1

Q1

3

4

Q2

13

14
15
16
17
18
19
20
21
22

23

24

25
26
27
28
29
30
31
32
33
34
35
36

NANO-0000102291; No of Pages 11

nanomedicine

Nanomedicine: Nanotechnology, Biology, and Medicine
XX (XXXX) XXX

Nanotechnology, Biology. and Medicine

ELSEVIER nanomedjournal.com
The impact of size and charge on the pulmonary pharmacokinetics and
immunological response of the lungs to PLGA nanoparticles after
intratracheal administration to rats
Shadabul Haque, PhD*", Colin W. Pouton, PhD®, Michelle P. McIntosh, PhD?,

David B Ascher, PhD¢, David W Keizer, PhD¢, Michael Whittaker, PhD® ¥,

Lisa M. Kaminskas, PhD® 9-**

“Drug Delivery Disposition and Dynamics, Monash Institute of Pharmaceutical Sciences, Parkville, VIC, Australia
YARC Centre of Excellence in Convergent Bio-Nano Science and Technology, Melbourne, VIC, Australia
°Bio21 Institute, University of Melbourne, Melbourne, VIC, Australia
dSchool of Biomedical Sciences, University of Queensland, St Lucia, QLD, Australia
Revised 5 August 2020

Abstract
Polylactide-co-glycolide (PLGA) nanoparticles are one of the most commonly explored biodegradable polymeric drug carriers for inhaled
delivery. Despite their advantages as inhalable nanomedicine scaffolds, we still lack a complete understanding of the kinetics and major

pathways by which these materials are cleared from the lungs. This information is important to evaluate their safety over prolonged use and
enable successful clinical translation. This study aimed to determine how the size and charge of *H-labeled PLGA nanoparticles affect the
kinetics and mechanisms by which they are cleared from the lungs and their safety in the lungs. The results showed that lung clearance
kinetics and retention patterns were more significantly defined by particle size, whereas lung clearance pathways were largely influenced by
particle charge. Each of the nanoparticles caused transient inflammatory changes in the lungs after a single dose that reflected lung retention

times.
© 2020 Elsevier Inc. All rights reserved.
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While nanomaterials based on lipids (eg, liposomes and solid
lipid nanoparticles) are most commonly explored as inhalable
drug delivery systems, 2 several polymeric nanomaterials
(such as dendrimers and those based on chitosan or
polylactide-co-glycolide; PLGA) have also attracted significant
interest for this purpose. 30 The pulmonary delivered drug-loaded
polymeric and lipid based nanomaterials can significantly improve
therapeutic efficacy against lung diseases (such as cystic fibrosis,
lung cancer, asthma and pulmonary hypertension) and limit
systemic side effects compared to the inhaled or oral delivery of
small molecule drugs.'™ This is due to the ability of these
nanomaterials to allow the slow and prolonged release of drug in
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the lungs directly at the site of action, coupled with reduced drug
concentrations in the blood.

Among the polymeric systems, PLGA nanoparticles are the most
widely explored drug carriers for inhalable nanomedicines.' -’
They are highly biocompatible and can be customized to exhibit
defined surface and other physicochemical properties and in vivo
biodegradation rates. These desirable and tuneable properties make
them potentially more suitable as drug delivery systems than lipid
nanoparticles.”"® Additionally, PLGA nanoparticles exhibit good
nebulization stability."7’8 Despite the advantages of PLGA as a
scaffold for inhalable nanomedicines, there is still a significant gap in
our understanding of the kinetics and major pathways by which these
polymeric nanomaterials (unlike loaded drugs) are cleared after
pulmonary administration. This information is critical to evaluating
their safety over prolonged use and in enabling their successful
clinical translation as inhalable nanomedicines (Arikayce, report no:
EMA/493973/2016). For example, to date, the lung clearance of
pulmonary dosed PLGA nanoparticles has been assessed by bulk-
labelling with technetium, or via tracking the pharmacokinetics of
loaded drug, with no subsequent evaluation of the radiolabeled

Please cite this article as: Haque S., et al., The impact of size and charge on the pulmonary pharmacokinetics and immunological response of the lungs to
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Table 1

Physiochemical characterization of the *H- and rhodamine-labeled PLGA nanoparticles via dynamic light scattering (represented as mean + SD of 3 runs).

Mean particle size (nm) = S.D.

Mean PDI = S.D. Mean zeta potential (mV) = S.D.

Nanoparticles

SH-PLGA PF68 nanoparticles (~150 nm) 176 + 2
SH-PLGA PVA nanoparticles (~150 nm) 173 £ 4
*H-PLGA CS nanoparticles (~150 nm) 202 3
SH-PLGA PF68 nanoparticles (~50 nm) 60 =1
*H-PLGA PF68 nanoparticles (~400 nm) 485 = 10
Rhodamine-PLGA PF68 nanoparticles (~150 nm) 159 £ 3
Rhodamine-PLGA PVA nanoparticles (~150 nm) 186 £ 2
Rhodamine-PLGA CS nanoparticles (~150 nm) 138 £ 1
Rhodamine-PLGA PF68 nanoparticles (~50 nm) 60 = 1
Rhodamine-PLGA PF68 nanoparticles (~400 nm) 266 + 4

0.09 + 0.03 -26+0
0.16 = 0.01 -1+0

0.15 £ 0.01 +31+£3
0.10 + 0.01 -29+0
0.37 + 0.03 -20+0
0.12 + 0.01 -15+1
0.09 + 0.03 -1+0

0.20 = 0.02 +38 +2
0.13 £ 0.02 -11x0
0.52 + 0.05 -5%0

species being measured. These approaches typically poorly reflect
the true kinetics of the polymer and nanoparticle.3 Further, the
immunological response of the lungs to inhalable nanomedicines
typically depends on the physiochemical properties and lung
residence time of the inhaled nanoparticles, rather than the drug
alone,®?"'% together with ‘particle load’ in the lungs.''"'? In
particular, particle size and surface charge affect the way in which
nanoparticles interact with cellular and non-cellular barriers found
within the lungs which are fundamentally important in driving
pharmacokinetics and inflammatory effects.'*~'” This highlights the
importance of better understanding how the physicochemical
properties of PLGA nanoparticles affect their lung clearance kinetics
and pathways, and how this ultimately dictates the immunological
response of the lungs.

This study initially aimed to characterize the intravenous and
pulmonary pharmacokinetics and lung clearance of an anionic
150 nm PLGA nanoparticle in rats by following tritium labeled
(*H-lactide) PLGA. Since PLGA nanoparticles of varying size
and charge have been evaluated as drug carriers in pre-clinical
studies, the effect of these properties on patterns of lung retention
and clearance were then evaluated. These goals were achieved by
synthesizing PLGA nanoparticles of 50, 150 or 400 nm, with
zeta potentials ranging from —30 and +30 mV. The impact that
nanoparticle physicochemical properties and/or lung clearance
kinetics have on the inflammatory response of the lungs to a
single pulmonary dose was then evaluated by examining changes
in cell numbers, levels of total protein and key cytokine markers
of lung inflammation over 7 days.

Methods

Material

A detailed list of reagents used and the protocols described
here are given in detail in the supporting information.

Animals

Monash Animal Services (VIC, Australia) supplied the
Sprague—Dawley rats (male, 7-9 weeks). All animal experiments
carried out in this manuscript were approved by the Monash
Institute of Pharmaceutical Sciences Animal Ethics Committee.
Rats used in this study were housed in microisolators with
temperature-controlled environment (21-22 °C) and free access
to water, on a 12 h light/dark cycle. Rats were provided unlimited

access to food with the exception of fasting post-surgery and up
to 8 h post dosing.

Synthesis and characterization of ~H-labeled PLGA nanopar-
ticles

Linear *H-PLGA was initially synthesized from custom
purchased *H-lactide. This, or commercially available
rhodamine-PLGA were then used to synthesize the PLGA
nanoparticles of various size and surface charge as described
previously]8 and in the supporting information. Table 1
summarizes the nanoparticles prepared and their physicochemical
properties.

Pharmacokinetics and lung clearance of ’H-PLGA nanoparticles

The plasma pharmacokinetics, excretion and organ biodis-
tribution of the 150 nm anionic *H-PLGA nanoparticle was
initially evaluated in 3 groups of rats over 7 days: a) pulmonary
dosed (intratracheal liquid instillation) — group 1 b) IV dosed —
group 2 c) orally dosed — group 3. Rats in groupsl_3 were
surgically implanted with a cannula in the right carotid artery as
previously described to facilitate serial blood sampling.'®-*
Rats in group 2 were also cannulated via the right jugular vein to
allow IV dosing. Rats were monitored overnight post-surgical
implantation of cannula. The following day, rats were dosed with
*H-PLGA nanoparticles in sterile saline (150 pl for pulmonary
dosing, 1 ml for IV and oral dosing) to provide a final dose of 5
mg/kg *H-PLGA and serial blood (200-250 ul), urine and feces
sampled over 7 days as previously described.?’"*> The *H
content of plasma, urine and feces was quantified via scintillation
counting as previously described.?”** Rats were euthanized
after collection of the last blood sample via exsanguination under
isoflurane and bronchoalveolar lavage fluid (BALF) and major
organs collected as previously described.?* >

A separate cohort of rats were then dosed with each of the *H-
PLGA nanoparticles in Table 1 via the lungs (n =9 rats per
nanoparticle). Three rats were sacrificed for each nanoparticle at
1, 3 or 7 days after dosing and separate BALF and lung tissue
collected to evaluate the lung clearance rate of the PLGA
nanoparticles and quantify alveolar cells and levels of inflam-
matory cytokines in the BALF over time. BALF samples were
initially centrifuged to separately collect cells before BALF
supernatant was quantified for *H. Biodistribution in major
organzs4 was evaluated as previously described after 7 days
only.
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Figure 1. (A) Plasma concentration-time profiles of ~150 nm anionic *H-PLGA nanoparticles after IV, pulmonary and oral dosing to rats and (B) biodistribution
of the *H-dose in major organs and total excreta after 7 days. Plasma concentrations are normalized to a dose of 5 mg/kg. Data represent mean = SD (n = 3—4
rats). *represents p < 0.05 cf. all other groups. * represents p < 0.05 cf pulmonary.

Speciation of ’H in biological samples

We identified the molecular nature of *H species, as either
intact nanoparticle, PLGA fragment, liberated *H-lactide or
protein-bound *H-lactide/polymer fragment respectively in the
BALF, lung tissue homogenate supernatant, urine and plasma,
using size exclusion chromatography (SEC) on a superose
column as previously described.****

Lung deposition and alveolar macrophages uptake of
rhodamine-labeled PLGA nanoparticles

To determine the distribution pattern of PLGA nanoparticles in
the lungs and their alveolar macrophages uptake, rats were dosed
with PLGA nanoparticles labeled with rhodamine via the lungs as
described earlier. Rats were sacrificed at two time points i.e.
immediately, or 3 days after pulmonary dosing and the excised
lungs were imaged via a Caliper IVIS Lumina II in vivo imager as
reported earlier.”> A separate group of rats (n = 1 per nanoparticle)
were sacrificed 24 h after lung administration of rhodamine-
labeled nanoparticle. BALF was then collected and a 200-250 ul
aliquot added onto a 35 mm p-Dish (Ibidi GmbH, Germany),
treated with DAPI nuclear stain (1:100 dilution) and cells analyzed
by a fluorescence microscope (Leica TCS SPS, Germany).25

Measurements of alveolar cell counts, total protein and
inflammatory cytokines in BALF

The inflammatory effect of PLGA nanoparticles on the lungs
was determined via the differential quantification of alveolar
macrophages, neutrophils and T-lymphocytes in the BALF cell
fraction via flow cytometry, and by quantifying the levels of total
protein and inflammatory cytokines (TNF-a, IL-1p and MCP-1) in
the BALF supernatant via ELISA as previously described. =
Negative control rats were dosed with saline via the lungs and
euthanized 7 days later, while positive control rats were dosed with
LPS or NiO and euthanized after 4 h and 7 days respectively.

Non-compartmental pharmacokinetic analysis and statistics

The plasma levels of *H derived from the PLGA nanoparticles
was measured by converting nanoparticle radioactivity (in uCi/mg)

Table 2

Apparent plasma pharmacokinetic parameters of ~150 nm anionic *H-PLGA
nanoparticles after pulmonary, IV and oral dosing in rats (5 mg/kg). Data are
represented as mean = SD, n = 3—4. *represents p < 0.05 cf. IV. * represents
p < 0.05 cf oral.

v Pulmonary Oral
Ky (h7™h 0.007 £ 0.000  0.005 = 0.000%  0.006 + 0.002
Ty, (h) 94.6 £5.2 138 + 9% 117 + 31
AUCy.. (pg/mlh) 765 + 47 688 + 58 800 + 178
AUCy_; (pg/mlh) 546 + 20 359 + 17%# 526 + 42
V. (ml) 32+3 - -
Tmax (h) - 60 = 14# 4 +0
Cmax (pg/ml) - 2.7 £ 0.3# 82 +0.6
Fl (%) - 90 + 7 104 + 23
Fo%! (%) - 48 + 2# 69 %5
% dose in urine 25+2 18+5 24 +5
% dose in feces 12+2 15 £ 5# 38+9
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t2.4
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t2.8
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t2.10
t2.11
t2.12
t2.13
t2.14

to ng/ml. Plasma concentrations and pharmacokinetic parameters of 174

*H-PLGA nanoparticles however, were calculated on the assump-
tion that “H remains associated with the intact nanomaterial. Since
this is not the case, only ‘apparent’ pharmacokinetic parameters
could be determined (as previously described?'** and detailed in the
supporting information). Statistical differences in BALF cell count
between groups were calculated via one way ANOVA with Tukey's
test for least significant differences. Significance was determined at a
level of P < 0.05.

Results

Plasma pharmacokinetics and biodistribution of 150 nm anionic
’H-PLGA nanoparticles after intravenous, pulmonary and oral
administration to rats

Plasma concentrations of *H were initially high after TV
administration of 150 nm anionic PLGA (Figure 1, A, Table 2)
owing to the presence of mainly intact 3H—nanopanicle (Figure 2).
However, plasma *H quickly decreased by 100-fold within
10 min r, presumably as a result of rapid uptake by the liver and
spleen. After 7 days though, only 11% of the dose was collectively
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Figure 2. Size exclusion chromatography profiles of *H in plasma and urine collected 0, 1 or 3 days after IV, pulmonary and oral dosing of ~150 nm anionic *H-PLGA

nanoparticles. Arrows specify the retention time of intact *H PLGA nanoparticles.
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Figure 3. Proportion of *H-PLGA recovered in BALF and lung tissue over 7 days after pulmonary administration. Data are mean = SD (n = 3-4). *P < 0.05
compared to all other nanoparticles. *P < 0.05 compared to 50 and 150 nm PLGA (-). “P < 0.05 compared to 150 nm PLGA (+) and (-).

recovered in the liver and spleen, and little *H was recovered in the
other organs (Figure 1, B). After 10 mins, a much slower plasma
elimination phase was observed with an apparent terminal half-life of
4 days. The *H species present in plasma over this period
however, was largely a low molecular weight product of PLGA
hydrolysis that co-eluted with *H-lactide (see Figure 2, and
Figure. S5 in the supporting information) and was the primary
*H product eliminated in urine (approx. 25% over 7 days).
Elimination pharmacokinetics of the intact PLGA nanoparticle
could therefore not be determined due to rapid polymer
hydrolysis in vivo. It should be noted however, that a large
proportion of intact PLGA nanoparticle was retained at the top

of the superose column, and as such, the true proportion of intact
versus hydrolyzed products PLGA nanoparticles in plasma
samples could not be quantified.

After pulmonary administration, *H species was slowly
absorbed from the lungs and reached peak plasma concentrations
after 2-3 days (Figure 1, A, Table 2). Thereafter, plasma *H
concentrations persisted for a prolonged period of time, with an
apparent half-life of 6 days. Again though, *H in plasma was
mainly associated with low molecular weight products of PLGA
hydrolysis (Figure 2). Apparent pulmonary bioavailability extrap-
olated to infinity (F%) was approx. 90%, suggesting efficient
systemic access of *H-label. This was supported by the similar
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Figure 4. Size exclusion chromatography profiles of *H-PLGA nanoparticles in BALF, lung tissue homogenate supernatant and plasma after pulmonary
administration to rats. Plasma profiles are only shown for day 1. Arrows specify the retention time of intact *H-PLGA nanoparticles.

recovery of the *H dose in urine and feces between pulmonary and
IV dosed rats. Liver biodistribution after pulmonary administration
was lower after 7 days compared to after [V administration, but this
was likely due to the rapid removal of the IV dose by the liver,
followed by gradual hydrolysis (Figure 1, B).

After oral administration however, apparent bioavailability
extrapolated to infinity was approx. 100% and the fraction of the

dose in urine was essentially identical to that after IV
administration (Figure 1, A, Table 2). While recovery of the
dose in feces appeared to be two-fold higher than after IV
administration, the data suggested that the 3H-lactide, when
incorporated into PLGA polymers and nanoparticles, is essen-
tially completely absorbed from the gastrointestinal tract of rats
after oral administration. As a result, it is not possible to evaluate
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Figure 5. (A) Lung deposition of rhodamine-labeled PLGA nanoparticles immediately and 2 days after pulmonary administration to rats. Blank represents
background lung fluorescence. (B) Uptake of PLGA nanoparticles by alveolar macrophages of rats 24 h post pulmonary administration. The individual
nanoparticles located within macrophages are shown by arrows. Red - rhodamine-labeled PLGA nanoparticles; blue - DAPI stained nuclei. Microscope images
(B) were acquired using a 60x objective at zoom factor 1.0 (scale bar 20 um) and 1.5 (scale bar 10 um).

the exact fraction of a pulmonary dose of PLGA nanoparticle
removed from the lungs by the mucociliary clearance, since the
nanoparticles (or at least the lactide content of the nanoparticle)
are rapidly biodegraded in vivo and completely absorbed from
the gut.

Pulmonary retention and speciation of “H-labeled PLGA
nanoparticles in the lungs and plasma

To more widely evaluate the lung clearance rate of SH-PLGA
nanoparticles of different size and charge, the proportion of
intratracheal administered *H-label remaining in the BALF and
lung tissue over 7 days after pulmonary dosing in rats was
quantified (Figure 3 and supporting information). After pulmo-
nary dosing, distinct differences in the lung distribution and
clearance rate of each of the PLGA nanoparticles were observed.
Interestingly, the ~150 nm uncharged and cationic PLGA
nanoparticles exhibited little to no lung clearance over the first
24 h after pulmonary dosing. In contrast, approximately 80% of
the ~50 nm anionic nanoparticles were cleared from the lungs in
this time. With the exception of the uncharged ~150 nm PLGA
nanoparticles, where approximately 30% of the remaining dose
was recovered in the BALF after 1 day, *H-label from the other
PLGA nanoparticles were mainly associated with lung tissue. In

general, the PLGA nanoparticles were initially cleared from the
lungs in the order ~150 nm uncharged = ~150 nm cationic >150
nm anionic = ~400 nm anionic >50 nm anionic. Thereafter, the
~400 nm anionic nanoparticles exhibited the slowest rate of lung
clearance over 1 week, while unsurprisingly, the ~50 nm
nanoparticles were most rapidly cleared. Little difference was
observed in the effect of nanoparticle charge on lung retention
after 7 days, although the cationic nanoparticle exhibited a
slightly, but not statistically different, greater retention in the
lungs after 1 week (see supporting information).

The SEC profiles indicated that the primary *H species
present in the BALF and lung tissues over 3 days largely
corresponded to intact PLGA nanoparticles (Figure 4). Tritium
levels beyond 3 days could not be quantified. There was
significant evidence though, of extensive polymer and nanopar-
ticle erosion and hydrolysis (as peptide fragments or free lactide)
in the plasma and BALF, particularly for the 50 and 400 nm
nanoparticles.

Patterns of lung deposition after pulmonary administration

The deposition pattern of rhodamine-labeled PLGA nanoparticles
were examined by the IVIS images of the excised lungs immediately,
and 2 days after pulmonary administration (Figure 5, A). The results
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show that the PLGA nanoparticles, irrespective of their size and
charge, were deposited equally in the upper and lower respiratory
regions immediately after dosing, with most generally localized to
deeper regions of the lungs within 2 days. The 400 nm anionic
nanoparticle however, appeared to be localized mainly in the central
region of the lungs after 2 days (showing inhomogeneous distribution
and potential localization in the larger airways), while the 50 nm
anionic nanoparticles showed evidence of more accelerated lung
clearance compared to the other nanoparticles. There were little
apparent differences between the lung distribution of the 150 nm
nanoparticles with different charges.

Confocal images of alveolar macrophages obtained from
BALF after 24 h (Figure 5, B) revealed that the nanoparticles
were present in large vacuoles within these cells. Although a
diffuse fluorescent labelling was also present throughout the
cytosol, but this was likely due to the liberated rhodamine.?®*%’
In general though, the anionic ~150 nm and 50 nm nanoparticles
showed the lowest uptake by macrophages, consistent with lung
clearance rates (Figure 3).

Organ biodistribution 7 days after pulmonary administration

Seven days after pulmonary administration of the *H-labeled
PLGA nanoparticles, the dose showed limited uptake in the liver
(=2%), kidneys (<0.6%) and spleen (<0.3%), with the exception
of anionic ~50 nm particles where the fraction of the *H-dose
recovered in these organs was moderately (though not
significantly) higher, at approximately 4%, 1.4% and 0.6%
respectively (Figure 6). The proportion of the *H-dose recovered
in feces was generally 10-15%, but was significantly lower for
the ~150 nm cationic nanoparticles (approx. 3%). The proportion
of *H-dose excreted in urine was 17-20% for all nanoparticles
with the exception of the ~50 nm nanoparticles where more than
30% of the *H-dose was recovered in urine, likely as 3H-lactide.

Pro-inflammatory effects of PLGA nanoparticles in the lungs

The pro-inflammatory effects of the PLGA nanoparticles post
single 5 mg/kg pulmonary dose in rats was examined by
comparing changes in total and differential alveolar macrophage,
neutrophil and T-lymphocyte cell counts and cytokine, protein
and LDH levels in the BALF to the rats dosed with LPS or NiO
nanoparticles (positive controls) and saline (negative control)
(Figure 7). Total cell numbers in the BALF of PLGA
nanoparticles dosed rats, irrespective of size and charge, were
significantly elevated when compared to the negative control
group. With the exception of the 400 nm PLGA nanoparticles
that show prolonged lung retention however, total cell numbers
declined over the next 7 days for all nanoparticles. Alveolar
macrophages were initially elevated slightly for anionic and
uncharged ~150 nm PLGA nanoparticles and anionic ~400 nm
nanoparticles when compared to saline dosed rats. Neutrophil
counts were significantly higher at all times with the exception of
anionic ~150 nm and ~50 nm nanoparticles, where neutrophil
counts declined to similar levels to saline dosed rats within 7
days post dose. T lymphocyte counts were raised for the anionic
~400 nm nanoparticles over 7 days and 1 day after dosing for the
~150 and ~50 nm anionic nanoparticles.

=== Liver = | ungs
80 - mmmm Kidney === Urine
C—— Spleen C—— Faeces
60
°
(0]
(72}
o
©
T 40 4 *
(32)
G
x
20 A
N L]
0 !
N x\ Q) O R
\/(_Z)P‘\ @P\ \/c,P \/gP \,(‘,P
PN AP AP NN AN
IR AN (- VR SRR

Figure 6. Biodistribution of SH-PLGA nanoparticles following pulmonary
administration to rats. *Represents p < 0.05 cf. equivalent parameter for all
other group. Values represent mean + SD (n = 3—4 rats).

TNFa and MCP-1 levels were found elevated in the BALF of 329
almost all rats over 7 days given PLGA nanoparticles 330
irrespective of surface charge or particle size (Figure 7). In 331
general, no significant elevations in IL-1B concentrations were 332
observed over 7 days with the exception of the cationic 333
nanoparticles after 3 days. Total protein concentration in the 334
BALF was unchanged after PLGA administration, but was 335
elevated in the positive controls (Figure 7). 336

Discussion 337

The present study showed that *H-labeled PLGA nanopar- 338
ticles do not appear to be absorbed intact from the lungs after 339
pulmonary administration, but rather, are degraded into lower 340
molecular weight peptide/oligomer and amino acid constituents 341
that are subsequently absorbed. This is consistent with previous 342
reports which suggest limited absorption of intact biodegradable 343
nanomaterials from the lungs.””?*-**7% At the same time 344
though, intact PLGA nanoparticles were rapidly cleared from the 345
plasma after IV dosing, although it is unclear from this study 346
whether this occurred as a result of uptake by the liver or spleen 347
or hydrolysis in plasma. Importantly though, the absolute 348
proportion of the °H dose (as amino acid or oligomer, etc.) 349
removed from the lungs by the mucociliary escalator could not 350
be accurately quantified due to extensive absorption of liberated 351
lactide from the gastrointestinal tract. This appeared, however, 352
to be limited when compared to lipid-based nanoparticles.”* 353
This is in contrast to the results of other research groups which 354
generally attribute mucociliary removal as the primary lung 355
clearance pathway for macromolecules (e.g. proteins, dendri- 356
mers) and both biodegradable and non-biodegradable 357
nanoparticles. 2122 358

Despite the limitations in accurately quantifying the mucociliary 359
clearance of PLGA nanoparticles, this was found to be significantly 360
affected by changes in the physiochemical properties (i.e. surface 361
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nanoparticles, and PLGA nanoparticles over 7 days. Data represent mean + SD (n = 3—4 rats). *P < 0.05 compared to saline.

charge and size) as shown earlier for other nanomaterials.*’ The compared to uncharged or anionic nanoparticles (consistent with the 365
present study shows that for identical sized PLGA nanoparticles, results of others), as a result of increased retention of the cationic 366
positive charge significantly reduces mucociliary clearance when particles in the lungs through electrostatic interactions with epithelial 367
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and mucus membranes.'**** For example, these finding are similar
to those of a previous study where mucociliary clearance of cationic
PLGA-CS (163 nm) nanoparticles was reported to be 4-5 times
lower than the negatively charged PLGA (157 nm) or PEG-PLGA
(389 nm) nanoparticles in a trachea based in vitro model. 13
Mucociliary clearance was unaffected though, by changes in
nanoparticle size, despite differences in lung clearance rates.

Mucociliary clearance is highly dependent on the site of
nanoparticle deposition within the lungs.3’ 13.22.33 Upon deposi-
tion in the tracheobronchial region, nanoparticles undergo an initial
rapid clearance phase via the mucociliary escalator. However,
transport within or possibly across the mucus layer can be low due
to adhesive interactions between particles with hydrophobic or
hydrophilic regions of mucins, leading to subsequent changes in
overall mucus transport properties.”'*-**-** In contrast, peripheral
and alveolar clearance of particles by macrophages is a much
slower process which lasts from days to weeks.? 122233 n the
present study the lung deposition studies clearly showed that
PLGA nanoparticles were localized in the deeper region of the
lungs within 2 days after dosing. From here, overall clearance is
based on alveolar macrophage uptake, rate of biodegradation and
absorption, and interactions with the lung epithelium in addition to
mucociliary elimination.”**** For this reason, mucociliary
elimination is only one of many factors that contribute to overall
lung clearance for PLGA nanoparticles that are deposited in the
deeper lungs. Further, multiple studies have shown that mucocili-
ary clearance of particles with sizes less than 6 um do not differ
significantly, due to the size limit of the irregular mesh-like
network of mucus.***** Therefore, particle size of PLGA
nanoparticles (50400 nm) in the current study was not found to
have a significant impact on the mucociliary clearance.

The particle size of PLGA nanoparticles was, however, found to
have a major impact on their lung retention patterns as well as rates of
lung clearance. Notably, within 1 day after pulmonary dosing, most
of the *H label remaining in the lungs (identified mainly as intact
nanoparticle) was associated with the lung tissues, with only a small
proportion associated with the BALF. This suggests that PLGA
nanoparticles show highly efficient mucus penetrating capabilities,
allowing them to gain access to the absorptive epithelial surface of
the lungs. An increase in particle size was found to enhance long
term lung retention, although the 400 nm nanoparticles showed
initial (24 h) rapid clearance from the lungs which may have been
due to initial mucociliary elimination based on the tracheal location
of the dose immediately after intratracheal instillation. Likewise, the
~50 nm anionic nanoparticle showed the most rapid lung clearance
and highest proportion of urinary elimination indicating its high
systemic absorption via lung epithelium. The results of the present
study indicate that pulmonary delivered PLGA nanoparticles
endured in vivo bioerosion within the lungs over 7 days that
contributed in large part to their elimination from the lungs. This was
reflected in the urinary elimination of the pulmonary 3H dose, where
the primary *H species eliminated via the urine appeared to be
liberated lactide. Other work has similarly shown that the rate of
degradation of a smaller PLGA nanoparticle was faster than a larger
PLGA nanoparticle because the higher surface area to volume ratio
of the smaller particle.>***’ To the best of our knowledge, though, no
in vivo studies to date have examined the impact of inhaled PLGA
nanoparticle size on their lung disposition and retention. Despite the

biodegradable nature of PLGA nanoparticles, our results are also 426
consistent with those of non-biodegradable inorganic nanoparticles, 427
where lung clearance rates have been reported to be inversely 428
proportional to size, and extra-pulmonary translocation is directly 429
proportional to particle size. 15.16.38 430

In contrast to the effect of size, changes in nanoparticle charge 431
were found to have relatively minimal impacts on rates of lung 432
clearance and disposition of PLGA nanoparticles, although cationic 433
PLGA nanoparticles unsurprisingly exhibited the slowest rate of 434
lung clearance over 7 days. Uptake by alveolar macrophages also did 435
not appear to have a significant impact on lung clearance rates. One 436
of the likely explanations for these results is the interaction of PLGA 437
nanoparticles with biomolecules of the lung lining fluid, such as 438
phospholipids and proteins, leading to the formation of a protein/ 439
lipid corona.”*™*' It is well established that when exposed to 440
complex biological environment nanoparticles acquire a new 441
biological identity due to the rapid surface absorption of 442
biomolecules. ™' Indeed studies have shown that surface 443
chemistry and charge of nanoparticles influence the initial adsorption 444
of lipids and proteins within lungs which can significantly change 445
the physiochemical properties of nanopaxticles.”’“ For instance, 446
after incubation in the BALF of rats, the zeta potential of CeO, and 447
ZnO nanoparticles can undergo surface charge inversion from 448
positive to negative, with a corresponding increase in hydrodynamic 449
diameter and conductance.*' Although the composition of proteins 450
in the corona of these nanoparticles were similar (primarily 451
transferrin, albumin, ol -antitrypsin), the amount of proteins detected 452
varied.*' To this point, however, it is difficult to establish the extent 453
to which the protein and lipid corona affects lung retention and 454
clearance of PLGA nanoparticles due to lack of sufficient studies in 455
this field. 456

Overall, lung retention data indicated that all PLGA nanopar- 457
ticles =150 nm displayed in general, sustained lung residence 458
(>20% dose retained in the lungs after 7 days). These results are 459
consistent with others who have reported the lung retention times 460
of PLGA nanoparticles in rodents using bulk-labelling approaches 461
(**™Tc or '*I-labeled) that do not give information about the 462
contribution of PLGA hydrolysis and nanoparticle erosion to lung 463
clearance.**™** However, the total residence time of loaded drugs 464
(in PLGA nanoparticles) in BALF and lung tissues was 465
significantly shorter than the lung retention time of the PLGA 466
nanocarrier itself.*>>* This shows that the pulmonary clearance 467
kinetics of PLGA nanoparticle-loaded drugs differs significantly 468
when compared to the nanoparticle-based carriers.*>**° Neverthe- 469
less, it is evident from this study that more work is needed to fully 470
describe the pulmonary pharmacokinetics of PLGA nanoparticles 471
and to better understand the individual fate of the PLGA polymers 472
and the nanoparticle itself. 473

In addition, the pulmonary clearance kinetics of nanoparticles 474
should be examined with their inflammatory effects on the lungs, 475
since local inflammatory reactions (transient or prolonged) can 476
have a substantial effect on lung clearance mechanisms, 477
pathways and kinetics.®***?> Also, the repeated dosing of 478
nanoparticles will likely elevate the nanomaterial lung burden 479
over time that could prove to be a major challenge in the 480
development of inhalable nanomedicines for chronic respiratory 481
diseases.”’ In general, transient elevations in lung immune cell 482
numbers, TNFa and MCP were observed after pulmonary 483
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administration of 5 mg/kg for all PLGA nanoparticles, which is
in agreement with previous results that have reported the
presence of a short-lived inflammatory reaction in the lungs
following pulmonary administration of nanomaterials. **** With
the exception of the 400 nm anionic nanoparticles that exhibited
the slowest lung clearance beyond 1 day, increases in cell
numbers resolved by 7 days after a single dose. TNF and MCP
concentrations in BALF, however, remained elevated over 1
week, particularly for the 50 nm nanoparticles. To this end,
patterns of lung inflammation were broadly consistent with rates
of lung clearance of the nanoparticles and macrophage uptake
with evidence of more prolonged lung inflammation for
nanoparticles that were cleared slowest from the lungs. The
exception to this however, is the prolonged increased TNFa
concentrations in the BALF or rats administered the 50 nm
particles which exhibit the fastest lung clearance and limited
macrophage uptake. An explanation for this is unclear at this
time. While these results suggest that PLGA nanoparticles may
be more pro-inflammatory in the lungs than other biodegradable
nanosized drug delivery systems (such as dendrimers, solid lipid
nanoparticles and liposomes,so’55 the doses delivered here were
also up to 5 fold higher than those used previously and may also
reflect a higher degree of ‘nanomaterial burden’.

Overall, the results have highlighted the importance of
physiochemical properties (i.e. particle size and charge) in
differentially dictating the kinetics and mechanisms by which
pulmonary administered PLGA nanoparticles are cleared from
the lungs and rates of hydrolysis and erosion. The data showed
that lung clearance pathways were more significantly influenced
by nanoparticle charge, whereas lung clearance kinetics and
retention patterns of *H-labeled PLGA nanoparticles were more
significantly defined by particle size. Transient but reversible
inflammatory changes were observed in the lungs after a single 5
mg/kg pulmonary dose, which warrants further detailed
investigations. Notably, the impact of the chronic use of inhaled
PLGA nanoparticles on the lungs, optimal dosing schedules and
the maximal tolerated dose needs to be investigated, ideally in
large animals that more closely reflect human pulmonary
pharmacokinetics.>® In conclusion, this study provides important
insights on the lung clearance mechanisms, pathways and
pharmacokinetics that will be beneficial in the design and
evaluation of not only PLGA based inhalable nanomedicines
based but other polymeric nanoparticle delivery systems.
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