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Summary 

Albumin nanoparticles are already in use in the clinic for injected delivery of the anti-cancer drug paclitaxel 
(Abraxane®), but as yet little research has been undertaken into their use for pulmonary drug delivery. Through 
SPECT/CT imaging studies, we have demonstrated their potential as a controlled release system in the lung due 
to their modified clearance profile compared to non-particulate albumin.  Following on, the aim of this study was 
to investigate whether BSA nanoparticles were biodegraded by proteases at concentrations found in lung 
epithelial lining fluid.  This is crucial for effective drug release, and also important for the clearance of 
nanoparticles from the lung to avoid accumulation on repeat dosing. We have investigated protease digestion of 
bovine serum albumin nanoparticles at a physiological protease concentration using a model enzyme (trypsin) in 
in vitro simulants of lung lining fluid using UV/Vis absorption, dynamic light scattering (DLS) and transmission 
electron microscopy (TEM).  In a simple trypsin system, after 4 h at least 60% of BSA nanoparticles were broken 
down, with over 77% being digested after 48 h. In a more complex protein-supplemented medium, over 79% of 
particles were fully digested at 48 h. DLS and TEM were used to investigate particle sizes and distribution over 
48 h. This particle digestion over a 48 h period suggests that albumin nanoparticles have potential for use as a 
controlled release system with a biodegradation rate that alleviates concerns about accumulation and related 
toxicity of nanoparticles in the lung.  

Introduction 

Nanoparticles have received considerable interest and investment from the pharmaceutical industry for 
applications in drug delivery to the lung due to their potential to improve controlled release profiles, avoid 
unwanted mucociliary clearance and increase drug-tissue targeting [1-3].  Central to the acceptance of a 
nanoparticle-based formulation for use in the lung is the assurance that particles can be a) easily broken down 
and b) that the products of this breakdown are non-toxic and easily removed from the body. Albumin represents 
an ideal candidate for these conditions. 

Albumin nanoparticles are formed by linkage of albumin monomers by electrostatic attraction and covalent linking 
reagents (e.g. glutaraldehyde, genipin) and can be prepared to a size of between 100 – 200 nm [4]. Albumin is 
non-toxic, non-immunogenic, and can readily bind and release small molecules [5]. It is also found in high 
abundance in fluids throughout the body, including at the lung epithelium [6]. Whilst an injected albumin 
nanoparticle-based formulation (Abraxane®) is already in use in the clinic [7], little research has been conducted 
into the potential of albumin nanoparticles for drug delivery to the lung. 

We have investigated the potential of albumin nanoparticles for use as a controlled release formulation for 
pulmonary drug delivery using SPECT/CT imaging in mice [8] and demonstrated a modified clearance profile of 
bovine serum albumin (BSA) from the lung when delivered as nanoparticles, i.e. the rate of clearance for the 
same concentration of albumin, BSA nanoparticles t½ = 86.6 h; BSA solution t½ = 28.9 h.  However, whole-lung 
imaging provides little information about the mechanisms of clearance from the lung.  It is important to 
understand the mechanism(s) by which albumin nanoparticles are cleared to be assured that nanoparticles will 
not accumulate on repeat dosing.  Even materials that are relatively inert in the bulk state (e.g. polystyrene, poly-
vinyl alcohol) can demonstrate toxicity at the nano-scale [9], especially if biopersistant. 

We hypothesised that the physiological concentrations of protease found in lung lining fluid [10] would digest 
albumin nanoparticles. This would facilitate clearance, mitigate the risk of accumulation and alleviate concerns 
about safety. Albumin nanoparticle breakdown has been studied previously to investigate the effect of particle 
cross-linking on enzymatic digestion and drug release [11-12]. In contrast, this study was designed to mimic in 
vitro the environment in the lung lumen where albumin nanoparticles would undergo digestion.  

The aim of this study was to investigate protease-mediated digestion of albumin nanoparticles under 
physiologically relevant conditions. This was achieved by the design of in vitro models for the degradative 
environment within lung lining fluid, and the use of UV/Vis spectroscopy, dynamic light scattering and 
transmission electron microscopy to investigate BSA nanoparticle degradation as a potential mechanism for 
albumin nanoparticle clearance after delivery to the lung. 

 



Methods and Materials 

Model lung protease concentration 

Proteomics analysis of lung lining fluid of healthy and diseased patients (asthma, COPD) [13] was used to 
determine to the relative concentrations of protease and anti-protease in found in lung lining fluid. From these 
data, the concentration of an anti-protease (lactoferrin) from the literature [14] was used to estimate a median 
protease concentration for lung lining fluid of 0.1 mg/mL.  Thus, trypsin 0.1 mg/mL was used as the model 
protease in (i) a simple system comprising phosphate buffered saline (PBS), and (ii) a more complex system 
supplemented with 10.8 mg/mL albumin in PBS (PBS+alb) to mimic the high protein concentration of lung lining 
fluid. 

Particle preparation 

Particles were prepared using the desolvation method as reported in the literature [4]. In brief, 100 mg of bovine 
serum albumin (Ig-G free, low endotoxin grade) was dissolved in 1.0 mL Tris HCl buffer (0.01M, pH 8.9). After the 
addition of 25 µL NaOH, 4.0 mL of ethanol was added drop wise to the stirred protein solution. Particles were 
cross-linked by addition of 47.2 µL 10% glutaraldehyde in water and overnight stirring. Particles were purified by 
at least 4 cycles of spin filtration (30kDa MWCO) into ultrapure water. 

Digestion studies 

For the digestion assays, particles were prepared as described, and diluted in PBS or PBS+alb and trypsin to a 
final concentration of 1.6 mg/mL to approximate the particle concentration used in vivo to study particle clearance 
studies, allowing for a minimum dilution factor of 10x at the lung epithelium [8].  A control group of nanoparticles 
in trypsin-free medium at 1.6 mg/mL was also prepared. Digestion mixtures were incubated at 37°C with gentle 
shaking (100 rpm) for 48 h.  Nanoparticle digestion was measured using techniques that utilise the principle that 
intact BSA nanoparticles display high levels of turbidity due to their highly cross-linked structure. As proteases 
digest the particle to liberate composite peptides and amino acids, turbidity is significantly reduced [12, 15]. This 
change can be monitored using UV absorption and Dynamic Light Scattering. 

UV/Vis Absorption: A 200 µL sample of the digestion mixture and the non-trypsin control taken at t = 4, 24, and 
48 h were placed in a 96-well plate. Absorbance at 650 nm (turbidity) was recorded using Spectra Max 190 
Microplate Spectrophotometer System (Molecular Devices, USA) and corrected for turbidity of the medium. 
Calibration curves were prepared containing BSA nanoparticles in the matrices used for the assays.  

Dynamic Light Scattering: At t = 4, 24 and 48 h, samples of the digestion mixture and non-trypsin control were 
analysed using the Zetasizer Nano Series ZS (Malvern) and the particle size distribution, polydistribution index 
(PDI) and derived count rate (kilo counts per second, kcps) recorded.  Derived count rate represents a measure 
of fluctuation in photons per second as measured by the instrument and can be used as a measure of particle 
concentration [16]. Calibration curves were prepared with BSA nanoparticles in the matrices used for the assays.  

Transmission Electron Microscopy:  Samples of digestion mixtures at t = 0, t = 4 and t = 48 h were diluted to 1 
mg/mL of BSA nanoparticles (based on initial concentration) with ultrapure water. A sample, 3 µl, of suspension 
was then applied to a Pioloform-coated copper grid and allowed to settle for 1 min. Excess suspension was 
blotted away and the grids stained in 1% w/v uranyl acetate for 1 min. The excess was blotted and the grid dried 
before imaging. Grids were examined using a Tecnai T20 electron microscope. 

 

Results and Discussion 

BSA nanoparticles were prepared with a mean size of 123±53 nm and PDI value of 0.089±0.065 (n=3). 
Nanoparticle concentration in digestion assay samples was quantified using calibration curves to calculate the 
concentration of BSA nanoparticles in the reaction mixture from the UV turbidity or the count rate of each sample, 
along with that in the trypsin-free particles and medium only controls. UV turbidity and count rate measurements 
of particle concentration over 48 h were in good agreement in PBS and PBS+alb digestion media (Figure 1a).  

Interestingly, similar digestion profiles were observed in the PBS and PBS+alb digestion media, with 
nanoparticles being digested rapidly over the first four hours.  From 4 h to 48 h, a slower phase of digestion was 
observed; by the 48 h endpoint over 77±6% of nanoparticles in PBS and 79±16% of nanoparticles in PBS+alb 
had been digested (Figure 1a).  Preliminary analysis of the digestion kinetics for the BSA NP (log [BSA NP] vs 
time) indicated that is an initial rapid phase followed by a slower process (Figure 1b).  Images of particles at 
different stages of the digestion process show a change in particle appearance after 4 hours and confirm the 
reduction in intact particles by 48 h (Figure 1c). Further investigations into the mechanism of BSA nanoparticle 
digestion are ongoing. 

 



 
 

Figure 1.  Digestion of BSA nanoparticles in PBS and PBS+alb systems supplemented with Trypsin 0.1 
mg/ml as a model lung protease.  (a) % initial BSA nanoparticles measured by UV turbidity and DLS 
count rate in the presence or absence of trypsin.  (b) Plot of log [BSA NP] vs time for PBS and 
PBS+alb models. (c) Schematic showing the proposed two-phase model of BSA nanoparticle digestion 
(rate constant k2<k1) and representative TEM at different stages of the digestion process. 

 
Dynamic light scattering was used to measure particle size and PDI during digestion, however this only gave 
limited information about the extent of particle breakdown. The presence of larger undigested particles obscures 
the detection of smaller fragments, as they scatter light significantly less. After 4h, little difference in particle size 
between digest and control samples was observed in PBS. In PBS+alb, an increase in polydispersity indicated 
some aggregation of NPs in both digest and control samples by 4h. By 24 h, peaks indicating fragments <100 nm 
were visible for digested NPs in PBS and alb-PBS but not controls (data not shown) and continued to be present 
at 48h in both matrices (Figure 2). The presence of these peaks suggested many particles had been broken 
down to smaller species, and these fragments were now detectable by DLS. 
 

 

Figure 2: Particle size distributions of BSA NP in PBS and Alb-PBS with and without Trypsin at 48 h 



 

 
 

Figure 3: In vivo clearance of Indium
111

-labelled bovine serum albumin nanoparticles from mouse lung, 
measured using SPECT/CT imaging [8].  Clearance kinetics estimate t½ = 87 h 

 
 

Clearance of indium-labelled albumin nanoparticle from the mouse lung (Figure 3; [8]) also exhibited a fast initial 
clearance phase, followed by a slower phase.  Whole lung clearance was slower than particle digestion which 
indicates, if particle degradation rates in vivo are similar to those reported herein, that there must be a significant 

contribution of other clearance mechanisms (e.g. absorption, macrophage uptake, mucociliary clearance) of 
particles and/or the degradation products. 

Conclusion 

Having demonstrated the potential of albumin nanoparticles to prolong pulmonary residence time, it is important 
to understand how they are cleared from the lungs to alleviate concerns about accumulation and associated 
toxicity.  In this study, methods were developed to measure albumin nanoparticle degradation in media designed 
to represent the proteolytic activity in the lung.  Using these techniques, albumin nanoparticles were 
demonstrated to be largely degraded within 48 h.  This indicates the capacity of proteolytic digestion to contribute 
to the clearance of albumin nanoparticles in the lung, and supports the viability of this platform for nanocarrier-
based drug delivery to the lung. 
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