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ABSTRACT
Purpose Cancer metastasis to pulmonary lymph nodes dic-
tates the need to deliver chemotherapeutic and diagnostic
agents to the lung and associated lymph nodes. Drug conju-
gation to dendrimer-based delivery systems has the potential
to reduce toxicity, enhance lung retention and promote lym-
phatic distribution in rats. The current study therefore evalu-
ated the pharmacokinetics and lung lymphatic exposure of a
PEGylated dendrimer following inhaled administration.
Methods Plasma pharmacokinetics and disposition of a
22 kDa PEGylated dendrimer were compared after aerosol
administration to rats and sheep. Lung-derived lymph could
not be sampled in rats and so lymphatic transport of the den-
drimer from the lung was assessed in sheep.
Results Higher plasma concentrations were achieved when
dendrimer was administered to the lungs of rats as a liquid
instillation when compared to an aerosol. Plasma pharmaco-
kinetics were similar between sheep and rats, although some
dif ferences in disposi t ion patterns were evident .
Unexpectedly, less than 0.5% of the aerosol dose was recov-
ered in pulmonary lymph.
Conclusions The data suggest that rats provide a relevant
model for assessing the pharmacokinetics of inhaled

macromolecules prior to evaluation in larger animals, but that
the pulmonary lymphatics are unlikely to play a major role in
the absorption of nanocarriers from the lungs.

KEY WORDS lymphatic . pharmacokinetics . pulmonary .
rats . sheep

ABBREVIATIONS
BALF Bronchoalveolar lavage fluid
CMLD Caudal mediastinal lymph duct
CMLN Caudal mediastinal lymph node
MØ Alveolar macrophages
SEC Size exclusion chromatography

INTRODUCTION

Inhaled administration of drugs and therapeutic macromole-
cules has potential as a non-invasive route of systemic or local
(lung) delivery. Administration of therapeutics directly to the
lungs may also provide high local concentrations at the site of
action thereby enhancing the treatment of respiratory disease.
For many small molecule therapeutics, however, the physiol-
ogy of the lungs (high surface area, thin epithelium, high blood
perfusion, near sink conditions) drives rapid absorption of
drug into the systemic circulation, limiting local exposure
and activity within the lungs [1]. Rapid systemic absorption
may be ideal for the treatment of systemic conditions that
require an immediate onset of action, but slowing the rate of
absorption has the potential to provide more sustained plasma
exposure and to prolong the duration of therapeutic activity
[2]. To this end, association (through covalent conjugation or
non-covalent entrapment) of therapeutics with macromolecu-
lar drug-carriers has been employed previously to manipulate
the pharmacokinetic behavior of small molecule therapeutics
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[3] and to improve the stability of drugs and proteins in the
lungs [4, 5].

Drug association with nanometer-sized drug carriers
(nanocarriers) provides a potential means of delivering drugs,
including cancer chemotherapeutics, directly to the lungs for
the improved treatment of lung resident disease and to control
pulmonary residence time and the rate of drug release.
Further potential utility may be found in refining the design
of inhalable drug carriers in order to target the pulmonary
lymphatic system and to better treat diseases that reside within
the lung lymphatics, such as pulmonary lymphoma, lung-
resident lymph node metastases and lymphangitis
carcinomatosa. The targeted delivery of contrast agents to
the lung lymphatics also provides an opportunity to stage lung
cancers without the need for invasive surgical procedures.

Selective delivery of drugs to lung resident cancers and the
pulmonary lymphatic system following inhaled administration
has the potential to limit systemic exposure when compared to
the conventional intravenous (IV) delivery of chemotherapeu-
tic drugs. The toxic side effects of chemotherapeutic drugs
may therefore be limited and larger doses administered to
enhance the treatment of lung-resident disease. In support of
this suggestion, a number of studies have previously demon-
strated the ability of nanocarriers to target the lymphatic sys-
tem following IV [6], subcutaneous (SC) [6–10], intradermal
[11, 12] and intramuscular [13] administration.

Nanometer (~10 nm) sized dendrit ic polymers
(dendrimers) show considerable potential as drug delivery sys-
tems after administration via IV, SC and pulmonary routes
[14]. PEGylation of an otherwise polycationic dendritic scaf-
fold can also be utilized to produce dendrimers with signifi-
cantly reduced cell surface interactions due to the masking of
surface charges and slower catabolism for polypeptide-based
dendrimers due to the hindered access of peptidases and pro-
teases to the scaffold [15, 16]. As such, previous work [17] has
demonstrated that the pulmonary pharmacokinetics and
in vivo stability of generation 4 poly(lysine) dendrimers in rats
can be manipulated by modifying the molecular weight of
polyethylene glycol (PEG) chains that are conjugated to the
dendrimer surface to enhance biocompatibility. In this study,
generation 4 dendrimers conjugated with low MW PEG
chains (≤570 Da) were efficiently and rapidly (Tmax within
24 h) absorbed from the lungs, whilst dendrimers conjugated
with higher MW PEG (2200 Da) displayed limited (approxi-
mately 2%) and slow absorption from the lungs and more
efficient mucociliary clearance. Furthermore, the dendrimer
conjugated with 200 Da PEG (to give a 11 kDa dendrimer)
was very rapidly degraded in the lungs such that much of the
absorbed dose was due to the uptake of lowMW fragments of
dendrimer catabolism. Stability in the lungs was increased via
the conjugation of increasing PEGMW. Of particular note, a
22 kDa PEGylated poly(lysine) dendrimer (generation 4) with
complete surface conjugation of 570 Da PEG (i.e., 2 PEG

chains per surface lysine) was shown to have approximately
30% bioavailability after liquid instillation into the lungs of
rats, and to show little in vivo biodegradation [17]. This sug-
gested relatively efficient absorption and access to the pulmo-
nary interstitium as well as to the blood and lymph capillaries
that reside along the deep lungs and conducting airways for
PEGylated dendrimer of this size. The same dendrimer was
also shown in an earlier study to be transported into the lym-
phatics after IV and SC administration to rats (12 and 29% of
an IV and SC dose over 30 h respectively) [6]. Based on this
data, we hypothesized that a significant proportion of the den-
drimer may be systemically absorbed from the lungs via pul-
monary lymphatic capillaries.

The in vivo evaluation of pulmonary drug and macromole-
cule pharmacokinetics is performed in the first instance in
rodent models. This reflects the availability, well characterized
physiology and low cost of rodents and the small quantities of
drug required for administration and evaluation. Larger ani-
mal models, however, offer the potential to evaluate pulmo-
nary pharmacokinetics in animals with a respiratory physiol-
ogy that is more relevant to humans [18]. Although the num-
ber of published pharmacokinetic studies in larger animals
such as sheep are limited, the physiological similarities be-
tween ovine (sheep) and human lungs have prompted the
use of sheep as a model for studying various respiratory dis-
eases and injury states [19–23]. Of particular relevance is the
similar size and body weight of sheep and similar breathing
rates and tidal volumes of sheep when compared to humans,
in contrast to the very different lung dimensions and breathing
patterns in rodents [20]. These factors play a critical role in
the lung disposition of inhaled particles and may impact on
pharmacokinetics and lung clearance kinetics and pathways
[24]. Furthermore, and perhaps most alluringly, the large size
of sheep allows for advanced surgical procedures to be per-
formed that are not possible in rodents. For example, pulmo-
nary lymph from rats cannot be sampled without a thoracot-
omy, a procedure that is difficult in rodents (the thoracic
lymph duct drains into the systemic circulation beneath the
clavicle and rib cage in rats). In contrast, a surgical method for
the collection of pulmonary lymph from conscious sheep has
previously been described [25].

In the current study, we used sheep to evaluate the contri-
bution of the pulmonary lymphatic system to the systemic
absorption of a 22 kDa PEGylated dendrimer after adminis-
tration as a liquid aerosol dose to the lungs. This was achieved
by cannulating the efferent caudal mediastinal lymph duct
(CMLD) which collects most of the lymph formed within the
lungs before deposition into the thoracic lymph. In addition,
we sought to evaluate differences in the pharmacokinetic be-
havior of the PEGylated dendrimer between rats and sheep
after IV and inhaled administration. Significantly, this work
provides the first comparison between the pulmonary phar-
macokinetics of a macromolecular drug delivery system in rats

Lymphatic Pharmacokinetics of Inhaled Dendrimer 511



and a large animal model, enabling some insight into the
expected biopharmaceutical behavior of inhaled nanocarriers
in humans. Previous studies to evaluate the pulmonary phar-
macokinetics of PEGylated dendrimers in rats were per-
formed following liquid instillation to the lungs, a method that
is commonly used but results in differences in drug deposition
in the lungs when compared to inhaled administration. The
pulmonary pharmacokinetics of the dendrimer in rats was
therefore first evaluated after liquid aerosol administration
to the lungs using a Penn-Century microsprayer.

METHODS

Materials

A 22 kDa, poly-lysine dendrimer with complete PEG (570 Da)
surface coverage (i.e., 2 PEG chains per surface lysine)
(lys16(PEG570)32) (Fig. 1) was synthesized as previously de-
scribed [15], except that in this case (to necessitate quantifica-
tion in a larger animal), the radioactivity of the dendrimer was
increased (2.7 μCi/mg) by incorporating a larger proportion
of 3H-lysine into the penultimate lysine layer [15].
Lys16(PEG570)32 was solubilized in sterile saline (50 mg/ml)
and stored in working aliquots at −20°C until used.

Marcain® and heparin were purchased from Clifford
HallamHealthcare (VIC, Australia) and saline was purchased
fromBaxter (NSW, Australia). Oxytetracycline, procaine pen-
icillin, and Lethabarb were obtained from Virbac (NSW,
Australia). Fentanyl transdermal patches were from Janssen
Pharmaceuticals Inc. (Beerse, Belgium) and Evans blue dye
and hydrogen peroxide (30%w/v) were obtained from Sigma-
Aldrich (MO, USA). Buprenorphine was from Reckitt
Benckiser Healthcare (Berkshire, England). Irga-Safe Plus™
and Soluene® were from PerkinElmer (MA, USA) and
isoflurane was from Delvet Pty Ltd (NSW, Australia).
Isopropyl alcohol (IPA) was obtained from SSA Enterprises
(KA, India). Chlorhexidine was from Livingstone
International Healthcare (NSW, Australia). Thiopentone
was obtained from Troy Laboratories (NSW, Australia). All
other reagents were AR grade and were used without further
purification. Polyethylene cannula (0.96 mm×0.58 mm) and
polyvinyl cannula (1.5 mm×2.7 mm) were from Microtube
Extrusions (NSW, Australia). Silastic cannula (0.63 mm×
1.19 mm) was from Dow Corning (MI, USA).

Animals

Rats

Male Sprague–Dawley rats (260–315 g) were obtained from
Monash Animal Services (VIC, Australia). Rats that
underwent surgical procedures were fasted for 12 h prior to

surgery and for up to 8 h following dendrimer administration.
Food was freely available at all other times, and water was
available ad libitum. Surgically cannulated rats were housed
in metabolic cages for sample collection and during recovery
from surgery, while non-cannulated rats were housed in
groups of 3 in microisolator cages for the entirety of the study.

Sheep

Lung lymphatic pharmacokinetics was evaluated in female
Merino sheep (22–43 kg). Female sheep were used since pre-
vious lymph duct cannulation procedures were performed in
female sheep of this strain [26], and physiological variability
has been known to occur between the lymphatic system of
male and female animals [27]. Sheep were purchased from
a Monash Animal Services approved breeding facility. Sheep
were fasted for 24 h prior to surgical procedures and for 12 h
prior to dosing. Food was freely available at all other times,
and water was available ad libitum. Sheep were housed in met-
abolic cages during recovery from surgery and after surgical
implantation for the entirety of the study to allow for sample
collection.

All animals were housed under ambient conditions (20–
22°C) and were maintained on a 12 h light/dark cycle. All
rat and sheep experimentation was approved by the Monash
Institute of Pharmaceutical Sciences Animal Ethics
Committee, and conducted in accordance with the
Australian Code of Practice for the Care and Use of
Animals for Scientific Purposes.

Characterization of Intravenous and Pulmonary
Pharmacokinetics in Rats

Rats were dosed in parallel groups and were adminis-
tered dendrimer either via IV infusion (1 mg in 1 ml
saline) over 2 min or via aerosol administration to the
lungs (1 mg in 100 μl saline). We have previously char-
acterized the IV pharmacokinetics of the dendrimer
over 30 h [15]. In this study, the IV pharmacokinetics
of the dendrimer was re-evaluated over 7 days to enable
accurate comparison to sheep pharmacokinetic data that
was similarly collected for 7 days. Methods were as
described previously [17].

Rats that were administered aerosolized dendrimer to
evaluate plasma pharmacokinetics and dendrimer dispo-
sition (Table I, group R1) were first cannulated via the
right carotid artery as previously described to facilitate
repeated blood collection in conscious, freely moving
animals. Rats administered dendrimers via the IV route
(Table I, group R2) were cannulated via both the ca-
rotid artery and the right jugular vein as previously
described [16] to facilitate blood sampling and the IV
infusion of the dendrimer solution respectively in
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conscious, freely moving animals. All surgical procedures
were performed under isoflurane anesthesia, and
Marcaine (0.25 mg in 50 μl) was administered SC to
the surgical site(s) prior to incisions being made to pro-
vide local analgesia. Following surgical procedures, rats
were connected to swivel-tether jackets [28] and housed
in metabolism cages where they remained for the dura-
tion of the study. Rats were allowed to recover over-
night prior to dendrimer administration.

Immediately prior to dendrimer administration, blank
blood samples (150 μl) were collected into heparinized vials
(10 I.U /vial) as previously described [16], and blank urine
and feces samples were collected from each rat. For the IV
group, a 1 ml solution of dendrimer (in sterile saline) was
infused via the jugular vein cannula over 1.5 min. At the
conclusion of the infusion, the jugular vein cannula was
flushed with a further 0.3 ml saline over 30 s to flush any
remaining dose into the rat. A t0 blood sample (150 μl) was

Fig. 1 PEGylated generation 4 poly(lysine) dendrimer. Adapted with permission from reference [17]. Copyright 2013 American Chemical Society.

Table I Animal Dosing and Sampling Outline

Species Group Animal
numbers

Dosing
route

Lymph duct
cannulated?

Blood
sampled?

Urine/ feces
sampled

BALF sampled Organs collected

Rat R1 3 IV No Yes Yes 168 h Lungs, liver, spleen, kidneys

Rat R2 4 Pulm No Yes Yes 168 h Lungs, liver, spleen, kidneys

Rat R3 3× (n=3) Pulm No No No 1, 8 and 72 h Lungs

Sheep S1 3 IV No Yes Yes No Lungs, liver, spleen, kidneys, node

Sheep S2 3 Pulm No Yes Yes No Lungs, liver, spleen, kidneys, node

Sheep S3 4 Pulm Yes Yes No No Nil

Sheep S4 3 Pulm No No No 0.5, 24, 72 and 168 h Nil
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collected immediately following the infusion. Rats adminis-
tered dendrimer via the lungs were anesthetized under
isoflurane and suspended via the front incisors in a supine
position on a dosing board at an angle of 60° as previously
described [17]. A 100 μl solution of dendrimer (in sterile sa-
line) was loaded into a Penn-Century MSA-250-R
MicroSprayer®/Syringe Assembly dosing device (Penn-
Century, PA, USA; 16–22 μm particle size) as recommended
by the manufacturer. A laryngoscope was used to guide the
device down the trachea to a distance of 2.5 cm past the
larynx, where the entire dose was expelled from the device
in time with inhalation. The rat was removed from the dosing
board and a t0 blood sample (150 μl) was collected. Rats were
held in an upright position until they regained consciousness
prior to being returned to metabolism cages.

Further blood samples (150 μl) were collected from both IV
and pulmonary dosed rats 0.5, 1, 2, 3, 4, 6, 8, 12, 24, 30, 48, 72,
96, 120, 144 and 168 h following dendrimer administration.
Blood samples were centrifuged (3500g, 5 min) and plasma
(80–100 μl) was collected and vortex mixed with Irga-Safe
Plus™ scintillation fluid (1 ml) prior to determination of radiola-
bel content via liquid scintillation counting on a Packard Tri-
Carb 2000CA liquid scintillation analyzer (Meriden, CT).
Total urine and feces were collected from each rat for the entirety
of the sampling period and were analyzed for 3H content as
previously described [15]. Following collection of the 168 h sam-
ple, rats were euthanized under isoflurane anesthesia via exsan-
guination from the carotid artery cannula. Bronchoalveolar la-
vage fluid (BALF) was collected from all rats post-mortem as
previously described [17] to evaluate the proportion of the dose
remaining in lung lining fluid. BALF was centrifuged (4500g for
5 min) to pellet the alveolar macrophages (MØ) which were
resuspended in saline (1 ml). Both supernatant and pelleted
MØ were analyzed for 3H as previously described [17]. The
lungs, liver, spleen and kidneys were also excised, weighed and
analyzed for 3H as previously described [15].

A separate cohort of rats were similarly dosed with dendri-
mer via the lungs (3 groups of n=3 rats per group) to generate
disposition data after pulmonary administration. At different
times after dosing rats were anaesthetized and a cannula
inserted into the carotid artery as described previously [16].
At 1, 8 and 72 h post dose animals were euthanized via ex-
sanguination under isoflurane as described above to assess
lung retention and the stability of the dendrimer over time
(Table I, group R3). BALF and lung tissue was collected and
analyzed for 3H content as described above.

Characterization of Intravenous and Pulmonary
Pharmacokinetics in Sheep and Lung Lymphatic
Exposure After Pulmonary Administration

Sheep were dosed in parallel groups with 100 mg dendrimer
according to the scheme in Table I. Group S1) IV dosed, non-

lymph cannulated; group S2) pulmonary dosed, non-lymph
cannulated; group S3) pulmonary dosed and lymph-
cannulated; and group S4) pulmonary dosed with no cannula-
tion. Cannulas were surgically implanted into sheep 5–7 days
prior to dendrimer administration. Sheep were initially anaes-
thetized via IV administration of thiopentone (20 mg/kg). They
were then immediately intubated with an endotracheal tube
which was connected to a mechanical ventilator to maintain
anesthesia with isoflurane (2.5% in oxygen) during the surgery.
Prior to incisions being made, sheep were injected with oxytet-
racycline (5 mg/kg) and procaine penicillin (2400 IU/kg) in the
right hind flank to prevent infections during and post-surgery,
and marcain (10–25 mg) was injected at the incision sites.
Fentanyl patches (75 mg) were applied to the skin under the
right leg to provide post-surgical analgesia for 3 days after sur-
gery. Buprenorphine (0.005 mg/kg) was also injected into the
leg muscle of sheep undergoing lymph duct cannulations to
provide stronger analgesia for 8 h during and after surgery.
Sheep in groups S1-3 had a venous catheter inserted into the
right jugular vein to facilitate blood collection and IV dendri-
mer administration as previously described [29]. The patency
of the cannulas was maintained by flushing the cannulas with
heparinized saline (10 U/ml) daily and after blood sampling.
Sheep that were used to provide lung lymph after pulmonary
dosing (group S3) were subsequently cannulated via the efferent
CMLD which drains the caudal mediastinal lymph node
(CMLN) using a slight modification to a previously described
method [25] where systemic lymph contributions to the CMLN
were not removed prior to cannulation. Briefly, a thoracotomy
was made in the 5th right intercostal space and the efferent
CMLD was exposed, ligated and cannulated with autoclave
sterilized silastic tubing. The tubing was then exteriorized
through a small incision in the chest wall for the collection of
lymph. Following surgery, sheep were fitted with thin elastic
netting to prevent them from chewing or pulling on cannulas,
and were allowed to recover from anesthesia in metabolic cages
where they were housed for the remainder of the study. Sheep
were allowed to recover for up to 7 days prior to dendrimer
administration.

Immediately prior to dendrimer administration, 5 ml of
blank blood was collected from the jugular vein cannula of
sheep in groups S1-3 into 10ml heparinized (500 IU) centrifuge
tubes. Blank lymph samples were also collected into vials con-
taining heparin (500 IU), and blank urine and feces were sam-
pled. The separate collection of urine and feces from sheep was
facilitated by the attachment of wire mesh to the bottom of the
metabolism cages which enabled pellets of feces to roll into a
separate bucket to that was used to collect urine (Fig. 2).

Sheep that were dosed intravenously (group S1) were ad-
ministered dendrimer in sterile saline (3 ml) as an infusion via
the jugular vein cannula over 1.5 min. A further 10 ml of
heparinized saline was then flushed through the cannula over
30 s to ensure the entire dose was delivered to the sheep.
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Following infusion, a t0 and a 30min blood sample (5 ml) were
withdrawn into heparinized tubes.

Sheep that were dosed via the lungs (groups S2-4) were
removed frommetabolism cages and positioned in specialized
restraining harnesses to restrict movement of the head and
neck and to facilitate dendrimer administration and BALF
sample collection. To facilitate dendrimer administration to
the lungs, cuffed endotracheal tubes were lubricated with
lignocaine gel and inserted down the trachea through the
nasal passage. The dendrimer dosing solution (in 5 ml saline)
was aerosolized via a Nomad Nex Gen Travel Nebulizer
System (Allersearch, NJ, USA; mass median aerodynamic di-
ameter 1.76 μm), and placed in line with a dual phase control
respirator (Harvard Apparatus, MA, USA) that was set to 20
breaths per minute at 35% inspiration for 25 min. Hudson
filters (Hudson RCl, NC, USA) were placed in the expiratory
line to collect any expired dendrimer dose, and following den-
drimer administration, all lines, filters and nebulizer compo-
nents were rinsed with sterile saline to collect any remaining or
expired dose. The proportion of the dendrimer dose not de-
livered to or retained in the lungs of sheep (i.e., dose remaining
in the dosing device or tubing and expired dose) was deter-
mined via scintillation counting and then subtracted from the
nominal dose administered to sheep in subsequent
calculations.

Following dendrimer administration to the lungs, an initial
blood sample was collected 30 min after the beginning of
aerosol administration (t0 blood sampling was not possible
since administration of the dose took 25 min). Further blood
samples were then collected from sheep in groups S1-3 at 1, 2,
4, 6, 8, 12, 24, 30, 48, 72, 96, 120, 144 and 168 h. Blood
samples were centrifuged (3500g for 5 min) to pellet red blood
cells and plasma was collected. Plasma (1–3 ml) was mixed
with scintillation fluid (10 ml) and analyzed for radiolabel
content via liquid scintillation counting. Lymph fluid was col-
lected into heparinized vials or sterile heparinized (5000 U)
75 cm2 cell culture flasks over the following collection times:
0–1, 1–2, 2–4, 4–6, 6–8, 8–12, 12–24, 24–48, 48–72, 72–96,
96–120, 120–144 and 144–168 h. Up to 5 ml of each lymph
sample was centrifuged (3500g) to pellet cells. The superna-
tant was collected and vortexed with IRGA-Safe (10 ml) and
analyzed for tritium content via liquid scintillation counting.
The cell pellet was suspended in saline (1 ml) and stored at
−20°C until further analysis. Cell pellets from lymph fluid
were analyzed for tritium content in the same way as MØ
(see below). Total feces and urine excreted by sheep in groups
S1 and 2 were collected and weighed at 24 h intervals and
analyzed for excreted 3H as described below.

In addition to sheep that were used to evaluate the plasma
pharmacokinetics and disposition of the dendrimer (groups
S1-3), n=3 sheep (group S4) were administered dendrimer
via the lungs and underwent BALF sampling at various time
points over 7 days to evaluate the stability of the dendrimer in

the lungs and to provide an estimate of the rate of dendrimer
clearance from the lungs (similar to rats in group R3). In this
group of sheep, a blank BALF sample was collected from a
region of one lung lobe prior to dendrimer administration.
Briefly, a fiber-optic endoscope was guided via the nasal canal
into the right caudal lung lobe, and saline (30 ml) was admin-
istered via a polyethylene cannula fed to 5 cm past the distal
end of the endoscope. Following instillation, saline was with-
drawn from the lung (average 35% volume recovery) and the
endoscope was removed. Sheep were subsequently adminis-
tered dendrimer (100mg) via nebulization as described above,
and immediately following dendrimer administration another
BALF sample was collected from the left caudal lung lobe.
Further BALF samples were collected at 24, 72 and 168 h
following dendrimer administration from alternating right
and left caudal lung lobes.

Up to 5 ml of BALF was centrifuged (4500g, 5 min) to
pellet MØ which were reconstituted in saline (1.5 ml). MØ
and BALF supernatant were stored at −20°C until analyzed.
Radiolabel content in BALF and MØ was analyzed as de-
scribed above.

At the end of the study, sheep were euthanized via a bolus
injection of Lethabarb (20ml) into the jugular vein cannula, or
via intrajugular injection in the case of the uncannulated
sheep in group S4. The lungs, liver, spleen, kidneys and
CMLN from sheep in groups S1 and 2 were then collected
and weighed. The entire lung and lymph node, and represen-
tative (approx. 10 g) samples of liver, spleen and kidneys were
stored at −20°C until analyzed.

Organ Biodistribution in Sheep

Organs from sheep were analyzed for radiolabel content using
a similar procedure to that reported for rat samples, with some
modifications.

Fig. 2 Metabolism cage for the individual collection of urine and feces from
sheep.
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Urine: An aliquot (1 ml) of pooled urine collected over each
24 h time period was mixed with IRGA-Safe (15 ml) and
analyzed via liquid scintillation counting.

Organs: Samples of liver, kidney, spleen and the entire
CMLN were homogenized in water (approximately 5 ml) as
described previously [16]. Total sheep lungs were homoge-
nized in water (approximately 300 ml) using a commercial
bench top blender. Samples of organ homogenate were then
analyzed for radiolabel content as described for rat organs.

Feces: Samples of sheep feces (approximately 100 g) col-
lected prior to dosing and at each of the 24 h time periods
following dosing were homogenized using a commercial
bench top blender to give a feces sample with evenly dispersed
radiolabel. The percentage of feces collected on each day out
of total collected feces was calculated for each sheep. A sample
of feces from each day was then pooled to provide a final
sample (500 mg) which comprised of the correct percentage
contributions calculated from each day. Two samples of blank
feces (500 mg) were also weighed per sheep to provide for
background correction in the scintillation counter, and one
blank sample per sheep was spiked with a known quantity of
radiolabeled dendrimer to calculate the counting efficiency of
3H-dendrimer in sheep feces. This was facilitated by the ad-
dition of a similar quantity of 3H-dendrimer into a vial with-
out feces. Water (20 ml) was then added to each sample, as
well as to an empty vial (not containing feces or dendrimer)
and all samples were vortexed and left at room temperature
for 24 h to solubilize the feces. The samples were then
vortexed again and centrifuged (4053g for 10 min) to pellet
solid material, and triplicate aliquots (2 ml) of supernatant
were collected and mixed with 500 μl hydrogen peroxide.
Samples were then vortexed with Irga-Safe (10 ml) and cooled
in the dark for 4 days at 4°C prior to being analyzed for
tritium via liquid scintillation counting. The extraction/
counting efficiency of radiolabel from the feces samples was
determined as previously reported [16] according to Eq. (1):

efficiency ¼ spikedfecesdpm−fecesdpm;uncorr

spikedsolutiondpm
ð1Þ

where spiked fecesdpm is the radioactivity of blank feces samples
spiked with known amounts of dendrimer, fecesdpm,uncorr is the
radioactivity of feces samples, and spiked solutiondpm is the radio-
activity of vials without feces that were spiked with a known
amount of dendrimer. This efficiency value was then used to
correct the 3H content of feces samples according to Eq. (2):

fecesdpm;corr ¼ fecesdpm;uncorr

efficiency
ð2Þ

where fecesdpm,corr is the radioactivity of the feces sample
corrected for extraction efficacy. The mass of the total feces
excreted was then used to determine the total amount of ra-
diolabel present in the feces of each sheep.

Analysis of the Size of 3H Species in Biological Samples
via Size Exclusion Chromatography

In order to evaluate whether biological samples collected at
different time points contained intact dendrimer or low MW
products of dendrimer degradation after IV and pulmonary
administration to rats and sheep, samples of urine, BALF and
the supernatant from lung tissue homogenate were analyzed
via size exclusion chromatography (SEC) with post-column
fraction collection. All samples were centrifuged (500g for
5 min) and the supernatant was filtered with Ultrafree®-MC
22 μm centrifuge filters (Merck Millipore, HE, Germany). A
Waters 717 Plus Autosampler (Waters; NSW, Australia) and
Waters 610 Fluid Unit (Waters; NSW, Australia) were used to
inject filtered samples (200 μl) onto a Superdex 75 10/300GL
size exclusion column (GE Healthcare, NSW, Australia).
Samples were eluted at a flow rate of 0.5 ml/min in a mobile
phase of phosphate buffered saline with 0.3 M NaCl (pH 3.5).
Column eluate was collected into 6 ml scintillation vials at
1 min intervals using a Gilson FC 203B Fraction Collector
(Gilson Inc., WI, USA). Samples were vortexed mixed with
Irga-Safe (2 ml) and analyzed for radiolabel content via liquid
scintillation counting.

Non-Compartmental Pharmacokinetic Analysis

The concentration of dendrimer in biological samples was
calculated based on the specific radioactivity of the construct
and was used to evaluate the pharmacokinetic parameters.
This data should be interpreted with the caveat, however, that
concentrations are based on the assumption that all radiolabel
is associated with intact dendrimer. As described in subse-
quent sections, the radioactivity measured is not always rep-
resentative of intact dendrimer alone since the poly(lysine)
structure is subject to biodegradation in vivo.

Non-compartmental pharmacokinetic parameters were
calculated using Phoenix® 64 WinNonlin® software
(Version 6.3, Certara®, MO, USA). Calculated pharmacoki-
netic parameters included the elimination rate constant (k),
plasma half-life (t1/2), maximum plasma concentration
(Cmax), time to maximum plasma concentration (Tmax), area
under the plasma concentration-time curve (AUC), area un-
der the first moment curve (AUMC), plasma clearance (CL),
volume of steady state distribution (Vss), fraction of radiolabel
dose absorbed into the blood (Fblood) and fraction of adminis-
tered radiolabel dose recovered in the lymph (Flymph).

Statistics

Differences between pharmacokinetic parameters of rats and
sheep in corresponding treatment groups, between rats dosed
with spray or liquid instillation and between pulmonary dosed
and lymph cannulated sheep were compared using unpaired
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t-tests. Unpaired t-tests were also used to evaluate statistical
differences between dendrimer concentrations in sheep plas-
ma and lymph and between rat and sheep organ
biodistribution. Significance was tested at a confidence level
of α=0.05, and significance concluded when p<0.05.

RESULTS

Comparison of the Pulmonary Pharmacokinetics
of Dendrimer in Rats After Administration via Liquid
Instillation and Aerosol Microsprayer

In a previous study, we reported the pharmacokinetics of
lys16(PEG570)32 following liquid instillation to the lungs of rats
[17]. In the current study, we re-evaluated the pulmonary
pharmacokinetics of the dendrimer after aerosol administra-
tion to better reflect the nebulized administration of dendri-
mer to the lungs of sheep and to allow a more accurate com-
parison of pharmacokinetic behavior between the two species.
A comparison of the plasma concentration-time profiles of the
dendrimer after administration via liquid instillation (data
reproduced from reference [17]) and via aerosol microsprayer
is shown in Fig. 3.

After pulmonary administration, the Tmax of the dendri-
mer was comparable across the two administration methods
(approximately 13 h). In contrast, Cmax following liquid instil-
lation was approximately 3 times greater than that observed
after aerosol administration (p<0.05). Due to the different
sample collection times between the two studies (2 days after
liquid instillation in previous studies rather than the longer
sampling strategy adopted here (7 days) after aerosol admin-
istration), a comparison of the elimination profiles was not
possible. In general, however, administration via liquid instil-
lation appeared to increase absorption and systemic exposure,
at least up to 48 h post dose.

Plasma Pharmacokinetics in Rats and Sheep

The dose normalized (5 mg/kg dendrimer) plasma
concentration-time profiles of dendrimer following IV and
pulmonary administration in rats and sheep are shown in
Fig. 4.

Following IV administration, sheep and rats showed simi-
lar plasma pharmacokinetic profiles until approximately 24 h
following administration, at which point the plasma clearance
of dendrimer from sheep slowed considerably (CL in rats ap-
proximately twice the rate of CL in sheep and the plasma
AUC was >2-fold higher in sheep when compared to rats
(Table II).). The volumes of distribution were nearly identical
in rats and sheep. As such the terminal elimination rate con-
stant in IV-dosed rats was approximately 2-fold higher than in
IV-dosed sheep.

After pulmonary administration, rats and sheep showed no
significant differences in exposure (Fig. 4, Table II). Cmax

values after pulmonary administration in rats and sheep were
similar and the bioavailability of the dendrimer following ad-
ministration to rats was 16 and 9% in sheep. The difference in
bioavailability reflected lower clearance in sheep after IV ad-
ministration when compared to rats (although this difference
was not statistically significant).

The plasma pharmacokinetic parameters of dendrimer fol-
lowing pulmonary administration to control (non-lymph
cannulated) and to lymph-cannulated sheep was also not sta-
tistically different.

Lung Retention and Speciation of Dosed Radiolabel
in the Lungs of Rats and Sheep Administered
an Aerosol Dose

To understand the fate and lung retention times of
dendrimers within the lungs of rats and sheep following pul-
monary administration, lung and BALF samples were
analysed for radiolabel content and dendrimer stability at var-
ious times after dosing. Figure 5 Panel A shows that the
amount of radiolabel recovered within the BALF of rats de-
creased steadily over 7 days, such that less than 3% remained
in BALF after 7 days. This was consistent with absorption
across the lungs coupled with clearance via the mucociliary
elevator. Accordingly, the amount of radiolabel recovered in
the lung tissue of rats (Panel B) increased between 1 and 72 h
(indicating passage of dendrimer from lung lining fluid into
the lung parenchyma), and then remained consistent until
168 h following administration. The proportion of low MW
dendrimer fragments that were recovered within both the
BALF and lungs of rats increased over time, indicating that
the dendrimer showed increased degradation within the lungs
over time.

While the proportion of the dose remaining in the BALF of
rats could be accurately determined (since the dendrimer in

Fig. 3 Plasma-concentration time profiles of dendrimer administered to the
lungs of rats via liquid instillation (blue circles) or aerosol microsprayer (purple
inverted triangles). Animals were administered a nominal dose of 5 mg/kg
dendrimer in a volume of 100 μl. Data represents mean ± SD (n=4).
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the entire BALF content was collected at individual
(terminal) time points), in sheep, this was not practical.
Similarly, samples of lung tissue were not collected at
d i f f e r e n t t ime po i n t s and thu s , l ung t i s s u e
biodistribution data is shown only after 7 days (Panel
D). For BALF, instead of serial killing experiments, rep-
resentative samples of lung BALF were collected from
different regions of the lungs of individual sheep over
time and the results are plotted in Fig. 5, Panel C as
the proportion of radiolabel recovered at each time.
The sample collected at the first sampling point
(30 min) was nominally set to represent 100% dose in

BALF. The proportion of the aerosol dose in BALF
decreased rapidly after aerosol administration such that
less than 20% of the nominal dose remained in the
BALF after 24 h. BALF sampled from sheep after 7 days
was below the accurate level of 3H quantification.
Consistent with the rat data, the ratio of low MW prod-
ucts to intact dendrimer present in BALF increased over
time (Panel C). Unlike the rat data, at 168 h following
administration only 2% of the administered dose was
quantified in the lung tissue of sheep and approximately
50% of lung associated radiolabel was present as low
molecular weight product (Panel D).

Fig. 4 Plasma concentration-time profiles of dendrimer in rats and sheep following IV and pulmonary administration. PanelA – plasma profiles in rat after IV and
pulmonary administration. Panel B – plasma profiles in sheep after IV and pulmonary administration in lymph-cannulated and control animals. Panel C –

comparative plasma profiles in rats and sheep after IV administration. Panel D – comparative plasma profiles in rats and sheep after pulmonary administration.
Orange diamonds represent IV-dosed rats, purple triangles represent pulmonary-dosed rats, blue inverted triangles represent IV-dosed sheep, yellow circles represent
pulmonary-dosed sheep, and green squares represent pulmonary dosed, lymph-cannulated sheep. Data were normalized to a dose of 5 mg/kg dendrimer. Data
represents mean ± SD (n=3–4).

Table II Non-Compartmental Pharmacokinetic Parameters in Non-Lymph Cannulated Rats and Sheep Administered Dendrimer via IV Infusion or Inhalation

Rat IV Rat pulmonary Sheep IV Sheep pulmonary Sheep pulmonary + Lymph

k (h−1) 0.023±0.004* 0.014±0.005 0.01±0.001 0.009±0.002 0.010±0.001

t1/2 (h) 30.8±6.0* 55.7±17.1 70.5±7.9 85.6±23.0 72.2±13.6

Cmax (mg/L) NA 0.94±0.39 NA 0.74±0.50 0.46±0.10

Tmax (h) NA 13.5±7.6 NA 24.0±20. 8 18.5±13.3

AUC (mg/L/h) 360±22* 58±23 891±267 76±18 41±5

CL (L/h/kg) 0.01±0.001* NA 0.006±0.002 NA NA

Vss (L/kg) 0.62±0.09 NA 0.62±0.24 NA NA

Fblood (%) NA 16±6 NA 9±2 5±0.5

*P≤0.05, cf. sheep in the same treatment group. Animals were administered a nominal dose of 5 mg/kg dendrimer by IV or pulmonary administration. NA
represents parameters that were not calculated. Data represents mean±SD (n=3–4)
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Excretion of Dosed Radiolabel via the Urine
and Speciation of Excreted 3H

The excretion of radiolabel in urine was greater follow-
ing IV rather than with pulmonary administration for
both rats and sheep, consistent with greater plasma con-
centrations at all times following IV administration and
limited pulmonary bioavailability. Urinary excretion af-
ter IV administration was similar in rats and sheep and
approximately 40% of the dose was recovered in urine
over 7 days.

The absolute (low) levels of 3H present in plasma in
rats and sheep precluded detailed analysis of the species
present by SEC. As such, urine samples were analysed
instead to give an indirect indication of the relative
stability of the dendrimer after IV and pulmonary ad-
ministration (Fig. 6). The recovery of radiolabel within
the urine of rats after 96 h was also too low for speci-
ation via SEC, and so values were only quantified up to
this time. Following IV administration, relatively small
quantities (5.4 and 4.5% of the dosed radiolabel respec-
tively) were recovered in the urine of rats and sheep as
low MW products. This corresponded to 14.5 and
15.6% of total radiolabel in urine in rats and sheep
respectively (Fig. 6). Particularly for sheep, the recovery
of intact dendrimer in urine diminished over time while
the recovery of the low MW dendrimer products was
consistent throughout the study, indicating that the rel-
ative proportion of breakdown products in urine was
increasing over time. In all cases, however, the total
quantity of breakdown products was low. In contrast,

following pulmonary administration in rats, approxi-
mately 40% of the total radiolabel recovered in urine
was associated with low MW dendrimer breakdown
products (Fig. 6, Panel E). The data suggest that in rats,
the majority of dendrimer degradation following pulmo-
nary administration occurred prior to systemic absorp-
tion, since only 5.4% of the dose was present in urine
as breakdown products after IV administration. Due to
the relatively low pulmonary bioavailability of the den-
drimer and significant dilution of radiolabel in the larg-
er volume of urine excreted by sheep (approximately
100 fold larger than in rats), the 3H content in sheep
urine was too low to facilitate SEC analysis after pul-
monary administration.

Organ Biodistribution

To gain further insight into the in vivo fate of dendrimers fol-
lowing IV and pulmonary administration, the recovery of the
dendrimer in the major organs as well as in the urine and feces
was analyzed after IV and pulmonary administration (Fig. 7).

Following IV administration, the biodistribution of the
dendrimer was similar in rats and sheep, with the majority
of the administered radiolabel recovered in urine and feces
over 7 days. Following pulmonary administration, a greater
proportion of the total radiolabelled dose was recovered from
samples collected from rats, with the exception of the liver
where biodistribution was higher in sheep when compared
to rats. Approximately 50% of the administered radiolabel
was recovered in the feces of rats (although this was highly
variable), while only 9% was recovered in the feces of sheep.

Fig. 5 BALF (Panels A and C) and
lung (Panels B and D)
biodistribution of radiolabel
associated with intact dendrimer
and low MW product following
pulmonary administration of
dendrimer in rats (Panels A and B)
and sheep (Panels C and D). Dark
purple bars represent intact
dendrimer, yellow bars represent
low MW dendrimer product. Data
represents the mean recovery of
dosed dendrimer per sample ± SD
(n=3–4).
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In addition, approximately 29% of dendrimer dose was re-
covered within the lungs of rats 7 days after pulmonary ad-
ministration, whilst only 2% of the administered radiolabel
was recovered in the lungs of sheep.

Pulmonary Lymphatic Availability of Dendrimer
Following Pulmonary Administration in Sheep

The cumulative recovery of pulmonary dosed dendrimer
from the efferent CMLD of sheep is shown in Fig. 8, and
was approximately 0.2% after 7 days (Panel A). The concen-
tration of dendrimer recovered within the lymph however,
was greater than the concentration within plasma at all ob-
served time points (Panel B), and was statistically greater at
12 h following dendrimer administration. Themaximum con-
centration of radiolabel within lymph occurred at around 12 h
following administration, mimicking the Tmax of dendrimer in
the plasma of pulmonary-dosed sheep.

DISCUSSION

There is increasing interest in the development of inhalable
nano-sized drug delivery systems as a means of controlling the
rate and extent of lung exposure and systemic absorption of
associated drugs. Nanoparticle-based delivery systems can be
used to promote directed drug delivery to the lungs to treat
respiratory disease, or as a conduit to non-invasive delivery of
drugs to diseases that reside outside of the lungs. For example,
chemotherapy for metastatic lung cancers most commonly
involves drug administration via slow IV infusion, but many
preclinical and clinical studies have demonstrated that drug
administration directly into the lungs can significantly im-
prove treatment outcomes for lung-resident cancers [30–32].
Widespread clinical translation of this approach however, has
been limited by extensive local toxicity associated with the
inhalation of high concentrations of cytotoxic drugs [31, 33,
34]. In an attempt to address this problem, our previous stud-
ies have shown that conjugating doxorubicin to a PEGylated

Fig. 6 Cumulative recovery of the
3H-dendrimer dose in urine
following IV and pulmonary
administration to rats and sheep.
Panels A and B represent the
cumulative proportion of dosed
radiolabel recovered in urine in rats
and sheep respectively, following IV
(red triangles) and pulmonary (blue
circles) administration. Panels C, D
and E represent the cumulative
recovery of radiolabel associated
with intact dendrimer (purple
diamonds) or low MW dendrimer
products (yellow squares) in urine
following IV (Panels C and D) and
pulmonary (Panel E) administration
in rats (Panels C and E) and sheep
(Panel D). Data for Panels A and B
represent mean ± SD (n=3–4).
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poly-lysine dendrimer reduces the lung associated toxicity of
doxorubicin after pulmonary administration in rats when
compared to the pulmonary administration of a solution for-
mulation [14]. The data also demonstrated more pronounced
inhibition of lung tumor growth after administration of the
doxorubicin-dendrimer conjugate via the lungs when com-
pared to an equivalent IV dose.

We have also previously shown that after intratracheal liq-
uid instillation a 22 kDa PEGylated dendrimer gains access to
the interstitium within the lungs [17] and is absorbed from
interstitial SC injection sites largely via the lymph [6]. These
observations led to the hypothesis examined here - that the
pulmonary lymphatic system plays a significant role in the
absorption of PEGylated dendrimers from the lungs. The cur-
rent study was undertaken to probe this hypothesis and to
evaluate the pulmonary lymphatic pharmacokinetics of the
22 kDa PEGylated dendrimer used previously, in an animal
model (sheep) that has a respiratory physiology that closely

matches that of humans. Identification of drug delivery vehi-
cles that promote access to lung lymph after inhaled adminis-
tration has the potential to enhance the treatment of lung
cancer, and in particular, lung lymphatic metastases. In par-
allel, we sought to better understand differences in the phar-
macokinetic behavior of the dendrimer after liquid instillation
and aerosol administration in rats (which are commonly used
as preclinical pharmacokinetic models) and after inhalation of
an aerosolized solution in sheep. This is an important step in
better understanding the potential to translate inhalable
nanomedicines from rodents into humans. It is important to
note, however, that the PEGylated surface on the dendrimer
examined here likely increased the observed hydrodynamic
radius due to extensive absorption of water when compared
to proteins of similar molecular weight [35]. Thus, the 22 kDa
dendrimer used here (11 nm diameter) [6] has a similar hy-
drodynamic radius to a 150 kDa antibody.

The data presented here show that liquid instillation of the
dendrimer to the lungs of rats results in a higher plasma Cmax

than that obtained after administration of an aerosol (Fig. 3).

Fig. 7 Biodistribution of dendrimer in major organs, urine, lymph and feces
of rats and sheep administered tritiated dendrimer (5 mg/kg) via IV (Panel A)
or pulmonary (Panel B) routes. Data represents mean ± SD (n=3–4). *
Represents p≤0.05 cf. sheep. na represents samples that were not analyzed.

Fig. 8 Recovery of dendrimer in CMLD lymph of sheep after pulmonary
administration. Panel A represents the cumulative recovery of the 3H dose in
efferent CMLN lymph, and Panel B represents the concentration of dendri-
mer in collected lymph (blue diamonds) and plasma (green squares) over 7 days
from lymph-cannulated sheep. * Represents p≤0.05 compared with plasma
concentrations at the same time. Data represents mean ± SD (n=3–4).
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This contradicts much of the literature which suggests that
drug bioavailability is greater following delivery of an aerosol-
ized dose when compared to liquid instillation [36, 37]. While
unlikely given the dimensions of the rat respiratory track and
aerosol particle size generated by the microsprayer, it is pos-
sible that a proportion of the aerosolized dose delivered via the
microsprayer may have been exhaled, resulting a lower plas-
ma Cmax. Unfortunately, however, it is not possible to capture
and accurately quantify the proportion of an aerosolized dose
exhaled from rats since the microsprayer is not a ‘closed sys-
tem’. This is a notable limitation in using rodents as a model
for pulmonary pharmacokinetic studies. Consistent with the
present data, however, a similar observation was reported
previously for parathyroid hormone administered via liquid
instillation rather than an aerosol to the lungs of rats [38]. In
the parathyroid hormone study administration via liquid in-
stillation resulted in a Cmax up to 4 times greater than that
achieved after aerosol administration. The authors suggested
that this reflected different disposition patterns of parathyroid
hormone within the lungs, where administration via liquid
instillation resulted in greater deep lung penetration, whereas
greater recovery within the trachea was evident following
aerosol administration. The volume of liquid deposited at
the top of the lungs following liquid instillation may also cause
localized dilution of the lung surfactant layer, increasing per-
meability across the airways to the systemic circulation.

Subsequent work sought to compare the pharmacokinetics
of the dendrimer in rats and sheep. The plasma pharmacoki-
netics of the dendrimer following IV administration were sim-
ilar in sheep and rats for the first 24 h, but at later times
dendrimer clearance was reduced in sheep. This is consistent
with a large body of work suggesting that in general, clearance
in smaller animals is faster than that in than larger animals
[39]. In contrast, following aerosolized administration and
despite differences in animal size, the dose normalized phar-
macokinetic parameters of the dendrimer in sheep and rats
were not significantly different across all time periods. In gen-
eral, the similarities in pharmacokinetics across species suggest
that the rat model may be utilized to evaluate how the phys-
icochemical properties of nano-sized drug delivery systems
impact upon patterns of lung clearance, such as absorption
kinetics, after inhaled administration (realizing that liquid in-
stillation may overestimate absorption to a degree and that
some differences in clearance may be evident).

Over the course of 7 days, the mass of pulmonary admin-
istered radiolabel recovered within the BALF of rats (i.e., on
the air side of the lungs) decreased, and the amount recovered
in lung tissue homogenate increased. The ratio of low MW
dendrimer products to intact dendrimer also increased within
rat BALF and lung tissue as a function of time. The data
suggest gradual absorption and breakdown of dendrimer
within the lungs. The removal of radiolabel from the lungs
likely occurred via systemic absorption (16% pulmonary

bioavailability) and mucociliary clearance (50% administered
dendrimer recovered within feces). The absorption of low
MW dendrimer fragments into blood (as suggested by the
SEC profiles of rat and sheep urine) also suggests that the
calculated bioavailability of the dendrimer following pulmo-
nary administration in rats and sheep is over-estimated.

Low MW dendrimer fragments were also evident within
the lungs of sheep, however only 2% of the dose was retained
in sheep lungs 7 days post dose when compared with approx-
imately 30% in rats. These data suggest more effective lung
clearance mechanisms in sheep when compared to rats. The
greater airway clearance observed in sheep may stem from an
ability to cough (as is seen in humans), a reflex that does not
exist in rodents [40]. This has been shown previously to sig-
nificantly increase the rate of clearance of inhaled particles
from healthy lungs in humans [41, 42]. The cough reflex,
however, is expected to facilitate dendrimer transfer from
the lungs into the mouth and throat, resulting in excretion in
feces. Fecal recovery of radioactivity in sheep (9% of admin-
istered radiolabel), however, was significantly lower than in
rats (50% of administered radiolabel). This suggests that the
low recovery of radioactivity in the lung at later time points in
the sheep is not due to coughing or mucociliary clearance.
Unlike rats (and indeed humans) sheep are ruminants with a
series of stomachs that are responsible for the digestion of
cellulose-based food. It is therefore possible that ingested
poly(lysine) dendrimer (which has a protein-like structure)
was degraded within the rumen [43] resulting in the genera-
tion of 3H-lysine fragments that may have been absorbed
rather than excreted in feces. In this scenario, however, the
concentrations of radiolabel in plasma might be expected to
increase as the radiolabelled fragments were absorbed. This
was not readily apparent in the plasma data. A full explana-
tion for the low total recovery of radiolabel in the sheep, bear-
ing in mind low recovery in feces and urine is not clear at this
time.

Finally, we sought to evaluate the contribution of the pul-
monary lymphatic system to the systemic absorption of the
dendrimer from the sheep lung. Lung lymph sampling was
achieved by chronic cannulation of the efferent CMLD.
While cannulation of this vessel allows for the collection of a
large proportion of lymph formed in the lungs, it is not prac-
tical to collect all lung lymph fluid since pulmonary lymph
drains into blood via two main lymph ducts - the right lymph
duct and the thoracic duct (into which CMLD lymph flows).
Nonetheless, it has been estimated that approximately 60% of
lymph fluid formed in the lungs of sheep drains via the CMLD
into thoracic lymph [44]. Despite the collection of approxi-
mately half of the lymph formed in the lungs, total lung lym-
phatic recovery of the pulmonary dendrimer dose was less
than 0.5% of the total administered dose. This is an insignif-
icant amount when compared with the recovery of approxi-
mately 30% of the dendrimer in thoracic duct lymph
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following SC administration in rats [6]. This suggests that the
pulmonary lymphatic system is unlikely to play a significant
role in the clearance of inhaled nanocarriers from the lungs of
large animals and humans. The greater concentration of tri-
tium recovered within the lymph of sheep in comparison to
the plasma does, however, suggest that a large portion of the
dendrimer recovered within the lymph in this study was the
result of direct lymphatic drainage from the lungs, rather than
redistribution of dendrimer from systemic circulation into
lymph as described previously in rats [6].

Previous data has shown that the lymphatic absorption of
PEGylated dendrimers following SC administration is signif-
icant and that pulmonary bioavailability, at least in rats, is
relatively high. We therefore expected a considerable portion
of the dose that was absorbed from the lungs of sheep to be
recovered within the lymph. This was not the case. The dis-
crepancy between lymphatic recovery of the dendrimer fol-
lowing pulmonary and SC administration likely stems from
the distribution of lymphatic vessels within each of these ab-
sorptive sites. Dendrimer absorption from the lungs most like-
ly occurred via the alveolar region. However, alveoli lack or
possess minimal lymphatic vasculature [45]. In contrast, most
of the lymphatic structures in the lungs occur around the up-
per airways and pleura, with some small lymphatic collecting
ducts residing around interalveolar scepta. As such, the small
amount of dendrimer recovered from CMLD lymph is likely
to result from considerable absorption via the more perme-
able alveolar regions where the numbers of lymph vessels are
low, or via limited absorption across in areas where lymphatic
vessels are present but where lung permeability is low (thereby
limiting the absolute extent of absorption) [1].

Interestingly, this is in contrast to findings by others in rats
using less quantitative approaches. For instance, using near
infrared fluorescence imaging, Choi et al. [46] demonstrated
that quantum-dot nanoparticles of comparable size (7 nm hy-
drodynamic diameter) to the dendrimer used in this study
were translocated from the lungs of rats to mediastinal lymph
nodes very rapidly (3 min). At 1 h post dose 2.18% of the
injected dose of nanoparticles /g lymph node (approximately
0.02% of total dose based on an average rat lymph node
weight of 10 mg in rats) was recovered in the mediastinal
lymph nodes. By comparison, in the current study approxi-
mately 0.004% of the dosed dendrimer (0.005% total dose/g)
was recovered within the CMLN of pulmonary-dosed sheep
7 days following aerosol administration. Choi and colleagues
concluded that in general, nanoparticles <34 nm in diameter
and those without cationic surface charge were significantly
absorbed via the lung lymphatics in rats (although the absolute
levels were still low). However, nanoparticles are likely to have
easier access to lung lymph in rodents than in larger animals,
since nanoparticles must translocate further in large animals
to gain access to lymphatic structures. This raises questions
about the use of rodents to indicate lung lymphatic exposure

of inhaled nanoparticles in humans. It also suggests that more
sophisticated targeting approaches may be needed to improve
the delivery of nanomedicines and nano-sized imaging agents
to the lung lymphatics after inhaled administration.

Matthay et al. [47] have previously described significant
exposure of albumin in lung lymph after pulmonary delivery
to sheep. To the best of our knowledge this is the only study
(other than the data reported here) that has quantified the
lymphatic availability of a pulmonary delivered macromole-
cule. In the Matthay study, a lymph vessel cannulation tech-
nique similar to that used in the current study was used to
quantify the pulmonary lymphatic recovery of human serum
albumin following liquid instillation to the lungs [47].
Approximately 30% of the albumin dose was recovered in
the pulmonary lymphatics up to 48 h post dose. Similar to
the present study, lymph-albumin concentrations peaked
12–17 h following instillation. The significant difference in
lung-lymph recovery between this and the current study
may be a result of active transport (absorption) of albumin
from the lungs since clathrin-dependent endocytosis mediated
by the megalin receptor has been shown to be at least partly
responsible for albumin absorption across the alveolar epithe-
lium [48]. This suggests that nanocarriers that bind to albu-
min in the alveolar lining fluid may be more effectively
absorbed. Drug association with albumin was recently shown
to dramatically improve the lymphatic transport of molecular
vaccines following SC administration [9], although whether
albumin is able to act as a carrier for much larger nanoparti-
cles is not clear.

CONCLUSION

The current study explored the pharmacokinetics of a fully
PEGylated lysine dendrimer following IV and pulmonary ad-
ministration in sheep and rats. Despite numerous physiologi-
cal differences between ovine and rodent models, the plasma
pharmacokinetics of the dendrimer were similar across the
animal models following IV and pulmonary administration.
This suggests that rats are an appropriate and high-
throughput small animal model to evaluate how differences
in nanoparticle properties impact upon pulmonary pharma-
cokinetics. Definitive conclusions regarding the relevance of
either model to dendrimer disposition in humans, however,
are difficult without comparative human data sets. A potential
shortcoming of the sheep model is the discrepancy between
human and ovine digestive systems. This becomes relevant in
pulmonary delivery studies when a significant proportion of
the dose is cleared from the lungs and swallowed. In contrast,
the sheep provides advantage in allowing more effective aero-
solized administration and also allowing sampling of lung
lymph. This provided one of the first quantitative assessments
of the pulmonary lymphatic bioavailability of a nano-sized
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material in an animal model that has a similar respiratory
physiology to humans. However, less than 0.5% of the pulmo-
nary administered dendrimer was recovered within the pul-
monary lymph, despite qualitative studies in rats suggesting
that nanomaterials of this size should efficiently gain access to
the lung lymphatics after pulmonary administration. This
raises questions regarding the use of rodents in lung lymph
bioavailability studies, and suggests that nanoparticles may
not access the lung lymph in significant quantities after inhaled
administration. Systemic absorption directly via the blood
therefore appears to be the major contributor to the plasma
exposure of the PEGylated dendrimer examined here follow-
ing pulmonary administration.
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