
ORIGINAL PAPER

Factorial design, preparation and characterization of new beads
formed from alginate, polyphosphate and glycerol gelling solution
for microorganism microencapsulation

G. F. dos Santos1
• G. O. Locatelli2,3

• D. A. Coêlho3
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Abstract The growing environmental concern in all seg-

ments of society has aroused the interest of the scientific

community in the search for alternatives to reduce the use of

pesticides, getting highlighted the use of antagonists mi-

croorganisms, as species ofTrichoderma. Despitemany years

of research, several challenges such as lack of formulations,

storage and transport conditions, which reduce the viability of

microorganisms, hamper the application of this technology in

large scales. A polymeric formulation that retains the char-

acteristics and properties of the antagonist is of fundamental

importance for an efficient and effective control of the disease

to be fought. Encapsulation into beadsmaybe an alternative to

provide protection and maintain the properties of these

microorganisms. In this paper, applying the factorial design

tool, was studied a formulation having as independent vari-

ables the proportion of sodium alginate, sodium polyphos-

phate and glycerol aiming to increase the water activity (aW)

of the beads. The beads were prepared using the technique of

drip by simple ionic gelation of biopolymers in solutions of

CaCl2 (2M). Characterization of beads was held by FTIR

spectrophotometer and thermogravimetric analysis. Results

indicate that the greater proportion of polyphosphate formu-

lation was more significant for a larger aW into the beads.

Preliminary results show that beads formulationwith alginate,

polyphosphate and glycerol was able to maintain the viability

of spores of Trichoderma sp. for 120 days when stored at

room temperature.

Graphical Abstract The water activity (aW) of the sam-

ples was evaluated and had different responses that de-

pended on the composition of granules. The surface chart

represents the responses of aW for Ca-AGP beads. Figure

shows the Pareto diagram, where it can be seen that only

the concentration of polyphosphate was significantly vari-

able in aW response. The distribution of the residuals

(values predicted by the model vs. observed values)

showed that the deviations were normally distributed and

that there was a satisfactory correlation between the theo-

retical and experimental values.
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1 Introduction

Several species of microorganisms are employed in in-

dustrial applications such as probiotic cultures, enzymes

producer and species used for biocontrol of plant diseases,

such as species of Trichoderma. Despite many years of

research and use of these microorganisms, there are still

several challenges to apply this technology on a large scale.

Among the challenges are the absence of formulations,

which guarantee the viability of the biological agent during

storage and transport, as well as facilitate the handling of

the product to be applied in crops. Many formulations are

marketed in the form in which they are produced, for

example, spores suspensions in water or cereal impreg-

nated with spores, normally, without proper registration in

regulatory agencies (MAPA in Brazil), low storage time,

loss or decrease in viability of biological control agent. To

facilitate the storage and transport, these products are often

dehydrated to suspend its metabolism and facilitate the

handling. The techniques used are not always feasible for

all species of microorganisms, causing injury or even loss

of cell viability [1–3].

Naturally, the majority of microorganisms live aggre-

gates in the colony form, forming biofilms or flakes, were

usually surrounded by extracellular polymeric substances

such as polysaccharides and proteins which confer pro-

tection from adverse environmental conditions [4]. To re-

place this natural protection, microencapsulation methods

can be applied, providing protection during the dehydration

process and prolonging viability during storage.

Microencapsulation is a technological process in order to

protect the microorganisms involving themwith a protective

layer, usually biopolymers, as sodium alginate, favouring

cell viability for long periods of time. To develop these

capsules or granules, it is necessary to use a material that is

nontoxic and which is not adversely reactive with the mi-

croorganism to be encapsulated. Several materials can be

used as the encapsulating agent, among which are: agar, al-

ginate, carrageen, starch, dextrin, sucrose, carboxymethyl-

cellulose, gelatin, albumin and chitosan [5].

The most common technique for the encapsulation of

microorganisms in capsules is called process of ionic ge-

lation. In this process, the encapsulation can be performed

by mixing the microorganisms in the anionic polymer so-

lution (sodium alginate). This solution is extruding in a

solution of multivalent cations (calcium chloride). In this

process occurs formation of beads that protect the mi-

croorganisms into their structure [6].

Even with microencapsulation, drying processes very

intense can affect cell viability. It is important to choose

appropriate matrices to ensure the continued viability.

Sodium alginate matrix has been most used in studies of

microencapsulation due to the advantages of being

biodegradable, nontoxic, biocompatible and abundant in

nature [7, 8]. It is found in algae and in some bacterial

exopolysaccharide [9]. Sodium alginate is a high molecular

weight polysaccharide, unbranched formed by links (1–4)

between acids b-D-mannuronic (M) and a-L-guluronic (G).

According to Smidsrod cited by Workman et al. [10], al-

ginates with different M/G ratios form gels with different

properties. Bivalents ions, normally used in microencap-

sulation process, as Ca2?, connect selectively with ho-

mopolymeric GG-blocks and thus alginates with a low

M/G ratio (high G content) form gels stronger than algi-

nates with high M/G ratio (high M content).

However, only alginate beads produced may have dis-

torted shapes, irregular sizes, poor strength and high por-

osity, and these defects can influence the stability and

viability of microorganisms during storage [7]. The de-

velopment of new matrices with other organic or inorganic

materials can correct these distortions [11, 12], decrease

the porosity and enable the beads humidity control even

after the drying process, maintaining the integrity of cel-

lular components and prolonging the viability of microor-

ganisms or cells. As observed for Workman et al. [10]

using the technique Bio-electrospraying, investigated the

optimization parameters in order to allow stable production

of size-controlled microspheres containing extracellular

matrix material and human cells. It is observed in this study

that although cell viability is minimally affected by en-

capsulation in all types of alginate tested, the addition of

collagen and the optimization parameters, as well as, the

cell density initial is important for proliferation and cell

survival over the days.

Various environmental stress conditions can compro-

mise the biological activity of cellular components.

Naturally, some organisms use as strategy the accumula-

tion of solutes known as osmolytes, which act as stabilizers

of protein structure [13]. Some of these stabilizers are

natural polyols such as glycerol, which are present in many

species of microorganisms. These microorganisms exhibit

this protective effect by establishing hydrogen bonds with

proteins and may dispense the participation of water, which

would normally be responsible for these connections [14].

These solutions promote a decrease in the movements of

protein groups even at temperatures high enough to pro-

mote their aggregation and denaturation [15]. Besides os-

moregulator is an important agent cryoprotectant because it

allows the formation of ice crystals on the cell while

maintaining the stability of cell wall [16, 17].
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Another important osmoregulator is the polyphosphate

that is present in most microorganisms such as bacteria,

fungi and algae representing up to 20 % of its dry weight.

In microbial cells, the inorganic polyphosphate plays a

significant role in increasing the cell resistance to adverse

environmental conditions and the biochemical regulation

of various processes that are energy reserve, metal

chelating, pH changes buffer, great importance in adjusting

the physiological growth conditions of environmental

stress, and in nutritional deficiency [18–20].

Both glycerol and polyphosphate are used in different

strategies (cellular mechanisms) to maintain the integrity of

the cell components under unfavorable environmental

conditions. In addition, both have hydroxyl groups, which

allow the formation of hydrogen bonds with water mole-

cules and cell components, ensuring water activity (aW)

necessary to maintain the metabolism and the cellular

integrity [14–20]. Water activity is defined as the ratio of

the vapor pressure of water in a material (p) to the vapor

pressure of pure water (po) at the same temperature. It is a

measure of the energy status of the water in a system and is

one of the most critical factors in determining quality and

safety of the foods; it is also important to the stability of

pharmaceutical and cosmetic formulations [21, 22].

Thus, we aimed to study the modification of sodium al-

ginate matrix, with different proportions of sodium

polyphosphate and glycerol through factorial design, seek-

ing a resistant matrix with water-holding intramolecular

capacity that guarantees the maintenance of cell viability of

microorganisms during the storage period, to be applied in

formulations for biological control with microorganisms of

the specie Trichoderma sp.

2 Materials and methods

2.1 Factorial design of array compositions

In microencapsulation assay were used sodium alginate

(Hansen�), sodium polyphosphate (Nuclear�) and glycerol

(Vetec�) in different proportions. The proportions studied

were established through a full factorial design 22 with

three center points (level 0) and four axial (±a, where
a = 1.4142), totaling 11 trials (Table 1). Assays were

conducted randomly, and the data were analyzed using the

Statistica 8.0 software (Statsoft�) at 95 % confidence level.

The experimental error was obtained as the mean and

standard deviation of the central points.

The proportions of sodium alginate varied according to

the concentration of sodium polyphosphate, for a total of

2.00 % (w/v) polymer. The water activity (aW) of beads

was analyzed (Aqualab� equipment) after the dehydration

process, pursuing the conditions that favored the highest

level of this variable.

2.2 Preparation of beads

For the preparation of the beads, the different proportions

of sodium alginate, sodium polyphosphate and glycerol

were mixed during the preparation of the gelling solution.

Then the method was used simple ionic gelation in that

polymerizing solutions were extruded using a syringe in a

solution of CaCl2 2.0 M. The formed beads were main-

tained in the CaCl2 solution under stirring on a magnetic

stirrer for 30 min for stabilization. Subsequently, the beads

were removed from the solution and washed with distilled

water to remove excess calcium ions.

The beads were dehydrated in a circulating air oven at a

controlled temperature at 40 �C until 12 h, with accom-

panying of mass loss at 1 h intervals until there stabilizing

the mass.

For the microbiologic assays, a solution of spores of the

fungi Trichoderma sp. was added at gelling solution and

mixed for 15 min before of the be extruded, by following

the procedure described earlier.

2.3 Beads characterization

The characterizations were conducted with the assay 5

(alginate/polyphosphate/glycerol), assay 6 (alginate/glyc-

erol), assay 7 (alginate/polyphosphate) and assay 12

(alginate). The samples were subjected to analysis of FTIR

spectra using an FTIR spectrophotometer (Perkin Elmer).

The thermal stability was determined by thermogravimetric

analysis (TA Shimadzu 60WS).

Table 1 Coded levels and the real values of the variables studied

Assay Polyphosphate

concentration (% w/v)

Glycerol

concentration (% w/v)

1 ?1 (0.85) -1 (0.30)

2 ?1 (0.85) ?1 (1.70)

3 -1 (0.15) -1 (0.30)

4 -1 (0.15) ?1 (1.70)

5 ?a (1.00) 0 (1.00)

6 -a (0.00) 0 (1.00)

7 0 (0.50) -a (0.00)

8 0 (0.50) ?a (2.00)

9 0 (0.50) 0 (1.00)

10 0 (0.50) 0 (1.00)

11 0 (0.50) 0 (1.00)

12a (0.00) (0.00)

a Control = only sodium alginate 2.00 % (w/v)
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2.4 Microbiologic assays of viability Trichoderma

sp. in beads

Aiming to evaluate the efficiency of polymer matrix, in

maintaining cell viability of microorganisms during the

dehydration process and storage period, was chosen four

assays of the factorial design that were used for encapsu-

lation Trichoderma sp. spores. After the encapsulation and

dehydration process, the assays were stored at the room

temperature (30 ± 2 �C) for 120 days. The assays were

chosen: assay 5 (alginate/polyphosphate/glycerol), assay 6

(alginate/glycerol), assay 7 (alginate/polyphosphate) and

assay 12 (alginate).

For production of Trichoderma sp. spores, we followed

by the widely known methodology, with the cultivation in

rice grains, previously moistened and sterilized, according

to the methodology described by Jackisch-Matsuura and

Menezes [23].

Microbiological analyses were performed by counting

CFU/g (colony-forming units per gram of sample), with

initial samples, during the drying process and the storage

time of 120 days. For counting CFU/g was performed di-

lution of the beads in sodium citrate 2.0 % [24], following

serial dilution in saline and counting on PDA medium

(Potato, Dextrose and Agar).

3 Results and discussion

The general beads had formed with spherical appearance

and white color with good transparency (Fig. 1). The

samples were dehydrated, and the activity of water was

checked each hour. After 12 h of dehydration, the aW of all

beads formulation remained constant, as shown in Fig. 2.

The response of water activity sought to verify the for-

mulation with greater ability to maintain the viability of

microorganisms.

3.1 Fourier transforms infrared spectroscopy

analysis

The FTIR study revealed the functional groups of alginate–

glycerol–polyphosphate—Ca-AGP (assay 5) beads, algi-

nate–glycerol (assay 6) beads, alginate–polyphosphate

(assay 7) beads and only alginate (assay 12) (Fig. 3). The

broad peak observed at 3371 cm-1 was due to OH

stretching [7, 25] present in all samples because all possess

hydroxyl groups. The broad peak observed at 2940 cm-1 is

attributed to CH stretching [25, 26] present in all samples

due to the glycerol and alginate. The peak appearing at

1630 cm-1 is attributed to asymmetric stretching of group

m(s,a)COO
- , present in the sodium alginate as well as defor-

mation of hydroxyl groups of water molecules [25–27].

The peak appearing at 1595 and 1604 cm-1 refers to

asymmetric and symmetric stretching vibrations of free

carboxyl groups, respectively, m(a,s)COO
- . Characteristic

peaks of phosphate groups appear between 1400 e

500 cm-1. The peak observed at 1030 cm-1 was attributed

to the stretching of m(s,a)CO
- .and is found mainly in glycerol

beads. The peaks observed at 952, 1109 and 1229 cm-1

were characteristic to beads with polyphosphate. It is

possible to observe the intense band at 1011 cm-1 char-

acteristic of m(s,a) COC deformation of the rings present in

the sodium alginate [25, 26]. The signal characteristic of

phosphate groups m(s,a) POH of sodium phosphate occurred

in approximately 1031 cm-1 wavelength very close to the

band observed for the group of sodium alginate m(s,a) COC;

therefore, these signals in the two groups may overlap after

capsule formation.

Thus, the FTIR spectra of the Ca-AGP beads confirmed

the interaction between alginate, glycerol and polyphos-

phate. This interaction has showed the polyphosphate andFig. 1 Photograph of general beads formed by simple ionic gelation

Fig. 2 Profile of aW variation of the different formulations of beads

during the dehydration process at 40 �C until 12 h
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glycerol part of the beads structure and is not released into

the encapsulation and drying process.

3.2 Thermogravimetric analysis

The thermal behavior in TGA and DTG analysis of algi-

nate–glycerol–polyphosphate Ca-AGP beads (assay 5),

alginate–glycerol beads (assay 6), alginate–polyphosphate

beads (assay 7) and only alginate beads (assay 12) was

shown in Fig. 4. In general, the thermal decomposition of

polysaccharides follows processes that include the des-

orption of physically absorbed water, dehydration and

breaking the polymer chain [7, 28].

In the TGA curves of the assay 5, assay 6 and assay 7

(Fig. 4) can be observed three events during the increase in

temperature–time zone. The first event (e1) occurred be-

tween 26 and 100 �C, with the maximum loss in mass

(approximately 13 %) in all samples. It should be noted

that this event occurred at a lower temperature as observed

in the curve of the sodium alginate (70 �C). This first event
of mass loss may be associated with loss of moisture

[28–30]. In 150 �C occurred on the second event (e2)

represented by an exothermic peak with a maximum at

approximately 200 �C at this point, one can see a large

mass loss, 44 % for assay 5, 6 and 7, and 15 % of mass loss

for alginate. The third event is represented by an exother-

mic peak, initially occurring in 220 �C, may be noted at

this point that the alginate had an exothermic peak cannot

be observed in the assay 5, 6 and 7; this event was asso-

ciated with mass loss of 30 % and then fell abruptly. These

last two events represent transformations degradation of

the material examined and the degradation temperature of

the capsules.

It can be observed using thermogravimetric curves what

the interaction occurred between both the polymers form-

ing the matrix, and this interaction showed higher tem-

peratures water loss and degradation compared to the

alginate beads.

3.3 Water activity evaluation in factorial design

The water activity (aW) of the samples was evaluated and

had different responses that depended on the composition

of granules. The surface chart in Fig. 5a represents the

responses of aW for Ca-AGP beads. Figure 5b shows the

Pareto diagram, where it can be seen that only the con-

centration of polyphosphate was significant variable in aW

response. The distribution of the residuals (values predicted

by the model vs. observed values) showed that the

deviations were normally distributed and that there was a
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Fig. 3 FTIR spectra of three different formulations of beads (assay 5,

6 and 7)

Fig. 4 a TGA thermogram and b DTG thermogram of three different formulations of beads (assay 5, 6 and 7) and sodium alginate bead (assay

12)
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satisfactory correlation between the theoretical and

experimental values (Fig. 5c).

The aW increases with the increase in the percentage of

polyphosphate and consequently to a decrease in alginate

polymer for a total of 2.0 %. Although glycerol does not

provide variable statistical significance in the variable re-

sponse at higher concentrations of polyphosphate, higher

concentrations of glycerol tend to positively affect the aW.

Furthermore, it is observed that the optimal conditions

between variables were not affected, but large amounts of

polyphosphate and glycerol may affect the stability of the

capsules [31].

3.4 Viability Trichoderma sp. into the beads

Figure 6a, b shows the Trichoderma sp. viability expressed

in CFU/g (colony-forming unit per grams of samples),

during dehydration process and storage period, respec-

tively. It is possible to observe in Fig. 6a that all assays

start with the same log value in CFU/g of sample (1010),

but at the final dehydration process, only the assay 5

(alginate, polyphosphate and glycerol) maintains the log

value initial. Already the other assays occurs decrease in

the viability of spores during the dehydration period, with

final log value assay 6 (108), assay 7 (106) and assay 12

(106). These results can be explained due to low protection

offered by the beads to spores of trichoderma, and conse-

quently the spores are affected by long exposure to dehy-

dration temperature, such as observed for Cigdem and

Merih, and related for Adzmi et al. [7].

After dehydration period, the assays were stored at room

temperature (30 ± 2 �C) for 120 days, and the results of

spores viability can be observed in Fig. 6b. At the final

storage period, only the assay 5, formulation containing

alginate, polyphosphate and glycerol, showed viability

spores with log value 107 (CFU/g). On the other hand, all

others assays did not show germination of spores after this

period. In a study by Adzmi et al. [7], beads containing

Fig. 5 Response surface (a), Pareto diagram (b), and distribution of residuals (c) as a function of parameters studied
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Trichoderma harzianum presented feasibility of three

months, only under room temperature storage conditions.

After this period, no viable cells of T. harzianum were

detected. In the same study, when the beads were stored

under refrigeration (5 ± 2 �C), the viability of the T.

harzianum spore was maintained in 103 CFU/g. Another

study involving T. harzianum, researchers obtained good

results of germination after 60 days of storage at room

temperature (26 ± 2 �C), employing other polymeric ma-

terials [3]. The above data indicate that the results obtained

in this study, with the beads formulation containing algi-

nate, glycerol and polyphosphate, feature an excellent al-

ternative to encapsulate microorganisms and maintain its

viability at room temperature for 120 days with more than

108 CFU/g of sample. These results are in excess of those

achieved so far with other formulations.

The results showed that alginate beads containing glyc-

erol and polyphosphate presented a higher count of viable

microorganisms. This result corroborates with the fact that

glycerol and polyphosphate are used as hydrophilic agents,

namely to assist in the process of water retention [14–20].

The results presented by the surface response and Pareto

diagram (Fig. 5a, b) confirm such observations.

4 Conclusion

The results showed that the challenge to formulate beads

with potential in maintaining viable microorganisms for a

period exceeding 90 days at room temperature has been

reached. Through this study, it can be seen that concen-

trations of about 1.0 % polyphosphate and 1.0 % alginate,

for 2.0 % of total polymer, more 1.0 % glycerol can be

used to immobilize spores of Trichoderma sp., ensuring the

viability of spores for a long period of storage for up to

120 days at room temperature with more than 108 CFU/g

of sample. This result can be justified due to the greater

number of hydrogen bonds formed between water and the

granules with higher concentrations of polyphosphate and

glycerol. A water activity (aW) largest into the beads after

drying favors the maintenance of cell viability.
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