, and 741 kDa HA) were instilled into the lungs of 

mice and tracked using a fluorescent label or a radiolabel. HA was predominately found in 

the lungs and the GI tract. The trachea and liver exhibited the next highest HA exposure, but 

these tissues had significantly lower amounts of HA compared to the lungs and the GI tract. 

In the lungs, 7 kDa HA exhibited the lowest exposure levels, and 30 and 741 kDa HA 
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showed modest exposure, while 67 and 215 kDa exhibited the highest. Pharmacokinetic 

modeling indicated that 67 kDa and 215 kDa HA offered the longest half-life in the lungs. 

Also, HA was detectable in mouse lymph nodes draining the lungs and in spleens, 

suggesting that radiolabeled HA may be interesting to study in animal models of 

inflammatory lung diseases. Understanding the biodistribution and pharmacokinetics of 

different molecular weights of HA delivered to the lungs may enable approaches to increase 

lung persistence or to preferentially access selected tissue compartments to increase 

therapeutic efficacy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Depiction of full HA monomer unit, abbreviated HA, DMTMM molecule, and IR dye as a 

hydrazine group. (A) Chemical reaction of HA with DMTMM and tyrosine for tyrosine 

conjugation followed by addition of 125I for radiolabeled HA. (B) Hydrazine IR dye reaction 

leading to conjugation on HA.
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Figure 2. 
Fluorescent images of lungs injected with HA-IR showing distribution though out all lung 

lobes with all five different molecular weights. (A) Lungs injected with 5 µL of 7 kDa HA 

solution; (B) 7 kDa HA 8 h; (C) 30 kDa HA 8 h; (D) 67 kDa HA 8 h; (E) 215 kDa HA 8 h; 

(F) 741 kDa 8 h. White scale bar is 1 cm. The white numbers represent lobes of the lungs 

with 1, 2, and 3 representing mouse anatomical right lung lobes and 4 and 5 representing 

mouse anatomical left lung lobes.
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Figure 3. 
Analysis of lungs instilled with HA–IR dye. The largest molecular weight of HA had the 

longest persistence in the lungs which decreased with molecular weight. ** signifies 

statistical difference from 7, 30, and 67 kDa HA, and each point is the average of at least 

three animals.
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Figure 4. 
Exposure levels of HA in the lungs averaged across both right and left lung lobes as a 

percentage of delivered dose over time for each of the five HA molecular weights. Each 

point is an average of at least five animals with the error on each point <5% of the 

measurement. * represents p value <0.05 for 67 kDa and 215 kDa HA compared with 7 kDa, 

30 kDa, and 741 kDa HA. ** represents p value <0.05 for 30 kDa and 741 kDa HA 

compared with 7 kDa, 67 kDa, and 215 kDa HA. *** represents p value <0.05 for 30 kDa, 

67 kDa, 215 kDa, and 741 kDa HA compared with 7 kDa HA.
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Figure 5. 
Exposure levels of HA in the stomach as a percentage of delivered dose over time for each 

of the five HA molecular weights. Each point is an average of at least five animals with the 

error on each point <5% of the measurement. * represents p value <0.05 for 741 kDa HA 

compared with 7 kDa, 30 kDa, 67 kDa, and 215 kDa HA.
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Figure 6. 
Exposure levels of HA in the intestine as a percentage of delivered dose over time for each 

of the five HA molecular weights. Each point is an average of at least five animals with the 

error on each point <5% of the measurement.
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Figure 7. 
Exposure levels of HA in the heart, spleen, liver, kidney, bladder, and trachea based on 

molecular weight with 7 and 29 kDa HA on top, 67 and 215 kDa HA in the middle, and 741 

kDa HA on the bottom as a percentage of delivered dose over time for each of the five HA 

molecular weights. Each point is an average of at least five animals with the error on each 

point <5% of the measurement.
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Table 2

Conjugation Efficiency of HA in the Different Reactions to IR Dye, Tyrosine, and HA–Tyrosine to 125I

conjugation efficiency
(%)

MW
(kDa)

IR
dye tyrosine 125I

concn of HA in intratracheal instillation
soln (mg/mL)

7 72.3 1.6 32.7 12.1

30a 69.7 2.4 83.3 11.1

67 50.5 2.3 83.6 11.5

215 38.3 2.3 88.9 2.8

741 36.6 NA 41.1 1.6

a
Lots were 29 kDa and 31 kDa. Conjugation efficiency of IR dye was performed on the 31 kDa HA lot, while conjugation efficiency of tyrosine, 

conjugation efficiency of I125, and concentration of HA in intratracheal instillation solution data were performed for the 29 kDa HA lot. NA 
represents not available.
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