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ABSTRACT: Design and development of materials that couple synthetic and living components allow taking advantage of the
complexity of biological systems within a controlled environment. However, their design and fabrication represent a challenge for
material scientists since it is necessary to synthesize synthetic materials with highly specialized biocompatible and physicochemical
properties. The design of synthetic-living materials (vita materials) requires materials capable of hosting cell ingrowth and
maintaining cell viability for extended periods. Vita materials offer various advantages, from simplifying product purification steps to
controlling cell metabolic activity and improving the resistance of biological systems to external stress factors, translating into
reducing bioprocess costs and diversifying their industrial applications. Here, chitosan sponges, functionalized with Calendula
officinalis hydroalcoholic extract, were synthesized using the freeze-drying method; they showed small pore sizes (7.58 μm), high
porosity (97.95%), high water absorption (1695%), and thermal stability, which allows the material to withstand sterilization
conditions. The sponges allowed integration of 58.34% of viable Saccharomyces cerevisiae cells, and the cell viability was conserved 12
h post-process (57.14%) under storage conditions [refrigerating temperature (4 °C) and without a nutrient supply]. In addition, the
synthesized vita materials conserved their biocatalytic activity after 7 days of the integration process, which was evaluated through
glucose consumption and ethanol production. The results in this paper describe the synthesis of complex vita materials and
demonstrate that biochemically modified chitosan sponges can be used as a platform material to host living and metabolically active
yeast with diverse applications as biocatalysts.

1. INTRODUCTION
The synergy and overlap between the technologies developed in
the chemical and materials sciences have led to the under-
standing and development of new advanced materials.1 The
challenge in developing novel and dynamic materials is
continuously improving their properties and efficiency and
broadening their applications. One approach to achieve this is to
couple synthetic materials with complex systems, such as
biological systems. Coupling synthetic and biological systems is
one of the most relevant and exciting challenges in developing
the next generation of materials.1−3 Market conditions and
technological progress demand the use of increasingly complex

and dynamic materials that are reusable, productive, and
produced sustainably.1,4,5

The use of integrated cells into materials to construct
synthetic-living systems has broad applications in biotechno-
logical and industrial processes such as fermentation, water
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treatment, bioremediation, and delivery systems. Moreover,
integrating living systems and synthetic materials is crucial in
improving processes and developing practical tools to decrease
operating costs.6−9 This integration brings together advantages
in critical areas such as purifying steps, developing continuous or
semicontinuous conditions, incrementing material reusability,
enhancing the metabolic activity of microorganisms, and
augmenting their resistance to external stress and process
variables.7,8

Numerous chemical and physical techniques for integrating
living cells have been developed within the last decades. The
entrapment of microorganisms and cells in calcium alginate
beads is the most used technique due to its simplicity;
nevertheless, it presents several disadvantages, such as
complications with nutrient diffusion and non-optimal bio-
compatibility.10 The adsorption (physical or covalent binding)
of the microbial cells on supports (as films and membranes) is a
technique also used frequently with this goal. Nevertheless,
factors such as support properties, microbial cell surface, and
environmental conditions affect the efficiency of the proc-
ess.11,12

Concerning the support materials, the critical factors for cell
integration include their porosity and capacity to adhere to cells
through van der Waals interactions, ionic forces, hydrogen
bonding, or other mechanisms.12,13 The porous matrices have a
high permeability that allows diffusion of oxygen and nutrients
needed characteristics when into the material are encapsulated
microorganisms for water purification, biomolecule production,
and ethanol production.14 Other applications of these matrices
are in tissue engineering, drug delivery systems, wound healing,
as well as in the production of probiotic food, biosorption and
bioremediation of chemicals, and antimicrobial food pack-
aging.14 The most common techniques for the fabrication of
porous materials are solvent casting, particulate leaching, gas
foaming, phase separation, electrospinning, porogen leaching,
fiber mesh, rapid prototyping, and freeze drying, which are
adequate to the requirements of different applications.15

A polymer used in the elaboration of porous, reliable, and safe
materials is chitosan, which is derived from chitin (a natural
biopolymer) using a deacetylation process. Between principal
characteristics are non-toxic, biodegradable, versatile, and
biocompatible.16,17 Its cationic nature and the presence of
amino groups impart interesting properties to form structures
such as films, hydrogels, nanoparticles, microbeads, sponges,
and membranes, which can be used to incorporate microbial
cells by techniques of entrapment and adsorption.18,19 However,
some authors have reported low cell adhesion capacities, which
have been addressed by mixing it with other non-degradable and
biodegradable polymers, as well as other compounds.20−22

In recent years, plant extracts have been used to modify the
physicochemical properties of materials, enhancing their ability
to integrate cells by increasing cell adhesion and cell viability
within the material.23,24 Calendula officinalis (C. officinalis) is an
important medicinal plant with potential biological properties;
its hydroalcoholic extract has been used to elaborate films with
improved adhesion and viability for human fibroblasts as well as
other eukaryotic cells such as Candida albicans.23 Aloe vera was
another plant used in the preparation of chitosan films, in this
case, to maintain the viability and antifungal activity of
Lactobacillus paracasei TEP6, a microorganism integrating into
the material; this biomaterial has been used as a coating for
vegetables to prevent the growth of the Colletotrichum
gloeosporioides fungi.24

Microbial biosynthesis uses different microorganisms to
produce a large variety of industrial products for human
interest.25 Saccharomyces cerevisiae (S. cerevisiae) is a non-
pathogenic yeast and the best-studied eukaryote. It is the most
valuable species for several biotechnological purposes and
industrial applications.26,27 S. cerevisiae has been integrated into
cross-linked materials based on chitosan obtained through
chemical methods; however, these methods use compounds that
subsequently do not allow scaling up the use of the materials for
their applications in the food or pharmaceutical industries.28,29

Therefore, the material, integration conditions, and character-
ization of the integrated cells should be optimized to improve
the metabolic functions of the cells as well as the industrial
process conditions.
In the present work, we functionalized chitosan sponges with

the hydroalcoholic extract of C. officinalis (HAECa) flowers to
modify their physicochemical properties. As a result, the
designed sponges displayed integration and preservation of S.
cerevisiae cell viability for prolonged times under limiting storage
conditions (nutrients and temperature). In addition, the
composed material had biocatalytic applications since it was
able to consume glucose and produce ethanol even 7 days after
the integration process. Our synthetic-living system (vita
material) incorporates a functionalizing agent of natural origin;
therefore, the designed and synthesized vita material has the
potential to be used for applications as a biocatalyst in various
types of industries, including food processing and packaging as
well as the pharmaceutical sector.

2. RESULTS AND DISCUSSION
2.1. Synthesis and Macroscopic Characteristics of

HAECa-Functionalized Chitosan Sponges. Using the
freeze-drying method, we synthesized chitosan sponges, both
non-functionalized and functionalized with the hydroalcoholic
extract of C. officinalis (HAECa) (Figure 1). The chitosan

Figure 1.Macroscopic characteristics of chitosan sponges prepared by
the freeze-drying method. (A) Chitosan control, (B−D) chitosan
sponges synthesized with various concentrations (v/v %) ofC. officinalis
extract (HAECa).
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sponge control (Figure 1A) and the HAECa-functionalized
chitosan sponges prepared with 8% v/v (Figure 1B), 10% v/v
(Figure 1C), and 12% (Figure 1D) displayed differences in their
macroscopic characteristics, including color, shape, and porous
structure. The HAECa-functionalized chitosan sponges have a
yellow-brown tone and stretchy form compared to the chitosan
sponge control (light-colored and porous). In addition, an
increase in color intensity and elastic form is observed and
correlates with increments in extract concentration (%v/v).
The HAECa-functionalized chitosan sponge color can be

attributed to the chemical composition of the extract. Some
authors have reported the presence of lutein, a xanthophyll
present in the ethanolic extract, which has an orange−red color
that absorbs blue light, developing a yellow color at low
concentrations and an orange−red at high concentrations.30
The shape of these sponges can be attributed to a plasticizer
effect of the extract concentration. Commonly, plasticizers such
as water and polyols (glycerol and sorbitol) contain OH groups
within their chemical structures, which can affect the continuity
of the polymer matrix leading to physical changes, such as
materials becoming more flexible and stretchable.31

Density, a macroscopic property, was evaluated in both the
control and the functionalized chitosan sponges. This property
was calculated from the mass-to-volume ratio of the sponge
samples. The control presented a value of 0.14 ± 0.03 g cm−3,
which was similar in the sponges functionalized with 8 and 12%
HAECa (Figure 2), while the density of the sponges

functionalized with 10% of the extract (0.49 ± 0.10) was
significantly different from the control and the rest of the
functionalized sponges. An increase in sponge density may
contribute to the improvement of mechanical properties such as
dimensional stability.
2.2. Microstructure and Elemental Composition of

HAECa-Functionalized Chitosan Sponges. The micro-
structure of the chitosan sponges was studied by scanning
electron microscopy (SEM), and their elemental composition
was determined by energy-dispersive spectroscopy (EDS). The
chitosan sponges presented a heterogeneous porous structure
(Figure 3) with an average pore diameter of 21.98± 2.16 μm for
the chitosan sponge control (Figure 3A). Moreover, the
HAECa-functionalized sponges showed an average pore size
of 7.58 ± 1.56 μm (Figure 3C) at 8% (v/v) HAECa

concentration and a 40.52 ± 7.41 μm (Figure 3E) and 29.67
± 5.14 μm (Figure 3G) average pore sizes at 10% v/v and 12%
v/v concentrations, respectively. Furthermore, energy-disper-
sive X-ray spectrum (EDS) studies demonstrated the presence
of Na, K, Mg, and Cl in the HAECa-functionalized chitosan
sponges (Figure 3D,F,H), whereas these elements were not
found in the control sponges. The occurrences of C andO in the
12% v/v HAECa-functionalized chitosan sponges (Figure 3H)
were 49.55 and 28.01%, respectively, these values were the
lowest compared to the functionalized sponges with 8 and 10%
of HAECa. Concerning Cl and K, the presence was increased on
HAECa functionalized sponges in concordance with the
increase in concentrations of HAECa.
Pore size is an important parameter to consider in the

integration phase of microorganisms or living systems into a
material, such as sponges. It is desirable to have a pore size that
allows oxygen and nutrient diffusion for survival, growth, and
proliferation of cells within the material.14,32,33 Some authors
indicate that porosity, pore architecture, and pore interconnec-
tivity have a significant role in the survival and proliferation of
cells.22 Concerning the biomedical application of porous
materials, a small pore can aid in the differentiation (mechanism
involved in the cell regeneration process) of human cells, and
large pores have been shown to inhibit cell proliferation
(increase in the number of cells) between cells of the same
kind.32,34 In the present study, we report pore sizes (13−24 μm)
andmicrostructures of the chitosan sponge controls (Figure 3A)
and show the differences observed from other studies that
synthesize the chitosan sponges under similar processing
conditions and cross-linking agents (genipine).35 The results
indicate that the following parameters: conditioning temper-
ature before the freeze-drying process, chitosan concentration,
and the addition of different substances (cross-linking agent and
natural extract) modify the characteristics of the sponge,
including porosity, morphology, density, and elasticity.36−38

The pore size (6.81−9.95 μm) observed in HAECa-function-
alized chitosan sponge at 8% v/v (Figure 3C) could be
attributed to the hydrophilic nature of the extract. The
hydroalcoholic extract contains OH groups that can associate
with the chitosan (amino and carboxyl groups) and the medium
(water) through hydrogen bonds; therefore, after applying low-
temperature conditions (−20 °C) and further freeze-drying, the
process can cause the formation of smaller pores with little or no
cell walls. On the other hand, the porous size and wall structure
in HAECa-functionalized chitosan sponges at 10% v/v (Figure
3E) and 12% v/v (Figure 3G) can be attributed to the
plasticizing effect of the extract on the chitosan polymer chains
due to an increase of the concentration and the presence of
elements as Na and K (Figure 3F,H).39,40 The plasticization
allows the flexibility and aperture of the chains and, therefore, an
increment in pore size.31 Previous studies using mixtures of
chitosan and other hydrophilic biopolymers have reported
similar behaviors.37,41

The addition of the HAECa extract caused a change in the
elemental composition of the chitosan matrix (Figure 3); this
behavior has been observed previously in other studies which
use spinach extract.42 The appearance of minerals (Figure
3D,F,H) allows the association with the chemical composition
of the HAECa.43 The presence of Na, Mg, Cl, and K in the
material could affect its water absorption capacity by interacting
with carboxyl and amino groups of the chitosan through
electrostatic forces. These effects reduce the interaction sites of
this biopolymer with the aqueousmedium. Thematerial thermal

Figure 2. Density of chitosan sponges prepared by the freeze-drying
method. * indicates significant difference from control and rest of the
HAECa concentrations tested.
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properties such as decomposition temperature and glass
transition temperature could suffer changes by the plasticizing
effect of these elements. The integration of the microorganisms
into the material and the conservation of their cell viability could
also be affected.
2.3. Chemical and Thermal Characterization of

HAECa-Functionalized Chitosan Sponges. Fourier trans-
form infrared (FTIR) spectroscopy showed the characteristic
peaks corresponding to the functional groups reported in
chitosan (Figure 4A).44 The spectra display an increase in the
intensity of the bands for the functionalized chitosan sponges as
the concentration of the HAECa is increased. However, the

transmittance of the characteristic peaks of chitosan at 3300−
3200 cm−1 (corresponding to N−H and O−H stretching,
intramolecular hydrogen bonds), 2974−2958 cm−1 (linked to
C−H symmetric and asymmetric stretching of chitosan), 1589−
1598 cm−1 (from primary amide groups), 1524−1543 cm−1

(−NH of amide II group), 1372−1386 cm−1 (C−N stretching
of amide III group), 1067−1079 cm−1 (C−O−C bond), 1028−
1037 cm−1 (C−O), and 910−742 cm−1 (C−H and C�C
bonds) were decreased for the HAECa-functionalized chitosan
sponges. Moreover, the peaks at 3295 cm−1 (corresponding to
the stretching of NH andOHbonds) and 1660 (linked to C�O
stretching in the amide I) shifted significantly to 3302 and 1721

Figure 3. SEM and EDS analysis of chitosan sponges functionalized with hydroalcoholic extract of C. officinalis (HAECa) flowers. (A,B) Chitosan
control, (C,D) 8% v/v, (E,F) 10% v/v, and (G,H) 12% v/v.
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cm−1, respectively (Figure 4A). Differential scanning calorim-
etry (DSC) was used to characterize the sponges and report
their physical-chemical responses to polymer heating.45 The
DSC thermogram of the chitosan sponge control (Figure 4B)
shows two endothermic peaks at 95 and 151 °C (ΔH 196 J/g).
In addition, exothermic peaks were observed at 260 °C (ΔH 4 J/
g), 307 °C (ΔH 156 J/g), and 370 °C (ΔH 14 J/g). For the
HAECa-functionalized chitosan sponges, the DSC thermogram
shows two endothermic peaks, the first at 96−97 °C (ΔH 3−7 J/
g) and the second (broader endothermic peak) at 130−140 °C
(ΔH 182−336 J/g). In addition, two exothermic peaks were
observed at 280−320 °C (ΔH 185−209 J/g) and 350−370 °C
(ΔH 1−2 J/g).
In general, the FTIR spectrum of HAECa-functionalized

chitosan sponges showed a widening of chitosan characteristic
bands and a decrease in the transmittance, especially in the band
at 3300−3000 cm−1, when the extract concentration was
increased. This could be attributed to the hydrophilic nature
of the extract and its chemical composition.30 Compounds such
as saccharides, carboxylic acids, antioxidants, water, and ethanol
could form hydrogen bonds with the chitosan matrix due to the
presence of OH groups in their chemical structures. This
behavior was observed previously in a study of chitosan-starch
films with natural extracts.46

In DSC analysis, the first endothermic peak observed in the
chitosan sponges with HAECa (96−97 °C) can be attributed to
the evaporation of solvent trace in the material such as water
(principally), acetic acid, and ethanol; as well as other low
weight compounds (such as volatile components) of the
extract.47 The second endothermic peak (130−150 °C) is
related to the glass transition temperature of the relaxation of the
chitosan chains and some components from the extract present
in the chitosan network.48 The exothermic peaks observed
(280−320 and 350−370 °C) can be associated with the
disruption and decomposition (thermal and oxidative) of
chitosan and the vaporization and elimination of volatile
products generated.49 The extract induced an increase in the
first exothermic temperature and a decrease in the second
endothermic temperature by a plasticizer effect on the chitosan
network due to its hydroalcoholic nature and chemical
composition.50,51 Still, it conserved the thermal stability of the
material, which is very important for its application in the
integration of biological systems, especially when the material
requires undergoing processes such as sterilization through heat
treatments, which is a preparatory phase of the integration
process of the biological system.52,53

2.4. Porosity and Water Absorption of HAECa-
Functionalized Chitosan Sponges. The porosity of the
chitosan sponge control using the liquid displacement method

Figure 4. (A) FTIR of chitosan sponges functionalized with the hydroalcoholic extract of C. officinalis (HAECa) flowers, and (B) DSC analysis.

Figure 5. (A) Porosity and (B) water absorption of chitosan sponges functionalized with the hydroalcoholic extract of C. officinalis (HAECa) flowers.
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with ethanol was 90.34% (Figure 5A). The addition of HAECa
to the chitosan matrix did not show a statistically significant
increase in the porosity of the sponges, compared to the control
(Figure 5A). The porosities of 8, 10, and 12% v/v HAECa-
functionalized chitosan sponges were 89.37, 97.95, and 88.65%,
respectively. Moreover, the chitosan sponge controls exhibited
high water absorption (9706%), causing the material to change
its shape to a hydrogel. The addition of HAECa decreases the
water absorption rate compared with the chitosan sponge
control (p < 0.05). Water adsorption is inversely proportional to
the HAECa concentration (v/v %) present in functionalized
chitosan sponges, as shown in our results where chitosan
sponges with 8, 10, and 12% v/v HAECa displayed water
absorptions of 1388, 1388, and 827%, respectively (Figure 5B).
The porosity in a material allows better transport of nutrients

and exchange of gases, metabolites, and metabolic waste
between the integrated cells, which is critical for their growth
and proliferation.32,33,38 Some authors have pointed out that a
greater than 80% porosity is ideal when the sponge is used as a
cellular scaffold.54,55 In this study, the addition of HAECa to the
chitosan matrix did not significantly modify the porosity values
of the sponges; nevertheless, the shape, size, and structure of the
pores changed (Figure 3A,C,E,G). The porosity values observed
in our study were higher than that of a previous study with A.
vera and tetracycline hydrochloride (68.74 and 56.44%). In this,
the extract and the antibiotic increased the porosity percentage
of the sponge, which was the opposite of the behavior observed
in our study.56

Water absorption is a crucial parameter for sponges since the
culture media used for cell growth are in an aqueous medium.
Therefore, materials synthesized for this purpose must show the
ability to maintain structural stability in aqueous environments
and allow cell growth. The higher water absorption observed in
the chitosan sponge control can be explained by its un-
crosslinked structure and its hydrophilic nature induced by the
carboxyl and amino groups interacting with an aqueousmedium.
The quantity of water trapped in the sponge could cause the
collapse of the material structure, which was observed in the
present study (with chitosan control sponge) and previously in
studies using other hydrophilic biopolymers.32 The addition of
HAECa extract induced a decrease in the water absorption
percentage and allowed the material structure to stabilize during
testing. The presence of some compounds (with OH or NH
functional groups) or elements (as salts or ions) in the extract
interact with the chitosan matrix through hydrogen bonds or
electrostatic forces, leading to a possible reduction of the
interaction sites within the sponge structure and decreasing its
absorption capacity in the aqueous medium. The last behavior
was only observed in crosslinked biopolymers using physical,
chemical, or enzymatic methods.26,32 Other authors have also
mentioned that interconnected pores and a macroscopically
rough surface in the sponges facilitate the entry of external
solvents into the network and contribute to faster absorption
kinetics and high absorption capacity.57

2.5. Integration and Survival of S. cerevisiae into
HAECa-Functionalized Chitosan Sponges. We performed
growth kinetics and cell viability assays of S. cerevisiae to
determine the optimal conditions for the integration process of
the microorganism into the chitosan sponges. The exponential
growth phase for yeast was observed in the interval time between
4 and 10 h of incubation. After 10 h, the yeast entered a
stationary growth phase. To validate these data, cell viability was
determined by the plate count method (number of colonies per

milliliter; CFU/mL). Yeast reached a maximum growth of 9 ×
109 CFU/mL after 14 h of incubation; therefore, according to
these results, approximately half of the yeast entered exponential
phase at 8 h. At 8 h growth, the yeast showed optimal viable
biomass (5 × 108 CFU/mL) for the integration process into the
chitosan sponges. Moreover, the cells at 8 h are also found
metabolically active, which is optimal for the integration process.
Yeast integration was carried out in an 8% v/v HAECa-

functionalized chitosan sponge. This material was selected due
to the characteristics presented as thermal stability, the optimal
balance between porosity and water absorption, and the
preservation of integrity and shape when exposed to water. In
addition, at this concentration, the size pores within the sponge
(6.81−9.95 μm) are very similar to the yeast size (5−10 μm),
which we hypothesized would aid in the integration, growth, and
colonization of microbial cells into the material. However, since
the chitosan control sponge converted into a hydrogel when it
absorbed water, this complicated the integration of the yeasts.
Concerning the 8% v/v HAECa-functionalized chitosan sponge,
the adsorption and embedding of yeast cells were shown in
electron micrographs (Figure 6). In these (Figure 6A−C), yeast

cells appeared attached and stacked on the pores and the walls
(marked with arrows) of the HAECa-functionalized chitosan
sponges. Heterogeneous distribution of S. cerevisiae was
observed within the material after the integration procedure.
Figure 6D shows the conservation of yeast cell integrity after the
process, which initially suggested the preservation of cell
viability and metabolic capacity.
We next quantify the uptake and integration of S. cerevisiae

into 8% v/vHAECa-functionalized chitosan sponges; the results
showed that 58.34% of the viable cells initial (6× 108 CFU/mL)
were integrated into the material. The cell viability of the
adsorbed yeast into the HAECa-functionalized chitosan sponge
was determined after 6 and 12 h of the integration process using
methylene blue staining. Between 57 and 58% of viable cell
within the sponges was conserved at both monitoring times.
Moreover, as can be observed in Figure 7, the cell viability of S.

Figure 6. SEM micrographs of S. cerevisiae integration into chitosan
sponges functionalized with 8% v/v of hydroalcoholic extract of C.
officinalis (HAECa) flowers. (A) 600×, (B) 1000×, (C) 2000×, and
(D) 10,000×.
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cerevisiae did not present a statistical difference between the
initial (0 h) and the 6 and 12 h post-integration times.

The integration percentage of S. cerevisiae viable cells
(58.34%) attribute to the stirring conditions used in the process.
The stationary phase (6 h) could induce the integration of a
minor number of cells due to their tendency to flocculate.58

Some authors suggest that stirring could generate conditions for
mass transfer to submerged biomass, an increment of total
biomass population, that cells in suspension had more contact
time with the material and cause the increase in the number of
integrated cells.59,60 The amount of interstitial biomass plays a
vital role in potential integrated biomass for the continuous
adsorption−desorption equilibrium.59 Another explanation of
this phenomenon lies in the affinity of microbial cells for the
material.
Concerning the last, cell integration depends on the cell

loading and the specific characteristics of the support material.61

These characteristics include surface charges, surface morphol-
ogy, and surface area.61−63 Yeast cells have negatively charged
surfaces and could interact with the support material through
electrostatic forces, becoming the principal adsorption mecha-
nism for the cells.61,64 The HAECa-functionalized chitosan
sponge has elements such as K, Na, Cl, and Mg, which could
develop surface charges in the material (considering that an
acidic medium was used in its preparation) and are essential
micronutrients that aid in the viability preservation of micro-
organisms.65,66 In the entrapment method, the relation between
support pore size and cell size is a critical parameter since, if the
material pore size is larger than the microbial cells, this can cause
the migration or leak of these into the environment.67 On the
other hand, a highly porous surface allows microorganisms to
form biofilms, which is very important for an efficient integration
process via adsorption in preformed membranes and
sponges.68−70 In the present study, the porosity (89.37%) and
the pore size of 6.81−9.95 μm (like the size of S. cerevisiae of 5−
10 μm) providing the material with the appropriate morphology
and surface area conditions for an efficient integration process.
The percentage of cell viability that S. cerevisiae conserved into

HAECa-functionalized chitosan sponges in the post-integration
time is considered relevant due to the storage conditions
evaluated in the synthetic-living material. The absence of
nutrients can affect the growth rate and survival of the

microorganisms due to their impact on metabolic activity.71,72

Few studies about monitoring cell viability post-integration in
material exist because this process is realized before subjecting
the microorganism to a biocatalytic process.73 Regarding using
chitosan materials to integrate microorganisms, some authors
have reported up to 66% of lactic acid bacteria at the end of the
integration process onto chemically cross-linked chitosan
beads.74 In other biological systems, immobilized into chitosan
beads have also been reported 71−76% for Scenedesmus sp. and
46% for Saccharomyces obliquus.75 These results indicate that the
percentage of cell viability after the integration process is
dependent on the biological system, the shape, and character-
istics of the chitosan material used in the process.
Considering the storage conditions used in the present study,

the optimal integration of yeast cells into HAECa-functionalized
chitosan sponges and the quick adaptation of the microorganism
to the new environment played a relevant and critical role in
viability conservation and survival. The above depended mainly
on the sponge characteristics and the cell yeast/sponge
interaction. Concerning the material characteristics, the
addition of the HAECa introduced the elements K, Cl, Na,
Mg, and other compounds (saccharides and antioxidants) onto
the chitosan matrix could be contributed to the viability
conservation of the yeast. Authors mentioned that cations K+,
Na+, Mg+, and the anion Cl− are involucrate in generating and
maintaining electrical gradients and electrochemical potentials
in the cell membrane of the microorganisms, therefore in the
homeostasis.76−78

The SEM micrographs (Figure 6A−C) confirm that the
biological system was integrated into the synthetic material,
confirming the production of a vita material. Also demonstrate
the integrity in the cell wall of S. cerevisiae and a cell division
process (Figure 6C,D), which could indicate a high probability
of the conservation of its metabolic activity. The micrographs
show that the yeast cells were attached to the material following
different patterns. Lonely cells hosted into the pores of the
sponge can be observed, and cell aggregates in the walls of the
pores. Some authors have mentioned that microorganisms
possess as adaptation and survival mechanisms to a new
environment the formation of biofilms, which are expressed
when integrated onto a surface by adsorption.11 The last
behavior has been observed in other studies.68

2.6. Biocatalytic Applications of the Vita Material
Composed of S. cerevisiae Integrated into HAECa-
Functionalized Chitosan Sponges. The first parameter
tested was glucose consumption, a parameter related to the
preservation of the biocatalytic capacity of S. cerevisiae integrated
into the HAECa-functionalized chitosan sponges (8% v/v)
under two post-integration times using as a control a free system
(yeast without the integration process). Glucose consumption
(for 2 consecutive days) was monitored in the vita material and
compared with the glucose consumption in non-immobilized
yeast cells cultured in a liquid medium. The results show that
consumption of the microorganism integrated into the HAECa-
functionalized chitosan sponges (both 0 and 7 days post-
integration) showed an increased variability compared to the
liquid culture without statistical significance between the three
systems (Figure 8A). Moreover, there was more variability for
the second day with respect to the first day within the vita
material (Figure 8A). The above variability could be attributed
to the quantity, density, and activity of viable cells within the
material, the uniformity in their distribution, and their
adaptation to the fermentation medium. A previous study

Figure 7. Cell viability of S. cerevisiae into HAECa-functionalized
chitosan sponges at different post-integration times.
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showed that high cell densities, high cell activity, and a good
mass transfer induce stable operation and high glucose
consumption and ethanol productivity.79

The second parameter to determine the bioactivity of S.
cerevisiae within the vita material was ethanol production (at day
2) from the consumption of glucose (Figure 8B); and its
performance was compared to non-immobilized yeast cells in

liquid culture. In accordance with the variability in glucose
consumption (Figure 8A), the systems with the integrated yeast
presented a higher variability than the liquid non-immobilized
culture (Figure 8B). However, ethanol production showed no
significant differences between the three systems. Furthermore,
we report ethanol yield (Figure 8C) and glucose conversion
efficiency to ethanol (Figure 8D). The results show variability

Figure 8. Biocatalytic behavior and morphology of S. cerevisiae into HAECa-functionalized chitosan sponges in the fermentation process (A) glucose
consumption in three systems. FS corresponds to a non-immobilized liquid yeast culture, and S0DPI and S7DPI correspond to vita materials
composed of HAECa-functionalized chitosan sponges after 0 and 7 days of immobilization of S. cerevisiae, respectively. Blue bars correspond to 1 day
post-fermentation and red bars report 2 days post-fermentation. B−D report at 2 days after fermentation: (B) glucose consumption vs ethanol
production. (C) Ethanol yield. (D) Glucose conversion efficiency to ethanol. (E) S. cerevisiae morphology before the fermentation process. (F) S.
cerevisiae morphology after 2 days of the fermentation process.
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within the three systems but show no significant difference and
range between 0.35 and 0.28 g of ethanol produced per g of
glucose (Figure 8C). Moreover, we observe a glucose
conversion to ethanol within the systems between 45 and 70%
(Figure 8D).
The micrographs of the material with S. cerevisiae before

(Figure 8E) and after (Figure 8F) the fermentation process
show a heterogeneous distribution and low cell densities of the
yeast in the material. The yeast morphology matches that of a
healthy cell, but this does not mean that S. cerevisiae
metabolically has undergone any changes after the integration
process and storage time.
The ethanol yield (0.36 ± 0.08) and glucose conversion

efficiency to ethanol (70.80%) of the non-immobilized liquid
yeast cell culture were similar to the control used in the literature
(0.39 ± 0.02 and 77.2%) to compare with S. cerevisiae
immobilized onmembranes based on polyethyleneimine grafted
collagen fiber evaluated.79 The values of these parameters in the
present study (Figure 8C,D) were lower than the membranes
(0.46 ± 0.01 and 89.90%). In another study, S. cerevisiae
(thermotolerant strain) immobilized on alginate-loofah sponges
exhibited ethanol yield values (0.38± 0.01) lower than the non-
immobilized cells (0.44 ± 0.01),80 a behavior also observed in
our study. Some authors mentioned that the immobilized yeast
might use the sugar to synthesize other metabolites under stress
conditions, such as saturated fatty acids, glycerol, or trehalose, so
the glucose consumed is not only destined for the metabolic
pathway of ethanol production.81

3. CONCLUSIONS
The present study achieved the integration of S. cerevisiae cells
onto HAECa-functionalized chitosan sponges and the main-
tenance of viability post-integration process under limiting
storage conditions (nutrients and temperature). We can affirm
that a synthetic-living material (vita material) was obtained with
potential use as a biocatalyst in diverse areas such as the food,
pharmaceutical, biomedical, and energy sectors. Knowing the
conservation of its biocatalytic activity post-integration process
is also very important for future applications. In this sense, the
glucose consumption and ethanol production of S. cerevisiae
integrated onto HAECa-functionalized chitosan sponges in the
fermentation process shows the conservation of its biocatalytic
activity after the integration process. The variability in the
behavior of S. cerevisiae integrated into the material can be
improved for this specific application; however, the results here
exhibited provide an interesting proof of concept on the
synthesis of materials that integrate a synthetic and living part to
enhance their properties. Our results demonstrate the ability to
use biochemically modified chitosan sponges to host living and
metabolically active yeast and maintain its biocatalytic capacity.
Another aim of our future research line is to keep developing
synthetic materials that can accommodate living systems of
greater complexity, such as co-cultures, consortia of micro-
organisms, and phages, to be used for various applications in
future endeavors.

4. EXPERIMENTAL SECTION
4.1. Chemicals. Medium molecular weight Chitosan with

75−85% deacetylated degree (Sigma-Aldrich batch
STBH6274) and viscosity 200−800 Cp (Brookfield, at 1% w/

Figure 9. Scheme to produce HAECa-functionalized chitosan sponges.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07847
ACS Omega 2023, 8, 12716−12729

12724

https://pubs.acs.org/doi/10.1021/acsomega.2c07847?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07847?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07847?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07847?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07847?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


v in 2% v/v acetic acid at 25 °C). Acetic acid (ACS reagent
99.70%) Jalmek batch 19-2908-14A09. Commercial fluid
hydroalcoholic extract from C. officinalis flower production
batch EFC039081018 acquired in REDSA S.A de C.V.
4.2. Preparation of Chitosan Spongeswith HAECa.The

chitosan sponges were prepared with a chitosan solution of 1%
w/v in acetic acid 2% v/v and using a vacuum freeze-drying
method.36 The hydroalcoholic extract of C. officinalis flower
(HAECa) was added to chitosan solution in concentrations of 8,
10, and 12% v/v at room temperature. The chitosan solution
with the extract was degassed in an ultrasonic bath for 4 min and
deposited into plastic conical tubes (4.5 mL). These were
refrigerated for 2 h at 4 °C and froze at −20 °C for 16 h. The
chitosan sponges were obtained by lyophilizing (Christ alpha 1−
2 LD plus model freeze dryer) at −61 °C for 16 h (Figure 9).
Also, a chitosan sponge control (only chitosan) was prepared as
described above.
4.3. Physicochemical Characterization of HAECa-

Functionalized Chitosan Sponges. SEM with chemical
analysis by EDS: an Environmental Scanning Electron Micro-
scope PHILIPS XL-30 model coupled to an energy-dispersive
spectrometer EDAX Ametek was used to analyze the
morphology and elemental composition of the chitosan sponge
control and chitosan sponge functionalized with HAECa. Parts
of the sponges were mounted on nickel stubs and coated with a
layer of gold. In the morphological analysis, the samples were
examined using 10 kV of accelerating voltage, and in the
elemental composition, a voltage of 25 kV was used. The images
were obtained by detector secondary electrons under high
vacuum, magnifications of 50, 200, 500, and 1000×. The pore
size was measured in the micrographs at 1000× resolutions and
the average pore size was calculated from 200 measurements in
diverse regions of the material. 200 measurements were
obtained for each treatment and the control.
4.3.1. FTIR Analysis. FTIR spectrophotometer model

NEXUS 670 from Thermo Nicolet was used to observe the
changes in the chitosanmatrix after the functionalization process
with HAECa. A resolution of 4 cm−1 was used, and an average of
over 64 scans in the range of 4000−650 cm−1. The spectrum of
the sponge functionalized with HAECa was obtained by an
attenuated total reflection technique.36

4.3.2. Thermal Analyses. In the DSC test, the specimens
were mounted in aluminum pans and heated from 25 to 400 °C
using a heating rate of 10 °C/min under a nitrogen atmosphere
on a DSC equipment Discovery series (TA Instruments).
4.3.3. Density. The density (ρ) of the sponge was calculated

by measuring the weights and volumes of the samples.82,83 An
analytical balance was used to determine the weights (M) of the
sponges, while the volumes (V) of the sponges were determined
using a digital micrometer at three different positions. The
densities of the sponges were calculated according to the
following equation and expressed in g cm−3.

= M V/

4.3.4. Porosity. The determination of the porosity percent
was carried out following the liquid displacement method using
ethanol.84 The chitosan sponge was immersed in a cylinder
containing a known volume of ethanol (V1). The total volume of
ethanol and the chitosan sponge impregnated with ethanol was
recorded as V2. The chitosan sponge impregnated with ethanol
was removed from the cylinder and the residual ethanol volume
was recorded as V3. The porosity of the chitosan sponge was
expressed as

= [ ] ×V V V V% porosity ( )/( ) 1001 3 2 3

4.3.5. Water Absorption. The determination of the water
absorption capacity of the chitosan sponge control and
functionalized with HAECa was achieved following a gravi-
metric method.56 At different time intervals, the monitoring was
from 1 h to 4 h in deionized water at room temperature. All
sponges were weighed (W1) and then immersed into deionized
water, the wet sponges were weighted (W2) at each interval, and
the excess amount of water was removed using tissue paper. The
percentage of water absorption was calculated using eq 1. The
results were expressed as the mean± standard deviation (n = 3).

= [ ] ×W W W% water absorption ( )/( ) 1002 1 1 (1)

4.4. Integration of S. cerevisiae into HAECa-Function-
alized Chitosan Sponges. 4.4.1. Yeast Strain and Main-
tenance.The yeast S. cerevisiaeCDBB-L-331 was obtained from
the National Collection of Microbial Strains and Cell Culture at
CINVESTAV-IPN, Zacatenco Unit. The cultures were
maintained on Yeast Mold (YM BD Bioxon) agar and Yeast
Peptone Dextrose (YPD MDC lab) broth and agar at 28 °C.
4.4.2. Growth Curve and Cell Viability by Plate Count

Method. A pre-inoculum of S. cerevisiae was prepared in 10 mL
of YPD broth and incubated at 28 °C and 150 rpm for 24 h. The
growth curve of S. cerevisiae was determined by the inoculation
of 10 mL of culture into 100 mL of YPD broth. The cultures
were incubated at 28 °C at 150 rpm. At 0, 2, 4, and every 2 h until
14 h, monitoring was done by optical density and cell count
analysis. The absorbance was read at 600 nm. The cell count was
performed by spreading the sample onto YPD agar. The plates
were incubated at 28 °C for 24 h, and then, the numbers of
colonies were counted. Experiments were performed in
triplicates (n = 3).
4.4.3. Integration Process of S. cerevisiae. Fresh inoculum of

S. cerevisiae was prepared in YPD broth and incubated at 28 °C
and 150 rpm. At 4, 6, and 8 h of growth, an aliquot was taken, and
the absorbance was measured at 600 nm. At 8 h of growth (half
of the exponential phase), 6 mL of the culture was taken and
divided into sterile Eppendorf tubes (1 mL/tube). The tubes
were centrifuged at 10,000 rpm for 5 min. The supernatant was
discarded, and the cell pellet was washed with 1 mL of 0.85%
sodium chloride using the conditions previously described.
Finally, the cell pellet was reconstituted in 1mL of 0.85% sodium
chloride.
Functionalized sponges were sterilized by UV light for 30 min

and then placed into sterile conical tubes. Subsequently, 3 mL of
the S. cerevisiae suspension was added to each tube until
functionalized sponge was completely covered. Tubes were
incubated at 28 °C with no shaking for 6 h and then at 150 rpm
for another 6 h (total integration time of 12 h). The sterility test
of sponges was evaluated using YPD broth. The percentage
integration of viable yeast cells was evaluated by the plate count
method using YPD agar through culture cell count before and
after the integration process.
4.4.4. SEM of S. cerevisiae Integrated. SEM was used to

observe the morphology of S. cerevisiae integrated and adhered
into the HAECa-functionalized chitosan sponge. For this
purpose, samples from the viability test corresponding at 12 h
post-integration process was used. The sponge samples were
dehydrated with the increase in ethanol concentrations (50, 70,
90, and 100%) for 15 min. Afterward, the samples were placed
with tweezers in a sample holder soaked in ethanol. Then, the
sample holder was submitted to a critical point drying process

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07847
ACS Omega 2023, 8, 12716−12729

12725

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07847?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(equipment Quorum K850 model) for 1 h using a pressure of
1100 psi. The samples were fixed on stubs of carbon tape of
double-sided fixed previously on a sample holder. Finally, the
samples were coated with a layer of gold through a metallization
process (equipment Quorum Q150R ES model). S. cerevisiae
cells integrated into functionalized chitosan sponge were
observed using a field emission scanning electron microscope
JEOL JSM-6390LV model (Tokyo, Japan). The images were
obtained by a SEI detector, under high vacuum, 1 kV of voltage
with a working distance of approximately 7 mm and
magnifications 600×, 1000×, 2000×, and 10,000×.
4.5. Viability Assessment of S. cerevisiae Integrated

into HAECa-Functionalized Chitosan Sponges. After
completing the integration time, the sponges were transferred
into new sterile conical tubes and maintained at 4 °C without a
medium culture. The absorbance of the remaining solution was
measured at 600 nm using 0.85% NaCl solution as blank. The
yeast viability was evaluated by methylene blue staining and the
plate count method. 6 and 12 h post-processing, the tubes
containing the S. cerevisiae integrated to HAECa-functionalized
chitosan sponges were taken out of the refrigerator. Three
milliliters of 1× phosphate-buffered saline (PBS) was added to
each tube and vortexed for 1 min. The absorbance of the
remaining solution was again measured at 600 nm, and cell
viability was evaluated by methylene blue staining.
Cell viability by methylene blue staining: a methylene blue

solution (final concentration of 0.1 mg/mL) was prepared with
2% sodium citrate dihydrate. The S. cerevisiae viability was
analyzed on a hemocytometer by optical microscopy at 6 and 12
h post-processing. Live cells will be colorless, while dead cells
will appear dark blue. The result was expressed as a percentage of
viability which was calculated based on the cell count (viable and
non-viable cells) in four fields under a microscope.
4.6. Biocatalytic Capacity of S. cerevisiae Integrated

into HAECa-Functionalized Chitosan Sponges. The
biocatalytic capacity of S. cerevisiae once integrated into
HAECa-functionalized chitosan sponges was tested through
the production of ethanol from glucose. For this purpose, a
fermentation medium, S. cerevisiae integrated into the material
with two post-integration times (0 and 7 days) was available.
The parameters monitored were glucose consumption (as
residual reducing sugars in the fermentation medium) and
ethanol production (potassium dichromate method adapted to
microtiter plates), also ethanol yield, and glucose conversion
efficiency to ethanol were calculated. As a control, S. cerevisiae in
liquid medium was used.
4.6.1. Fermentation Medium. The fermentation medium

was prepared with 19 g L−1 of D-glucose and 1 g/L−1 of yeast
extract in distilled water, and a volume of 100 mL was deposited
in Erlenmeyer flasks (capacity of 250 mL), and then, it was
placed autoclave for the sterilization process (120 °C for 15
min).
4.6.2. Inoculation of Fermentation Medium. In Erlenmeyer

flasks with fermentation medium were deposited S. cerevisiae
integrated into HAECa-functionalized chitosan sponges pre-
viously prepared using two post-integration times (0 and 7
days). As a control, an inoculum (1 mL) of the yeast without
integration (free system) previously grew in a YPDmedium and
then incubated under the same integration conditions used in
the functionalized chitosan sponges was used. The Erlenmeyer
flasks were incubated at 28 °C and without agitation for 48 h.
Each system was tested by duplicate and reproducibility was
performed.

4.6.3. Preparation of Samples for the Determination of
Reducing Sugars and Ethanol Production. The fermentation
medium was collected after the process and centrifuged (12,000
rpm for 10 min) at 4 °C, and the supernatants were removed to
fresh tubes for following analysis of reductor sugar (at 24 and 48
h of fermentation process) and ethanol production at 48 h of
process. The analysis was realized by duplicate.
4.6.4. Reducing Sugar Determination. The glucose

consumption of S. cerevisiae coupled to HAECa-functionalized
chitosan sponges was determined as reducing sugars by the
adapted method of dinitrosalicylic acid (DNS) to microtiter
plates.85 The reaction was carried out in microtubes of 1.5 mL,
adding 25 μL of the sample or distilled water (blank) to 25 μL of
DNS reagent. Subsequently, to perform the reaction, the
microtube with a cap was placed in a thermomixer (Eppendorf)
to 100 °C for 5 min; then, 250 μL of frozen distilled water was
immediately added to each microtube. After the content of the
microtubes was deposited in the wells of a microtiter plate, then
the absorbance was measured to 540 nm in a microplate
spectrophotometer (Thermo ScientificMultiskan GO). Accord-
ing to the last procedure, the calibration curve with glucose
(from dilutions of standard solution of 10 g/L) also was
obtained. The calculation of glucose consumption was obtained
by subtracting the concentration of reducing sugars remaining in
the fermentation medium from the initial glucose concentration.
4.6.5. Ethanol Production. The ethanol produced for S.

cerevisiae was determined by the potassium dichromate
method86 adapted to microtiter plates. For this purpose, used
potassium dichromate solution prepared with sulfuric acid, and
the fermentationmedium previously centrifuged was distilled. In
microtubes of 1.5 mL were deposited 100 μL of the sample or
distilled water (blank) and a volume of 200 μL of potassium
dichromate solution, and then, the microtubes were homogen-
ized. These were incubated at room temperature and darkness
for 15 min. Subsequently, 500 μL of distilled water was
dispensed in microtubes, and these were homogenized again. A
volume of 300 μL was deposited in the microtiter plate, and the
absorbance was measured to 585 nm in a microplate
spectrophotometer (Thermo ScientificMultiskan GO). Accord-
ing to the last procedure, the calibration curve from dilutions of
standard ethanol solution (20 g/L) also was obtained. The
ethanol yield (ratio of the ethanol produced to the total glucose
utilized) and glucose conversion efficiency to ethanol (ratio of
ethanol yield to the theoretical value of ethanol yield) were
calculated from values of glucose consumption (g L−1), ethanol
production (g L−1), and theoretical value of ethanol yield (0.51
g/g).
4.7. Statistical Analysis. Results of porosity, water

absorption, immobilization percentage, viability percentage,
glucose consumption, ethanol production, ethanol yield, and
glucose conversion efficiency to ethanol were presented as the
mean± standard deviation. The data were subjected to one-way
analysis of variance (ANOVA) using STATGRAPHICS PLUS
statistical program. Duncan’s method was used in the multiple
comparisons in the cases where the ANOVA detected a
significant difference (P < 0.05).
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