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Abstract: Temporal and subcellular distributions of hyaluronic acid (HA) as a degradable nanoparticle (NP) in animals
were investigated to determine if HA-NP could be utilized as an appropriate drug delivery system. After mice were
intravenously injected with 5 mg/kg of Cy5.5-labeled HA-NP sized 350–400 nm or larger HA-polymers, the fluorescence
intensity was measured in all homogenized organs from 0.5 h to 28 days. HA-NP was greatly detected in spleen,
liver and kidney until day 28, while it was maintained at low levels in other organs. HA-polymer was observed at
low levels in all organs. HA-NP quantities in spleen and liver were reduced until day 3, but increased sharply between
days 3 and 7, then decreased again, while their HA-polymers were maintained at low levels until day 28. In kidneys,
both HA-NP and HA-polymer showed high levels after 0.5 h of administration, but steadily decreased until day 28.
According to ultrastructural analyses, HA-NP was engulfed in Kupffer cells of liver and macrophages of spleen and
kidney at day 1 and was accumulated in the cytoplasm of kidney tubular cells at day 7. Overall, these findings suggest
that HA-NP could be considered a desirable drug carrier in the liver, kidney, or spleen.
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Introduction

A drug delivery system (DDS) is defined as a formulation

that improves the efficacy and safety of a drug by control-

ling the rate, time, and place at which drugs are released into

the body. This process includes administration of the drug

and the release across the biological membranes to the target

site, where it is expected to exert therapeutic action. Among

a number of new biotechnology-based therapeutics, nanopar-

ticles (NPs) are considered to be important as drug delivery

carriers [9]. Recent advances in nanotechnology in medicine

have led to the development of biocompatible NPs for tar-

geted therapy [17]. Properly developed NPs are expected to

improve intracellular penetration, enhance absorption into

target tissues, improve pharmacokinetic properties and to

result in increased clinical efficacy and reduced toxicity. 

Unfortunately, many systemically injected NPs are rapidly

cleared from the blood stream by the reticuloendothelial sys-

tem and the mononuclear phagocytic system, mainly through

the liver, spleen, and bone marrow, resulting in a low thera-

peutic index [6, 20]. Accordingly, it is necessary to avoid

NPs that clear rapidly [1, 6]. NPs circulating for a long

period of time should be also avoided as this accumulation

may contribute to toxicity in target tissue [17, 23]. There-

fore, development of NP that is maintained for a reasonable

period is a necessary requirement for sufficient delivery to

the desired target. Accordingly, biodegradable NPs must be

selected to enable effective drug delivery devices in order to

effectively deliver the drug to a target site and thus increase

the therapeutic effect while minimizing toxicity [13, 23]. 

Hyaluronic acid (HA) has remarkable hydrodynamic char-

acteristics, which has the viscosity and ability to retain water;

therefore, it plays an important role in tissue homeostasis and

biomechanical integrity [2]. HA also forms extracellular

macromolecules that are important in the assembly of extra-

cellular and pericellular matrices [25]. Owing to its biocom-

patibility and biodegradability, HA has been extensively

investigated for biomedical applications such as tissue engi-

neering [19] and drug delivery [16]. Because HA can specif-

ically bind to various cancer cells that over-express CD44,
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many studies have focused on the pharmaceutical applica-

tions of HA for anti-cancer therapeutics [15, 25]. These prop-

erties are important factors in determining whether cells

invade tissues during cancer progression [7, 12]. A previous

study highlighted the key role of interactions between HA

and tumor cells for new therapeutic strategies [25]. The rela-

tionships between HA receptors and tumor cells indicate that

it may be possible to recruit HA for active targeting of car-

rier-loaded anticancer drugs [21]. However, even if HA is

selected as a drug carrier based on these properties, the char-

acteristics of biodistribution in the body are important param-

eters that must also be considered when designing and testing

NPs as drug carriers. In addition, to achieve an effective level

of NPs in the target tissue, targeted NPs should be transfused

from circulating blood to the tissue of interest and bind to

their molecular target as a first step in nanomaterial retention

or cellular internalization [17, 20]. 

Most studies of HA-NP have described the distribution of

only one size of particle [4]. However, the size of NPs can be

a significant determinant of particle distribution, as shown

for gold NPs [5], silica NPs [8, 27], and silver NPs [14]. The

present study was conducted to confirm the accumulation

and distribution of biodegradable HA-NP according to size

and determine whether HA-NP could be utilized as an appro-

priate drug carrier in DDS. To accomplish this, the in vivo

biodistribution and subcellular targeting patterns of HA-NPs

and HA-polymers were observed based on the fluorescence

intensity of Cy5.5-labeled NPs intravenously injected into

mice and by transmission electron microscopy (TEM) images

in cells. 

Materials and Methods

Animals

Six-week-old male ICR mice were purchased from KOAT-

ECH (Korea) and allowed to acclimatize for 1 week before

starting the experiment. Seven-week-old male mice weigh-

ing 20 ± 2 g were used in the experiment. Animals were bred

at a room temperature of 21 ± 2°C, a relative humidity of 55

± 10%, an air ventilation rate of 10 cycles per hour, and a

12:12 h light/dark cycle. The animals were fed standard mouse

chow (Samyang, Korea) and tap water ad libitum throughout

the experimental period. All animal experiments were per-

formed in accordance with the Guide for Care and Use of

Animals (Chungbuk National University Animal Care Com-

mittee, CBNUA-608-13-01).

Preparation of nanoparticles

HA-NP and HA-polymers used in this experiment were

provided by Dr. Kwangmeyung Kim, Korea Institute of Sci-

ence and Technology (Seoul, Korea). The HA-NPs were

spherical in shape and their sizes were in the range of 350 to

400 nm, depending on the degree of substitution of 5β-

cholanic acid [4]. For animal tests, HA-NPs were labeled

with Cy5.5 to visualize their biodistribution in vivo as previ-

ously described [4]. Briefly, amphiphilic HA-5b-cholanic acid

conjugates were chemically modified with acid dihydrazide-

modified Cy5.5. The content of Cy5.5 molecules in the con-

jugate was fixed to 3.2 weight percentage as determined

using a UV/VIS spectrophotometer at 680 nm. 

Experimental design

Mice were divided into two groups: HA-NP and HA-poly-

mer. Mice were intravenously injected through the tail vein

with a single dose of 5 mg/kg of Cy5.5-labeled HA-NP or

HA-polymer. The injections were tolerated and no adverse

effects were observed throughout the experiment. At 0.5 h,

2 h, 4 h, 1 day (d), 3 d, 7 d, 14 d, and 28 d after injection,

mice (n = 6 per time group) were anaesthetized with ether

and subsequently euthanized by drawing blood from the

abdominal aorta. Their final body weights were then mea-

sured and the livers, spleens, kidneys, lungs, hearts, brains,

testes, epididymides, submandibular glands, small and large

intestines, and thymuses were collected for fluorescence

intensity measurement. Moreover, a portion of the organs

were fixed and trimmed for histopathological examination

and TEM analysis.

Analysis of fluorescence intensity

The biodistributions of HA-NP and HA-polymer or free

Cy5.5 without HA in the examined organs were compara-

tively investigated by measuring the fluorescence intensity

over different time periods for 28 days. For measurements,

each discretized tissue was homogenized, after which the

sample concentrations were measured in the tissues. To

exclude the influence of the organ weight, all fluorescence

intensity results were compared after calculation by the unit

organ weight. Three hundred milligrams of collecting organs

were put into 600 µL of phosphate-buffered saline (pH 7.4),

after which the tissues were homogenized at 0.9−6 × g for 5

min using a homogenizer (PT 2100; Kinematica, Switzer-

land). The homogenized tissues were then placed on a black

plate for fluorometer and fluorescence intensity was mea-

sured using the FLx800 Fluorescence Microplate Reader

(BioTek, USA) at an excitation of 630 nm and emission of

730 nm. 

Histopathological examination

The livers, kidneys, and spleens were removed and fixed in

10% formalin. For histological examination, paraplast-embed-

ded tissues were sectioned at 4 µm, then were stained by the

routine hematoxylin-eosin (H&E) method. After staining,

samples were photographed on an Olympus BX 53 Fluores-

cence Microscope (Olympus, Japan) for histopathology assay.

TEM analysis

After collecting and slicing the organ, the specimens were

fixed in 2% glutaraldehyde and osmified with 1% osmium

tetroxide in phosphate buffer at pH 7.4, dehydrated in graded

ethanol, embedded in Embed-812 and polymerized for 3
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days. Using a LKB ultramicrotome, 0.5–1.0 µm thick semi-

thin sections were stained with 1% toluidine blue. Ultrathin

sections (60–90 nm) were then cut with the ultramicrotome

and stained for conventional TEM with an automated system

(Leica EM Stain; Leica Biosystems, Germany) using uranyl

acetate (5 g/L, 30 min) and lead citrate (5 g/L, 50 min) at

25oC. In this study, energy filtered TEM (LIBRA 120; Carl

Zeiss, Germany) was used to observe the NP within cells. 

Statistical analysis

All experimental data were presented as the means ± SE.

Data were analyzed by one-way analysis of variance (ANOVA)

followed by a two-tailed Student’s t-test. A p < 0.05 was con-

sidered statistically significant. All analyses were conducted

using SPSS for Windows, (ver. 10.0; SPSS, USA).

Results

Comparison with distribution between HA-NP and

HA-polymer

Although the fluorescence intensity of free Cy5.5 without

HA labelling was highest (65.2 ± 0.01) in liver at 0.5 h, after

which was remarkably decreased until day 28, those levels in

all organs examined were almost undetectable after 24 h (Fig. 1).

As shown in Figure 2, the tissue distribution in entire

organs between HA-NP and HA-polymer differs according to

the size of the particles. Cy5.5-labeled HA-NPs were mainly

detected in liver, kidney and spleen, although some were

found in the lung, brain, and testis, and a few were found in

the epididymis, submandibular gland, thymus, and heart (Fig.

2A). Although Cy5.5-labeld HA-polymer was found to be

highest in the kidney, the fluorescence intensity was remark-

ably lower than HA-NP (Fig. 2B). With the exception of the

liver, kidney, and spleen, HA-polymer levels in other organs

such as the lung, brain, testis, epididymis, submandibular

gland, thymus, and heart were higher than HA-NP levels, but

no significant differences were observed among organs. HA-

polymer levels in the liver and spleen were expressed at

lower intensity than in all other organs. Notably, HA-NP

increased slightly in the brain and HA-polymer was highest

in the thymus, indicating the need for further study to explain

these findings. Overall, HA-NP, which was the smaller parti-

cle, had greater distribution in the liver and spleen, while the

larger HA-polymer was not. 

Temporal distribution pattern of HA-NPs and HA-

polymers in the main target organs

Figure 3 shows changes in the temporal distribution of

each organ during different time periods. HA was initially

highly accumulated, but was completely excreted from the

liver, spleen, and kidneys 2 weeks post-injection when it was

nano-sized. In liver and spleen, the biodistribution pattern

was very similar for both HA-NP and HA-polymer, respec-

tively. In the spleen, HA-NP decreased rapidly from 0.5 h

(1382 ± 20) to day 3 (205 ± 25), but increased at day 7 (646

± 24) and decreased again at day 28 (103 ± 4). HA-polymer

in the spleen showed little change from 0.5 h (32 ± 2) to day

28 (40 ± 2) (Fig. 3A). Similarly, HA-NP in the liver gener-

ally decreased from 0.5 h (644 ± 20) to day 3 (179 ± 21),

except for 4 h (744 ± 38), then unexpectedly increased at day

7 (449 ± 16) and decreased again until day 28 (97 ± 16). HA-

polymer in the liver showed no typical changes from 0.5 h

(109 ± 5) to day 28 (140 ± 2) (Fig. 3B). However, the kidneys

showed a different pattern of biodistribution. Although HA-

NP was generally detected at higher levels than HA-poly-

mer, both HA-NP and HA-polymer decreased from 0.5 h

(NP: 352 ± 15, polymer: 219 ± 15) to 2 h (NP: 268 ± 13, poly-

mer: 200 ± 8), then slightly increased at 4 h (NP: 299 ± 13,

polymer: 224 ± 8) and then decreased again until day 28

(NP: 53 ± 6, polymer: 48 ± 3) (Fig. 3C).

Histological examination

Tissue samples taken at 0.5 h, 4 h, day 3, day 7, and day 28

from ICR mice injected with Cy5.5-labeled HA-NP and HA-

polymer were processed for the routine histological examina-

tion method and stained with H&E solution. No tissues

(liver, spleen, and kidney) showed pathological changes rela-

tive to the control upon microscopic examination (Fig. 4).

Subcellular distribution of HA-NP and HA-polymer 

TEM images showed particles of Cy5.5-labeled with HA-

NP and HA-polymer in the subcellular organelles of each tis-

sue after injection (Fig. 5). HA-NP was observed in the liver,

Fig. 1. Fluorescence intensity (106 photon/sec) levels of free

Cy5.5 without hyaluronic acid (HA) labelling in kidney, liver,

heart, stomach, testis, small intestine (SI), large intestine (LI),

thymus, and lung from 0.5 h to 28 days after the injection. Data

are expressed as mean ± SE (n = 6). a.u., arbitrary unit.
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Fig. 2. Biodistribution per unit organ weight in entire organs of cy5.5-labeled HA. HA-nanoparticle (NP) intensity was high in the spleens,

livers and kidneys, while it was detected at low levels in other organs (A). When compared with HA-NP, HA-polymer was observed at

a very low level in all examined organs (B). Data are expressed as the means ± SE (n = 6). Epi, epididymis; Sm g., submandibular gland.

Fig. 3. Temporal tissue distribution per unit organ weight of cy5.5-labeled HA-NP and HA-polymer. A: liver, B: spleen, C: kidney,

a: Significantly different (p < 0.05) mean values at the same time. The distribution patterns of HA-NP were similar in the spleen and

liver. HA-NP levels in the spleen and liver were remarkably reduced until day 3, but increased sharply between days 3 and 7, then

decreased again, while their HA-polymers were not changed at very low levels. In kidneys, both HA-NP and HA-polymer were

present at high levels after 30 min of administration and decreased steadily over time. Data are expressed as the means ± SE (n = 6).
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Fig. 4. Representative histological examination of tissues from ICR mice (n = 3) injected with HA-NP (a) and HA-polymer (b) through

tail intravenous injection over time (0.5 h, 4 h, 3 day, 7 day, and 28 day). (A) Liver. (B) Spleen. (C) Kidney. All tissues showed no

pathological change, which indicated that neither HA-NP nor HA-polymer caused significant toxicity. H&E stain. Scale bar = 100 µM.

Fig. 5. Representative observations of subcellular structure in tissues from ICR mice (n = 3) by transmission electron microscopy. HA-

NP particles (arrows) phagocytosed by Kupffer cells of the liver at day 1 (A and B) after HA-NP injection (5 mg/kg). Lysosome (aster-

isk) in kidney macrophages at day 1 (C) and infiltration (arrows) of HA-NP in kidney tubular cells at day 7 (D). Lysosomes (arrows)

in the spleen macrophage at day 1 (E and F). Mitochondria (arrows) in spleen white blood cell at day 1 (G). Various HA-polymer

particles (arrows) phagocytosed by a macrophage of the spleen at day 28 (H and I) after HA-polymer injection (5 mg/kg).
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spleen, and kidney from day 1 to day 28. In the liver, HA-NP

was phagocytosed by Kupffer cells at day 1 (Fig. 5A and B).

In the kidney, HA-NP was phagocytosed by macrophages

and observed in lysosomes at day 1 (Fig. 5C), after which it

accumulated in the cytoplasm of tubular cells at day 7 (Fig.

5D). In the spleen, HA-NP was in the lysosome of macroph-

ages at day 1 (Fig. 5E and F) and in mitochondria of white

blood cells at day 1 (Fig. 5G). On the other hand, HA-poly-

mers of various sizes, but much larger than HA-NP, were

only observed in the spleen at day 28, where they had been

phagocytosed by a macrophage (Fig. 5H and I).

Discussion

This study demonstrated the tissue distribution and accu-

mulation of intravenously administered HA-NP in size

ranges from 350 nm to 400 nm and HA-polymer of larger

size in mice. The fluorescence intensity revealed that HA-

NPs were mainly distributed in the liver, spleen, and kid-

neys, but were also present in the lung, brain and testes,

while HA-polymer was distributed to all measured organs in

very low levels. These findings are in agreement with previ-

ous reports describing the distribution of NPs to multiple

organs including the liver, kidneys, heart, lungs, brain, tes-

tes, lymph nodes and skin [11]. In other words, distribution

of HA-NP appeared to be different from HA-polymer, which

consisted of larger particles. HA-NP was mainly distributed

in the spleen, followed by the liver and kidneys, whereas

HA-polymer was mainly found in the kidney and hardly

appeared in the liver and spleen. In the different organs

examined, no significant difference by sizes was detected.

This tissue distribution difference between HA-NP and HA-

polymer was investigated over the entire period of the exper-

iment. HA biodistribution was considered to be related to

particle size. It has been suggested that tissue distribution by

HA sizes is proportional to toxicity and health [10]. In the

future, we need to know when and why the kinetics and tox-

icity of nanoparticles are expressed. 

In the present study, most nanoparticles were predomi-

nantly found in the liver and spleen, which are representa-

tive organs with the reticuloendothelial system that plays a

major role in removing certain toxic substances from the

blood. Accumulation of nanomaterials like silica, gold and

iron oxide, titanium dioxide, and quantum dots was mainly

detected in the liver and spleen. Moreover, the size-related

distribution over these organs suggested that organs with per-

meable endothelial linings mainly in blood vessels such as

the liver and spleen play a role significantly to the uptake of

nanomaterials. In addition, particles smaller than 100 nm

accumulate in the liver, but larger particles accumulate

mainly in the spleen [5, 18, 26-28], which is in agreement

with our findings that HA-NP of 320–400 nm were mainly

distributed in the spleen. For all time points examined in the

liver, spleen and kidney, HA-NP decreased remarkably com-

pared to HA-polymer. Possible explanations for this finding

may be faster degradation, elimination, and excretion of HA-

NP than HA-polymer. 

The different biodistribution of HA-NP and HA-polymer

was also probably correlated with different capture features

in various tissues and the in vivo degradation tendency of

HA. The initial decreasing distribution in the first 3 days can

primarily be due to the rapid degradation of HA-NP [24].

However, within 7 days of administration, the re-distribution

of the fluorescence intensity in the liver and spleen could

have been attributed to the continuous capture and reduced

degradation rates of HA-NP, which probably resulted in their

consecutive uptake and increased organic accumulation. These

findings indicate that the HA-NP degradation can be remark-

ably inhibited by increasing the HA-NP accumulation [3].

This also implies that there are always uncaptured HA-NP

remaining and circulating in the blood. Moreover, when com-

pared with HA-NP, HA-polymer was not captured by the

liver and spleen, implying that HA-polymer has a longer

blood-circulation lifetime [5]. Within 28 days of injection,

the biodistribution of HA-NP in the liver and spleen decreased

again relative to day 7, which was likely due to their slow,

but continued degradation. Although HA-NP re-increased

suddenly at 7 days after administration, but no definite rea-

son was known so far, indicating the need for further study to

explain these findings. In addition, most HA-NP could be

degraded completely for prolonged time periods. Interest-

ingly, distributions of HA-polymer in the liver and spleen

from 30 min to 28 days after injection were especially lower

than in all other organs, which might have been because of

the difficulty of their biodegradation and/or transfer to other

tissues. For kidneys, the distribution kept decreasing with

time from 30 min to 28 days, probably because the majority

of these nanoparticles had been captured and excreted from

blood to urine in the first 30 min (or longer) after injection,

resulting in the excretion rate of degraded HA being higher

than their accumulation rates beyond 30 min post-injection [8].

Histological analyses were conducted to investigate tissue

toxicity with organ accumulation after injection of HA-NP

and HA-polymer. The liver, spleen, and kidney, where the

HA-NP and HA-polymer were mainly distributed did not

show any pathological changes, indicating that neither 5 mg/

kg of HA-NP nor HA-polymer cause significant tissue toxic-

ity, and that both HA-NP and HA-polymer possess good tis-

sue compatibility [8]. Such compatibility can be attributed to

the stable physicochemical properties, biodegradability, and

biocompatibility of the HA particles. 

To directly identify the biodistribution of exogenous HA,

the main organs in which HA-NP and HA-polymer were dis-

tributed (liver, spleen, and kidneys) were subjected by ultra-

structural analyses using TEM. HA-NP was observed in

Kupffer cells of the liver and in white blood cells of the

spleen, indicating that it was moved and engulfed through the

blood by phagocytosis of the liver and spleen [3]. On the

other hand, HA-polymers of various sizes, but much larger

than HA-NP, were only observed in the spleen at day 28,
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where they had been phagocytosed by a macrophage. Inter-

estingly, recent studies showed that these findings may be

due to cellular uptake of the HA-NPs by phagocytic cells of

the reticuloendothelial system and by liver sinusoidal endot-

helial cells expressing the hyaluronic acid receptor for

endocytosis [22, 29]. HA-NP also appeared to be excreted

through the kidneys [8], as indicated by its being found in

lysosomes of the phagocyte and tubules in kidneys. 

In summary, HA was initially highly accumulated, but was

completely excreted from the liver, spleen, and kidneys at 2

weeks post-injection when it was nano-sized. These findings

suggest that HA-NP could be considered a desirable drug

carrier if the target organs of the drug are the liver, kidney,

and spleen. 
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