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Abstract

Nanoparticles (NPs) play expanding roles in biomedical applications including imaging and
therapy, however, their long-term fate and clearance profiles have yet to be fully characterized /n
vivo. NP delivery viathe airway is particularly challenging, as the clearance may be inefficient
and lung immune responses complex. Thus, specific material design is required for cargo delivery
and quantitative, noninvasive methods are needed to characterize NP pharmacokinetics. Here,
biocompatible poly(acrylamidoethylamine)-4-poly(DL-lactide) block copolymer-based
degradable, cationic, shell-cross-linked knedel-like NPs (Dg-cSCKs) were employed to transfect
plasmid DNA. Radioactive and optical beacons were attached to monitor biodistribution and
imaging. The preferential release of cargo in acidic conditions provided enhanced transfection
efficiency compared to non-degradable counterparts. /n7 vivo gene transfer to the lung was
correlated with NP pharmacokinetics by radiolabeling Dg-cSCKs and performing quantitative
biodistribution with parallel positron emission tomography and Cerenkov imaging. Quantitation of
imaging over 14 days corresponded with the pharmacokinetics of NP movement from the lung to
gastrointestinal and renal routes, consistent with predicted degradation and excretion. This ability
to noninvasively and accurately track NP fate highlights the advantage of incorporating
multifunctionality into particle design.
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INTRODUCTION

Multifunctional nanoparticles (NPs) offer a versatile platform to incorporate biologically-
active and contrast-enhancing elements to create diagnostic, therapeutic, or theranostic
agents[1—6]. NP-mediated nucleic acid delivery is one of the advancing applications for
treatment of cancer[7—9] and non-malignant genetic diseases[lo, 11]. The incorporation of
cationic polymers into gene carriers has been particularly favorable due to their ability to
efficiently complex anionic DNA by electrostatic interactions. Cationic polymers[lz] such
as poly(L-lysine)[13, 14], polyethylenimine (PEI)[15—18], dextran[19], and polyamidoamine
(PAMAM) dendrimers[20, 21] have been used for nucleic acid delivery /n vivo, however,
clinical use has been limited by their toxicity[22]. Degradable nanomaterials may reduce
toxicity and allow excretion of the degradation products after delivery of their payloads. NPs
composed of poly(DL-lactide)[23, 24], poly(lactide-co-glycolide) (PLGA)[25, 26], and
chitosan[27] have been widely used because of their enhanced biocompatibility and low
toxicity, but tracking of their long term pharmacokinetic fate has not yet been fully explored.
Hence, design and development of a NP system that allows multifunctionality such as
binding to nucleic acid, imparting minimal toxicity, and providing the ability to track them is
an important advance. Moreover, real-time monitoring of NP performance by /n vivo
imaging techniques could answer important questions regarding the delivery of therapeutic
agents and subsequent NP fate.

The lung is an attractive but challenging organ for delivery of NPs. Anatomic advantages
include ease of access v/athe airway and a large surface area for delivery and absorption.
When properly functionalized, airway delivery of NPs may be used for treatment of lung
diseases such as cystic fibrosis, cancer, and acute lung injury[28—31]. Gene delivery in the
lung by NPs composed of PEI and tetrafunctional block copolymers[15—17, 32] has been
achieved, and highly compact DNA NPs are able to pass the mucus barrier[33]. Beyond
payload delivery, the fate and pharmacokinetics of the NP vehicles has not been evaluated,
in part due to design limitations such as a lack of sensitive detection. Compared to systemic
delivery by an intravenous route, tracking organ-specific delivery of NP vehicles is
demanding, as an additional compartment must be included in any pharmacokinetic analysis.
We and others have shown that NPs accumulate within the airways and alveolar air sacs,
providing a potential depot effect for cargo release, and also impeding clearance or
degradation that relies on extra-pulmonary metabolism or excretion[34, 35].

While long term tracking studies of NPs have been performed in tumor models[36—39] and
after systemic injection of stem cells[4o—42] labeled either with organic nanodots for optical
imaging, or iron oxide-based NPs for magnetic resonance imaging (MRI), lung delivery
remains less explored. The distribution of NPs delivered to the lung has been imaged by the
co-administration of the conventional nuclear imaging agent ™MTc in combination with a
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therapeutic nanoparticle for gene delivery[43]. However, there has been little investigation
into the fate of degradable NPs after gene delivery to the lung using direct labeling of the NP
and quantitative /n vivo imaging over time to demonstrate organ distribution and clearance.
Thus, our goal is the development of improved platforms and approaches to track the fate of
NPs delivered to the lung.

To this end, multifunctional core-shell NPs capable of delivering therapeutic genetic
materials to the airway have been explored. These NPs are composed of cationic block
copolymers that self-assemble into core-shell micelles that can be covalently cross-linked
into shell-cross-linked knedel-like NPs (cSCKs)[44, 45]. Designed to mimic natural DNA-
binding histone proteins, these NPs have been used to deliver nucleic acids /n Viz‘r0[46].
More recently, partially degradable cSCKs (Dg-cSCKSs) with hydrolyzable poly(DL-lactide)
in the core domain, a cleavable ester-based cross-linker throughout the shell region, and
fluorescent tags for optical tracking were prepared and tested for delivery of siRNA /n vitro
in preliminary studies[47]. More important is their /n vivo transfection performance with
plasmid DNA (pDNA) and pharmacokinetic profiles, which have not been investigated. In
this study, Dg-cSCKs were explored as a multifunctional NP platform to deliver pDNA,
degrade, and be quantitatively tracked both /in vitroand in vivoin mice. Given the specific
features of NP degradation, we also focused on characterizing the /n vivo pharmacokinetics
and fate of the NP by radiolabeling Dg-cSCKs using a multimodal, noninvasive imaging
approach that incorporated positron emission tomography (PET) and Cerenkov
luminescence imaging.

MATERIALS AND METHODS

Detailed methods are included in the Supporting Information (SI).

Synthesis of degradable cSCKs

The synthesis of non-degradable cSCKs (NonDg-cSCKSs) and labeling with Alexa Fluor 647
is previously described[44, 45]. Synthesis of degradable cSCKs (Dg-cSCKs) and production
of cSCK labeled with Alexa Fluor succinimidyl ester (Life Technologies, Grand Island, NY)
were recently reported[47]. Physical characterization of cSCKs, including hydrodynamic
diameter (D), size distributions of cSCK and zeta potential measurements were determined
as described[48] and as detailed in the SI.

Plasmid DNA preparation

Plasmids pEGFP-N1 (Clontech Laboratories, Mountain View, CA, referred to as pGFP) and

pGL4.51 (Promega, Madison, WI, referred to as pLuc), were used to express enhanced green
fluorescent protein (eGFP) and firefly (Photinus pyralis) luciferase, respectively, each under

control of a cytomegalovirus gene (CMV) promoter. Plasmid DNA was isolated and purified
using the Qiagen EndoFree Plasmid kit (Qiagen, Valencia, CA).

cSCK binding to plasmid DNA

pGFP was diluted to 0.2 pg/10 pL and mixed with cSCK at different ratios of NP amine (N)
to plasmid DNA phosphate (P) (N/P). cSCK:pGFP complexes were incubated in PBS buffer
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for 30 minute and resolved by electrophoresis on a 1 percent agarose gel where DNA was
visualized by ethidium bromide staining[44].

Halogen radiolabeling Dg-cSCKs

123| 1241 131) and "6Br radiolabeling of Dg-cSCK are described in the SI. Radiochemical
purity was determined by radio-thin layer chromatography. The radioiodination of the Dg-
cSCKs was optimized using 1231. The biodistribution, PET and Cerenkov imaging were

performed with 1241 radiolabeling, which was further confirmed by 1311 labeling (Table 1).

NP degradation assay

PBS (250 pL, pH 7.4) was added to a lyophilized vial of Dg-cSCK for a final concentration
of 2 mg/mL. The solution was sonicated for 5 minutes, and 50 uL was added to an
iodination tube containing 18.0 MBq of 124| (3D Imaging, Maumelle, AR) in 100 pL of
PBS. Following incubation at room temperature for 20 minutes, the labeling efficiency was
determined by radio-TLC and confirmed to be > 95 percent. The sample was analyzed 1
hour and 7 days after dissolution on a GE AKTA fast protein liquid chromatography (FPLC)
system using a Tosoh TSK gel PW XL-CP cationic exchange column equipped with a FW
XL-CP guard column. Samples were run at 0.8 mL/min in SEC buffer with individual 0.8
mL fractions collected. These fractions were then analyzed on a gamma counter (Perkin
Elmer, Waltham, MA). The CPM were plotted to generate the elution profile of the 124]-
labeled Dg-cSCK.

Characterization of cSCK:pDNA nanocomplexes

Nanocomplexes were characterized using dynamic light scattering (DLS), transmission
electron microscopy (TEM), and atomic force microscopy (AFM) as described in the SI.

NP cytotoxicity

HEK?293T cells were cultured using standard methods. cSCKs over a range of
concentrations were incubated with cells for 24 h. Cell ATP activity was measured as a
marker of cell viability using the Cell-Titer-Glo Reagent (Promega, Madison, WI).

In vitro transfection assay

HEK?293T cells were cultured in 96-well plates for 18 hours before transfection.
Transfectant solutions were sonicated then added to opti-MEM media, mixed, and incubated
for 5 minutes. pGFP or pLuc was added to achieve specific N/P ratios and incubated for 30
minutes at room temperature ([DNA] = 2 pg/mL; [NonDg-cSCK] = 4.32 to 17.28 ug/mL;
[Dg-cSCK] = 12 to 36 pg/mL). For GFP expression, HEK293T cells were analyzed by flow
cytometry. Luciferase activity was measured by the Luciferase Assay system using the
manufacturer’s protocol (Promega). The measure of luciferase activity relative to ATP
cytotoxicity was determined as a measure of the utility of the NP as a transfectant.

Flow cytometry

HEK?293T cell entry of cSCKSs labeled with Alexa Fluor 647 was quantified by flow
cytometry using a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA). The
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percent cells expressing Alexa Fluor 647 and median fluorescent intensity (MFI) were
determined using CELLquest software (BD Biosciences, San Diego, CA).

In vitro imaging of pDNA and cSCKs

pDNA was labeled with FITC using the Label IT Tracker Kit (Mirus Bio, Madison, WI). To
confirm colocalization of cSCKs with endosomes, HEK293T cells were labeled with early
endosome marker Rab5a (Cell Light Early Endosomes-RFP BacMam 2.0, Life
Technologies, Grand Island, NY).

DNA release assay

GelRed dye (Biotium, Hayward, CA) was used to report free DNA released from NP:pDNA
complexes. GelRed was diluted in PBS to make a stock solution of 0.25 mg/mL. Solutions
of NP with and without pDNA were incubated at 37 °C for either 4 or 24 h (at either pH 5 or
7) prior to addition of GelRed dye solution. Fluorescence spectra were recorded on a
Nanolog VIS-NIR spectrofluorometer (Horiba, Kyoto, Japan) equipped with a double
grating monochromator iHR320 imaging spectrograph, and a thermoelectrically cooled

(=25 °C) R928P photomultiplier tube as a detector. GelRed dye (20 uL) was added to each
cuvette containing 1 mL of cSCK or cSCK:pDNA complexes and fluorescence intensity was
measured at 430 nm excitation and 510-700 nm emission, with both slits at 5 nm, and
integration time 0.2 sec. FluorEssence (Horiba, Kyoto, Japan) software was used to operate
the fluorimeter and process the data.

In vivo NP:pDNA nanocomplex delivery and transfection assay

The Animal Studies Committee of the Washington University approved all animal studies
reported. Mice were administered NP:pDNA nanocomplexes by way of a percutaneous
catheter inserted into the trachea of sedated animals[34]. Dg-cSCK:pLuc nanocomplexes
were freshly prepared, using an N/P ratio of 8:1 and administered intratracheally as a single
50 pL volume ([DNA] = 15 to 35 pug; [Dg-cSCK] = 72 to 168 pg). Control mice were treated
with water, pLuc only (25 ug), or with a complex of pLuc (25 pg) and 2 pL stock
polyethylenimine solution (PEI, Polyplus, lllkirch, FR). Lungs were homogenized and
assayed for DNA transfection efficiency by measuring luciferase activity as /n vitro.
Luciferase activity was normalized to the protein content (RLU/mg protein).

Bronchoalveolar lavage (BAL) and lung tissue histology

To obtain BAL fluid cells to characterize inflammatory response, mice were euthanized, and
lung lavage was performed as previously described[34]. Total cells recovered by BAL were
quantified and cell differential determined using standard light microscopy criteria.
Following BAL, lungs were inflation fixed, embedded in paraffin and tissue sections
obtained for hematoxylin and eosin staining.

Biodistribution and excretion

Dg-cSCKs radiolabeled with 76Br, 1241, or 131| and complexed with pDNA were
administered intratracheally (0.19 to 0.37 MBq per mouse). Organs were weighed and
analyzed by gamma counter (Model 8000, Beckman, Brea, CA) as described[34, 49].
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Standards were measured in parallel to calculate the percentage injected dose per gram of
tissue (percent 1D/g) or per organ of tissue (percent ID/organ)[34, 49—51]. Urine and feces
were collected every 2 days and assayed by gamma counter to determine excretion.

PET imaging
A suspension of 76Br-labeled Dg-cSCKs or 124|-labeled Dg-cSCK:pLuc nanocomplex was
administered to lungs intratracheally (1.85 MBg/mouse). PET and corresponding x-ray
computed tomography (CT) images were acquired using cross-calibrated Inveon
microPET/CT (Siemens, Munich, Germany) or Focus 220 PET (Concorde Microsystems,
Knoxville, TN) scanners. Acquisition times ranged from 15 to 60 minutes. Standardized
uptake values (SUVs) from the lungs were quantified by image analysis with Inveon
software (Siemens).

Cerenkov luminescent imaging

Mice used for biodistribution or PET imaging were also imaged by detection of Cerenkov
radiation from either 1241- or 131|-labeled cSCK:pDNA complexes. After intratracheal
injection, mice were imaged with an optical 1VIS 100 Spectrum system (Perkin Elmer,
Waltham, MA) for 10 minutes. Radiances (p/s/cm?/sr) from lung regions of interest were
quantified with Living Image 3.0 software (Caliper Life Sciences, Hopkinton, MA). To
normalize radiant intensities, background luminescent signal was subtracted and signals
were corrected for 1241 or 131| radioactive decay.

Statistical analysis

Unpaired samples were compared using the 2-tailed Student’s #test. The level of
significance was set at p < 0.05.

RESULTS AND DISCUSSION
Dg-cSCK synthesis and halogen radiolabeling

The SCKs composed of block co-polymers have been created as an adaptable class of
vehicles for /n vitroand in vivo delivery of theranostic agents[44, 45]. For these studies, as
an alternative to previous nondegradable cSCKs (NonDg-cSCK)[46], the block co-polymers
were altered to incorporate degradable ester bonds in the hydrophobic component while
keeping the positively-charged outer shell for nucleic acid carriage and intracellular
uptake[47]. To track the NPs, fluorescent markers and hydroxyphenyl rings for halogen
radiolabeling were added. Dg-cSCKs (Figure 1A) were synthesized as previously
described[47] to generate NPs with a hydrodynamic diameter (Dpgumper) 0f 135 + 40 nm as
measured by DLS. The shell of these cSCKs possessed the positive charge necessary for
DNA complexation, as indicated by a zeta potential surface charge of ca. + 40 mV.

To impart multifunctional imaging properties to the Dg-cSCK for /n vitroand in vivo
tracking studies and pharmacokinetic characterization, the NPs were labeled either with
Alexa Fluor 647[44, 45] or radiohalogens. Radiolabeling with each radionuclide

(1231, 1241 131) "and 7®Br) was achieved by means of a hydroxyphenyl ring introduced within
the shell of the cSCK. Radiolabeling with 76Br was used for an initial assessment of
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biodistribution and PET imaging of NP alone. We chose Br is it is easily available at our
institution, and offers the ability to rapidly perform both biodistribution and high resolution
PET imaging[34]. 1231 was employed to optimize radiochemistry since it was the most
economical nuclide, 1241 was used to provide multimodal imaging and biodistribution
functionality, and 1311 was used to confirm the results by mitigating potential for radiolysis
from 124] high-energy radiation (Table 1). The 123|-tagged Dg-cSCK demonstrated high
labeling efficiency and radiochemical purity that were ratio dependent (Figure 1B) wherein
higher Dg-cSCK:123 ratios provided greater radiochemical purity, but lower specific
activity. The specific activities were consistent with prior NP radiolabeling studies for tumor
imaging[52]. The inclusion of the radionuclides provided the ability to radiolabel Dg-cSCKs
for quantitative biodistribution and excretion studies 7 vivo, which are necessary to
understand the biologic function of this particular nanomaterial in whole animal models.

Dg-cSCKs degradation in aqueous solutions

We hypothesized that cSCKs with degradable ester bond crosslinkers (Dg-cSCKs) would
enhance clearance and decrease toxicity. Balancing the rate of degradation with toxicity was
of interest, since immediate degradation may prevent payload delivery while a prolonged
dissolution could increase inflammation. Dg-cSCK degradation in aqueous conditions was
characterized using 1241-labeled NP suspensions injected into a highly sensitive radioactive
size exclusion column at early and late time points (Figure 1C). Only one peak was present
one hour after dissolution (8 mL elution volume), representative of a single cSCK species. In
contrast, 7 days after dissolution, the peak at 8 mL was significantly diminished, indicating
some remaining intact Dg-cSCK. However, multiple new, prominent peaks were observed
between 10 and 20 mL, which is consistent with the observation lactic acid and different
sized oligo(lactic acid) were released from the original Dg-cSCK as a result of ester bond
degradation[47, 53]. Importantly, these degradative products could be detected with greater
sensitivity than in previous studies of degradation performed on these Dg-cSCKs.

Degradable cSCKs bind DNA and form nanocomplexes

Effective NP-mediated gene transfer requires high pDNA binding and efficient intracellular
delivery. We have previously demonstrated that the NonDg-cSCKs efficiently transfect
siRNA[54] and peptide nucleic acid (PNA)[45] /n vitro by means of the cationic shell,
however pDNA transfection was never evaluated. The poly(acrylamidoethylamine)-based
cationic shell of the Dg-cSCKs was designed to bind pDNA through electrostatic interaction
with amines (Figure 1A). The DNA binding of the non-degradable and Dg-cSCK were
compared over a range of molar cSCK amine to pDNA phosphate (N/P) ratios (1:1 to 16:1).
Both types of NP complexed with pDNA (pGFP) at N/P ratios of 2:1 and above (Figure 1D).
Non-complexed Dg-cSCKs ranged in size from 25-50 nm by TEM (Figure 1E), and
aggregation was observed that led to particle sizes ~ 100 nm (Figure 1E inset), consistent
with the sizes detected by DLS. Dg-cSCK:pGFP nanocomplexes at the N/P ratio of 8:1 were
characterized by TEM and DLS. TEM revealed a wide variation in nanocomplex size and
shape (Figure 1F), and DLS displayed a doubling of size and polydispersity compared to the
cSCKs alone (Dpmumper) = 240 = 60 nm; Figure S1A), which was confirmed with atomic
force microscopy (AFM; Figure S1B). Using AFM under wet conditions /n situ, particle
diameter increased by 20 percent between minute 5 and 10, while the surface roughness
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decreased by 10 percent, which we propose is due to dynamic reorganization events of the
nanocomplexes formed between Dg-cSCKs and pDNA and the presence of non-crosslinked
transient polymer. This NP:pDNA complex is consistent with the dynamic physicochemical
interactions of nucleic acids with other NPs and lipid moieties used for efficient gene
delivery[>, 56].

In vitro transfection efficiency of Dg-cSCK

In addition to binding DNA, the cationic shell of the cSCK may also provide the capacity for
cell uptake, potentially through electrostatic interaction with negatively-charged cell
membranes, another required step for successful gene delivery. First, /in vitro transfer of the
previously efficacious Noan-cSCK[46] was compared with the Dg-cSCK using gene
expression reporter plasmids for eGFP and luciferase expression (Figures 2A, 2B, and S2A)
in the mammalian epithelial cell line, HEK293T. Transfection of pGFP and pLuc with Dg-
cSCK complexes provided 200 and 300 percent greater transfection efficiency, respectively,
when compared to NonDg-cSCKs, and Dg-cSCKs provided 30 percent greater efficiency
than commercial transfectant Lipofectamine2000. The peak activities were at N/P ratios of
20:1 for NonDg-cSCKs and 30:1 for Dg-cSCKSs. A significant decrease in cell viability was
seen above these high ratios (Figures 2A and S2B). Therefore, nontoxic N/P ratios of 15:1
for NonDg-cSCK and 20:1 for Dg-cSCK were chosen for further study /n vitro.

pH-dependent pDNA release from cSCK:pDNA nanocomplexes

Next, the mechanisms accounting for the enhanced Dg-cSCK-mediated gene transfer
compared to NonDg-cSCKSs were explored. To monitor each component of the NP complex
independently during cell uptake, the polymer strands of the cSCKs were tagged with Alexa
Fluor 647 while pDNA was labeled with FITC. The cell uptake of NonDg-cSCKs and Dg-
cSCKs were similar either alone or in complex with DNA, both occurring within 90 minutes
(Figure S3A). Also, characterization of intracellular trafficking of labeled cSCK and pDNA
by confocal microscopy showed that complexes of each NP type were similarly localized in
endosomes 4 hours after initial incubation (Figure S3B), suggesting that improved
intracellular trafficking was also not the cause of the difference in transfection efficiency.
However, there was significantly higher luciferase activity in cells transfected with similar
amounts of pLuc carried by Dg-cSCK compared to NonDg-cSCK at 40 hours post-
incubation and later (Figure 2B). These findings suggested that the difference in gene
delivery efficiency occurs after the nanocomplexes have reached the endosomes.

Thus, it was hypothesized that differences in intracellular release of pDNA from the cSCK
was the cause of the enhanced gene expression observed with the degradable nanocarrier.
Therefore, cSCK:pDNA complexes were incubated with GelRed, a dye that changed
emission spectrum after binding free DNA. At 24 hours after nanocomplex incubation at pH
7.0, pDNA complexed with Dg-cSCK demonstrated significantly higher amounts of free
DNA compared to NonDg-cSCK:pDNA complexes (Figure 2C). Moreover, this difference
was substantially greater at pH 5.0 (Figure 2D). These observations supported the
proposition that Dg-cSCKs degrade, releasing lactic acid byproducts and altering the
integrity of the cationic shell, leading to the release of pDNA cargo more efficiently in acidic
endosomes compared to their NonDg-cSCK counterparts. It is also possible that after
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cellular uptake, the lactic acid release may also lower the intracellular pH of cells, further
enhancing the pH-dependent pDNA release.

In vivo gene transfection

This was the first study to evaluate the /n vivo transfection performance of Dg-cSCKSs;
specifically, Dg-cSCK:pLuc nanocomplexes were assessed after delivery to the airway in
mice. Nanocomplexes with a range of N/P ratios (1:1, 3:1, 6:1 and 8:1) were administered
intratracheally and luciferase expression was quantified in whole lung homogenates. The
ratio of Dg-cSCK to pLuc resulting in the highest level of gene expression (8:1 ratio) was
used in combination with 25 ug of pDNA for subsequent experiments (Figure 3A). As
expected, using a conventional pDNA vector, the luciferase activity was transient, with the
highest expression observed at day 2 (the earliest time point examined), then declined by
days 7 and 14 (Figure S4). The peak luciferase expression of the lungs treated with Dg-
cSCK:pLuc nanocomplexes was 8-fold higher than the effect of naked pDNA. The levels of
Dg-cSCK-mediated pDNA luciferase activity was similar to some reports of NP-mediated
transfection in the lung, while lower than others[ll, 14]. Lungs treated with Dg-cSCK:pLuc
nanocomplexes had 10-fold lower luciferase activity than lungs from animals treated with
the commercial /n vivo transfectant PEI in complex with pLuc, though the PEI reagent
induced epithelial necrosis, peribronchial and alveolar inflammation as reported[57, 58]. Dg-
cSCK:pDNA resulted in a mild inflammatory response compared to PEI alternatives, as
determined by bronchoalveolar lavage (BAL) inflammatory cells (Figure 3B). Alveolar
infiltrates were not observed in the lungs of mice treated with Dg-cSCK:pDNA
nanocomplexes. While Dg-cSCK has the capacity for successful in vivo gene delivery, it is
also possible that Dg-cSCK carriage of new generation minicircle DNA plasmids lacking
prokaryotic sequences or plasmids with eukaryotic promoters would enhance both levels and
maintenance of gene expression[59, 60]. Due to its relative biocompatibility, gene transfer
potential, and degradability, therapeutic plasmids such as those for modulating infection,
inflammation or fibrosis could be delivered in an identical manner as pLuc in this study to
provide therapy for acute (e.g., respiratory virus infection) and chronic (e.g., pulmonary
fibrosis) lung diseases with minimal adverse effects from the nanocarrier[10, 11].

Biodistribution of Dg-cSCK:pDNA complex clearance in vivo

We next sought to characterize NP-nucleic acid conjugate pharmacokinetics, as would be
required for future translation. Short term gene delivery to the lung with nanocarriers has
been characterized with nuclear and optical imaging[43], and nanoprobes have been used in
a variety of modalities for long term stem cell and tumor tracking[36—40]. However, these
studies are often hampered by low sensitivity or limited by tissue attenuation that make
multi-organ quantitative biodistribution studies difficult, and the long term in vivo fate of
gene-delivering nanocarriers indefinite. In our study using the radiolabeling functionality of
the Dg-cSCKs, NPs labeled with different radioisotopes were evaluated in biodistribution
studies and whole animal imaging.

We initially assessed the biodistribution using a short-lived 76Br-labelled Dg-cSCKs (Figure
S5) that also enabled simultaneous PET. Biodistribution and imaging provided evidence of
lung clearance over 48 hours (p < 0.05), accompanied by clearance through the
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gastrointestinal tract, though the short half-life did not allow us to track subsequent
clearance. Therefore, to facilitate both long term quantitative biodistribution and noninvasive
PET imaging, and characterize the pharmacokinetics of the Dg-cSCKs:pDNA complexes,
NPs were radiolabeled with the B+ emitting PET isotope 124] and tracked for 14 days (Figure
4). Initially, Dg-cSCKs were highly retained in the lung, with 40.0 percent ID/organ present
1 hour after intratracheal delivery, and then significantly decreased over time (Figure 4A).
Within the lung, there was evidence that a portion of the uptake was in lung immune cells as
indicated by activity in cells recovered by BAL (Figure 4B). This was observed at 1 hour
(6.0 percent ID/organ), 1 day (9.8 percent ID/organ) and up to 7 days post-delivery,
diminishing as the complexes, and possibly the cells were cleared from the lung.

Both renal and gastrointestinal clearance of Dg-cSCKs:pDNA complexes were observed
(Figure 4A). Blood pool and renal clearance was highest within an hour after delivery

(6.6 %ID/organ total), then decreased significantly at later times, representing rapid
clearance of portions of the cSCK:pDNA nanocomplexes through the kidney and bladder or
the deiodination of the 124| radiolabel indicated by the thyroid accumulation (Table S1).
Significant activity was observed in the gastrointestinal tract at both 1 hour (17.3 %ID/
organ) and 1 day (11.7 %ID/organ). The degree of initial activity significantly dropped 72
hours after injection (1.9 %ID/organ) and continued at low levels throughout the study.
Similar trends were observed when the data were represented as percent 1D/g of tissue
(Table S1).

Complementary activity was detected in excreted urine and feces (Figure 4C and S6). A
significant amount of the total radioactive signal excreted in the urine occurred within 48
hours (25.8 percent ID), further increasing to a total of 52.9 percent ID over 4 days, then
dropping off significantly at later time points. Renal clearance may represent rapid and
sustained breakdown of particles that reach systemic circulation through alveolar-capillary
transit since there was low deiodination as indicated by minimal thyroid accumulation[61].
Excretion through the GI system was comparatively less but also cleared mainly in the first 4
days post-delivery. Within 2 days, 4.8 percent ID was excreted, reaching a total of 10.4
percent ID after 4 days, suggesting continued mucociliary clearance or hepatobiliary
clearance with secretion into the intestine. Mucociliary clearance of particles over 100 nm is
well known and movement of NPs from the airway into the posterior pharynx and the
gastrointestinal tract was previously reported[34, 62]. A total of 65.8 percent ID was
excreted through both urine and feces in 7 days. The clearance kinetics observed were
significantly slower from the lung compared to a recent study that used either NPs of 34 nm
or less than 5 nm, which may be attributed to the significantly larger sizes, charge, or
composition of the cSCK:pDNA nanocomplexes[61].

To confirm the 124| studies, 1311 with low decay energy to mitigate radiolysis of the NP

by 124] radiation was used. Accordingly, Dg-cSCKs were labeled with 1311, complexed with
pDNA, and tracked for 14 days after intratracheal injection (Figure S7). Like the 124]
studies, 1311-labeled Dg-cSCK:pDNA complexes significantly cleared from the lung. By day
14, 8-fold less radioactivity was present in the lung compared to 1 hour after injection, and
evidence of both renal and hepatobiliary clearance was observed.
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Multimodal imaging of Dg-cSCK fate

The ability to noninvasively track NP pharmacokinetics is another goal for assessing the
utility of clinical nanomaterial-based therapeutics. Therefore, the value of noninvasive PET
and /n vivo optical imaging to characterize the clearance and excretion of the Dg-
cSCK:pDNA complexes was investigated.

To correlate noninvasive PET with biodistribution, PET/CT was performed after
intratracheal injection of the 1241-labeled Dg-cSCK:pDNA nanocomplexes (Figure 5A—C).
Substantial activity was observed in the lung and tracheal injection site 1 hour post-delivery.
In PET images, SUVs from whole lungs decreased from 5.4 + 1.0 to 3.8 + 0.9 between 1
hour and 1 day after administration (p = 0.029; n = 8), then decreased to 30 percent of its
original value at 14 days (Figure 5E; n = 8, p < 0.00001), mirroring the biodistribution
pharmacokinetics. Lung clearance profiles measured by changes in biodistribution percent
ID/organ values were highly correlated with the decrease in PET signal SUV (2 = 0.99).
Although difficult to quantify within the abdomen, like the biodistribution data, PET signal
was evident in the gastrointestinal tract 1 hour and 1 day after injection, and decreased over
time. These findings suggest that imaging could be used to track the biodistribution of these
NPs.

Cerenkov luminescent imaging is an emerging modality used with NP imaging as an
alternative to nuclear imaging[63—65]. Cerenkov images can be acquired using standard
IVIS optical imaging hardware rather than PET/CT systems, expanding accessibility and the
possibilities for high throughput screening. This modality was explored to noninvasively
image NP clearance from the lung using both PET and non-PET radionuclides as Cerenkov
radiation from either of these isotopes can be imaged. Cerenkov images of mice receiving
intratracheal 1241- or 131|-labeled Dg-cSCK:pDNA complexes were generally similar to PET
active isotopes (Figures 5D and 6). Both PET and Cerenkov imaging modalities provided
similar clearance profiles of the 124]-labeled cSCK:pDNA complexes from the lung over
time (Figures 5E and F). When imaging the ventral surface of mice, Cerenkov imaging
provided confirmation of mucociliary clearance and subsequent gastrointestinal clearance,
with radiance transferring from the lung to the gastrointestinal tract between the time of
initial administration and 3 days later (Figure 6). Radiance values from lung regions of
interest in Cerenkov images correlated closely with lung PET SUV values. After subtracting
background signal and normalizing to 1241 decay, lung radiance values decreased from 5.4 to
2.4 x 10° p/slcm?/sr throughout the 14 days (r2=0.99, SUV vs. normalized radiance).

Our findings imply that both optical Cerenkov luminescence and PET imaging can be used
to characterize delivery and clearance of NPs into and from the lungs of small animals.
While Cerenkov radiation is limited by common optical challenges such as poor tissue
penetration, these data imply that it can be used to characterize the delivery and clearance of
radiolabeled NPs from the lung and potentially other organs in mouse models, and for
selective applications in larger animals. Due to its ability to bridge nuclear imaging
modalities such as PET and single-photon emission computed tomography (SPECT) with
optical imaging counterparts, Cerenkov radiation has the potential to play an active role in
aiding the translation of pre-clinical small animal studies to clinically relevant human trials
without a change in particle composition.
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CONCLUSIONS

In this study, degradable positively-charged polymer NPs were designed with the capacity
for multifunctionality including gene delivery, degradability, and both radionuclide and
optical imaging to determine the noninvasive long-term performance and pharmacokinetics
following airway delivery to the lung. Degradable cSCKs provided enhanced gene transfer
compared to non-degradable alternatives through enhanced pDNA release in acidic pH
conditions found in intracellular compartments, and caused less toxicity compared to more
common carriers like PEI, making them a promising platform to deliver genetic materials.
An in vivo pharmacokinetic profile was determined by tracking radiolabeled Dg-
cSCK:pDNA complexes using biodistribution studies and noninvasive imaging. The findings
were compatible with the degradation of the NP observed in vitro, suggesting that chemical
design and characterization assays were valid predictors of performance. As predicted, the
unique anatomic and physiologic features of the airway and alveolar airspaces resulted in a
prolonged decline in lung residence; quantitative biodistribution studies precisely identified
resultant NP pharmacokinetics of both blood and intestinal clearance, which may be unique
to airway-delivered NPs. More importantly, both preclinical PET and Cerenkov imaging
correlated strongly with the biodistribution results, indicating that noninvasive methods can
be used to image organs of distribution to track the real-time clearance of nanocomplexes in
a semi-quantitative fashion. In future studies, tracking biologically active payloads could be
additionally correlated to the NP pharmacokinetics. Overall, the multimodal Dg-cSCK NP
allowed manipulation of core building blocks to customize cargo delivery while
simultaneously allowing the addition of multiple types of beacons for noninvasive in vivo
tracking. These NPs are promising candidates for clinical translation, and our strategy to
study long-term fate of the particles is adaptable for other materials delivered /n vive.
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Figure 1. Multifunctional physicochemical features of degradable cSCKs
(A) Schematic of the chemical composition of the degradable cationic shell-cross-linked

knedel-like nanoparticles (Dg-cSCKs), functionalized with a hydroxylated pheny! ring for
halogen radiolabeling, amines for plasmid complexation, and ester bonds for degradation. A
cartoon of the assembled Dg-cSCK shows crosslinkers in green. (B) Radiolabeling binding
curve of 123] onto Dg-cSCKs. (C) Degradation of Dg-cSCKs after 1 hour and 7 days in PBS,
determined by fast protein liquid chromatography (FPLC). (D) Comparison of degradable
¢SCK and non-degradable cSCK binding to plasmid DNA (pDNA) detected by gel
electrophoresis. Nanoparticles were combined at the indicated ratio of N/P amine (N) to
pDNA phosphate (P) prior to gel electrophoresis. A molecular weight ladder is in the far left
lane. TEM of (E) Dg-cSCK alone with an inset demonstrating aggregates of particles also
observed and (F) nanocomplexes formed between Dg-cSCK and pDNA, with arrows
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indicating two distinct complexes and an inset demonstrating an example of structures with
different morphology that were also observed. Scale bar = 100 nm.
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Figure 2. In vitro characterization of pDNA transfection by cSCKs
(A) Transfection efficiency and cell viability following transfection of HEK293T cells with

a luciferase expression plasmid (pLuc) using the indicated conditions. Cell viability was
determined using ATP activity. Shown are the luciferase and ATP activity as mean + S.D. of
triplicate samples from at least three independent experiments. (B) Time-dependent
transfection efficiency of the indicated cSCK as determined by luciferase expression relative
to cell viability. (C) Cell-free pDNA release from Dg-cSCK and NonDg-cSCK 4 (left) and
24 (right) hours after incubation in pH 7 buffer, detected using a Gel Red fluorescence assay
to detect free DNA. (D) pH-dependent release of pDNA from Dg-cSCKs or NonDg-cSCKs,

at indicated pH, detected at 24 h. C and D are representative of 3 experiments.
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Figure 3. In vivo transfection efficacy of Dg-cSCK in mouse lung
Mice were dosed intratracheally with a Dg-cSCK complexed with a luciferase expression

pDNA (pLuc) at the indicated conditions. Lungs were then subjected to bronchoalveolar
lavage (BAL) and tissue was analyzed for luciferase activity and inflammatory cells. (A)

Luciferase activity in whole lung adjusted for total protein concentration 2 days after
intratracheal delivery of Dg-cSCK:pLuc nanocomplexes (N/P ratio 8:1). Each symbol
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represents a single animal. (B) Quantification of immune cells in BAL fluid after delivery of
pDNA and nanocarriers at indicated days. Data are the mean £ S.D. of 3 to 9 mice for each

condition.
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Figure 4. Quantitative biodistribution of 1241 |abeled Dg-cSCK complexed with luciferase
expression pDNA (pLuc)
Intratracheal radiolabeled Dg-cSCK complexed with a luciferase expression pDNA (pLuc)

were administered to mice and evaluated at the indicated time. (A) Organ distribution in
percent ID/organ, (B) lung BAL distribution, and (C) quantitative excretion in feces and
urine per day. A and B are the mean £+ S.D. (n =5 mice per time point) samples from 2
independent experiments. C is the average mean of activity per mouse based on a single
sample from 5 mice co-housed in a metabolic cage.
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Figure 5. Multimodal imaging of 1241-labeled cSCK-pDNA complexes
Representative images are shown at indicated times after intratracheal injection, of (A) 2-

dimensional (2-D) PET/CT coronal slices, (B) 2-D PET/CT transverse slices, (C) PET/CT
maximum intensity projections (MIPs), and (D) X-ray/Cerenkov luminescent imaging. The
signal intensity scales are right of panel A-C and D. Image quantification of (E)
standardized uptake values (SUV) from lung volumes in PET images and (F) normalized
radiance from lung regions of interest, each corrected for 1241 decay over time. Shown are
the mean £ S.D (n = 8).

Biomaterials. Author manuscript; available in PMC 2017 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Black et al. Page 23

Figure 6.
Cerenkov imaging of Dg-cSCK:pDNA nanocomplex clearance. Mice were positioned in the

supine position for luminescent imaging of ventral surface after intratracheal administration
of 1311-labeled Dg-cSCK:pDNA nanocomplexes (A) immediately post administration, (B)
after 3 days and (C) 7 days. The intensity scale is represented on the right.
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