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a b s t r a c t

Inflammation in the setting of interstitial lung disease (ILD) occurs in the distal alveolar spaces of the
lung, which presents significant challenges for therapeutic delivery. The development of aerosolizable
microparticles from non-immunogenic polymers is needed to enable the clinical translation of numerous
experimental therapeutics that require localization to the deep lung and repeated delivery for optimal
efficacy. Polyketals (PK), a family of polymers, have several unique properties that make them ideal for
lung delivery, specifically their hydrolysis into non-acidic, membrane-permeable compounds and their
capacity to form microparticles with the aerodynamic properties needed for aerosolization. In this study,
we tested the lung biocompatibility of microparticles created from a polyketal polymer, termed PK3,
following intratracheal instillation in comparison to commonly used PLGA microparticles. We further-
more tested the initial efficacy of PK3 microparticles to encapsulate and effectively deliver active
superoxide dismutase (SOD), a free radical scavenging enzyme, in a model of lung fibrosis. Our findings
indicate that PK3 microparticles display no detectable level of alveolar or airway inflammation, whereas
PLGA induced a small inflammatory response. Furthermore, SOD-loaded into PK3 microparticles main-
tained its activity upon release and, when delivered via PK3 microparticles, inhibited the extent of lung
fibrosis.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

There are a number of diseases characterized by fibrotic remod-
eling of the lung including idiopathic pulmonary fibrosis (IPF),
asbestosis, and cryptogenic organizing pneumonia (COP). Prominent
features of these pulmonary fibrotic disorders are excessive fibroblast
proliferation and collagen deposition in the lung parenchyma
following some type of lung injury. Although most are rare, these
disorders usually have a dismal prognosis and a high mortality rate.
IPF, characterized histologically by the lesion termed usual interstitial
pneumonitis, has an annual death rate higher than that of Alzheim-
er’s disease, and about half that of HIV infection [1,2]. Other diverse
disorders, such as the rheumatic diseases, bronchopulmonary
dysplasia in premature infants, and occupational exposures, can
show prominent fibrotic changes in the lung. Taken together, these
disorders, known as interstitial lung diseases (ILD), are a significant
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cause of morbidity and mortality. What is known of the pathogenesis
of pulmonary fibrotic diseases is complex, involving the interplay of
genetic predisposition, possible environmental factors, activation
of parenchymal cells and immune effector cells, and regulation of
a staggering number of inflammatory mediators and matrix
components at the local tissue level [3,4]. Antifibrotic therapy to date
has consisted of systemic corticosteroids and other immunosup-
pressive regimens that are fraught with debilitating and sometimes
fatal side effects. These regimens do not treat the underlying
pathology and thus often have little to no effect on the dismal
prognosis, leading some to question their clinical use [5]. Both the
organotypic distribution, specifically the distal airways and alveoli
deep in the tissue, and the inherent chronic inflammatory origins of
these disorders have presented significant challenges with respect to
therapeutic delivery directly to the lung. Biomaterials with extraor-
dinary biocompatibility that can be formulated into aerosolizable
microparticles are needed for pulmonary delivery to treat both acute
and chronic inflammatory and fibrotic lung disorders.

Microparticles formulated from polymeric biomaterials have
been heavily investigated for the systemic delivery of peptides and
proteins [6,7]. Microparticles 1–3 mm diameter in size, or porous
particles 10–20 mm in diameter have the physical properties needed
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for inhalation from a dry powder spinhaler and deposition into the
alveolar region of the lung [8–10]. In contrast, generating micron
sized powders from peptides, proteins, or small molecules, such as
mannitol or sucrose, has been challenging, and for this reason,
microparticles formulated from polymers are increasingly being
considered for protein and peptide delivery [11]. Both natural and
synthetic polymers, such as hydroxypropyl cellulose, chitosan,
gelatin, and poly(lactic-co-glycolic acid) (PLGA), have been studied
as potential vehicles for inhalable protein delivery. Sivadas et al.
have recently performed a comparative study of such polymers [6].
Inhalable polymeric microparticles can also be advantageously used
as an inhalable controlled-release delivery system, maintaining
a high concentration of therapeutic within the lung for an extended
period of time.

PLGA has been extensively investigated for the inhaled delivery of
therapeutics, however its acidic degradation products and slow
hydrolysis rates have thus far limited its clinical use. Previous studies
report that an intratracheal dose of 1 mg of PLGA microparticles in
a rodent model results in a large recruitment of white blood cells to
the lungs, indicative of an inflammatory response [12]. Within 24 h
of injection, PLGA treated lungs contained w105 macrophages/mL of
bronchoalveolar lavage (BAL) fluid, whereas controls contained only
104 macrophages/mL BAL fluid. Similarly, neutrophil influx is
dramatically increased in PLGA treated rodents. The white blood cell
influx cleared within 10 days, although PLGA microparticles resided
in the lung tissue for approximately 80 days with an estimated half-
life of 40 days. The acidic degradation products of PLGA can also be
problematic for the delivery of numerous peptides and proteins [13].
The pH within PLGA can reach values of 2–3, and this low pH can
catalyze various hydrolysis reactions in peptides and proteins.

In contrast to PLGA, polyketals, which degrade into neutral
compounds, should not elicit the inflammation associated with
polyester based materials. The polyketal termed PK3, which has been
recently described, is a copolymer of 1,4-cyclohexanedimethanol
and 1,5-pentanediol that degrades into neutral byproducts of diols
and acetone [14]. Specifically, PK3 degrades into its comprising diols
(1,4-cyclohexanedimethanol: LD50¼ 3,200 mg/kg (Rat – oral); 1,5-
pentanediol: LD50¼10,000 mg/kg (Rat – oral)) and acetone
(LD50¼ 5,800 mg/kg (Rat – oral)) which have extremely low toxicity
profiles. Furthermore, PK3 undergoes acid-catalyzed hydrolysis,
exhibiting a half-life of 1.8 days at a pH of 4.5 versus 39 days at
pH¼ 7.4. This enables accelerated delivery of the microparticle’s
contents within the lowered pH of the phagolysosome.

In this study, a potential therapeutic, superoxide dismutase
(SOD), was encapsulated and delivered using PK3. SOD is the human
body’s endogenous antioxidant against superoxide (O2

�), a free
radical species and known inducer of oxidative stress. SOD catalyzes
the dismutation of superoxide into molecular oxygen (O2) and
hydrogen peroxide (H2O2), which is further detoxified into water by
catalase, glutaredoxins (e.g. glutathione peroxidase), thioredoxins,
or peroxiredoxins [15]. A depletion of SOD and subsequent induction
of reactive oxygen species (ROS) and oxidative stress has been
implicated in the progression of pulmonary disorders including IPF
[16]. Specifically, it has been shown that extracellular SOD-null mice
have increased susceptibility to bleomycin-induced fibrosis, and that
targeted overexpression of the enzyme attenuates fibrosis [17,18].
SOD also has been shown to be severely depleted from fibrotic
regions of the lung during disease, both in the rodent model and
human patient condition [19–21]. Therefore, delivery of exogenous
SOD has been hypothesized to protect the lung against oxidative
injury and has been shown to attenuate the effects of bleomycin-
induced pulmonary fibrosis [22]. Various strategies to deliver SOD to
the lungs have been employed, such as PEGylation of SOD to improve
circulation half-life, or liposome-mediated delivery of the enzyme
[23,24]. Here, we describe the delivery of SOD locally to the lung and
with a polymer vehicle designed to illicit no inflammatory response
and capable of translation to a dry particle inhaler.

2. Materials and methods

2.1. Materials

Poly(lactic-co-glycolic acid) (PLGA, 50:50) was purchased from Polysciences, Inc.
(Warrington, PA), SOD determination kit from Fluka (Buchs, Switzerland), BCA
Protein Assay from Pierce (Rockford, IL), Hematoxylin and Eosin stain from Richard–
Allan Scientific (Kalamazoo, MI), and polystyrene standards from Polymer Labora-
tories (Amherst, MA). All other chemicals, including superoxide dismutase (SOD),
were purchased from Sigma (St. Louis, MO).

2.2. PK3 synthesis

PK3 was synthesized via an acetal exchange reaction between 1,4-cyclo-
hexanedimethanol (1.04 g, 7.25 mmol) and 1,5-pentanediol (0.11 g, 1.08 mmol) as
described previously [25]. Diols were dissolved in 20 mL of distilled benzene and
kept at 100 �C. Re-crystallized p-toluenesulfonic acid (5.5 mg, 0.029 mmol), dis-
solved in ethyl acetate (500 mL), was added to the benzene solution. Ethyl acetate
was distilled off, and distilled 2,2-dimethoxypropane (0.86 g, 8.3 mmol) was added
to initiate the reaction. Additional doses of 2,2-dimethoxypropane and benzene
were subsequently added to the reaction, every hour for six hours, via a metering
funnel, to compensate for 2,2-dimethoxypropane and benzene that had been
distilled off. After 24 h, the reaction was stopped by adding triethylamine (100 mL).
PK3 was isolated by precipitation into cold hexanes and analyzed by 1H NMR and
GPC. In general PK3 batches had a number average molecular weight between 3000
and 4000 Da. 1H NMR spectra were obtained from a Varian Mercury VX 400 MHz
NMR spectrometer (Palo Alto, CA) using CDCl3 as the solvent. 1H NMR (400 MHz,
CDCl3, d): 3.4–3.18 (m, 4H, CH2), 1.64 (s, 1.7H, CH), 1.85–0.93 (m, 8.2H, CH2).

2.3. Microparticle fabrication

Microparticles were produced by standard emulsion techniques. Empty particle
synthesis consisted of a single emulsion of 5% polyvinyl alcohol (PVA) solution
(50 mL) homogenized in 500 mL of 80 mg/mL PK3 or PLGA in dichloromethane (DCM)
(6500 RPM). In the case of loaded particles, superoxide dismutase (Cu, Zn SOD) was
encapsulated in PK3 via a solid-in-oil-in-water double emulsion (s/o/w) procedure.
SOD was complexed with polyethylene glycol (PEG) to shield it from DCM in the
primary emulsion, improving enzyme activity encapsulated in the microparticles
[26]. SOD and PEG were dissolved in DIH2O (deionized H2O) at a 1:1 ratio and then
snap frozen and lyophilized at 0.1 mBar overnight. The SOD-PEG mixture (5 mg) was
added to the DCM-polymer solution and sonicated using a Branson S-250A sonifier
(Danbury, CT) at 12 watt energy output for 30 s to yield the solid-in-oil primary
emulsion. Five percent buffered (pH 6.8) PVA solution was added to the primary
emulsion and homogenized (Fisher Scientific, Waltham, MA) at 6500 RPM for 1 min,
yielding the secondary emulsion. The emulsion was cycled between low and high
pressures using a Buchi R-210 rotary vaporizer (Flawil, Switzerland) to remove DCM.
The particles were then washed (2�) in DIH2O deionized water, after which the
suspended particles were frozen and lyophilized at 0.1 mBar overnight.

2.4. Microparticle characterization

2.4.1. Dynamic light scattering (DLS)
Standard dynamic light scattering was performed using a Brookhaven 90Plus

particle sizer (Brookhaven Instruments Corp., Holtsville, NY) to characterize
microparticle size distributions. Particles were analyzed during the synthesis
process after solvent removal, but prior to particle washing. Particle suspension
measurements were taken over 1 min. at 25 �C to determine the particle effective
diameter and particle size distributions.

2.4.2. Scanning electron microscopy (SEM)
High-resolution images (3000�) were obtained of the lyophilized particles

using a Hitachi Leo 1530 SEM (Tokyo, Japan). Samples were prepared by affixing
double-sided carbon tape to 12 mm pin type SEM mounts. Microparticles were
gently spread across the top of the carbon tape. Adhered particles were gold coated
using a sputter-coater and imaged to visualize particle morphology.

2.4.3. SOD encapsulation efficiency and activity assay
A 2 mg sample of the SOD microparticles was placed in DCM in order to dissolve

the PK3 polymer. DCM was allowed to evaporate using an oil bath at 60 �C followed
by addition of DIH2O to solubilize the protein encapsulated within the microparti-
cles. SOD activity was then determined using the SOD determination kit according to
the manufacturer’s instructions and compared with prepared standards. Results
from the SOD activity assay were compared to a BCA assay for total protein content
to determine the percentage of active protein.
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Encapsulation efficiency and enzyme activity (% total) were calculated according
to the following:

Encapsulation efficiency ð%Þ[ encapsulated protein=total protein
used in formulation

Enzyme activity ð%Þ[ active enzyme=total encapsulated protein

2.5. Lung biocompatibility of microparticles

2.5.1. Intratracheal administration of particles
Particles (PK3 and PLGA) of equivalent physical characteristics were injected

intratracheally into C57BL/6 male mice (20–25 g) to assess microparticle biocom-
patibility in vivo. All mice were anesthetized according to IACUC standards by
intraperitoneal injection of ketamine/xylazine solution. A small incision was made
submandibularly to expose the trachea. Using a sterile syringe, the trachea was
punctured and particle–saline suspensions injected. Experimental groups included
particle suspensions composed of 1.5 mg of PK3 and 1.5 mg of PLGA in 50 mL sterile
saline. Control groups included bleomycin, vehicle, and non-treated mice. After
injections, mice were sutured and allowed to recover. For the experimental and
bleomycin groups, mice were sacrificed at days 1, 4, and 7. For the vehicle control,
mice were sacrificed at day 5, and the untreated control group at day 0. Immediately
following sacrifice, a bronchoalveolar lavage (BAL) was performed and the lung
harvested.

2.5.2. Bronchoalveolar lavage (BAL) and airway inflammatory cell analysis. Following
euthanasia, the trachea was exposed with a submandibular incision. Sterile PBS
Fig. 1. Microparticle characterization. (A) Structure and hydrolysis schematic of polyketal, P
analyzed by dynamic light scattering (DLS) to determine the average size and particle siz
microscope (SEM) to qualitatively assess their size, polydispersity, shape and porosity.
(1.5 ml) was injected into the trachea to fill all five lobes of the lung. The BAL was
then recovered in the same syringe. Following centrifugation, cell pellets were
resuspended in PBS (100 mL) and prepared for staining and quantification by stan-
dard cytospin procedures. Using the Cytospin 2 (Shandon Inc., Pittsburgh, PA) cells
were centrifuged onto slides at 1500 rpm for 7 min. Samples were fixed and stained
using a Lueco Stat kit (Fisher Scientific, Waltham, MA), and a cell count of major
inflammatory/immune cells was performed in at least 10 random fields. Average cell
numbers (macrophage, neutrophils, and lymphocytes) per field are reported.

2.5.3. Histological analysis. Immediately following the BAL, lungs were har-
vested from each time point and experimental/control group. The trachea was
cannulated and left intact during the removal of the lungs from the body. Using the
cannula, the lungs were inflated with 10% buffered formalin and then stored in 15 ml
of 10% buffered formalin until paraffin embedding. Lungs were embedded in
paraffin, sectioned, and stained with hematoxylin and eosin (H&E) for imaging.
2.6. PK3-SOD microparticles in bleomycin-induced lung fibrosis

2.6.1. Bleomycin model of lung fibrosis
Intratracheal injection of bleomycin is the best characterized and most used

model of pulmonary fibrosis in mice. Mice were anesthetized and the trachea
exposed as done previously [27,28]. Bleomycin in a sterile saline solution was
administered at a dose of 3.2 U bleomycin/kg body weight (50 mL). Particles of SOD-
PK3, PK3, or PLGA were co-administered with bleomycin at a dose of 100 mg (groups
of n¼ 5). Groups of PBS (vehicle control), bleomycin only (positive control) and SOD
alone were also included as controls. Mice were euthanized at 14 days and lungs
were harvested.
K3. (B) Freshly synthesized SOD-PK3, empty PK3, and empty PLGA microparticles were
e distribution. (C) Microparticles were subsequently visualized by scanning electron
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2.6.2. Lung histology and morphometric analysis of fibrosis
Paraffin embedding, sectioning, and H&E staining were performed as previously

described. H&E stained sections were imaged and analyzed for mean alveolar wall
fraction (MAWF). The wall thickness of individual alveoli increases due to fibrosis
(cellular invasion of interstitium and ECM production) and interstitial edema [29].
To quantify the overall thickening of the alveolar wall due to fibrosis, the alveolar
wall area fraction was calculated. MAWF was quantified using the NIS-elements
image analysis software. Using a 10� objective lens, 10 randomly selected fields
lacking visible blood vessels or airways were analyzed and values averaged per
sample. To calculate the alveolar wall area fraction, a field of interest measuring
275 � 205 mm was analyzed by dividing the amount of stained tissue by the constant
field of interest area [29].

2.6.3. Hydroxyproline analysis
The left lung lobe was dissected at the time of lung harvesting, weighed, and

homogenized at 24000 RPM. Tissue samples were hydrolyzed in 6 N HCl for 16 h at
110 �C. The hydrolysate was buffered with an equal volume of 6 N NaOH, filtered,
and a measured aliquot removed. Hydroxyproline was converted to pyrrole-2-
carboxylic acid by oxidizing the samples with 0.2 mol/L chloramine-T. After 20 min,
Ehrlich’s reagent (p-diethylaminobenzaldehyde) was added and optical density read
by spectrophotometry at 557 nm. Standard 2-hydoxy-L-proline (Sigma Chemical Co.)
was used to generate a standard curve and values are expressed as mmol of
hydroxyproline per lung.

2.7. Statistical methods

All data were expressed as the average with standard error. First, a one-way
ANOVA was used to determine statistical difference among the groups, and then
Tukey’s test was used as a follow-up to compare the means of each group to every
other group. Confidence intervals greater than 95% were considered statistically
significant. For BAL analysis of cell infiltrate at 1, 4, and 7 days, a two-way ANOVA
was used with Bonferroni’s post-test at 95% confidence intervals to determine
significance between groups.
Fig. 2. Histological analysis of lung inflammation. PK3 and PLGA particles were injected i
a known inducer of acute lung inflammation leading to fibrosis was used as the positive cont
in response to fluid instillation. Magnification bars are 100 mm.
3. Results

3.1. Size and protein loading of PK3 microparticles

Polyketal and PLGA microparticles fabricated via double emul-
sion were analyzed for their size characteristics using DLS. All
particles used in the study had mean diameters between 1.5 and
2.5 mm (Fig. 1). Particle size distributions had polydispersity index
(PDI) values close to 1, indicating highly monodisperse samples
(monodisperse; PDI< 1.1). Particle morphology visualized with
SEM images indicates that the particle processing techniques
employed produce solid, homogeneous spherical particles.

SOD was encapsulated in PK3 polymer microparticles and the
encapsulation efficiency and recovered enzyme activity was deter-
mined. The encapsulation efficiency was determined to be 9.3%
using the solid-in-oil-in-water emulsion. Encapsulated protein was
then assayed to ensure its maintenance in the active state. Standard
analysis revealed that the enzyme maintained 87.5% of its initial
activity (i.e. the activity of the SOD stock) as determined by assays
for SOD enzyme activity and total protein content.

3.2. Inflammatory response to PK3 microparticles in the lung

Lung histology was performed to determine the effect of the
different polymer microparticles (PK3 and PLGA) on lung architec-
ture and inflammation. Bleomycin, used as the positive control,
showed a characteristic increase in inflammation, thickening of
ntratracheally into mice to determine their specific lung biocompatibility. Bleomycin,
rol, and sterile saline (‘‘vehicle’’) was used as the negative control for lung inflammation
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alveolar septae, and distortion of normal lung architecture by the
presence of pneumonitis. PLGA treated lungs displayed a mild
increase in inflammation and increased alveolar wall thickening.
PK3 microparticle-treated lungs displayed a phenotype more
Fig. 3. Quantitative analysis of inflammatory cell infiltration of alveolar space. Bron-
choalveolar lavages (BAL) were performed to collect airway and alveolar constituents
following treatment with PK3 or PLGA microparticles, bleomycin, or saline. Neutro-
phils (A), Macrophages (B), and Lymphocytes (C) were quantified by counting in
a minimum of 10 random fields (approximately 0.14 mm2). The horizontal dashed line
denotes the vehicle control (saline) level at day 5. The gray region denotes normal
(untreated) lung levels. The average cells per field þ/� the standard error is reported. $
denotes p< 0.05 between the sample group and the vehicle control. * denotes p< 0.05
and *** denotes p< 0.001 using two-way ANOVA with Bonferroni’s post-test between
individual groups.
similar to that of the vehicle control, PBS, and normal lung pheno-
type with no significant inflammation or alveolar wall thickening
(Fig. 2).

Neutrophil, macrophage, and lymphocyte cell infiltration due
to particle instillation was analyzed using BAL fluid collected at
various time points (Fig. 3). Neutrophil cell counts (Fig. 3a)
revealed an immediate (day 1) increase after solution instillation
regardless of the treatment group, including the sterile saline
control (dashed line). Neutrophil numbers for both PK3 and PLGA
treated lungs were restored to untreated tissue baselines (gray
area) at day 4 while the positive control (bleomycin) remained
elevated. By day 7 all treatments returned to near baseline levels.
Analysis of BAL macrophages (Fig. 3b) at day 1 indicated that the
PK3 microparticles ellicit a significantly reduced response than
both PLGA and bleomycin control. At day 4, the macrophage levels
for all treatments were above the saline control and were not
significantly different from each other. However, by day 7, PK3
treated lungs returned to near saline control levels while the
macrophage counts of both PLGA and bleomycin continued to
increase above day 4 levels and were again statistically greater
than both PK3 and saline control treated lungs. Assessment of
lymphocyte numbers (Fig. 3c) demonstrated a characteristic
‘‘late’’ response with no significant differences between any of the
treatment or control groups, as well as the untreated baseline
levels. On day 4, both PLGA and bleomycin treated groups dis-
played an approximately 2-fold increase in the number of airway
lymphocytes that reached significance while PK3 treated group
lymphocyte levels remained at saline and baseline levels. By day 7,
the number of lymphocytes due to PLGA returned to baseline
levels while bleomycin continued to show a characteristic rise
toward pulmonary fibrosis. PK3 remained at the saline and
baseline levels throughout the experiment.
3.3. Efficacy of SOD-PK3 microparticles in bleomycin-induced
fibrosis

The effects of PK3 encapsulated-SOD microparticles on pulmo-
nary fibrosis were assessed using biochemical and morphological
techniques. H&E stained lung sections (Fig. 4) showed significantly
improved lung architecture at 14 days post-bleomycin and particle
injection in lungs treated with SOD-PK3 microparticles. The addi-
tion of SOD-loaded PK3 microparticles to bleomycin treated lungs
resulted in lung architecture similar to normal or vehicle control
(PBS) phenotypes. Lungs treated with empty PK3 microparticles
and bleomycin display patchy regions of fibrosis and alveolar wall
thickening interspersed within regions presenting mostly normal
architecture. In contrast, PLGA microparticle-treatment with bleo-
mycin resulted in a typical pulmonary response to bleomycin with
significant alveolar wall thickening, cellular infiltration into alve-
olar spaces, and disruption of alveoli. Finally, lungs treated with
soluble SOD at the time of bleomycin instillation present a mostly
fibrotic lung with some interspersed regions of aberrant, but not
fibrotic, architecture.

Analysis of collagen content based on the assay for hydroxy-L-
proline showed a significant increase in collagen over the negative
control due to bleomycin administration, as expected (1.5� 0.4
versus. 0.8� 0.3 mmol/lung)(Fig. 5). None of the test groups (bleo-
mycin plus SOD-PK3, PK3, PLGA, or SOD alone; 1.2� 0.3, 1.4� 0.4,
1.5� 0.3, 1.4� 0.3 mmol/lung) demonstrated a significant difference
compared to bleomycin treatment only. However, the SOD-PK3
microparticles and free SOD displayed no significant difference with
respect to the saline (vehicle) control, whereas significant differences
were observed between the PLGA and PK3 microparticle groups and
the saline control.



Fig. 4. Histological analysis of bleomycin-induced fibrosis. SOD-loaded PK3 microparticles, empty PK3 microparticles, empty PLGA microparticles, or soluble SOD was co-delivered
with the administration of bleomycin to test the initial efficacy of SOD-loaded PK3 microparticles to prevent fibrosis. Bleomycin alone and sterile buffered saline were used as
positive and negative controls of fibrosis, respectively. Magnification bars are 100 mm.
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H&E stained histological images analyzed for the MAWF were
compared among groups, and one-way analysis of variance (ANOVA)
determined a significant difference between groups tested. The
Tukey post-test determined a significant difference (p< 0.05)
between the vehicle control (PBS), with an alveolar wall area fraction
of 12.9� 0.9%, and all other groups except SOD-PK3 (15.4� 2.6%) and
empty PK3 (17.4� 3.9%) microparticles. However, no statistical
significance was calculated between the loaded particle group and
the positive control.

4. Discussion

Lung disease presents significant challenges in therapeutic
delivery. Pathological regions in lung diseases are routinely
distributed throughout the lung, requiring efficient delivery of the
active ingredient to all surfaces. Local delivery is a significant hurdle
since the lung has a complicated structure that prevents physical
deposition of a product by physicians and surgeons directly onto
the affect region(s). However, significant progress has been made
on the delivery of inhaled products with the most notable successes
being inhaled mists for airway delivery. Interstitial lung diseases
are significantly more complicated since the product must be
localized to the deep alveolar regions of the lung. Despite efforts to
develop nebulization technology that can efficiently produce liquid
particles with the correct aerodynamic properties for alveolar
delivery, these devices are still cumbersome for individuals to carry
and use. Furthermore, the stability of protein and peptide thera-
peutics due to the aqueous environment and thermal and surface
effects during nebulization are limitations. Polymeric biomaterials
are a potential solution to some of these pressing issues. Micro-
particles can be synthesized with architectures that enable aero-
solization despite significantly large actual diameters. By
engineering porosity into polymeric microparticles, one can create
large particles that have the aerodynamics necessary for delivery to
the alveoli, yet with a large actual diameter these particles may
become trapped in the alveolus, thus delivering their therapeutic
cargo. With this delivery philosophy in mind, a significant number
of works have demonstrated proof-of-concept with polylactide co-
glycolic acid (PLGA) polymeric microparticles.

One potential limitation of PLGA is the biomaterial itself. Although
its utility has been demonstrated extensively in animal models of
lung delivery, its degradation into acidic byproducts could potentially
serve to aggravate the underlying inflammation. Ideally, one would
like to construct a microparticle from a polymer that displays similar
hydrophobicity as PLGA, so as to enable aerosolization, yet degrades
into neutral products so as to avoid perpetuating the underlying
pathology. Polyketals may present a possible solution to some
problems associated with PLGA delivery to the lung.

Polyketals are a class of polymer that degrade into neutral
acetone and diols, and thus may exhibit better biocompatibility in
an inflammatory-primed tissue like the lung. We tested the
hypothesis that polyketals, specifically PK3, would display better
biocompatibility in the lung while enabling the delivery of a test
therapeutic, SOD, in a model of lung fibrosis. From our initial studies,
we observe that both PLGA and PK3 are extremely non-immuno-
genic polymers in the mouse lung. Compared to the positive control
of bleomycin, both polymers displayed good biocompatibility.
However, PK3 microparticles did not display any significant increase



Fig. 5. Quantitative analysis of lung fibrosis. (A) Total hydroxy-L-proline (mmol/mg
lung) was quantified on the left lung lobe of experimental groups (SOD-PK3, empty
PK3, empty PLGA, soluble SOD, bleomycin only, and vehicle (saline)). (B) Alveolar wall
area fraction, a measure of interstitial thickening associated with lung fibrosis, was
quantified from images of the histological staining from a minimum of 5 random fields
from each sample group. * denotes a statistical significance of p< 0.05 using a one-way
ANOVA with Tukey’s post-test.
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in airway inflammation above the saline control, as opposed to PLGA
microparticles, which did induce a significant macrophage infil-
tration starting at day 4 and continuing through day 7 and a tran-
sient lymphocyte infiltration at day 4. The extreme biocompatibility
of polyketals in the lung may be due to the reported anti-inflam-
matory activity of its degradation product, acetone [30]. However,
further studies would be required to elucidate the mechanism of
this PK3 action. Nevertheless, PK3 displays a very attractive
biocompatibility profile in the lung and is practically ‘‘stealth’’ in its
inflammatory profile.

PK3 microparticles are also efficient delivery vehicles as we
achieved nearly a 10% loading efficiency of SOD into microparticles,
while maintaining over 87% of the native bioactivity of the protein.
In the bleomycin-induced lung fibrosis model, mice given SOD-
loaded PK3 microparticles were statistically indistinguishable from
the saline control and, while there was no significant difference
between these mice and the bleomycin control, these data indicate
a significant beneficial effect is attainable with appropriate dosing.
Previously published studies displaying near complete attenuation
of bleomycin-induced fibrosis using SOD employed dosing of
approximately 55 times greater than that of the current study [22].
Surprisingly, empty PK3 microparticles had a slight, but not signif-
icant, benefit in the bleomycin-induced lung model as well. Analysis
of MAWF in mice treated with empty PK3 microparticles following
bleomycin instillation were statistically indistinguishable from the
saline control whereas differences between all other control groups
(PLGA, soluble SOD, and bleomycin) and the saline control were
statistically significant. Again, it is unknown what affect the released
acetone from PK3 microparticles has in the lung, but previous
reports of an anti-inflammatory activity support our findings that
PK3 alone decreases MAWF following bleomycin treatment,
a measure of interstitial inflammation, but not hydroxyproline,
a measure of collagen deposition.

5. Conclusions

In this study we report significant findings on the lung
biocompatibility of polyketal polymers. While additional studies
will be necessary to fully realize the use of this class of polymers in
lung therapeutic delivery, the data presented here establish the
high level of biocompatibility of these polymers and further
implicate their purported anti-inflammatory behavior. If borne out
in future studies, the anti-inflammatory activity of these biomate-
rials could have a significant beneficial effect in therapeutic
delivery, not only on lung diseases, but potentially any inflamma-
tory disease.
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