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Abstract: Cyclodextrin (CD) drug delivery systems offer the potential to enhance the desired physic-
ochemical properties and pharmacokinetic parameters of drugs while maintaining their safety.
Cyclodextrin-glucosyl-transferase (CGTase) is amongst the most important enzymes used in CD
biosynthesis. However, the bioproduction of CDs still faces challenges in terms of optimization
and process complexity. This study proposes a novel CD bioproduction system in a batch mode
to increase yield and reduce costs. Two bacterial strains were selected: the alkalophilic Bacillus
pseudofirmus DSM2517 strain and the neutrophilic Paenibacillus macerans DSM1574 strain. Three
different culture media, two temperatures (30 °C and 37 °C), and three scales (shake flasks 20 mL
and 100 mL, and bioreactor 3.2 L) were evaluated with respect to bacterial growth kinetics, protein
production, and CGTase biosynthesis and activity for 3-CD production. Bacterial growth was moni-
tored by measuring optical density (OD600 nm), while CGTase activity was assessed by measuring
-CD production directly in the medium after filtration or in samples after concentration (using a
Vivaspin 500® ultrafiltration spin column with a 10 kDa cut-off). B-CD quantification was performed
using the phenolphthalein colorimetric method and HPLC. The best conditions for combined growth
and protein production, for both microorganisms, in shake flasks were achieved with a medium
containing 2% dextrin as the carbohydrate source. Scale-up to the bioreactor displayed improved
growth kinetics for both bacteria and higher protein production and CGTase activity for Paenibacillus
macerans.

Keywords: drug delivery; biotechnology; bioengineering; cyclodextrins; Cyclodextrin-glucosyl-
transferase (CGTase)

1. Introduction

Cyclodextrins (CDs) have garnered significant interest in biotechnology due to their
chemical properties and their wide range of industrial and pharmaceutical applications,
particularly in drug delivery and biosynthesis strategies involving enzymes and natural
bacterial producers [1-3]. CDs are cyclic oligosaccharides composed of glucose units connected
by 1,4-glycosidic linkages. The three primary types of CDs are -, 3-, and y-cyclodextrin,
which consist of six, seven, and eight glucose units, respectively (Figure 1) [4-6].

One of the most important characteristics of cyclodextrins (CDs) lies in their ring
structure, which features an outer hydrophilic surface due to the presence of hydroxyl
groups, as well as a nonpolar internal cavity. This unique structure facilitates the inclusion
of guest molecules that are less polar than water through non-covalent interactions, forming
what is known as an inclusion complex. These complexes offer protection to the guest
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molecules from various chemical and reactive species that could otherwise cause their
degradation [7-10].
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Figure 1. Molecular Structure of «-, 3-, and y-cyclodextrin, (n = 1, n = 2, n = 3, respectively).

As the industrial demand for CDs continues to grow, their production has increased
year after year, with significant efforts focused on achieving cost-effective production meth-
ods [11]. However, the processes and strategies employed in their industrial production
are often kept confidential [12]. Generally, two different types of CD production processes
are utilized [13,14]: (i) the solvent process, where an organic complexing agent selectively
precipitates a specific type of CD, and (ii) the non-solvent process, where no complexing
agent is added, and the ratio of CDs produced is solely dependent on the Cyclodextrin
Glucosyltransferase (CGTase) enzyme used and the reaction conditions (Figure 2).
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Figure 2. (a) Solvent process for cyclodextrin production; (b) Non-solvent process for CD production

(here for BCD production).
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CGTases are a member of the largest family of glycoside hydrolases acting on starch
and related o-glucans, the glycoside hydrolase family 13. Enzymes belonging to this group
show a wide diversity in reaction specificities, CGTases mainly catalyze transglycosylation
reactions, with hydrolysis being a minor activity (Figure 3) [12,15,16].
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Figure 3. Action of enzymes involved in the production of dextrin, including cyclodextrins from
starch. (e) Glucose molecule with a reducing end; (O) glucose molecule without a reducing end.
Arrows indicate preferred cleaving points in the starch molecule, adapted from [16].

The first 3D structure of the CGTase enzyme [17] revealed that it consists of five
domain proteins, with the active site located at the bottom of a (f/«) 8-barrel in the A
domain. CGTases cleave the «-1,4-glycosyl bonds between subsites —1 and +1 in x-glucans,
resulting in a stable covalent glycosyl intermediate bound at the donor subsites. This
glycosyl intermediate is then transferred to the 4-hydroxyl of its own non-reducing end,
forming a new «-1,4-glycosidic bond and yielding a cyclic product. CGTases can also
transfer the glycosyl intermediate to a second a-glucan, resulting in a linear product
(disproportionation), or to water (hydrolysis). Additionally, CGTases have the ability to
degrade CDs by opening the CD ring and transferring the linearized CD to a sugar acceptor,
leading to the formation of a linear oligosaccharide (coupling) [12].

While the majority of bacterial species known for producing CGTase belong to the
genus Bacillus, other bacterial species such as Klebsiella pneumonia [18], Klebsiella oxytoca [19],
anaerobic thermophile bacteria like Thermoanaerobacter sp and Thermoanaerobacter thermosul-
furigenes [20], and Thermoactinomyces sp [21,22] have also been mentioned.

The application and study of alkalophilic Bacillus species for industrial production
of extracellular enzymes is extensive due to their widespread presence, non-pathogenic
nature, and high production capacity of extracellular enzymes. These enzymes, when easily
isolated, exhibit specific characteristics such as activity and stability in extremely alkaline
environments, and they often demonstrate activity or thermostability over a broad pH
range compared to enzymes from neutralophiles [11,23-25].

The strain DSM 2517 of Bacillus pseudofirmus is an alkalophilic Bacillus strain also
referred to as ATCC 21593, BCRC 10412, CCRC 10,412, and 124-1 [26]. Initially, it was
classified as a variant of the alkalophilic strain of Bacillus firmus in a taxonomic study in-
volving 174 alkalophilic strains of the genus Bacillus [27]. In a more recent taxonomic study
that investigated the guanine-plus-cytosine (G + C) content variation among alkalophilic
Bacillus strains and their relatedness to the type strain of B. alcalophilus through DNA-DNA
hybridization experiments, the G + C content of strain DSM 2517 was determined to be
39.5% [28]. Nielsen et al. [29] included the same strain in taxon cluster 1 and concluded
that it was phylogenetically unrelated to Bacillus firmus, as its DNA base composition was
slightly lower. Furthermore, unlike Bacillus firmus, most strains in cluster 1 were unable to
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grow at pH 7 and were tolerant of high levels of NaCl and deaminated phenylalanine. As a
result, they proposed a new species named Bacillus pseudofirmus [29].

For production of CGTase [30] studied several culture conditions with an alkalophilic
Bacillus sp., achieving highest yields of production with the medium consisting on 1%
soluble starch, 5% corn steep liquor, 0.1% Ky;HPO4, 0.02% MgSO,47H,0 and 1% NayCOs.
However, the most cited and chosen medium amongst researchers is the medium usually
referred as Horikoshi Medium II, containing 2% soluble starch, 0.5% polypeptone, 0.5%
yeast extract, 0.1% KyHPOy, 0.02% MgSO4 7H;0 and 1% NapyCOj3, mainly for alkalophilic
species of the genus Bacillus. Further studies carried on by Jacob A. Rendleman [31], using
commercial CGTase from Bacillus macerans, gives more insights about the characteristics
of this enzyme. The overall yield of CD production is usually in the range of 35-50%,
being normally favored the formation of noncyclic products in the absence of inclusion
compounds (complexes). CGTase from B. macerans initially favors «-CD production [31].
The stability of this CGTase has shown to be high at and above pH 7.0, decreasing rapidly
below pH 6.0. Its highest activity occurred between pH 5.0 and 7.0, decreasing rapidly
outside this range. The thermostablity, at pH 7.0, was high at 25 °C (CGTase remained
active for at least one month), but low at 60 °C (the enzyme became virtually inactive after
12 h) [31,32].

The bacterial species Paenibacillus macerans (phylum Firmicutes, family Paenibacil-
laceae, genus Paenibacillus) was initially described as Bacillus macerans by Schardinger
in 1905 [33]. Over time, it has undergone taxonomic reclassification, and the current clas-
sification places this species in the Paenibacillus genus and Paenibacillaceae family. The
P. macerans DSM 1574 strain, also reported as IFO3490, is mentioned as CGTase producing
bacterium. This enzyme has a molecular weight of 74,008 Da [34-36].

Qi and Zimmermann [37], while characterizing the CGTase from a neutrophilic Paeni-
bacillus sp., prepared a CGTase production medium consisting of 2% (w/v) whole rice,
0.5% yeast extract, 0.5% tryptone, 0.2% K;HPOy, 0.2% NayHPOy4, 0.02% MgSO4-7H,0,
0.02% CaCl,-2H,0, and 0.1% (NH,4),SOy. The culture was incubated for 24 h at 37 °Cin a
shaking incubator at 200 rpm. Previous studies on various microorganisms have shown
that the CGTase produced from the IFO3490 strain has an optimum temperature of 55 °C
and heat stability of 55 °C (without Ca). The enzyme’s optimal pH falls between 5.2-5.7,
and it remains stable within a pH range of 8.0-10.0 [37].

The main purpose of this work was to evaluate and characterize the bioproduction of
CGTase towards p-cyclodextrins, using different microorganisms, conditions and scale-up.

2. Materials and Methods
2.1. Microrganisms

Bacillus pseudofirmus DSM2517 and Paenibacillus macerans were from DSMZ (Deutsche
Sammlung von Mikroorganismen und Zellkulturen) GmbH.

The growth medium for B. pseudofirmus DSM2517 was the alkaline nutrient agar,
mentioned as medium 31 by DSMZ [38], which was made of 5 g of peptone, 3 g of meat
extract per 1 L of distilled water. For the preparation of a solid medium, 7.5 g of agar was
added to the previous formulation. A buffer solution containing sodium sesquicarbonate
1M, 4.2 g of NaHCOg3, 5.3 g of Na,CO3 anhydrous was prepared in 100 mL of distilled
water, sterilized (20 min, 121 °C), and 50 mL added to the previous medium to achieve
a pH of 9.7. The growth medium for Paenibacillus macerans DSM1574 (Medium 1 [38])
comprised per 1 L of distilled water: peptone, 5 g, and meat extract, 3 g. The solid medium
was prepared with the same composition with the addition of 7.5 g of agar. They were
sterilized in an autoclave for 20 min, 121 °C.

Both bacterial strains were obtained in a vacuum dried form. Afterwards they were
suspended in 1.5 mL of liquid medium 31 (B. pseudofirmus) or medium 1 (P. macerans), and
then divided for test tubes with medium 31 and Petri dishes and keep growing at 30 °C
during 3 days. After the initial growth, macroscopic and microscopic characterization of
the bacteria was done. Additionally, isolated colonies in Petri dishes were inoculated in
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several tubes with 1 mL of medium BHI and 15% glycerol, which were stored at —80 °C for
future work (master cell bank). The remaining dish plates were sealed with parafilm and
preserved at 4 °C until use (work cell bank).

2.2. CGTase Production Media

For the purpose of characterization CGTase production, three different media [39]
were tested. The media were identified as A, B, and C, and prepared as follow:

(i)  Nutrient solutions

Medium A: 5 g (1%) of soluble starch; 2.5 g (0.5%) of peptone; 2.5 g (0.5%) of yeast
extract and distilled water for 500 mL.

Medium B: 10 g (2%) of dextrin (from potato starch, 31400 Millipore, Burlington, MA,
USA); 2.5 g (0.5%) of peptone; 2.5 g (0.5%) of yeast extract and distilled water for 500 mL.

Medium C: 25 mL (5%) of corn steep liquor; 5 g (1%) of soluble starch and distilled
water for 500 mL.

(if) Preparation of the saline and buffer solutions:

3.3 g of KoyHPOy in 500 mL of distilled water; 0.65 g of MgSO47H;0O in 500 mL of
distilled water; 25 g of Na,CO3 anhydrous in 250 mL of distilled water (alkaline buffer
solution—required for B. pseudofirmus).

Each solution was sterilized in autoclave (121 °C, 21 min), afterwards, 75 mL of
MgSO, 7H,0 solution and 75 mL of KyHPO, solution were added to all nutrient solutions,
to achieve a final concentration of, respectively, 0.02% and 0.1%.

For B. pseudofirmus media 50 mL of the NapCOj solution was added to a final concen-
tration of 1%, in a final volume of 500 mL, with a pH of 9.7.

For P. macerans the final volume of the culture media was 500 mL, with a pH of 7.0.

2.3. CGTuse Production Assays

The preliminary CGTase production assay started with the preparation of the media
A, B and C, as previously described, for both bacteria.

A pre-inoculum was prepared. After each bacterium, was inoculated and incubated
at 30 °C and 37 °C, on an orbital shaker at 160 rpm, for 48 h. 2 mL of pre-inoculum was
transferred to flasks containing 18 mL of respective medium and were incubated for more
4 days.

The final cultures were centrifuged at 6000x g for 15 min, and the cell-free super-
natant was preserved at 4 °C, used later on, as crude enzyme preparations for protein
quantification assay (Bradford method) [40] and CGTase activity assay.

To study the bacterial growth kinetics and protein production through the culture
time, an intermediate assay of CGTase production was performed.

For each bacterium, a full loop of bacterial colonies was put separately in the media A,
B or C, and then incubated at 30 °C and 37 °C on an orbital shaker at 160 rpm for 2 days.
10 mL of each pre-inoculum were then added to flasks with 90 mL of respective medium
and kept in their initial temperatures and shaking conditions. At regular intervals during
the next 4 days, samples were collected from all the cultures and measured bacterial growth
by optical density, and protein content with the Bradford method. The final cultures media
were centrifuged at 6000 G for 15 min, and the cell free supernatant was preserved and
used as crude enzyme preparations for analysis of CGTase activity.

To study the bacterial growth kinetics and protein production on a larger scale, a
laboratory-scale batch reactor (3.2 L) was used. A pre-inoculum of each bacteria and
200 mL of medium B was incubated at 30 °C on an orbital shaker at 160 rpm. The bioreactor
was sterilized, previously filled with 1800 mL of medium B, followed by the addition of
200 mL of pre-inoculum. The growth conditions were set to a temperature of 30 °C, pH 9.7,
and agitation speed of 200 rpm. At regular intervals during 70 hs, samples were collected
from the bioreactor, for bacterial growth evaluation, protein content and CGTase activity.
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2.4. Analytical Methods

The bacterial growth in liquid media was followed by measuring the optical density
at 600 nm (OD 600).

The total protein concentration on enzymatic samples was estimated according to the
Bio-Rad Protein assay, based on the Bradford method of [40], adapted to a micromethod [41]
for a faster multiple sample processing, using bovine serum albumin (BSA) as standard.

The concentration of B-CD on samples was analysed by the phenolphthalein (PHE)
colorimetric method, at 562 nm. This assay is based on the decrease in absorbance at
562 nm due to formation of a relatively specific complex between PHE and -CD [42]. The
decolorization of the indicator is due to the destruction of the planar conjugated structure
of the PHE molecule [43]. The protocol described by Moriwaki et al. [30] was adapted for
this study. Briefly, a stock solution of PHE (3 mmol/L), in ethanol 95%, an aqueous buffer
solution of sodium carbonate (0.6 mol/L) and sodium bicarbonate, and standard solutions
of 5-CD (2 mmol/L), in 20% (v/v) tris-HC1 50 mmol /L, 10% (v/v) CaCl,, 50 mmol/L, and

water [25].
Abs AbsO
p-Cb=a (1_Ab50) ' <1+K-a-Abs) @

Abs is the absorbance registered for the sample, Abs0 is the absorbance registered for
the blank, Cgcp is the value of the concentration of f-CD in the samples in mmol/L, a is
the concentration of PHE, K is the 3-CD + PHE complexation constant (82 394 M1 [44].

The enzymatic activity of the CGTase was measured by the -CD production over a
period of time in standard conditions, following a similar protocol applied by Moriwaki
etal. [30]. One unit of enzymatic activity (U) is equal to the amount of CGTase that produces
1 pmol of B-CD per minute in the applied conditions [30].

The assay has been made as follow: preparation of a substrate solution with 1% of
dextrin, 10 mmol/L of tris-HCl and 5 mmol/L of CaCl,, the zero-point was set with 1 mL
of enzyme solution in a bath at 100 °C for inactivation, after 10 min, 1 mL of substrate
solution was kept at 100 °C for 10 min. After the B-CD analysis followed the protocol
previously described. For each sample several sealed tubes with 1 mL of substrate solution,
was prepared, one tube for each measuring time was chosen, 5, 10, 15, 20, 25 and 30 min for
example, and kept at 50 °C until the temperature stabilization. 1 mL of enzyme solution
was added to the respective tube, starting from the tube for 30 min reaction and finishing
with the 5 min tube, keeping the tubes at 50 °C through the reaction time. To stop the
reaction the tubes are put at 100 °C for 10 min. After the B-CD content of in each sample
are evaluated. The CGTase activity was determined by the Equation (2) [30]:

K' x Vr x Ce
A= ——m+— 2
Ve 2
A—Enzymatic activity in umol of 3-CD (min x mL), K’ is the slope of the graphic line
of the 3-CD concentration over the time inclination; Vr is the total reaction volume, Ce the
enzyme concentration; Ve is the enzyme volume added.

2.5. Analysis

All experiments were performed at least in triplicate. The standard deviation (SD) was
evaluated for each value and was £0.05 unless stated otherwise.

3. Results and Discussion
3.1. Macroscopic and Microscopic Characterization

The initial bacterial growth was followed by the macroscopic and microscopicharac-
terization of the bacteria. The observed characteristics of both bacteria correspond to the
ones cited on the literature.

The B. pseudofirmus, as shown in Figure 4, was characterized macroscopically as
yellow, round colonies with irregular borders. Microscopically (microscope Carl Zeiss,
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Jena, Germany, magnification 1000 x ), the bacteria appeared rod-shaped, with observed
endospore formation. Furthermore, as reported by Nielsen et al. [45], this strain shown to
be strictly alkalophilic, since no evident growth was observed in pH 7 agar medium.

Figure 4. Microscopic and macroscopic observation of B. pseudofirmus DSM2517.

The macroscopic observation of the plate cultures of Paenibacillus macerans revealed
smooth, oval-shaped white colonies (Figure 5). Microscopically (microscope Carl Zeiss,
Jena, Germany, magnification 1000 x), it was observed rod-shaped bacteria, with some
visible endospores (Figure 5).

o’

—

Figure 5. Microscopic and macroscopic observation of P. macerans DSM 1574.

3.2. Small Size Bioprocessing

The preliminary assays, conducted in 20 mL of medium, aimed to study the effect of
nutrient and temperature on CGTase production. The main objectives of these assays were
to optimize and evaluate the chosen techniques.

The selection of variables, such as nutrient composition, growth temperature, and
incubation time, was based on the diverse conditions cited in various studies regarding the
production of CGTase.

The growth temperature recommended from the DSMZ catalogue for B. pseudofirmus
DSM 2517 was 30 °C, however, in ATCC catalogue it is recommended to grown the
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same strain at 37 °C [45,46]. For P.macerans the optimal temperature reported in DSMZ
catalogue was 30 °C [38]. So in this work both temperatures 30 °C and 37 °C were tested
for B. pseudofirmus and P.macerans. For B. pseudofirmus it was tested 1% and 2% of starch
(Horikoshi Medium II) and the best results were obtained with 1% of starch. The results
achieved for total protein production in all the conditions studied, measured at the end of
the culture, are indicated in Figure 6A,B for each microrganism.
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Figure 6. Results of total protein production for B. pseudofirmus (A) and P. macerans DSM 1574 (B).
The control assays refer to the sterile culture media.

The analysis of the results obtained for both bacteria indicated that media A and B
(respectively with 1% starch and 2% dextrin) do not interfere with the Bradford method,
when compared to the controls. However, the composition of medium C, corn steep liquor
greatly interfered with the measurements using Bradford and optical density methods,
being therefore excluded from the protocols for the next assays. In addition, there is also
clear evidence of the biosynthesis and release of proteins to the supernatant for both bacteria
in all the media used.

For B. pseudofirmus, high values of protein are attained at 37 °C with media A and
C, while for medium B the high concentrations are attained at 30 °C (Figure 6A). For
P. macerans it was observed that the total protein production was higher at 30 °C, using the
medium B (Figure 6B).

In addition to the total protein analysis, the CGTase activity in the samples supernatant
was also measured by the method previously described. However, no 3-CD was detected.

3.3. Intermediate Assays of CGTase Production

The culture volume increase allowed sampling during the process and ODgppnm
evaluation and protein quantification. These assays had the main goal of studying the
kinetics of bacterial growth and the protein production along time.

The results obtained for B. pseudofirmus are shown in Figure 7.

The results obtained enabled the determination of the kinetic parameters of bacte-
rial growth (Specific growth rate—p and duplication time—T4) and volumetric protein
productivity (rp), Table 1.

In general, B. pseudofirmus exhibited (Figure 7) a rapid initial growth, without an
observed lag phase. However, the growth slowed down around 20 h of culture, except for
the cultures in media A and B at 37 °C, which maintained their growth rate. Between the
40 h and 70 h, most of the cultures entered in the decline phase.
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Figure 7. B. pseudofirmus growth (OD 600 nm) and protein concentration in CGTase production
assays, at 30 °C and 37 °C, using different media (Medium 31—M 31, Medium A—MA and Medium
B—MB).

Table 1. Growth Kinetic Parameters for B. pseudofirmus (shake flask) (u—Specific growth rate, Tq—
duplication time, rp—volumetric protein productivity).

u(h=1 Td (h) rp (mg/mL h)
Culture Media
30°C 37°C 30 °C 37°C 30°C 37°C
Medium 31 0.224 0.126 3.09 5.50 0.011 0.017
Medium A 0.169 0.091 4.10 7.61 0.010 0.013
Medium B 0.145 0.071 4.78 9.76 0.014 0.021

The protein concentration followed a similar pattern in all the samples; with the values
starting to stabilize after 20 h of culture, with a slight increase until the 70 h. The highest
values of volumetric productivity (0.021 mg/mL h) were obtained in the medium B assays,
at 37 °C.

The temperature had an influence on the growth behaviour of the bacteria. At 30 °C, a
higher specific growth rate was observed, resulting a lower duplication time, an early onset
early stationary and decline phase. Conversely, at 37 °C, the specific growth rate was lower,
but the bacteria entered the stationary phase later. As CGTase production, no evidence of
temperature influence found.

The growth medium 31, composed of meat extract and peptone, was intended to
serve as a reference for comparison in CGTase production with medium A and B. This
choice was made because medium 31 does not contain polysaccharides, which theoretically
inhibit the synthesis of the enzyme. The differences between medium 31 and the other two
mediums are more noticeable in terms of bacterial growth extent, with a significantly lower
duplication time compared to that observed in medium A and B.

The best conditions for CGTase production were found to be in medium B at 30 °C.
This choice was justified by the higher specific growth rate and the early onset of the
stationary phase observed in this condition. Additionally, medium B yielded better results
in terms of high protein values.

At the end of this phase of the study, additional measurements of CGTase activity
were performed on the supernatant samples at bioreaction times 0, 1, 2, and 26 h, along
with the final sample collected from the culture in the bioreactor.

The results obtained for Paenibacillus macerans are shown in Figure 8.
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Figure 8. Growth curve of Paenibacillus macerans for Medium 1 (30 and 37° C); Growth Curve for
Medium A (1% Starch, at 30 and 37 °C); Growth Curve for Medium B (2% Dextrins, 30 and 37 °C);
Protein Concentration for Medium 1 (30 and 37 °C); Protein Concentration for Medium A (1% Starch,
at 30 and 37 °C); Protein Concentration for Medium B (2% Dextrin, 30 and 37 °C); Concentration and
Optical Density (OD 600 nm) in Medium B and Temperature (30 and 37 °C).

For all curves, except for the growth on Medium 1 at 37 °C, the lagtime was around
10 h, except for Medium 1 at 37 °C, which had a lagtime of 24 h. This difference in lagtime
may be due to sub-optimal growth conditions, as the curve on Medium 1 at 30 °C, described
by DSMZ as the optimal growth medium for this strain, did not exhibit a lagtime.

All growth curves showed a plateau, as expected after the exponential phase, indicat-
ing the onset of the stationary phase. However, all curves, except for Medium A at 37 °C,
showed an unexpected increase after the stationary phase. This increase can be attributed
to the fact that unlike Medium 1, both Medium A and B were supplemented with a saline
solution to promote spore formation. It has been suggested that bacterial endospores have
higher light retractability than their originating cells, resulting in increased optical density.



Future Pharmacol. 2023, 3

578

Although MnSO4, a salt referred to by DSMZ and Decker et al. [47], was not included
in the medium description for spore formation, a few spores were observed during micro-
scopic examination, indicating that MnSO4 might facilitate the speed and extent of spore
formation but is not essential for the process to occur [47-49].

Based on the experimental results the growth variable were successfully evaluated
(Table 2).

Table 2. Growth Kinetic Parameters for P. macerans (shake flask) (—Specific growth rate, Tg—duplication
time, rp—volumetric protein productivity).

u(h-1 Td (h) rp (mg/mL h)
Culture Media
30°C 37°C 30°C 37°C 30°C 37°C
Medium 1 0.138 0.735 5.02 4.00 0.005 0.007
Medium A 0.171 0.217 4.05 7.61 0.006 0.013
Medium B 0.203 0.269 341 9.76 0.010 0.021

These results provide a mathematical understanding of the differences in growth
kinetics associated with different media and temperatures. The variations observed in
different media are likely related to the affinity of P. macerans enzymes for the substrate.
On the other hand, temperature variations in bacilli cultures have been linked to changes
in the metabolic pathway followed by the microorganism, leading to alterations in energy
acquisition and growth kinetics [16,50,51].

In terms of protein concentration, a consistent pattern can be observed across all
figures. During the exponential growth phase, there was an exponential increase in protein
concentration, followed by a relatively constant concentration during the stationary growth
phase. However, the variations in the initial performances may be attributed to intrinsic
variations in the Bradford method or the presence of interfering metabolites.

The cross-analysis of both variables, optical density (OD 600 nm) and protein con-
centration, disclosed a distinct pattern. In the case of Medium 1, there was a decrease in
both optical density and protein concentration, indicating cell death after the depletion of
all nutrient sources and extracellular proteins. In contrast, the pattern was temperature-
dependent rather than medium-dependent for Media A and B. At 30 °C, during sporulation,
there was an increase in solubilized proteins due to the loss of intracellular proteins during
the endospore release process. However, at 37 °C, the higher temperature seemed to affect
the released proteins and underwent degradation.

3.4. Bioprocessing Scale up on the Bioreactor

The main goal of this assay was to enhance bacterial growth and CGTase production
over time in a bioreactor under controlled conditions, including pH, temperature, oxygen,
and anti-foam measures (Figure 9). The optimal conditions from previous experiments
were chosen for this particular assay, which comprised using medium B at 30 °C.

The results obtained for B. pseudofirmus are shown in the Figure 10.

The kinetic parameters were also determined and are shown in the Table 3.

The analysis of the results reveals that the culture in the batch bioreactor exhibited a
higher specific growth rate and a lower duplication time compared to the flask culture under
the same assay conditions. However, the volumetric protein productivity remained the
same for both cultures. The oxygen levels generally decreased as bacterial growth became
active, in a proportional manner, which was automatically controlled in the bioreactor.

The protein concentration values began to increase around the midpoint of the ex-
ponential phase, stabilizing during the stationary phase, and then starting to rise again
after 45 h of culture, coinciding with the observed increase in optical density during the
same period. One possible explanation for this behavior was the sporulation of the bacteria,
likely due to nutrient depletion, as McCormick mentioned [48]. This sporulation process
can increase optical density values, and the subsequent release of intracellular content into
the culture could contribute to elevated protein concentration levels [48].
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Figure 9. The Bioreactor INFORS AG CH-4103 used for the growth assays of Bacillus pseudofirmus
and CGTase and B-cyclodextrin production.
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Figure 10. Bacterial growth (OD 600 nm), and protein concentration (A) and oxygen (%) (B), in
large-scale assay of CGTase production with B. pseudofirmus, in a batch bioreactor.

Table 3. Growth kinetic parameters for B. pseudofirmus and P. macerans (Medium B), in bioreactor, at
30 °C (u—specific growth rate, Td—duplication time, rp—volumetric protein productivity).

Medium B uth1 Td (h) rp (mg/mL h)
B. pseudofirmus 0.305 2.27 0.014
P. macerans 0.251 2.76 0.014

The results obtained for P. macerans are shown in Figure 11.

The growth of P. macerans followed a consistent pattern, exhibiting the main growth
phases exponential and stationary (Figure 11). The protein concentration also followed a
similar trend as observed in the flask assay experiments. However, it did not exhibit the
same oscillations observed in the flask-based assay. This difference can be attributed to
the more efficient mixing and oxygenation provided by the bioreactor’s axillar rotating
paddles. In fact, the bioreactor experiment showed an increase in specific growth rate ()
and a decrease in duplication time (Ty).



Future Pharmacol. 2023, 3

580

From the analysis of the growth kinetics (Table 3), it was possible to conclude that scale
transposition played an important role in the interaction between medium and temperature,
resulting in an increased growth rate and volumetric protein productivity.
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Figure 11. P. macerans growth in a bioreactor, using medium B, at 30 °C, protein concentration ((blue
line) and Optical Density (OD600 nm) (orange line).

3.5. CGTase Activity and B-CD Production

The evaluation of 3-CD production was carried out following the same procedures
described for the CGTase activity assay. Initially, due to the low protein concentrations, the
CGTase was concentrated using a Vivaspin 500® ultrafiltration spin column with a 10 kDa
cut-off before the assay. Both the concentrate and the filtrate were assayed separately.

The absorbance values obtained for measuring the 3-CD present in the samples of B.
pseudofirmus are presented in Table 4, and the corresponding (3-CD concentrations were
determined using the equation mentioned in the analytical methods. Higuti et al. [44],
Gawande et al. [52], and Moriwaki et al. [30] employed temperatures of 28 °C, 30 °C, and
37 °C, respectively, using a medium containing soluble starch (similar to medium A of this
study) to produce CGTase [30,44,52]. Ibrahim et al. [53] found that the CGTase produced
by the alkalophilic Bacillus G1 rapidly increased after 12 h of culture, stabilized after 36 h,
and remained stable throughout the 120 h experiment [53]. Moriwaki et al. [30] utilized a
5-day incubation period to produce CGTase from B. firmus [30].

Table 4. 3-CD production after CGTase assays for B. pseudofirmus, and P. macerans, at 30 °C in Medium B.

Samples Absorbance [B-CD] (mmol/mL)

Blank (PHE + H,0) 1.564 0

Microrganisms Filtrate Concentrate Filtrate Concentrate
B. pseudofirmus T24h 1.517 1.448 0.014 0.035
B. pseudofirmus T48h 1.488 1.464 0.023 0.030

P. macerans TOh 1.511 0.878 0.016 0.211

P. macerans T15h 1.473 0.962 0.028 0.186

P. macerans T33h - 1.252 - 0.100

Due to the lack of literature information on the selected species of this work, Bacillus
pseudofirmus, and its close physiological similarities to Bacillus firmus, the latter was chosen
as the primary reference for information on CGTase and its production in this study. The
most commonly mentioned Bacillus firmus strain in the literature is NCIM 5119. Gawande
et al. [52] investigated this strain as a producer of cyclodextrins (CD) and observed that the
CGTase produced by this alkalophilic Bacillus strain exhibited one of the highest reported
yields and best ratios for 3-CD production. The purified enzyme had a molecular weight
of approximately 80 kDa, an optimal pH range between 5.5 and 8.5, and an optimal
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temperature for enzyme activity of 65 °C. It demonstrates stability below 30 °C (without
substrate) and outside the pH range of 7-11 at 10 °C [52].

The -CD was quantified in the samples collected after 24 and 48 h of culture for
B. pseudofirmus. The values obtained from both the filtrate and concentrate of each sample
indicate an increase in (3-CD levels. The growth behavior and protein concentration
progression observed in the majority of the samples also indicate that a culture time of 48 h
is sufficient to have a maximum of 3-CD level.

Regarding P. macerans, the 3-CD was quantified in samples collected at 9, 15, and 33 h
during the bioreactor culture cycle. The results clearly demonstrate the presence of of 3-CD
in all concentrated samples, indicating the presence of CGTase at the different times of
analysis. The highest 3-CD concentration (240 mg/mL) was obtained in the concentrate
from 9 h. Chen et al. [54] produced 17.5 g/L of 3-CD using immobilised CGTase, from
B. circulans STBO1, while Solanki et al. [55] produced CGTase from Bacillus sp. with an
improvement of 16% (93.42 U/mL).

There is a reduction in 3-CD concentration from the earlier sample to the later ones.
This reduction may be attributed to the denaturation of the enzyme during the culture cycle
or concentration, which is consistent with the observations for B. pseudofirmus. It provides
further evidence that the maximum activity of the enzyme, CGTase, occurs at an earlier
stage of the culture.

4. Conclusions

The current work provided valuable insights into the ability of B. pseudofirmus and
P.macerans to produce CGTase and, consequently, cyclodextrins (CDs). The conditions
that yielded the best results in terms of protein concentrations were Medium B, which
include in its composition dextrin (2%), peptone (0.5%) and yeast extract (0.5%), at 30 °C,
making it the most suitable choice for CGTase biosynthesis. The scale of the system also
played a crucial role, as growth kinetics improved with an increased medium volume in
the controlled conditions of the bioreactor.

The amount of protein produced during the culture cycle is an indirect measure to as-
sess CGTase production. A qualitative analysis was conducted on CGTase production. This
analysis revealed significant amounts of 3-CD in the concentrated solutions of CGTase for
P. macerans, indicating the presence of actively synthesized enzyme in the culture medium.

To determine the optimal culture time for monitoring CGTase activity before the en-
zyme’s activity starts to decline, CGTase activity assays should be performed at additional
time points during the culture cycle. Additionally, new quantitative methods for analyzing
CDs should be developed to enhance the activity assays, enabling the quantitative analysis
of alpha- and gamma-CDs as well. One proposed method is the use of an HPLC-IR appa-
ratus with an aminopropyl-silan SGE column, as described by Moriwaki et al. [37]. Once
the CGTase biosynthesis was optimized, further molecular properties, such as molecular
weight and 3D structure, can be studied. The developed 3-CD will be applied in drug
delivery studies of model drugs, namely for the increase of solubility /dissolution such
as ibuprofen, indomethacin and limonin [56-58]; and compared with the results already
obtained with commercial 3-CD.
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