
Polymeric Nanoparticles for Pulmonary Protein and DNA
Delivery

Jyothi U. Menon1,2,§, Priya Ravikumar3,§, Amruta Pise1,2, Dipendra Gyawali1,2, Connie C.W.
Hsia2,3,*, and Kytai T. Nguyen1,2,*

1Department of Bioengineering, The University of Texas at Arlington, Arlington, TX

2Graduate Biomedical Engineering Program, The University of Texas Southwestern Medical
Center at Dallas, Dallas, TX

3Department of Internal Medicine, The University of Texas Southwestern Medical Center at
Dallas, Dallas, TX

Abstract

Polymeric nanoparticles (NPs) are promising carriers of biological agents to lung due to

advantages including biocompatibility, ease of surface modification, localized action and reduced

systemic toxicity. However, there have been no studies extensively characterizing and comparing

the behavior of polymeric NPs for pulmonary protein/DNA delivery both in vitro and in vivo. We

screened six polymeric NPs: gelatin, chitosan, alginate, poly lactic-co-glycolic acid (PLGA),

PLGA-chitosan, and PLGA-polyethylene glycol (PEG), for inhalational protein/ DNA delivery.

All NPs except PLGA-PEG and alginate were <300 nm in size with bi-phasic core compound

release profile. Gelatin, PLGA NPs and PLGA-PEG NPs remained stable in deionized water,

serum, saline and simulated lung fluid (Gamble’s solution) over 5 days. PLGA-based NPs and

natural polymer NPs exhibited highest cytocompatibility and dose-dependent in vitro uptake

respectively by human alveolar type-1 epithelial cells. Based on these profiles, gelatin and PLGA

NPs were used to encapsulate a) plasmid DNA encoding yellow fluorescent protein (YFP) or b)

rhodamine-conjugated erythropoietin (EPO) for inhalational delivery to rats. Following a single

inhalation, widespread pulmonary EPO distribution persisted for up to 10 days while increasing

YFP expression was observed for at least 7 days for both NPs. The overall results support both

PLGA and gelatin NPs as promising carriers for pulmonary protein/DNA delivery.
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1. Introduction

Nanomedicine in the area of pulmonary protein/DNA delivery has emerged as a cutting edge

technology combining nanotechnology and pharmacotherapeutics for drug delivery and

tissue remodeling. Conventional methods of delivering proteins and DNA are limited by low

bioavailability, denaturing/instability of the product and variation between doses [1].

Delivery of nanoparticles (NPs) loaded with therapeutic agents via inhalation takes

advantage of the ease and non-invasive nature of administration, the large alveolar surface

area for rapid uptake, prolonged local action, and a lower effective dose resulting in lesser

risk of toxicity compared to systemic drug delivery [2]. For instance, Terzano et al.[3]

recently developed non-phospholipid vesicles encapsulating beclomethasone dipropionate

for treatment of chronic obstructive pulmonary disease (COPD) that can enhance penetration

through the mucus layer and provide localized therapy. In addition, NPs under ~200 nm

could theoretically escape detection by alveolar macrophages [4], leading to more effective

uptake and action.

Different types of nanocarriers such as liposomes, lipid or polymer-based micelles,

dendrimers and polymeric NPs have been used for encapsulation and delivery of therapeutic

agents to the lung [5]. Polymeric NPs are of growing interest, as the polymers can be co-

polymerized, surface-modified or bioconjugated for better targeting capability and delivery

of the encapsulated agents. The commonly used nanocarriers in pulmonary drug delivery

include natural polymers such as gelatin, chitosan, alginate and synthetic polymers like

poloxamer, poly lactic-co-glycolic acid (PLGA) and Poly-(ethylene glycol) (PEG) [6].

Gelatin is a biocompatible, biodegradable protein that covalently binds the active compound

[7] resulting in greater loading efficiency. Chitosan, a polysaccharide, is a mucoadhesive

and permeation enhancer that facilitates NP retention in the lung following administration

[6]. Alginate is another highly biocompatible natural polymer with a hydrophilic matrix for

efficient protein loading [8]. PLGA has been established as an FDA-approved biocompatible

and biodegradable synthetic polymer that allows sustained drug release over a period of

weeks to months depending on the ratio of monomers used [9]. Further, there is growing

literature to support the use of PLGA-based nano/micro particles for pulmonary delivery due

to their biocompatibility and the option of tailoring their rate of drug release and

biodegradation based on the intended applications [10, 11] without causing tissue damage in

the lung [12]. For example, in vitro studies by Tahara et al.[13] demonstrated that PLGA

nanoparticles with and without chitosan coating are cytocompatible with A549 lung

epithelial cells up to a high concentration of 5 mg/ml. Recent studies on PLGA nanoparticles

prepared with poly vinyl alcohol (PVA) surfactant also demonstrated minimal inflammatory

reaction and good cytocompatibility at <1 mg/ml concentration with A549 cells[14].

Further, histological examination of lung tissue sections following PLGA nanoparticle

administration by intratracheal instillation have shown that these particles do not cause lung

tissue damage [15]. PEG is known to improve the hydrophilicity, aerodynamic

characteristics and retention time of NPs [16, 17].

Due to the small size of NPs, they tend to remain suspended in air, making direct delivery to

and deposition in the deep lung difficult. Therefore, the mode of pulmonary delivery also
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plays a crucial role in facilitating NP deposition and distribution in distal lung tissue. Use of

a metered dose inhaler or a dry powder inhaler could result in significant oropharyngeal NP

deposition and variation in dosage when the device is not shaken correctly [18]. Use of a

nebulizer on the other hand could maintain a relatively constant size of aerosol droplets in

the range (4–6µm diameter) that easily allow the suspended NPs to reach the distal lung. For

example, the celecoxib-loaded lipid nanocarriers developed by Patolla et al. [19] (~217 nm

size) were shown to deposit in the alveolar region of murine lungs following nebulization. A

recent study demonstrated that aerosol droplets containing 5(6)-carboxyfluorescein-loaded

nanoparticles (195 nm) generated by an Aeroneb™ nebulizer possessed aerodynamic

properties suitable for alveolar deposition [20].

A survey of literature indicates that although several polymeric NPs have been characterized

for pulmonary delivery of different compounds, there have been no studies to the authors’

knowledge that corroborated the in vitro cellular uptake and retention time of NPs with their

behavior in vivo. Further, the optimum formulation that facilitates prolonged core compound

delivery and release as well as comparatively longer retention in the lung is unknown.

Therefore, it is essential that polymeric NPs are thoroughly evaluated in terms of physical

and chemical properties and release efficacy of therapeutic agent to choose the optimum

nanocarrier for the specific type of compounds being delivered. Studies have been

conducted previously to compare the properties of selected polymeric (e.g. PLGA, chitosan,

gelatin) nano/micro particles for pulmonary delivery of therapeutic agents like tobramycin

and rifampicin [12, 21]. Recently, chitosan and PLGA-based NPs have also been developed

for pulmonary delivery of proteins/peptides such as insulin and calcitonin [22, 23].

However, it is essential to determine the most promising nanoparticle formulation that can

efficiently deliver these core compounds to the alveoli for treatment of pulmonary ailments.

Therefore, the goal of this project was to compare selected naturally and synthetically-

derived biocompatible polymer-based NPs encapsulating model proteins (bovine serum

albumin [BSA] and rhodamine conjugated to recombinant human erythropoietin [EPO]) or

plasmid cDNA (encoding yellow fluorescent protein, YFP) in terms of their physical-

chemical properties, in vitro cell uptake and compatibility with human alveolar epithelial

cells, and in vivo pulmonary uptake following inhalation in rats. Our goal was to determine

the most promising formulation(s) for further development as carriers for pulmonary

delivery of biological agents.

2. Materials and Methods

2.1. Synthesis of natural polymer-based NPs

Gelatin NPs were prepared by two step desolvation method described by Shutava et al.[24]

Briefly, 0.05% (w/v) gelatin solution was prepared in DI water and 25 ml of acetone was

rapidly added to it. The gel-like precipitate obtained was re-dissolved in water and 75 ml of

acetone was added dropwise at 40°C to obtain a milky-white solution. 0.2ml of 25%

glutaraldehyde as a crosslinker was then added and stirred overnight, following which the

solution was dialyzed and lyophilized to obtain gelatin NPs.

Chitosan NPs were prepared by ionic gelation using sodium tripolyphosphate (TPP) [25].

Chitosan (Polyscience Inc., Warrington, PA) solution in 1% (w/v) acetic acid was adjusted
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to a pH of 5.5 following which TPP was added dropwise to allow formation of particles.

After 1 hr stirring, the particles were dialyzed and freeze-dried.

Alginate NPs were prepared by cation induced controlled gelification of alginate described

by Rajaonarivony et al.[26] with slight modifications [27]. Briefly, 18 mM of calcium

chloride was added dropwise to sodium alginate solution (0.06% w/v). Chitosan solution of

concentration 0.05% w/v was then added followed by stirring overnight. The NPs were

recovered by centrifugation at 19,000 rpm for 30 mins, followed by lyophilization to obtain

the NPs.

2.2. Fabrication of synthetic polymer-based NPs

Emulsion - solvent evaporation method was used to prepare PLGA NPs. For this procedure,

3% w/v PLGA (Lakeshore Biomaterials, Birmingham, AL) solution was prepared in

chloroform to form a primary emulsion. This emulsion was then added to an aqueous

solution of 5% w/v PVA to create double emulsion, and sonicated. This particle suspension

was stirred overnight at room temperature allowing the solvent to evaporate. NPs were

recovered by ultracentrifugation at 25, 000 rpm for 30 mins at 10°C. For BSA loaded NPs,

3% BSA solution (30mg in 300µl of DI water) was emulsified in PLGA solution, while for

cDNA loaded NPs, 0.1% of the cDNA was dispersed in DI water and used for

emulsification.

For the preparation of PLGA-CS NPs, carboxymethyl chitosan (CMC) was mixed with PVA

solution and allowed to be adsorbed onto the surface of the PLGA NPs. The NP preparation

procedure is similar to PLGA NPs except for the addition of 0.5% (w/v) CMC in 12 ml of

4.5% (w/v) PVA.

The copolymer of PLGA-PEG was synthesized by conjugation of COOH-PEG-NH2

(Laysan Bio Inc., Arab, AL) to the free COOH groups on PLGA using carbodiimide

chemistry. PLGA-NHS was obtained by addition of excess N-hydroxysuccinimide (NHS)

and 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) to PLGA solution in

dichloromethane. The resultant polymer was precipitated by cold methanol and vacuum

dried. 1g of PLGA-NHS was dissolved in 4 ml of chloroform and then 250mg of COOH-

PEG-NH2 and 28 mg N,N-diisopropylethylamine was added and stirred for 12 hours. The

copolymer was precipitated with cold methanol and washed three times to remove unreacted

PEG. This polymer was dried under vacuum and used further for NP preparation [28].

Bovine serum albumin (BSA) was used as protein model while YFP plasmid cDNA was

used as cDNA model for encapsulation within all six NPs. All NPs were lyophilized and

stored in powder form at −20°C when not being used. For all of our in vitro and in vivo

studies, the particles were freshly constituted either in DI water, media, or saline.

2.3. Characterization of NPs

The NPs were characterized for their particle size, polydispersity and zeta potential using

DLS (ZetaPALS dynamic light scattering (DLS) detector (Brookhaven Instruments,

Holtsville, NY). A fixed amount of nanoparticle solution was added to a transparent cuvette

and placed in the instrument. The nanoparticle properties were detected by laser light
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scattering due to Brownian motion of the particles. The morphology of the particles was also

analyzed using Transmission electron microscopy (TEM, FEI Tecnai G2 Spirit BioTWIN,

Hillsboro, OR). A drop of particle solution was placed on a Formvar-coated 200-mesh

copper grid (Electron Microscopy Sciences, Hartfield, PA) at room temperature and allowed

to air-dry. The sample was then inserted into the TEM instrument for observation.

2.4. Stability Study

To determine in vitro stability, the NPs were suspended in DI water, saline (0.9% sodium

chloride solution), 10% Fetal Bovine Serum (FBS, Atlanta Biological, Lawerenceville, GA),

or simulated lung fluid (Gamble’s solution, prepared as described by Marques et al.[29]) and

incubated at 37°C for 5 days. Particle size was measured after every 6 hours for up to 12

hours and then every 24 hours for 5 days. DLS was used to measure particle size at each

interval.

2.5. Loading and release studies

The amount of encapsulated agent entrapped in NPs was calculated by quantifying the

amount of un-entrapped reagent collected in the supernatant after centrifugation. The

protein/cDNA encapsulation efficiency was calculated as the percentage of protein/cDNA

used initially for loading into the NPs (Equation 1).

(1)

For in vitro protein release studies, stock solutions of BSA-loaded NPs were prepared in DI

water and 1 ml was added to dialysis bags with a molecular weight cut-off of 100 kDa

(Spectrum Laboratories Inc., Rancho Dominguez, CA) and dialyzed against DI water at

37°C for 21 days. Four replicates were used for analysis. At predetermined time points, 1 ml

of dialysate was collected from each sample and replaced with 1 ml of fresh DI water. This

dialysate was stored at −20°C for further analysis. The amount of BSA released was

analyzed using Pierce BCA protein assays (Fisher Scientific, Hampton, NH), according to

the manufacturer’s instructions. The amount of protein released was analyzed against BSA

standards to determine cumulative percentage protein release.

2.6. In Vitro cell studies

Cytocompatibility—Human alveolar type 1 epithelial cells (Applied Biological Materials

Inc., Richmond, BC, Canada) were seeded in tissue culture well plates at a density of 16000

cells/cm2 and incubated at 37°C and 5% CO2 for 24h to promote cell attachment. Following

incubation, the media was aspirated and replaced with increasing concentration of NP

suspensions (in media) for 24 h. The samples were washed twice with 1× Phosphate

buffered saline (PBS) and incubated with MTS reagent (CellTiter 96®AQueous One

Solution Cell Proliferation Assay, Promega, Madison, WI). Absorbance readings were

obtained using a UV–vis spectrometer (Infinite M200 plate reader, Tecan, Durham, NC) at a

wavelength of 490 nm to determine cell viability. In order to confirm the results obtained

using MTS assay, a Picogreen dsDNA assay was also performed to determine the total DNA
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content per treatment group. To perform this assay, the cells incubated with the

nanoparticles were first washed thrice with PBS and then lysed using 1% Triton X-100.

Picogreen dsDNA assay was then performed on the cell lysates per manufacturer’s

instructions.

Cellular uptake—Human alveolar type 1 epithelial cells were seeded at a density of 16000

cells/cm2 in tissue culture plates and incubated at 37°C for 24 h. The cells were then

incubated with increasing concentrations of Indocyanine green (ICG)-loaded NPs in media

for 2 h. At the end of the study, the cells were washed well using PBS and lysed using 1%

Triton X-100. Fluorescence intensity measurement of each well was carried out using a

spectrophotometer to determine the ICG present within the particles taken up the cells.

These measurements were analyzed against a nanoparticle standard. These fluorescence

intensity values were then normalized with the total DNA content per sample using

Picogreen dsDNA assays (Invitrogen, Grand Island, NY). The cell lysate sample is usually

quantified for the total cell protein or DNA, which presents the cell number per sample,

using protein or DNA assays. However, EPO- and cDNA-loaded NPs will interfere with the

readings for both these assays. Therefore we used ICG-loaded particles since the

fluorescence readings will not interfere with our quantification of the cell lysate samples.

2.7. In vivo animal studies

The Institutional Animal Care and Use Committee of the University of Texas Southwestern

Medical Center (UT Southwestern) approved all animal procedures. Sprague-Dawley rats

(300–400 grams body weight, Charles River Laboratories, Wilmington, MA) were

anesthetized by an intraperitoneal injection of ketamine (50 mg/kg) and xylazine (5 mg/kg).

The larynx was visualized using an otoscope and a 14 gauge cannula was inserted into the

trachea using a guide wire so that the NPs can be delivered to the lung. Heart rate and

transcutaneous oxygen saturation were monitored via a tail cuff (Kent Scientific, Torrington,

CT). PLGA or gelatin NPs (4.5 mg) encapsulating a) plasmid DNA vector encoding for

yellow fluorescent protein (pEYFP-N1, kindly provided by Dr. Makoto Kuro-o, Dept. of

Pathology, UT Southwestern, 40.28% loading efficiency) or b) recombinant human EPO

(Cell Sciences, Canton, MA, 100 IU/kg body weight) conjugated to rhodamine, were

suspended in 0.5 ml of sterile saline, sonicated (Model 300VT ultrasonic homogenizer,

Biologics Inc., Manassas, VA) and aerosolized (4–6µm droplets) via the tracheal cannula

over 3 min using a pediatric mesh nebulizer (Aeroneb™, Aerogen, Galway, Ireland). Each

animal received one aerosolized NP preparation. Control rats received the corresponding NP

encapsulating empty vector (DNA control) or empty NP (protein control) by the same

method. The rats were observed following nebulization until complete recovery from

anesthesia.

At selected days post-treatment, rats were killed by an intraperitoneal injection of

Euthasol™ overdose (pentobarbital 86 mg/kg and phenytoin 11 mg/kg) to stop the heart.

The lungs were inflation fixed by tracheal instillation of 4% paraformaldehyde at 25 cmH2O

of airway pressure and removed intact. The fixed lobes were serially sliced (3 mm intervals)

and the slice faces were imaged by a biofluorescence imager (CRI Maestro 2, Cambridge

Research & Instrumentation Inc, Waltham, MA; excitation/emission wavelengths 529nm/
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580nm for rhodamine, 520nm/532nm for YFP). Fixed tissue blocks were embedded in

paraffin, and histological sections (4 µm thickness) were examined under a confocal

fluorescence microscope (Zeiss LSM510, excitation/emission wavelengths 543nm/560nm

for rhodamine, 514nm/535nm for YFP).

3. Results

3.1. Characterization of NPs

The NPs were characterized for their size, polydispersity and surface charge (Table 1).

Among natural polymers, alginate NPs are large (hydrodynamic diameter 556±56 nm) while

gelatin and chitosan were comparatively smaller (191 and 253 nm, respectively). The

positive zeta potential value of chitosan NPs indicates the presence of cationic NH2 groups

on the surface of the particle. Among the synthetic polymers, PLGA-PEG NPs were larger

with an average hydrodynamic diameter of 335 nm while PLGA and PLGA-Chitosan

(PLGA-CS) NPs were smaller (164 and 191 nm respectively). The smaller polydispersity

values of PLGA and PLGA-CS NPs (0.14 and 0.07, respectively) indicate that they are

relatively uniformly dispersed. In contrast, chitosan and alginate NPs demonstrated larger

polydispersity values (0.28 and 0.29, respectively), indicating more variation in their particle

size distribution. Transmission Electron Microscopy (TEM) images indicate that the

particles are spherical in morphology and are uniformly dispersed except for alginate NPs

(Figure 1). In addition, the particle size range determined from TEM images agreed with

that observed using the DLS instrument. After NP formation and purification, the residual

solvent present have been previously analyzed using high-performance liquid

chromatography (HPLC) [30] and gas chromatography [31]. Parameters such as method of

solvent evaporation, number of washes and surfactant concentration can influence the

residual solvent content [30, 31]. The particles we had prepared for this project using

organic solvents were extensively evaporated overnight, dialyzed and/or washed thoroughly

to remove most of the residual organic solvent. The purified nanoparticles were then

collected via centrifugation and freeze-drying. Due to these extensive washing and drying

steps we do not expect any adverse effects to occur due to the use of organic solvents during

preparation.

The stability of NPs was assessed by suspension in de-ionized (DI) water, 10% fetal bovine

serum, 0.9% saline and simulated lung fluid (Gamble’s solution) and taking DLS particle

size measurements at fixed time intervals. The PLGA and gelatin NPs were stable in all 4

solutions over 5 days with no significant aggregation or change in size. However, chitosan

and alginate NPs showed fluctuations in size, indicating nanoparticle aggregation or

polymer degradation. PLGA-CS NPs also tended to show aggregation in saline although it

remained relatively stable in DI water, serum and Gamble’s solution (Figure 2).

All NPs demonstrated a biphasic release profile of the incorporated compound (shown for

BSA). PLGA NPs showed the greatest burst release (about 48%) of the loaded compound

within 2 days while PLGA-PEG and PLGA-CS showed burst releases of 30% and 34%,

respectively. Among the natural polymer-based NPs, gelatin showed a burst release of about

32% of the drug in 2 days while chitosan and alginate NPs showed burst release of 43% and
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27% of the drug, respectively, within 2 days. For all NPs, 80% or more of the encapsulated

compound was released within 21 days (Figure 3).

3.2. In Vitro Studies of NPs

Human alveolar type 1 epithelial cells incubated with gelatin, chitosan or alginate NPs

showed greater than 90% cell viability up to an NP concentration of 1000 µg/ml compared

to control cells (not incubated with NPs), when tested using MTS assay. The natural

polymer-based NPs showed about 80% cell viability at 2000 µg/ml, indicating that they are

cytocompatible even at high concentrations. In comparison, human alveolar epithelial cells

incubated with PLGA or PLGA-CS NPs showed greater than 90% viability at all

concentrations while PLGA-PEG NPs demonstrated a slight decline in cell viability to 83%

of control at 2000 µg/ml (Figure 4 A, B). To confirm these results, a Picogreen dsDNA

assay was also performed. We observed that more than 90% of the cell DNA was present

following incubation with PLGA, PLGA-CS and PLGA-PEG NPs at all concentrations. In

addition, about 80% of the DNA content was retained following treatment with gelatin and

chitosan NPs up to 2 mg/ml concentration. Treatment with alginate NPs resulted in a

decrease in DNA content to 76% at 2mg/ml concentration. It should be noted, however, that

more than 80% of the DNA content was present in all samples following incubation with all

particles up to 1 mg/ml concentration indicating that these particles are cytocompatible up to

1mg/ml.

The uptake of NPs by human alveolar Type 1 epithelial cells was studied by incubating with

increasing concentrations of NPs over 2 h. All NP formulations showed significant dose-

dependent cellular uptake up to a concentration of 1000 µg/ml with the exception that

cellular uptake of gelatin NPs became saturated at 500 µg/ml concentration (Figure 5). At a

given concentration, cellular uptake of natural polymeric NPs was higher than that of

synthetic polymeric NPs, possibly due to different rates of uptake of different NPs by the

cells over time.

3.3. In Vivo Studies of NPs

Based on the composite in vitro characteristics (Table 2), gelatin and PLGA NPs exhibit the

most favorable profiles for effective delivery to lung tissue (small size, low aggregation,

high stability, and biocompatibility); therefore, these two formulations were selected for

further testing in vivo. A single dose of gelatin or PLGA NPs incorporating plasmid DNA

encoding YFP and delivered by nebulization to the lungs of anesthetized, intubated rats

resulted in widespread and increasing fluorescence throughout lung tissue. The pattern of

distribution observed in lung slices and histological sections increased from punctate (day 3)

to diffuse (days 5 and 7) in all lobes, consistent with persistent gene expression and YFP

production by lung cells (Figure 6A and 6B). Similarly, a single inhalational dose of gelatin

or PLGA NPs incorporating EPO-rhodamine resulted in widespread fluorescence in lung

tissue that persisted for at least 10 days (Figure 7A and 7B). At the same delivered dose of

cDNA or protein, tissue expression was uniform following inhalation of both loaded PLGA

and gelatin NPs. However, uniform protein expression was observed for a longer time

following inhalation of PLGA NPs than that following gelatin NP inhalation.
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4. Discussion

In this study we screened six common NP preparations consisting of natural and synthetic

polymers to determine the most promising formulations for pulmonary delivery and uptake

by distal lung cells. Our characterization showed that most NPs except PLGA-PEG and

alginate NPs maintained a size under 300 nm. The larger size of alginate NPs (556±56 nm)

concurs with results of Yang et al.[32] who prepared alginate NPs having sizes ranging from

536 nm to 1.8 µm for gene therapy, based on the ionic gelation method However, NPs in the

size range of 0.5 to 3 µm tend to be phagocytosed rapidly by macrophages [33] while

particles having a diameter between 50 to 200 nm show greater alveolar deposition and are

more advantageous for pulmonary drug delivery [4]. Thus, most of our NP formulations

except alginate and PLGA-PEG were in the desirable size range as carriers for pulmonary

delivery.

We further conducted studies to determine the stability of our NPs in DI water, serum, saline

and simulated lung fluid. Our results for gelatin NPs are in agreement with previous studies

on these particles prepared by the layer-by-layer method, which demonstrated stability up to

4 weeks after preparation [24]. The observed aggregation of our chitosan NPs in media and

serum concurs with the results by Gan et al.[34], which showed chitosan particle

aggregation at different pH conditions and particle concentrations due to thermodynamic

instability of the system. Other studies have found that alginate-chitosan NPs tend to break

apart at a pH of 7.0 indicating that these particles are unstable when the pH is close to

physiological pH [35]. On the other hand, our PLGA-based NPs maintained stability without

aggregation in all solutions for up to 5 days, which is in agreement with previous studies [9,

36]. PLGA-CS NPs showed some aggregation in saline, which may also have occurred due

to chitosan’s thermodynamic instability with pH changes. Based on this study, chitosan and

alginate NPs are less favorable for pulmonary administration as their instability may lead to

inflammation and reduced therapeutic efficacy due to faster clearance from the lung.

Next we studied the drug release kinetics of all our NP formulations containing BSA as a

protein model, over a period of 21 days. All of our NPs exhibited a biphasic release profile

of the core compound. Among natural polymers, the highest burst release of 43% of

encapsulated BSA from chitosan NPs within 2 days was similar to the ~40% BSA release

within 48 h observed by Gan et al.[34] using NPs prepared with medium molecular weight

chitosan (that is similar to the polymer used by us). Our PLGA-based NPs showed a high

burst release followed by a characteristic sustained release up to 21 days, which was similar

to the drug release profile observed in the literature [9, 37]. Although we observed higher

burst release from PLGA than from PLGA-PEG NPs, Li et al.[38] detected greater initial

BSA release from the latter. This may have occurred due to the different PEG compounds

used in their experiments and the availability of different functional groups on the NPs that

may differentially interact with different encapsulated compound. On the other hand,

Parveen et al.[39] observed slightly reduced paclitaxel release from PLGA-CS and PLGA-

PEG NPs than from PLGA NPs, which is consistent with the results obtained by us.

Following physical and chemical characterization of the nanoparticles, in vitro studies were

conducted to assess the compatibility of our nanoparticle formulations with mammalian
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cells. The cytocompatibility with human alveolar type 1 epithelial cells observed by us for

gelatin NPs (~80% viability) is similar to the value reported by Tseng et al.[40] using human

fetal lung fibroblasts (HFL1). Our chitosan NPs maintained greater than 80%

cytocompatibility with alveolar type 1 epithelial cells up to a concentration of 1 mg/ml. This

observation agrees with results by Grenha et al.[41], which showed up to 80% viability with

human bronchial Calu-3 cells and A549 alveolar epithelial cells up to NP concentration of 1

mg/ml. Similarly, our alginate NPs showed a comparable cell viability (92% cell viability up

to 250 µg/ml) as reported in previous studies (~90% viability at 50 µg/ml NP concentration,

24h incubation) using T47D breast cancer cells [42]. The higher cytocompatibility observed

for PLGA-based NPs in our studies agrees with results by Mura et al.[43], which showed

more than 80% viability of Calu-3 cells incubated with PLGA and PLGA-CS NPs up to a

concentration of 5 mg/ml for 24 h. These results indicate that all of our NP formulations are

compatible with lung cells up to a high concentration of 1 mg/ml.

Further studies were conducted to determine the optimum in vitro NP concentration for

uptake by epithelial cells in the lung. All of our NP formulations exhibited concentration-

dependent uptake by human alveolar type 1 epithelial cells. These results are in keeping with

previous reports by other groups that tested various NP formulations on different cell lines.

For example, Tseng et al.[40] used complexes of gelatin NPs and biotinylated epithelial

growth factor (EGF) conjugated with NeutrAvidinFITC to demonstrate increasing NP uptake

by A549 cells up to a concentration of 200 µg/ml. Nam et al.[44] observed a similar dose-

dependent uptake of hydrophobically modified glycol chitosan NPs by HeLa cervical cancer

cells up to a concentration of 200 µg/ml. The dioctylsodium sulfosuccinate (AOT)-sodium

alginate NPs formulated by Chavanpatil’s group[45] also showed dose-dependent uptake

when incubated with MCF7 breast cancer cells and MCF7-ADR cells (a multidrug resistant

sub-line of MCF7). Chen et al.[46] demonstrated concentration-dependent uptake of PLGA-

PEG NPs by MCF7 cells. Further, the dose-dependent uptake of PLGA and chitosan-

modified PLGA NPs by A549 cells observed by Tahara et al.[13] is similar to our results

using PLGA and PLGA-CS NPs. However, contrary to our results, Tahara’s group observed

greater uptake of PLGA-CS than PLGA NPs. This difference may have been due to

differences in the concentrations of chitosan used during preparation as well as variations in

formulation techniques.

We observed a higher in vitro NP uptake of natural polymer-based NPs than synthetic-

polymer based NPs by lung cells grown in culture. This disparity may be related to

differential uptake rates of different polymeric NPs by the cells over time. We previously

demonstrated differential uptake rates of PLGA-based NPs by different cells in a

concentration and incubation time-dependent manner [9, 47]. Interactions between the cell

membrane and polymers could affect the uptake of NPs by human alveolar Type 1 cells

[48]. For example, the negatively-charged cell membranes would favor the positively-

charged chitosan NPs, resulting in higher cellular uptake of these particles [49]. Taken

together, our results indicate that gelatin and PLGA NPs possess the most promising

properties as nanocarriers for pulmonary delivery of biological agents. The sizes of both

carriers were within the range appropriate for deposition at the alveolar surface without
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being cleared by alveolar macrophages. Further, they showed excellent stability in addition

to good cytocompatibility and dose-dependent uptake by Type-1 alveolar epithelial cells.

Due to their overall promising characteristics, both PLGA and gelatin NPs were chosen for

our preliminary in vivo studies. Although alveolar Type 1 cells show higher uptake of

gelatin NPs than PLGA nanoparticles in vitro, the in vivo lung tissue distribution profile was

relatively similar for both PLGA and gelatin NPs loaded with YFP cDNA and Rhodamine-

tagged EPO. On the other hand, greater fluorescence was observed with time in lung slices

of animals administered Rhodamine-tagged EPO encapsulated PLGA NPs than gelatin NPs

containing the same protein. Studies have shown that cellular uptake decreases with

increasing size and hydrophilicity of the polymeric NPs [50]. Therefore, the observed

variation between in vitro and in vivo results could potentially be explained by the slightly

larger size of gelatin NPs following drug encapsulation (~260 nm), which might attract more

rapid clearance by alveolar macrophages. The inherent hydrophobicity of PLGA may have

contributed to greater PLGA NP uptake in vivo compared to the hydrophilic gelatin NPs.

Additional factors in intact lung, e.g., the amount and physical properties of alveolar lining

fluid as well as various extracellular and intracellular clearance mechanisms, could also

differentially influence the distribution, penetration and retention of nebulized NPs in

tissues. These data illustrate the importance of corroborating in vitro test results with those

obtained in vivo. Our results suggest that the potential use of PLGA and gelatin NPs for

inhalational delivery of proteins and DNA are about equal, but PLGA NPs are more

effectively retained in the distal lung under physiological conditions.

5. Conclusions

We formulated six different NPs encapsulating protein or DNA, and characterized their

physical and chemical properties, in vitro cytocompatibility and particle uptake as well as in

vivo deposition and action of the core compound. Among these formulations, gelatin and

PLGA NPs possess the smallest sizes (187 and 160 nm respectively), within the optimal

range for deposition in the alveolar region by nebulization while avoiding phagocytosis by

alveolar macrophages. The PLGA-based and gelatin NPs maintained consistent particle

sizes in water, serum, saline and simulated lung fluid indicating high stability. All NPs

showed a bi-phasic drug release profile, although PLGA NPs had the highest burst release

within 2 days. All NPs formulations were cytocompatible and showed dose-dependent

uptake by type 1 alveolar epithelial cells; however, PLGA-based NPs showed the highest

cytocompatibility while natural polymeric NPs showed the highest uptake at a given

concentration. Of the respective natural and synthetic polymers, gelatin and PLGA NPs

exhibit the most favorable in vitro profiles. Following nebulization and inhalational delivery

into rat lungs, PLGA NPs yielded more uniform and sustained tissue distributions of the

payload compound than gelatin NPs. Our major contribution to the field of drug delivery is

that the in vitro observations of NP properties such as cellular uptake and cytotoxicity may

not completely reflect their behavior in vivo. Therefore, it is important to validate in vitro

characterization results of NPs encapsulating biological reagents with in vivo results in order

to choose the most favorable nanocarrier for the desired application. Considering the

aggregate in vitro and in vivo results, PLGA NPs demonstrate the most favorable set of

characteristics as carriers for pulmonary protein/DNA delivery while gelatin NPs are an
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acceptable alternative choice. Future work will determine their respective optimal

therapeutic dose and frequency of administration as well as the local and systemic effects of

specific encapsulated agents following delivery.
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Figure 1.
TEM images of nanoparticles prepared using (A) gelatin, (B) chitosan, (C) alginate, (D) PLGA, (E) PLGA-CS and (F) PLGA-

PEG. The insets represent the morphology of a single nanoparticle of each type.
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Figure 2.
Stability of all NPs was tested by measuring particle size in (A) DI water, (B) 10% FBS (C) saline solution and (D) simulated

lung fluid at 37°C. The PLGA-based and gelatin NPs remained stable for up to 5 days while alginate NPs tended to show

aggregation by the 4th day. Chitosan NPs showed fluctuations in size indicating comparatively less stability.

Menon et al. Page 16

Acta Biomater. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3.
Drug release studies done on all NPs using BSA as a protein model for a period of 21 days. All NPs showed a bi-phasic release

consisting of a burst release for the first 2 days followed by sustained release for 3 weeks. Gelatin, Chitosan and PLGA NPs

showed an initial burst release of more than 40% loaded protein within 4 days.
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Figure 4.
Type 1 alveolar epithelial cell viability studies using (A,B) MTS assay and (C,D) Picogreen ds DNA assay indicated that

gelatin, chitosan, alginate and PLGA-PEG NPs maintained were cytocompatible up to a concentration of 1000 µg/ml. All NPs

except alginate showed greater than 80% DNA content at 2000 µg/ml concentration. (n=3, *p<0.05 w.r.t control).
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Figure 5.
Cellular uptake of all six NPs by Type 1 alveolar epithelial cells was studied using Picogreen dsDNA assay and fluorescence

readings following 2h incubation with NPs of increasing concentration. Results showed dose-dependence in uptake with

increasing NP concentration (n=3, *p<0.05 w.r.t to cellular uptake at 100 µg/ml).
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Figure 6.
Panel A: Biofluorescence of rat lung slices fixed at 3, 5 and 7 d following nebulization of gelatin or PLGA based NPs loaded

with YFP cDNA, compared to control lungs following nebulization of the corresponding NPs loaded with empty vector (bar=0.5

cm). The panels show increasing YFP expression up to 7 d following nebulization; expression was greater and more uniform

using PLGA than gelatin NPs. Panel B: Confocal fluorescence microscopy of histological sections taken from the

corresponding lungs shows increasing and widespread YFP expression up to 7 d post-inhalation compared to the respective

controls (bar=50 µm).
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Figure 7.
Panel A: Biofluorescence of rat lung slices fixed at 1, 4, 7 and 10 d following nebulization of gelatin or PLGA-based NPs

loaded with rhodamine-conjugated recombinant human erythropoietin (EPO-Rhodamine) compared to control lungs following

nebulization of the corresponding empty NPs (bar=0.5 cm). Panel B: Confocal fluorescence microscopy of histological sections

taken from the corresponding lungs. These panels show more sustained fluorescence up to 10 days post-inhalation using PLGA

rather than gelatin NPs (bar=50 µm).
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Table 1

Size, charge and polydispersity of NP formulations

Polymer Particle Diameter (nm) Polydispersity Zeta Potential (mV)

Gelatin 187 ± 83 0.22 ± 0.007 −18.2 ± 2.61

Chitosan 253 ± 110 0.28 ± 0.017 4.8 ± 1.08

Alginate 556 ± 56 0.29 ± 0.014 −28.7 ± 0.89

PLGA 160 ± 63 0.14 ± 0.017 −20.2 ± 1.16

PLGA – CS 191 ± 60 0.07 ± 0.006 −17.2 ± 1.34

PLGA – PEG 335 ± 131 0.22 ± 0.033 −25.4 ± 1.01
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