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Abstract: The aim of this study was to evaluate the production of microbial cellulose films (MCFs)
in culture media based on green tea and different carbon sources, using two microbial consortia
(COr and CFr). During the fermentation process, there was a reduction in the total soluble solids
(TSS) content and pH, as well as an increase in the acidity in all treatments. Furthermore, fluctuations
in the total sugar content and proteins during the fermentation process were associated with the
consumption of carbon and nitrogen sources, as well as the production of MCFs. In the color analysis,
a decrease in the L* value was observed while the rest of the parameters remained stable. Production
of films was observed between days 6 and 9 of fermentation; the preferred substrate for COr was
glucose (wet base yields = 603.61% and dry base yields = 22.37%), whereas for CFr was dextrose
(wet base yields = 601.49% and dry base yields = 28.14%). Finally, the MCFs produced by COr and
CFr showed a homogeneous, thick appearance, slight flexibility, and the characteristic brown color of
the fermentation medium.

Keywords: green tea; kombucha; fermentation; microbial cellulose; yields

1. Introduction

At present, there is a greater interest by people towards the damage generated by the manufacture
of products used in everyday life. In recent decades, this problem has resulted in increased research
efforts focused on promoting the development of sustainable biomaterials obtained from renewable
sources [1]. Kombucha tea is a slightly alcoholic beverage of Manchurian origin obtained from sweet tea
infusions that are fermented by a microbial consortium (bacteria and yeasts); traditionally, black tea is
the most used substance for its preparation [2]. However, due to the properties and beneficial effects
of green tea (Camellia sinensis), it also represents an alternative source for obtaining this type of
product [3]. Green tea is considered a suitable fermentation medium due to its content of polyphenols
(catechins), flavonoids, (quercetin, kaempferol, and myricetin), proteins, and amino acids, among other
components [4,5]. During the fermentation process of kombucha tea, a solid polymeric film is formed
at the air-liquid interface of the culture medium [2,6]; this film is composed by a polymeric matrix of
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microbial cellulose (MCF) and by the symbiotic consortium of bacteria and yeasts (SCOBY), also known
as tea fungus [7]. Populations of microorganisms that are part of SCOBY, include different bacteria
such as Komagataeibacter xylinus, Acetobacter aceti, Acetobacter pasteurianus, and Gluconobacter oxydans,
and yeasts such as Brettanomyces, Zygosaccharomyces, and Saccharomyces [8-12]. Polymeric structures
have emerged as a sustainable alternative of raw material due to their structural characteristics;
particularly, MCFs have a high purity degree, crystallinity, porosity, water absorption capacity,
tensile strength, and excellent biocompatibility [13—15]. Based on these properties, MCFs represent
a good alternative to be used in distinct areas such as food, biomedical, cosmetic, paper, textiles,
and packing and packaging [11,16-19].

The production of MCFs is influenced by various factors, such as the culture medium, type of sugars,
nutrients, temperature, pH, dissolved oxygen, fermentation time, container geometry, and microbial
diversity [2]. The main obstacle in the production of low-cost and large-scale microbial cellulose is the
low conversion rate of sugars (culture medium) into cellulose [20]. The most widely used synthetic
medium for the production of microbial cellulose is Hestrin—-Schramm (HS), this culture medium is
characterized by the presence of glucose as the only carbon source [21]; however, different studies
have focused on the evaluation of other carbon sources such as maltose, fructose, cellobiose, mannitol,
xylose, saccharose, and galactose in order to increase the production yield of MCFs [3,7,22-28].
On the other hand, various studies have also focused on the use of substrates with high sugar
content, such as residues of alcoholic and non-alcoholic beverages [29-32] and tobacco residues [33],
as low-cost alternatives.

Finally, the properties of MCFs such as water retention capacity, surface area, porosity, degree of
polymerization, molecular weight, crystallinity index (67%-96%), average crystallite size (5.7-6.4 nm),
intrinsic viscosity, water, and oxygen vapor transmission rates, as well as their mechanical properties
are determined by the carbon source used during the fermentation process, as well as by the microbial
strains that synthesize this polymer [22]. The main differences in the investigated components are
related to Kombucha tea infusions [23,34]; the conditions and times of fermentation [35,36] and isolated
consortia [37]. However, there is little information on the production performance of MCFs using
green tea against different carbon sources with consortia isolated in Nuevo Leon Mexico.

Based on the above, the main factors to consider in the production of films are the microbial
consortium, as well as the carbon source used to obtain this polysaccharide. Therefore, the objective of
the present work was to evaluate the production of MCFs in culture media based on green tea and
various carbon sources (glucose, dextrose, fructose, and saccharose), using two microbial consortia
(COr and CFr).

2. Materials and Methods

2.1. Materials

The green tea (Hill Country Fare) used as a substrate during the fermentation process was
purchased at a local supermarket (Monterrey, Nuevo Ledn, Mexico). On the other hand, sugars such as
glucose, dextrose, fructose, and saccharose, were analytical reagents (99%) purchased from Jalmek
(Nuevo Ledn, Mexico). The kombucha cultures used as starters for the fermentation process, named as
the COr and CFr consortium, were kindly provided by the Environmental Remediation Laboratory of
the Agronomy Faculty of the Universidad Auténoma de Nuevo Leén (UANL); these consortia were
previously isolated from kombucha samples produced in an artisanal way in the region (Nuevo Leon
State, Mexico).

2.2. Preparation of Kombucha Cultures and Fermentation

In this process, four different carbon sources were evaluated: Glucose, dextrose, fructose,
and saccharose. The methodology was carried out as described in previous studies [25,28,38],
but with some modifications related to water temperature, amount of sugar, and fermentation
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time. First, two liters of water were heated to a temperature of 85 °C. Once this temperature was
reached, 3.6 g of green tea was added to each solution liter. The medium (250 mL) was then dispensed
into eight glass containers (500 mL capacity); 12.5 g of sugar was added to each container to finally
obtain two containers for each sugar. The sections were allowed to settle for 15 min and then they
were placed in a cold bath until they reached room temperature (25 + 2 °C). Two different kombucha
cultures, COr and CFr, were tested as experimental inocula; the cultures were kept for 15 days at
25 + 2 °C (HerathermTM Incubator, ThermoFisher Scientific™, Waltham, MA, USA).

For the fermentation process, glass flasks (175 mL capacity) containing 60 mL of the green tea
infusion were used and inoculated with 10% (V/V) of the COr, and CFr cultures, obtained during the
previous stage. The bottles were covered with gauze and kept in storage at a temperature of 25 + 2 °C
for 15 days.

2.3. Physicochemical Analysis of Fermentations

2.3.1. Determination of pH, Total Acidity, and a Total of Soluble Solids

The pH was determined using a multiparametric pH meter, previously calibrated to a pH of 4.0
and 7.0. (Orion Star™ A215, ThermoFisher Scientific™, Waltham, MA, USA) [3,39]. On the other
hand, the content of total soluble solids (TSS) was determined using an analogous hand refractometer
(Atago Co., Ltd., Nonthaburi, Thailand) and the results were expressed in °Brix [40]. Finally, titratable
acidity (TA) was determined based on previous studies [28,38] with some modifications. Briefly, 10 mL
of the fermentation was titrated with a standard solution of NaOH (0.1 N), using phenolphthalein as
an indicator. The results were expressed as a percentage of acetic acid based on the following equation:

acetic acid (%) = (NaOH mL) (N NaOH) (0.06)/(sample mL) x 100 1

2.3.2. Determination of Total Sugars and Proteins

The determination of total sugar content was carried out using the phenol-sulfuric acid method [41]
with some modifications. First, 10 puL of the sample was added to test tubes containing 15 and 25 mL
of water and 1 mL of 5% phenol, respectively. Subsequently, 5 mL of concentrated sulfuric acid was
added to these mixtures and they were slightly stirred. The solutions were allowed to settle for 10 min
at room temperature (25 + 2 °C) and then were vortexed for 30 sec. Finally, the tubes were placed in
a cold-water bath for 20 min, and the samples were analyzed in a spectrophotometer (Evolution 201/220
UV Vis, ThermoFisher ScientificTM, Waltham, MA, USA) at 490 nm.

The quantification of total proteins during the fermentation process was carried out using the
Bradford technique. Briefly, Bradford reagent (800 puL) and sample (200 pL) were added to the
test tubes; the solutions were allowed to settle for 5 min and subsequently, they were measured in
a spectrophotometer at 595 nm [42].

2.3.3. Color Analysis

The fermentation color was determined with a portable digital colorimeter (HP-2132, INTEKE,
manufacturer, Hong Kong, China), using the CIELAB color parameters, L* (luminosity), a* (-green to
+red), b* (-blue to +yellow), chroma (C*), and hue (H*) [43].

2.3.4. Production of MCFs

The generation of MCFs in the different culture media was monitored based on the reported
by Amarasinghe et al. [3], through observations and changes in the clarity of the culture medium
(clear/cloudy) every 3 days, during the 15 days of fermentation.
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2.3.5. Determination of Wet Weight, Dry Weight, and Yields of the MCFs

At the end of the fermentation process (day 15), the MCFs produced in the different culture media
were carefully removed with the help of a spatula. Moisture excess was removed with paper towels,
and the fresh weight was determined on a digital scale (hr-i, Orion). Subsequently, the MCFs were
placed in an oven (Fe-253D, Felisa, Zapopan, Jalisco México) at 45 + 2 °C until a constant dry weight
was obtained [23]. Wet weight and dry weight results were expressed in g/L. Finally, the yield was
determined according to the following equation [25,28]:

Yield (%) = Microbial cellulose film weight (g/L)/Sugar concentration (g/L) x 100 (2)

2.4. Statistical Analysis

Determination of total sugar content and proteins were carried out every three days during the
15 days of fermentation. On the other hand, the evaluations of pH, TSS, TA, and color were carried out
on days 0 and 15. Finally, the determinations of the weights and yields of MCFs were made at the end
of the fermentation period (day 15).

The data obtained from the aforementioned parameters were analyzed using a Student’s t test for
independent samples or a variance analysis (ANOVA), followed by a mean comparison analysis using
a Tukey test, with a significance level of 0.05, employing the SPSS software (IBM version 25, SPSS Inc.,
Chicago, IL, USA). All figures were prepared with the OriginPro 6.0 package.

3. Results and Discussion

3.1. pH, TSS and TA

Regarding the pH parameter, the initial values of the fermentation medium containing different
carbon sources (i.e., glucose, dextrose, fructose, and saccharose) fluctuated between 2.97-3.03 and
2.94-2.99 for COr and CFr, respectively (Table 1), similar to the reported in previous studies [25,44].
Moreover, a significant decrease (p < 0.05) in the pH values was observed in all treatments by day 15 of
fermentation for both consortia (COr = 2.20—-2.73 and CFr = 2.24-2.53), whose values were similar
(p > 0.05) among the different carbon sources (Table 1). According to Vitas et al. [30], the decrease in
pH values in the culture medium is an indicator of the activity of kombucha microbial cultures on
substrates. This effect has previously been reported in some studies using white, red, black, green,
and oolong tea-based culture media [39,40]; as well as in some herbal extracts (e.g., winter savory,
peppermint, stinging nettle, wild thyme, elderberry, and quince) and has been associated with the
metabolism of sugars in organic acids by bacteria and yeasts during the fermentation process [28].

In the TSS content, the initial values fluctuated between 4.30-4.95 °Brix (COr) and 4.60—4.80 °Brix
(CFr), with a significant decrease (p < 0.05) towards day 15 of fermentation in all treatments and for both
consortiums, whose values were similar (p > 0.05) at the end of the storage period (COr = 3.43-3.93 °Brix
and CFr = 3.83-4.07 °Brix) (Table 1). These results agree with those reported by Jakubczyk et al. [39];
likewise, other studies indicate that the decrease in the TSS content during the fermentation process
can be attributed to the consumption of the different carbon sources during the microbial growth [3,40].
Additionally, some references that indicate that glucose, fructose, and saccharose are the sugars
preferred by the kombucha starter culture. A decrease in saccharose content can be attributed to the
production of invertase or saccharose enzymes that catalyze the hydrolysis of the disaccharide into
glucose and fructose, which are subsequently used for microbial development [27].

Regarding the TA parameter, the initial values fluctuated between 0.10%—-0.12% and 0.09%-0.11%
for COr and CFr, respectively. By day 15 of storage, a significant increase (p <0.05) was observed
in the TA values, which fluctuated between 0.42%-1.61% (COr) and 0.44%-1.46% (CFr); the lowest
values corresponded to the media containing saccharose as a carbon source (Table 1). According to
previous studies [27,28,38,45], an increase in the TA values during the fermentation process can be
associated with the metabolism of sugars into organic acids due to the effect of some yeasts and
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bacteria. The low TA values found in the saccharose-based medium can be attributed to the time of
fermentation; since for this disaccharide, it is necessary first that the yeast converts the saccharose into
glucose, and fructose through glycolysis, so that acetobacter can subsequently ferment these sugars for
the acetic acid production.

Table 1. Chemical composition of kombucha fermentations with various carbon sources stored at 25 °C

for 15 days.
Initial Final
(day 0) (day 15)
Carbon Source pH
COr CFr COr CFr
Glucose B3.03 +0.01° A2.96 + 0.022 B2 28 + 0.01P A2 24 +0.070
Dextrose AB3 01 + 0.042 A296 +0.012 A220+0.01b A2 48 +0.19P
Fructose A2.97 +0.002 B2.99 +0.012 C2.62 + 0.04P A250 + 0.26P
Saccharose AB) 98 + (0.042 A2.94 +0.012 D273 + 0.02b A2 53 + 0.062
P
Carbon Source TSS CBrix)
COr CFr COr CFr
Glucose C4.95 + 0.072 A4.65 +0.352 A3.80 +0.17P A407 +£0.120
Dextrose B4.70 + 0.142 A4.60 +0.572 A3.43 +0.35P A397 + 0.062
Fructose A430 +0.142 A4.80 +0.282 A3.73 + 0.06P A3.83 +(0.38°
Saccharose B4.60 + 0.00? A470 +0.142 A393 +0.12P A407 +£0.122
Carbon Source TA (acetic acid %)
COr CFr COr CFr
Glucose A0.12 £0.032 A0.09 £ 0.022 B1.61 +0.08> AB1 25 1 (.14b
Dextrose A(0.10 £ 0.032 AQ.11 + 0.052 AB120 + 0.59P B1.46 + 0.09P
Fructose A0.12 £ 0.03P A0.09 + 0.022 A054 £ 0.11P AB) 96 + 0.62P
Saccharose A0.12 + 0.002 A0.10 + 0.022 A0.42 £ 0.12P A0.44 £ 0.17°

Note: Mean =+ standard deviation. Letters in columns (A, B, C) indicate significant differences between the carbon
sources, and letters in rows (a, b) indicate significant differences between the fermentation time (days 0 and 15).

3.2. Total of Sugars and Protein Content

Results regarding the determination of total sugar content are shown in Figure 1. The values for this
parameter fluctuated between 825.74-1150.62 and 798.51-1276.24 mg/L for COr and CFr, respectively.
These differences could be associated with the presence of trace components, which may be present
in lower amounts in the kombucha starter culture [37,41]. A significant decrease (p < 0.05) was
observed between the days 0 and 6 of storage in the values of total sugars in all treatments, and for
both consortia; this effect may be associated with the consumption of the different carbon sources
during the fermentation process [7,46]. However, between days 6-12 and 6-9, a significant increase
(p < 0.05) was observed in the total sugars content of COr, and CFr, respectively, followed by a decrease
towards days 12-15 (Figure 1). This effect may be associated with the production of MCF (3-glucose
homopolysaccharide linked by [3-1,4-glucosidic bonds) due to the effect of acetic acid bacteria in the
culture broth during the fermentation process, since, the determination of total sugars also includes the
quantification of mono, di, and polysaccharides [3]. Finally, by day 15, the glucose and dextrose were
almost completely consumed in the culture medium with COr, followed by fructose and saccharose.
Additionally, the preferred substrate for the CFr consortium was glucose, followed by fructose, dextrose,
and saccharose (Figure 1). This effect could be associated with the ratio of bacteria-yeasts in the
different consortia, since, according to previous studies, bacteria preferentially consume glucose while
yeasts preferentially consume fructose [27,46].
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Figure 1. Total sugar content of kombucha fermentations (a) COr and (b) CFr stored at 25 °C for 15 days.
Mean =+ standard deviation. Letters (A, B, C) indicate significant differences between carbon sources by
day, and letters (a, b, ¢) indicate a significant difference for the same carbon source during storage.

The initial values in the determination of proteins fluctuated between 0.31-0.35 (COr) and
0.24-0.33 mg/mL (CFr; Figure 2), similar to that found in previous studies [4,26]. Between days 0 and
3 of storage, a significant decrease (p < 0.05) in the protein content of all treatments was observed
for both consortia; this effect can be attributed to the consumption of this nitrogen source during
microbial development in the fermentation process [27]. Subsequently, an increase in protein content
was observed between days 3 and 9 with a subsequent reduction towards days 12 to 15. According to
Ahmed et al. [28] and Kallel et al. [26], the increase in protein content can be attributed to the release of
extracellular proteins associated with the growth of bacteria and yeasts throughout the fermentation
process. Finally, at the end of the storage period, the protein content fluctuated between 0.04-0.11 (COr)
and 0.10-0.13 mg/mL (CFr), similar to the content found by Ahmed et al. [28] in tea, rice, and barley
culture media.
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Figure 2. Protein content of kombucha fermentations (a) COr and (b) CFr stored at 25 °C for 15 days.
Mean =+ standard deviation. Letters (A, B, C) indicate significant differences between carbon sources by
day, and letters (a, b, c) indicate a significant difference for the same carbon source during storage.

3.3. Color Analysis and Formation of MCFs

In color evaluations, the initial values were similar in the color coordinates L* (21.60-28.45;
slightly dark), a* (1.45-4.75; + red) and b* (10.05-21.90; + yellow), as well as in C* (11.25-22.15) and
H* (65.20-85.20), for the different treatments in both consortia (Table 2), indicating a characteristic
amber coloration for the green tea, similar to the reported in previous studies [47]. On day 15 of
storage, a decreasing tendency in the luminosity values was observed in all treatments for both
consortia (L*; 18.10-20.67); however, the values of the parameters a* (3.83-5.13), b* (14.57-16.27),
C* (15.10-16.77), and H* (70.77-75.37) showed similar ranges to those found at the beginning of
fermentation. These findings are consistent with the ones reported by Yikmus et al. [5], who referred
that the fermentation process generally has little effect on the color parameters in culture media based
on black tea and purple basil during a fermentation period of 30 days. The increase in L* values during
the fermentation process has been reported in culture media based on green tea and saffron extract;
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this effect can be attributed to the chemical modifications of polyphenols as a consequence of microbial
growth during storage time [43].

Table 2. Color determinations of kombucha fermentations with various carbon sources stored at 25 °C

for 15 days.
Initial Final
Carbon Source (day 0) (day 15)
*
Carbon Source L
COr CFr COr CFr
Glucose A2373+0.87°  A21.60+0.23°>  A1833+059°  A18.10 + 0.35°
Dextrose A2485+ 098  A2310+358  A20.67+4822  A19.00 +0.782
Fructose A23.63 +0.06°  A2250+2420 A1960+0.690  A18.70 + 0.562
Saccharose B2g.45 + 0.17P A2515+2.14P  A18.10 +2.962 A19.30 + 1.042
*
Carbon Source “
COr CFr COr CFr
Glucose A2.95 + (.642 AL475 +1.792 AL4.07 +0.722 A4.07 +0.812
Dextrose A145 +0.402 A2.30 + 2.662 A3.83 +0.91P AL47 +1.892
Fructose A3.10 +1.732 A265 +2.022 A513 + 1.76 A483 +0.122
Saccharose A320 +0.922 A235 +0.292 A370 +1.182 A4.83 + 0.06°
*
Carbon Source b
COr CFr COr CFr
Glucose A14.00 £ 0.812  A10.05 + 0.522 A14.90 £1.402 A15.60 + 2.94b
Dextrose B17.55 + 0.172 B15.35 + 3.522 A1627 £445°  A1547 +1.532
Fructose C15.75+0.982  AB1230+3.000 £14.90 + 1.65 A14.73 + 1.892
Saccharose D21.90 + 0.23P B17.30 + 1.392 A14.57 + 4.35° A15.10 £ 0.69
Carbon Source C
COr CFr COr CFr
Glucose A1430+£0922 A1125+1217 A1547+1.29° A16.17 + 3.06°
Dextrose AB1765+0.172  AB1560 £3.812  A16.77 £4.100 A16.13 £ 1.792
Fructose AB161+ 1272  AB1265+3412  A1587+148  A1553 +1.792
Saccharose B22.15 + 0.40P B17.45 + 1.33? A15.10 £4.117  A15.90 = 0.692
Carbon Source H
COr CFr COr CFr
Glucose A77095+ 1790  A6520+7.390 A7460+3.150  A7533 +0.292
Dextrose Bg5.20 + 1.39P Bg2.90 + 8.08? A7537 £7.230  A7420 +5.632
Fructose AB79 05+ 5372 B78.80 + 6.41° A70.77 £ 6990 A71.60 + 1.80?
Saccharose ABg160+£2192  B81.90 + 1.56P A7440 £ 6,742 A7223 +0.982

Note: Mean + standard deviation. Letters in columns (A, B, C) indicate significant differences between the carbon
sources, and letters in rows (a, b) indicate significant differences between the fermentation time (days 0 and 15).

During the fermentation process, changes in culture media were monitored to detect the formation
of MCF. Between days 0 and 3 of storage culture media with different carbon sources and inoculated with
COr and CFr, a very clear and clear appearances were, respectively, observed (Table 3). Subsequently,
between days 6 and 9, an increase in the turbidity of the culture medium was observed in all treatments;
this effect is related to an increase in cellulose production due to the action of acetic acid bacteria in
the fermentation process [3,48]. Finally, between days 12 and 15, a very turbid appearance and the
formation of MCFs floating on the surface of the culture media were observed in all treatments (Table 3;
Figure 3), according to previous studies [34,40].
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Table 3. Changes in the clarity level of kombucha fermentations with various carbon sources stored at

25 °C for 15 days.
COr
Storage (days) Glucose Dextrose Fructose Saccharose
0 Very clear Very clear Very clear Very clear
3 Turbid Clear Clear Clear
6 Turbid Turbid Turbid Turbid
9 Very Turbid Turbid Turbid Turbid
12 Very turbid Very turbid Very turbid Very turbid
15 Very turbid Very turbid Very turbid Very turbid
CFr
Storage (days) Glucose Dextrose Fructose Saccharose
0 Very clear Very clear Very clear Very clear
3 Turbid Clear Clear Clear
6 Turbid Turbid Turbid Turbid
9 Turbid Turbid Turbid Turbid
12 Very turbid Very turbid Very turbid Very turbid
15 Very turbid Very turbid Very turbid Very turbid

Figure 3. Representative images of the microbial cellulose films (a) COr + Glucose; (b) COr + Dextrose;
(c) COr + Fructose; (d) COr + Saccharose; (e) CFr + Glucose; (f) CFr + Dextrose; (g) CFr + Fructose;
and (h) CFr + Saccharose obtained after 15 days of fermentation at 25 °C.
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3.4. MCFs Yields

MCFs produced by the COr and CFr consortia in the various culture media showed a homogeneous,
thick appearance, slight flexibility, and a characteristic brown color of the fermentation culture
(Figure 4). The wet-basis yields fluctuated between 195.39-301.81 g/L (390.77%-603.61%; COr) and
126.79-300.74 g/L (253.58%—-601.49%; CFr). In addition, the yields of the MCFs on a dry basis fluctuated
between 6.54-11.19 g/L (12.76%—22.37%; COr) and 4.64-12.12 g/L (10.10%-28.14%; CFr) (Figure 5).
In general, the highest values (p < 0.05) were found in glucose (COr) and dextrose (CFr)-based media,
followed by fructose and saccharose, similar to those found in previous studies [23,24,26,27]. Compared
with previous research, the yields of the COr and CFr consortia were similar to those reported by
Ahmed et al. (black tea, rice, and barley) [28] and Neera et al. (G. xylinum in pineapple juice and
cornstarch) [24], but higher than those reported by Nguyen et al. (G. xylinum in HS, green tea, and black
tea media) [23], Goh et al. (black tea) [25], Kallel et al. (green tea and black tea) [26], and Khosravi et al.
(black tea) [27]. According to Nguyen et al. [23], the preferences of carbon sources for the production
of cellulose may vary depending on the microbial strains. Furthermore, the behavior found in the
saccharose-based medium can be attributed to the need to hydrolyze this disaccharide into glucose and
fructose by the effect of microbial invertase, for the subsequent metabolism of these monosaccharides
during fermentation and the consequent MCF formation [27,28,34,46,47]. Finally, different factors such
as the fermentation medium, carbon, and nitrogen sources, among others, can influence the production
and yield of MCFs [25,48].

(a)

Figure 4. Representative images of the microbial cellulose films produced by the consortia (a) COr +
Glucose and (b) CFr + Dextrose in a medium based on green tea after 15 days of fermentation at 25 °C.

(b)
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Figure 5. Yields of the microbial cellulose films obtained from COr and CFr consortia after 15 days of
fermentation at 25 °C. (a) Dry basis and (b) wet basis.

4. Conclusions

In general, during the fermentation process of the COr and CFr consortia in the green tea medium
with glucose, dextrose, fructose, and saccharose, a reduction in the content of TSS and pH was observed,
as well as an increase in the acidity content, indicating the consumption of the carbon source and the
development of acetic acid-producing bacteria. Moreover, changes in the total sugar content during
fermentation indicated the consumption of different carbon sources, as well as the production of
microbial cellulose in the culture media. Likewise, the changes found in the protein content showed the
consumption of the nitrogen source, as well as the microbial development throughout the fermentation
process. On the other hand, a decrease in the L* coordinate was observed in the color analysis, whereas
a*, b*, C* and H* values remained stable. During days 6 and 9, turbidity and cellulose production
increased in the distinct culture media; the preferred substrate for COr was glucose, while for CFr
was dextrose, followed by fructose and saccharose in both consortia. Additionally, COr and CFr
produced MCFs with a homogeneous, thick appearance, slight flexibility, and the characteristic brown
color of the fermentation medium. The highest yields for COr were 603.61% and 22.37% (glucose),
and were 601.49% and 28.14% (dextrose) for CFr on a wet and dry basis, respectively. Finally, it is
necessary to continue with this research to know the physical, chemical, and mechanical properties of
the MCFs produced by COr and CFr consortia in order to determine their possible application or the
improvement of some of their properties.
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