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Impact of the film-forming dispersion pH
on the properties of yeast biomass films
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Abstract

BACKGROUND: Yeast biomass, mainly composed of proteins and polysaccharides (mannans and g-glucans), has been proposed
to develop films. pH can affect the solubility of polysaccharides, the structure of the cell wall, and the interactions between pro-
teins. Considering the potential impact of these effects, the pH of yeast film-forming dispersions was studied from 4 to 11.

RESULTS: In tensile tests, samples increased their elongation by increasing pH, from 7 + 2% (pH 4) to 29 + 5% (pH 11), but
Young's modulus was not significantly modified. Regarding thermal degradation, the maximum degradation rate temperature
was shifted 46 °C from pH 4 to 11. Differences in water vapour permeability, colour, opacity, and roughness of films were also
found. According to the results of differential protein solubility assay, hydrophobic interactions and hydrogen bonding were
promoted at pH 4, but disulfide bonds were benefited at pH 11, in addition to partial -glucan dissolution and break-up of
the alkali-sensitive linkage in molecules from the cell wall.

CONCLUSION: The results lead to the conclusion that film-functional characteristics were greatly benefited at pH 11 in compar-
ison with the regular pH of dispersion (pH 6). These results could help in understanding and selecting the pH conditions to

enhance the desired properties of yeast biomass films.
© 2021 Society of Chemical Industry.

Supporting information may be found in the online version of this article.
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INTRODUCTION

Proteins and polysaccharides are the main macromolecules used
to form biodegradable or edible films from natural sources, vege-
tal or animal. For many years, researchers have tried to enhance
their capability to form films, through physical or chemical modi-
fications, and then to improve the final characteristics of films." In
this way, research has also been directed to studying intentional
blends of proteins, polysaccharides, or other polymers to take
advantage of the possible synergistic effects that improve film
characteristics.? These interactions were analysed in composite
films, such as blends of proteins and polysaccharides; for example,
whey protein isolate, gelatine, and sodium alginate, and compos-
ites of pectin and fish skin gelatine or soybean flour protein,>* as
well as the effect of cross-linking agents with the expectative of an
improvement in mechanical or barrier properties.>®

Previously, the use of the biomass of Saccharomyces cerevisiae
yeast was proposed to make films. The biomass was submitted
to physical treatments that improve the film-formation capacity.”
Biomass macromolecules (mainly proteins and polysaccharides)
demonstrated that they can act cooperatively to develop a tough
structure, and low-molecular-weight compounds can contribute
to plasticize it. It is remarkable that films were made from biomass
without discarding any component and that acceptable mechan-
ical and barrier properties were reached.

In recent years, efforts have been focused on the improvement
of the mechanical properties of films from natural polymers or the

reduction of their affinity to water.® As a part of these efforts, dif-
ferent modifications on the dispersions containing biopolymers
have been proposed.’ The effect of the pH on dispersions used
to form films has been previously described for proteins and
polysaccharides,'®'" but not for polymer blends or natural com-
posites, such as yeast biomass films. The modification of the pH
of a dispersion could be a simple key to enhance the characteris-
tics of films. The pH modification of a formulation could affect the
interactions between biopolymers chains: when the pH is close to
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the isoelectric point of proteins, hydrophobic and hydrogen
bonding are promoted and these forces change when the pH
moves away from the isoelectric point.'? Other authors informed
on the effect of extreme pH in the unfolding of soy proteins and
the subsequent impact on the films.'® Film-forming dispersions
with extreme pH values had a higher number of disulfide bonds
than those obtained from untreated ones. The pH also affects
the solubility of certain compounds that constitute films, and
sometimes it is necessary to adjust the pH to solubilize polysac-
charides and obtain better films.'* In the case of the yeast, alkaline
pH values can disrupt the alkali-soluble linkage between proteins
and p-glucans and solubilize a part of g-glucans from the cell wall,
in particular the linear fraction of f-glucans.'

The aim of this study was to identify and quantify changes in yeast-
based films developed from pH-modified dispersions. The pH range
studied was very wide to evaluate the possible effect of the net
charge of proteins and the solubility of certain yeast cell-wall com-
pounds. Assays were selected in order to know the effect of pH on
functional characteristics of films, such as colour and opacity deter-
minations, uniaxial tensile tests, and permeability to water vapour.
An answer to why dispersion pH generates these changes was pro-
posed through atomic force microscopy (AFM), Fourier transform
infrared (FTIR) spectroscopy, and differential solubility assays.

MATERIALS AND METHODS
Preparation of films based on yeast biomass
Commercial pressed S. cerevisiae cells (Virgen, Calsa-AB Mauri,
Tucuman, Argentina), purchased in a local market, were dispersed
in distilled water at a concentration of 100 g kg™". Yeast disper-
sion was submitted to a combination of high-pressure homogeni-
zation and thermal treatment, as described in previous papers.”'®
The final pH of dispersions was monitored and adjusted by using
1 mol L™ hydrochloric acid (HCl), 1 mol L™' sodium hydroxide
(NaOH) and 0.1 mol L™ solutions to reach different values, from
410 11, by changing pH by 1 unit. Glycerol (analytical degree; Bio-
pack, Zarate, Provincia de Buenos Aires, Argentina) was added at
250 g kg™ yeast dry basis as plasticizer to all dispersions. The dis-
persion at pH 6 was considered as the reference because the
native pH of the yeast biomass dispersion was close to this value.
Dispersions were poured onto 90 mm diameter plastic Petri dishes
and dried at 40 °C and 50% of relative humidity (RH) in a climatic
chamber until reaching a final content of water ~100 g kg™".

Study of the influence of pH in thermal, mechanical, and
optical behaviour of yeast films

Thermogravimetric analyses

In order to study thermal degradation of films and the effect of pH
on it, approximately 10-15 mg of each film was placed in a ther-
mogravimetric balance (Q500; TA Instruments, New Castle, DE,
USA) under nitrogen atmosphere. Samples were heated from
50 to 600 °C at 20 °C min~". The weight loss was recorded as a
function of temperature and derivative of weight with respect
to temperature (DTG) was calculated. Temperature at the maxi-
mum degradation rate was determined over DTG curves. Assays
were carried out in quadruplicate.

Mechanical tests

Uniaxial tensile tests were performed in a universal testing
machine (TC-500 II-Series; Micrometric, Argentina). Samples were
cut in rectangular shapes of 46 mm in length and 18 mm in width;

the effective distance between the jaws was 22 mm. Before per-
forming tests, samples were conditioned at 53% RH at 24 °C using
a saturated salt of magnesium nitrate for at least 7 days. The thick-
ness of samples was measured using a digital micrometer
(3109-25A; Insize, Suzhou New District, China) in six random posi-
tions. Young's modulus (YM), elongation at break (¢%), and maxi-
mum tensile strength (TS) were calculated according to ASTM
D882 standard.'” At least ten independent samples were tested.

Colour determination and opacity

The colour and the opacity of films are characteristics of great
interest for their commercial application. In some cases, transpar-
ent films are preferred; in other cases, a certain degree of colour
and opacity are accepted. The influence of dispersion pH in the
colour of films was studied using a handheld colorimeter
(CR400; Konica-Minolta, Japan). Samples were analysed at five
random points, on the glossy and opaque sides. Four samples
for each pH were measured, and the total colour difference AE
was calculated according to

2 * * 2 * * 2
AE= \/(aﬁlm_apH 6avg> + (bfilm_prﬁavg> + <Lfilm_LpH 6avg>
(1)

For opacity determinations, samples were carefully handled and
cut in rectangular shapes (35.0 mm length and 9.5 mm width),
and they were placed in a 3 mL quartz cell. The opacity of the film
was defined as the area under the absorbance curve (Eqn (2));
opacity was normalized by the maximum absorbance in each test
and by the thicknesses of the films, as previously reported.'® Mea-
surements were performed in triplicate.

800 nm
Abs;dA | (Abspal)™ (2)

400 nm

Normalized opacity =

where Abs, is the function of the absorption respect to wave-
length A, Absayx is the maximum absorbance in each round test,
and L is the average thickness of each sample.

Films were conditioned at 24 °C and 53% RH and then analysed
in spectrophotometer (T60; PG Instruments Ltd, Claybrooke Parva,
UK) by previously making a baseline without the sample. Absor-
bances were acquired from 400 to 800 nm.

Determination of water vapour permeability

The influence of the dispersion pH was also analysed on the water
vapour permeability (WVP) of films. The traditional cup method,
with some modifications, was used to perform this determina-
tion." Films used in these tests were previously conditioned at
22 °C and 43% RH, an intermediate humidity between the two
selected humidities of the driving force. Containers containing a
saturated solution of barium chloride (BaCl,) (90% RH) were
placed into hermetic cabinets at 10% RH (provided by a saturated
solution of NaOH). To guarantee uniform conditions in cabinets,
they were equipped with fans, following previous recommenda-
tions.?° Water vapour fluxes through films were determined by
weighing test cups using an analytical balance. The effective area
A of each exposed film was 2.2 x 107> m2. WVP coefficients were
calculated from Eqgn (3) from the slope of the linear function Am
(weight change) with respect to time t:
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Figure 1. Thermogravimetric analyses of yeast films from pH 4 to 11: (A) weight loss curve as a function of temperature; (B) derivative of weight with
respect to temperature (DTG). To the right, temperatures of the maximum degradation rate at each pH. Different letters indicate statistically significant

differences (P < 0.05).

1 /Am\ L
PP = — | — 3
w A(At)Ap (3)

where L is the average film thickness, and Ap = p, — p; is the driv-
ing force, p; and p, are water vapour partial pressures at the film
surface outside and inside the cup respectively, corrected by the
gap distance between the sample and the level of BaCl, saturated
solution."®?® Experiments were performed in triplicate.

Influence of pH on the structure of films

Infrared spectroscopy

The infrared (IR) spectra of the films were determined using FTIR
spectroscopy (Affinity-1; Shimadzu Co. Japan). Spectra were
recorded in % transmittance mode in a range of 4000 to
400 cm™' wavenumbers, as an average of 48 scans with a resolu-
tion of 4.0 and the Happ-Genzel apodization. The IR spectropho-
tometer was equipped with a Gladi-ATR® module from Pike
Technologies (Wisconsin, USA).

Atomic force microscopy
Roughness and superficial aspect of samples were acquired using
an atomic force microscope (Flex-Axiom C3000; Nanosurf AG,

Liestal, Switzerland). The topography of films prepared with dis-
persions adjusted at pH 4, 6, 9, and 11 were obtained in contact
mode. Surface roughness values as arithmetical mean (S,) and
root mean square (S,) were determined in a 10 pm of square side
by using Nanosurf C3000 software.

Solubility in selected solutions

Differential solubility assays. A useful methodology to compare
which molecular forces are present or favoured in a film, com-
prises the use different solutions to measure a ‘differential solubil-
ity in proteins.>’ These solutions were prepared in order to
differentially solubilize electrostatic or hydrophobic interactions,
hydrogen or disulfide bonds of film proteins. When more proteins
are solubilized by a solution thought to solubilize specific bonds,
this means that protein networks in films are more stabilized by
these interactions above others.

Approximately 250 mg of four selected type of films (pH 4, pH 6,
pH 9, and pH 11) were placed in contact with 7.5 mL of six different
solutions, under constant stirring (25 °C, 135 rpm) for 24 h. Distilled
water was labelled as solution S1. Solution S2 was prepared from
0.086 mol L™ Trizma/HCl pH 8 buffer, 4 x 107> mol L™" ethylenedia-
minetetraacetic acid, and 0.09 mol L™' glycine (Research AG, Tigre,
Provincia de Buenos Aires, Argentina). Solutions S3 and S4 were
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the control, but increased at higher pH values. The highest TS was
2.5 + 0.6 MPa at pH 11, which was slightly higher than the value
found at pH 6 but much higher than the values obtained at
pH 4 or pH 8. Elongation at break (¢%) noticeably increased from
8 + 2% at pH 4 to 29 + 5% at pH 11. Some authors have reported
the effect of the pH in film-forming dispersions using different

sources of natural polymers. Guerrero and de la Caba reported a
great increase of £% in soy protein films with the increase of dis-
persion pH, from 20% at pH 4.6 to 140% at pH 10."" The same
trend was observed in other works,'® using soy protein isolate
films where at acidic pH (1-2), TS was 33% lower than at pH 11,
and &% increased from 34% to 187% at pH 1-2 and pH 11
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Figure 2. Relative opacity (from 400 to 800 nm) of yeast biomass films at different pH values, normalized by the highest absorbance of each batch. Error

bars correspond to the standard deviation of each sample.
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Figure 3. Infrared spectra of yeast biomass films: (A) relevant bands in the infrared spectra and ratio between amide | and amide Il absorbances; (B) the
region 1800-1350 cm™~" was enlarged to better observe the differences in amide | and amide II.
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respectively. Anker et al. also demonstrated improvements in
mechanical properties of whey protein isolate films at alkaline
pH values.?*

In the present study, €% gradually increased from pH 4 to pH 11
(total increase was more than three times). However, the YM was
slightly affected. Considering the results discussed in the Thermo-
gravimetric analyses section, this behaviour could be explained
due to the changes in inter- and intramolecular bonds at either
pH. It was described that disulfide bonds established at alkaline
pH values are responsible for the improvements in mechanical
properties in soy protein isolate films."" Moreover, the solubiliza-
tion of a f-glucan fraction and the break-up of the alkali-soluble
linkage could contribute to a better dispersion and then a better
interaction between polymers, which enhances the £%.

Colour and opacity

Films based on yeast biomass have an amber colour, like other
films reported in literature.”> They can be used when product
observation is not a key aspect or when the product must be pro-
tected from the light. Colour measurements were performed on
the lower surface of the film, in contact with the Petri dish (glossy
surface), and on the upper surface exposed to air during the cast-
ing process, possibly affected by solvent evaporation and by the

deposition of foreign particles during the drying in the stove.?
There were differences in the L parameter (luminosity) between
the opaque and glossy sides, as described in Table 1, with the
values of the glossy side being greater than those of the opaque
side. The pH also influences this parameter, and statistically signif-
icant differences were found with increasing pH: on both sides of
films, L decreased towards alkaline pH values. On the other hand,
parameters a (from green to red) and b (from blue to yellow)
increased from pH 4 to pH 11. These changes contribute to
obtaining brownish films at alkaline pH values and caused AE
(with respect to the pH 6 sample) to increase.

The normalized opacity of films was reduced by the increasing
pH of film-forming dispersions (Fig. 2). In spite of standard devia-
tions obtained being high, the comparison of extreme pH values
(4 and 11) showed a clear decrease in opacity values of the films
with increasing pH. It was reported differences in opacity when
pH of gelatine-soy protein isolate blends was modified.?” In those
films, at pH 6, the opacity was maximum and then it was reduced
at alkaline pH values. These authors attributed this change to
insoluble particles of protein present at pH 6 and solubilized at
pH 8, 8.5, and 9.

In yeast films, the main effect over opacity could be the solubi-
lization of the linear fraction of f-glucans and the disassembling

Figure 4. Images obtained by atomic force microscopy from amplitude error view of glossy surfaces of pH 4, 6, 9, and 11 samples.
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of cell wall at alkaline pH values,'” but the gradual change could
be attributed to changes in interactions between proteins.

WVP coefficient determination

The permeability coefficient decreased slightly from pH 4
(76 £0.1)x 107 gs™" m™" Pa™') to pH8 ((6.7 +0.1) x
107"%gs™" m™' Pa™") and then, an increase from pH 8 to
pH 11 (80 +0.1)x 107" gs™" m™' Pa™"). A figure showing
this behaviour can be found in the Supporting Information.
In soy protein isolate films, WVP was not affected between
pH 6 and pH 12, and wheat gluten films had similar coeffi-
cients at pH 4, 9, 10, 11, and 12."2 In both cases, some differ-
ences were observed below the isoelectric point of proteins.
All yeast biomass films studied had lower WVP than films
based on soy protein. When plasticizers were added to films
of natural polymers to enhance the elongation at break, the
water barrier property got worse and the hydration affinity
drastically increased, affecting the integrity of the film. In this
case, the pH of film-forming dispersions could be used as a tool
to improve the elongation at break that does not severely
affect the affinity to the water.

IR spectroscopy

Figure 3(A) shows spectra acquired in the region of proteins,
phospholipids, nucleic acids (1800-1180 cm™"), and of polysac-
charides, sugars, and nucleic acids (1180-780 cm™"), and the main
bands affected by the pH are pointed out.?®?° The amide | band,
due to the stretching of the carbonyl group of the peptide bond,
was present at 1622 cm™', and the band centred at 1541 cm™
corresponded to amide ll, mainly due to the bending of the
N—H bond and the stretching of C—N.3° Significant differences
were observed in the ratio between amide | and amide Il absor-
bances through the pH modification; a value of 1.39 was obtained
at pH 4, whereas this ratio was 1.22 at pH 6 and 1.03 at pH 11.

S6-pH 11
S6-pH 9
S6-pH 6

The decrease in amide | and the increase in amide Il, due to the
pH of film-forming dispersions, were very clear in deconvoluted
spectra (Fig. 3(B)). Singh reported that changes in amide | and
amide Il bands reflect modifications in the protein structure.®’
Interactions with other proteins or compounds could also affect
the position and the intensity of amide 1.3

In our results, the region around 1400 cm™' showed an increase
in absorbance at higher pH values. Some studies indicated that
the region near ~1400 cm™" from yeast spectra can be affected
by the culture media and the formation of aggregates between
proteins.333

Atomic force microscopy
Some little structures with a typical size of 200-500 nm, possibly
due to aggregate formation, can be seen in the images acquired
through AFM (Fig. 4). Figure 4 shows that a much more homoge-
neous profile was obtained as the pH increases, and it was possi-
ble to observe some cell wall debris at pH 4 and pH 6. These
results were supported by the calculation of roughness values,
which tended to decrease at alkaline pH values. At pH 6, S, and
Sq were respectively 16 + 2 nm and 22 +4 nm, whereas at
pH 11 they were 12 + 1 nm and 15 + 2 nm respectively. The pH
clearly affects how biopolymers interact and modifies the solubil-
ity of certain components; that is, no debris of cell wall was
observed in AFM images at pH 9 and 11. The decrease in surface
rugosity may have an effect in the reduction of opacity already
seen in the Colour and opacity sectionsection 3.3. That is, in a less
rough surface the light path is less disturbed, though the transmit-
tance of light increased, decreasing the opacity. This effect could
be added to the solubilization of alkali-soluble f-glucans and
mannans at alkaline pH values explained earlier.®

Fabra et al. have informed that a decrease in surface roughness
of sodium caseinate films with oleic acid-beeswax mixtures was
well correlated with the increase in film transparency; they

S6-pH 4

S5-pH 11
S5-pH 9
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Figure 5. Results of soluble protein determinations by biuret assays. A brief description of solutions used to dissolve films is provided in the figure. HCI:
hydrochloric acid; SDS: sodium dodecyl sulfate. Error bars indicate the standard deviation.
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Table 2. Summary of solutions used in differential solubility assays

Solution Composition

S1 Distilled water

S2 Buffer Trizma/HCl pH 8

S3 Buffer Trizma/HCl pH 8 + 5 mg mL™' SDS

S4 Buffer Trizma/HCl pH 8 + 8 mol L™ urea

S5 Buffer Trizma/HCl pH 8 + 5 mg mL™' SDS + 8 mol L™"
urea

S6 Buffer Trizma/HCl pH 8 + 5 mg mL™' SDS + 8 mol L™
urea +25 mg mL™" 2-mercaptoethanol

HCI: hydrochloric acid; SDS: sodium dodecyl sulfate.

explained that the increase in surface roughness was due to the
presence of heterogeneous structures formed with lipids during
casting, and this was the reason of the decreasing transparency.®

Solubility in selected solutions

According to the results observed in Fig. 5, the solubility of films
obtained from dispersions at pH 11 had less solubility than other
pH values for the six solutions studied, briefly summarized in
Table 2. Distilled water (S1) had a little capacity to disassemble
intermolecular forces in comparison with the other solutions. S2
was formulated, as reported in previous studies, to preferentially
solubilize electrostatic interactions, and the incorporation of SDS
in S3 contributes to disassembling hydrophobic interactions. Other
studies have reported that films obtained from protein or polysac-
charide by the casting method are particularly stabilized by numer-
ous hydrophobic interactions; whereas other processing methods,
such as compression moulding or extrusion, benefit inter- or intra-
molecular bonds, such as disulfide bonds.?" A jump in solubility was
obtained in S3 in comparison with solutions S1 and S2. Urea
(S4) was added to base solution (S2) in order to facilitate the break-
age of hydrogen bonds, and the solubility increased for pH 4, 6, and
9. When SDS and urea were added together (S5), no further solubil-
ity was obtained with respect to S4; this could be caused by nega-
tive interactions between groups that could interfere with
solubility. Solution S6 includes 2-mercaptoethanol to dissolve disul-
fide bonds, and the greatest solubility for pH 11 samples was
reached in this case. Alkaline pH values could promote intramolec-
ular bonding, either disulfide bonds or cross-linking through iso-
peptides.'”> The cross-linking between polymer chains was
already explored in other film formulations with positive results,
with mechanical properties depending greatly on the degree of
cross-linking. Generally, materials with a high degree of cross-
linking have higher TS and YM but a lower elongation at break.
However, some authors have observed that a replacement of
hydrogen bonds and hydrophobic interactions by intramolecular
bonds may result in an increase in elongation at break.2*’

The differential solubility assay helps to explain in a more
detailed way the behaviour of mechanical properties of the
films tested at the different film-forming dispersion pH
values. According to the results, it is possible that the total
energy involved in interactions between chains was the same
at different pH values, as suggested by the constant YM
values. In consequence, it is possible that the amount of
bonds with different energy varied. At the same time, the
effect of electrostatic repulsion at pH values far from the iso-
electric point is relevant,with some authors reporting that

mechanical properties’ values of protein films decreased at
pH values near the isoelectric point, as reviewed by Wihodo
and Moraru.'®

CONCLUSION

The results of the different techniques showed not only the
impact on the properties of the films analysed, but also the possi-
ble causes of these changes. The change in the degradation tem-
peratures observed in thermogravimetric analysis was connected
to the increase in the deformation at break. The change from pH 6
to pH 11 produced a significant increase in the nominal deforma-
tion without negatively compromising the YM or TS at alkaline pH
values, in contrast to what happens with a plasticizer. The adjust-
ment of dispersions at pH 11 did not comprise negative effects in
WVP, colour, or opacity. Though hydrophobic interactions and
hydrogen bonds were relevant at pH 4, 6, and 9, disulfide bonds
were relevant at pH 11. These results help to comprehend how
films were formed at each pH and how pH affected interactions
between biopolymer chains in film-forming dispersions.
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