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Abstract 
Current worldwide challenges are to increase the food production and decrease the environmental contamination by industrial 
emissions. For this, bacteria can produce plant growth promoter phytohormones and mediate the bioremediation of sewage by 
heavy metals removal. We developed a Rational Design of Immobilized Derivatives (RDID) strategy, applicable for protein, 
spore and cell immobilization and implemented in the RDID1.0 software. In this work, we propose new algorithms to optimize 
the theoretical maximal quantity of cells to immobilize (tMQCell) on solid supports, implemented in the RDIDCell software. 
The main modifications to the preexisting algorithms are related to the sphere packing theory and exclusive immobilization 
on the support surface. We experimentally validated the new tMQCell parameter by electrostatic immobilization of ten micro-
bial strains on  AMBERJET® 4200  Cl− porous solid support. All predicted tMQCell match the practical maximal quantity of 
cells to immobilize with a 10% confidence. The values predicted by the RDIDCell software are more accurate than the values 
predicted by the RDID1.0 software. 3-indolacetic acid (IAA) production by one bacterial immobilized derivative was higher 
(~ 2.6 μg IAA-like indoles/108 cells) than that of the cell suspension (1.5 μg IAA-like indoles/108 cells), and higher than the 
tryptophan amount added as indole precursor. Another bacterial immobilized derivative was more active (22 μg Cr(III)/108 
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cells) than the resuspended cells (14.5 μg Cr(III)/108 cells) in bioconversion of Cr(VI) to Cr(III). Optimized RDID strategy 
can be used to synthesize bacterial immobilized derivatives with useful biotechnological applications.

Graphic Abstract

Keywords AMBERJET® 4200  Cl− porous solid support · Bacterial Cr(VI) removal · Bacterial IAA production · Cell 
electrostatic immobilization · Rational design of immobilized derivatives strategy · Theoretical maximal quantity of cells 
to immobilize

Introduction

Cells are very useful biocatalysts on industrial processes 
(Beshay et al. 2002; Kwon et al. 2011; Sethi et al. 2013; Eş 
et al. 2018). Cells immobilization is a process of unquestion-
able biotechnological relevance and one of their more known 
advantages is the catalyst reusing (Guisán 2006; Kumar and 
Vats 2010). The most used cell immobilization methods are 
entrapment and adsorption on supports (Verstrepen et al. 
2003). Among the products industrially obtained by immo-
bilized microorganisms are enzymes, ethanol, phytohor-
mones and antibiotics (Steffan et al. 2005; Sethi et al. 2013; 
Zhang et al. 2019). Cells immobilization by electrostatic 
interactions with ionic exchange supports has emerged as 
an attractive immobilization strategy, due to its simplicity 
(Guisán 2013).

A current worldwide challenge is to increase the food 
production, improving the crops growth (Davis et  al. 
2017). Plant growth promoting bacteria (PGPB) synthe-
size the auxin indole-3-acetic acid (IAA), which can stim-
ulate the development of the radical system and the gen-
eral host-plant growth (Pini et al. 2011; Khandaker et al. 
2018). There are two pathways in bacteria to produce IAA: 

tryptophan-dependent and tryptophan-independent pathways 
(Duca et al. 2014; Zhang et al. 2019). Another current chal-
lenge is to decrease the environmental contamination with 
heavy metals due to industrial emissions (Nazhmetdinova 
et al. 2018). Microbial bioremediation is a promising alter-
native, due to economical, sensitivity and specificity issues, 
as well as the structural, physiological and metabolic diver-
sity of microorganisms (Cristani et al. 2012; Labra-Cardón 
et al. 2012; Zinicovscaia 2012; Fosso-Kankeu et al. 2014).

Cell immobilization is visualized as an attractive alter-
native to board IAA production and bioremediation. As a 
useful tool in this field, we developed a Rational Design 
of Immobilized Derivatives (RDID) strategy, applicable 
for protein, spore and cell immobilization (del Monte et al. 
2010, 2013; del Monte-Martínez et al. 2014, 2017, 2018, 
2019) and implemented in the RDID1.0 software. This strat-
egy is directed to predict the behavior of the immobilized 
derivative before its synthesis, using mathematic algorithms 
and bioinformatics tools, and select the optimal conditions 
for its synthesis (del Monte-Martínez and Cutiño-Avila 
2012). In this work, we propose new algorithms to optimize 
the theoretical maximal quantity of cells to immobilize per 
support g (tMQCell) on solid supports, implemented in the 
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RDIDCell software. We experimentally validated the new 
tMQCell parameter by electrostatic immobilization of ten 
microbial strains on  AMBERJET® 4200  Cl− porous solid 
support, and used two immobilized derivatives for biotech-
nological applications, such as IAA production and hexava-
lent chrome (Cr(VI)) bioremediation.

Materials and methods

Microorganisms

Eight bacterial strains (Gram-positive and Gram-negative) 
were used: Escherichia coli BL21, Micrococcus luteus 
ATCC 10240, Pseudomonas aureginosa ATCC 27853, 
Bacillus sp. strains RC9 and RC15 (originally isolated from 
coffea rhizosphere), Bacillus wiedmannii TAN-125 and 
strains TAN-113 and TAN-311 (originally isolated from 
rhizosphere of the hydrophyte plant Typha dominguensis). 
In addition, two yeast strains were used: Pichia pastoris 
KM71H and Saccharomyces cerevisiae ATCC 9763. All 
these strains were obtained from the microbial culture col-
lection, Faculty of Biology, University of Havana, Cuba. The 
morphological characteristics of these strains are shown in 
Table S1.

Culture media

For bacteria, the Nutrient Broth medium (Sigma-Aldrich, 
MO, USA) was used. For yeast, the YPD medium (Sigma-
Aldrich, MO, USA) was used (20 g/L yeast extract, 20 g/L 
peptone, 10 g/L dextrose). Both solid media were prepared 
adding 1.5% agar (Sigma-Aldrich, MO, USA). For biocon-
version and bioremediation assays the minimal medium for 
Bacillus (Department of Microbiology and Virology, Faculty 
of Biology, University of Havana) was used (10 g/L sucrose, 
2.5 g/L  KH2PO4, 1 g/L  (NH4)2HPO4, 0.2 g/L  MgSO4·7H2O, 
0.01 g/L  FeSO4·7H2O, 0.007 g/L  MnSO4·H2O).

Computational methodology

Structural and functional characteristics of microbial spe-
cies used in this work were obtained from: Model Organ-
ism Databases - National Human Genome Research Institute 
(https ://www.genom e.gov/10001 837/model -organ ism-datab 
ases/), Evomining (http://codig of.mx/evomi ning), Cellde-
signer (http://www.celld esign er.org/featu res/featu res41 
B.html), and Mining PubMed for relationships (http://www.
chili bot.net/). As part of the RDID strategy, mathematic 
algorithms to calculate the tMQCell parameter were rede-
signed. Building of the RDIDCell software was performed in 
Python language version 3.5 (Python Software Foundation; 
http://www.pytho n.org/).

Obtainment of cell biomasses

Purity of used strains to obtain the cell biomasses was tested 
by microscopic observation (Novel Optics, Nanjing, China), 
applying the Gram staining for bacterial strains and the 
Nigrosine staining for yeast strains (Madigan et al. 2012). 
Cultural characteristics of bacterial and yeast strains were 
observed by streaking in 90 mm plates (Sigma-Aldrich, MO, 
USA) with agar-nutrient or agar-YPD media, respectively, 
incubating at 30 °C, pH 7.0 for 24 h, or 28 °C, pH 5.6 for 
72 h, respectively, and observing with stereomicroscope 
(Novel Optics, Nanjing, China). Obtainment of bacterial 
and yeast biomasses was performed inoculating a colony in 
50 mL Nutrient Broth or YPD media and incubating in the 
same previous conditions.

Cell diameter measurement

Cell diameter measurement (20 cells/strain) was performed 
in microphotographs obtained with an optic microscope 
(Motic, Novel Optics, Nanjing, China), using a coupled 
Canon camera (Canon, Tokyo, Japan), and processed by the 
software Motic Image 2000 (https ://www.micro scope world 
.com/t-softw are.aspx). As type microphotograph was used 
one obtained from the strain P. aeruginosa ATCC 27853. 
Bacteria and yeast were submitted to Gram and Nigros-
ine staining, respectively. For rod-shaped bacteria, the cell 
diameter was the average between the lowest and highest 
diameters.

Preparation of cell suspensions

For experimental validation of tMQCell, microbial suspen-
sions were prepared in 0.1 M imidazole–HCl buffer, pH 7.0 
(immobilization buffer), adjusting the cell concentration 
at different values (using the McFarland scale (NCCLS, 
2005)), taking as a reference the tMQCell. For bioconver-
sion and bioremediation assays, microbial suspensions were 
prepared in minimal medium for Bacillus, pH 7.0. For cell 
count (by triplicate), microbial suspensions were prepared 
in 0.85% NaCl, at  108 cells/mL, according to tube 0.5 of 
the McFarland scale, and quantification was performed by 
microscopic count using Neubauer chamber.

Immobilization of live microbial cells 
on the  AMBERJET® 4200  Cl− porous solid support

Immobilization of the ten microbial strains by ionic adsorp-
tion on  AMBERJET® 4200  Cl− porous solid support (Rhom 
& Haas, PA, USA) was performed according to del Monte 
et al. (2013). One g of support (pre-washed several times 
with distilled water) was mixed with 5 mL cell suspension 
in 0.1 M imidazole–HCl buffer, pH 7.0. The mixture was 

https://www.genome.gov/10001837/model-organism-databases/
https://www.genome.gov/10001837/model-organism-databases/
http://codigof.mx/evomining
http://www.celldesigner.org/features/features41B.html
http://www.celldesigner.org/features/features41B.html
http://www.chilibot.net/
http://www.chilibot.net/
http://www.python.org/
https://www.microscopeworld.com/t-software.aspx
https://www.microscopeworld.com/t-software.aspx
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submitted to orbital shaking at 200 rpm and 30 °C for 24 h. 
The immobilized derivative was collected by decantation, 
washed three times with the same buffer and kept at 4 °C. 
For tMQCell experimental validation, a cell load study was 
performed with ten different cell concentrations for each 
strain and the immobilization isotherms were obtained. 
Immobilization was controlled by the parameter differential 
immobilization grade (cells) (diff. IGCell; expressed on cell 
number/support g) according to del Monte-Martínez et al. 
(2012) for proteins. The experimental parameter practical 
maximal quantity of cells to immobilize (pMQCell) was cal-
culated from the obtained diff. IGCell values according to del 
Monte-Martínez et al. (2018) for proteins.

Bioconversion assay for IAA production

Bioconversion assays for IAA production were performed 
with the cell suspension of Bacillus sp. RC15 strain, and its 
resultant immobilized derivative, in minimal medium for 
Bacillus, pH 7.0, supplemented with 20 μg/mL tryptophan 
(final volume: 5 mL). For the immobilized derivative, one 
support g was used with a cellular load corresponding to 
pMQCell. Bioconversion assays were performed with shak-
ing at 30 °C for 24 h. After this time, the supernatant was 
collected and kept at 4 °C for product quantification. As 
negative control, one support g without immobilized cells 
was used.

IAA-like indoles were quantified (by triplicate) by the 
colorimetric method using the Salkowski reagent (Glick-

mann and Dessaux 1995). Five-hundred μL supernatant were 
mixed with 500 μL Salkowski reagent (12 g of anhydrous 
 FeCl3 in 1 L of 7.9 M  H2SO4). This mixture was incubated 
in the dark for 30 min and the reaction was finished by light 
exposition. Sample absorbance was measured at 530 nm. A 
standard curve of IAA was prepared (Fig. S1). IAA specific 
productivity (SpecProd) was calculated as the ratio between 
produced IAA concentration and cell concentration.

IAA was identified and semi-quantified by thin layer chro-
matography (TLC) on silica gel plates (20 × 10 cm; Merck, 
Darmstadt, Germany). Applications (5 μL supernatants or 
standards) were performed at 1.5 cm from the plate base, 
1 cm from the left and right borders, and separated from each 
other by 1 cm. One mg/mL tryptophan and IAA standards 

were applied. Mobile phase was isopropanol:ammonia:water 
(10:1:1, v/v/v) (Héctor et al. 1995; del Monte-Martínez et al. 
1999). Runs were performed until the solvent front reached 
1 cm before the plate superior border. After 10 min drying, 
revealing was performed by exposition to the UV light at 
258 nm. Chromatographic plates were photographed with 
a Canon camera (Canon, Tokyo, Japan) and images were 
processed by the ImageJ software version 2.0. Tryptophan 
and IAA standard curves were prepared applying 5, 10, 15, 
20 and 50 μg/mL (Fig. S2).

Bioremediation assays for Cr(VI) removal

Bioremediation assays for Cr(VI) removal were performed 
with the cell suspension of Bacillus wiedmannii TAN-125, 
and its resultant immobilized derivative, in minimal medium 
for Bacillus, pH 7.0, supplemented with potassium dichro-
mate  (K2Cr2O7) (final volume: 5 mL). For the immobilized 
derivative, one support g was used with a cellular load cor-
responding to pMQCell.

Since the  AMBERJET® 4200  Cl− support is a porous 
solid industrially used as anion exchanger (Wassel et al. 
2013), firstly was established its ability to adsorb the 
 (Cr2O7)2− anion. For this, one support g was mixed with 
different amounts of  K2Cr2O7 to build the adsorption iso-
therm (Fig. S3). Assays were performed by triplicate at pH 
7.0 and 25 °C. For this, the samples absorbance at 365.6 nm 
was determined. A  (Cr2O7)2− standard curve was built (Fig. 
S4). The differential adsorption degree (diff. AD) parameter 
was determined according to the equation:

When the condition

was accomplished, then the total diff. AD was reached 
(Fig. S3). Afterward, the support exchanger sites were 
blocked with equivalent quantities of  (PO4)3− anion. For 
this, the support was treated with  K2HPO4 (150 ×  103 μg 
 (PO4)3−/support g) before cell immobilization.

Bioremediation assays were performed with shaking at 
30 °C for 24 h. After this time, the supernatant was col-
lected and kept at 4 °C for product quantification. As nega-
tive control, one support g without immobilized cells and 
treated with  K2HPO4 was used. Samples were analyzed in 
an atomic absorption spectrometer with air-acetylene flame 
(AAnalyst 200 AA, PerkinElmer, Waltham, MA, USA), at 
a wavelength of 357.9 nm. Samples were treated according 
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(
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to manufacturer instructions for trivalent chrome (Cr(III)) 
detection. A Cr(III) standard curve was built (Fig. S5).

Statistical analysis

Normal distribution and homogeneity of variances of 
the experimental data were verified by the Kolmogo-
rov–Smirnov and the Bartlett test, respectively (Snedecor 
and Cochran 1989). Afterward, an analysis of variance of 
simple classification was carried out. The means were com-
pared by the Tukey HSD test (Tukey 1949). A level of sig-
nification of 0.05 was used. To perform these analyses, the 
software Statistica (version 8.0; StatSoft Inc. [http://www.
stats oft.com]) was used.

Results

Redesign of mathematic algorithms to determine 
tMQCell

In this work, we redesigned the equation to calculate tMQCell 
for cell immobilization. The resultant equation is:

where SPN is the total number of support particles per sup-
port g, ASSA is the support activated surface area, and LIA is 
the cell or spore area interacting with the support. Redefined 
SPN was recalculated according to:

where 5/6 is the correction parameter applied, Vh supp is the 
volume occupied by the solvated spheres, experimentally 
measured, and Vsph is one sphere volume (4/3πr3).

Since the support pore diameter is much lower than the 
cell diameter, immobilization only will take place in the 
support sphere surface, and ASSA can be calculated as the 
sphere surface area (4πr2). On the other hand, considering 
the cell/spore as a sphere, the ligand-support interacting area 
is the half of the sphere surface area, and it is calculated 
according to:

where rlow is the cell or spore lowest ratio, and rhigh is the 
ligand highest ratio.

tMQCell = (SPN × ASSA) ∕LIA

SPN = 5∕6
(

Vh supp∕Vsph

)

LIA = 2∕pi(rlow × rhigh)

Determination of tMQCell for cell immobilization 
on porous solid supports and experimental 
validation with pMQCell

tMQCell was determined for ten microorganism strains 
from different species and genera with diverse morphol-
ogy (Table S1). First, the cell diameters were measured 
(Table S2). tMQCell were determined for the  AMBERJET® 
4200  Cl− support (Table 1).

tMQCell was experimentally validated with pMQCell, 
resultant of load studies with the ten microbial strains 
immobilized on the porous solid support  AMBERJET® 4200 
 Cl− (Table 1). The immobilization isotherm of P. aeruginosa 
ATCC 27853 is shown as an example (Fig. 1); the others can 

Table 1  tMQCell predicted by the RDIDCell software for cell immobi-
lization on  AMBERJET® 4200  Cl− support and experimental valida-
tion with pMQCell

Strain tMQCell (×108 
cells/support 
g)

pMQCell (×108 
cells/support 
g)

Micrococcus luteus ATCC 10240 44.2 44.1 ± 0.2
Escherichia coli BL21 6.77 6.74 ± 0.06
Pseudomonas aeruginosa ATCC 

27853
2.35 2.32 ± 0.02

Pichia pastoris KM71H 0.44 0.43 ± 0.01
Saccharomyces cerevisiae ATCC 

9763
0.32 0.29 ± 0.03

Bacillus sp. RC9 7.07 6.8 ± 0.3
Bacillus sp. RC15 1.78 1.75 ± 0.07
Bacillus sp. TAN-113 1.78 1.82 ± 0.01
Bacillus wiedmannii TAN-125 7.07 6.7 ± 0.4
Bacillus sp. TAN-311 0.99 0.91 ± 0.09

Fig. 1  Immobilization isotherm for electrostatic immobilization of 
Pseudomonas aeruginosa ATCC 27853 on the porous solid support 
AMBERJET 4200  Cl−, resultant of the load study. Data are presented 
as the mean ± standard deviation of three replicates

http://www.statsoft.com
http://www.statsoft.com
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be found in Fig. S6. The comparison between tMQCell and 
pMQCell demonstrates the high accuracy degree of predic-
tions (Table 1), quantified by a Pearson product-moment 
correlation coefficient of 0.995 (Fig. 2).

tMQCell predicted by the RDIDCell software was compared 
with the values predicted by the previous RDID1.0 software 
for the unicellular alga Scenedesmus obliquus and the spores 
of the fungus Aspergillus niger J-1 (del Monte et al. 2013; 
Table 2). This comparison demonstrates that tMQCell predicted 
by the RDIDCell software are more accurate than the values 
predicted by the RDID1.0 software, confirmed by a higher 
Pearson product-moment correlation coefficient (r = 0.854 vs. 
0.786) for correlation between tMQCell (predicted by RDIDCell 
vs. RDID1.0 softwares, respectively) and pMQCell for these two 
ligands (Fig. 3a). When the analysis was performed for the 
ten strains used in this work plus these two ligands, using the 
RDIDCell software, r was increased to 0.994 (Fig. 3b).

Application of the RDID strategy to immobilize cells 
for IAA production

For IAA production, the strain RC15 was selected, maintain-
ing constant the cell amount (resuspended or immobilized) 

in 1.75 ×  108 (pMQCell; Table 1). Both cell samples, resus-
pended and immobilized, were able to produce indoles, 
being the IAA-like indoles production by the cell suspen-
sion equivalent to the tryptophan quantity added as indole 
precursor (Fig.  4). However, indoles production by the 
immobilized derivative was significantly higher (~ 2.6 μg 
IAA-like indoles/108 cells) than that of the cell suspension 
(1.5 μg IAA-like indoles/108 cells) and the added tryptophan 
(Fig. 4).

The mobile phase used in the TLC, performed to identify 
IAA from other indoles, allowed the separation of IAA and 
tryptophan standards (Fig. 5). In this manner, we confirmed 
that Bacillus sp. RC15 strain, resuspended and immobilized, 
produces IAA from tryptophan after 24 h incubation. TLC 
confirmed that the immobilized derivative produces IAA in 
excess over the added tryptophan (Table S3).

Application of the RDID strategy to immobilize cells 
for Cr(VI) removal

For Cr(VI) removal, Bacillus wiedmannii TAN-125 was 
selected, maintaining constant the cell amount (resus-
pended or immobilized) in 6.7 ×  108 (pMQCell; Table 1). 
First, an adsorption study of the  (Cr2O7)2− anion on the 
 AMBERJET® 4200  Cl− support was performed. As a result, 
the total amount of  (Cr2O7)2− electrostatically adsorbed by 
one support g was 144.5 ×  103 ± 6.0 ×  103 μg (Fig. S3).

Afterward, 150 ×  103 μg  (PO4)3− anion were added 
to block the support exchanger groups. This treatment 
was successful, since after it the maximal amount of 
 (Cr2O7)2− adsorbed by one support g was only 7.7 ± 0.5 × 
 103 μg, being displaced 136.8 ×  103 μg (94.7% of the total). 
This treatment did not affect the electrostatic immobilization 
of Bacillus wiedmannii TAN-125, since after it the pMQCell 
was reached (data not shown). Resuspended or immobilized 
cells of the selected strain were able to bioconvert Cr(VI) 
to Cr(III), but the immobilized derivative was more active, 
with 22 vs. 14.5 μg Cr(III) produced per  108 cells (Fig. 6).

Discussion

In this work, we redesigned mathematic algorithms to cal-
culate tMQCell for cell immobilization, according to the 
RDID strategy, to achieve a higher accuracy in its predictive 

Fig. 2  Correlation between tMQCell and pMQCell for electrostatic 
immobilization of ten microbial strains on the porous solid support 
AMBERJET 4200  Cl−. Data are presented as the mean ± standard 
deviation of three replicates. Discontinuous lines: zone inside 10% 
variability of r

Table 2  tMQCell predicted 
by the RDID1.0 and RDIDCell 
softwares and experimental 
validation with pMQCell

tMQCell RDID1.0 and pMQCell values were taken from del Monte et al. (2013)

Microorganism tMQCell RDID1.0 (×108 
cells/support g)

tMQCell RDIDCell (×108 
cells/support g)

pMQCell (×108 
cells/support 
g)

Scenedesmus obliquus 0.17 0.09 0.052 ± 0.003
Aspergillus niger J-1 (spores) 0.19 0.16 0.151 ± 0.009
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ability (del Monte et al. 2010, 2013; del Monte-Martínez 
and Cutiño-Avila 2012). Redefined SPN is calculated as 
the ratio between the volumes of one solvated support g 
and one support sphere. In mathematics, the sphere pack-
ing analyses are performed considering clusters of spheres 
with the same size in the tridimensional Euclidean space 
(Conway and Sloane 2013). In SPN equation, 5/6 is the cor-
rection parameter applied, considering the regular arrange-
ment with the circle centers disposed in an hexagonal cell 
with each circle surrounded by other six (Rogers 1947; Aste 
and Weaire 2000). In cell immobilization, the support pore 
diameter is much lower than the cell diameter. For example, 
in the  AMBERJET® 4200  Cl− support, the pore diameter is 
10–20 Å (Infante et al. 1996), and the diameter of the littlest 
cell studied here is 0.5 μm (Medeiros et al. 1971; Hyland 
et al. 1997).

The measured cell diameters were in the ranges reported 
in the literature for the collection species (Table S2). Clearly, 
at higher cell diameter (Table S2), higher LIA and lower 
tMQCell (Table 1). The support particle diameter has a high 
homogeneity (uniformity coefficient = 1.2 (Salager 2007)). 
When a uniformity coefficient < 3, the material is highly uni-
form in size (Lambe and Whitman 2007; Orts et al. 2014). 
For this reason, we assumed that the support particle diam-
eter and ASSA are constant for this support, which has a 
uniform distribution of charged groups.

LIA is also influenced by the microorganism physiologi-
cal state and the cell wall composition (Kohler et al. 2009). 
In the cell surface there is a high density of functional 
groups, represented by proteins and organic acids such as 
teichoic and lipoteichoic acids (Bera et al. 2007), which con-
tribute with a uniformly distributed high density of nega-
tive charges to the cell surface (Weidenmaier et al. 2008). 
Therefore, cells can establish electrostatic interactions with 
the quaternary ammonium groups of  AMBERJET® 4200 

Fig. 3  Correlation between tMQCell and pMQCell. a Correlation 
between tMQCell predicted by the RDID1.0 (white squares; del Monte 
et  al. 2013) and RDIDCell (black circles; this work) softwares and 
pMQCell for the alga Scenedesmus obliquus and the spores of the fun-
gus Aspergillus niger J-1. Pearson product-moment correlation coef-
ficients (r = 0.786 for RDID1.0 and 0.854 for RDIDCell). b Correlation 
between tMQCell predicted by the RDIDCell software and pMQCell for 
these two ligands plus the ten strains used in this work. Data are pre-
sented as the mean ± standard deviation of three replicates. Discon-
tinuous lines: zone inside 10% variability of r

Fig. 4  3-indolacetic acid-like 
indoles specific productivity of 
the Bacillus sp. RC15 strain, 
resuspended and electrostati-
cally immobilized on the porous 
solid support  AMBERJET® 
4200  Cl−. Data are presented as 
the mean ± standard deviation of 
three replicates. Different letters 
represent significant differences 
for p < 0.05. SpecProd: specific 
productivity
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 Cl− support. tMQCell is very important for cell immobiliza-
tion. This allows the optimization of the biomass amount 
that should be used for a given support quantity, making 
good use of activated surface area. The result obtained after 
comparing tMQCell and pMQCell (Table 1; Fig. 2) reinforces 
the predictive value of the first parameter.

The design of optimal biotransformation processes allows 
increasing the obtainment efficiency of relevant chemical 
products, such as drugs, food additives and plant growth 
promoters, as well as the efficiency in the treatment of 
industrial emissions (Plou and Sandoval 2012; Sandoval 
2012; Castañeda and del Monte-Martínez 2014; Martínez 
et al. 2014; Menéndez et al. 2014; del Monte-Martínez et al. 
2015). The application of the RDID strategy to immobilize 
cells for bioconversion processes such as IAA production 
and Cr(VI) removal appears to be a valuable tool. IAA is a 
very interesting auxin due to its positive effect promoting 
plant growth (Idris et al. 2007). Its production using bacte-
rial immobilized derivatives contributes with an ecologic 
agriculture (Rajneesh et al. 2017).

The Salkowski reagent can detect IAA and other indole 
compounds with auxin activity (Palazon et al. 1995). It is 
one of the most used methods to detect and semi-quantify 
IAA due to its easy handling, fast results obtainment and 
economic feasibility (Torres-Rubio et al. 2000). The higher 
indoles production by the immobilized derivative, compar-
ing with the cell suspension or the added tryptophan (Fig. 4), 
suggests that cell immobilization activates the indole synthe-
sis from precursors distinct from tryptophan, which has been 
reported for IAA production in bacteria (Duca et al. 2014).

This higher bioconversion could be explained by the 
advantages that immobilization confers. This process can 
produce a heterogeneous material with favored shaking 
conditions and nutrient and oxygen transference, showing 
a higher efficiency than the homogeneous systems. Equally, 
immobilized derivatives have favorable conditions for cell 
economy, due to the cell movement restrictions (Willaert 
2006). This biocatalyst minimizes diffusional restrictions 
present in other immobilized systems, as a consequence 
of cell immobilization in the support surface (Woodward 
1988).

Fig. 5  TLC photograph for 3-indolacetic acid (IAA) production. 1 
tryptophan standard. 2 IAA standard. 3 cell suspension of Bacillus 
sp. RC15 strain before the bioconversion process (tryptophan added 
as precursor). 4 immobilized derivative of RC15 strain before the bio-
conversion. 5 cells suspension of RC15 strain after 24  h bioconver-
sion. 6 immobilized derivative of RC15 strain after 24 h

Fig. 6  Cr(VI) removal by its 
bioconversion to Cr(III) per cell 
amount. Bacillus wiedmannii 
TAN-125, resuspended and 
electrostatically immobilized 
on the porous solid support 
 AMBERJET® 4200  Cl−, was 
used. Data are presented as the 
mean ± standard deviation of 
three replicates. Different letters 
represent significant differences 
for p < 0.05
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Bacterial immobilized derivatives show relevant applica-
tions in microbial bioremediation of sewage (Salgado-Bernal 
et al. 2015). The adsorption study of the  (Cr2O7)2− anion on 
the  AMBERJET® 4200  Cl− support was necessary because 
the average diameters of the support pore and the anion are 
15 Å (Infante et al. 1996) and 1.4 Å (Becerra-Torres et al. 
2014), respectively. The ratio between both diameters is 10.7 
times, warranting the anion diffusion inside the pores and 
support adsorption. On the other hand, the average diameter 
of  (PO4)3− anion is 1.1 Å (Vincent et al. 2006), warrant-
ing the effectiveness of the treatment to block the support 
exchanger groups.

The bioconversion of Cr(VI) to Cr(III) has been previ-
ously reported for bacteria, as a resistant mechanism to 
 (Cr2O7)2− (Camargo et al. 2003; Ahemad 2014; Thatoi et al. 
2014). The advantages of cell immobilization were already 
mentioned (Woodward 1988; Willaert 2006; Salgado-Ber-
nal et al. 2015). However, we do not discard the existence 
of other mechanisms for Cr(VI) removal, such as anionic 
adsorption, reduction-coupled adsorption and bioaccumula-
tion (Cervantes and Campos-García 2007).

In summary, cell immobilization is one of the most 
used technologies to increase cell operational stability and 
improve their usage on biotechnological processes. In this 
work, the RDID strategy was updated for using cells as 
ligands, by the redesign of algorithms that constitute the 
software basis. This allowed increase the calculation accu-
racy and the software’s predictive ability. The obtained bac-
terial immobilized derivatives show important applications 
on fields such as the microbial bioremediation of sewage, 
with a positive impact in the environmental improvement, 
and in production of plant growth promoter phytohormones, 
directed to contribute with an ecologic agriculture.
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