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ABSTRACT 
 

Complex nanoparticles (CNPs) were formed by mixing 

BSA and Poly-D-Lysine with low (LMW-PDL) and high 

molecular weights (HMW-PDL). BSA and both PDL are 

oppositely charged biopolymers in neutral and alkaline 

pHs; so they can interact by physically mixing of them. 

This interaction was established by the zeta potential of 

BSA and both PDLs before and after mixing. The minimum 

effective diameter, in the range of 200±1.40nm and 

215±1.97nm, was achieved with LMW-PDL dissolved in 

PBS with 0.1M NaCl at pH 7 and a mass ratio of 2.0 

(BSA:PDL). Particle sizes decreased at 101±7.02nm with 

the addition of 0.25% glutaraldehyde as cross-linking agent. 

CNPs from HMW-PDL showed diameters around 

250±32.8nm and 300±24.4nm; the addition of 0.25% 

glutaraldehyde decreased particle size to 200±1.75nm and 

220±3.05nm. CNPs of LMW-PDL and BSA were more 

stable during 21 days with the addition of 0.25% 

glutaraldehyde, while CNPs of HMW-PDL were stable 

during 21 days with and without the addition of 

glutaraldehyde, either at room temperature (~25 ºC) or 

refrigeration temperature (4-8 ºC).  
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1 INTRODUCTION 
 

Coacervation is a process whereby homogenous 

solutions become immiscible, giving rise to an equilibrated 

colloidal system in which the denser or dispersed phase is 

called the coacervate. The dispersed phase normally 

consists of relatively small particles. The formation of a 

complex coacervate necessitates two oppositely charged 

polyelectrolytes (polyanion or polycation) to interact with 

each other by electrostatic forces. The most predominant 

interactions between polyelectrolytes to assemble as 

coacervate are strong electrostatic interactions. However, 

other type of interactions such as hydrogen bonding, 

hydrophobic interactions and van der Waals forces 

complement formation of coacervates, these interactions are 

related to the physical and inherent characteristics of the 

polyelectrolytes (Dragan et al. 1996). Two major steps 

controlled the formation of complexation coacervation: (1) 

the kinetic diffusion process of mutual entanglement 

between polymers, which occurs at relatively short times 

and depends on molar size differences, and (2) 

thermodynamic rearrangement of the previously formed 

simplex aggregate due to conformational changes and 

disentanglement. The latter process occurs at rather long 

times leading to a source of instability of the coacervates, 

and it is a consequence of phase separation in aqueous 

medium (Hartig et al. 2007). Stop flow measurements have 

shown that the PEC formation takes place in less than 5 ms, 

nearly corresponding to the diffusion-controlled collision of 

polyion coils (Dautzenberg, 2000). Webster et al. (1997) 

reported three different types of polyelectrolytes 

complexation (PEC) including soluble PEC (they are 

containing small and homogeneous systems), turbid 

colloidal (they are in the trasition range to phase 

separation), and two phase systems of supernatant liquid 

and precipitated PEC (they are completely separated and it 

is not desirable). 

 

2 MATERIAL AND METHODS 
 

2.1 Polyelectrolytes materials 

Bovine serum albumin (BSA, lyophilized powder, 

purity ~98%), Poly-D-Lysine hydrochloride (PDL, Mw ≥ 

70-150 kDa), Poly-D-Lysine hydrochloride (PDL, Mw ≥ 

300 kDa) were purchased from Sigma-Aldrich Co. The 

water used was deionized Milli-Q water (18.2 MΩcm). All 

other chemicals were analytical grade and used without 

further purification. 

 

2.2 Preparation of Polyelectrolyte Solutions 

   The solutions of BSA (1 mg.mL-1) and low molecular 

weight (LMW) and high molecular weight (HMW) PDL 
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(0.5 mg.mL-1) were prepared in PB (pH 7.0, 10 mM, 

without NaCl) or PBS (pH 7.0, 10 mM, [NaCl] = 0.1 M) as 

solvents. BSA was used as the anionic solution and PDL 

was used as the cationic solution. BSA and PDL solutions 

were stirred for 1 hour at 1200 rpm, after that, the solutions 

were stored overnight at 4-8 ºC for completion of 

biomolecules hydration.  

 

2.3 Fabrication process of CNPs 

The coacervation method was used to produce complex 

nanoparticles (CNPs) using BSA as polyanion (PA) and 

PDL as polycation (PC). A constant amount of PDL (LMW 

or HMW) solution was mixed with different volume ratios 

of BSA. For the experiments, 1 mL PDL was used as 

starting solution and the oppositely charged solution (BSA) 

was added dropwise with a flow rate of 0.5 mL.min-1 using 

a syring pump  (NE-300, New Era Pump System, Inc., NY, 

USA). BSA aqueous solution was added in the amounts of 

0.15, 0.25, 0.5, 0.75, 1.0, 1.25 or 1.5 ml. The mass ratio 

(BSA: PDL) for the mixtures were 0.5, 1.0, 1.5, 2.0, 2.5, 

3.0 y 3.5, respectively. All the solutions were adjusted to 

the same volume (2.5mL) using PB or PBS at pH 7 under 

magnetic stirring at 25 ºC.  

 

2.4 Preparation of coacervate nanoparticles at 

different salt concentrations 

The aqueous solutions of BSA (1 mg.mL-1) and low 

molecular weight (LMW) and high molecular weight 

(HMW) PDL (0.5 mg.mL-1) were prepared at a mass ratio 

of 2 (BSA: PDL). The solutions were dissolved in PB (pH 

7) at NaCl concentrations of 0.05 M, 0.1 M, 0.2 M and 

0.4M. The solutions were stirred for 1 hour at 1200 rpm, 

after that, the solutions were stored overnight for hydration 

at 4-8 ºC to insure complete solubility. 

 

2.5 Measurement of Particle Size, 

Polydispersity Index and Zeta Potential 

For particle size measurement, 100µL of the sample was 

diluted with 900µL of MilliQ water. For zeta-potential 

measurement, 100µL of the sample was diluted with 

1500µL of PB or PBS. A Dynamic Light Scattering 

instrument (ZetaPALS, Brookhaven Instruments 

Corporation) was used to evaluate particle size, 

polydispersity index and zeta potential of samples.  

 

2.6 Characterization of CNPs by Scanning 

Electron Microscopy (SEM).  

The morphologies of CNPs was characterized by 

scanning electron microscopy (SEM) under an acceleration 

voltage of 20 KV (Hitachi S-4700, Japan). The CNPs 

suspensions were freeze-dried before analysis as white 

powders.  

2.7 Stability of CNPs with and without 

Glutaraldehyde  

CNPs of BSA and LMW-PDL or HMW-PDL were 

prepared at mass ratios of 2, 2.5 and 3. These aqueous 

solutions were used to determine the stability of coacervates 

at room temperature (~25ºC) and refrigeration temperature 

(~4-8 ºC) with and without the addition of 0.25% 

Glutaraldehyde as cross-linking agent. Glutaraldehyde was 

added to solution after coacervation process. The stability 

of coacervates solutions in different conditions was 

evaluated during 21 days by measuring the effective 

diameter and PDI of samples in 7 days interval. 

 

3 RESULTS AND DISCUSION 
 

3.1 Zeta Potential of polyelectrolytes.  

The results show that BSA at pH 7 has a negative surface 

charge (-21.65 ±2.31 mV), while LMW-PDL at pH 7 has a 

positive surface charge (25.22±3.4 mV), and HMW-PDL at 

pH 7 also has a positive surface charge (87.85±3.8 mV). 

Figure 1 shows the surface charge of polyelectrolytes at 

different pH values. The zeta potential for BSA is positive 

at low acidic pH but steadily decreases with increasing pH 

and becomes negative; for LMW-PDL the zeta potential is 

always positive at all pHs increasing up to a pH of 5 and 

then decreasing at higher pHs while maintaining its positive 

magnitude. The same is true for HMW-PDL but the 

maximum is much higher reaching values of 89 mV. The 

difference between the zeta potential of BSA and PDL 

defines the strength of the electrostatic interaction leading 

to the formation of complex nanoparticles. We observed 

that this difference is a function of pH and reaches a 

maximum around pH 7 for both LMW-PDL and HMW-

PDL. This then gives us the best pH to work with to 

engineer the strongest interaction between two 

polyelectrolytes to prepare better nanoparticles.   

 

3.2 The effect of buffer type (ionic strength) 

on particle size (PS) and polydispersity index 

(PDI) of CNPs  

The smallest particle size and stable zeta potential was 

achieved at a volume ratio of 1ml BSA (1mg/ml): 1ml PDL 

(0.5 mg/ml) with a mass ratio of 2.5; these results were 

obtained both with LMW or HMW polycations dissolved in 

phosphate buffer with saline solution, as shown in figure 2 

and 3. The particle size and polydispersity index were 

200±1.40 nm and 0.16±0.024 for BSA: LMW-PDL, and 

250±32.8 nm and 0.15±0.07 for BSA: HMW-PDL, 

respectively. The zeta potential were +15.6±0.06 mV and 

+25.24±0.2 mV for BSA:LMW-PDL and BSA:HMW-

PDL, respectively.  

 Coacervation of LMW-PDL and BSA when the mass 

ratios were lower than 2.5 resulted in particle size of 
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300±91.5 nm to 900±108.8 nm, while mass ratios higher 

than 2.5 was resulted in particle size  of 260±29.8 nm to 

350±23 nm. On the other hand, coacervation of HMW-PDL 

and BSA when the mass ratios were lower than 2.5 were 

resulted in particle sizes of 380±83.8 nm to 660±66.2 nm, 

these higher particles sizes are associated with aggregation 

and precipitation of the CNPs as shown in figure 4 (D and 

E). 

CNPs formation in the absence of salt (PB was used as 

solvent) was led to the higher particle size and 

polydispersity. The particle size and polydispersity of CNPs 

in the absence of salt were in the range of  1750±758.7 nm 

and 0.44±0.1 for BSA:LMW-PDL, and 1980±153.3 nm and 

0.41±0.17 for BSA:HMW-PDL, respectively. The zeta 

potential was +15.5±0.1 mV and +11.9±0.04 mV for 

BSA:LMW-PDL and BSA:HMW-PDL in the absence of 

salt, respectively. 

 

3.3 Coacervates morphology and dimensions  

SEM images showed the morphology and size of CNPs 

as shown in figure 4. In figure 4B and 4C, it can be seen 

that CNPs are approximately spherical in shape with a 

diameter in the range of 100-500 nm, but there are also a 

considerable number of nanoparticles that don’t have a 

regular shape. The coacervation with the more defined 

shapes were achieved with BSA and LMW-PDL and a 

mass ratio of 2, as shown in figures 4 (A-C) consistent with 

our discussion above. The SEM images in figure 4 (D-F) 

show that for CNPs from BSA and HMW-PDL, the shapes 

are less defined and there is more aggregation between 

nanoparticles and the diameter is higher than CNPs from 

BSA and LMW-PDL as has been observed in the literature 

with other polymers. Low molecular weight polymers are 

able to organize themselves better than high molecular 

weight polymers to form smaller nanoparticles (Wang et.al. 

2000; Kizilay et.al. 2011). 

 

3.4 Effect of pH on Zeta potential of CNPs 

Figure 1 shows the effect of pH in the range of 3 to 11 

on the zeta potential of BSA, LMW-PDL, and HMW-PDL. 

BSA solution at pH 3 shows a positive zeta potential in the 

range of 27±2.30 mV, but when the pH of the solution 

increases, the zeta potential decreases to a negative zeta 

potential in the range of -20±1.6 mV at pH 7; the zeta 

potential  is  also negative at pH 9 to 11.  

PDL solutions show a different behavior; the zeta 

potential is positive in the range of pH between 3 to 11. 

LMW-PDL shows a zeta potential of 2±0.45 mV at pH 3 

while HMW-PDL shows a zeta potential of 40 ± 1.2 mV at 

the same pH. Both LMW-PDL and HMW-PDL showed 

positive zeta potential in the range of 12-18 mV at pH 11.  

The highest zeta potential in the range of 45±1.6 mV for 

LMW-PDL is achieved at pH 5, while the highest zeta 

potential for HMW-PDL is achieved at pH 7; these values 

are in the range of 87±1.90 mV. The difference in the sign 

of the zeta potential between BSA and PDL clearly enable 

the formation of stable BSA and PDL coacervate 

nanoparticules. 

 

3.5 Effect of different pH values on the 

particle size of CNPs 

According to results in figure 2 and 3, mass ratio of 2.5 

BSA: HMW-PDL was used to evaluate the effect on 

particle size and PDI of mixing the starting solutions of 

BSA and PDL at pH 7. Results in figure 5 indicate that the 

larger particle size, in the range of 2270±80 nm, was 

achieved at pH 3. The smaller particle size, in the range of 

250±32.8 nm  with a PDI of 0.15±0.07  and was achieved at 

pH 7 from HMW-PDL and in the range of 200±1.40 nm 

with a PDI of 0.16±0.024 for LMW-PDL. Particle size at 

alkaline pH 11 was in the range of 300±91.5 nm with a PDI 

value of 0.196±0.06 for HMW-PDL and in the range of 

430±42.5 nm with a PDI of 0.017±0.004 for LMW-PDL. 

These results could be associated with the isoelectric points 

of BSA and PDL (pH 4.7 and around pH 11, respectively), 

but also with the changes on surface charges as indicated in 

figure 1.  

 

3.6 Effect of salt concentration in the 

formation of CNPs 

The BSA and PDL (LMW and HMW) in PBS at a pH 7 

and a mass ratio of 2 were evaluated at different salt 

concentrations (0.05, 0.1, 0.2 and 0.4 M) to determine the 

effect on effective diameter and polydispersity index. 

Results in figure 6 show that effective diameter and PDI 

was increased or decreased at different salt concentrations. 

For CNPs with BSA and LMW-PDL, the smallest effective 

diameter, in the range of 210 ± 7.80nm, was achieved at 0.1 

M (NaCl); at this NaCl concentration the PDI was around 

0.163 ± 0.02. In these experiments, the larger particle size 

was achieved at 0.05 M and 0.4M in the range of 277.5 ± 

7.18 nm and 282.7 ± 10.65 nm, with PDI of 0.256 ± 0.05 

and 0.158 ±  0.04, respectively.  

For CNPs with BSA and HMW-PDL, the smallest 

effective diameter was reached at a concentration of 0.4 M 

NaCl, the results were in the range of 265.2± 18.86 nm with 

a PDI of 0.23 ± 0.13, For HMW-PDL, the larger particle 

size was achieved at a low NaCl concentration of 0.05 M, 

the results were in the range of 371.4 ± 32.3 nm with a PDI 

of 0.31 ± 0.03. Higher effective diameter for both CNPs 

was achieved at low NaCl concentration (0.05 M). At 0.4 M 

NaCl concentration, LMW-PDL resulted in higher particle 

size.  

 

3.7 Stability of CNPs with and without 

Glutaraldehyde  

The effective diameter and PDI increase with time in the 

CNPs solutions from LMW-PDL with mass ratios of 2.0 

and 2.5 at room temperature without glutaraldehyde 
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treatment; the particle size and PDI of these CNPs changed 

from 215 ± 23.3 nm and 0.14 ± 0.02 to values close to 

603.2± 65 nm and 0.37 ± 0.008 after 14 days and values of 

1130  ±  140 nm and PDI of  0.47  ±  0.1 after 21 days, 

showing considerable aggregation; the only mass ratio 

sample that had different results was the mass ratio of 3; 

this solution was in the range of  349 ± 18.9 nm to 328 ± 

15.1nm with a PDI increase from 0.12 ± 0.01 to 0.22 ± 

0.004 after 14 days, but increased to 1023 ± 110 nm after 

21days. The solutions with a mass ratio of 2 and 2.5 with 

0.25% glutaraldehyde reported a decrease in the effective 

diameter from 225 ± 10.2 nm to 128 ± 15 nm for mass ratio 

of 2 and from 280 ± 12 nm to 190 ± 2.3 nm for mass ratio 

of 2.5; the PDI values for these solutions increased from 

0.12 ± 0.03 to 0.42 ± 0.009 and from 0.11 ± 0.005 to 0.17 ± 

0.01, respectively. The increase of effective diameter is 

associated with aggregation and precipitation of the CNPs. 

 

4 CONCLUSIONS 
 

Mixing BSA and PDL allowed the formation of 

complex nanoparticles (CNPs) approximately round in 

shape. Dynamic Light Scattering (DLS) and Scanning 

Electron Microscope (SEM) were used to study the 

effective diameter, zeta potential and morphology of the 

formed nanoparticles. Analyses showed the changes of the 

nanoparticles in diverse conditions and during time. It has 

been found that coacervate nanoparticulation is possible 

with both low Mw and high Mw PDL as starting solution. 

Low Mw PDL permits to formed nanoparticles with a 

smaller effective diameter, while effective diameter of NPs 

with high Mw PDL is larger but stable during time. 

Measurements of zeta potential to the individual 

polyelectrolytes allowed finding an ideal pH for the 

electrostatic interaction of BSA and PDL. After measuring 

the zeta potential of the polyelectrolytes complexes (PECs), 

a positive charge of the solution leaded to determine that 

most of the PDL is in the outer portion of the PEC and BSA 

is covered by it. Critical effective diameter and 

polydispersity index (PDI) were found to be dependent of 

the mixing ratio, molecular weight of the polycation, pH, 

salt concentration and the addition of glutaraldehyde as 

cross-linking agent. SEM images showed that coacervate 

nanoparticles prepared with low Mw PDL are spherical in 

shape whilst the coacervate nanoparticles with high Mw 

PDL don’t have a regular shape and resulted in more 

aggregation between nanoparticles. A shelf stability study 

was establish during 21 days, throughout this time the 

coacervate nanoparticles with low Mw PDL were more 

stable with the addition of 0.25% glutaraldehyde, this 

occurred at room temperature (~25ºC) or refrigeration 

temperature (4-8 ºC). Taken together, all of these 

experiments establish the principal parameters to fabricate 

coacervate nanoparticles from BSA and PDL as 

polyelectrolytes. 
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