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Abstrakt (Deutsch) 

Biopolymere dienen in der Medizin u.a. als Drug Carrier aufgrund ihrer 

Biokompatibilität, Bioabbaubarkeit, hohen Stabilität und ihrer Fähigkeit verschiedene 

Arzneimittel reversibel zu binden.  In der AG-Bäumler (Charité) wurde ein neuartiges 

Verfahren zur Herstellung von Biopolymerpartikeln im Submikrogrößenbereich 

entwickelt, welches unter der Bezeichnung CCD-Technik publiziert wurde. CCD steht 

für Copräzipitation-Crosslinking-Dissolution. Das Verfahren liefert Proteinpartikel mit 

homogener Morphologie und einer engen Größenverteilung. In diese Partikel können 

Arzneimittel, Vitamine, Nanopartikel (NP) und Enzyme eingeschlossen werden. 

Sowohl die Einschlusseffizienz als auch die Freisetzung der eingeschlossenen 

Moleküle und/oder NPs hängt sowohl vom Biopolymer als auch von der 

einzuschließenden Substanz ab. In dieser Arbeit werden hauptsächlich Eigenschaften 

von Humanserumalbumin  Partikel (HSA-MP) beladen mit Doxorubicin (DOX) 

untersucht. Es wurden die Größen, Zetapotential, Morphologie, Einschlusseffizienz 

und Freisetzung von Doxorubicin bestimmt. Die Einschlusseffizienz von Doxorubicin 

betrug bezogen auf die Ausgangsmenge 25,6 ± 1,1 %. Außerdem wurde die 

Wechselwirkung von DOX-HSA-MPs mit Lungenkarzinomzellen A549 sowie 

menschlichen bronchialen Epithelzellen (BEAS-2B) untersucht, da die A549-Zellen 

Albuminrezeptoren exprimieren, während die BEAS-2B-Zellen keine derartigen 

Rezeptoren besitzen. Damit sollte die Hypothese geprüft werden, dass die DOX-HSA-

MP das Wachstum der Tumorzellen verringern, während das Wachstum der 

Epithelzellen unbeeinflusst bleibt. Es konnte gezeigt werden, dass die DOX-HSA-MP 

von den Tumorzellen endozytiert und im Lysosom abgebaut werden, wodurch das 

gebundene Doxorubicin freigesetzt und die metabolische Aktivität der A549-

Tumorzellen nach 72h Inkubation um 60% verringert wird. 
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Abstract (English) 

Biopolymers are used in medicine, among other things, as a drug carrier due to their 

biocompatibility, biodegradability, high stability and ability to bind various drugs revers-

ibly. At AG-Bäumler (Charité), a novel procedure for the fabrication of biopolymer par-

ticles in the submicron range was developed and published under the name CCD tech-

nology. CCD stands for co-precipitation–crosslinking-dissolution. This method delivers 

protein particles with a homogeneous morphology and a narrow size distribution. 

Drugs, vitamins, nanoparticles (NP) and enzymes can be included in these particles. 

Both the entrapment efficiency and the release of the enclosed molecules and / or NPs 

depend on the biopolymer used and, on the substance to be enclosed. In this work, 

mainly properties of human serum albumin particles (HSA-MP) loaded with doxorubi-

cin (DOX) are investigated. The size, zeta potential, morphology of particles as well as 

the entrapment efficiency and release of doxorubicin were determined. The entrap-

ment efficiency of DOX was 25.6 ± 1.1% from the initially applied amount of the drug. 

The interaction of DOX-loaded HSA-MP (DOX-HSA-MPs) with human lung carcinoma 

cells A549 expressing albumin receptors and non-cancerous human bronchial epithe-

lial cells (BEAS-2B) without these receptors was also investigated. The aim of these 

experiments was to test the hypothesis that the DOX-HSA-MP reduce the growth of 

the tumor cells while the growth of the non-cancerous epithelial cells remains unaf-

fected. It could be shown that the DOX-HSA-MP are endocytosed by the tumor cells 

and broken down in the lysosome, whereby the bound doxorubicin is released and the 

metabolic activity of the A549 tumor cells is reduced by 60% after 72h. 
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1.Introduction    

The production of nano / microparticles using biopolymers has found increasing 

use for biomedical applications. It has established itself as a promising class of mate-

rials with good biocompatibility, biodegradation and non-cytotoxicity (e.g. albumin, and 

polyelectrolyte complex dispersions (PEC) [1–3]. These properties can make biopoly-

mers an excellent candidate for materials for use in biomedical applications. 

Albumin is a natural biopolymer and is suitable for particle fabrication because 

of its good biocompatibility, biodegradability, low toxic, and non-immunogenic proper-

ties [4,5] Albumin is the most abundant plasma protein that is used for biodistribution 

molecules in the body and accounts for 60% of the total plasma protein content [6,7]. 

This protein can be bound with therapeutic hydrophobic and hydrophilic drugs to form  

stable complexes [8–10] Furthermore, human serum albumin (HSA) has been more 

attractive for using in drug delivery system due to its solubility, stability to pH changes 

(pH between 4 to 9) [11], modifying the distribution of drugs in tissues and the ability 

to improve intracellular distribution [12,13]. The natural transport function and cellular 

interactions provide a rational basis for the use of albumin for drug delivery [14]. 

Recently, a technique was developed at the Charité which allows the fabrication 

of biopolymer particles known as Co-precipitation Crosslinking Dissolution technique 

(CCD-technique) [15–20]. During the formation of micro or submicro-carbonate parti-

cles, the biopolymers are trapped in these particles (co-precipitation). The biopolymers 

are then intermolecularly crosslinked within the insoluble inorganic matrix with the help 

of aldehydes. Finally, the carbonate templates were dissolved using EDTA to obtain 

the biopolymer particles.  

The biopolymer particles, which fabricated from CCD-technique, showed an 

uniform peanut-like shape with a narrow distribution between 700 and 1000 nm and 

negative zeta-potential. However, the particle size and shape can be controlled by ad-

justing the experimental conditions (e.g. pH, choice of salt and/or salt concentration, 

temperature, rate of mixing the solutions)[18]. In particularly, the carbonate particles 

not only can be loaded with bioactive compounds (e.g. hemoglobin and albumin) dur-

ing their formation but also entrapped drug and vitamin into porous of carbonate tem-

plate. 
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Doxorubicin is one of the most effective drugs to treat several types of cancer 

such as lung or breast cancer. Two major mechanisms are under discussion to explain 

its cytotoxic effect: intercalating into DNA leading to DNA synthesis inhibition; and gen-

eration of free radicals leading to DNA and cell damage [21–23]. DOX is also known 

to be cardiotoxic [24] and its clinical application is limited by detrimental effect on nor-

mal tissues including brain, kidney, liver [25,26] and skin [27] . Furthermore, as con-

ventional chemotherapeutic drug DOX exhibits high toxicity due to the limited accessi-

bility of the drug by the tumor cell. To avoid these effects, various types of drug carriers 

have been developed. Currently, pegylated liposomal doxorubicin (Doxil®, Lipodox®) 

and non-pegylated (Myocet®) (FDA-approved) [28], encapsulated dextran–DOX con-

jugate using chitosan nanoparticles [29], DOX-loaded mesoporous silica nanoparticle 

[30] and DOX-encapsulated in micelles or nano-emulsion [31] are being investigated 

as possible candidates.  

In recent years, albumin has been actively explored and considered as a reliable 

and efficient carrier for drug delivery systems [4,5,32] , because many tumor cells ex-

press albumin receptors [8] and therefor crucial for the cellular uptake of albumin par-

ticles. The receptor-associated albumin-binding proteins have been discovered such 

as albondin/glycoprotein 60 (gp60), glycoprotein 18 (gp18), glycoprotein 30 (gp30), a 

secreted protein acidic and rich in cysteine (SPARC) and the neonatal Fc receptor 

(FcRn) [33–35]. Furthermore, a number of receptor-associated albumin-binding pro-

teins have been identified in various tissues and cell lines including kidney, endothe-

lium, fibroblasts and tumor cell surfaces. Interestingly, the existence of albumin recep-

tors (albondin) has been demonstrated for the A549 human lung adenocarcinoma cell 

line. Albondin (gp60) is a 60 kDa glycoprotein, which not only specifically binds native 

albumin, but also facilitates its internalization and subsequent transcytosis [36]. This 

study aims to investigate the interactions of our synthesized biopolymer particles with 

human lung tumour cell line (A549) and with human bronchial epithelia cells (BEAS-

2B).  
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2.Material and Methods  

2.1 Material 

Table 1: List of all substances 

Substances Abbreviation Company 

Doxorubicin  DOX Cayman Chemical 

Glutaraldehyde  GA Sigma-Aldrich 

Manganese chloride tetrahydrate  MnCl2·4H2O Sigma-Aldrich 

Sodium carbonate  Na2CO3 Sigma-Aldrich 

Glycine C2H5NO2 Sigma-Aldrich 

Sodium borohydride  NaBH4 Sigma-Aldrich 

10x Phosphate buffered saline pH 7.4 PBS Fisher Scientific 

20% Human albumin solution  HSA Grifols Deutschland GmbH 

Sodium hydroxide  NaOH Carl Roth 

Dimethyl sulfoxide DMSO Carl Roth 

Ampuwa® (aqua ad injectable)  - Fresenius Kabi  

0.9% Sodium chloride NaCl Fresenius Kabi  

RPMI 1640  Corning 

Bronchial Epithelial Basal Medium BEBM Lonza 

Test kits 

CCK-8 Cell counting kit  Dojindo EU GmbH 

Lysotracker Deep Red  Invitrogen 

Cell line   

Human lung adenocarcinoma cell line A549 ATCC 

Human normal bronchial epithelium 

cell line 

BEAS-2B Sigma-Aldrich 
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Table 2: List of equipment/facility 

Equipment/facility Company 

Hematocrit centrifuge 
Mikro 22R, Hettich GmbH & CoKG, Tuttlingen, 

Germany 

Confocal laser scanning 

microscopy 

CLSM ZeissLSM 510 meta, Zeiss MicroImaging 

GmbH, Jena, Germany 

Atomic force microscopy Digital Instrument Inc., Santa Barbara, CA, USA 

Atomic force microscopy Bruker, Berlin, Germany 

Scanning Electron Microscope 

(SEM) 

LV-Scanning Electron Microscope, JSM 5910 

LV, Tokyo, Japan 

Flow cytometry 
FACS-Canto II, Becton and Dickinson, Franklin 

Lakes City, NJ, USA. 

Magnetic Stirrer 
Bibby Scientific CB161, Bibby Sterilin Ltd., 

Stone, Staffordshire, UK. 

Zetasizer nano instrument Malvern Instruments Ltd., Malvern, UK 

Nanoscope III Multimode AFM Digital Instrument Inc., Santa Barbara, CA, USA 

PowerWave340 Microplate reader 
BioTek Instruments GmbH, Bad Friedrichshall, 

Germany 

 

2.2 Particles Fabrication using CCD-technique  

Two types of particles HSA-MP and HbMP were produced. HSA-MP were 

loaded either with DOX or with RF, the HbMP were loaded with polydopamine. Here 

we focus on the DOX-HSA-MP and will not describe details of the fabrication of RF-

HSA-MP or Dopamin-HbMP. Details are given in the attached papers [20][37]. 

2.2.1 HSA-MPs 

The HSA-MPs were fabricated using a modification of a previously described 

CCD-technique [15,16]. Briefly, 20 mL of 0.5 M MnCl2 solution containing 10 mg/mL 

HSA were mixed in a beaker for 1 min. Then 20 mL of 0.25 M Na2CO3 were added 

rapidly under vigorous stirring at room temperature (RT). The obtained hybrid particles 

were separated by centrifugation and washed twice with 0.9% NaCl solution. The par-

ticles were incubated in a GA solution (final concentration 0.1%) at RT for 1 h. After 
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centrifugation, 0.08 M glycine and 0.625 mg/mL NaBH4 were added to quench the 

remaining unbound aldehyde groups of GA in the particles. Subsequently, the MnCO3 

template was removed by treatment with EDTA solution (0.25 M, pH 7.4) at RT for 30 

min. Finally, the resulting particles were centrifuged, washed 3 times and resuspended 

in sterile 0.9% NaCl for further use.  

2.2.2 DOX-HSA-MPs 

Equal volumes of 0.125 M of MnCl2 containing 0.5% HSA of 0.125 M of Na2CO3 

were mixed rapidly for 30 s under vigorous stirring using a magnetic stirrer at room 

temperature. Then, 0.05 % of HSA solution was added to the suspension and incu-

bated for further 5 min under stirring to prevent agglomeration of the particles. The 

suspension was centrifuged and the particles were washed 2 times (3,000×g for 3 

min). The resulting particle suspension was adjusted to a volume concentration of 30 

% and incubated with 10 mg/mL DOX in 50% DMSO for 1 h. After the incubation, the 

supernatant was collected and the particles were washed with 0.9% NaCl (3,000×g for 

3 min) until the supernatant became colourless. The resulting particles (30 % volume 

concentration) were incubated with 0.1% GA solution for 1 h at an ambient temperature 

allowing the cross-linking reaction to perform in the formulated submicron particles. 

The remaining unbound GA were quenched by incubation with 0.08 M glycine and 

0.625 mg/mL NaBH4 for 30 min. The dissolution of MnCO3 templates was performed 

by incubation with 0.5 M of EDTA at room temperature for 30 min.  The obtained DOX-

loaded HSA particles (DOX-HSA-MPs) were centrifuged, washed three times 

(10,000×g for 10 min) and finally suspended in sterile 0.9% NaCl. 

2.3 Particles Characterization 

2.3.1 Particle Size and Zeta-potential 

The hydrodynamic diameter and the zeta-potential of all MPs were measured 

by dynamic light scattering using a Zetasizer Nano ZS instrument. Each sample was 

diluted 1:200 using PBS and all measurements were carried out in triplicate.  

2.3.2 Scanning Electron Microscopy (SEM) 

 DOX-HSA-MPs and HSA-MPs were observed by SEM (LV-Scanning Electron 

Microscope, JSM 5910 LV, Tokyo, Japan). The samples were prepared by applying a 
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drop of the particle suspension on a glass slide and then dried overnight at room tem-

perature. Afterward, the samples were sputtered and coated with gold. The images 

were conducted at an operation voltage of 15 kV. 

2.3.4 Atomic Force Microscopy (AFM) 

AFM investigations of DOX-HSA-MPs were performed using a NanoWizard®4 

Bruker (Berlin, Germany). The samples were diluted in water and spread on a clean 

coverslip. The drop was completely dried after incubation at 30° C for 1 h and thereafter 

the cover slide was stored in dry conditions (air) for 4 days at 24° C. The images of the 

particles were then taken (dry state). For the wet stage images the clean cover slip 

was covered with poly-l-ornithine, rinsed with water and dried by nitrogen flow. The 

samples were dropped on the coverslip and incubated for 30 min. Afterwards the sam-

ples were thoroughly washed and imaged in water. The JPK Data Processing software 

(version 6.1, Bruker Nano GmbH, Berlin, Germany) was used to analyze the obtained 

images. 

2.3.5 Confocal Laser Scanning Microscopy (CLSM) 

CLSM images of HSA-MPs and DOX-HSA-MPs were taken with a confocal mi-

croscope LSM 510 Meta (Carl Zeiss Micro Imaging GmbH, Jena, Germany) equipped 

with 100× oil immersion objective (numerical aperture 1.3) Images of autofluorescence 

of HSA-MPs and intrinsic DOX-fluorescence in DOX-HSA-MPs were taken using ex-

citation wavelength 488 nm (Ar laser) and a long pass filter 505 nm. Cells additionally 

stained with Lysotracker® Deep Red were imaged using excitation wavelength 633nm 

(HeNe laser) and emission long pass filter 650 nm. For intracellular co-localization of 

DOX-HSA-MPs and Lysotracker®Deep Red the particle fluorescence was detected 

using a band pass filter 530–600 nm. 

2.3.6 Entrapment Efficiency 

The amount of entrapped doxorubicin in DOX-HSA-MPs was calculated as the 

difference between the total applied doxorubicin amount (DOXt) and the doxorubicin 

amount determined in the supernatant after absorption and after each washing step 

(ΣDOXf). The entrapment efficiency EE % was calculated according to the following 

equation: EE % = (DOXt – ΣDOXf) × 100% /DOXt. The absorbance was measured with 

a microplate reader (PowerWave 340, BioTek Instruments GmbH) at 480 nm. 
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2.4 In vitro cell studies 

2.4.1 Cytotoxicity  

In vitro colorimetric determination of cytotoxicity was assessed using Cell 

Counting Kit 8 (CCK-8). This assay kit measures the metabolic activity of dehydrogen-

ases within the viable cells and offers the viable percentage subjected to varying par-

ticles concentrations.  

The A549 and BEAS-2B cells line were incubated for 24 h to allow them to 

adhere. After this period, HSA-MPs and DOX-HSA-MPs were added to the cells at 

concentrations of 1000; 5000 and 10,000 particles/cell. For control, the cells were in-

cubated with cell culture media for 24, 48 and 72 h at 37º C, 5% CO2. Following these 

incubation times 10 µL of CCK-8 solution was added to each well and the plates were 

placed in the incubator for 1 h. Then the metabolic activity of the cells was assessed 

measuring the optical density at 450 nm using a microplate reader (PowerWave 340, 

BioTek Instruments GmbH) 

 The mean absorbance of the control cells at 24 h was set to 100% and used 

as a reference value. Afterward, statistical evaluation of data was performed using an 

analysis of variance (two-way ANOVA). Tukey’s multiple comparisons were used to 

compare the significance of the difference in each sample. A value of p < 0.05 was 

considered statistically significant.  

2.4.2 Cellular uptake of HSA-MPs and DOX-HSA-MPs  

To investigate the uptake of particles, A549 cells were plated at a density 1x105 

cells/well in 24-well cell culture plates and incubated in a 5% CO2 humidified incubator 

at 37° C for 24 h. The particle suspensions (1,000 and 5,000 particles/cell) were then 

added and incubated for 24 h. Following an incubation time, the cells were washed 

and fixed with PBS and 4% paraformaldehyde, respectively. Percentage of cells with 

an uptake of particles was determined by flow cytometer (BD FACS-Canto II, BD Bio-

sciences, NJ) and CLSM.  

2.4.3 Intracellular Colocalization 

A549 cells were plated at a density 1x105 cells/well in 24-well plate and incu-

bated in a 5% CO2 humidified incubator at 37° C for 24 h. The particle suspensions 

(5,000 particles/well) was added and incubated for 24 h. 30 min before the end of 
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incubation, 50 nM Lysotracker® Deep Red was added into the wells. After that, cells 

were washed and fixed with PBS and 4% paraformaldehyde, respectively.  

3. Results  

3.1 Fabrication and Characterisation of Biopolymer submicron Particles 

We have successfully fabricated DOX-HSA-MPs via a modified CCD-technique. 

DOX is absorbed within the porous structure of the MnCO3-HSA-MPs. Meanwhile, the 

albumin and adsorbed DOX are crosslinked with glutaraldehyde. Finally, the MnCO3 

template is dissolved with EDTA and the final DOX-HSA-MPs are obtained. 

3.1.1 The particles size and Zeta potential  

The particle size and zeta-potential of HSA-MPs and DOX-HSA-MPs measured 

by dynamic light scattering were submicron size (around 700-1000 nm). The zeta po-

tential HSA-MPs and DOX-HSA-MPs measured in PBS were not significantly different 

(-13 mV ± 0.8 mV, conductivity 18-20 mS/cm)   

3.1.2 Morphology 

The morphology of HSA-MPs and modified HSA-MPs was analyzed using an 

AFM image. The shape of HSA-MPs and DOX-HSA-MPs was peanut-like. Figure 1 

shows images of AFM measurements illustrating the topography and size of particles 

in both dry and wet state and HSA-MPs in three dimensional (3D)-mode. These meas-

urements provide highly accurate determination of the particle dimensions and deliver 

additional information about the topography of their surface. The high-resolution AFM 

topography images also show the peanut-like shape of particles with submicron size 

and rough structures on the surface. The particles size was further determined under 

two different conditions. (i) In the dry state, HSA-MPs and DOX-HSA-MPs were in the 

same size range: length 690±50 nm and a height 480±40 nm. (ii) In the wet state, the 

size range of HSA MPs as well as of DOX-HSA-MPs was 950±60 nm (length) and 

615±20 nm (height). The size increase in the wet state is due to the swelling of MPs 

and their sponge like behavior. 
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Figure 1 Atomic force microscopy images of (A) HSA-MPs and (B) DOX-HSA-MPs particles 

in the dry state and (C) HSA particles (HSA-MPs) in three dimensional (3D)-mode.  

3.1.3 Entrapment efficiency 

A high  drug entrapment  in drug carriers  not only reduces the  clinical dose 

required, but also  the toxic side effects of the system and improves the therapeutic 

effect [34,36].  To achieve  the highest possible DOX concentration  in the particles, 

doxorubicin hydrochloride was dissolved in 50% (v/v) DMSO in water and added to 

concentrated particle suspension (30% v/v). The entrapment efficiency for doxorubicin 

under these conditions was 25±1.5% which corresponds to 7.25 fg DOX per particle. 

3.2 Invitro cell studies 

3.2.1 Metabolic activity and Cytotoxicity in A549 and BEAS-2B cell line 

The A549 cell line has been widely used as a model system for the development 

of drug therapies against lung cancer. The cytotoxicity of HSA-MPs and DOX-HSA-

MPs was examined by determining their effects on the mitochondrial metabolic activity 

of the cells after 24, 48 and 72 h exposure. At the lower particle concentrations (1000 

and 5000 particles per cell), no significant differences between the metabolic activity 

of the cells cultured with both types of particles and that of the untreated cells were 

found. However, after 72 h exposure to the highest particle concentration of 10,000 

particles per cell the cell metabolic activity in the group treated with DOX-HSA-MPs 

was significantly decreased. Remarkably, the effect on the A549 cells caused by the 

DOX-HSA-MPs containing a total DOX dose of 0.725 µg/mL (72 pg/cell, related to the 

seeded cell number) was almost the same as that was achieved by 1 µg/mL (100 

pg/cell, related to the seeded cell number) free DOX added to the cell culture medium. 

However, free DOX reduced the metabolic activity significantly already after 48 h treat-

C A B 
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ment. The faster effect of free DOX was expectable in the context, that the time-con-

suming uptake of the particles and their digestion by the cells were necessary to re-

lease the drug.  

In parallel, the DOX-HSA-MPs were also cultured with the non-cancerous cell 

line BEAS-2B derived from normal human bronchial epithelium. Here, also 1000, 5000 

and 10,000 particles were added per seeded cell. The CCK-8 assay resulted in no 

significant differences between the cells cultured with DOX-HSA-MPs and untreated 

cells (Figure 2).      

 

Figure 2 Metabolic activity of A549 lung tumor cells (A) and BEAS-2B bronchial epithelial cells 

(B) treated with HSA-MPs, DOX-HSA-MPs (10,000 particles per cell, corresponding to 0.725 

µg/mL DOX) and free DOX (1µg/mL) for 24,48 and 72 h compared to untreated cells (control) 

using the Cell Counting Kit-8 (CCK-8) assay. The data are represented as two way ANOVA, 

Tukey’s multiple comparisons. The error bar represents mean±SD; ****p < 0.001. The meta-

bolic activity of the control after 24h was taken as 100%.                 

B 
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3.2.2 Cellular Uptake of HSA-MPs and DOX-HSA-MPs 

For the quantitative determination of the cellular uptake of HSA-MPs and DOX-

HSA-MPs we applied flow cytometry. As already observed by CLSM, both types of 

particles can be visualized by their intrinsic fluorescence if excited at 488 nm. For flow 

cytometry, we applied the APC channel in order to avoid influences by intrinsic fluores-

cence of the cells, which possibly can occur after their fixation with formaldehyde and 

is more intense if excited with wavelengths in the blue range. In order to clearly demon-

strate the cellular uptake, we first determined the mean fluorescence intensity and dis-

tribution of the fluorescence intensity inside the particle populations (Figure 3). It can 

be seen that the DOX-HSA-MPs have a stronger fluorescence with a maximum over 

1500 a.u. The HSA-MPs have a very weak fluorescence with a maximum around 500 

a.u. 

 

Figure 3 Mean fluorescent intensity (MFI) of HSA-MPs and DOX-HSA-MPs in the Allophy-

cocyanin (APC) channel. Insert: Flowcytometry histograms showing the APC-fluorescence in-

tensity distribution of the two types of particles (black line—HSA-MPs; red line—DOX-HSA-

MPs). 
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Figure 4 summarizes the results of the cellular uptake experiments performed 

by incubating A549 cells with the particles in two different concentrations (1000 and 

5000 particles/cell) for 24 h. At the lower particle concentration, the percentage of cells 

with uptake of HSA-MPs and DOX-HSA-MPs was 10.3% and 21.7%, respectively. At 

the higher particle concentration, the percentage of cells with uptake of DOX-HSA-

MPs was increased more than 3-fold (69.5%), whereas the cells with uptake of HSA-

MPs was only doubled (21%). 

 

Figure 4 Cellular uptake of HSA-MPs and DOX-HSA-MPs (1000 and 5000 particles/cell) by 

A549 cells after culturing for 24 h. 

To determine the location of particles in the cell compartments, A549 and 

BEAS-2B cells were incubated with DOX-HSA-MPs (5000 particles/cell) for 24 h and 

studied by CLSM. Figure 5 shows representative images of both samples. Obviously, 

BEAS-2B cells do not interact with the particles. A large number of DOX-HSA-MPs is 

distributed around the cell and close to the cell surface but inside the cells there are 

almost no particles (Figure 5, upper panel). The images of the A549 cells incubated 

with DOX-HSA MPs demonstrate a strong uptake (Figure 5, lower panel) with almost 

no particles in the space outside the cells, which corresponds to the results obtained 

by flow cytometry, presented above. 
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Figure 5 Representative CLSM images in fluorescence, transmission and overlay modes of a 

Beas-2B cell (upper panel) and an A549 cell (lower panel) after 24 h culturing with DOX-HSA-

MPs (5000 particles per cell). Fluorescence mode was accessed with excitation of DOX at 488 

nm and long pass emission filter 530 nm. 

3.3.3 Intracellular Colocalization 

The localisation of the particles after their endocytoses was investigated in the 

experiments. The A549 cells were additionally labelled with Lysotracker® Deep Red, 

a lysosomal marker. After incubation for 24 h with 5000 particles per cell the samples 

were studied by CLSM. A representative image is shown in Figure 6. 

The lower imaged cell has internalized two DOX-HSA-MPs. The upper cell is 

out of focus. The overlapping of the red (DOX) and blue (Lysotracker® Deep Red) 

colour confirms co-localization of both fluorophores and therefore the co-localization 

of particles and lysosomes. This localization is important for the degradation of the 

particles by lysosomal enzymes and for the release of the drug from the degraded 

particles. 
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Figure 6 Representative CLSM images in fluorescence, transmission and overlay modes of 

A549 cells after 24 h culturing with DOX-HSA-MPs (5000 particles/cell) and Lysotracker® 

Deep Red staining. Fluorescence modes was accessed with excitation at 488 nm and band 

pass emission filter 530/600 nm for DOX (red color) and excitation at 633 nm and long pass 

emission filter 650 nm for Lysotracker® Deep Red (blue color). 

4. Discussion  

The specific delivery of therapeutic agents to an organ, a tissue or a type of 

cells is currently a major challenge for the treatment of human diseases. The use of 

nanotechnology in medicine today enables the concept of drug targeting to be realized. 

We successful fabricated the biopolymer submicron particles fabricated based on the 

CCD-technique, which captured the protein and other molecules during the precipita-

tion process. This procedure provided the uniform peanut-like shape morphology, 

monodisperse and submicron size range particles. 

To fabricate DOX-HSA-MPs, DOX was adsorbed within the MnCO3-HSA-MPs 

and bound to albumin due to the porous structure of the MPs. After crosslinking of HSA 

within the MnCO3 template, the MnCO3 template was dissolved with EDTA and the 

final DOX-HSA-MPs were obtained. MnCO3-MPs as template have a high adsorption 

capacity for biomolecules due to electrostatic interactions. Moreover, during the ad-

sorption step, DOX can bind strongly to HSA via hydrophilic, hydrophobic contacts and 

hydrogen bond [7,33,38]. Additionally, during the crosslinking with glutaraldehyde co-

valent cross-bounds are formed between amino groups of neighboring albumin mole-

cules but also between albumin and adsorbed DOX which also contains an amino 

group[39]. Finally, the MnCO3 template is dissolved with EDTA and the final DOX-

HSA-MPs are obtained. 
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The entrapment efficiency for doxorubicin was 25.57±1.12 % which corre-

sponds to 7.25 fg DOX per particles. A high drug entrapment efficiency in drug carriers 

does not only reduce the necessary clinical dose, but also decreases the toxic side 

effects of the system and improves the therapeutic effect [34,38]. Doxorubicin hydro-

chloride, the salt form of DOX, improves the solubility of DOX in water, but DOX itself 

showed good solubility in DMSO. However,  high concentrations of DMSO disturbed 

protein binding [40], which must be taken into account when  DOX is adsorbed  in HSA-

MPs.  

The cytotoxicity of HSA-MPs and DOX-HSA-MPs was examined by determining 

their effects on the mitochondrial metabolic activity of the cells after 24, 48 and 72 h 

exposure. The endocytoses of HSA-MPs by tumor cells, results in an increase of the 

metabolic activity in comparison with that of the untreated cells. HSA-MPs consist of 

albumin, which is known to have an impact on the metabolic activity, cell proliferation 

and survival of cells by an interaction with such as co-factors, hormones, growth fac-

tors, lipids, amino acids, metal ions, reactive oxygen and nitrogen species [35]. This 

could be understood as an extra nutrition for the cells.  

In case of the DOX-HSA-MPs, the digestion of MPs in the lysosome where more 

than 60 different types of enzymes [41] are included leads to the release of DOX which 

interferes with the DNA [36]. After digestion DOX and other breakdown products are 

released into the cytoplasm compartment. DOX generates free radicals which interfere 

and damage the cellular membranes, DNA and proteins of the cells finally resulting in 

cell death [42]. Therefore, the cells metabolic activity decreases at lower dose than 

after free DOX after treatment. 

Our results are in concordance with a previous report about Abraxane (Abr), 

which is an albumin nanoparticle-bound Paclitaxel (PTX), a chemotherapy agent [43]. 

It has been highlighted that Abr exhibited a greater effect for the treatment of non-

small-cell lung cancer compared to free PTX. The authors found that albumin down 

regulates the protein glucosamine6-phosphateN-acetyltransferase1(GNA1) causing 

proliferative delay and cell adhesion defects in A549 cells and leading to the superior 

drug effect of Abr. 

The A549 cells incubated with DOX-HSA-MPs demonstrate a strong uptake 

with almost no particles in the space outside the cells. whereas, BEAS-2B cells do not 
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interact with the particles. This could be demonstrated that albumin is a promising drug 

delivery vehicle and it can pass into the A549 cells via binding to its receptors [14,44]. 

This characteristic allows DOX-HSA-MPs to pass into cancer cell while, no interaction 

of DOX-HSA-MPs were found when the particles were cultured with non-albumin re-

ceptors cell line BEAS-2B.  

For the mean fluorescence intensity and distribution of the fluorescence inten-

sity inside the particle populations. The DOX-HSA-MPs showed a stronger fluores-

cence intensity inside the particle than those in the HSA-MPs. It can be explained by 

the inherent fluorescence of DOX associated with its central anthracycline chromo-

phore group which entrapped in the particles [45]. This factor makes the quantitative 

determination of their uptake by the cells difficult. The cellular uptake experiments were 

found to be tremendously influenced by fluorescence intensity inside the particles.  

DOX-HSA-MPs showed a strong uptake over 3 times than HSA-MPs. Due to the 

significantly lower mean fluorescence intensity of the HSA-MPs the uncertainty of the 

obtained values is high and it is not possible to claim that the DOX-HSA-MPs are pref-

erably internalized by the A549 cells. 

Intracellular localization experiment confirmed that DOX-HSA-MPs are internal-

ized into the lysosome of A549 cell line. This localization is important for the degrada-

tion of the particles by lysosomal enzymes. The possible pathway of the proteolytic 

degradation and intracellular localization of DOX-HSA-MPs is the particles are firstly 

taken up at cell surface via endocytosis. Then, lysosomes and endosomes fuse to form 

autolysosomes and the scavenged particles are digested by lysosomal enzymes. After 

digestion DOX and other breakdown products are released into the cytoplasm com-

partment. DOX generates free radicals which interfere and damage the cellular mem-

branes, DNA and proteins of the cells finally resulting in cell death. 

We have successfully loaded DOX into protein particles via CCD technique. The 

DOX-HSA-MPs exhibited a submicron size with negative zeta potential. The DOX en-

trapped into protein particles around 25% which is likely due to hydrophilic, hydropho-

bic contacts and hydrogen bond between DOX and albumin in the MnCO3 template. 

The DOX-HSA-MPs showed higher efficacy inhibiting the metabolic activity of A549 

cells at lower dose than free DOX after treatment for 3 days, which correlated well with 

their localization in the lysosomal compartment. In addition, no uptake and toxic effects 



 

19 
 

of DOX-HSA-MPs were found when the particles were cultured with the non-cancerous 

cell line BEAS-2B. This demonstrates that our carriers are a highly promising drug 

delivery system for an alternative chemotherapy treatment of cancer. 
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