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Influence of formulation and process parameters on the 
properties of Cu2+/alginate particles prepared by external ionic 
gelation evaluated by principal component analysis

Vliv formulačních a procesních parametrů na vlastnosti 
Cu2+/alginátových částic připravených vnější iontovou gelací 
hodnocený analýzou hlavních komponent
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biotechnologie. Proto byla příprava alginátových částic 
a  jejich následné hodnocení pomocí analýzy hlavních 
komponent stěžejním cílem našeho experimentu. Kvůli 
optimalizaci této metody jsme se zaměřili na hodnoce-
ní vlivu různých formulačních (koncentrace polymeru, 
koncentrace tvrdícího roztoku) a  procesních parametrů 
(velikost vnějšího průměru injekční jehly) na vlastnos-
ti vzniklých částic (výtěžek, sféricita, ekvivalentní prů-
měr a bobtnavost při pH 6). Metodou analýzy hlavních 
komponent byl zásadní vliv na výsledné vlastnosti algi-
nátových částic potvrzen pouze u koncentrace natrium-
-alginátu. Tyto výsledky potvrdily spolehlivý a bezpeč-
ný potenciál vnější iontové gelace v přípravě částicové 
lékové formy na bázi alginátu. 
Key words: hydrogel particles • external ionic gelation • 
sodium alginate • copper ions • evaluation of the particu-
late dosage form • principal component analysis

Introduction

External ionic gelation method is a widely employed 
technique for the formation of hydrogel beads. It belongs 
among promising tools in the development of novel bio-
compatible sustained and targeted controlled drug deliv-
ery systems, mainly due to its indisputable advantages, 
such as nontoxic process without using organic solvents, 
convenient and controllable procedure1). This technique 
is based on the cross-linking tendency of polyelectrolytes 
in the presence of polyvalent ions to form hydrogels2–4), 
when physical (electrostatic) forces between the poly
electrolyte and the present polyvalent ions are formed5). 

During external ionic gelation, the polymer solution is 
extruded as drops into a hardening bath containing poly-
valent ions, which immediately diffuse inward into the 
interstitial spaces between the alginate polymer chains 
to initiate cross-linking at the periphery of the poly-
mer drop. A  semisolid membrane encasing the drop is 
formed6). Subsequent leaving of the drops in the harden-
ing solution for a certain time period allows further dif-
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Currently, the method of external ionic gelation for the 
preparation of alginate particles is successfully used not 
only in the field of pharmacy and medicine, but also 
especially in the field of biotechnology. Therefore, the 
preparation of alginate particles and their subsequent 
evaluation using principal component analysis was the 
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(the polymer concentration, the hardening solution 
concentration) and process parameters (the outer diameter 
of the injection needle) on the properties of the resulting 
beads (yield, sphericity factor, equivalent diameter and 
swelling capacity at pH 6). Using multivariate data 
analysis, the major influence on the resulting properties 
of the prepared particles was confirmed only in sodium 
alginate concentration. Obtained results verified the 
reliable and safe potential of the external ionic gelation 
for preparation alginate-based particulate dosage forms.
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Souhrn

V  současné době je metoda vnější iontové gelace 
v  přípravě alginátových částic s  úspěchem používána 
nejen na poli farmacie a medicíny, ale zejména v oblasti 
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The method of external ion gelation, especially 
when using polyvalent ions with antimicrobial and/
or antiviral activity, provides a  unique possibili-
ty to prepare a  medical form with a  biological ac-
tivity without the need of drug encapsulation30). For 
instance, antimicrobial effects of copper have been 
known and used by humans since ancient times31). 
Therefore, its entrapment in the alginate network can 
provide a  simple and effective way of treatment of 
vaginal or eye infections30).

The main objective of the presented study was to ob-
serve and evaluate the effect of several process and for-
mulation parameters on the technological properties of 
Cu2+/alginate particles prepared by the ion external ge-
lation method. An influence of needle diameter, polymer 
concentration and hardening solution concentration on 
the main important characteristics of prepared particles 
such as the yield, sphericity, equivalent diameter, swe-
lling capacity were measured and investigated by princi-
pal component analysis.

Experimental part

Materials
Sodium alginate – SA (Sigma Aldrich, St. Louis, USA) 

served as the polymer for the particle preparation, copper 
(II) chloride (Sigma Aldrich, St. Louis, USA) was used 
as the gelation agent. Sodium hydroxide and potassium 
dihydrogen phosphate (both Dr. Kulich Pharma, Hradec 
Králové, Czech Republic) were used for the formation of 
pH 6.0 phosphate buffer. All materials were of Ph. Eur. 
quality.

Microparticle preparation
Beads were prepared by the external ionic gelation 

method. For each sample 100 g of sodium alginate solu-
tion (3% or 4%) was filled in a syringe with an appropri-
ate needle (diameter 0.5, 0.7 or 0.9 mm) and they were 
added dropwise, using a linear dispenser pump NE-1000 
(New Era Pump System, Farmingdale, NY, USA), to 
a hardening solution of copper (II) chloride (0.5M or 1M 
concentration) in Petri dishes, which were placed on a ro-
tating pad to prevent deformation of the beads by con-
stantly dripping to the same place. Here the crosslinking 
and hardening process took place. The injection needle 
tip distance from the surface of the curing solution was 
approximately 10 cm. Hardening time was 60 minutes. 
Thereafter, formed beads were washed with purified wa-
ter, collected by filtration and then dried in a cabinet drier 
(HORO-048B, Dr. Hofmann GmbH, Ostfildern, Germa-
ny) for 12 hours at 25 °C. Samples were named accord-
ingly to the parameter values used for their preparation 
(see Table 1).

Microparticle characteristics

Yield
Effectiveness of the process was evaluated by yield. 

Dried samples were weighed on an analytical scales 

fusion of ions across the membrane via a concentration 
gradient. After saturation of available binding sites, re-
sulting beads are formed as three dimensional, water-in-
soluble gel network7, 8), with a  higher concentration of 
ions at the periphery compared to the centre of the gel9). 

The type and molecular weight of the polymer, sur-
face tension and viscosity of the polymer solution, the 
type and concentration of the hardening solution (as 
formulation parameters) as well as temperature, hard-
ening time, stirring intensity, the diameter of the drip 
device (as process parameters), all affect the resulting 
particle structure and their properties10, 11).

Alginates as naturally occurring anionic polyelec-
trolytes belong among the most commonly used poly-
mers in the formation of hydrogel beads by external 
ionic gelation, especially due to their biocompatibility, 
biodegradability, low toxicity, vast availability, rela-
tively low cost, and mild gelation12, 13). Commercially 
available alginates are typically extracted from brown 
seaweed (Phaeophyceae), including species Laminar-
ia, Ascophyllum and Macrocystis. Bacterial alginates 
can be produced from Azotobacter and Pseudomonas 
species but these extraction methods are not economi-
cally viable for commercial applications14, 15). 

Chemically, alginates are a family of linear unbranched 
polysaccharides which contain varying amounts of 
1,4′-linked β-D-mannuronic acid (M) and α-L-guluronic 
acid (G) residues. The residues may vary widely in com-
position and sequence and are arranged in a pattern of 
blocks along the chain as homogenous (poly-G, poly-M) 
or heterogeneous (MG) block-like patterns16, 17). The M/G 
ratio is a critical factor affecting the physical properties 
of the alginate and its resulting hydrogels14). The affinity 
of different block structures of the alginate to polyvalent 
ions increases in the order of Mg2+ << Mn2+ < Zn2+ < Ca2+ 
< Sr2+ < Ba2+ < Cu2+ < Pb2+ ions18–21). In general, it can be 
said that divalent cations preferentially bind toward the 
G-block rather than the M-block7, 22). However, in a more 
detailed study by Mørch et al. it has been found that Sr2+ 
ions are preferentially bound to the G-units, Ba2+ ions are 
bound to G- and M-blocks and Ca2+ are bound to G- and 
MG-blocks19). 

The binding properties of the Cu2+ ions used in our 
study have been extensively investigated by researchers 
Lu et al. They have determined that no preference be-
tween M/G units exists in the formation of Cu2+ com-
plexes with the alginate23). Moreover, the copper-alginate 
affinity is so strong that the outermost part of the beads 
is strongly complexed and the created outercoat partial-
ly prevents further diffusion of the Cu2+ ions toward the 
beads centre. Copper beads so develop a dense outer lay-
er and they seem to lack Cu2+ ions in the centre24, 25). 

The gel-forming property of sodium alginate, as well 
as its apparent biocompatibility14, 26), leads to an increased 
use in the medical, pharmaceutical and biotechnology in-
dustries. The alginate is employed for applications such 
as wound dressings27), gel matrix to encapsulate and to 
control the release of drugs including protein-based sub-
stances or as matrices for tissue engineering12, 14, 26, 28, 29). 
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tested for swelling capacity in pH 6.0 phosphate buf-
fer. 100 mg of particles were placed into small pre-
weighed metal baskets and then immersed into the 
buffer. In pre-determined intervals (30 minutes, 1, 2, 
3, 4, 5 and 6 hours), baskets were picked up, prop-
erly dried from the outside and weighed on analyt-
ical scales. Each sample was measured in triplicate. 
Swelling capacity was calculated from the following 
equation3):

[3]

where Wt is the weight of beads in grams at the respec-
tive time interval, Wo is the weight of beads in grams 
before the first immersion35).

Data analysis
The primary goal of the data analysis was a study of 

the dependencies between formulation/process param-
eters and Cu2+/alginate particles properties. In order to 
determine statistical significance of these effects, the 
data were evaluated by means of analysis of variance 
(ANOVA) and for a  better dependency visualization, 
the data were subsequently subjected to the principal 
component analysis (PCA). The p-values obtained by 
ANOVA are given in the parentheses for the discussed 
characteristics in the section Results and discussion, 
but only in the cases where statistical significance was 
confirmed (p < 0.05). The resulting PCA model was 
built based on the variables: yield, sphericity, equiva-
lent diameter and swelling capacity at 6 h. The swelling 
capacities at all-time points were highly correlated, so 
redundant variables were excluded from the calcula-
tions. Data analysis was performed by means of the R 
software, version 3.4.4.36). 

KERN 440-47N (KERN & SohnGmbH, Balingen, Ger-
many). The yield was expressed as the weight of dry 
beads in grams obtained by dropping of 100 g of polymer 
solution (g/100 g).

Optical microscopy
To determine the morphology of the prepared beads, 

a  stereoscopic microscope Nikon SMZ 1500 (Nikon, 
Tokyo, Japan) with a photo camera TV Lens 0.55xDS 
(Nikon, Tokyo, Japan) was employed. Beads were 
observed by a  0.75 objective. For each sample 200 
random particles were measured using the threshold 
method in software NIS-Elements 4.00.06 (Nikon, To-
kyo, Japan). The evaluated morphological properties 
included the sphericity factor (SF)32):

[1]

where A  is a particle area in mm2 and p is perimeter 
in mm. Another determined property was the equiva-
lent diameter (ED), which gives the diameter of a circle 
which has the same area as the observed object32):

[2]

ED and SF were calculated from the measured values 
and expressed as the arithmetic mean and standard devi-
ation.

Swelling capacity
Swelling capacity (SSW) belongs among physical 

factors which may influence mucoadhesivity and 
drug release from dosage forms34). Every sample was 

Table 1. Designation of bead samples and variables used during their preparation

Sample Needle diameter (mm) SA concentration (%) Copper (II) chloride 
concentration (%)

5-A3-Cu0.5 0.5 3 0.5

5-A3-Cu1.0 0.5 3 1.0

5-A4-Cu0.5 0.5 4 0.5

5-A4-Cu1.0 0.5 4 1.0

7-A3-Cu0.5 0.7 3 0.5

7-A3-Cu1.0 0.7 3 1.0

7-A4-Cu0.5 0.7 4 0.5

7-A4-Cu1.0 0.7 4 1.0

9-A3-Cu0.5 0.9 3 0.5

9-A3-Cu1.0 0.9 3 1.0

9-A4-Cu0.5 0.9 4 0.5

9-A4-Cu1.0 0.9 4 1.0
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sample was an exception. This sample prepared with the 
use of a 0.9 mm needle (1013 ± 43 μm) provided smaller 
beads than with the use of 0.7 mm needle (1055 ± 29 μm)  
(Table 2) which could be caused by some random influ-
ences, such as human factor failure. The theories11, 37, 39, 40)  
about the dependence of the size syringe tip diameter 
on the drop size formation and subsequently on the 
size of the resulting beads have not been thus fully 
confirmed. 

Effect on swelling capacity
The beads dripped through a 0.5 mm injection syringe 

had the swelling capacity in the range of 76–130% after 
30 minutes and 107–159% after 1 hour. The swelling of 
the samples obtained with a 0.7 mm injection needle was 
in the range of 38–151% (after 30 minutes) and 59 to 
165% (after 1 hour). Swelling capacity of the samples 
prepared by using a 0.9 mm outer diameter injection nee-
dle ranged from 89 to 125% after 30 minutes, and 104 
to 138% after 1 hour. Within next 5 hours, the swelling 
capacity increased, but significantly less, only about  
20–30% (see Figs. 1, 2). No correlation between the outer  
diameter of the injection needle and the swelling of indi-
vidual samples has been found.

Influence of sodium alginate concentration

Effect on yield
The yields of beads prepared using 3% and 4% SA 

solutions were in the range from 3.184–3.820 g/100 g 
and 4.290–4.814 g/100 g. When comparing the corre-
sponding samples in Table 2 (samples prepared using the 
same hardening solution concentration and the same size 
of needle diameter), it is obvious that the yields of in-
dividual samples statistically significantly depended on 
the SA concentration (p < 0.001). Specifically, the higher 

Results and discussion

Influence of needle diameter

Effect on yield
Influence of the needle diameter on the sample yields 

is displayed in Table 2. The sample yields prepared 
using 0.5 mm, 0.7 mm and 0.9 mm injection needles 
were in the range from 3.443 to 4.814 g/100 g, 3.184 to  
4.386 g/100 g and 3.398 to 4.609 g/100 g, respectively. 
No dependence between the yield and the outside diame-
ter of the used needle was found. 

Effect on sphericity
Many studies have confirmed an impact of the needle 

size on the beads sphericity, specifically, that smaller and 
more spherical particles are formed using a smaller diam-
eter syringe11, 37, 38). However, the aforementioned depen-
dence has not been verified by our investigation, but the 
appropriate sphericity of all samples with minimal differ-
ences has been shown. The highest sphericity (0.966 ± 
0.02) was shown in sample 5-A4-Cu0.5. The order of the 
rest of the samples was as follows: 7-A4-Cu1.0, 5-A4- 
-Cu1.0, 9-A4-Cu0.5 and 7-A4-Cu0.5 with the sphericity 
values of 0.960 ± 0.02, 0.958 ± 0.03, 0.955 ± 0.04 and 
0.953 ± 0.04, respectively (see Table 2). 

Effect on equivalent diameter
The beads prepared using a 0.5 mm diameter needle 

showed the smallest equivalent diameter, namely sam-
ples 5-A3-Cu0.5 and 5-A3-Cu1.0 (974 ± 44 μm, 995 ± 
48 μm). Conversely, the largest particles were prepared 
using a  0.9 mm needle, namely samples 9-A4-Cu0.5, 
9-A4-Cu1.0 (1227 ± 32 μm, 1205 ± 61 μm). These re-
sults showed a slight increase in particle size, depending 
on the needle diameter (p < 0.001). However, A3-Cu0.5 

Table 2. Yield, sphericity factor and equivalent diameter results

Sample Yield (g/100 g) Sphericity (%) Equivalent diameter (μm)

5-A3-Cu0.5 3.443 0.930 ± 0.06 974 ± 44

5-A3-Cu1.0 3.820 0.917 ± 0.06 995 ± 48

5-A4-Cu0.5 4.290 0.966 ± 0.02 1099 ± 41

5-A4-Cu1.0 4.814 0.958 ± 0.03 1139 ± 51

7-A3-Cu0.5 3.184 0.934 ± 0.05 1055 ± 29

7-A3-Cu1.0 3.212 0.927 ± 0.04 1058 ± 49

7-A4-Cu0.5 4.380 0.953 ± 0.04 1192 ± 30

7-A4-Cu1.0 4.386 0.960 ± 0.02 1175 ± 38

9-A3-Cu0.5 3.398 0.918 ± 0.06 1013 ± 43

9-A3-Cu1.0 3.722 0.936 ± 0.06 1075 ± 40

9-A4-Cu0.5 4.536 0.955 ± 0.04 1227 ± 32

9-A4-Cu1.0 4.609 0.939 ± 0.04 1205 ± 61
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ates a denser matrix structure which prevents collapse of 
the beads42, 44) and the resulting beads are more spherical. 
In addition, when the alginate liquid drop hits and enters 
the hardening bath, there are competing forces between 
the viscous surface tension forces and impact-drag forces 
to maintain the drop shape. However, the viscosity of the 
low-concentration SA solutions is not sufficient to cope 
with impact, resulting in bead deformation45).

Effect on equivalent diameter
Equivalent diameter of beads was in the range of 974 

± 44 μm (5-A3-Cu0.5) to 1075 ± 40 μm (9-A3-Cu1.0) 
for 3% SA samples and between 1099 ± 41 μm (5-A4-
-Cu0.5) and 1227 ± 32 μm (9-A4-Cu0.5) for 4% sam-
ples (see Table 2). Overall, in samples prepared with the 
same needle outer diameter, our results showed that all 
samples prepared from the 4% SA solution were larger 

yields were achieved using more concentrated solution 
of alginates, which is consistent with the experimental 
study of Aswathy et al.41). The explanation could be seen 
in a higher number of binding sites for crosslinking by 
polyvalent ions in the higher-concentrated SA solution 
resulting in an increase in the process yield. 

Effect on sphericity
The SA concentration exhibited a major influence on 

the sphericity of all samples (p < 0.001). All 4% samples 
showed higher sphericity values than the 3% samples (see 
Table 2). Our investigation has confirmed the theories of 
many researchers42, 43) about an increase in bead spheric-
ity in dependence on rising polymer solution concentra-
tions. At a low SA concentration, the particles are formed 
of a loose networks structure which may collapse during 
drying. On the other hand, a higher SA concentration cre-

Fig. 1. The swelling profiles of 3% Cu2+/alginate particles in phosphate buffer pH = 6.0

Fig. 2. The swelling profiles of 4% Cu2+/alginate particles in phosphate buffer pH = 6.0 
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ficantly affect the mean diameter of the beads. However, 
our results were as follows: for the beads prepared from 
the 3% SA solution (using diameter needles of 0.5, 0.7 
and 0.9 mm) and for the beads from 4% SA (using only 
a 0.5 mm needle), the equivalent diameter was smaller 
when the 0.5M hardening solution was used. Conversely, 
the beads prepared from 4% SA (using a 0.7 and 0.9 mm 
needle), the equivalent diameter was lower when we used 
the 1M hardening solution (see Table 2). An impact of 
hardening solution concentration on the beads equivalent 
diameter was confirmed (p < 0.001).

Effect on swelling capacity
The dependence of the swelling rate on the concentra-

tion of the hardening solution has not been demonstra-
ted. The results within the corresponding samples were 
discrepant. Samples from 3% SA prepared using 0.5 mm 
and 0.7 mm diameter needles showed a higher swelling 
capacity when the beads were cross-linked by 1M solu
tion CuCl2. 3% SA samples prepared with a  0.9 mm 
needle showed higher swelling when the 0.5M hardening 
solution was used for crosslinking. The samples from 4% 
SA exhibited similar behavior (see Figs. 1, 2). Despite 
the research which showed that the swelling capacity 
decreased with an increase in divalent ions concentrati-
on, dependence of swelling capacity on the crosslinking 
ion concentration has not confirmed in our study47).

Multivariate data analysis
For a better representation of the relationships between the 

variables (formulation / process parameters) themselves  
and between the variables and objects (Cu2+/alginate par-
ticles properties), the PCA method was employed. Gra-
phical representation is provided by the PCA loadings 
plot (Fig. 3), which displays the correlation structure of 
variables, and the PCA scores plot (Fig. 4), which dis-
plays the layout of objects. In the loadings plot, original 
variables are depicted as arrows in the ordination space 
of the first two principal components (PCs), their lengths 
are directly proportional to the explained variability and 
the amount of correlation can be interpreted based on the 
angle between any two arrows. In the scores plot, the 
samples with similar characteristics are closely spaced, 
while different samples are far apart from each other.

In the resulting model, the first two PCs explained 
90.2% of variability, which is a sufficient amount to pro-
vide a  reliable data interpretation (52). The relatively 
high positive correlation of equivalent diameter, spheri-
city and yields is obvious in the PCA loadings plot. These 
variables also correlated with the PC1. Swelling capacity 
at the time point 6 h was more associated with the PC2. 
In the PCA scores plot, the samples distribution along the 
PC1 is evident, clustering into two groups is based on 
SA concentration, which is also highlighted in the graph. 
When comparing the PCA graphical outputs (Figs. 3 and 
4), it can be summarized that samples with a higher SA 
concentration exhibited a higher equivalent diameter, as 
well as higher sphericity and yield. Within both groups 
(A3 and A4), the samples differed mainly on the basis of 

in size compared to the 3% solution (p < 0.001). This 
could be attributed to an increase in relative viscosity at 
higher concentration of SA and formation of large drop-
lets during dripping of polymer solution to the hardening 
bath42, 43, 46–48).

Effect on swelling capacity
The rate of swelling capacity was not dependent on 

the polymer concentration used. The swelling capacity 
was found to be the highest during the first hour, with 
the minimum value for the sample 7-A3-Cu0.5 (60%) 
and the maximum one for the sample 7-A4-Cu1.0 
(168%). Consequently, during the next five hours, the 
swelling capacity changed less significantly, the batch 
7-A3-Cu0.5 swelled up to 79% and the batch 7-A4-
Cu1.0 up to 192% (see Figs. 1, 2). Our research did 
not confirm the findings reported by the majority of 
investigators about the dependence of the swelling ex-
tent on the SA concentration, which demonstrated that 
the beads prepared using the 4% SA polymeric solution 
exhibited a slower swelling rate than the more porous 
beads prepared with low-concentration 3% SA solu
tion43, 47, 49, 50). Our results, indicating statistical insigni-
ficancy, were probably due to the unequal drying of the 
extracted baskets from the phosphate buffer during the 
test performance. 

Influence of hardening solution concentration

Effect on yield
In samples prepared from the 3% SA solution and 

0.5M hardening solutions, the yields took values from 
3.184 to 3.433 g/100 g and in samples cross-linked with 
1M hardening solution the values ranged from 3.212 to  
3.820 g/100 g. Likewise, in the 4% samples cross-linked 
by 1M solution, the yield was slightly higher (see Table 2).  
Based on our experiment, it can be said that the yield of the 
samples increased with increasing concentrations of the 
hardening solution, but with no statistical insignificance. 
An explanation could be the following one: using a lar-
ger amount of Cu2+ ions provides a possibility of creating 
more electrostatic bonds within the crosslinking of the  
alginate polymer chains. Ultimately, there is a  smaller 
loss of alginate within external ionic gelation process. 

Effect on sphericity
In our experiment, the beads sphericity dependence on 

the concentration of the hardening solution has not been 
demonstrated. The sphericity factor randomly grew and 
fell with increasing concentration of the hardening so-
lution (see Table 2). Our results do not correspond with 
many other studies, which has confirmed the tendency 
to creation of the more spherical particles with their uni-
form size depending on the rising concentration of har-
dening solution42).

Effect on equivalent diameter
Based on previous researches46, 51), we expected that an 

increase in cross-linking ion concentration would signi-
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ticle. Therefore, our results have confirmed external ionic 
gelation as a safe, reliable and robust method for Cu2+/
alginate beads. Despite a  relatively wide variability of 
the input parameters, it resulted in the creation of beads 
with well-defined characteristics with a potential use for 
a development of a convenient particulate dosage form 
suitable either for drug encapsulation or for its own use 
due to the antimicrobial effect of copper.
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swelling capacity, but without apparent statistical rela-
tionships with other variables. So the effects of varying 
needle diameter in conjunction with hardening solution 
concentration on the resulting particles properties cannot 
be unambiguously discussed.

Conclusion

The external ionic gelation resulted in the formation of 
all Cu2+/alginate particle samples with satisfactory pro-
perties. Their morphological parameters (ED, SF) as well 
as the enormous ability to swell in the environment of 
pH 6 were convenient, without a significant influence of 
most of our tested parameters. Based on multivariate data 
analysis results, it can be concluded that SA concentra-
tion was the only factor which fundamentally influenced 
the resulting properties of the prepared Cu2+/alginate par-

Fig. 4. PCA scores plot

Fig. 3. PCA loadings plot
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