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ABSTRACT

Purpose For the rational design of nanovaccines against respira-
tory pathogens, careful selection of optimal particle size and
chemistry is paramount. This work investigates the impact of
these properties on the deposition, biodistribution, and cellular
interactions of nanoparticles within the lungs.

Method In this work, biodegradable poly(sebacic anhydride)
(poly(SA)) nanoparticles of multiple sizes were synthesized with
narrow particle size distributions. The lung deposition and reten-
tion as well as the internalization by phagocytic cells of these
particles were compared to that of non-degradable monodis-
perse polystyrene nanoparticles of similar sizes.

Results The initial deposition of intranasally administered particles
in the lungs was dependent on primary particle size, with maximal
deposition occurring for the 360-470 nm particles, regardless of
chemistry. Over time, both particle size and chemistry affected the
frequency of particle-positive cells and the specific cell types taking
up particles. The biodegradable poly(SA) particles associated more
closely with phagocytic cells and the dynamics of this association
impacted the clearance of these particles from the lung.
Conclusions The findings reported herein indicate that both size
and chemistry control the fate of intranasally administered particles
and that the dynamics of particle association with phagocytic cells
in the lungs provide important insights for the rational design of
pulmonary vaccine delivery vehicles.

Electronic supplementary material The online version of this article
(doi: 10.1007/5 1 1095-014-1540-y) contains supplementary material, which is
available to authorized users.
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ABBREVIATIONS

APC Antigen presenting cell

DC Dendritic cell

H&E Hematoxylin and eosin

MFI Mean fluorescence intensity
M®d Macrophage

PMN Polymorphonuclear leukocyte
poly(SA)  Poly(sebacic anhydride)

PS Polystyrene
INTRODUCTION

Biodegradable nanoparticle-based systems possess favorable
attributes for therapeutic drug delivery, vaccination, and bio-
medical imaging (1-3). In particular, polyanhydride particles
have been utilized to provide sustained delivery of anesthetics,
chemotherapeutics, insulin, analgesics, antibiotics, vaccine an-
tigens, and proteins (4—10). Polyanhydride nanoparticles possess
excellent biocompatibility and are typically characterized by
surface erosion, both of which are central to their utilization as
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drug and vaccine carriers (11). Size and route of administration
have been shown to greatly impact the biodistribution and
bioavailability of biodegradable particles (12—16).

For treatment of or immunization against respiratory in-
fections, intranasal administration offers many advantages,
including ease of administration, induction of systemic and
mucosal immunity, and reduced systemic exposure (17). In
this regard, size plays a critical role in the initial deposition of
particles within the respiratory tract as evidenced by a signif-
icant decrease in the deposition of polydisperse aerosolized
particles in the lungs of mice (from 10.7 for 500 nm (activity
median aerodynamic diameter) particles to 2.2% for
1,000 nm particles) (14). This trend was also observed in
experiments measuring drug concentration in the lung follow-
ing the administration of nebulized suspensions of 200 nm and
1,600 nm fluticasone particles (16). In these experiments, the
intranasal administration of the 200 nm particles resulted in
measurable drug concentrations in lung tissue and plasma,
while the resulting drug concentration following administra-
tion of the 1,600 nm particles was below the level of detection
suggesting that the larger particles failed to be deposited in the
lungs (16). However, there is currently a gap in the literature
describing the relative deposition of intranasally administered
particulate delivery vehicles designed for vaccination.

The design of efficacious vaccine formulations based on
biodegradable nano-adjuvants is a complex function of several
parameters including route of administration, antigen dose,
sustained exposure of antigen, and immunomodulatory prop-
erties of the adjuvant (18). Particle size, shape, and chemistry
have all been shown to influence particle uptake by antigen
presenting cells (APCs), which is an essential first step in the
induction of an adaptive immune response (19-21). Our
previous work demonstrated the efficacy of a single intranasal
administration of F1-V loaded polyanhydride nanoparticles
co-delivered with soluble F1-V that provided 100% protec-
tion against a lethal challenge of Yersinia pestis (22,23). In that
work, the lead candidate nanovaccine formulation contained
antigen-encapsulated polydisperse particles with a mean di-
ameter of 196+ 77 nm, with sizes ranging from 80 to 600 nm.
This suggests that there is sufficient penetration of the
nanovaccine and cellular interaction to stimulate an immune
response for particles within this size range. However, the
interaction of specific sizes of these nanovaccines with cells
in viwo and comparisons to other particulate chemistries have
not been studied.

For the rational design of pulmonary nanovaccines and
delivery systems, careful selection of particle size and chemis-
try is paramount because these properties influence the initial
deposition, biodistribution, cellular interactions, and induc-
tion of immune responses. Previous work has utilized mono-
disperse non-degradable particles (e.g., polystyrene (PS) or
inorganic particles) for size comparative studies (3,22,24,25);
however, there are no studies detailing the pulmonary

biodistribution or the cellular uptake of monodisperse biode-
gradable particles following intranasal administration. In this
regard, the synthesis of monodisperse biodegradable particles
is necessary to delineate the effect of particle size on pulmo-
nary deposition and cellular uptake, which influence the in-
duction of an antigen-specific immune response. In this work,
we synthesized monodisperse biodegradable poly(sebacic an-
hydride) (poly(SA)) nanoparticles and compared their pulmo-
nary biodistribution and cellular uptake with non-degradable
monodisperse PS nanoparticles of similar sizes. Our re-
sults indicate that both particle size and chemistry af-
fected the pulmonary biodistribution, cellular uptake,
and the kinetics of particle retention in the lung. These
results provide a foundation from which the differential
effects of particle size and polymer chemistry on inter-
actions with the respiratory immune system can be
elucidated.

MATERIALS AND METHODS
Particle Synthesis and Characterization

Synthesis of poly(SA) was performed as described previously
(26,27). Proton NMR (VXR-300, Varian) was used to mea-
sure molecular weight and polymer purity. For nanometer
sized particles, thodamine B (A.,=554 nm, A, =627 nm
(Acidic EtOH)) (Sigma Aldrich, St. Louis, MO) was incorpo-
rated into the poly(SA) particles at 0.5 wt.% by a modified
anti-solvent nano-encapsulation method (19). Briefly, the syn-
thesized polymer (20 or 40 mg), rhodamine B dye (0.1 or
0.2 mg), and 50 uL. Span 80 (Sigma Aldrich, St. Louis, MO)
were dispersed in 1 mL of chloroform (Fisher Scientific, Pitts-
burgh, PA) and sonicated for 60 s with a sonication probe
(Sonics and Materials, Newtown, CT). The solution was
poured into 80 mL of hexanes (Fisher Scientific, Pittsburgh,
PA) and the particles were recovered by centrifugation and
dried in a vacuum chamber. Flash precipitation with the lower
polymer concentration in the solvent resulted in a smaller final
particle size. For the micron-sized particles, rhodamine B was
incorporated into the poly(SA) particles at 1.0 wt.% by spray
drying. The synthesized polymer (250 mg), rhodamine B dye
(2.5 mg), and 15 pL span 80 were dispersed in 25 mL of
methylene chloride (Fischer Scientific, Pittsburgh, PA) and
sonicated for 60 s with a probe sonicator. The solution was
loaded into a gas tight syringe and fed to a bench-top spray
dryer (Buechi, Switzerland) at a rate of 3 mL/min. The spray
dryer was operated with argon as the feed gas, at a feed
temperature of 40°C, at a vacuum of —50 bar, with a high
efficiency cyclone and solvent condenser. SPHERO™ fluo-
rescent PS particles (A.,=580 nm, A.,=620 nm (water))
(Spherotech, Lake Forest, IL) were purchased to be similar
in size to the synthesized poly(SA) particles. The particle
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morphology and primary particle size were determined using
scanning electron microscopy (Quanta 250 FE-SEM) (FEI,
Hillsboro, OR) for both poly(SA) and PS particles. Image]
1.43u software (National Institutes of Health, Bethesda, MD)
was utilized to quantify primary particle sizes for construction
of the particle size distribution.

Particle Administration

Six-week old female C57BL/6 mice were obtained from
Harlan Laboratories (Indianapolis, IN) and maintained under
specific pathogen-free conditions. All procedures involving
animals adhered to the “Principles of Laboratory Animal
Care” (NIH publication #8523, revised in 1985) and were
approved by The Institutional Committee on Animal Care
and Use at Iowa State University. Prior to particle adminis-
tration, mice were deeply anesthetized via intraperitoneal
injection of a ketamine/xylazine cocktail. The particles were
administered by pipetting 10-15 pL suspension into one
nostril and allowing it to be inhaled. This process was repeat-
ed, alternating nostrils, until the mice were administered a
total of 0.5 mg of particles suspended in 50 pL. PBS. The
administered dose of particles was consistent with previously
published nanovaccine regimen to mice (22,23). The PBS was
added to the dry particles immediately prior to administration
and a single particle suspension was achieved using a Vibra-
Cell™ sonicator (Sonics and Materials, Newtown, CT) at
40 W for 60 s. Mice were administered particles in groups
based on particle size. Each group consisted of equal numbers
of mice administered poly(SA) and PS particles, either 5 or 10
for each terminal time point. Additional (1-2) mice for each
terminal time point were administered 50 pL. PBS and were
used as experimental controls within each group. Animals
were euthanized by CO, asphyxiation at 6, 12, and 24 h post
administration for the 250 nm particles and at 6, 12, 24, and
48 h for the larger sized particles.

Imaging Excised Tissue

The excised tissue for each mouse was analyzed for fluores-
cence using an In Vivo Multispectral FX Pro imaging system
(Carestream, Rochester, NY). The lungs were arranged on
the imaging tray with the left lobe to the left of the trachea and
the right lobes (apical, azygous, cardiac, and diaphramic)
spread out to the right of the trachea. The excised tissues were
exposed for 5 min to light through an excitation filter of
550 nm and collected with an emission filter of 750 nm.
Image] was used to process and quantify the images. A thresh-
old was applied to the white light images of the tissue to
establish the region of interest (ROI) outlining the tissues.
The fluorescent image was inverted and background was
subtracted using a 50.0 pixel rolling ball radius. The fluores-
cent intensity was then quantified for each ROI Images were
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false colored using the lookup table “fire” and brightness and
contrast parameters were set to a 250 minimum and 2,000
maximum intensity, after which the ROI outline was overlaid
upon the fluorescent image. The fluorescence intensity was
averaged over the ROI to determine quantitative values of
mean fluorescence intensity (MF]) for the tissue. Background
fluorescence intensity was established from images of saline
administered mice, which were included in each imaging
session as a control.

Histological Evaluation

The left lobe of the lung and trachea was fixed in 10% neutral
buffered formalin. Tissues were paraffin embedded, sec-
tioned, and stained with hematoxylin and eosin (H&E).
Stained tissue sections were evaluated using an Olympus BX
40 microscope. Photomicrographs of tissue sections were ac-
quired using an Olympus DP26 digital camera with Olympus
Cell Sense software. Tissues were evaluated, blindly, by a
board-certified veterinary pathologist (JM Hostetter) using a
histopathological scoring system adapted from a similar study
(28). Scores of 0-5 were assigned to five independent param-
eters: inflammatory infiltration, necrosis, edema, hemorrhage,
and bronchus-associated lymphoid tissue hyperplasia. A score
of zero indicated the parameter was absent and a score of five
indicated that the parameter was diffuse and interrupted
normal tissue architecture. For inflammatory infiltration, the
type of cellular infiltrate and the anatomical locations were
also noted.

Flow Cytometry

The right lung (apical, azygous, cardiac, and diaphramic
lobes) without the trachea was prepared for flow cytometry
using the following method. The tissue was incubated in
calcium and magnesium free Hank’s balanced salt solution
(HBSS) with 1 mg/mL collagenase D for 20 min at 37°C.
Single cell suspensions were prepared using a gentle MACS ™
dissociator (Miltenyi Biotec, Cambridge, MA). Debris was
removed by passing the suspension through a 40 um cell
straining filter (BD Falcon, San Jose, CA) and red blood cells
were lysed with ACK lysis buffer. Approximately 5x 10° cells
(determined by a BD Coulter Cell Counter) were first
suspended in PBS supplemented with 0.1 mg/mL FBS,
10 pg/mL sodium azide, and 0.1 mg/mL rat IgG. The cell
suspension was then stained for cell surface markers and
incubated for 30 min at 4°C. The following fluorescently
conjugated antibodies and respective isotypes were purchased
from: eBioscience (San Diego, CA) for CD11c PerCP/Cy 5.5
(clone N418) and Armenian hamster IgG isotype (clone
eBi0299Arm), CD11b PE (clone M1/70) and rat IgG2b
isotype (clone R2B-7C3) and CD324 AF488 (clone
DECMA-1) and mouse IgG2a « isotype (clone eBM2a);
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BioLegend (San Diego, CA) for F4/80 APC/Cy7 (clone
BMS8) and rat IgG2a « isotype (clone RTK2758); and BD
Biosciences (San Diego, CA) for Ly6 C/G APC (clone RB6-
8C5) and rat IgG2b k 1sotype (clone A95-1). After staining, the
lung homogenate was washed twice with PBS, supplemented
with 0.1 mg/mL FBS and 10 pg/mL sodium azide, and then
fixed with stabilizing fixative (BD Biosciences, San Jose, CA).
The cell suspension was analyzed by flow cytometry
(FACSCanto, BD Biosciences, San Jose, CA) using two exci-
tation lasers (488 and 633 nm) configured for eight fluorescent
parameters in addition to forward scatter (FSC) and side
scatter (SSC). The complete contents of the tubes were ana-
lyzed by flow cytometry and an average of 92,000 events per
sample were captured and evaluated. Flow cytometric data
was analyzed using FlowJo v10 (Tree Star, Ashland, OR).
Controls consisting of a single fluorophore and fluorescence
minus one with isotype controls were used in the flow cyto-
metric gating and data analysis. A background fluorescent cell
population was established from saline administered mice that
were included in each flow cytometry session as a control
(Supplemental Figure 1 shows a representative example).

Statistics

GraphPad Prism version 6.01 (San Diego, CA) was used for
figure preparation and statistical analysis. One sample T-tests
were used to determine significant difference from baseline
values with a p-value less of 0.05 or less. Two way ANOVA’s
using Tukey’s multiple comparisons test with an alpha of 0.05
were used for comparisons across chemistry, time, and type of
cell marker (Figs. 3, 4, 5 and Table III).

RESULTS
Particle Characterization

Proton NMR was used to determine the molecular weight of
the synthesized poly(SA). The average molecular weight of
poly(SA) varied from 10,000 to 18,000 Da, in agreement with
previous work (29-32). Scanning electron photomicrographs
of rhodamine B-loaded poly(SA) nanoparticles show the uni-
formity of the size and spherical morphology of the synthe-
sized particles (Fig. 1a).

The geometric size distributions for the poly(SA) and the
PS particles are shown in Fig. 1b and c, respectively (Table I).
For this work, we have categorized particles with a geometric
standard deviation (GSD) less than 1.2 as nominally mono-
disperse. In each case, the PS particles had a narrower size
range than the poly(SA) particles, as indicated by the smaller
GSD. The 2,500 nm poly(SA) particles had the highest poly-
dispersity with a GSD of 1.55 (Table I).
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Fig. | Particle size distributions and morphology of synthesized poly(SA) and
commercial PS particles. a Representative SEM images of rhodamine B-
loaded poly(SA) particles showing spherical shape and uniformity of size.
Images from left to right are of the 250, 470, and 2,500 nm particles. Particle
size distribution is shown as the frequency of the total particle population of
the b rhodamine B-loaded poly(SA) and € commercial PS particles falling in
that size bin. Counts of particle size determined from SEM images (n = 64, 65,
256 for poly(SA) and 131, 195, 193 for PS).

Pulmonary Biodistribution and Clearance
upon Intranasal Administration

The pulmonary biodistribution of the nanoparticles was mon-

itored and representative examples of the mean fluorescence
intensity (MFI) measured for the particles in the excised lungs
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Table | Particle Size Distributions

Particle type  Diameter [nm]? Geometric SD  Polydispersity index (PDI)°

Poly(SA) 250 117 0.020
470 115 0.017
2,500 .55 0.187
PS 230 112 0.004
360 1.09 0.003
2,200 1.09' 0.006

? Diameter determined as the number geometric mean (CGM) of the particle
population

® PDI calculated as (SD)* (Mean)”
" Indicates statistically significant difference between chemistries (p =0.0002)

of the mice are shown in Fig. 2 and quantified in Fig. 3. In
these images, the greatest initial (i.e., 6 h post-administration)
deposition of particles was observed in mice administered the
470 nm poly(SA) particles. Amounts similar to the 470 nm
poly(SA) particles were observed in mice which received the
230 and 360 nm PS particles. In the groups with significant
amounts of particle fluorescence, there was punctate fluores-
cent signal as opposed to diffuse fluorescence throughout the
lung (Fig. 2). Over time, a decrease in the MFT of the 470 nm
poly(SA) particles was observed between one and two days
post-administration, which was not the case for the non-
degradable PS particles.

The fluorescence intensity due to the biodegradable
poly(SA) particles was significantly greater than the back-
ground (i.e., saline-treated) lung fluorescence at 24 h post-
administration for the 250 nm and 2,500 nm sized particles
(Fig. 3). While the lungs from the mice administered 470 nm
poly(SA) particles remained consistent in intensity over the
first 24 h, only the MFI at 6 and 12 h post-administration were
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Fig. 3 The presence of the administered particles within the respiratory tract
was estimated based on the mean fluorescence intensity (MFI) as shown in
Fig. 2. The region of interest (ROI) was defined for each excised lung and the
data is presented as the mean=standard error. The asterisk (*) indicates
statistical significance compared to lungs from mice that were administered
saline (p <0.05). Each treatment group at each time point consisted of a total
of 10 mice.

PS

6 12 24 48
Time (h)

Fig. 2 Representative images of the respiratory tract showing mean fluorescence intensity associated with the pulmonary deposition of the indicated sizes of
poly(SA) and PS particles over 48 h. The intensity scale is depicted on the right side of the image. The cyan outline of excised lung was generated using the light
image of the lung as a guide and represents the region of interest (ROI) from which the relative fluorescence intensity was obtained for each excised lung.
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significantly different than that of saline-treated mice (Fig. 3).
Similarly, the MFI of the lungs excised from the mice that
received the 230 nm PS particles ranged from 440 to 310 over
the first 24 h, but only the MFI at 12 h post-administration
was significantly different than background. The MFT of the
lungs from mice administered the 360 nm PS particles was
significantly greater than background for all time points mea-
sured, while that of the 2,200 nm PS particles was similar to
background for all times. The only dynamic differences in
deposition were observed for the lungs recovered from mice
administered the 250 nm poly(SA) particles as evidenced by
the increased MFI between 12 and 24 h, and for mice given
the 470 nm poly(SA) particles in that the MFI decreased
between 24 and 48 h post-administration. This indicates that
non-degradable PS nanoparticles that deposited within the
respiratory tract, regardless of size, were retained within the
lung for the duration of the experiment. On the other hand,
the MFI resulting from the biodegradable poly(SA) particles
exhibited dynamic changes that suggest differential deposi-
tion, erosion, or clearance from the lung based on the size of
the nanoparticles following intranasal administration.

Histological Evaluation of Lung Tissue

Tissue sections of mouse lung were stained with H&E and
evaluated in a blinded study by a board-certified veterinary
pathologist. Representative images of H&E stained lung sec-
tions are presented in Fig. 4a. Of the 12 tissue samples
evaluated from mice that were administered saline, two re-
ceived a score of one and two received a score of two for
inflammatory infiltration and one received a score of one for
bronchial associated lymphoid tissue (BALT) hyperplasia. All
the lung tissue sections from the mice administered saline were
scored as zero for necrosis, edema, and hemorrhage, indicat-
ing the absence of these parameters.

Inflammatory infiltration was the most prevalent parame-
ter identified (73% of all particle administered mice) and the
inflammatory infiltration scores are shown in Fig. 4b for the
different particle sizes and types over time. For all but the
2,200 nm PS particles, a trend was observed where the in-
flammatory infiltration increased between 6 and 24 h post-
administration but did not reach statistical significance due to
the high variability in the scoring of the 24 h time point for
that group. The lungs of the mice administered the 360 nm
PS, 470 nm poly(SA), and 2,500 nm poly(SA) particles all
showed a decrease in the inflammatory infiltration score be-
tween 24 and 48 h. Based on the scoring scale, only the mice
which received 360 nm PS particles (over the entire 48 h) and
the 2,200 nm PS particles (at 6 h) showed inflammatory
infiltration in the lung tissue that was statistically greater than
that observed in saline administered mice.

Neutrophils were the primary cell type in the inflammatory
infiltration and were recruited into the lung following

administration of all particles, regardless of chemistry, size or
time point post administration. Plasma cells (based on cell
staining and nucleus evaluation) were only observed in the
infiltrate at 6 h post-administration for the 250 nm and
470 nm poly(SA) particle treated mice. Macrophages were
observed in the inflammatory infiltration at 6 h post adminis-
tration for the 2,500 nm poly(SA) and 2,200 nm PS particle
treated mice. Macrophages were also present in the inflam-
matory infiltration at 24 h post-administration for all the
poly(SA) particle treated mice, but only the 230 nm PS par-
ticle treated mice. At 48 h post-administration macrophages
were present in the cellular infiltrate induced by the 470 nm
and 2,500 nm poly(SA) as well as the 360 nm and 2,200 nm
PS particle treated mice. Anatomically, the inflammatory
infiltration was predominantly located within the alveolar,
bronchiolar, and peribronchiolar spaces. Inflammatory infil-
tration was also observed to a lesser extent in perivascular
spaces (21% of mice with an inflammatory infiltration score
above zero).

Edema, hemorrhage and BALT hyperplasia were not fre-
quently observed and were mild when observed (scores of 1—
2). Necrosis was more prevalent (within 41% of mice admin-
istered particles) but closely tracked with the presence of an
inflammatory infiltration in both occurrence and intensity.
Necrosis is likely due to neutrophil-mediated pulmonary dam-
age. The combined histological scores for all five parameters
are presented by particle size, chemistry and time in Supple-
mental Figure 1.

Particle-Cell Association
Population of cells associated with particles

Flow cytometry was utilized to quantify the kinetics of nano-
particle association with different cellular populations. Viable
cells that were associated (1.e., internalized or surface bound)
with particles were gated and quantified (Supplemental
Figure 2, Table 11, and Fig. 5). The percentage of viable cells
associated with particles at 6 h post-administration was low
(3-5%).

For lung homogenates prepared from mice that were ad-
ministered poly(SA) particles, the percentage of cells associat-
ed with particles was initially high, then decreased, and then
increased, independent of particle size. In contrast, this trend
was observed only for the 360 nm PS particles (Fig. 5). For
mice administered the 230 nm PS particles, there was a higher
percentage of cells initially associated with particles but de-
creased over the next 24 h while the opposite behavior was
observed for the 2,200 nm PS particles with a significant
increase in particle-positive cell population between 24 and
48 h. In addition, a statistically significant difference was
observed between the groups of mice administered the larger
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Fig. 4 Photomicrographs depicting histological changes of lung tissue after intranasal administration of nanoparticles. a All lung tissues were stained with H&E.
Normal lung tissue images from three representative saline administered mice. Sample images were taken from one mouse for each particle size, chemistry and
time combination. Scale bar on images is 50 um. b H&E stained lung tissues were evaluated, blindly, by a board-certified veterinary pathologist using a
histopathological scoring system. Scores of 0-5 were assigned to five independent parameters. A score of O indicated the parameter was absent and a score of 5
indicated that the parameter was diffuse and interrupted normal tissue architecture. The data are presented as the mean = standard error of the mean of the
inflammatory infiltration score. The asterisk (*) indicates statistical significance compared to lungs from mice that were administered saline (p < 0.05). The pound
sign (#) indicates significance between particle chemistries of a given size and specific time post-administration (p < 0.05). Each treatment group at each time point

consisted of slides sectioned from a total of four mice. (magnification = 100X).

sized poly(SA) and PS particles in the percentage of cells
positive for particles at 24 and 48 h post-administration. A
greater percentage of cells were shown to be associated with
the poly(SA) particles at 24 h and, as expected for non-
degradable particles, there was a greater proportion of cell
associated with the PS particles at 48 h. Overall, these findings
are consistent with other independent studies in our group
utilizing polydisperse antigen-loaded polyanhydride
nanovaccines (33).
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Characterization of cellular populations in lung tissue

The particle-positive cellular population (which is composed
of dendritic cells (DCs), macrophages (M®s), polymorphonu-
clear leukocytes (PMNs), and epithelial cells) was further char-
acterized by flow cytometry using specific cell surface markers.
Representative contour plots are depicted in Fig. 6. The viable
particle-positive cell population was first gated into four dis-
tinct quadrants based on expression of the surface markers
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Table Il Total Number of Particle Positive Cells

Time [h] Poly(SA) particle PS particle

Diameter [nm] Diameter [nm]

250 470 2,500 230 360 2,200
6 NS 3,119 1,554 2,500 1,825 NS
12 1,035 2,770 872 1,304 2,445 1,039
24 2,334 1,219 2,401 1,258 NS NS
48 NA 2,716 1,604 NA 3,473 1,286

Total number of viable, single cells identified as particle positive with flow cytom-
etry. Mean number of total events analyzed by flow cytometry was 92,000. Mean
number of viable cells analyzed by flow cytometry was 63,000. The percentage
of the viable population positive for particles is summarized in Figure 5.

CD11b, an integrin that serves as a M® marker (34,35), and
CDlIc, an integrin that differs in expression on DCs based
upon cell origin (36). The four cell populations were further
divided based on the level of expression of either Ly6 C/G, a
marker for PMNs, or F4/80 (M® marker), which is negative
on precursor cells, positive on mature M®s (F4/80"5"), but
diminished on activated M®s (F4/80'°") (37-39). Additional-
ly, the cell surface molecule, CD324, a tight junction protein
common to epithelial cells, was used to identify cells not
expressing CD11b, CDllc, or Ly6 C/G (40). A representa-
tive example of the gating strategy with indications of cell
surface marker-positive and -negative populations is shown
in Fig. 6bh.

The average percentage of particle-positive cells from mice
administered a specific particle formulation (A-F) at the given
time post-administration is shown as a pie chart in Fig. 7.
Statistical analysis of the particle-positive cell populations is
presented in Table III. Statistically significant differences in
the phenotypes of the cells associated with particles were
observed based on particle size, chemistry, and time after
administration. At 6 h post-administration, there were similar
percentages of the CD11b"/CD11c" population (between 38
and 50%) that were particle-positive, with almost all of this
population being F4/80" for the 230 nm PS particles (Fig. 7b).
For the 360 nm PS particles, the CD11b"/CD11c" popula-
tion was dominant and significantly different than the other
three CD11b/CD11c populations (i.e., CD11b"/CD1lc,
CD11b /CDllc", and CD11b /CDl11c") (Table III). The
phenotypes of the cells that internalized the 470 nm poly(SA)
particles were 40% CDI11b"/CDIlc" and 60% CDI11b"/
CD1lc , significantly greater than the CD11b™/CD11c¢" and
CDI11b /CDl1lc populations (Table III). At 6 h post-admin-
istration, the only significant differences between the poly(SA)
and the PS particle-positive cells were observed for the
470 nm poly(SA) and 360 nm PS particle groups. These
differences occurred within the CD11b"/CDI11lc /Ly6
C/G population, with the Ly6 C/G™ population being dom-
inant for the poly(SA) particles at 49 vs. 0% of cells in the PS

group (Fig. 7c and d, Table III). However, the 230 nm PS and
2,500 nm poly(SA) particles were associated with a significant-
ly higher frequency of the CD11b"/CD11c¢ /Ly6 C/G " cell
sub-population. At 6 h post-administration, there were no
cells within the CD11b™/CD11c" sub-population that were
found to be positive for the 470 nm poly(SA) or the
360 nm PS particles (Fig. 7c and d, respectively). The
CDI11b /CDllc  sub-population is another dominant
phenotype that exhibits the initial uptake of the 230
and 360 nm PS particles, with the 360 nm PS particles
being almost exclusively in the Ly6 C/G" sub-popula-
tion. The 230 nm PS particles were detected within all
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Fig. 5 Percentage of viable cells recovered from the lung homogenate that
were positive for particles. The data are presented as the mean = standard
error of the mean. The asterisk (*) indicates significance compared to cells
recovered form mice administered saline (p<0.05). The pound sign (%)
indicates significance between chemistries (p <0.05). The ampersand (&)
indicates significance between the indicated time points (p <0.05). Each
treatment group at each time point contained |0 mice.
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Fig. 6 Sample gating protocol
used to identify particle positive cell
types. a Contour plot of
representative particle positive
viable cell populations (12 h post-
administration) separated into four
quadrants based on CD | b and
CD Icexpression. bEach CD | I b/
CD1 I'c quadrant was subsequently
gated for either Ly6 C/G or F4/80
cell surface markers. The CDI Ib™/
CDIlc /Ly6C/G™ sub-population
was further analyzed with respect to
CD324. Shaded histogram depicts
the cells that internalized the

470 nm poly(SA) particles while
open histogram represents the cells
that took up the 360 nm PS
particles. The vertical dashed lines
indicate the delineation between
positive and negative populations
for the indicated marker.
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the CDI1b /CDIllc™ sub-populations (i.e., Ly6 C/G",  other sub-populations except plasmacytoid DCs (pDCis,
Ly6 C/G /CD324", and Ly6 C/G /CD324"). CDI11b /CDl1lc /Ly6 C/G") which remained steady

Between 6 and 24 h post-administration, there was a  (Fig. 7b). At 12 h post-administration, the 250 nm poly(SA)
significant increase in the percentage of the resident M®  and 230 nm PS particles were similarly associated with resi-
(CD11b"/CD11c") population that were positive for the  dent M®s and CD11b"/CDI11lc” populations, with fewer
230 nm PS particle-positive cells and contraction of all the ~ CDI11b /CDI1lc" and CDI11b /CDIllc™ cells associated

@ Springer



Pulmonary Biodistribution and Cellular Uptake of Particles

1377

Fig. 7 Phenotypes of particle-
positive cells from the lung tissue

CD11b*/CD11c* (M®)
O rFa/80°

O Fase0*

CcD11b CD11c”
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M LysciG
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cD11b/CD11c
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homogenate. Each pie chart shows ~ A. 250 nm

the relative proportion of each Poly(SA)

cellular phenotype that was particle-

positive for each chemistry and size

of particle at different times post-

administration. Each wedge of the

pie chart represents different sub-

populations of cells as shown in the B. 230 nm

legend (n= 10). Statistical PS

evaluations are presented in

Table II.
C.470 nm
Poly(SA)
D. 360 nm
PS
E. 2500 nm
Poly(SA)
F. 2200 nm
PS

with the poly(SA) particles. However, between 12 and 24 h for
both poly(SA) and PS particles, the percentage of particle-
positive cells that were characterized as F4/80" resident M®s
significantly increased (Table III).

The 470 nm poly(SA) particles and the corresponding
PS particles exhibited fewer changes in the cellular
phenotype of cells positive for particles over the course
of the study (Fig. 7c and d). The phenotype of cells
positive for poly(SA) particles showed little change over
the first 24 h and then showed significant expansion of
both the F4/80° and F4/80" resident M® sub-
populations and significant contraction of the
CDI1b"/CDl1lc” population between 24 and 48 h
(Table III). In contrast, in the lungs of mice adminis-
tered the 360 nm PS particles there was a significant
expansion of the PMN (CDI11b*/CDllc /Ly6 C/G")
sub-population and significant contraction of F4/80"

eeeeCOC

12 h

resident M® sub-population between 12 and 48 h
(Table III). In comparing the 470 nm poly(SA) to the
360 nm PS particles, the CD11b"/CD1lc  population
that was poly(SA) particle-positive was significantly
greater than the corresponding PS particle-positive pop-
ulation at 6 and 12 h post-administration (Table III). By
48 h post-administration, there were more resident M®s
associated with the 470 nm poly(SA) particles and great-
er a percentage of PMNs associated with the 360 nm
PS particles indicating a chemistry-mediated difference
in the dynamics of the cellular populations associated
with a given nanoparticle.

The larger-sized poly(SA) particles showed greater associ-
ation with resident M® and CD11b"/CD11c” cells than the
other cell phenotypes (Fig. 7¢). The 2,500 nm poly(SA) parti-
cle positive cells also displayed significant contraction of the
F4/80" resident M® sub-population between 24 and 48 h,
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Table Il Type of Cell With Particles, Statistical Analysis of Cell Surface Marker Distributions

Cell Type Time [h] Poly(SA) Particle PS Particle
Diameter [nm] Diameter [nm]
250 470 2,500 230 360 2,200

Percent CDIIb* CDIIc* 6 BCD,H BD FG BCD

12 BCD BDH BCD BCD,EG BD BCDH

24 BCD BCD,H BD BCD,EF

48 BCD $,EFG BD,$ B$ CD,$F
Percent CDI1b* CDIlc* 6 H G H
F4/80" ° 12 G H G H H

24 F H H EF

48 $.G EFG $.EF F
Percent CDIIb~ CDIIc* 6 AC AC AD

12 AC AC AC A AC A

24 AC AC

48 AC AC ACD CD
Percent CDI1b~ CDIIc* 6
Ly6 C/G*? 12

24

48
Percent CDIIb* CDIlc” 6 ABD.$H BD A$H

12 ABD BD.$H ABD,GH A B$ AH

24 ABD H BD,F

48 ABD,EFG BD,F BD,E AB,F
Percent CDI1b™ CDI Ic” 6 H
Ly C/G™* 12 H H H

24

48 $.F $ $.EF $F

Bold titles indicate parent CD | Ib/CD | I ¢ population
# Positive surface marker expression only included in table.

A - Significant difference between specified CD| 1b/CD | | ¢ population and CD 1 Ib™ /CD1 I¢* for given particle size and chemistry and at the specified time point
(p<0.05)

B - Significant difference between specified CD | 1b/CD1 | ¢ populationand CD I 1b~ /CD | Ic* for given particle size and chemistry and at the specified time point
(p<0.05)

C - Significant difference between specified CD | 1b/CD1 | c population and CD1 Ib™ /CD1 Ic™ for given particle size and chemistry and at the specified time
point (p <0.05)

D - Significant difference between specified CD | Ib/CD Ic population and CD11b™ /CD1Ic™ for given particle size and chemistry and at the specified time
point (p <0.05)

$ - Significant difference between poly(SA) and PS (both chemistries labeled) for given particle size, surface marker expression, and time point (p <0.05)

E - Significantly different than 6 h time point for given particle size, chemistry, and surface marker expression (p <0.05)

F - Significantly different than 12 h time point for given particle size, chemistry, and surface marker expression (p <0.05)

G - Significantly different than 24 h time point for given particle size, chemistry, and surface marker expression (p <0.05)

H - Significantly different than 48 h time point for given particle size, chemistry, and surface marker expression (p <0.05)

and expansion of the CD11b"/CD11c¢” population between
12 and 24 h. Comparing the 2,200 nm PS particle-positive
cells between 12 and 48 h post-administration a significant
contraction of the resident M®s and expansion of the
CDI11b"/CDI1lc” and CD11b /CDllc populations were
observed (Fig. 7f, Table III). Although no significant

@ Springer

differences in particle positive cells based on chemistry were
observed at 12 h between the larger-sized particles, the differ-
ing dynamics resulted in significant differences between chem-
istries at 48 h post-administration. These differences in
particle-positive cells included a greater poly(SA)-positive res-
ident M® population, and greater PS-positive CD11b™/
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CDllc population and pDC and PMN sub-populations
(Fig. 7¢ and f, Table III).

DISCUSSION

The studies described herein were designed to evaluate the
role of primary particle size and polymer chemistry on the
efficiency of respiratory deposition of intranasally adminis-
tered nanoparticles to mice and the phenotype of cells associ-
ated with particles. Overall, this work demonstrated that
particle size and chemistry can be exploited to tune the
pulmonary deposition and biodistribution within specific pop-
ulations of phagocytes in the respiratory tract of mice.

To evaluate the effect of particle chemistry, care was taken
to match the morphology and primary particle size distribu-
tions of the biodegradable poly(SA) and the non-degradable
PS particles. The synthesized monodisperse poly(SA) particles
as well as the commercially purchased PS particles exhibited
smooth and spherical morphology (Fig. la). Based on the
morphological and particle size uniformity (Fig. 1b and c) as
well as statistical analysis of the particle size distributions
(Table I), the poly(SA) particle size was considered to be
directly comparable to the corresponding PS particle size.

The data presented herein show that primary particle size
is an important determinant of effective deposition into the
lungs. This s consistent with previous work in which nebulized
submicron particles were deposited within the lungs, while
nebulized 1,600 nm particles failed to be detected in the lung
(16). In this work, the data demonstrated that the 470 nm
poly(SA) and the 360 nm PS particles were effectively depos-
ited in the lungs at 6 h post-administration (Figs. 2 and 3). This
suggests that, independent of particle chemistry, a critical size
range (360 to 470 nm) may exist that allows for maximum
respiratory deposition from a single dose of intranasally ad-
ministered particles. The punctate fluorescent signal suggests
the aggregation of particles within the lung (Fig. 2). The
pattern of particle localization observed could be due to the
method of administration (e.g., droplet zs. nebulized) or asso-
ciated with anatomical features/restrictions within the lungs.

The decrease in the MFT of the poly(SA) particles is con-
sistent with the erosion characteristics of this chemistry and/or
the removal of poly(SA) particles from the lungs by phagocytic
cells. While there is a clear range of particle size for maximum
respiratory deposition, the inability to detect the smaller or
larger poly(SA) particles at 6 h (Fig. 3) can be attributed to the
sensitivity of the detection method, as there were significant
populations of lung homogenate cells containing poly(SA)
particles of all sizes studied (Fig. 5).

An important consideration in this analysis is that once the
particles are deposited in the lung, there are multiple host
mechanisms that can redistribute or clear the particles from
the lung (41—44). In the conducting airways, mucus will entrap

particles which will be transported by mucocilliary and cough
clearance from the lung or swallowed (42). Particles that
deposit in the respiratory tract will be taken up by resident
alveolar M®s, other phagocytic cells (e.g., PMNs), and the
respiratory epithelium (43). Based on the work of Blank and
co-workers, these phagocytic cells (dendritic cells identified
specifically as CD11c¢"/MHC II" but both CD11b high and
low) were observed to transport internalized particles out of
the lung and to the draining lymph node and the rate of this
transport was influenced by the particle size (45). There are
many types of cells resident in the respiratory tract that influ-
ence the biological response to inhaled particles, including
various types of epithelial cells, DCs, and M®s (46). A more
comprehensive panel of monoclonal antibodies to character-
ize the cell surface marker expression of cells within a total
lung homogenate has been suggested by Misharin e al. (47).
Definitive determination of cell types is difficult to achieve in
the lung due to overlapping expression of surface markers
between populations, recruitment of cells, and modulation of
specific surface marker expression due to cellular maturity or
activation (37—-39,45,46,48-54). For example, the myeloid
DCs (mDC, CD11b /CDI11c"/Ly6 C/G™) sub-population
can include T cells, DCs, alveolar M®s, and/or non-
migratory M®s (45,49,53). Based on the histological evalua-
tions, we observed a more pronounced inflammatory response
in the tissue of mice administered the PS particles than in the
lung tissue of the mice administered poly(SA) particles. Based
on these nitial host responses, which are a strong function of
particle size and surface properties, chemokines are likely
differentially produced that will recruit cells into interstitial
pulmonary tissues and the airspaces where they aid in the
uptake and removal of this particulate material. Although not
specifically tested in this work, this would suggest differences in
cell signaling based on the different polymer chemistries that
could influence the downstream immune response induced.
After deposition, the cell-particle interactions were influ-
enced by both particle size and chemistry. For the mice
treated with smaller particles 250 nm poly(SA) and the
230 nm PS, the infiltration of inflammatory cells into the
respiratory spaces were minimal and not significantly different
than saline administered mice (Fig. 4). For the smallest size
investigated (i.e., 250 nm poly(SA) and 230 nm PS), mice
administrated poly(SA) and PS particles showed similar per-
centages of particle-positive cells with correspondingly similar
particle-positive cellular phenotypes (Figs. 3, 5, 7a and b).
Particles of this size also associated with the widest breadth
of cell types within the first 6 h across all CD11b/CDl1c
populations (Fig. 7c—f). Despite the wide distribution of cell
types, the majority of cells containing particles were APC
phenotypes (resident M®s, mDCs, and recruited M®s
(CD11b"/CDllc /1y6 C/G")) (Fig. 7a and b, Table III).
The majority of the cells positive for the 230 nm PS or 250 nm
poly(SA) particles were CD11c", which is consistent with the
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particle-positive cell sub-population identified by Blank and
co-workers for PS particles with sizes ranging from 20 to
1,000 nm (45). Blank et al. also showed that the migration of
particle positive DCs from the lung to the draining lymph
node was dependent upon particle size, with the DCs contain-
ing the smaller particles (i.e., 20 and 50 nm) arriving in the
lymph node more rapidly. By 24 h post-administration, both
the 250 nm poly(SA) and the 230 nm PS particles predomi-
nately associated with the F4/80" population (e.g., resident
MO®) (Fig. 7a and b). The reduction of other APC phenotypes
positive for particles by 24 h suggests that either we are
observing the migration of cells with internalized particles
out of the lung or kinetic changes in the surface marker
expression of particle positive cells.

Particle chemistry differences were more pronounced at the
larger particle sizes. There was greater amount of inflammatory
infiltration in the lungs of mice administered PS than poly(SA)
particles (Fig. 4). However, a greater percentage of the lung
cellular population was positive for the 470 nm poly(SA) particles
compared to the 360 nm PS particles. Additionally, a significant
difference was observed in cellular association between the
larger-sized poly(SA) and PS particles, especially at 24 h or later
(Fig. 5). These findings suggests that more cells present in the
respiratory tract associate with 470 nm poly(SA) particles than
the 360 nm PS particles.

In this work, fewer particle-positive PMNs were detected
after administration of the 470 nm and 2,500 nm poly(SA)
particles than the equivalent sized PS particles over the entire
duration of the study (Table III, Fig. 7c—f). The granulocyte
population within the lung has been associated with pulmo-
nary inflammatory responses (48,49,55,56). Likewise, fewer
poly(SA) particles associated with pDCs than PS particles.
The data depicted in Figs. 5 and 7 supports this observation.
A representative example of this cell marker for cells associat-
ed with the 470 nm poly(SA) and the 360 nm PS particles
clearly demonstrates these differences (Fig. 6). The limited
association of poly(SA) particles with granulocytes (in compar-
ison to PS particles, as shown in Table I1I and Fig. 7d and f) is
consistent with previous work from our laboratories that dem-
onstrated the mild inflammatory response induced by
polyanhydride nanovaccines upon intranasal administration
(33). This is further supported by the differences in inflamma-
tory infiltrate into the respiratory system after administration,
with PS being significantly greater than saline administered
mice (Fig. 4). This is also consistent with the observation that the
type of cell infiltrate in the PS admuinistered mice contained more
PMNss as opposed to a M® and PMN mix that was observed for
poly(SA). In this work, particle association with cells expressing
the mDC cell surface phenotype was only observed for the
230 nm PS particles at 6 h (Fig. 7b). This suggests that internal-
1zation kinetics by this population of phagocytes is dependent
upon both particle size and chemistry. The rapid disappearance
of this cell population by 12-24 h is consistent with previous
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observations indicating that cells expressing these surface markers
migrate out of the lungs to the draining lymph node (57). This
clearly has implications for this cell type to be instrumental in the
induction of an immune response. The findings from this work
suggest that multiple sizes of erodible particles may facilitate the
maintenance of an antigenic depot to effectively deliver antigen
to the draining lymph node.

Particle chemistry influenced particle association with the
recruited M® sub-population, with a greater percentage of
cells associating with the 470 nm and 2,500 nm poly(SA)
particles in comparison to PS particle-positive cells (Fig. 7d—
f). A previous study also identified this sub-population of cells
as CD4 and CD8 M®s (49). In that study, significant
increases in both the M® and neutrophil (CD11b",
CDllc, Ly C/G", CD4 ", and CD8") populations were
observed in whole lung homogenate 2 days after infection
with highly pathogenic influenza virus, suggesting a net influx
of these populations into the lung after infection. In the
current work, we observed both a M® and neutrophil infil-
tration in the majority of poly(SA) administered mice while
the infiltration for PS administered mice was predominantly
neutrophils. The only qualitative difference in the M® popu-
lation associated with the poly(SA) particles in this work was a
slight reduction by 48 h for the 470 nm size (Fig. 7¢).

The current work suggests several different factors for the
clearance of particles from the lung based on size and chem-
istry. Initially, the primary size of the particles (and not the
chemistry) is the dominant factor that determines the amount
of deposition in the respiratory tract as demonstrated by the
enhanced deposition of the intermediate (i.c., 360—470 nm)
size particles. However, with time, a combination of particle
size and chemistry influenced the recruitment of innate im-
mune cells into the lung and degree to which cells associated
with the particles. As the size of the biodegradable poly(SA)
particles is reduced over time because of erosion (58) and as
the particles are internalized by phagocytic cells, the dynamics
of clearance from the lung and cellular association were
modulated. More poly(SA) particles associated with phagocyt-
ic cells than did PS particles. Based on our previous i vitro
work (59), this observation suggests that the internalization of
poly(SA) particles would induce the secretion of cytokines and
chemokines. Additional factors that may affect the dynamics
of particle clearance include the adsorption of proteins onto
the surface of the particles, mucocilliary clearance of particles
entrapped in mucus, migration of phagocytic cells with parti-
cles from the respiratory to the lymphatic system, and non-cell
mediated removal of particles from the respiratory tract.

CONCLUSIONS

By using monodisperse particles, this work provides new in-
sights about the pulmonary biodistribution and cellular
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association of nanoparticles with respect to particle size and
chemistry. Herein, it was demonstrated that the initial depo-
sition of intranasally administered particles in suspension is
dependent on primary particle size, with maximal deposition
demonstrated for the 360—470 nm particles, regardless of
chemistry. The type of innate immune cell recruited and
extent of infiltration into the lung was dependent on both
particle size and chemistry. With time, both particle size and
chemistry affected the specific types of cells that associated
with particles, and therefore the dynamics of particle clear-
ance from the lung. The current studies provide important
underpinnings that enhance our understanding of the impact
that delivery vehicle design has upon biodistribution and
cellular association in the respiratory system. These insights
are valuable for the rational design of pulmonary vehicles for
vaccine delivery.
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