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1. Introduction

Chronic obstructive pulmonary disease (COPD) is the third leading cause of death in U.S.
following cancer and heart disease. Current hypothesis regarding mechanism of emphysema
suggest that chronic exposure to cigarette smoke and particulate matter causes irritation in
the alveoli and this triggers an inflammatory response. This response attracts a host of
inflammatory cells like macrophages, neutrophils, and lymphocytes. Cytokines, reactive
oxygen species, prostaglandins, leukotrienes, proteases mediate the progression of the
disease [1, 2].

Of particular interest to this research is emphysema in COPD patients. This results in poorly
reversible airway obstruction due to the destruction of alveoli and elastin fibers in the lung
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[3, 4]. Loss of elastin in the lungs correlates to loss of lung function in patients [5, 6].
Currently available treatments for COPD aim at only providing temporary relief to the
patients by mitigating inflammation or by the action of bronchodilators [7-10].
Corticosteroids have been shown to have no anti-inflammatory effect in COPD patients [11].
None of the available treatments has shown promising effect on treating the disease yet.

Matrix metalloproteinases (MMPs) have received a lot of attention in emphysema research
with their key role in damaging elastin fibers, thus contributing to the enlargement of air
spaces and loss of elastic recoil in the lungs [12]. Use of MMP inhibitors in COPD has been
explored in animal models [13, 14] but there is always the risk of off-targeting of MMPs
with the systemic delivery of these drugs [15]. Doxycycline is one potential broad-spectrum
MMP inhibitor. It is the only FDA approved MMP inhibitor that is widely available. It is
shown to inhibit early inflammation in diseases like pulmonary fibrosis [16, 17] by reducing
MMP activity in smooth muscle cells [18, 19]. It can also be used as a treatment for COPD
exacerbations.

While the exact process of MMP inhibition by doxycycline (or tetracyclines in general) is
not known, it is believed that this happens by both direct inhibition of MMPs and by
inhibiting their expression. Direct inhibition involves chelation of bivalent ions like Ca2* or
Zn2* which are essential for the functioning of these enzymes [20]. Liu et al., [18] observed
reduced MMP-2 mRNA half life but steady state MMP-2 mRNA production by human
smooth muscle cells (SMCs) in vitro, there by proposing a post-transcriptional
destabilization of MMP-2 mRNA by doxycycline. Additionally, doxycycline specifically
targets endothelial cells where it inhibits MMP synthesis [21].

Nanoparticles have recently been investigated as potential drug delivery systems to the lungs
because of various advantages they offer [22]. In order to increase the specificity and
availability of nanoparticles loaded with drugs, use of monoclonal antibodies to specific
biomolecules within the lungs has been suggested as a potential opportunity but has been
poorly explored [23, 24]. Inhalation of drug-loaded particulates via aerosols is common way
to deliver drugs to the lungs. However, inhalation of drugs to treat pulmonary disorders has
certain limitations. The fate of an inhaled particle depends on its size, anatomy of airways
and ventilatory parameters [25-27]. Despite the plethora of drug delivery opportunities
available, there is a greater need for a highly effective delivery method, which combines an
active targeting formulation and consistent local release of a drug for enhanced therapeutic
effect.

In this paper, we investigated a novel method of drug delivery, in a rat elastase model of
emphysema, with a systemic injection of nanoparticles loaded with doxycycline, an MMP
inhibitor. We took advantage of elastin damage in emphysema and tested our hypothesis that
anti-elastin coated bovine serum albumin (BSA) nanoparticles injected intravenously will
target the lungs and will release doxycycline over a period to suppress MMP activity in
lungs.
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2. Materials and Methods

2.1. Preparation of DiR loaded nanoparticles (DiR-BSA NPs)

DiR (1, 1-dioctadecyl-3, 3, 3, 3-tetramethylindotricarbocyanine iodide) (PromoCell GmbH,
Heidelberg, Germany) loaded bovine serum albumin (BSA) (Seracare, Milford, MA)
nanoparticles were prepared as described previously [28]. These particles were PEGylated
(Maleimide-PEG NHS ester) (Avanti Polar Lipids, Inc., Alabaster, AL) and conjugated to
anti-elastin antibody as described previously [29]. DiR dye was loaded to track the particles.

2.2. Preparation of Doxycycline loaded BSA nanoparticles (DOX-BSA NPs)

Doxycycline hyclate (Sigma Aldrich, St. Louis, MO) loaded BSA nanoparticles were
prepared using the procedure described above with modifications. Briefly, 25 mg of
doxycycline hyclate (DOXot) Was dissolved along with 100 mg of BSA (BSATqt) in 2 mL
of water and was allowed to stir at 500 rpm for 30 minutes. Following this, 4 mL of ethanol
was added drop wise at a rate of 1 ml/min using an automated dispenser, which makes the
solution turbid. To this 8% glutaraldehyde (40ug/mg BSA) was added to crosslink the
albumin and the mixture was stirred for 2 hours at room temperature. The resulting solution
was centrifuged at 14000 rpm for 10 mins to separate formed nanoparticles. Nanoparticles
were washed thrice with DI water before proceeding with anti-elastin antibody conjugation
as described previously [29]. The supernatant obtained from the washout was used to
estimate the amount of free doxycycline (DOXg) by measuring absorbance at 273 nm using
a UV spectrophotometer (BioTek Instruments Inc., Winooski, VT). Difference between
DOXot and DOXg gave the amount of doxycycline encapsulated (DOXyp).

2.3. Characterization of DOX-BSA NPs

2.3.1. Size and zeta potential—The size and zeta potential of DOX-BSA NPs were
measured using 90 Plus Particle Size Analyzer (Brookhaven Instruments Co, Holtsville, NY)
with three runs performed per one sample batch (1 mg/mL solution). The size was also
confirmed by scanning electron microscopy of nanoparticles.

2.3.2. Yield—5 mL of 1N NaOH was added to freshly prepared nanoparticles and stirred
for 36 hrs to completely dissolve the bovine serum albumin. Then the absorbance of albumin
was measured at 280 nm (A280) to calculate the amount of BSA present in the nanoparticles
(BSANp). Nanoparticle yield fraction was calculated as total weight of BSA and
doxycycline present in nanoparticles over initial amounts added.

Yield=[(BSA,+DOX,,)"100]/[BSA,,+DOX, ]

2.3.3. Loading—Percentage of loading of doxycycline in BSA nanoparticles is calculated
using the following equation,

Loading %=(DOXy,)/[ Yield*(BSA ., +DOX..,)]*100
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2.3.4. In vitro release profile—Freshly prepared DOX-BSA NPs were re-suspended in 1
mL of DI water and incubated at 37°C. At specific time points, the nanoparticles were
centrifuged and the supernatant was read at 273 nm to measure the amount of doxycycline
released.

2.4. Cytotoxicity and nanoparticle uptake studies

Cytotoxicicy of DOX-BSA NPs at 0.5 mg/ml and 1 mg/ml concentrations was tested using
the method described previously on rat lung fibroblasts, rat alveolar macrophages and
human vascular endothelial cells (HUVECS) [30]. For nanoparticle uptake study two types of
control NPs were used in addition to the normal NPs used for animal studies [30]. One batch
was prepared with a positive surface charge (POS-DiR-BSA NPs) but same size, and one
batch was prepared with smaller particle size (SM-DiR-BSA NPs) but with negative surface
charge.

2.5. In vivo targeting study with DiR-BSA NPs

All animal studies performed according to the approved protocols and were compliant with
the rules and regulations of Clemson University’s Institutional Animal Care and Usage
Committee (IACUC). To induce elastin damage and emphysema, we used one of the widely
established elastase model of emphysema. Six week old male Sprague- Dawley (SD) rats
(n=7) were used for /in vivotargeting study. As shown in timeline graph (Fig 1), four of the
rats were administered 50 U of porcine pancreatic elastase (PPE) via intra-tracheal
instillation (Elastase group) (Elastin Products Company Inc., Owensville, MO) dissolved in
200 pl of PBS and filter sterilized. Remaining three rats received same volume of PBS as
control (Saline group). The elastase treated rats developed elastin damage over four weeks.
After 4 weeks, DiR loaded nanoparticles were injected intravenously through tail vein.
Three each of elastase injected and control rats received DiR-BSA NPs conjugated with anti-
elastin antibody (ELN-DiR-BSA NPs). One elastase injected rat received DiR-BSA NPs
conjugated with anti-rat IgG (Sigma Aldrich, St. Louis, MO) as a control (IgG-DiR-BSA
NPs). Twenty-four hours after injection, the rats were euthanized. Following euthanasia lung
compliance was measured post-mortem, with the lungs /n situ. Briefly, the trachea was
cannulated and tied off with suture, a known volume of air was delivered to inflate the lung
and the pressure change was recorded with the help of a transducer. Liver, heart, aorta,
kidneys and spleen were harvested for measuring bio-distribution of DiR-BSA NPs.

2.6. Histological analysis

Processed tissue samples were embedded in paraffin and sections of 5 um thick were made
from the sagittal face. Hemotoxylin and eosin staining was used to observe general structural
characteristics and enlargement of alveoli. Verhoff’s Van Gieson (VVG) staining
(Polysciences Inc., Warrinton, PA) was performed according to manufacturer’s protocol to
look at elastin damage in the alveolar walls of the tissue. Furthermore, perfusion fixed lungs
were cut into small pieces and embedded in Richard-Allan Scientific™ Neg-50™ Frozen
Section Medium (Thermo Scientific, Waltham, MA). 5 um sections were made with a
cryostat and observed using a CY-7 filter cube with EVOS® XL Cell Imaging System.
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2.7. DiR signal measurement

After measuring compliance, lungs along with other harvested organs were imaged using
IVIS® Lumina XR Imaging system (Caliper Life Sciences, Waltham, MA) set to excitation/
emission of 745/790 nm, to observe bio-distribution of DiR-BSA NPs. Background signal
was subtracted before analyzing the signal intensities from the organs. Bio-distribution of
nanoparticles was calculated according to the equation below,

( Fluorescence in organ of interest )
Total fluorescence in all organs harveted
X 100%

Dry weight of organ of interest

Percentage Biodistribution=

Following this, the lungs were perfused with PBS and the resulting broncheoalveolar lavage
fluid (BALF) was collected and frozen at —80°C until used. Then the lungs were perfusion
fixed using 10% neutral buffered formalin (NBF) and stored for histological analysis along
with other harvested organs.

2.8. In vivo Dox-BSA nanoparticle study

Six week old male Sprague-Dawley rats (n=10) were used for investigating the potential of
doxycycline loaded nanoparticles in suppressing the MMP activity when administered
systemically. As shown in timeline graph (Fig 1), all the rats received intra-tracheal
instillation of PPE (50 U per animal). Three groups of animals were used to test the working
of DOX-BSA NPs in comparison to the systemic injection of drug as an acute treatment
option. Three rats did not receive any kind of treatment after elastase injection (Non-treated
group); three rats received systemic injection of doxycycline hyclate solution via tail vein
(300 pg per rat dissolved in 200 ul DI water) three days after the elastase administration and
continued to receive weekly injections from then onwards (Weekly IV group). Four rats
received one-time systemic injection of DOX-BSA NPs, conjugated with anti-elastin
antibody, (10 mg/kg of animal) via tail vein only once i.e., three days after elastase
administration (DOX-BSA-NP group). All the rats were euthanized after four weeks of
treatment. After euthanasia, lungs of rats were cannulated and flushed with saline to obtain
BALF.

2.9. Measurement of MMP activity in BALF

MMP activity in BALF was measured using internally quenched peptide substrates for
MMPs 2&9 (Ex/Em= 280/360 nm, MMP Substrate 111, Anaspec, CA) and MMP 12 (Ex/Em
= 325/393 nm, 390 MMP FRET Substrate V, Anaspec, CA). One mg of the substrate was
dissolved in 50 uL of DMSO, and the solution was diluted in 10 mL of development buffer
(50 mM Tris Base, 5 mM CaCl,.2H,0, 200 mM NacCl, 0.02% brij 35). Substrate stock
solution (2 pL) and 2 pL of the extracted protein were mixed with 96 pL of the development
buffer and incubated for one hour at 37°C. A fluorescent plate reader was used to read
endpoint florescence intensity.

2.10. In situ zymography

To examine activity of MMPs in the lung tissue samples /in situ zymography on histological
sections was performed as described before [30].
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2.11. Statistical analysis

All jn vitro experiments were done in triplicates. /n vitro experiments were performed in
triplicates and repeated twice; for /n vivo studies, between three to four animals were used
per group. Data were analyzed by one-way ANOVA followed by Dunnett’s test. Levene's
test was used to verify the homogeneity of variances. Dunnett's procedure was used when
comparing all other treatments to a reference. The data are reported as the mean + sstandard
deviation. Results were considered to be significant with p<0.05.

3. Results
3.1. DOX-BSA NPs characterization

We optimized drug loading, particle size, and charge by varying initial drug/polymer ratio,
amount of glutaraldehyde used during nanoparticle preparation, stirring time, and solvent
ratios (Table 1). Final chosen doxycycline loaded BSA NPs had an average size of
175+39.66 nm, which was confirmed by SEM (Fig 2A). Zeta potential of these particles was
measured to be —59.8+4.67 mV. Total nanoparticle yield was 34.71+3.54 %. Loading
percentage of doxycycline in NPs was 16.77+1.99%. Doxycycline from the nanoparticles
was gradually released over a period of 28 days (Figure 2B). NPs released 9.68+3.4% drug
at 24 hours and 13+4.56 % of the drug in 48 hours respectively. Amount of doxycycline
released from BSA NPs steadily increased and reached 46.08+9.54 % in four weeks (Fig
2B). By this time the total amount of drug released was 3.97+0.59 mg.

3.2. Cytotoxicity and uptake of DOX-BSA NPs

3.2.1. In vitro cytotoxicity—DOX-BSA NPs tested at 0.5 mg/ml and 1 mg/ml
concentrations were not found to be toxic in cell cultures of rat pulmonary fibroblasts, rat
alveolar macrophages, or human vascular endothelial cells. Live dead assay of all the three
types of cells showed no abnormalities in morphology and no dead cells. The cell viability
was similar to the control group. On the other hand, ethanol treatment (positive control) lead
to dying of all cells (Fig 3A).

3.2.2. Nanoparticle uptake—DiR-BSA NPs as prepared for /n vivo studies showed no
uptake by endothelial cells, pulmonary interstitium by fibroblasts, and alveolar macrophages
in cell cultures due to their negative surface charge and size. When surface charge was
changed to positive by adding chitosan on the surface (POS-DiR-BSA) or size was reduced
but surface charge was kept negative (SM-DiR-BSA), we found these NPs were taken up by
all the cells (Fig 3B) clearly showing that suface negative charge and size is important for
avoiding cellular uptake.

3.3. Elastase model and in vivo targeting study

No severe damage and unexpected mortality were observed due to the intra-tracheal
instillation of 50 U of PPE to the rats. The Elastase group rats did not show any signs of
increased lung compliance and labored breathing. Compliance of the lungs measured were
not statistically different between Saline and Elastase groups (0.334 £ 0.074 vs 0.372

+ 0.062 ml/cm H,0; p=0.29). This shows that the elastase concentration chosen caused only
mild emphysema in the lungs.
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3.4. Histological Analysis

The damage in lungs was confirmed using H&E staining of histological sections. H&E stain
showed areas of air space enlargement in the elastase group rats (Figure 4A and 4B). VVG
staining for elastin revealed damaged elastin in the alveolar walls which could be seen as
faded black fibers (Figure 4C-4F).

3.5. DiR signal measurement

DiR-BSA NPs when delivered systemically and allowed to circulate for 24 hours, showed
specific targeting to damaged elastin in lungs (Figure 5A). Saline group rats, which received
PBS instillation showed negligible signal of NPs in their lungs (Fig 5A). Aorta, which also
has healthy elastin did not have any signal from the NPs in both groups (Fig 5B), clearly
suggesting that NPs target only degraded elastin in lungs. Frozen sections of the lung from
elastase treated group showed nanoparticles in the lungs of elastase group associated with
elastin (Fig 5C and 5D). Targeting percentage for was calculated by normalizing the
epifluorescence signal to average dry weight of the organ. Compared to control group,
Elastase group lungs showed five times higher signal (0.74+0.48 % vs 4.36+2.18 %) (Fig
5E). Rest of the NPs were found in liver, spleen, and kidneys while heart showed no signal
in both groups (Figure 5F).

3.6. Measurement of MMP activity in BALF

As DiR dye loaded NPs showed good targeting to damaged elastin in lungs, we next tested if
nanoparticles loaded with doxycycline, a broad spectrum MMP inhibitor, can be delivered to
the lungs and be effective in preventing MMP activity. MMP activity in the BALF was
measured using specific FRET substrates for MMPs 2, 9 and 12. Non-treated group and
Weekly 1V group rats showed high MMP activity. Weekly IV group rats showed slight
decrease in MMP activity compared to the Non-treated group but this was not statistically
significant. It suggested that weekly drug injections were ineffective in inhibiting MMPs in
lungs. When DOX-BSA NPs were delivered systemically only once at day 3, lungs showed
significantly less MMP activity even after four weeks (Fig 6A). Using one way ANOVA
(p<0.05) and Dunnett’s test for multiple comparisons, it was found that DOX-BSA-NP
group had significantly lower MMP 2, 9 and 12 activity compared to Non-treated group and
Weekly IV group was found not to be different from Non-treated group.

3.7. In situ zymography

In situ zymography is used to detect active MMPs in histological sections. When the
intensity of fluorescence was compared between Weekly 1V and DOX-BSA-NP groups, we
observed a significant suppression of signal from DOX-BSA-NP group’s lung section
compared to the IV drug injection (Fig 6B). This reduced MMP activity concurred with the
FRET assay results showing that one nanoparticle injection can suppress MMP activity for
an extended period of time.

Discussion

The present study shows a novel targeting strategy for delivering drugs to emphysematous
lungs using anti-elastin coated BSA nanoparticles. It also shows that such targeted
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nanoparticles loaded with doxycycline hyclate can suppress MMP activity in the lungs for
prolonged periods.

Emphysema is responsible for damage of alveoli owing to the chronic inflammation in the
lungs there by decreasing gas exchange capability of lungs. It also leads to the loss of elastin
fibers that results in loss of elastic recoil of lungs making the alveoli collapse during breath
exhalation requiring the patient to use greater force to exhale the air out. Most of the
available treatments provide relief to the patients by bronchodilation; however, new anti-
inflammatory agents are being developed [31]. The most general route of administration of
drugs for pulmonary applications is by inhalation. There are many advantages of this route
like local delivery, availability of drug, needleless treatment but at the same time, it may not
be suitable for people with diseases like emphysema. It has been shown that inspirational
capacity of COPD patients is less than that of normal subjects, which might reduce drug
deposition [32, 33]. Apart from size hydrophilicity/hydrophobicity of the drug, mucociliary
clearance mechanisms, drug metabolism in lungs can dictate what happens to the inhaled
drug. Inhaled drug particles also have to survive phagocytosis by alveolar macrophages. One
recent study has shown that, while modeling lobar distribution of particles, differences do
exist between normal and emphysematous mice with factors like airway collapse, smaller
airways, particle transport through expiration may impact particle deposition [34]. Thus,
targeting lungs via a systemic route like intravenous administration of nanoparticles seems
promising. Elastin damage is one of the characteristics observed at the extracellular matrix
level in emphysema. Matured elastic fibers have amorphous elastin protein wrapped around
by microfibrils and other proteins [35, 36]. During inflammation, MMPs can degrade these
outer microfibrils and expose core elastin to elastases [37-39]. We took advantage of this
distinction to target NPs tissues that experience elastic fiber degradation as a part of their
pathophysiology.

After several parameter optimizations as shown in Table 1, we obtained ~200 nm size
particles with negative surface charge and good drug loading. We have shown earlier that
this size and negative surface charge and surface conjugation of elastin antibody allowed
NPs to target degraded elastin in arteries in experimentally created aneurysms and vascular
calcification in rats [29, 30, 40]. We wanted to extend these studies to lungs. The
nanoparticles possessed required surface charge and size to not being phagocytosed by
macrophages. They were also PEGylated to increase their circulation time in the body. Our
nanoparticle uptake study results coincide with the observed fact that particles less than 0.26
microns can escape phagocytosis by macrophages [41].

The size and negative surface charge of these nanoparticles are needed to avoid uptake and
phagocytosis by macrophages and by other cells like fibroblasts and endothelial cells /n
vivo. We show that surface negative chage and size of ~200 nm prevented cellular uptake of
DOX loaded NPs. This was desirable as we wanted nanoparticles to be bound to degraded
elastin in the extracellular space and not cleared right away by phagocytosis. When surface
charge was changed to positive (POS-DiR-BSA) or NPs were made smaller in size (SM-
DiR-BSA NPs), we found that these were readily phagocytosed by alveolar macrophages /n
vitro. This result was important in the sense that phagocytosis by alveolar macrophages is
one of the clearance mechanisms adopted by the lungs to get rid of foreign particles.
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We used elastase instillation rat model of emphysema, which causes elastin damage and air
space enlargement in lungs [42]. VVG staining showed faded black fibers along the alveolar
walls in elastase treated rats showing degradation of elastin. Thus, this model was an ideal
test bed for us to validate our nanoparticle targeting and inhibiting MMPs in lungs. The
strong DiR signal from elastase damaged lungs combined with the observation of aortae in
the same rats being void of signal proved that the nanoparticles target only damaged elastin
in lungs. Elastase instilled rats which received 1gG-DiR-BSA NPs showed no targeting,
which proved that elastin antibody coating was pre-requisite for targeting (data not shown).

We did not observe any significant changes in the lung compliance between the saline and
elastase groups as we expected to only see a mild emphysema with our treatment. We
believe that this might be because of the low dosage that has been administered to the rats
(50 U per animal). Another reason is likely a result of the intra-tracheal delivery method of
the protease (inhaled delivery may produce more uniform damage, but carries its own
problems). But we know and have demonstrated that septal disruption occurred, making the
lung a viable emphysema model for the study aims.

We observed ~5-fold increase in NP targeting for elastin antibody coated NPs when
compared to the Saline group. Very few studies have shown lung specific targeting of
nanoparticles. Documented results show much variation in the percentage of particles
reaching lungs. Bazile et al. used 14C-polylactic acid (PLA) nanoparticles coated with
human serum albumin (HSA) and showed a passive targeting percentage of 0.09% and
0.01% at days 1 and 7 respectively [43]. Akasaka et al [44] have seen only slight localization
of BSA nanoparticles coated with lung carcinoma monoclonal antibodies (mAbs) to Lewis
lung carcinoma in mice lungs. This is the only study that has shown targeting with antibody-
coated nanoparticles used for targeted delivery of drugs to lungs. We have shown that our
nanoparticles exhibit specific targeting with higher percentage of particles going to lungs
compared to documented results. Overall, our strategy of targeting degraded elastin was
specific to damaged areas of lungs only and would provide drug release where it is needed
most.

Matrix metalloproteinases, especially MMP 12, play a central role in extracellular matrix
degradation and progression of emphysema [45, 46] and their inhibition has shown
protection against emphysema development in animal models [47, 48]. Churg et al. further
stressed the importance of MMP-12 in cigarette smoke model of emphysema by showing
reduced levels of this protein produced by alveolar macrophages when treated with a-1 anti-
trypsin [49].

Our aim was to deliver a broad-spectrum MMP inhibitor like doxycycline, encapsulated in a
biodegradable nanoparticle system, to mitigate MMP activity. Doxycycline is a potent
inhibitor of MMPs especially MMP-8 and -9 [50-52]. Doxycycline has been previously
shown to reduce the severity of abdominal aortic aneurysms (AAAS) in various animal
models. Manning et al., [53] have shown reduction of AAA formation in Ang Il murine
model of the disease. Their study results also coincide with Uitto et al., [54] who also report
decreased MMP2 activity and also decreased MMP2 gene expression in epithelial cell
cultures. Petrinec et al., [55] have observed decreased local MMP9 production in the
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abdominal aorta which led to the preservation of elastic matrix in the rats treated with
doxycycline injections daily.

Broncheoalveolar lavage fluid (BALF) is a key indicator of inflammation that is going on in
lungs. Measurement of MMP activity from BALF evaluated the efficacy of nanoparticles in
delivering functional doxycycline to the lungs. Non-treated rats without any drug treatment
showed high MMP activity in BALF. This level of activity was similar to rats receiving
weekly injections of doxycycline, clearly showing drug alone was inefficient in inhibiting
lung MMPs. We show that targeting of nanoparticles to damaged elastin in the lungs and a
controlled release of doxycycline played an important role in keeping down the MMP
activity levels in rats that received single DOX-BSA NPs injection. An obvious advantage of
such treatment is requirement of lower dosages.

Dalvi et al., [56] have reported significant improvement in lung functions when moderate to
severe COPD patients were treated with doxycycline (100 mg per day). In another recent
pilot study Bhattacharya et al., [57] have observed pulmonary function improvements with
doxycycline treatment (100 mg per day) compared to standard pharmacotherapy. In animal
models, Rossiter et al., [58] have showed VEGF LoxP mice instilled through the trachea with
an adeno-associated virus expressing Cre recombinase had reduced mean linear intercept
(MLI) values with continuous doxycycline treatment along with reduction in MMPs. Sochor
et al., [59] have demonstrated MMP-9 inhibition and thus pancreatitis-associated lung injury
in rats with doxycycline treatment (30 mg/kg). Doroszko et al., [60] have reported MMP-9
inhibition by doxycycline (2 mg/kg) in mechanical ventilation-induced lung injury in Wistar
rats. These experiments lasted for less than one day. On a similar scale, the average amount
doxycycline released into the body of each rat in 24 hours is 0.163 mg/kg in our current
study. This corresponds up to ~180 and ~12 fold decrease in the amount of drug required for
MMP inhibition with targeted delivery compared to Sochor et al., and Doroszko et al.,
results respectively. Doxycycline is used as an example in this paper to pave the way for
many other drugs that can be targeted to lungs by our novel NPs. The reduced dosage using
targeted delivery can be particularly useful when toxic drugs have to be delivered for
treatment of diseases like lung cancers.

Conclusion

In conclusion, by taking advantage of elastin damage that occurs in emphysema as a part of
its pathological process, we have developed a novel bio-degradable polymeric nanoparticle
system that targets to lungs. We have confirmed the targeting specificity of these particles.
Doxycycline loaded BSA NPs were optimized in their size, surface properties, yield, drug
loading and release properties. Targeted single dose delivery of doxycycline nanoparticles
have led to significant inhibition of MMPs in the lungs for up to 4 weeks /n vivo. This opens
up a promising way of controlling inflammation in emphysema there by stopping further
damage to the lungs.
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