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Abstract: Polymer chemistry offers the possibility of synthesizing multifunctional nanoparticles which
incorporate moieties that enhance diagnostic and therapeutic targeting of cargo delivery to the lung.
However, since rules for predicting particle behavior following modification are not well-defined, it is
essential that probes for tracking fate in vivo are also included. Accordingly, we designed
polyacrylamide-based hydrogel particles of differing sizes, functionalized with a nona-arginine cell-
penetrating peptide (Argy), and labeled with imaging components to assess lung retention and cellular
uptake after intratracheal administration. Radiolabeled microparticles (1—5 um diameter) and
nanoparticles (20—40 nm diameter) without and with Argg showed diffuse airspace distribution by
positron emission tomography imaging. Biodistribution studies revealed that particle clearance and
extrapulmonary distribution was, in part, size dependent. Microparticles were rapidly cleared by
mucociliary routes but, unexpectedly, also through the circulation. In contrast, nanoparticles had
prolonged lung retention enhanced by Arge and were significantly restricted to the lung. For all particle
types, uptake was predominant in alveolar macrophages and, to a lesser extent, lung epithelial cells.
In general, particles did not induce local inflammatory responses, with the exception of microparticles
bearing Arge. Whereas microparticles may be advantageous for short-term applications, nanosized
particles constitute an efficient high-retention and non-inflammatory vehicle for the delivery of diagnostic
imaging agents and therapeutics to lung airspaces and alveolar macrophages that can be enhanced
by Arge. Importantly, our results show that minor particle modifications may significantly impact in
vivo behavior within the complex environments of the lung, underscoring the need for animal modeling.

Keywords: Cell penetrating peptide; lung; macrophage; mice; microparticle; nanoparticle;
polyacrylamide; polyarginine; positron emission tomography

Introduction groups to provide unique possibilities for diagnostic imaging
and therapy.' > Tailoring particles with specialized functions

Polymer chemistry offers the capacity to generate a wide e i
can therefore enhance behavior in specific organs or cell

variety of nanoparticles with diverse classes of functional
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microenvironments.*> In this regard, each disease target
presents challenges related to the route of administration,
the properties of the particle system, and the biologic
responses. Acute and chronic respiratory diseases caused by
infectious, inflammatory and genetic etiologies have a high
morbidity and mortality and are thus excellent candidates
for novel nanotechnology-based diagnostic and treatment
strategies.® ® The respiratory tract provides an easily ac-
cessed route for organ-specific delivery, with an established
record of success for inhaled drug therapies and nuclear
imaging. To date, the primary focus of evaluation of
nanoparticles in the respiratory tract has been on the toxicity
of environmental particulate pollutants and metal particles.”'®
Thus, the development of synthetic nanoparticles for delivery
to the respiratory tract for clinical application is still in its
early stages, and the effects of structural features, and
components for imaging, cell targeting and permeation on
in vivo particle behavior are not yet well-defined.®”®

Existing polymeric particle systems for lung delivery are
primarily composed of hydrophobic materials such as poly-
(lactic-co-glycolic acid) (PLGA) chains condensed into
particles and dispersion-polymerized poly(butyl cyanoacry-
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late) particles.®!'! Few systems for lung delivery have been
explored that employ hydrophilic polymer platforms based
on cross-linked hydrogels. Our group has recently described
the synthesis of hydrogel-based polyacrylamide micropar-
ticles (PMP, 1—5 um diameter) and nanoparticles (PNP,
<100 nm diameter) that can be tuned for size and degradation
rate through the incorporation of pH-sensitive cross-links,
and functionalized to carry cargoes such as imaging probes,
proteins, or nucleic acids.'*~ ' In addition, small molecules
and peptides for targeting and improved cell uptake can be
built into the particle backbone through copolymerization.
These modifications are especially important in the case of
nonmalignant lung diseases where the phenomenon of
enhanced permeability and retention (EPR) and tumor-
specific cell membrane targets are not applicable.'” Thus,
we have been particularly interested in functionalizing PMP
and PNP with cell-penetrating peptides (CPPs) that may
increase cellular uptake of particles in vivo and display
mucoadhesive characteristics in the lung.'®

CPPs are short cationic peptides derived from biological
sources, including the HIV TAT (trans-activator of transcrip-
tion) protein.'® Over the past 20 years, numerous studies have
demonstrated that naturally occurring or synthetic CPPs such
as oligomers of arginine (e.g., the nona-arginine; Argy)
enhance the cellular uptake of proteins, nucleic acids, drugs,
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and nanopalrticles.zof22 Similarly, we have demonstrated that
modifying PMP with Argy enhances cellular particle uptake
in vitro.'? However, only a few reports have described CPP-
mediated transport of molecules in the lung. In pioneering
studies, intraperitoneal or intravenous injection of a TAT-
bound protein was shown to result in uptake in multiple
organs including low quantities in the lungs, although the
cell type targeted was not identified.>*** More recently, TAT
bound to plasmid DNA encoding a luciferase reporter, and
administered intratracheally to mice, was found to be superior
to plasmid alone for enhancing transfection efficiency, albeit
with low levels of luciferase expression and accompanied
by lung inflammation. In contrast, gene silencing with
siRNA conjugated to TAT delivered intratracheally was not
superior to siRNA alone.?® Thus, while potentially powerful,
the value of CPP-modified structures is not well understood
for lung delivery. Moreover, there is little information
available to guide the design and assessment of particulate
carrier systems complexed with CPPs for respiratory tract
delivery.

In this work, we hypothesized that both particle size and
functionalization with Arge would significantly impact
particle behavior in the lung as characterized by retention,
cell uptake and immune response. We thus focused on
interactions of particles of varying sizes and surface modi-
fication with the airspace environment, epithelial and immune
cells, and extrapulmonary organs. Additionally, since it has
been shown that particles can rapidly move out of the lung
to other organs, we used imaging and biodistribution studies
as critical assays for understanding particle fate in vivo.?’
We took advantage of our ability to incorporate multiple
imaging probes to enable (i) noninvasive tracking of particles
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(26) Moschos, S. A.; Jones, S. W.; Perry, M. M.; Williams, A. E.;
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M. J.; Lindsay, M. A. Lung delivery studies using siRNA
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reduction in gene expression and induction of innate immunity.
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in vivo using positron emission tomography, (ii) quantifica-
tion of specific organ distribution, and (iii) analysis of cellular
uptake following intratracheal delivery. Finally, with concern
for minimizing particle-associated inflammatory responses,
we assessed the presence of markers of lung inflammation
following instillation of PMP and PNP into the lungs.

Experimental Procedures

General Procedures and Materials for Particle Synthesis.
Unless otherwise noted, all chemicals were purchased from
Sigma-Aldrich and used without additional purification.
Acrylamide, N,N'-methylene-bis-acrylamide, ammonium per-
sulfate, and N,N,N’,N’-tetramethylethylene-diamine (TME-
DA) were purchased from Bio-Rad. The cell-penetrating
peptide (CPP) consisting of nine arginine residues (Argy,
acrylamide-Ry-COOH) was purchased from Applied Peptech
Suzhou. Hexane (OmniSolv grade) was purchased from
EMD. UltraPure 0.1 um filtered water and phosphate
buffered saline (PBS, pH 7.4) were purchased from Invitrogen.

Synthesis of Polyacrylamide Nanoparticles (PNP). PNP
encapsulating bovine serum albumin conjugated with Alexa
Fluor 488 (BSA-488, Invitrogen) and either modified or not
modified with Argy (Figure 1) were prepared using modifica-
tions to a previously reported method.'? Briefly, AOT (237
mg, 0.53 mmol) and Brij 30 (459 mg, 1.27 mmol) were
added to a 20 mL glass vial. The vial was sealed with a
Teflon-lined septum cap and purged with dry nitrogen for
10 min. All further solutions were added to the vial via
syringe. Deoxygenated hexane (10 mL) was added to the
vial and vortexed to completely dissolve the surfactants.
Separately, BSA-488 (0.57 mg) was dissolved in PBS (pH
9, 285 uL), to which acrylamide (61.3 mg, 862 umol), N,N'-
methylene-bis-acrylamide (7.10 mg, 46.0 umol), N-acry-
loyltyramine (1.80 mg, 9.41 umol, see Supporting Informa-
tion for synthesis), and Argy (1.30 mg, 0.88 umol) were
added and dissolved. Dry nitrogen was bubbled through the
monomer solution for 2 min, and then 255 L of this solution
was added to the surfactant solution. The vial was vortexed
to form a stable microemulsion. A 50% (w/v) solution of
ammonium persulfate in PBS (pH 9, 16 uL) was then added
to the emulsion while vortexing. After 5 min, polymerization
was initiated by the addition of TMEDA (25 uL), and the
mixture was vortexed at 600 rpm at room temperature for
30 min. The solvent was evaporated, and absolute ethanol
(10 mL) was added, resulting in a milky-white suspension.
The particles were isolated by centrifugation (2000g, room
temperature, 5 min) and washed with absolute ethanol (5 x
10 mL), centrifuging as before. The particles were finally
suspended in UltraPure water (10 mL). Particle solution (2
mL) and UltraPure water (13 mL) were added to a prerinsed
Centriprep Ultracel YM-50 spin filter (50,000 MWCO,
Millipore) and centrifuged (1500g, room temperature, 30
min), and the particle-containing retentate was resuspended
in 12 mL of UltraPure water. This wash step was repeated
until the UV absorbance of the filtrate in the 200—350 nm
range reached baseline values. The final retentate was serially
passed through 0.2 ym PVDF (Pall) and 0.1 gm Anotop
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Figure 1. Synthesis, functionalization, and in vitro behavior of polyacrylamide hydrogels. (A) Particles were generated
and copolymerized in the absence or presence of a nona-arginine cell-penetrating peptide (Argo). All particles
encapsulated bovine serum albumin conjugated with Alexa Fluor 488 dye (BSA-488) for fluorescence detection.
Emulsion conditions were varied to yield polyacrylamide microparticles (PMP) or nanoparticles (PNP) as shown in the
SEM images (B, C) of the particles in the dry state. (D) The human bronchial epithelial cell line BEAS 2B was
incubated with the indicated particles for 24 h and then assayed by flow cytometry to determine the proportion of cells
containing BSA-488-labeled particles. Shown is the mean + SD of replicate samples from at least 2 independent

experiments (*p < 0.05).

(Whatman) syringe filters and lyophilized overnight to yield
a fluffy, orange powder.

Nanoparticles without Argy incorporated into the polymer
structure were prepared as described above, with the excep-
tion that the monomer solution consisted of acrylamide (62.5
mg, 879 umol), N,N'-methylene-bis-acrylamide (7.20 mg,
46.7 umol), and N-acryloyltyramine (1.80 mg, 9.41 umol),
and omitted the Argy.

Synthesis of Polyacrylamide Microparticles (PMP).
PMP encapsulating BSA-488 and either not modified or
modified with Argg (Figure 1) were synthesized as described
previously.'?

Scanning Electron Microscopy (SEM). Particle samples
were prepared as described previously'*'? and imaged using
a Hitachi S-5000 SEM at 10 kV.

Particle Size and Zeta-Potential Measurements. The
size distributions of particles suspended at 0.1 mg/mL in PBS
were determined by light scattering using a Zetasizer Nano-
ZS (Malvern Instruments) for PNP, or a Horiba Partica LA-
950 for PMP, as described previously.'® The zeta-potentials
of particles suspended in UltraPure water (PNP, 4 mg/mL
and PMP, 0.5 mg/mL) were measured using a Zetasizer
Nano-ZS at 25 °C.

Cell Culture and in Vitro Particle Uptake Assay. The
transformed human bronchial epithelial cell line BEAS 2B
(CRL-9609, ATCC) was cultured in DMEM supplemented
with 10% fetal calf serum and antibiotics. For studies with
particles, 2 x 10° cells were incubated with 1 mL of 5 ug/
mL of PMP (CPP— or CPP+) or 10 ug/mL of PNP (CPP—
or CPP+) that were freshly sonicated. After 24 h, cell layers
were washed 3 times with PBS and the percentage of cells
containing BSA-488 was quantified by flow cytometry as
described below.
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Radionuclide Preparation. Carrier-free '>’I radionuclide
was purchased from Perkin-Elmer. "*Br was produced at the
Washington University cyclotron facility by the °Se (p,n)
"*Br nuclear reaction on a "°Se-enriched Cu,Se target. "°Br
was recovered by a modified dry distillation method,*®
filtered through a C-18 Sep-Pak light cartridge (Waters
Corp.), dried under nitrogen gas, and then reconstituted in
water (Milli-Q, Millipore) immediately before use. Labeling
efficiency and radiochemical purity of labeled particles was
determined by radio thin layer chromatography (radio-TLC,
Bioscan System 2000).

Particle Radiolabeling. For biodistribution studies, par-
ticles were labeled with '°I using an iodination protocol
modified from Markwell.?® All particles were labeled using
the tyrosine residues of the encapsulated BSA-488 while the
PNP were additionally labeled on the tyramine residues of
the polymer backbone. To achieve this, 500 ug of lyophilized
particles was reconstituted in 250 4L of PBS, sonicated for
5 min (Branson 1510) and mixed with 300 xCi of '*I in 10
uL of diluted NaOH solution as described.?” The reaction
was then incubated at room temperature for 30 min and
monitored by radio-TLC. The radio-iodinated PMP particles
were purified by centrifugation at 5000g for 10 min to
remove free '?°I. '>I-labeled PNP particles were precipitated
with absolute ethanol and then collected by repeated
centrifugation. For positron emission tomography (PET)

(28) Tolmachev, V.; Lundqvist, H.; Einarsson, L. Production of ®'Cu
from a natural nickel target. Appl. Radiat. Isot. 1998, 49 (1-2),
79-81.

(29) Markwell, M. A.; Fox, C. F. Surface-specific iodination of
membrane proteins of viruses and eucaryotic cells using 1,3,4,6-
tetrachloro-3alpha,6alpha-diphenylglycoluril. Biochemistry 1978,
17 (22), 4807-17.
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imaging, particles were labeled with "°Br using a previously
described approach.* The final radiochemical purity of all
particles was greater than 95%. The in vitro stability of
radiolabeled particles was determined by monitoring radio-
TLC after incubation with mouse serum (Sigma-Aldrich) at
37 °C (data not shown). Particles were diluted with PBS to
a final concentration of 100 ©g/50 uL for administration to
mice.

Mice and Particle Delivery. C57BL/6J mice were ob-
tained from Jackson Laboratory and housed under pathogen-
free conditions. The Animal Studies Committee of the
Washington University School of Medicine approved all
protocols. Mice were anesthetized with intraperitoneal Aver-
tin, 200 mg/kg, prior to neck dissection for cannulation of
the trachea with a 22-gauge angiocatheter. For intratracheal
delivery, PBS alone or particles (100 x#g/50 uL) in PBS
followed by 50 uL of air as dead space were administered
through the catheter as a single bolus.

Small Animal MicroPET Imaging. Anesthetized mice
(n = 3—5 per group) were administered 10—20 uCi of 100
ug "®Br-labeled particles in 50 uL. of PBS by intratracheal
injection. Imaging was performed 1, 3, and 18 h postinjection
using a static 30 min frame with a microPET Focus 120 or
220 scanner, which have the same resolution (Siemens
Medical Solutions).*® X-ray computed tomography (CT)
imaging (15 min frame) was performed immediately fol-
lowing acquisition of PET images using a MicroCAT II
instrument (CTI-Imtek).*! The microPET and CT images
were coregistered using fiduciary markers attached to the
animal positioning bed and quantitatively analyzed using
AMIRA software (Mercury Computer Systems). Data were
calculated as standardized uptake values (SUVs) within lung
fields identified by the CT images and calculated using a
lung tissue density of 0.3 g/mL. The SUV numbers were
calculated in multiple 3-dimensional regions of interest within
the lung fields as described.*?

Biodistribution Studies. Anesthetized mice were injected
intratracheally with 1 uCi of 100 ug '*I-labeled particles in
50 uL of PBS. At 1, 3, and 24 h postinjection, the mice
were euthanized by CO, asphyxiation and organs of interest
were collected for determination of activity using a Beckman
Gamma counter 8000. For analysis of lung bronchoalveolar
lavage, the trachea was cannulated and lavaged three times
with 1 mL aliquots of PBS. A dilution of the administered
dose of '»I-labeled particles (1:100 dilution) was counted
in parallel with the organ samples to calculate the percentage

(30) Tai, Y. C.; Ruangma, A.; Rowland, D.; Siegel, S.; Newport, D. F.;
Chow, P. L.; Laforest, R. Performance evaluation of the microPET
focus: a third-generation microPET scanner dedicated to animal
imaging. J. Nucl. Med. 2005, 46 (3), 455-63.

(31) Paulus, M. J.; Gleason, S. S.; Kennel, S. J.; Hunsicker, P. R.;
Johnson, D. K. High resolution X-ray computed tomography: an
emerging tool for small animal cancer research. Neoplasia 2000,
2 (1-2), 62-70.

(32) Rossin, R.; Muro, S.; Welch, M. J.; Muzykantov, V. R.; Schuster,
D. P. In vivo imaging of ®Cu-labeled polymer nanoparticles
targeted to the lung endothelium. J. Nucl. Med. 2008, 49 (1), 103—
11.

of activity relative to the instilled dose per organ (%ID/organ)
as previously described.®® All data were corrected for
radioactive decay of '*°I.

Bronchoalveolar Lavage (BAL) and Lung Tissue Samples.
Lungs were subjected to BAL with 1 mL of PBS and BAL
fluid was centrifuged. The cell-free supernatant was collected
and stored for cytokine analysis, while the cell pellet was
resuspended in 1 mL of PBS for total cell count, cytospin
preparation, flow cytometry or alveolar macrophage culture.
The immune cell differential was determined using standard
light microscopy criteria as described previously.>* Following
BAL, lungs were inflated with 1 mL of cryopreservation
media (Tissue-tek), frozen on dry ice and stored at —80 °C
prior to sectioning.

Flow Cytometry. Cell lines or cells collected by BAL
were washed twice with flow cytometry buffer (PBS with
2% FBS). BAL cells were blocked using purified rat
antimouse CD16/CD32 (Mouse BD Fc Block, BD Bio-
sciences) and then immunostained with macrophage marker
rat antimouse F4/80 (Serotec) or with IgG2b isotype control
antibody, both conjugated with APC. Cells were again
washed twice with FACS buffer and analyzed on a FACS-
Calibur flow cytometer (10,000 events per sample) using
CELLquest software (BD Biosciences).

Immunostaining and Microscopy. Frozen tissue sections
and BAL cytospin preparations were fixed with 4% paraform-
aldehyde in PBS for 10 min at room temperature. Primary
antibodies (and dilutions) used were rabbit antiprosurfactant
protein C (1:1000, Abcam) and biotinylated anti-CD68
(dilution 1:75, Serotec). Antibody binding was detected using
secondary antibodies conjugated with Alexa Fluor dyes
(Invitrogen) or streptavidin, and nuclei were stained with
4’ ,6’-diamidino-2-phenylindole (DAPI; Vector Laboratories).
Images were captured using a Leica DM5000 microscope
with a Retiga 200R charge-coupled device camera interfaced
with QCapture Pro software (Q Imaging). Fluorescence and
differential interference contrast images were overlaid in
QCapture Pro. Images were composed using Photoshop and
[lustrator software (Adobe Systems).

Cytokine Assays. To quantify inflammatory mediators in
cell-free BAL fluid from mice following administration of
particles, supernatants were analyzed in a multiplex, flow
cytometry-based assay according to the manufacturer’s
protocol (BioPlex, Bio-Rad). Unique beads conjugated with
a distinct capture antibody were incubated with 50 uL of
BAL and 0.5% BSA or a serially diluted standard mix with
a known concentration of all measured inflammatory media-

(33) Edwards, W. B.; Anderson, C. J.; Fields, G. B.; Welch, M. J.
Evaluation of radiolabeled type IV collagen fragments as potential
tumor imaging agents. Bioconjugate Chem. 2001, 12 (6), 1057—
65.

(34) Gunsten, S.; Mikols, C. L.; Grayson, M. H.; Schwendener, R. A.;
Agapov, E.; Tidwell, R. M.; Cannon, C. L.; Brody, S. L.; Walter,
M. J. IL-12 p80-dependent macrophage recruitment primes the
host for increased survival following a lethal respiratory viral
infection. Immunology 2009, 126 (4), 500-13.

VOL. 6, NO. 6 MOLECULAR PHARMACEUTICS 1895



articles Liu et al.
Table 1. Properties of Nanoparticles Tested for Respiratory Tract Delivery®
particle type hydrated diameter® peptide (CPP) zeta-potential® cargo radiolabels
PMP CPP— 1.8+ 1.2um none —0.1+45mV BSA-488 125| 76y
PMP CPP+ 2.7+1.4um Argg +12.3 £ 4.0 mV BSA-488 125 76y
PNP CPP— 31.0+9.3nm none +76+4.8mV BSA-488 125| 76y
PNP CPP+ 31.7 +£14.5nm Argg +11.9+£4.0mV BSA-488 125| 76y

2PMP, polyacrylamide microparticle; PNP, polyacrylamide nanoparticle; CPP, cell-penetrating peptide; Argys, nona-arginine peptide;
BSA-488, bovine serum albumin-Alexa Fluor 488 conjugate. © Mean + SD.

tors and compared to the standard curves as previously
described.*

Statistical Analysis. Groups were compared with Stu-
dent’s 7 test or one-way ANOVA and Scheffé post-testing
performed using SPSS statistical software. The level of
significance was set at p < 0.05.

Results

Synthesis and Characterization of Hydrogel Particles. To
explore the effects of carrier size and functionalization with
a cell-penetrating peptide (CPP) on the behavior of hydrogel-
based particles following intratracheal administration, we
synthesized polyacrylamide microparticles (PMP) and nano-
particles (PNP) that were not (CPP—) or were (CPP+)
copolymerized with a monomer containing pendant nona-
arginine peptide (Argy) (Figure 1A). While these particles
can be synthesized to hydrolyze and release their cargo,'?
nondegradable particles were used in this study to enable
the tracking of particle fate. All particles encapsulated a
conjugate of bovine serum albumin and Alexa Fluor 488 dye
(BSA-488) for fluorescence-based assays and for tyrosine
radiolabeling. PNP radiolabel stability was improved by
copolymerizing a tyramine-functionalized monomer into the
particle structure, in addition to thoroughly washing the
particles using ultrafiltration. In the dry state, particles had
a spherical shape when imaged by SEM (Figure 1B,C). When
hydrated, the PMP were 1 to 5 um and PNP 20 to 40 nm in
diameter, as measured by light scattering (Table 1). The
surface charge of the particles, as indicated by zeta-potential
measurements, was positive, with the exception of the PMP
CPP— particles, which were near neutral. We previously
demonstrated preferential uptake of the PMP CPP+ com-
pared to PMP CPP— particles in cell lines,'* and thus
extended these studies to evaluate the PNP in parallel with
PMP (Figure 1D). The addition of the Argy into the structure
of both PMP and PNP particles significantly enhanced their
cell uptake in vitro (p < 0.05).

In Vivo PET/CT Imaging of Radiolabeled Nanopar-
ticles Following Intratracheal Delivery. As an initial evalu-
ation of the in vivo behavior of PMP and PNP in the lung,
particles were hydrated, radiolabeled with "°Br for PET
imaging. To ensure accurate lung delivery, particles were
administered to mice by intratracheal (IT) injection. Radio-
labeled IT particles were well tolerated without animal
distress or mortality. Mice were imaged serially by whole
body microPET/CT scanning over an 18 h period (Figure
2A). For all particles at all time points, the microPET/CT
coregistered images clearly showed a general restriction of
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the particles to the lung. Particles present in the gastrointes-
tinal (GI) tract postdelivery were best revealed in three-
dimensional reconstructions of the images obtained after 3 h.
Based on these studies, the PNP had a more prolonged
retention in the lung relative to the PMP (Figure 2B).

Image analysis using the standardized uptake values (SUV)
of the two types of PMP showed that the lung activity of
each particle decreased at a similar rate over time, but mice
administered the PMP CPP+ particles had 34—50% lower
lung activity than those receiving PMP CPP— particles
(Figure 2C). Both PNP types displayed higher lung activity
compared to each of the PMP forms. In addition, the PNP
had a similar and constant lung signal over 18 h that appeared
to be independent of the Argy peptide. Collectively, this initial
analysis demonstrated a consistent behavior related to size;
the larger PMP were rapidly cleared, likely through muco-
ciliary clearance to the GI tract, while the smaller PNP had
sustained lung retention.

In Vivo Lung Retention and Biodistribution of Particles
Following Intratracheal Delivery. To more precisely quantify
the lung retention and fate of particles, biodistribution studies
were performed in mice after IT delivery of '*I-labeled
particles. Retention of particles in the lung was determined
by measuring activity in total lung tissue. Evaluation of all
four types of particles again demonstrated that the majority
of the initial activity was localized in the lung (Figure 3).
Consistent with the PET images, the activity of the smaller
particles (PNP) in the lung was both higher and more
persistent than that of the larger ones (PMP). However, in
this more sensitive assay, an effect of the CPP was observed,
but differed for the two sizes of particles. For PMP, the
presence of the CPP resulted in a lower lung retention profile
at all times (p < 0.05). The pattern was reversed in the case
of the PNP, where the presence of the CPP resulted in
significantly higher lung retention at all time points (p <
0.05).

Studies by other groups have demonstrated that, following
respiratory tract administration, particles could be cleared
from the lung to either the GI tract by mucociliary activity
(after particles are swallowed in the posterior pharynx) or
to the systemic circulation by transit from the air space
through the alveolar epithelium—capillary endothelial bar-
rier.?” To analyze extrapulmonary particle fate, organs of
interest were collected and activity was quantified using a
gamma counter. These biodistribution studies showed higher
activity of PMP than PNP in the GI tract (stomach and
intestines; 1 and 3 h; p < 0.05), suggesting rapid mucociliary
clearance of the larger particles from the lung. Also, the blood
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Figure 2. MicroPET/CT imaging of "®Br-labeled particles following intratracheal delivery. (A)
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Representative

midthoracic coronal (top) and transverse (bottom) slices of serial microPET and CT coregistered images obtained
from mice at the indicated time following intratracheal administration of 7®Br-labeled particles described in Figure 1.
(B) Three-dimensional reconstructions of PET scan activity (blue) merged with X-ray CT images that were
signal-adjusted to reveal the skeleton (yellow). Arrows indicate gastrointestinal tract activity. Fiduciaries (f) used for
coregistration are included. (C) The standardized uptake values (SUV) of the PET activity within the lung region from
images as in (A), shown as the mean + SD of 3—4 mice per particle type.

clearance of the PMP was higher than that of the PNP at all
time points, suggesting movement from the alveolar air space
to the systemic circulation (p < 0.05). For all particles,
activity was extremely low or undetectable in all other organs
assayed. The possibility of central nervous system uptake
was also determined, which we anticipated would be minimal
as IT delivery avoids passage from the olfactory epithelium
to the brain.*® For all particle types, activity was not detected
in the brains isolated from mice after PET imaging (data
not shown). Together, these biodistribution studies were
consistent with the PET imaging studies, confirming rapid
GI tract clearance of the PMP and a high specificity of lung

(35) Oberdorster, G.; Sharp, Z.; Atudorei, V.; Elder, A.; Gelein, R.;
Kreyling, W.; Cox, C. Translocation of inhaled ultrafine particles
to the brain. Inhalation Toxicol. 2004, 16 (6—7), 437-45.

retention of PNP that was significantly enhanced by the
addition of Argg (p < 0.05).

Localization of Intracellular Targeting of Polyacryla-
mide Particles in Vivo. Prior studies of particle modification
have indicated that changes in surface characteristics as
imparted by the addition of a polyarginine peptide may
significantly alter predicted pathways.*®*” To define features
of lung retention and particle fate, an additional cohort of
animals was intratracheally administered '*I-labeled particles
and then subjected to bronchoalveolar lavage (BAL) at 1, 3,

(36) Rogueda, P. G.; Traini, D. The nanoscale in pulmonary delivery.
Part 1: deposition, fate, toxicology and effects. Expert Opin. Drug
Delivery 2007, 4 (6), 595-606.

(37) Yang, W.; Peters, J. I.; Williams, R. O., 3rd. Inhaled nanoparticles—a
current review. Int. J. Pharm. 2008, 356 (1—2), 239-47.
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Figure 3. Lung retention and biodistribution of particles
following intratracheal delivery. Biodistribution of
25|-labeled particle activity in the indicated organs
performed 1, 3, and 24 h postdelivery. Activity was
determined as the mean + SD of the percent of the
injected dose per organ (% ID/organ) from 3—5 mice
per group. Particles were functionalized without (CPP—)
or with (CPP+) Arge. The lung activity of PNP CPP+
was significantly greater than PNP CPP— at all times
(*p < 0.05).

or 24 h post delivery (Figure 4A). Radioactivity in the BAL
fluid and the post-BAL lung was determined to quantify
particles in different lung compartments with the knowledge
that the BAL fluid would contain both free and immune cell-
associated particles, while the post-BAL lung would ad-
ditionally include parenchymal cell-associated particles.
Consistent with the studies above, analysis of BAL fluid and
remaining activity in the lung revealed that a greater fraction
of PNP than PMP was retained in the lung. There was no
significant difference in post-BAL lung activity imparted by
addition of CPP to the PMP (p > 0.05). In contrast, at all
time points, PNP CPP+ were retained at higher levels in
the post-BAL lung than PNP CPP— (p < 0.05) suggesting
that the addition of the Argy enhanced the association of the
smaller nanoparticle within the lung parenchymal compartment.

To identify the specific cell types in the lung taking up
the particles, tissue sections of lung were examined for
colocalization of the BSA-488-labeled particles with cell-
specific markers. Low power examination of lung sections
showed that delivery of all particle types resulted in regional
dispersal, variable clumping of particles and delivery within
alveolar airspaces, which in some cases associated with cell
surfaces (Figure 4B and data not shown). No significant
particle fluorescence activity was identified in the airway
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epithelial cells of bronchi or bronchioles of any of the
animals. All particle types were found in alveolar epithelial
cells (Figure 4B, arrowheads). These were identified by
morphology as alveolar epithelial type I cells or by immu-
nostaining as type II cells using the marker prosurfactant
protein C. Particles were more commonly observed within
cells of macrophage morphology (Figure 4B, arrows).
Consistent with this observation, BAL cells obtained 24 h
postinstillation revealed particles in cells that expressed the
macrophage marker CD68 (Figure 4C). These studies sug-
gested that there was enhanced alveolar macrophage uptake
of PNP compared to PMP particles.

Quantification of Particle Uptake by BAL Alveolar
Macrophages in Vivo. Optimal particle diameters for
phagocytosis by alveolar macrophages are reported to be 1—3
um, and phagocytosis is considered to decrease with particle
size and time after delivery to the lung.*®*° To more
specifically quantify alveolar macrophage uptake, we exam-
ined BAL cells from different time points after IT delivery
using flow cytometry. Rapid uptake was observed for all
particle types in 30—60% of the macrophages in samples
obtained 3 h postdelivery (Figure 4D). By 24 h, there was a
decrease in the percentage of macrophages containing PMP,
while macrophage uptake of the PNP remained high (>50%).
There was no apparent effect of CPP to augment macrophage
uptake of either particle.

Determination of the Acute Inflammatory Cell Response
in the Lung after Delivery of Particles. The respiratory
system response to particulate invasion is typically ac-
companied by a rapid inflammatory response that can be
monitored by assay of immune cells and accompanying
inflammatory mediators in BAL fluid.***° Few studies have
explored responses to synthetic particles specifically devel-
oped for nanomedicine.'®*'** It was therefore important to
next determine if there was a toxic inflammatory response
in the lung following IT delivery of particles (Figure SA).
Cells in BAL fluid recovered from naive mice include at
least 95% alveolar macrophages, reflecting the normal innate
cell population. After 24 h, PMP CPP—, PNP CPP— or PNP

(38) Semmler-Behnke, M.; Takenaka, S.; Fertsch, S.; Wenk, A.; Seitz,
J.; Mayer, P.; Oberdorster, G.; Kreyling, W. G. Efficient elimina-
tion of inhaled nanoparticles from the alveolar region: evidence
for interstitial uptake and subsequent reentrainment onto airways
epithelium. Environ. Health Perspect. 2007, 115 (5), 728-33.

(39) Geiser, M.; Casaulta, M.; Kupferschmid, B.; Schulz, H.; Semmler-
Behnke, M.; Kreyling, W. The role of macrophages in the
clearance of inhaled ultrafine titanium dioxide particles. Am. J.
Respir. Cell Mol. Biol. 2008, 38 (3), 371-6.

(40) Mizgerd, J. P. Molecular mechanisms of neutrophil recruitment
elicited by bacteria in the lungs. Semin. Immunol. 2002, 14 (2),
123-32.

(41) De Jong, W. H.; Borm, P. J. Drug delivery and nanoparticles:
applications and hazards. Int. J. Nanomed. 2008, 3 (2), 133—49.

(42) Dailey, L. A.; Jekel, N.; Fink, L.; Gessler, T.; Schmehl, T.;
Wittmar, M.; Kissel, T.; Seeger, W. Investigation of the proin-
flammatory potential of biodegradable nanoparticle drug delivery
systems in the lung. Toxicol. Appl. Pharmacol. 2006, 215 (1),
100-8.
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Figure 4. Localization of particles in the lung following intratracheal delivery. (A) Activity of the indicated '?%I-labeled
particle 1, 3, and 24 h postdelivery in the total lung, post-BAL lung and BAL fluid determined as the mean + SD of
the percent of the intratracheal dose per organ (% ID/organ) from 3—5 mice per group. (B) Photomicrographs of lung
sections obtained 24 h after particle delivery show BSA-488-labeled particles (green) in alveolar epithelial cells
(arrowheads) and cells with alveolar macrophage morphology (arrows). Tissue sections were stained to identify
alveolar type Il epithelial cells (prosurfactant protein C, SPC; red) and nuclei (DAPI; blue). Bar = 10 um. (C)
Photomicrographs of cells obtained by BAL 24 h after delivery of BSA-488-labeled particles that were immunostained
with alveolar macrophage marker antibody CD68 (red) and DAPI (blue). (D) Quantification of BAL alveolar
macrophages that contain BSA-488-labeled particles. At 3 and 24 h postdelivery of PBS or patrticles, cells recovered
in BAL fluid were immunostained for macrophage marker F4/80 and analyzed by flow cytometry. Shown is the mean
+ SD of the percentage of macrophages containing BSA-488-labeled particles in 3—5 mice per group (*p < 0.05).

CPP+ particles did not induce a significant change in the
number or type of immune cells recovered compared to PBS
alone (Figure 5B). Only the PMP CPP+ particles induced
an inflammatory response characterized by an increase in
BAL fluid neutrophils and a decrease in macrophages. This
could not be directly attributed to the Argy since there was
no inflammatory response observed in BAL fluid of mice
delivered purified Argy peptide alone (Figure 5C). In
agreement with the inflammatory cell profiles in the BAL
fluid, further analysis that quantified multiple cytokines,
chemokines and growth factors in cell-free BAL fluid showed
increased levels only in samples from mice administered
PMP CPP+ (Figure 5D). The inflammatory mediators with
increased concentrations were CXCL1/KC, CCL2/JE, CCL3/
MIP-1o. and G-CSF, consistent with the function of these
molecules as neutrophil chemotaxis factors.*® Taken together,
our in vivo analysis reveals that both size and functional-
ization impart each type of particle with its own unique
behavior (Table 2).

Discussion

The use of custom engineered and functionalized nano-
particles provides significant possibilities for improving
diagnostic imaging and unique therapies for lung disease.
However, development of these tools for human applications
demands comprehensive in vivo assessment. In this study,
tracking of particle fate is made possible by the ability to
multifunctionalize our particle system, reflecting one advan-
tage of these synthetic polymer constructs. Here, we show
that the direct and commonly used clinical route of respira-
tory tract delivery for administration of our polymer based
micro- and nanoparticles results in reproducible behaviors
for adaptation to imaging and therapeutic applications in the
lung (Table 2). We also specifically tested the functional-
ization of particles with CPP since it is remarkably effective
for cargo delivery in vitro and in some cases when delivered
intravenously.”°~*? To our knowledge, nanoparticles bearing
CPPs have not been previously studied for delivery to the
respiratory tract, where cell targets and host defense mech-
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Figure 5. Inflammatory response in the lung following intratracheal delivery of particles. (A—C) Quantification of cell
types recovered by BAL 24 h postdelivery of the indicated particle or Argy alone. Shown is the mean + SD of total
and individual cell types (Mac, alveolar macrophage; Lymph, lymphocyte; Neutro, neutrophil) from at least 3 mice. (D)
BAL fluid cytokines measured in cell-free supernatant by BioPlex assay from 3 mice. A significant difference

compared to other treatments is indicated (*p < 0.05).

Table 2. Fate of Nanoparticles Following Respiratory Tract Delivery®®

particle type lung retention Gl clearance blood transit AM uptake epithelial uptake inflammation
PMP CPP— ++ 4+ ++ ++ + —
PMP CPP+ ++ +++ ++ ++ + +
PNP CPP— 4+ + + ++++ + -
PNP CPP+ 4+ + + +++ + -

2 Gl, gastrointestinal; AM, alveolar macrophage. ? Scoring: —, not detected; +, <10%; ++, 10—25%; +++, 26—50%; ++++, >50%.

anisms present an environment that is very different from
that of the vascular system and other organs. We identified
that the addition of the Argy CPP to the carrier structure
induced significant changes in particle behavior in vivo,
particularly enhancing lung airspace retention of the PNP
without induction of inflammation when delivered to the
respiratory tract of mice.

Our multimodality analysis of the acute behavior of CPP
functionalized micro- and nanosized particles delivered
intratracheally also revealed important findings with direct
implications for particle design for clinical applications. First,
PET imaging showed that both large and small particle types
were distributed widely throughout lung airspaces, indepen-
dent of the presence of CPP and any differences in surface
charge. By labeling the particles with multiple markers, we
could use whole animal, tissue and cell-based analysis to
determine that the PET imaging correlated well with airspace
filling and mucociliary clearance. Second, using these assays,
we confirmed that the routes of particle clearance were size-
dependent as reported by others: the larger particles (PMP)
were more rapidly cleared by mucociliary mechanisms, likely
due to a tendency for more proximal impaction in the airway
of respiratory tract.*®*® Consistent with this conclusion, the
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biodistribution assay (Figure 3) revealed significantly higher
PMP than PNP GI tract activity at one and three hours
postdelivery (p < 0.05). This is the result of movement of
particles (or particles within cells), up the mucociliary
escalator and subsequent swallowing. Thus lower mucociliary
clearance contributed to the prolonged lung retention of PNP.
Size-dependent behavior related to transit to the blood was
opposite of that predicted, based on prior reports.””** These
reports indicated that a significant proportion of nanoparticles
transit the alveolar space to the blood. In contrast, we found
a greater fraction of PMP in the blood pool, possibly owing
to some unrecognized alteration or injury to the alveolar
epithelial cell basement membrane.?” Third, both large and
small particles were rapidly taken up by alveolar macroph-
ages, without enhancement of phagocytosis by CPP. For PNP
in particular, macrophage uptake is thus likely the major route
for clearance, whereas it is possible that a high proportion
of PMP clearance is by mucociliary routes without phago-

(43) Nemmar, A.; Hoet, P. H.; Vanquickenborne, B.; Dinsdale, D.;
Thomeer, M.; Hoylaerts, M. F.; Vanbilloen, H.; Mortelmans, L.;
Nemery, B. Passage of inhaled particles into the blood circulation
in humans. Circulation 2002, 105 (4), 411-4.
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cytosis. The relatively greater macrophage uptake of nano-
particles than microparticles may also be the result of a higher
amount of PNP than PMP delivered since dosing was based
on mass. Fourth, epithelial cell uptake was independent of
the addition of the Argy CPP for both sizes of particles, as
opposed to the enhanced uptake that we observed in vitro.'?
Last, in contrast to reports of inflammation induced by other
particles,'®¢ acute airway inflammation, assessed at 24 h
after delivery, was not induced, with the single exception of
the PMP CPP+.

We found that the presence of Argy significantly alters
the behavior of the particles in the lung. Interestingly, Argyg
improves the lung retention of the PNP, while it speeds up
clearance of the larger PMP. The prolonged retention of the
PNP with Argy could not be attributed to the difference in
charge alone since both PMP CPP+ and PNP CPP+ were
of similar surface charge (Table 1). These differences in
behavior caused by a small perturbation to the carrier
structure highlight the need to take into account multilevel
(cell, organ, and whole organism) effects in the design of
particle-based carrier systems. Prior studies of respiratory
tract delivery of CPP-bearing molecules are limited and have
mixed results, indicating that multiple design features must
be considered. For example, IT delivery of luciferase plasmid
with a TAT-derived CPP linked via a polyethylene glycol
(PEG) bridge to polyethylenimine did result in a low level
of total lung luciferase expression.”> However, in that report,
Kleeman et al. argued that TAT-derived peptide alone was
insufficient to mediate in vivo transfection of lung cells and
that the PEG conjugate was a critical component for delivery.
Other investigators have suggested that the addition of
hydrophilic PEG may be a critical factor for enhancing
penetration of particles through the dense, thin mucous layer
that normally lines the respiratory tract.***> It is possible
that the use of a PEG linker incorporated into our hydrogel
particles could permit the CPP to function more effectively
in vivo. On the other hand, the nanoparticles that contact
the alveolar epithelial cells face a high surfactant barrier,
where additional particle surface properties may need to be
engineered to enable cell entry. Additional factors, such as
particle shape and charge, are likely also important to
maximize CPP-mediated nanoparticle uptake and represent
areas for future investigation to optimize lung delivery.*®

We also investigated the lung inflammatory responses of
our particles using both quantification of immune cells
recovered in BAL fluid and cytokines in cell-free BAL. We

found that, 24 h following tracheal instillation, only the PMP
CPP+ induced increased numbers of neutrophils in the BAL
fluid. In contrast, the PMP CPP— or the Argy peptide alone
did not increase neutrophils, suggesting that the presence of
the cationic Argy in the context of the PMP structure may
have enhanced toxicity. This is analogous to the lung
inflammation observed when TAT peptides were linked to
different types of siRNA or DNA resulting in the induction
of inflammation in the lung.?>*® As noted, the surface charge
of the PMP CPP+ was similar to the relatively non-
inflammatory PNP CPP+, again indicating that combinations
of size, charge and other particle design features may
influence the development of inflammation. The inflamma-
tory response induced by PMP CPP+ was accompanied by
increased levels of chemokines and growth factors that are
known to enhance neutrophil influx in the lung (e.g., CXCL1,
CCL2, CCL3, G-CSF).* The source of this inflammation
may be the result of an interaction of peptide-bearing particles
with alveolar macrophages or airway or alveolar epithelial
cells as reported.*”*® However, when we exposed primary
alveolar macrophages to particles and measured cytokines
in supernatants, we did not observe an increase in cytokine
or chemokine production (data not shown), in contrast to
macrophage responses observed by others.*® We further
recognized that the present experiments were designed to
study only an acute effect where prolonged retention of
particles may induce a chronic response as observed in the
case of intratracheally administered carbon nanotubes.*’
Although we used several assays to determine the fate and
effects of intratracheal delivery of our particles, elucidating
additional aspects of particle behavior will require future
investigation. For example, we need to gain further insight
into the mechanisms for prolonged retention of the PNP
nanoparticle and facilitation by Argy. While retention could
be strongly influenced by particle biodegradability, it may
also be associated with particle size, shape and surface
charge. We have also considered that retention may be related
to the movement of particles to the alveolar interstitial space,
a phenomenon observed in the study of ultrafine particles.*®
However, using immunofluorescence microscopy, we did not
observe BSA-488-labeled particles within the interstitial
space of the alveoli. The use of immunogold-labeled anti-
Alexa Fluor 488 antibodies and electron microscopy of lung
tissues analyzed over a longer period of time might reveal
this behavior. Also, while the mechanism of uptake of a
variety of structures with CPP has been extensively
investigated,” % it is possible that unique pathways inde-

(44) Lai, S. K.; Wang, Y. Y.; Hanes, J. Mucus-penetrating nanoparticles
for drug and gene delivery to mucosal tissues. Adv. Drug Delivery
Rev. 2009, 61 (2), 158-71.

(45) Wang, Y. Y.; Lai, S. K.; Suk, J. S.; Pace, A.; Cone, R.; Hanes, J.
Addressing the PEG mucoadhesivity paradox to engineer nano-
particles that “slip” through the human mucus barrier. Angew.
Chem., Int. Ed. 2008, 47 (50), 9726-9.

(46) Zhang, K.; Fang, H.; Chen, Z.; Taylor, J. S.; Wooley, K. L. Shape
effects of nanoparticles conjugated with cell-penetrating peptides
(HIV Tat PTD) on CHO Cell uptake. Bioconjugate Chem. 2008,
19 (9), 1880-7.

(47) Barlow, P. G.; Clouter-Baker, A.; Donaldson, K.; Maccallum, J.;
Stone, V. Carbon black nanoparticles induce type II epithelial cells
to release chemotaxins for alveolar macrophages. Part. Fibre
Toxicol. 2005, 2, 11.

(48) Bastus, N. G.; Sanchez-Tillo, E.; Pujals, S.; Farrera, C.; Kogan,
M. J.; Giralt, E.; Celada, A.; Lloberas, J.; Puntes, V. Peptides
conjugated to gold nanoparticles induce macrophage activation.
Mol. Immunol. 2009, 46 (4), 743-8.

(49) Lam, C. W.; James, J. T.; McCluskey, R.; Hunter, R. L. Pulmonary
toxicity of single-wall carbon nanotubes in mice 7 and 90 days
after intratracheal instillation. Toxicol. Sci. 2004, 77 (1), 126-34.
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pendent of CPP might exist for the polyacrylamide com-
plexes tested here, possibly related to their inherently
hydrophilic nature. Future assessment of particles function-
alized with CPP will be directed toward testing designs that
incorporate fully biodegradable components® and the ad-
dition of PEG to enhance mucous penetration,44 as well as
investigating lung retention beyond 24 h. The encapsulation
of a biologically active cargo within the particle that results
in the expression of a biologic or molecular marker (e.g.,
green fluorescent protein) or a therapeutic molecule will
further enhance our ability to assess the value of nanoparticle
systems for diagnostic and therapeutic applications.

Conclusion

Synthetic polymer-based hydrogel particles provide the
flexibility required to incorporate targeting peptides and
imaging probes, plus package diagnostic and therapeutic
cargoes for delivery to the lung. Examination of the fate of
model particles labeled to enable tracking shows that changes
in size, charge and functionalization result in unique behav-
iors, each with clinical implications. The larger PMP are
briefly retained throughout the airspaces, then cleared rapidly
by the GI tract (likely via mucociliary routes), and have a
short lung half-life. In the absence of the CPP Argy these
particles did not induce acute inflammation and thus could
be used for diagnostic imaging or delivery that requires a
relatively brief lung dwell time such as for acute lung injury
(e.g., acute lung infection and acute respiratory distress
syndrome). In contrast, the smaller PNP have a higher and
more prolonged lung airspace retention, which is further
augmented by Argy without acute lung inflammation. These
nanoparticles may be more advantageous for serial imaging
or therapy of a more persistent lung injury. The high and
prolonged uptake of particles in macrophages could be
capitalized on for treatment of slow growing and difficult to
treat intracellular microorganisms such as Mycobacterium
tuberculosis, as suggested by others.®''>! Enhanced release

(50) Broaders, K. E.; Cohen, J. A.; Beaudette, T. T.; Bachelder, E. M.;
Frechet, J. M. Acetalated dextran is a chemically and biologically
tunable material for particulate immunotherapy. Proc. Natl. Acad.
Sci. U.S.A. 2009, 106 (14), 5497-502.

(51) Verma, R. K.; Kaur, J.; Kumar, K.; Yadav, A. B.; Misra, A. Intra
cellular time course, pharmacokinetics, and biodistribution of
isoniazid and rifabutin following pulmonary delivery of inhalable
microparticles to mice. Antimicrob. Agents Chemother. 2008, 52
(9), 3195-201.
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of antituberculosis agents using microparticles and nanopar-
ticle constructs has been considered based on the potential
to reduce systemic toxicity, provide higher local concentra-
tions of drug, and thereby reduce dose frequency compared
to current oral drugs.®''! Clinical delivery of nanoparticles
to the lung may be facilitated by existing aerosolizing devices
that can be used to generate mist for impaction in airways
or alveolar spaces.''*® As we demonstrate, functionalization
of our particle systems with these or other diagnostic and
therapeutic agents may further alter the material character-
istics of the carrier (e.g., surface charge, size, etc.), which
will continue to drive the need for comprehensive in vivo
characterization of particle behavior.
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